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Self-vibration characteristics and influence factors analysis on the 
monopile foundation support structure of offshore wind turbine

X. Wang, Z.Y. Li & C. Chen
State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Nanjing Hydraulic Research 
Institute, Nanjing, China

ABSTRACT: Self-vibration characteristic and influence factors analysis on the monopile foundation 
support structure of offshore wind turbine was conducted for the structural dynamic design. The results 
indicated that the fundamental frequency of the towering support structure was 0.437 Hz. The fluid-solid 
coupling effect was very weak; that is, the self-vibration frequency decreased within 5% when the flow 
action was considered. The fundamental frequency was affected obviously with the turbine unit mass 
and the elastic modulus of the soil foundation, and it could be raised through reducing the unit mass. 
The actual elastic modulus should be employed for vibration analysis. A nonlinear positive relation was 
shown between the thickness of the support structure wall and the vibration fundamental frequency. The 
fundamental frequency increased quickly when the surface wall was relatively thin, whereas the increase 
speed became slow when the wall became thick. It was reasonable that the wall thickness was designed by 
1% of the diameter of the monopile.

Keywords: offshore wind turbine; monopile; self-vibration characteristics; influence factor

wave flow and the supporting structure. With the 
increase in the single unit capacity and weight, 
the vibration safety of the supporting system has 
become more outstanding. It is known from the 
structure dynamic mechanics that the dynamic 
emphasize coefficient would be up to the maxi-
mum value when the self-vibration frequency of 
the structure is close to the main frequency of the 
load. So, the self-vibration frequency should be 
kept away from the main frequency of the load 
and the deviation should be more than 20%. As 
the inner reason of vibration, the structure self-
vibration characteristics determined the vibration 
response, and still provided reference for resonance 
check and structural dynamic design optimization. 
Therefore, self-vibration characteristics and influ-
ence factors analysis such as fluid-solid coupling, 
unit weight, soil foundation elastic modulus, and 
structure dimension on the monopile foundation 
support structure of offshore wind turbine were 
conducted.

2 STUDY METHOD

When the hydraulic structure vibrates, the adja-
cent fluid inertial force, damping force and elastic 
force corresponding with the vibration accelera-
tion, velocity and displacement would apply on 

1 INTRODUCTION

Due to environment pollution and energy crisis, 
the wind power as a kind of clean energy has devel-
oped swiftly in recent years. Wind energy on the 
sea was abundant and stable; therefore, offshore 
wind power has become the investment focus at 
home and abroad. Europe is leading in the world, 
and China is still in its beginning stage. The “12th 
Five-year Plan” of China shows that the offshore 
wind power capacity would be up to 5 million 
kilowatt, which indicated that the offshore wind 
power in China is going to a rapid development 
period. At present, the planning and development 
of wind power at sea in China is mainly centered 
around offshore. The typical monopile founda-
tion widely used at abroad is suitable for the off-
shore wind power of China, which has adopted in 
the offshore wind power design, for example the 
Xiangshui intertidal area wind farm in Jiangsu 
Province and the Wailuo offshore wind farm in 
Guangdong Province. The monopile foundation 
would become a popular type in the offshore wind 
power in China.

However, the towering structure formed by 
wind turbine, pylon and foundation pile suf-
fered the impact of the wave and tide flow that 
did not exist for onshore wind. Meanwhile, there 
was a complicated coupling effect between the 
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the structure, which would change the mass, damp-
ing and stiffness of the vibration system and then 
the vibration characteristic of the structure would 
be changed. It is shown that the self-vibration 
frequency of the hydraulic structure would usu-
ally decrease by about 20%∼30% when the fluid-
 structure coupling effect is considered. For the 
steel gate with thin walls, the basic frequency would 
decrease up to 50%. Therefore, the influence of the 
fluid on the structure's self-vibration characteris-
tics could not be neglected.

At present, the additional mass method was 
used to describe the interaction between the fluid 
and the solid. The most common additional mass 
method was based on the Laplace equation that is 
met by the dynamic water pressure. The additional 
mass matrix was derived for the dynamic equation 
of the finite element method. That is, the form of 
the dynamic equation did not vary but added an 
additional mass matrix based on the mass matrix. 
Then, the FEM dynamic equation considering the 
additional mass would become as follows:

[ ]K { } [ ]{ } + [ ]M [ ]MPM( ){ } = { }R}} [ ]C { }} }}} [ ]( ){ RR  (1)

where [MP] is the additional mass matrix and {R0} 
is the load vector. Damping had a little effect on 
the self-vibration frequency and vibration modes. 
As a result, the damping of the structure was 
ignored in the analysis.

3 FEM MODEL

Monopile support structure used for offshore wind 
power was taken for example. A three-dimensional 
FEM model was built, which consisted of the 
monopile, the foundation and the flow. The mono-
pile was dispersed by the Shell element with six 
degrees of freedom and four nodes, the founda-
tion and water were dispersed by the Hexahedral 
element. The whole model was divided into 17164 
nodes and 14460 elements, as shown in Figure 1.

Materials included the support structure, foun-
dation and water, in which the structure and the 
foundation were regarded as the linear elastic mate-
rial, and the water was considered as the potential 
flow to calculate the additional mass. These mate-
rial parameters are listed in Table 1.

In order to avoid the effect on the modes from the 
limited range foundation, the stiffness of the foun-
dation without mass was only considered. The wind 
turbine was not built in the whole model and the 
unit mass would add to the top of the tower tube. 
To study the effect factor on the modes of the sup-
port structure, some conditions are listed in Table 2, 
among which, the first was the basic condition.

Figure 1. The FEM grid.

Table 1. Material parameters.

Material
Density 
(kg ⋅ m−3)

Elastic 
modulus 
(Pa)

Poisson 
ratio

Support structure 7850 2.00E+11 0.3
Foundation 0 2.00E+08 0.2
Water 1000 2.56E+09

Table 2. Calculation conditions.

Condition 
number Foundation Water

Unit 
mass

Support 
structure

1 √ √ √ √
2 √ √ √
3 √ √
4 Different 

elastic 
modulus

√ √

5 √ √ Different wall 
thickness

4 SELF-VIBRATION CHARACTERISTICS

The first five phases of self-vibration characteristics 
parameters of the support structure under the basic 
condition are listed in Table 3, and the first three 
phases of vibration types are shown in  Figure 2. 
It could be found that the fundamental frequency 
of the foundation-water-support structure system 
was 0.437 Hz, which is relatively low due to its tow-
ering characteristics. The mode indicated the first 
phase bend vibration. The second-phase frequency 
was 2.243 Hz and showed the second-phase bend 
vibration. The third-phase frequency was 5.482 Hz 
and showed the third bend vibration. The high-
phase modes expressed the local weak component 
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vibration, which would provide little contribution 
to the support structure vibration.

5 INFLUENCE FACTORS ANALYSIS

5.1 FSI influence

For the second condition, the water elements 
were removed from the whole model; that is, the 
water additional mass was not considered. Table 4 
presents the comparison of the self-vibration fre-
quency of the two conditions. It could be found 
that the self-vibration frequency altered little, and 
the first five modes were consistent whether the 
water additional mass was considered. The self-
vibration frequency decreased only about 5%, 
considering the FSI influence. This was mainly 
because the water force range was relatively little 
compared with the whole towering support struc-
ture, and the force position was still near the bot-
tom of the monopile.

5.2 Unit mass influence

With the increase in the unit power of the offshore 
wind turbine, the blade dimension and the unit 
mass greatly increased. For the towering, long and 
thin support structures, the huge mass on the top 
would affect the self-vibration characteristics and 
dynamic responses.

The unit was simplified as a concentrate mass 
on the top of the tower. The first five self-vibration 

Table 3. Self-vibration characteristics of the parameters.

Phase 
number

Frequency/
Hz

Mode participation parameters

X Y Z

1 0.437 −5.89E−03 −6.43E+02 2.91E−11
2 2.243 8.50E−05 4.97E+02 5.21E−10
3 5.482 1.91E−04 3.84E+02 7.53E−09
4 8.911 −4.55E−08 1.46E−07 9.65E+02
5 9.050 1.43E−08 1.92E−08 4.80E−02

Figure 2. The first three-phase vibration modes.

Table 5. Self-vibration frequency comparison whether 
the unit mass was considered.

Phase 
number

Frequency/Hz

Decrease/%
Without 
unit mass

With 
unit mass

1  0.666 0.441 33.8
2  2.859 2.295 19.7
3  6.804 5.754 15.4
4 10.689 9.231 13.6
5 11.020 9.280 15.8

Table 4. Self-vibration frequency comparison 
whether the water was considered.

Phase 
number

Frequency/Hz

Decrease/%
Without 
water

With 
water

1 0.441 0.437 0.90
2 2.295 2.243 2.24
3 5.754 5.482 4.73
4 9.231 8.911 3.47
5 9.280 9.050 2.48

frequencies of the support structure whether the 
unit mass was considered are listed in Table 5. It 
could be found that the fundamental frequency 
decreased by 33.8% when the unit mass was taken 
into account, but the first five modes were still 
consistent. Therefore, the unit mass should not be 
neglected in the dynamic characteristic analysis. 
It still indicated that the fundamental frequency 
could be raised by reducing the unit mass pursue 
to the technology progress.

5.3 Foundation elastic modulus influence

As the monopile connected with the soil founda-
tion, the foundation elastic modulus would influ-
ence the whole stiffness of the support structure 
and then affect the structure’s self-vibration char-
acteristics. In order to study the influence of the 
foundation elastic modulus, several different foun-
dation elastic moduli were adopted to analyze the 
self-vibration frequency of the support structure. 
Figure 3 shows the nonlinear relation between the 
fundamental frequency and the elastic modulus. It 
could be found that the frequency decreased with 
the decreasing elastic modulus. When the founda-
tion elastic modulus was low, the self-vibration fre-
quency altered obviously, while with the increase in 
the modulus, the self-vibration frequency increase 
became slow. For example, the  fundamental 
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frequency increased by 14.3% when the elastic 
modulus increased from 1e7 Pa to 1e8 Pa, while 
that increased by 2.4% when the elastic modulus 
increased from 1e8 Pa to 2e8 Pa. Therefore, due 
to the low fundamental frequency of the support 
structure and the great influence of the foundation 
elastic modulus, the actual foundation parameter 
obtained from geological data should be adopted 
to calculate the self-vibration characteristics of the 
support structure to ensure the dependability of 
the result.

5.4 Influence of the monopile wall thickness

The towering structure with a thin wall was mainly 
comprised of monopile and tower tube, and the 
wall thickness was designed by about 1% of the 
monopile diameter at present. With the increase in 
the unit capacity and mass, blade dimension and 
mass, the monopile diameter also increased. The 
support structure was simple and the wall thick-
ness maybe was one of the important influencing 
factors when the shape dimension was determined. 
In this paper, the actual project Wailuo offshore 
wind farm in China was taken as an example. The 
outer diameter of the monopile was 5.5 m, and 
the wall thickness was 0.064 m. Several other wall 
thicknesses were selected to study the influence 
on the self-vibration frequency and the first three 
mode frequencies are listed in Table 6. It could 
be found that the frequency increased with the 
increase in the wall thickness, but the whole change 
was very little. Figure 4 shows the nonlinear rela-
tionship between the fundamental frequency and 
the wall thickness. The fundamental frequency 
increased slowly when the wall thickness increased, 
simply because the mass of the structure was still 
increasing.  Therefore, for the support structural 
dynamic design, some structure optimization, 
such as changing the wall thickness or strength 
of the wall surface, could change the structure’s 
self- vibration characteristics to avoid resonance. 

Figure 3. The influence of the foundation elastic 
modulus.

Table 6. Relationship between the wall thick-
ness and the self-vibration frequency.

Wall 
thickness/m

Frequency/Hz

First 
phase

Second 
phase

Third 
phase

0.03 0.346 2.185 4.574
0.04 0.382 2.208 5.341
0.05 0.408 2.225 5.432
0.064 0.437 2.243 5.482
0.10 0.482 2.274 5.533
0.15 0.514 2.295 5.554

Figure 4. Wall thickness influence on the fundamental 
frequency.

From the relationship curve, it was reasonable that 
the wall thickness of the monopile was designed by 
about 1% of the pile diameter.

6 CONCLUSIONS

Self-vibration characteristics and influencing fac-
tors of the monopile support structure of offshore 
wind power were studied to guide the structural 
dynamic design. Based on the above results, some 
conclusions were obtained:

1. The fundamental frequency of the towering sup-
port structure of the wind turbine was 0.437 Hz. 
The FSI influence was weak and the self-
 vibration frequency decreased below 5% when 
the water additional mass was considered.

2. The frequency was affected obviously by the 
unit mass and the foundation elastic modulus. 
The fundamental frequency could be raised by 
reducing the unit mass, and the actual founda-
tion parameter should be adopted for analysis 
to ensure the dependability of the result.

3. With the increase in the monopile wall thick-
ness, the fundamental frequency was increased 

ICCAHE15_Book.indb   6ICCAHE15_Book.indb   6 11/17/2015   6:23:58 AM11/17/2015   6:23:58 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-3&iName=master.img-002.jpg&w=189&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-3&iName=master.img-003.jpg&w=186&h=108


7

with a nonlinear relationship. It was reasonable 
that the wall thickness of the monopile was 
designed by about 1% of the pile diameter.
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ABSTRACT: Cyclic loading tests of two precast segmental columns and one monolithic bridge column 
with a circular section were conducted. Then, a single plastic hinge analytical pushover method for pre-
cast segmental bridge columns was presented based on the moment-curvature analyses of critical joints. 
Energy Dissipation (ED) bar unbonded length and elongation of unbonded prestressing tendon were 
considered in the method. The P-delta effect was included through iteration after the moment-curvature 
analyses. The analytical pushover method was validated through comparison with static cyclic loading 
test results. Parametric analyses were conducted afterwards. The influence of the variation of aspect ratio, 
axial load of gravity and prestressing, and ED bar ratio on the responses of lateral force-drift, joint open-
ing and tendon stress was investigated.

Keywords: segmental column; energy dissipation; pushover analyses; parametric analyses; joint opening

Bu and Ou suggested a revised analytical pushover 
method based on the beam analogy method (Bu & 
Ou 2013).

In this paper, first, the method of literature 
(Bu & Ou 2013) was introduced and used to ana-
lyze the cyclic reversal static test of two Precast 
Segmental Bridge Columns (PSBC) with a circular 
section to validate the method. Then, parametric 
analyses were carried out to study the performance 
of PSBC with various design parameters of aspect 
ratio, axial load (tendon ratio and dead load ratio), 
and Energy Dissipation (ED) bar ratio.

2 SINGLE PLASTIC HINGE 
ANALYTICAL ANALYSES

Through the observations of cyclic loading test 
results, if  the reinforcements are the same for all 
segment joints, normally one plastic hinge will be 
formed at the column base. Moment-curvature 
analyses were conducted first to derive the rela-
tion between the exerted lateral force and defor-
mation at the critical section. As the tendons are 
unbonded with sectional concrete, the consistency 
conditions between the reinforcement and the con-
crete no longer exist. An iteration procedure was 

1 INTRODUCTION

The Cast-in-Place (CIP) construction of bridge 
engineering is matured technology nowadays. 
However, the construction usually causes severe 
destruction of the natural environment due to the 
massive labors and equipment needed (Ou et al. 
2010). CIP construction also leads to traffic jam 
and detour to local transportation systems. Accel-
erated Bridge Construction (ABC) is a strategy 
plan to address these issues by segmented bridge 
superstructure and substructure construction tech-
nologies developed in recent years (ABC-AC 2008). 
Among these technologies, the precast columns 
design was given more attention for its important 
roles in the seismic-resistant design of bridges.

Previous researchers have conducted analytical 
pushover analyses with the assumption that the 
column has a certain plastic hinge length at criti-
cal joints (Hewes & Priestley 2002, Chou & Chen 
2006, Palermo et al. 2007). This method was also 
called the beam analogy method. Ou et al. based 
on this method raised a joint bar-slip rotation 
method to consider the concentration of inelastic 
rotation effects (Ou et al. 2010). However, in this 
method, the axial load was assumed to be constant, 
which has a conflict with the actual condition. 
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required to get a force-balanced state. Then, the 
lateral force-displacement relation was deduced 
considering the P-delta effects.

2.1 Material models

Concrete was modeled with the Kent-Scott-Park 
model (Scott et al. 1982), which was composed of 
the parabolic ascending part, the linear descending 
part and the horizontal part. ED bars were mod-
eled with an ideal elastic-plastic model with both 
the post-yielding plateau part and the ascending 
part. Prestressing tendons were modeled with an 
ideal elastic-plastic model with the post-yielding 
ascending part only.

2.2 Moment curvature analyses

The moment curvature analyses procedure at criti-
cal joints can be summarized in six steps:

1. Increase the curvature from zero to a large value 
with appropriate intervals. φ φ φt eφ φφ pφ+φeφ , where φtφφ  
is the total curvature; φeφ  is the elastic curvature; 
and φpφ  is the inelastic curvature.

2. Assume the compressive depth c and calculate 
the concrete compressive strain at an extreme 
fiber ε φc tε φε φ c⋅φ .

3. Calculate the joint inelastic rotation θ φp pθθ pφl , 
where lp is the plastic hinge length.

4. Calculate the elongation or shortening of the 
ED bar and tendon, and then calculate the cor-
responding strain (stress) and the force of the 
ED bar and tendon.

5. Calculate the resultant force of compressive 
concrete with the strip method and the integra-
tion of stress, check the sectional force equilib-
rium, if  not fulfill then to go to step (2), and 
change the compressive depth c.

6. Calculate the sectional moment resistant 
capacity.

2.3 Lateral force-displacement response

The moment in preceding section step (6) equals 
the sum of the lateral force multiplying the column 
height and the axial force multiplying the lateral 
displacement. In stage one, the joint is not decom-
pressed. The column has only elastic deformation. 
In stage two, joint opens, and the column has both 
elastic deformation and inelastic deformation. 
Elastic deformation (curvature and lateral dis-
placement) is in proportion to the applied lateral 
force. The inelastic deformation can be calculated 
by multiplying the inelastic curvature by the plastic 
hinge length lp and the column height H. The lat-
eral force can be updated with the axial force and 
the lateral displacement to account for the P-delta 
effect.

2.4 Failure criteria

The column is considered to be damaged if  the 
concrete crushes, or the ED bar and/or tendon 
fractures, or the lateral strength capacity decreases 
to 80% of the peak value.

3 VALIDATION OF THE TEST RESULTS

Three specimens were designed and tested under 
cyclic reversal static loading. The first specimen 
MRC was the monolithic column. This speci-
men was designed as the reference CIP column. 

Figure 1. Comparison of lateral force-displacement 
responses of the specimens.
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The analytical result was in good accordance with 
the tested data. So, the analytical model can be 
used to study the response of PSBC under the lat-
eral force loading.

4 PARAMETRIC ANALYSES

Three main parameter variations were considered 
in parametric analyses, i.e. the ED bar ratio, the 
aspect ratio, and the axial force ratio. The axial 
force was composed of the superstructure dead 
load and the tendon force. The ED bar ratio had 
five cases, with a diameter of 0 mm, 8 mm, 12 mm, 
16 mm, and 20 mm, thus taking the value of 0.00%, 
0.31%, 0.70%, 1.25%, and 1.96%, respectively. The 
column height took the value of 875 mm, 1850 mm, 
and 2625 mm, and the corresponding aspect ratio 
(A) was A = 2.5, A = 5.29, and A = 7.5, respectively. 

The second specimen PSC and the third specimen 
PSCE were segmental columns with four 400 mm-
depth segments. The column height measured 
from the column base to the center of the load-
ing block was 1850 mm for all the three specimens. 
The section of all the specimens had a diameter of 
350 mm. The longitudinal reinforcement of MRC 
was 10 D12 mm mild steel bars. The longitudinal 
reinforcement of PSC was 3 D12.7 mm tendon. 
The specimen PSCE used 3 D12.7 mm tendons 
plus 6 D12 mild steel bars as ED bars. The latter 
two specimens had an effective tendon stress of 
780 MPa.

Figure 1 shows the lateral force-displacement 
responses of specimen test results and analytical 
pushover results. The test results were not sym-
metric in positive and negative loading direc-
tions because of the tendon eccentric at top of 
the column relative to the base section center. 

Figure 2. Pushover analyses of 45 column cases.
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The axial load had three cases: 77 kN (tendon force 
only, G = 0, P = 2.6), 228.1 kN (74.1 kN dead load 
and 154.0 kN tendon force, G = 2.5, P = 5.2), and 
379.3 kN (148.3 kN dead load and 231.0 kN ten-
don force, G = 5.0, P = 7.8), where G is the ratio 
of gravity axial load to sectional concrete compres-
sive capacity and P is the ratio of prestressing axial 
load to sectional concrete compressive capacity. 
A total of forty-five cases of columns were calcu-
lated in parametric analyses. A parameter repre-
sents the ED bar moment contribution defines as 
α = M Ms tM M , where Ms is the moment contribution 
of the ED bar in tension to the center of the com-
pressive ED bar, and Mt is the total moment to the 
center of the compressive ED bar.

Figure 2 shows the parametric analysis results 
of lateral force-drift responses. The moment con-
tributions of the ED bar corresponding to the ED 
bar ratios of 0.00%, 0.31%, 0.70%, 1.25%, and 
1.96% are also shown in Figure 2. The following 
points can be derived from the parametric analyses: 
(1) with the increasing ED bar ratio, the column 
lateral strength increases; (2) with the increasing 
axial load, the column lateral strength increases; 

Figure 3. Base joint opening at the 3% drift.

Figure 4. Tendon stress.

(3) with the increasing aspect ratio, the column 
lateral strength decreases; (4) with the increasing 
aspect ratio, the moment contribution of the ED 
bar normally increases, except the G5.0P7.8 cases 
and the ED bar ratio 1.96% of the G2.5P5.2 cases; 
and (5) with the increasing axial load, the moment 
contribution of the ED bar decreases.

Figure 3 shows the base joint opening at a 3% 
drift in the 45 cases considered in the parametric 
analyses: (1) with the increasing ED bar ratio, the 
joint opening decreases; (2) with the increasing axial 
load, the joint opening decreases; and (3) with the 
increasing aspect ratio, the joint opening increases.

Figure 4 shows the tendon stress variation with 
drift for different design parameters of the col-
umn: (1) with the increasing ED bar ratio, the ten-
don stress decreases; (2) with the increasing aspect 
ratio, the tendon stress decreases and (3) with the 
increasing axial load, the tendon stress decreases.

5 CONCLUSIONS

A simplified pushover analytical method for 
precast segmental bridge columns was intro-
duced. The analytical model was based on the 
moment- curvature analysis of  the critical joint. 
The unbonded length and unbonded tendon 
stress variations of  the ED bar were included in 
the procedure. The method was first validated 
through comparison with three tested column 
results. Then, the proposed method was used for 
parametric analyses. In the parametric analy-
ses, the variation of  the aspect ratio, axial load 
 (superstructure gravity load and prestressing ten-
don force), and ED bar ratio was considered. The 
following conclusions can be reached on the basis 
of  the investigations undertaken in this paper:

1. The proposed analytical pushover method was 
capable of predicting the PSBC lateral force-
drift response with an acceptable precision.
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2. The column lateral strength increases with the 
increasing ED bar ratio and/or axial load, and 
the column lateral strength decreases with the 
increasing aspect ratio. The moment contribu-
tion of the ED bar decreases with the increasing 
axial load.

3. The joint opening decreases with the increasing 
ED bar ratio and/or axial load, and increases 
with the increasing aspect ratio.

4. The tendon stress decreases with the increasing 
ED bar ratio, the increasing aspect ratio, and/or 
the increasing axial load.
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Establishment and seismic performance analysis of AFRP-reinforced 
concrete frame structure finite element model
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ABSTRACT: On the basis of the structure test model, AFRP-reinforced concrete frame structural 
nonlinear finite element model was established. Under repeated load of AFRP-reinforced concrete frame, 
the simulation analysis of mechanical performance has been carried out, which compared with the test 
skeleton curve showed that the fitting effect is good; the stress distribution of the AFRP bar is consistent 
with the experiment. On the basis of these results, and the analysis of hysteretic curve and skeleton curve, 
ductility, rigidity degeneration, and energy dissipation capacity performance such as seismic performance 
characteristics of the model, a comprehensive understanding on the seismic performance of the AFRP-
reinforced concrete frame is built, providing reference for the design of a FRP-reinforced concrete 
structure.

Keywords: AFRP-reinforced concrete frame; finite element analysis; ABAQUS; seismic performance

crete  member, we perform further research on the 
seismic performance of framework, with an over-
view of the elastic-plastic deformation characteris-
tics of framework, for the FRP-reinforced concrete 
structure in the promotion and application in the 
field of civil engineering in China, which has an 
important scientific significance.

In this paper, with reference to Fukuyama 
and other researchers who designed a three-layer 
AFRP-reinforced concrete frame structure speci-
men (Fukuyama, 1995), using the finite element 
software ABAQUS, a nonlinear finite element 
model of AFRP-reinforced concrete frame is 
established, under repeated load of AFRP-rein-
forced concrete frame of the simulation analysis of 
mechanical performance, through the comparative 
analysis with the test results, verifying the effec-
tiveness of the model. Then, through the analysis 
of hysteretic curve and skeleton curve, ductility, 
rigidity degeneration, energy dissipation capacity 
performance such as seismic performance indica-
tors of the model, a comprehensive understanding 
of the seismic performance of the AFRP-reinforced 
concrete frame is built.

2 AFRP-REINFORCED CONCRETE 
FRAME FINITE ELEMENT MODEL

2.1 Source of the model

Bond performance of the FRP bar and concrete is 
similar to that of concrete and steel, which is good 

1 INTRODUCTION

FRP bar is a brittle material, with no yielding 
phenomenon. Before reaching ultimate strength, 
the stress-strain relationship is a linear relation-
ship, and tensile strength is significantly higher 
than ordinary steel, but the compressive strength 
and modulus of elasticity is relatively small. These 
characteristics of the FRP bar determine the FRP-
reinforced concrete structure in elastic-plastic 
deformation characteristics, which are also much 
different compared with the ordinary reinforced 
concrete structure, which does not conform to the 
modern seismic design based on the requirement of 
ductility performance; thus, we should strengthen 
the test and theoretical research of this aspect.

In recent years, although the research on the 
FRP bar concrete structure at home and abroad 
has been the focus in engineering practice, the 
United States, Japan, Canada and other developed 
countries successively formulated a series of design 
standards, construction procedures and application 
guidelines, but research results are mainly concen-
trated on bearing performance, durability, and fire 
prevention performance, such as the basic perform-
ance of FRP-reinforced concrete member. The 
study of the overall seismic performance of FRP-
reinforced concrete structure is poor, restricting 
the development of the FRP-reinforced concrete 
structure. Therefore, according to the characteristics 
of FRP bar learning performance, on the basis 
of bearing performance of FRP-reinforced con-
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and the material performance is certain, and the 
ordinary design method can be used for designing. 
In this paper, the analysis model is derived from 
the AFRP-reinforced concrete frame structure test 
model of Fukuyama et al. The test model is a three 
layer of pure frame structure buildings. The build-
ing height is 3.6 m. There are two spans across the 
X axis, with the span of 7 m, and the Y axis direc-
tion has three spans, with the span of 5.5 m. AFRP 
bar is used to bear steel bar and stirrup in beam, 
plate, column, such as the concrete members, for 
the C30 strength grade concrete design. The finite 
element model is a reference to try to design build-
ings of one framework for the model design of the 
X direction.

2.2 Constitutive relation of the material

2.2.1 Constitutive relation model 
of the AFRP bar

Reference to FRP bar mechanics performance test 
was made by previous researchers (Xu, 2008). From 
the beginning loading to the fracture failure of the 
entire process, the FRP bar is linear elastic, almost 
producing no plastic deformation, and no obvious 
yield point and yield stage, so the AFRP bar stress-
strain relationship is given in Equation (1):

σ εf fσ f fε uE ( )εfε uεεε  (1)

where σf, εf, Ef andεf represent the stress, strain, 
elastic modulus and ultimate tensile strain of 
AFRP, respectively.

FRP bar has no yield point and yield stage 
such as reinforced concrete (Jin, 2006), bonding 
strength and ductility. FRP bar in the name of the 
yield point is as follows:

σ λ σf fσ λλ fuσ  (2)

where σfλ is the yield stress in the name of FRP 
bar; λf is the strength reduction factor of the FRP 
bar, which generally takes the value of 0.75; and σfu 
is the ultimate tensile strength of the FRP bar.

2.2.2 Constitutive relation model of concrete
In order to easily simulate the mechanical proper-
ties of concrete material, ABAQUS comes with 
diffuse crack, damage in the plastic and brittle frac-
ture of three different concrete constitutive relation 
models (Nie, 2013; Zhang, 2011). In this paper, the 
concrete damage in the plastic model is used to 
simulate the mechanical performance of concrete.

2.3 The choice of the finite element model

For the analysis of reinforced concrete structure 
with finite element analysis software, usually three 

kinds of model are used: separate, modular, and 
integrated (Jiang, 1994). The numerical simulation 
is used to study, respectively, the stress state in the 
FRP bar and concrete materials, so the simula-
tion should adopt a separate modeling method to 
establish the model.

2.4 The boundary conditions and load

2.4.1 The boundary conditions
FRP-reinforced concrete frame specimen and 
base were poured integrally; therefore, a layer of 
the bottom of the column location can be con-
sidered as consolidation, and so need to be fixed 
constraints imposed on the bottom section of the 
column, with all displacements of the column root 
cross-section being limited.

2.4.2 The load
To better simulate the force bearing status of FRP-
reinforced concrete frame under low reversed cyclic 
loading, we get more complete hysteresis curves, on 
the basis of the original test loading system, and 
increase the load series and cycles. A new loading 
system is shown in Figure 1.

3 THE RESULTS OF NUMERICAL 
SIMULATION

3.1 Load-displacement hysteretic curve

According to the simulation results of statistics, 
we draw the simulated load-displacement curves 
of specimens, as shown in Figure 2a. When com-
paring the curves with the hysteretic curve of the 
test of AFRP-reinforced concrete frame structure, 
the simulation results show a knead gathering 
effect, which is not obvious, and plastic deforma-
tion is larger. The main reason is that the FRP bar 
is embedded into concrete when establishing the 
finite element model. Therefore, the software could 
not take bond slip into consideration between them 
while calculating, which led to the part deforma-
tion that cannot be recovered.

Figure 1. Loading system.
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3.2 Skeleton curve

According to the numerical simulation of the load-
displacement hysteretic curve, we draw a skeleton 
load-displacement curve and compare with the 
load-displacement skeleton curves gained by the 
analysis of the test results, as shown in Figure 3.

Figure 4 shows that two skeleton curves fit bet-
ter and have the same tendency. Ultimate bearing 
capacity of the specimen reaches up to 340.4 KN 
when the FRP bar is cracked, and the load value 
of the model is 373.97 KN when the FRP bar 
approaches the ultimate stress, with a difference of 
9.8%. As a whole, for each load peak, the simulated 
load value is greater than the test load value, with 
the difference being within 20%. The main reason 
for the simulation results being greater than the test 
results is that the numerical simulation belongs to 
the ideal load, so the model does not have the initial 
defects, and in software simulation, the concrete is 
assumed to be an isotropic homogeneous material 
while it is not the case in the actual situation.

3.3 The stress

Figure 4 shows the stress distribution of the FRP 
bar under a certain load and displacement. From 

the figure, we can see that the stress of the FRP 
bar has a linear distribution along the direction of 
the beam body, which is consistent with the results 
obtained in the experiment. In addition, because 
of the low compressive strength of the FRP bar, 
when modeling, the compression of the FRP bar 
is not considered. So, the stress of the compression 
the FRP bar is free.

4 SEISMIC PERFORMANCE ANALYSIS 
OF AFRP-REINFORCED CONCRETE 
FRAME STRUCTURE

4.1 Skeleton curve analysis

Through the analysis of the skeleton curve, the 
elastic-plastic dynamic characteristics of the struc-
ture can be studied. The load-displacement skel-
eton curve of the AFRP-reinforced concrete frame 
structure does not have a standard antisymmetric 
shape, as shown in Figure 4, where the reverse load-
ing point load value is greater than the positive load 
point load values. In addition, the limit displacement 
of the skeleton curve of the model is larger. Because 
the lateral displacement size has a great influence on 
the normal use of the structure, in the design of the 
FRP-reinforced concrete frame structure, controlling 

Figure 2a. Results of the simulation.

Figure 2b. Results of the test.

Figure 3. Comparison chart of the skeleton curve.

Figure 4. Stress diagram of the FRP bar.

ICCAHE15_Book.indb   17ICCAHE15_Book.indb   17 11/17/2015   6:24:05 AM11/17/2015   6:24:05 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-5&iName=master.img-001.jpg&w=170&h=121
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-5&iName=master.img-002.jpg&w=171&h=125
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-5&iName=master.img-003.jpg&w=170&h=130
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-5&iName=master.img-004.jpg&w=170&h=87


18

the structure’s lateral displacement or displacement 
between layers appear to be more important.

4.2 Ductility performance analysis

Ductility is used to measure the deformation of 
structure, which is an important parameter. In seis-
mic fortification for structural design, some neces-
sary calculation method and design principles are 
usually considered, to guarantee the ductility of 
the structure and the component, and the struc-
ture design to be more economic and reasonable.

Usually, the ductility of the frame structure can 
be evaluated by the ductility coefficient: the greater 
the ductility coefficient, the more better the structure 
ductility; conversely, structural ductility is worse. 
Ductility coefficient basically has the displacement 
ductility coefficient and the curvature ductility coef-
ficient. This paper uses the displacement ductility 
coefficient μ to evaluate the ductility performance of 
the FRP-reinforced concrete frame structure model, 
where μ can be calculated by using Equation (3):

μ =
Δ
Δ

u

y
 (3)

where Δu is the limit displacement and Δy is the 
yield displacement.

According to Formula (3), the ductility coef-
ficient of the AFRP-reinforced concrete frame 
structural model is 5.03, which is relatively small 
and indicates the poor ductility of the structure.

4.3 Stiffness degradation analysis

Stiffness refers to the structure’s ability to resist 
deformation. Stiffness degradation refers to the 
structure under the repeated load. The phenom-
enon of stiffness gradually reduces due to concrete 
crack and crack development. Stiffness degrada-
tion is a major factor of structure seismic perform-
ance degradation, so study stiffness degradation 
situation of the structural analyzes the stiffness 
degradation rule, which is very necessary.

The stiffness degradation curves of the AFRP-
reinforced concrete frame model, as shown in 
 Figure 5, indicate that the load of the displacement 
is small, the stiffness is larger, stiffness degradation 
with the increase in load, and the early stage of 
the stiffness degradation is rapid, and the latter 
due to the concrete damage tends to be stable and 
stiffness degradation of the model is slow.

4.4 Energy dissipation analysis

The stand or fall of dissipating energy performance 
is an important basis of the seismic performance 

evaluation of the structure. Viscous damping coef-
ficient can be used to estimate the energy dissipa-
tion capacity of the structure, with the equivalent 
viscous damping coefficient of the AFRP rein-
forced concrete frame model being 0.369, which 
explains that the energy dissipation capacity of 
the AFRP-reinforced concrete frame structure is 
poor.

5 CONCLUSIONS

Through the above analysis, the skeleton curve 
simulated by the software and test curve fitting 
effect is shown to be good, and the FRP bar 
stress distribution is consistent with the experi-
mental measurement results. So, in this paper, we 
can assume that the mathematical model of  the 
AFRP-reinforced concrete frame is effective and 
feasible, and the finite element model can be used 
for seismic performance analysis. By analyzing 
the hysteretic curve and skeleton curve, ductility, 
rigidity degeneration, energy dissipation capacity 
performance such as seismic performance char-
acteristics of  the model, we find that the seismic 
performance of  the AFRP-reinforced concrete 
frame structure has a large difference compared 
with the reinforced concrete frame structure, so 
measures must be taken to improve the ductility 
performance of  the AFRP-reinforced concrete 
frame structure, to enhance AFRP-reinforced 
concrete structure seismic performance, to expand 
the FRP-reinforced concrete structure in practical 
engineering application.
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Micro damage in the structural deformation verification under expected 
rare earthquake

X.M. Chen, J. Duan, H. Qi & Y.G. Li
China State Construction Technical Center, Beijing, China

ABSTRACT: In the structural deformation verification under expected rare earthquake, the macro 
results such as displacement angle and base shear force usually are taken as the criterion for collapse, but 
sometimes, these horizontal responses cannot embody the probability of vertical collapse exactly. The 
relative reasons have been researched by numerical method in this paper including the improper constitu-
tive model of material and discrete model of element. For these reasons, the micro damage of member 
sections must be used together with the macro results as displacement angle to verify the structural prop-
erty under expected rare earthquake.

Keywords: displacement angle; damage; elastic-plastic; time-history analysis

shear force ratios and turn-over moment ratios 
carried by frames and shear walls respectively of 
each floor, damage of those most important mem-
bers, and so on. This principle doesn’t mean that 
the structural crash has no direct relationship with 
the damage of members, in fact, serious damage of 
some crucial members may lead to instantaneous 
unloading, and then induce an impact load on the 
other members which may make the whole struc-
ture collapse.

Although the national code (2010b) has con-
cerned the analysis of progressive collapse, but dif-
ferent with the deformation verification of expected 
rare earthquake by nonlinear time- history method, 
the analysis of progressive collapse induced by 
earthquake or other occasionally loads usually is 
regarded as a different mechanical problem. That 
is because much more complex nonlinear problem 
should be considered in the progressive collapse 
analysis, such as impact and contact. Therefore, 
this classification is based on the complexity, 
and there are no essential mechanical differences 
between them. Actually, in the analysis of deforma-
tion verification, the collapse possibility induced 
by the serious damage of some members mustn’t 
be neglected, even though the displacement angle 
may within the limitation.

In this paper, the section damage of frameworks 
is researched by numerical examples through 
ABAQUS for deformation verification under 
expected rare earthquake. The relationship of 
material damage and envelope of displacement 
angle is analyzed for the principle of no collapsing 
with strong earthquakes. Based on these numerical 

1 INTRODUCTION

The design for high buildings may contain two 
main steps, the first step is the section design for 
small earthquake or fortification intensity, and 
the second step is the deformation verification for 
expected rare earthquake. For the first step, elas-
tic methods such as spectrum analysis are widely 
used for the structural maximum response, and 
then probabilistic limit state design method will be 
used for the section verification and reinforcement. 
For the second step, usually only the deformation 
verification has to be done to ensure the struc-
tural performance under the expected rare earth-
quake through the performance point formulated 
via static PUSH or the envelope of displacement 
angle via nonlinear dynamic time-history analysis. 
Compared with the static analysis PUSH, the 
dynamic time-history method can be used widely 
for more complex structures without the limitation 
of first-order mode being dominant.

To ensure the structures without crash under 
expected rare earthquakes, the limitations of dis-
placement angle are regulated by many national 
codes, for example, in the ‘Chinese Code for 
Seismic Design of Buildings’ (2010a), the maxi-
mum displacement angle is 1/100 for both shear 
wall structures and frame-core-tube structures, 
and the maximum displacement angle is 1/50 for 
frameworks. Except the displacement angle, several 
other results are usually taken as the auxiliary tools 
for assessment or optimization of the structural 
scheme but not being taken as the main basis for 
structural crash, such as shear forces at the base, 
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results, the rationality of the constitute model and 
elemental discrete mode of frameworks, which is 
used widely, is also discussed.

The results show that the concrete in the RC col-
umns may be damaged seriously even though the 
displacement angles are within the limitation, this 
kind of damage will then reduce the compression 
area of sections and make the stirrups unworkable 
and the longitudinal bars buckling, and at last, 
unreliable displacement angle will be solved out 
because the degradation of bearing capacity hasn’t 
been estimated accurately.

2 MODEL OF MATERIALS 
AND ELEMENTS

In the analysis of nonlinear time-history under 
expected rare earthquake, elastic-plastic model 
with kinematic hardening is used for steel, plas-
tic damage model is used for concrete proposed 
by Chinese code (2010c), and as the affection of 
stirrups to concrete is very important as proved 

by J.B. Mander [1988a,b], it is also researched by 
H. Qi (2011).

For the elements in ABAQUS (2006), rebar can 
be embedded in the shell element for walls and plates, 
but the same function is not available for beam ele-
ments in explicit method, so equivalent discrete mod-
els are usually used, in which the concrete section 

Figure 1. Discrete of RC column.

a. Concrete section.

b. Steel section.

Figure 2. Integral points of sections.

b. Standard floor.

c. Seismic wave.

Figure 3. Structural model and seismic wave.

a. Structural model.
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induced by the degradation of  bending stiffness 
which is the result of  vertical stiffness reduction. 
Although the degradation of  vertical stiffness 
may lead to collapse directly, but the horizontal 
stiffness of  plates is so enormous that this fac-
tor may be underestimated in the calculation 
of  displacement angle. Thus for accurate result 
about collapse, the vertical stiffness degradation 
of  those most important members should be ana-
lyzed in detail.

For both columns A and B noted in Figure 3, 
the damages of 25 integral points in the concrete 
section are shown in Figure 5 with the peak accel-
eration equal to 220 gal, and equivalent strain of 
the longitudinal bars are shown in Figure 6. It can 
be seen that both concrete and steel are damaged 
slightly, and there are only slight fluctuation in the 
time-history of axial forces in Figure 7.

Amplify the peak acceleration from 220 gal to 
310 gal, the concrete is damaged seriously for both 
columns as shown in Figure 8. For column A, 
both the left and right sides of concrete section are 
damaged seriously, and for column B, the whole 

Figure 4. Envelope of displacement angle.
Figure 5. Compression damage of concrete section in 
column A and B under 220 gal.

and the longitudinal bars would be formulated with 
fiber beam element respectively (Fig. 1). The integral 
points of each section are shown in Figure 2.

3 NUMERICAL EXAMPLE

The frame work, its first floor and the seismic wave 
are all shown in Figure 3.

According to Chinese codes, the structure 
would be regarded as no collapse if  the displace-
ment angle is less than 1/50 under the maximum 
acceleration 310 gal. For comparison, the results 
of the wave with peak acceleration equal to 220 gal 
is also presented.

The envelopes of displacement angle are shown 
in Figure 4. It can be seen that the maximum dis-
placement angle is 3/200, and it is less than the lim-
itation of 1/50. If  taking the displacement angle as 
the unique criterion, this structure will not collapse 
under both two levels of acceleration.

Displacement angle is the direct reflection of 
structural lateral stiffness. The degradation of 
lateral stiffness can be induced by the degrada-
tion of  shear stiffness, but in most situations, it is 

ICCAHE15_Book.indb   23ICCAHE15_Book.indb   23 11/17/2015   6:24:09 AM11/17/2015   6:24:09 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-6&iName=master.img-006.jpg&w=172&h=297
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-6&iName=master.img-007.jpg&w=189&h=299


24

Figure 7. Time histories of SF1 in column A and B 
under 220 gal.

Figure 8. Compression damage of concrete section in 
column A and B under 310 gal.

Figure 6. Equivalent strain Le11 of steel in column A 
and B under 220 gal.

concrete section is damaged seriously. Besides this, 
tremendous plastic deformation occurred in the 
steel sections (Fig. 9).

For both columns, the axial forces fluctuated 
significantly because of the compression dam-
age of concrete. As shown in Figure 10, the axial 
force of column A increased about 1000 KN, but 
the axial force of concrete section in column B 
decreased even to zero with the axial force of steel 
section increased from 500 KN to 3500 KN. It is 
obvious that this phenomenon is not reasonable. 
By the result of concrete compression damage, the 
column B is crushed and the column A only keep a 
concrete core, both with the stirrups disabled and 
the longitudinal bars buckled.

Thus it can be seen, the first floor of this 
structure has lost at least eight columns, and the 
structure will collapse though the displacement 
angle is less than the limitation.
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Figure 10. Time histories of SF1 in column A and B 
under 310 gal.

the concrete compression damage in those key 
members would not reflected accurately in the dis-
placement angle, and this may lead to unreliable 
results. Therefore, the displacement angle cannot 
embody the vertical bearing capacity sufficiently, 
the degradation of vertical bearing capacity of 
those key members can lead to collapse with allow-
able displacement angle. Thus in the deformation 
verification under expected rare earthquake, the 
damage of members is as important as the dis-
placement angle.
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4 CONCLUSION

Under the action of seismic waves, the envelope 
of displacement angle is usually taken as the main 
criterion for collapse. Limited by the material 
constitutive model and elemental discrete model, 

Figure 9. Equivalent strain Le11 and plastic strain PE11 of steel in column A and B under 310 gal.
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Experimental study on the axial bearing capacity and ductility 
of concrete column confined with double stirrups

Y.Y. Li & Y.Y. Zhang
Hebei University, Baoding, China

L.Z. Sun & L. Sun
Wenzhou University, Wenzhou, China

ABSTRACT: In order to reduce the cross-section size of the reinforced concrete columns in the premise 
of improving its bearing capacity and ductility, 5 columns confined with double stirrups were designed 
as the study object. Concentric compression tests were conducted with the columns by using an electro-
 hydraulic servo loading machine using the displacement controlled loading scheme. The load-deformation 
behavior of the columns was analyzed. The test results show that the displacement ductility ratio varies 
between 4.04 and 6.17. By comparing the effects of different factors, it can be found that a better ductility 
was achieved for columns with a small stirrup spacing and a large stirrup diameter.

Keywords: double stirrups; confined concrete; displacement ductility ratio

greatly improve the concrete ductility and provide 
a certain amount of axial bearing capacity. The 
restriction for core concrete of compound stirrups 
is stronger than single-layer stirrups and evenly 
distributed.

At present, lots of research have been done on 
ordinary strength stirrup concrete and FRP confined 
concrete by researchers at home and abroad, but the 
study of double stirrup concrete is much more less. 
Kent and Park put forward that in the rectangu-
lar stirrup-confined concrete, stirrups do not work 
before the pressure reaches the concrete compressive 
strength; while gradually achieving the compressive 
strength, stirrups begin to have a force and deform, 
which will develop a constraint force in the concrete 
specimen. Stirrup-confined concrete belongs to 
active constraint, and its constraint force changes 
with different stages of the test.

This experiment tries to decrease the size of the 
column section and improve the ductility of the 
column through configuring double stirrup, which 
may increase the stirrup reinforcement ratio.

2 TEST GENERAL SITUATION

2.1 Template specimen preparation

According to the proportion of test, the admixture, 
water, sand, gravel, cement, fly ash and silica fume 
are placed in the blender after weighing. There are 
two steps for pouring. First, casting the column 
base, after the concrete strength is increased to 

1 INTRODUCTION

In recent years, the most disastrous earthquake has 
occurred many times in China and abroad, such 
as the Wenchuan earthquake, Yushu earthquake, 
Haiti, and Chile earthquake. Many buildings col-
lapsed or destroyed badly in the earthquake, which 
caused a large number of casualties and huge 
economic losses. Column is an important bearing 
component of the structure, its insufficient func-
tion or degradation will have a great influence on 
the whole building, even leading to the collapse 
of the whole building. An important reason caus-
ing the damage of the reinforced concrete column 
is the lack of ductility. The essays point out that 
the axial compression ratio and stirrup character-
istic value are the two main factors influencing the 
ductility of concrete columns.

According to Guan Ping and others, the stirrup 
characteristic value is much more important than 
other factors in influencing the column ductility. 
Guo Zhenhai and others in Tsinghua University, 
who have studied the stirrups concrete stress-strain 
curve under the action of repeated loading, sug-
gested that enlarging the stirrup ratio can increase 
the peak strain of the concrete apparently, espe-
cially during the drop period, which can change the 
ductility of concrete substantially. After studying 
the axial bearing capacity of a single-layer high-
strength stirrup and compound high-strength stir-
rup restraint concrete separately, Yang Kun and 
others put forward that a high-strength stirrup can 
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Figure 1. Specimen details.

Table 1. The parameters of the specimen.

Serial 
number

Concrete 
strength/MPa

Longitudinal 
reinforcement 
strength

Longitudinal 
reinforcement 
diameter

Stirrup 
strength/MPa

Stirrup spacing 
and diameter

Barrel diameter 
of stirrups/mm

SC-1 43.15 HRB335 8ø10/8ø12 1209.5/1209.5 ø6@35/ø6@35 180/230
SC-2 43.15 HRB335 8ø10/8ø12 1321.9/1321.9 ø8@75/ø8@75 180/230
SC-3 43.15 HRB335 8ø10/8ø12 1209.5/1209.5 ø6@55/ø6@55 180/230
SC-4 43.15 HRB335 8ø10/8ø12 1209.5/1321.9 ø6@75/ø8@75 180/230
SC-5 43.15 HRB335 8ø10/8ø12 1321.9/1321.9 ø8@35/ø8@35 180/230

70% for the chiseling process, and then casting the 
scape. Because the spacing of double hoop stirrup 
reinforced concrete column is small, this test adopts 
the hierarchical pouring. In order to avoid the phe-
nomenon of honeycomb and empty, the vibrator 
is used to vibrate the concrete close-grained after 
casting 300 mm. Natural curing lasts for 60 days 
after the completion of the casting, ensuring that 
concrete strength meets the design standards. The 
specimen size is 25 * 25 * 140 cm, a total of five pil-
lars, as shown in Figure 1. Reinforcement param-
eters are listed in Table 1.

2.2 The test procedure

In order to prevent the end effect, a 20 cm FRP 
carbon fiber cloth is packed at the top of  pillars 
to reinforce the end of  pillars before the test. This 
experiment is conducted on a WAW-10000F type 
electro-hydraulic servo multi-function experi-
mental machine. First, the component is placed 
under the pressure plate, and the central axis is 
drawn around the pillar. Then, the position of 
the column is calibrated with the laser level. In 
the compression process, to ensure the specimen 
under uniform compression, high-strength gyp-
sum is daubed on the top of  pillars and pressed 
flat. A rod displacement meter is installed, whose 

 specification is ZS1100-DT100 on both sides of 
the pillar. Acquisition instrument is used to collect 
data. Preloading is carried out on the specimen 
prior to the commencement of  the experiment. 
The purpose is to eliminate the adverse impact 
of  the internal defects. After completion of 
preloading, two devices begin to collect at the 
same time and record the starting time. Loading 
regimes of  the experimental machine are taken as 
240 kN/min load to 2000 kN, and then are changed 
to 0.5 mm/min until the specimen is broken. The 
test set-up is shown in Figure 2.

3 TEST RESULTS

3.1 The experimental phenomena

With the gradual increase of  the vertical axial 
force, destructive forms of  columns are virtually 
the same. In the stage of  force control, the test 
specimen has no obvious cracks, and then turns 
to the stage of  displacement control. When the 
axial force of  the concrete column reaches 80% 
of  the ultimate bearing capacity, some small 
vertical cracks appear on the surface of  the test 
specimen with small noise. When the bearing 
capacity gets the peak load, a number of  cracks 
explode and develop swiftly. Finally, these cracks 
become oblique failure surface, which penetrate 
the concrete column. In this process, there is no 
obvious sound. When continuing loading on the 
concrete column, it shows that the bearing capac-
ity of  double stirrups concrete column declines 
slowly, protective layer gradually cracks and then 
falls off.

After observing the destruction, the longitudi-
nal reinforcement in the test specimens is forced 
to bend outward. All inner and outer stirrups 
in the test specimen are not broken, as shown 
in Figure 3. Because of  the form of  double stir-
rups, which have high strength, the stirrup char-
acteristic value improves much. With the load 
increasing, longitudinal cracks develop rapidly 
in the inner concrete column, while transverse 
cracks are effectively blocked. Cracks develop 
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Figure 3. Typical failure mode.

Table 2. Failure characteristics of specimens.

Serial 
number

Inner stirrup 
characteristic 
value

Outer stirrup 
characteristic 
value

Displacement 
ductility ratio 
μΔ = Δu/Δy

Failure 
characteristics

Longitudinal 
reinforcement 
yielding conditions

Ultimate 
load/kN

SC-1 0.552 0.430 5.21 Compression and 
shear failure

Yield 3578

SC-2 0.562 0.445 4.04 Compression and 
shear failure

Yield 3342.5

SC-3 0.399 0.311 4.66 Compression and 
shear failure

Yield 3277

SC-4 0.285 0.431 4.9 Compression and 
shear failure

Yield 3278.5

SC-5 1.181 0.929 6.17 Compression and 
shear failure

Yield 3594

*(Δu represents the ultimate displacement of specimens. The displacement occurs when the bearing capacity is decreased 
to 50% ultimate load capacity. Δy– is the yield displacement, which is the average value of displacement, when inner and 
outer longitudinal reinforcement are tensile and subdued).

Damage characteristics of  different concrete col-
umns are given in Table 2.

3.2 Analysis of test results

1. The area representing the test specimen with 
double high-strength stirrups (round inside but 
square outside) constrained concrete is shown in 
Figure 4. The four corners of the square stirrups 
confined core concrete from the figure and sanc-
tion decreased slowly from angle to the middle 
part. The spiral stirrups, which are in the confined 
area of the outer stirrups work with outer stir-
rups together and can effectively control trans-
versal strain of concrete, improve the capability 
of stirrups constraints. The displacement ductil-
ity ratios of SC-1∼SC-5 are more than 4.04, as 
given in Table 2. This shows that double stirrups 
play an important role in the lateral restraint of 
concrete and can improve effectively the disad-
vantage that brittle failure in concrete column.

2. As shown in Table 2, displacement ductility ratios 
of pillars are around 4∼6, which show that this 
test specimen has a good ductility. Specimens 
SC-1 SC-3 have the same concrete strength and 
diameter of the stirrup, but SC-3 has a greater 
inner and outer layer spacing of stirrup than 
SC-1. Compared with SC-5, SC-1 has the same 
concrete strength, spacing of stirrup and smaller 
diameter of the stirrup. Figure 5 indicates that 
the ductility of SC-5 is better than SC-1 and the 
ductility of SC-3 is the worst. Because the larger 
stirrup spacing (s) and the smaller diameter (d), 
the test specimens have a lower stirrup parameter 
so that there is not enough sanction to prevent 
lateral deformation of specimen, which lead to 
a bad ductility. These results are consistent with 
the those reported by Qian, J.R.

in the weak layer that is the weld between lon-
gitudinal reinforcement and stirrups. The angles 
between the plane of  rupture and the horizontal 
plane are roughly 60°∼80°, which show that the 
specimens are compression and shear failure. 

Figure 2. Test set-up.
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size of the column, and as a result the cost will 
reduce, which has a very high economic benefit.

3. Under the same strength grade of concrete, rein-
forcement characteristic value has a great influ-
ence on the ductility of the concrete columns. In 
addition, the inner and the outer stirrup charac-
teristic values have a disproportionate level of 
influence on the ductility of the double stirrup 
reinforcement concrete column. However, the 
specific influence coefficient needs further study.
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Figure 4. Effective confinement area for double-stirrup 
column.

Figure 5. Comparison of load-displacement curves.

4 CONCLUSIONS

1. According to the test results in the present study, 
using double stirrup can improve the stirrup 
characteristic value of RC columns and the bear-
ing capacity of high strength concrete columns, 
as well as prevent the brittle failure effectively. 
The displacement ductility ratio of the columns 
tested in this study varies between 4.04 and 6.17.

2. All specimens show good ductility during the 
process of gradual failure. The axial bear-
ing capacity of the designed specimens was 
enhanced to a great extent while guaranteeing 
the ductility. The design can reduce the section 
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ABSTRACT: The fatigue properties of the steel-concrete composite segment were investigated based 
on the Yong-Jiang Bridge, the first railway hybrid girder cable-stayed bridge in China. In this paper, 
the design process of the fatigue model test for steel-concrete composite segment of Yong-Jiang Hybrid 
Girder Bridge was introduced. In order to investigate the stress condition of the structure, a finite element 
model of the whole bridge was established by the software MIDAS/CIVIL. Then, the stress state of steel-
concrete composite segment was calculated under various working conditions. The stress amplitude plays 
an important role in fatigue performance of the structure. The steel cells of composite segment located 
on the bottom plate, which suffered the largest stress amplitude, were selected as the test object. Lastly, 
considering the effects of the initial defects and laboratory equipment, a full-scale partial model with one 
steel cell was proposed based on the equivalent stress principle.

Keywords: hybrid girder cable-stayed bridge; steel-concrete composite segment; model design; fatigue test

connecting the steel and concrete girders and trans-
ferring shear force. In China, a majority of hybrid 
girder cable-stayed bridges adopted a rear bearing-
plate with steel cells. In the existing literature, a 
majority of investigations have been focused on 
the static mechanical properties of the composite 
segment. Few researchers have paid attention to the 
fatigue characteristics of the steel-concrete com-
posite segment because of the huge costs and long 
time consumption of the fatigue test.

In this paper, the process of designing the test 
specimen of the steel-concrete composite segment 
was introduced based on the stress equivalent prin-
ciple. First, to obtain the internal force and the 
stress state of the composite segment, a FEM of 
the Yong-Jiang Bridge was proposed by the soft-
ware MIDAS/CIVIL. Then, a partial full-scale 
model was designed by the maximum stress ampli-
tude and test equipment. Lastly, loading force of 
the test specimen was determined by the stress 
equivalent principle of several key sections of the 
composite segment.

2 FEM OF THE YONG-JIANG BRIDGE

In this study, the applied load of the test specimen 
is based on the stress state of the original bridge. 

1 INTRODUCTION

The first hybrid girder cable-stayed bridge, which 
combined the advantage of the steel and concrete, 
was built in Germany in 1972. Later on, this kind 
of bridge was introduced to China in 1990s and 
developed very fast in long-span bridges, especially 
in the field of highway bridges. In recent years, a 
series of hybrid girder cable-stayed bridges have 
appeared in China, such as Xupu Bridge, Shantou 
Queshi Bridge, Wuhan Baishazhou Bridge and 
Erqi Yangtze River Bridge. Because of the large 
span development of railway bridges, the hybrid 
girder cable-stayed bridge was applied to railway 
engineering. Yong-Jiang Bridge is the first railway 
hybrid girder cable-stayed bridge in China.

As a critical component of the hybrid girder 
bridge, the steel-concrete composite segment plays a 
crucial role in transferring force and transformation 
of bridge. According to statistics of existing hybrid 
girder cable-stayed bridges, steel-concrete com-
posite segments can be subdivided into 4 types, in 
terms of bearing-plate and steel cells. These include 
a rear bearing-plate without cells, a rear bearing-
plate with steel cells, a front bearing-plate with steel 
cells and both front and rear bearing-plates with 
steel cells. Meanwhile, shear connectors installed 
in bearing plate and steel cell are responsible for 
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So, a FEM of Yong-Jiang Bridge is established 
by the software MIDAS/CIVIL, as illustrated in 
Figure 1. Unlike static structure design, fatigue 
design is always based on the frequently loading 
instead of CR-live loading for railway bridges. 

A trip of (1DF4 + 14C64) vehicle, whose axle load 
is (6 × 230 kN +14 × 4 × 230 kN), has been adopted 
in this research. The wheelbase is shown in Figure 2. 
Table 1 (a, b) and Table 2 (a, b) present the internal 
force and the stress state of the key sections under 
the dead load and live load, respectively.

3 TEST SPECIMEN

3.1 Location selection of steel cells

The fatigue performance of the composite segment 
is associated with fatigue stress amplitude. The 
structure would be more prone to fatigue prob-
lem if  suffering great stress amplitude. The stress 
state at the top and bottom steel cells are listed 
in Table 3 and Table 4, respectively. From Table 3 
and Table 4, it can be noted that the bottom steel 
cells are suffering the greater stress amplitude than 
the top cells. The bottom cells are chosen to be the 
object of the study.

Figure 1. Three-dimensional view of the Yong-Jiang 
Bridge.

Figure 2. Wheelbase of the vehicle.

Table 1(a). Internal force of key sections under the 
dead loads.

Section
Axial 
force/kN

Shear 
force/kN

Bending 
moment/kN ⋅ m

Section 1/right −244134  2130 40132.84
Section 2/right −243987  6526 36687
Section 3/right −241433 −3788 38571
Section 4/right −225853  4659 40213
Section 1/left −244134  2130 40132.84
Section 2 left −242632   254 37920
Section 3/left −226955 −2858 43200
Section 4/left  −73457  4327 73439

Table 1(b). Stress state of key sections under the dead 
load/MPa.

Section σst-u σst-l σb-u

Section 1/right −4.404
Section 2/right −12.984 −11.594 −2.330
Section 3/right −12.715 −11.134 −2.265
Section 4/right −17.794 −16.605 −3.093
Section 1/left −17.273 −17.235 −3.240
Section 2 left −13.437 −11.903 −2.417
Section 3/left −14.660 −12.832 −2.548
Section 4/left  −7.231  −1.394

*σst-u, σst-l, σb-u and σb-l represent the stress value of 
the upper or lower edge of the steel and concrete beam in 
the joint of steel and concrete.

Table 2(a). Maximum/minimum internal force of steel-concrete section under the live load.

Section

Maximum internal force Minimum internal force

Axial 
force/kN

Shear 
force/kN

Bending 
moment/kN ⋅ m

Axial 
force/kN

Shear 
force/kN

Bending 
moment/kN ⋅ m

Section 1/right −287.49 −1451.70 2680.72 −17268.34 −1804.63 −76017.20
Section 2/right −317.90 −1071.66 5143.15 −17302.80 −1437.25 −73336.82
Section 3/right −295.35 −1174.72 6990.98 −17282.89 −1558.82 −70763.01
Section 4/right −294.59  −427.52 9421.41 −17282.88 −1558.91 −65279.82
Section 1/left −318.26 −1445.26 2673.15 −17302.77 −1437.50 −76428.31
Section 2 left −295.40 −1174.71 5159.07 −17282.95 −1558.11 −73235.97
Section 3/left −294.97  −801.12 6976.15 −17282.89 −1558.77 −71632.81
Section 4/left −294.60  −427.52 9409.09 −17282.89 −1558.88 −66002.28
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3.2 Selection of bottom steel cells

The test specimen is designed by the stress equiva-
lent principle. The stress of the composite segment 
is given in Table 1(b) and Table 2(b). Based on 
the equivalent calculation, the applied loads of the 
specimen of two steel cells and one steel cell are 

given in Table 5 and Table 6. These two kinds spec-
imen are shown in Figure 3 and Figure 4. The max-
imum applied stress load of the specimen with two 
steel cells is −3756.16 kN. The test equipment MTS 
with the maximum loading tonnage of ±2500 kN 
is considered, which does not achieve the applied 

Table 2(b). Maximum/minimum stress state of steel-concrete section under the live load.

Section

Maximum internal force Minimum internal force

σst-u σst-l σb-u σb-l σst-u σst-l σb-u σb-l

Section 1/right 0.036 0.060 −1.557 −2.231
Section 2/right 0.230 0.425 0.030 0.073  −4.601  −7.378 −0.653 −1.271
Section 3/right 0.296 0.583 0.042 0.100  −4.214  −7.113 −0.632 −1.226
Section 4/right 0.628 0.907 0.109 0.156  −6.114  −8.043 −1.063 −1.387
Section 1/left 0.230 0.233 0.024 0.040  −8.861  −8.934 −1.087 −1.540
Section 2 left 0.247 0.456 0.032 0.078  −4.876  −7.838 −0.691 −1.351
Section 3/left 0.313 0.608 0.054 0.105  −4.711  −7.742 −0.819 −1.335
Section 4/left 1.722 2.470 −17.704 −22.951

*σst-u, σst-l, σb-u and σb-l represent the stress value of the upper or lower edge of the steel and concrete beam in the 
joint of steel and concrete.

Table 3. Stress state of top steel cell/MPa.

Section

Maximum internal force Minimum internal force Stress amplitude

σst-u σb-u σst-u σb-u Δσst-u Δσb-u

Section 1/right −0.056 1.075 1.131
Section 2/right −0.366 −0.063 3.902 0.667 4.269 0.730
Section 3/right −0.487 −0.084 3.715 0.635 4.201 0.719
Section 4/right −0.714 −0.123 3.185 0.543 3.899 0.665
Section 1/left −0.227 −0.039 4.213 0.719 4.440 0.759
Section 2/left −0.391 −0.067 4.195 0.717 4.586 0.785
Section 3/left −0.494 −0.085 3.577 0.611 4.071 0.696
Section 4/left −1.883 7.583 9.466

Table 4. Stress state of bottom steel cell/MPa.

Section

Maximum internal force Minimum internal force Stress amplitude

σst-l σb-l σb-u σb-l Δσst-l Δσb-l

Section 1/right 0.060 −2.231 2.291
Section 2/right 0.425 0.073  −7.378 −1.271  7.803 1.345
Section 3/right 0.583 0.100  −7.113 −1.226  7.696 1.326
Section 4/right 0.907 0.156  −8.043 −1.387  8.950 1.543
Section 1/left 0.233 0.040  −8.934 −1.540  9.167 1.580
Section 2/left 0.456 0.078  −7.838 −1.351  8.294 1.429
Section 3/left 0.608 0.105  −7.742 −1.335  8.350 1.439
Section 4/left 2.470 −22.951 25.421

*σst-u, σst-l, σb-u and σb-l represent the stress value of the upper or lower edge of the steel and concrete beam in the 
joint of steel and concrete.
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Table 5. Applied load of the specimen of two steel cells.

Section

Applied maximum loads Applied maximum loads

Bending moment/kN ⋅ m Axial force/kN Bending moment/kN ⋅ m Axial force/kN

Section 1/right  3.31  78.98  −93.81 −3097.45
Section 2/right 19.86 151.68 −283.16 −2877.82
Section 3/right 30.55 235.59 −309.22 −3101.20
Section 4/right 10.61 280.22  −73.54 −2581.13
Section 1/left  2.25  42.88  −64.41 −1776.69
Section 2/left 21.28 163.06 −302.03 −3052.15
Section 3/left 22.36 235.98 −229.58 −3195.49
Section 4/left 19.40 387.98 −136.07 −3756.16

Table 6. Applied load of the specimen of one steel cell.

Section

Applied maximum loads Applied maximum loads

Bending moment/kN ⋅ m Axial force/kN Bending moment/kN ⋅ m Axial force/kN

Section 1/right  1.65  39.49  −46.90 −1548.72
Section 2/right  7.16  72.77 −102.15 −1361.31
Section 3/right 10.85 102.55 −109.80 −1350.88
Section 4/right  5.30 140.11  −36.75 −1290.56
Section 1/left  1.50  28.59  −42.94 −1184.46
Section 2/left  7.68  78.22 −108.95 −1444.13
Section 3/left 11.18 117.99 −114.78 −1597.76
Section 4/left  9.52 193.16  −66.75 −1870.04

Figure 3. Cross section of two steel cells.

load of two steel cells model. So, the specimen with 
one steel cell is chosen as the final test model.

4 CONCLUSION

In this paper, the design process of the fatigue 
model test for steel-concrete composite segment 
of the Yong-Jiang Hybrid Girder Bridge was 
introduced.

1. First, a finite element model of the whole 
bridge was established by the software MIDAS/
CIVIL to investigate the stress condition of the 
structure. Then, the stress state of steel-concrete 
composite segment was calculated under vari-
ous working conditions.

2. The range of stress amplitude was the main 
factors influencing the structure fatigue char-
acteristics. The steel cells of composite segment 
located on the bottom plate, which suffered the 
largest stress amplitude, were chosen as the test 
object.

3. Lastly, considering the effects of the initial 
defects and laboratory equipment, a full-scale 
partial model with one steel cell was proposed 
based on the equivalent stress principle.

Figure 4. Cross section of one steel cell.
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ABSTRACT: Carbon Fiber-reinforced Polymer Fabric (CFRP) as a kind of high quality and efficient 
new composite material was widely used in various kinds of reinforcement of structure components. 
CFRP sheet bonding in the concrete face would offer effective lateral confinement and make core concrete 
under three-dimensional compression, which improved the compressive strength and deformation capac-
ity of column. In this paper, the load features of six Reinforced Concrete (RC) piles, which were strength-
ened by different widths and strip spacings, were numerically simulated by finite element software. The 
load was added along the axial direction of the column to research the failure process. By comparing the 
bearing capacity and displacement of piles, the effect of spacing and width on mechanical property was 
investigated. The results indicated that the strength of piles was all increased after repair, and the extent 
of property improving depending on different repairing schemes.

Keywords: Carbon Fiber Reinforced Polymer Fabric (CFRP); pile foundation; mechanical properties; 
numerical simulation; bearing capacity

2 NUMERICAL SIMULATION OF PILE 
STRENGTHENED BY CFRP SHEET

2.1 Numerical model of piles

Ordinarily micro cracks usually increased gradu-
ally from the pile’s surface to its inside as the pile 
was applied top load. When these micro cracks 
extended and connected each other into larger 
cracks, the pile would be divided into some smaller 
columns and lose the bearing capacity.

The mechanism of CFRP strengthening tech-
nique used in pile was that CFRP strips would 
form an effective circumambient restrain around 
the pile, and thus, the pile’s concrete core was in a 
three-dimensional state, which resulted in a signifi-
cant improvement of bearing capacity, ductility, 
and anti-seismic property of the pile.

In this paper, a three-dimensional finite ele-
ment model of  piles would be simulated and ana-
lyzed by finite element software of  ANSYS, as 
shown in Figure 1. The concrete was simulated 
by the unit of  solid 65; the steel bar was simu-
lated by the unit of  link 8; and carbon fiber sheet 
was simulated by the unit of  shell 41. The numer-
ical model has 1136 units and 2819 nodes. The 
numerical pile model took the vertical direction 
as the Z-axis and the horizontal radial direction 
of  wharf  structure as the X-axis; the Y-axis was 
then determined by the right hand rule. The phys-
ical and mechanical parameters of  the beam are 
given in Table 1.

1 INTRODUCTION

1.1 Piles of wharf strengthened by composites

Strengthening reinforced concrete members, such as 
beams, walls, columns, and slabs (Sang-Wook Bae 
and Abdeldjelil Belarbi, 2009; Issa et al. 2009; Eid 
et al. 2009; IIki et al. 2008; Soudki, K.S. 2007; Wang 
et al. 2006; Adhikary and Mutsuyoshi 2005; Imran 
A. 2013), with external bonding CFRP is a new 
strengthening technique with advantages of easy 
application, lower cost, and high strength to weight 
ratio. High-piled wharf is normally composed of 
pile foundation, reinforced concrete beams and 
slabs. The pile foundation is the most important 
load-bearing structure that transfers the upper load 
from the beam and slab to the bottom soil. The pile 
directly contacts the sea water that causes it under 
a poor marine environment. So the pile suffers the 
most severe corrosion among the structure members 
of high piled wharf. The harsh marine environment 
makes the pile inevitably to produce corrosion dam-
age in less than a decade. The structure strength-
ened by CFRP could resist the corrosion caused by 
acid alkali for CFRP’s good corrosion resistance, 
which is most suitable for the strengthening of the 
pile in the marine environment.

In this paper, the model of piles strengthened 
by different widths and spacings of external bond-
ing CFRP strips was built. Then, the mechanical 
 character of the pile before and after reinforce-
ment was investigated.
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by CFRP sheet as the control column. Column 
JGZ6 had zero sheet space and was fully wrapped 
by CFRP sheet. Columns JGZ2, JGZ4 and JGZ5 
that had the same sheet space were applied to study 
the influence of sheet width. And columns JGZ1- 
JGZ13 having the same sheet width were used to 
investigate the influence of sheet space.

3 NUMERICAL EXPERIMENTAL 
RESULTS

3.1 Analysis of pile bearing capacity

When concrete subjected to axial load the concrete 
would generate lateral deformation due to Pois-
son’s effect. When the load was small, the lateral 
deformation was in proportion to the longitudinal 
deformation. At critical stress, the lateral deforma-
tion grew rapidly, which caused internal cracks in 
concrete because lateral strain grew faster than the 
longitudinal strain, as shown in Figure 3. These 
internal cracks would become big cracks and par-
allel to the load direction, which caused the failure 
of concrete at last. The RC pile was reinforced by 
CFRP reinforcing concrete by restraining concrete 
lateral deformation through high tension strength 
of CFRP. And the stress of CFRP increased with 
concrete deformation. When the lateral deforma-
tion was larger, the tension strength would be 
brought into full play. Then, the bearing capacity 
would be improved.

The amount and area of CFRP strips were dif-
ferent because the width B and spacing S of CFRP 
were different, which caused different bearing 
capacities of piles. The maximum bearing capacity 
of each pile is listed in Table 2. The pile bearing 
capacity was increased after being repaired, but the 

Table 1. Physical and mechanical parameters of the 
beam.

Parameter Concrete Steel bar CFRP

Poisson’s ratio 0.2 0.3 0.2
Elastic modulus/MPa 3 × 104 2.0 × 105 2.42 × 105
Density/kgm−3 30 7850
Yield strength/MPa 300
Compressive 

strength/MPa
30

Tensile strength/
MPa

4223

Mass per unit 
area/gm−3

200

Thickness/mm 0.167

Figure 1. Numerical model of the pile and CFRP.

Figure 3. Axial stress to CFRP strain for pile fully 
wrapped by CFRP.

2.2 Simulation of piles strengthened by CFRP

In order to avoid local premature failure caused by 
stress concentration, the bottom and top sides of 
the pile were bonded by two layers of CFRP strips. 
The undersurface displacement of the model was 
fixed, and the horizontal displacement of the upper 
surface was free. Axial load was added to piles by 
the equal-added load method. In the numerical 
experimentation, the bearing capacity and defor-
mation of each pile reinforced by different CFRP 
strip widths and spacings was studied, as shown in 
Figure 2. The column DBZ0 was not strengthened 

Figure 2. Different reinforcing methods of CFRP strips.
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growth extent was different. Column JGZ6 fully 
wrapped by CFRP sheet had the biggest increas-
ing level because the full wrap could constrain 
deformation to the greatest extent and avoid stress 
concentration in concrete.

It could be concluded that the bearing capac-
ity would increase with relative width H of  CFRP 
strip, as shown in Figure 4. When the relative 
sheet width was 0.25, 0.33, 0.50, 0.60 and 1, the 
ultimate bearing capacity of  columns increased 
by 6%, 8%, 18%, 15% and 64% compared with 
the control pile. Columns JGZ1 and JGZ4 had 
the same relative sheet width of  0.5, while their 
width and space of  CFRP sheet was 50 mm and 
100 mm, respectively. So their increasing degree 
of  ultimate bearing capacity was different, the 
strengthening effect of  JGZ1 was higher than that 
of  JGZ4.

The different spacings of CFRP strip chang-
ing with the ultimate bearing capacity are shown 
in Figure 5. When the width of CFRP strip was 
constant, the ultimate bearing capacity would 
decrease with the spacing the CFRP strip increas-
ing. And when the CFRP width was smaller, the 
growth extent of ultimate bearing capacity would 
increase obviously.

The effects of different stripe widths on ulti-
mate bearing capacity of the pile are shown in 
Figure 6 when the spacing of CFRP was constant. 
The ultimate bearing capacity of pile increased 
with the CFRP strip width increasing. When the 
width reached a certain value, the ultimate bear-
ing capacity would not increase because the ends 
of the pile were not constrained well and result in 
premature destruction due to a very large increase 
in the width in the middle of the pile.

The relationship between the axial stress and the 
height of the pile that was not reinforced by CFRP, 
as shown in Figure 7. The value of “0” on the hori-
zontal axis represented the bottom elevation of the 
pile; and the value of “1000” represented the top 
elevation of the pile.

And the stress in the middle of pile was relatively 
uniform and smaller than that of at two ends. As the 
pile was fully wrapped by CFRP strip, the stress in 
the concrete was uniform, which could avoid stress 
concentration and prevent premature failure.

Table 2. Numerical simulation of column specimens.

Specimens
Sheet width
(B/mm)

Space of sheet 
(S/mm)

Relative sheet 
width (H)

Ultimate capacity
(/KN)

Capacity 
increasing (/%)

DBZ0 0 0 0 1008 0
JGZ1 50 50 0.50 1200 19
JGZ2 50 100 0.33 1090 8
JGZ3 50 150 0.25 1065 6
JGZ4 100 100 0.50 1186 18
JGZ5 150 100 0.60 1160 15
JGZ6 1000 0 1 1650 64

Note: H = B/(B + S) represented the relative sheet width; the magnitude of the bearing capacity increase was calculated 
by comparing with the control column of DBZ0.

Figure 4. Relation between ultimate bearing capacity 
and relative width of CFRP strips.

Figure 5. Various spacings of CFRP strips to ultimate 
bearing capacity.
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Figure 6. Various widths of CFRP strips to ultimate 
bearing capacity.

Figure 7. Curve of stress-height in control pile named 
DBZ0.

Figure 8. Load-displacement of piles.

Figure 9. The second stage of the load-displacement 
curve.

3.2 Analysis of pile load-displacement

The change in load to deformation for pile before 
and after reinforcement is shown in Figure 8 and 
Figure 9. The bearing capacity and deformation 
were both improved when the pile was reinforced 
by CFRP strips. The load-deformation could 
be divided into two stages. In the first stage, the 
restriction of CFRP to the pile was small; and two 
curves before and after reinforcing were similar. 
In the second stage, as the pile was subjected to 
axial stress, the RC pile generated lateral expan-
sion, which caused circumferential deformation 
of CFRP strips and generated lateral restriction 
for the concrete of the pile. So after strengthen-
ing the bearing capacity, the ductility of the pile 
was improved obviously. Under the same load, the 
pile deformation would decrease with the relative 
CFRP width increasing because the CFRP strips 
generated more lateral confinement.

4 NUMERICAL EXPERIMENTAL 
RESULTS

This paper presented the results of a numerical 
experimental program investigating the mechani-
cal properties of CFRP-strengthened reinforced 
concrete pile. Based on the numerical test results, 
the following conclusion can be drawn:

Bonding CFRP strips on the surface of RC 
pile could significantly enhance the performance 
of RC pile. The ultimate bearing capacity of RC 
pile reduced along with the increasing spacing of 
CFRP strips when the CFRP strip was constant.

When the relative width of CFRP strip was over 
0.5, the increase extent of bearing capacity would 
become smaller compared with the relative width 
of CFRP strip below 0.5. Stress concentration 
occurred at the both ends of the RC pile, which 
caused premature local failure when the relative 
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width of CFRP strips was over 0.5. So, the effect 
of CFRP reinforcing was not obvious when the 
relative width of CFRP strip was over 0.5.

The pile fully wrapped by CFRP strips had the 
highest increasing level because full wrap could 
constrain deformation to the greatest extent and 
avoid stress concentration in concrete, which 
improved the mechanical property and increased 
the ultimate bearing capacity of the pile.
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2.2 The burying of sonic-testing tubes 
and testing preparation

2.2.1 The burying of sonic-testing tubes
When the pile diameter is less than 1500 mm, 
3 pipes are buried; when the pile diameter is greater 
than 1500 mm, 4 pipes are buried (see Fig. 1).

The sonic-testing tubes are metal, and the con-
nections of pipes use screw joint, which makes the 
pipes water-tight. The reliability of the detection 
results and the success of the detection tests are 
directly influenced by the burying quality of sonic-
testing tubes.

2.2.2 Preparations before detecting
1. The concrete age of the detected piles should be 

greater than 14 d.
2. The sonic-testing tubes should be filled with 

water and keep free.
3. Investigate and collect relevant technical docu-

mentations and construction records of the 
projects to be detected.

4. Check the clear condition of sonic-testing tubes 
before placing the transducers.

1 INTRODUCTION

In recent years, along with the increasing invest-
ment of infrastructure construction project from 
the country, pile foundation has been widely used 
as the important component and main founda-
tion form of various engineering structures [1]. 
According to relevant documents, the amount of 
the concrete cast in-place piles used in the country 
exceeds 1 million every year, including the ones of 
overlength and large diameter, and the cost of pile 
foundation often accounts for more than a quarter 
of the whole of the engineering project [2].

The concrete cast in-place piles belong to con-
cealment engineering, and generally the quality of 
piles cannot judge from the exterior. Because of the 
influence of factors like construction site environ-
ment or construction management and so on, mul-
tiple harmful defects like necking, mud-clamping 
and holes may exist in the shaped pile bodies [4].

2 THE PRINCIPLE AND METHOD 
OF ULTRASONIC DETECTION

2.1 The principle of ultrasonic detection

The ultrasonic is a type of mechanical wave, so 
mechanical vibration and fluctuation are the phys-
ics basis of ultrasonic detection. It is also one of 
the elastic wave test method, with the theoretical 
basis of the propagation theory of elastic wave in 
solid medium. The data-processing system realize 
the judgment of the property, size and position 
of various defects inside the pile foundation and 
provide the assessment criteria of concrete over-
all homogeneity and strength grade according to 
the synthetical judgment and analysis of various 
parameters of signals received by the software.

Figure 1. The arrangement diagram of testing tubes. 
(Note: the shaded area in the figure is the effective detect-
ing range of sonic wave).
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5. Measure the clearance distance between the out-
side walls of each sonic-testing tube at pile top 
surface with steel tape, and check the distance 
measurement between each measured point of 
the profile section.

3 ENGINEERING PROJECTS

3.1 Engineering project 1

The punched grouting pile foundation is used 
in a project, the design pile diameter of which is 
ϕ1500 mm and the concrete design strength grade 
is C25; the construction length of the defective pile 
is 39.40 m.

Test result (see Fig. 2): within 0.00∼2.00 m of 
the pile body concrete of  the tested pile, both 
of the acoustic velocity and the amplitude are 
lower than the critical value; the PSD curve is 
distorted; the departure of  wave speed and ampli-
tude between the measured and the average reach 
around 200 m/s and 10 dB respectively. The phase 
of the defective position is opposite to that of  the 
normal concrete, inferred that the thickness of 
concrete cover in that position is low and tendons 
leak partially.

3.2 Engineering Project 2

The punched grouting pile foundation is used 
in a project, the design pile diameter of which is 
ϕ1300 mm and the concrete design strength grade 
is C25; the construction length of the defective pile 
is 18.00 m.

Test result (see Fig. 4): the concrete of the tested 
pile body lies 1.6 m from the pile top, both of the 
acoustic velocity and the amplitude are lower than 
the critical value; the PSD curve is seriously dis-
torted; the wave speed of the defective position is 
3000 m/s, 1500 m/s deviated from the average value 

(the wave speed of norm concrete in nearby area 
is 4500 m/s), and the departure of the amplitude 
between the measured and the average is around 
30 dB, inferring that the concrete is clamped with 
mud in this position.Figure 2. Test results of project 1.

Figure 3. Leakage tendon of the defective position.

Figure 4. Test results of project 2.

Figure 5. Mud-clamping of defective position.
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4 CONCLUSIONS

Combining the acoustic crosshole transmission 
method used in the pile foundation detection in the 
engineering practice, it can be found that: (1) the 
acoustic crosshole transmission method is an effec-
tive way to test the quality of inner concrete, and 
it can find out the variation conditions of the 
quality of pile body inner concrete in detail with 
higher accuracy and resolution and obvious detec-
tion effect; (2) the acoustic crosshole transmission 
method can detect the quality of any section along 
the length of pile body especially for the piles with 
large diameter and super length, which is more 
micromesh and accurate than dynamic measure-
ment method. (3) the application of concrete qual-
ity ultrasonic detection provides reliable basis for 
the quality treatment of concrete.
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2.2 bored pile

The main quality defects of bored pile are pile 
silted and excessively thick pile bottom sediment 
layers, and the reasons for the above factors are as 
follows:

1. Pile silted.
2. Pile bottom sediment layer is too thick.
3. Hole-wall collapses.

3 SEVERAL COMMON TREATMENT 
MEASURES OF DEFECTS

3.1 Rebuild

Those defects that are discovered in time and 
detected by ultrasonic during construction can be 
completely handled by rebuilding a new pile at the 
origin place after thorough cleaning. This method 
has a good effect but great difficulty, long opera-
tion period and high cost. It can be adopted based 
on the factors such as importance of project, geo-
logical conditions, and number of defects.

2.2 Pile extension

First, we determine the location of concrete by 
acoustic detecting on the pile; second, we deter-
mine the well-points dewatering based on the geo-
logical data offered by the design and excavate the 
plain concrete to encase the wall.

2.3 Pile core well-shaft method

This method is easier to be said than done, that 
is to use a pneumatic pick to chisel a well with a 
diameter of 80 cm at the center of the defective pile 
while dewatering at the same time, and the depth 

1 INTRODUCTION

During the construction of  bridge pile founda-
tion, some small faults often lead to quality 
defects of  pile foundation, which generally can 
be prevented. However, it could cause greater 
economic loss and delay construction schedule 
if  the chosen methods dealing with the defects 
are inappropriate. In this paper, combining with 
the analysis of  pile foundation construction sta-
tus, the causes and precautions of  bridge pile 
foundation defects are summarized, and several 
simple and economical treatment measures are 
proposed.

2 ANALYSIS OF DEFECT CAUSES

2.1 Manually excavated pile

The construction difficulty is small for the exca-
vated piles, but it has more defects than the bored 
pile, because it is easily neglected under construc-
tion for its small construction difficulty and the 
causes leading to defects are minor faults mostly, 
which hardly attracts attention. At present, the 
schedules of  most projects are compressed, and 
in order to catch the time limit, the majority of 
excavated piles are altered designed from the 
bored piles while the groundwater level is high and 
the capacity of  water inrush is large, leading to 
severe segregation of pile bottom concrete during 
the construction process.

1. The quality of protective wall is low, and hole 
collapse occurs when pouring concrete;

2. Concrete disintegrates, segregation layer occurs 
on the pile body;

3. Pile bottom dreg is too thick.
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should surpass the defective position at least, and 
then clean sediments in a sealed manner, place rein-
forcement cage and cast expansive concrete using 
the excavating-hole concrete construction method. 
The daily advance of this method is 0.6 m, but it 
will involve much more difficulties if  individual 
piles cannot dewater well, leading to massive loss 
on project quality, schedule and money.

4 TREATMENT MEASURES 
OF DEFECTIVE PILES

4.1 For piles of diameter-shrinking 
and mud-clamping

This technique attempts to adopt the mudjacking 
reinforcement method that is commonly used in 
reinforcing. The conclusion is that the mudjack-
ing reinforcement method is unsuitable for mud-
clamping piles.

4.2 High pressure jet grouting and compaction 
grouting method 

Strengthening schemes as high pressure water 
rotary jet grouting cut, eliminating dregs with air, 
high pressure jet grouting and compaction grout-
ing can be adopted and used on defective piles to 
achieve the strengthening goal.

4.3 Static pressure grouting construction

In order to reduce the possible settlement shrinkage 
when the jet grouting body consolidates, the size is 
made to fully penetrate into the bottom of the pile 
and pile-side gap, and then increase the strength 
of grouting consolidation body and the friction 
resistance of pile bottom and hole side effectively, 
orifice static pressure grouting is proceeded before 
the final set of cement grout after the processes 
above are finished, and eliminate the retraction of 
grout until the orifice is full of grout.

4.4 Preventive measures of pile breaking

The key to preventing pile breaking accident is pre-
caution. Each operation aspect and post should be 
checked and effective preventive measures made 
seriously before perfusing. The operating instruc-
tion should be strictly followed during perfusing, 
ensuring the continuity, compactness and orderli-
ness of perfusing operation; observe the surface of 
concrete repeatedly and carefully and calculate the 
height of concrete surface by theoretical method, 

and take the lower one as the standard of disas-
sembling the conductor pipe after comparing; raise 
the pipe constantly, smoothly and slowly; control 
the perfusing time in a suitable range. The proper 
functioning of the facilities should be guaranteed 
and standby ones prepared; inform the power dis-
tribution sector before perfusing to ensure the sup-
ply of electricity during perfusing; pay attention 
to the weather forecast and arrange the perfusing 
time rationally.

5 CONCLUSIONS

The quality control of pile foundation should be 
taken seriously in bridge construction, reducing 
the formation of pile foundation defects as far as 
possible through studying and knowing various 
causes of the defects. The existing defects should be 
treated by the most efficient, economical and quick 
method, combining the factors as types of defect, 
severity degree, position and design parameters of 
pile foundation and synthetically considering the 
costs, construction schedule and governance effect. 
Nowadays, the study of defect treatment measures 
of pile foundation is still inadequate domestically, 
and there are no proven technical measures to rely 
on the treatment of defective piles, merely depend-
ing on experience and often failing of achieving the 
best effectiveness in the treatment. It is expected 
that the relevant administrative and quality super-
vision departments develop the integral techni-
cal measures and reinspection code for the field 
of treatment measures of pile foundation, and 
increase the quality control power of the retreat-
ment of defective pile foundation, guaranteeing 
the quality of bridge pile foundation.
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Analysis on load-carrying capacity of a ribbed stiffener shallow 
spherical shell roof

D.Y. Jia, T. Wang & J. Yang
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ABSTRACT: According to the construction data of the roof structure for a 100,000 m3 gas tank, the 
FEM model of the ribbed stiffener shallow spherical shell is established. The static analysis is taken to 
check the strength. The eigenvalue buckling analysis is taken to get the first order buckling mode. Then 
the arc length method is used on the nonlinear stability analysis, and the critical buckling load and allow-
able overall stability capacity of the roof structure is obtained. By analyzing the checking results of the 
strength and the stability, the instability is the decisive factor that causes the roof structure to lose the 
load carrying capacity.

Keywords: roof structure; ribbed stiffener shallow spherical shell; load-carrying capacity; overall stability

2 STRENGTH CHECKING

2.1 The displacement and stress of cover plate

According to the actual situation of roof structure, 
the characteristic value of uniform loads are taken 
as: dead load 0.6 kN/m2, live load 0.5 kN/m2, dust 

1 INTRODUCTION

In recent years, according to the reasonable utili-
zation of  iron and steel plant by-product energy, 
reduce air pollution, energy saving and environ-
mental protection requirements, the large capac-
ity storage tanks emerge. However, in practical 
application, be lacking of  theoretical research 
and design code, structural instability occurs 
in large scale storage tanks which have been 
built [1]∼[5]. Ribbed stiffener shallow spherical shell 
is a form of  spatial structure which is used for the 
roof  of  storage tanks. The load carrying capac-
ity of  the roof  structure is the important design 
content.

The roof structure of a 100,000 m3 gas tank in 
east China consists of center ring beam, edge ring 
beam, longitudinal ribs, circumferential ribs, longi-
tudinal secondary ribs and cover plate. The section 
of ribs is channel C18a, the section of secondary 
ribs is angle L75x6, the thickness of cover plate is 
4 mm. The configuration of the roof structure is 
shown in Figure 1.

FEM analysis model is established by 
ABAQUS. For steel materials, density is 
7850 kg/m3, elastic modulus is 206 GPa, Pois-
son’s ratio is 0.3, yield strength is 235 N/m2. The 
element type for all components is S4R. Tie con-
straints are set between the components, as well 
as between the component and the cover plate. 
Since the edge ring beam is stiffer than ribs and 
cover plate, the boundary condition is assumed 
as fixed connection.

Figure 1. Configuration of the roof structure.
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load 0.75 kN/m2, snow load 0.75 kN/m2. Because 
the live load and snow load is not considered at the 
same time, the combined characteristic load value 
is taken as: 0.6 + 0.75 + 0.75 = 2.1 kN/m2. The uni-
form surface load is applied on the FEM model, the 
static elastic analysis is taken to get the Mises stress 
and displacement results. Figures 2 and 3 show the 
distribution of displacement and Mises stress on 
the cover plate. The maximum displacement value 
is 6.003 mm, appears at central cover plate between 
secondary ribs in the fourth band; the maximum 
Mises stress is 26.43 N/mm2, appears at the joint of 
cover plate and the ring beam in third band.

2.2 The displacement and stress 
of longitudinal rib

The displacement and Mises stress along the longi-
tudinal rib are shown in Figures 4 and 5. The maxi-
mum displacement value is 5.094 mm, appears at the 
middle of rib in the sixth band; the maximum Mises 
stress is 57.38 N/mm2, appears at the joint of longi-
tudinal rib and the edge beam in the first band.

2.3 The displacement and stress 
of circumferential rib

Figures 6 and 7 show the displacement and 
Mises stress along the circumferential rib at the 

third band. The maximum displacement value is 
4.712 mm, appears at the middle of rib; the maxi-
mum Mises stress is 40.52 N/mm2, appears at the 
joint of longitudinal secondary rib and the circum-
ferential rib.

Figure 2. Displacement of cover plate.

Figure 3. Mises stress of cover plate.

Figure 4. Displacement of longitudinal rib.

Figure 5. Mises stress of longitudinal rib.

Figure 6. Displacement of circumferential rib.
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2.4 The displacement and stress 
of longitudinal secondary rib

Figures 8 and 9 show the displacement and Mises 
stress along the longitudinal secondary rib at the 
first band. The maximum displacement value is 
3.518 mm, appears at the middle of rib; the maxi-
mum Mises stress is 48.04 N/mm2, appears at the 

joint of longitudinal secondary rib and the circum-
ferential rib.

3 STABILITY CHECKING

3.1 Eigenvalue buckling

Considering the material as ideal elastic type, the first 
order buckling mode is obtained by the eigenvalue 
buckling analysis. It can be seen from the Figure 10, 
the maximum buckling deformation occurs at the 
middle of cover plate in the fifth and sixth bands.

3.2 Overall instability

Taking the first order buckling mode as the initial 
structure, the initial imperfection value is taken as 
200 mm, which is the value of 1/300 span referring 
to the rules in “Technical Specification for Space 
Frame Structures”[6]. Considering the material as 
ideal elastoplastic type, the initial defects of struc-
ture as the consistent imperfection modal method[7], 
the arc length method for nonlinear buckling 
analysis is taken to obtain the overall instability 
deformation which is shown in Figure 11. In the 
figure, a wide range collapse occurs in the sixth 
and seventh bands.

The node at which the maximum vertical dis-
placement occurs on longitudinal ribs is selected. 
The load-displacement diagram of the node is 
shown in Figure 8, which express the whole proc-
ess of tracking analysis of the instability of the 
structure. Upon loading, the roof structure initially 
exhibits a linear relationship between the load and 
the displacement. The structure displacement is very 
small, that means the structure is in the elastic state 
with the larger stiffness; Upon continuing the load-
ing, before the maximum load (the critical buckling 
load) point is reached, the increment ratio of dis-
placement is larger than the load increment, which 
shows that the structure is in the elastic- plastic state 
with the stiffness degradation, but still in a stable 
equilibrium state. At the first upper extreme point, 

Figure 7. Mises stress of circumferential rib.

Figure 8. Displacement of longitudinal secondary rib.

Figure 9. Mises stress of longitudinal secondary rib.

Figure 10. Eigenvalue buckling deformation of roof 
structure.
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the displacement is 0.087 m, the corresponding 
load value is 10.97 kN/m2. After that, the curve is 
very steep decline, structure deformation speed up, 
when the load is reduced to 4 kN/m2, the displace-
ment is about 0.64 m. Then the first lower extreme 
point of the curve is reached, that means the struc-
ture achieves the reverse balance position. After 
that, the curve slowly rises, when the load upon to 
3.5 kN/m2, the displacement is about 1.05 m, the 
second upper extreme point is reached, and then 
the second lower extreme point.

Based on Figure 11 and 12, the whole process of 
instability of tracking analysis of the roof structure 
can be obtained. Upon loading, the local buckling 
occurs at the cover plate with initial imperfections 
near the sixth band, and then the range of buck-
ling deformation increases as well as the values, 
the work of structure turns into the elastic-plastic 
state. After the load reaches the first upper extreme 
point on the curve, the sharp declination shows 
that the stiffness degradation and brittle failure 
characteristics of roof structure. As the defor-
mation continues to increase, although the curve 
rises slightly at the first lower extreme point, the 
structural deformation has exceeded the allowable 
value; the structure is in an unstable equilibrium 
state. Finally, a larger range of collapse occurs, the 
roof structure is in the state of overall instability.

According to the work performance of roof 
structure, the first upper extreme load value, which 
corresponds to the critical buckling load of the 
structure, can be regarded as the ultimate overall 
stability capacity of the structure. Referring “Tech-
nical specification for latticed shells” provisions, 
the stability safety factor of the FEM calculation 
result is 5[6]. The critical buckling load value is 
10.97 kN/m2, that is, the allowable overall stability 
capacity of the roof structure is 2.19 kN/m2.

4 CONCLUSION

According to an actual gas tank construction, the 
roof structure is a ribbed stiffener shallow spheri-
cal shell. The finite element model is established. 
Based on the FEM analysis results of strength 
checking and stability checking, the following con-
clusions can be obtained:

1. In normal operating conditions, under the 
characteristic combination of external uni-
form load 2.10 kN/m2, the maximum Mises 
stress is 57.38 N/mm2, which is less than the 
yield strength; the maximum displacement is 
6.003 mm, which are far less than the allowable 
value (1/300 of span).

2. The external load 2.10 kN/m2 is slightly less 
than the allowable overall stability capacity 
2.19 kN/m2. Therefore, as for the roof structure 
in the form of ribbed stiffener shallow spherical 
shell, the instability is one of the decisive factors 
which leads to the failure of structure.

3. The simplified formula for checking the load-
carrying capacity of the ribbed stiffener shallow 
spherical shell shall be deducted.
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Figure 11. Overall instability of roof structure.

Figure 12. Load-displacement diagram.
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ABSTRACT: A simply supported beam roof structure is employed as an example. The mid-span 
moment time history of the main beam is investigated to study the finite stiffness of the roof panel and the 
damping properties of the sandwich core effect on simply supported beam wind-induced vibration effects. 
The numerical results reveal that the finite stiffness of the roof panel and the damping properties of the 
sandwich core can reduce the amplifying magnitude of the moment and affect the high-frequency segment 
response mainly, and the extent is limited. For this flexible simply supported beam roof structure, the finite 
stiffness of the roof panel effect on the wind-induced vibration response of roof structure is prominent.

Keywords: metallic roof panel; simply supported beam; roof structure; fluctuating wind; wind-induced 
vibration

while it is seldom studied in the field of the wind 
vibration of a large span roof structure.

Research in this paper is focused on the poly-
urethane metal roof panel. The simply supported 
beam roof is taken as the numerical example based 
on the former established composite sandwich shell 
element for the polyurethane metal roof panel[3], 
during which the polyurethane metal roof panel 
is incorporated into the FEM analysis of the roof 
structure wind vibration. By the analysis of the 
roof structure wind vibration response incorporat-
ing with the influence of the metal roof panel, a 
preliminary discussion on how much influence the 
polyurethane metal roof panel will make on the 
roof structure wind vibration response is presented 
in this article.

2 CALCULATION MODEL

2.1 Structure mode

The simply supported beam model is composed 
of 3 simply supported beams that span 24 m. The 
distance between the primary beam spacing is 
2.4 m, and these beams are connected by the sec-
ondary beams (purlins) of 2.4 m spacing. The 
connections between the primary beams and the 
secondary beams are rigid, as shown in Figure 1. 
Section applied for the primary and secondary 

1 INTRODUCTION

The impact of the roof panel is usually ignored in 
the wind-resistant design and analysis of the large 
span roof structure, during which the wind load is 
directly applied as a kind of nodal load on the nodes 
of the main structure generally. Nowadays, the roof 
panel used in the large span roof structure is the 
metal composite roof panel, which is made into a 
kind of sandwich plate in some process. Its top and 
bottom surfaces are made from thin pressed metal 
plates, while the middle layer is filed with the damp-
ing materials such as polyurethane foaming plastic, 
the mineral wool or the fiberglass cotton. The sand-
wich plate is of finite stiffness, so it is not realistic 
to assume the sandwich plate as the rigid plate in 
the process of wind load transformation. The roof 
panel is taken as a thin single plate to consider the 
effect of its self-vibration, with which the wind 
vibration coefficient of the large span structure 
becomes bigger[1]. For the polyurethane metal roof 
panel, a study has shown that its finite stiffness and 
the damping of its sandwich layer can affect the 
pulse property of the wind load[2]. Beside the effect 
of the roof panel self-vibration on the amplitude 
and frequency of the fluctuating wind pressure, the 
roof panel will work together with the main struc-
ture, which affects the stiffness and damping as well 
as the wind vibration of the whole structure further, 
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beams is H350 × 175 × 6 × 10 Q235 steel section. The 
top and bottom surfaces of the roof panel are set by 
steel with a density of 7850 kg/m3, Young’s modulus 
of 206 GPa and Poisson’s ratio of 0.3. The density 
of the hard polyurethane foam sandwich layer is 
set by 42.87 kg/m3, as well as the basic mechanical 
parameters are set as those described in reference[4]. 
Regardless of the mass of the roof panel, the fun-
damental frequency of the structure is f = 0.95 Hz, 
which is almost equal to the fundamental frequency 
of the large span roof structure with a big span. It 
shows that the stiffness of the structure is flexible.

Modeling and analysis are processed in the 
ANSYS software. In order to analyze the influence 
of the roof panel on the response of the structure 
wind vibration, comparative analysis is taken by 
these two kinds of models.

Model 1: beam 4 element is applied as the beams, 
while the wind load is directly applied on the struc-
ture nodes as nodal load, as shown in Figure 1(a).

Model 2: roof panels fully laid on the steel beams 
are simulated by eight-node sandwich shell elements. 
The roof panel and the beam connect on the 4 cor-
responding nodes, which couples 6 freedoms. Wind 
load is vertically applied on the roof panels as the 
surface load. This model is shown in Figure 1(b).

2.2 Wind load history

Wind pressure is taken as 0.5 kN/m2, irrespective 
of the spatial correlation between the nodes. Wind 
pressure history on the roof surface is artificially 
simulated by the AR method, as shown in Figure 2.

3 MODEL ANALYSIS

By examining the mid-span moment response of 
the beam in the middle frame, analysis of the effects 
of the roof panel stiffness and sandwich damping 
on the roof structure wind vibration response is 
carried out.

3.1 The influence of the roof panel stiffness

Different material and thickness selection for 
the top and bottom roof panel surfaces will lead 
to largely different roof panel stiffnesses. It is so 
complicated to adjust the parameters described 
above that in this paper, roof panel stiffness is 
changed by adjusting the thickness of the sand-
wich layer, namely, variation of the roof panel 
stiffness coursed by kinds of parameters is uni-
fied by adjusting the thickness of the sandwich 
layer. The sandwich layer thickness is set to 0 mm, 
60 mm, 80 mm and 100 mm, which is referred to 
as model 2-1, model 2-2, model 2-3 and model 2-4, 
respectively. The structure’s damping ratio is set to 
0.02 according to the steel structure.

Mid-span moment history curves of  these 
models are shown in Figure 3. As we can see, the 
structure response amplitude with consideration 
of roof panels decreases. In Figure 3(f), ampli-
tudes in model 2-2 and model 2-3 are small, while 
those in model 2-1 and model 2-4 are big, which 
indicates that from model 2-1 to model 2-3, as the 
stiffness (thickness) of  the roof panel increases, 
the structure response amplitude decreases, and as 
the stiffness (thickness) of  the roof panel increases 
further, the structure response amplitude increases 
again.

The beam mid-span moment Power Spectral 
Density (PSD) distribution is shown in Figure 4. 
As we can see, the low-frequency stage in the PSD 
is very close, but the high-frequency stage diverges 
significantly. By comparison, the high-frequency 
PSD amplitude of model 2-4 is the smallest, and 
the high-frequency PSD amplitude of model 2-1 

Figure 1. Model of a simply supported beam roof 
structure.

Figure 2. Time history of artificial wind load.
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Figure 3. (Continued)

Figure 3. The time history of mid-span bending 
moment of the main beam.

is the largest, while the corresponding amplitudes 
of model 2-2 and model 2-3 are between the two 
values. The law presented here is that the more 
rigid the roof panel stiffness is, the smaller the 
amplitude of the high-frequency moment response 
PSD will get.

3.2 The influence of the sandwich layer damping

Modal strain energy method[6,7] is applied to cal-
culate the structure’s damping ratio of each order. 
For model 2, 3 cases are taken to make compara-
tive analysis, which are as follows:

1. Damping ratio is set to 0.02 for all orders, 
namely, the structure is taken as a regular steel 
structure, which is called model 2-i-a;

2. The material loss factor of the roof panel sand-
wich layer is set according to the test in literature[1], 
and the material loss factor of the steel is taken to 
be 10-4, which is called model 2-i-b;

3. The material loss factor of the roof panel sand-
wich layer is taken to be 0.5, regardless of its 
variation with frequency[8], which is called model 
2-i-c, where i is the model number in 2.1.
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Figure 4. Power spectrum of bending moment time 
history.

Figure 5. Mid-span bending moment time history of 
main beam in model 2-1.
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Figure 6. Mid-span bending moment time history of 
main beam in model 2-2.

Figure 7. Mid-span bending moment time history of 
main beam in model 2-3.
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Figure 8. Mid-span bending moment time history of 
main beam in model 2-3.

3.2.1 Model 2-1
The mid-span moment time history curve of the 
model 2-1 is shown in Figure 5. Curves appear 
to be similar, while in Figure 5(d) we can see 
that the amplitudes of the curves show little dif-
ference. The amplitude of the model 2-1-c is the 
smallest, the amplitude of the model 2-1-a is the 
largest and the amplitude of the model 2-1-b is 
between the two values. The PSD distributions of 
the 3 models are similar. Above all, improving the 
damping ratio of the sandwich layer makes little 
difference for the whole structure.

3.2.2 Model 2-2
The mid-span moment history of model 2-2 is shown 
in Figure 6, which has the same rule of model 2-1.

3.2.3 Model 2-3
The mid-span moment history of model 2-3 is 
shown in Figure 7, in which it shows the same law 
as those shown for model 2-1 and model 2-2. Three 
curves take similar shapes as well as different strain 
amplitudes.

The moment PSD analysis (Fig. 8) indicates 
that, during the high-frequency stage, the PSD 

Figure 9. Mid-span bending moment time history of 
main beam in model 2-3.
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amplitude of model 2-3-c is bigger than that of 
model 2-1-a, which shows the same regular pat-
tern as the one indicated in reference[1], in which 
the dynamic properties of the roof panel are stud-
ied alone. The damping ratio of the sandwich layer 
changes the spectral character of the structure’s 
dynamic response.

3.2.4 Model 2-4
The mid-span moment history curve and moment 
response PSD attribution are shown in Figure 9 
and Figure 10, respectively. Taken together, the 
results of model 2-4 show the same rule as those 
for the above 3 models, but the dynamic response 
amplitude differs more significantly, and the spec-
tral characteristics of the dynamic response change 
more obviously.

4 CONCLUSIONS

1. For the simply supported beam roof struc-
ture with relatively soft stiffness, the mid-span 

moment response amplitude decreases obviously 
when the roof panel is take into account. But 
the reduced amplitude does not change linearly 
with the variation of the roof panel stiffness. 
In general, the roof panel affects the response 
amplitude of the high-frequency stage;

2. After consideration of the material damping 
of the roof panel, moment response amplitude 
becomes lower, though it is of limitation gener-
ally and mainly affects the response amplitude 
of the high-frequency stage;

3. The numerical results show that the stiffness 
of the roof panel affects the wind-vibration 
response of the simply supported beam roof 
structure more significantly.
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ABSTRACT: Through a comparative experiment between the earthquake simulation shaking table 
test of three double-deck models, the differences in the aspects of structure frequency, acceleration, dis-
placement and strain state between the common bottom-business multi-story masonry structure, and the 
bottom-business multi-story masonry structure reinforced through rectangular steel pipe and steel chan-
nel are analyzed. Based on the test results, the destroy mode of each longitudinal wall and the invalidate 
order are obtained, and the feasibility and practicality of the retrofit method through rectangle steel pipe 
is proved. Finally, the retrofit method of balancing stiffness and increasing ductility is put forward, which 
may provide reference for retrofitting design of the existing houses.

Keywords: bottom-business multi-story masonry structure; earthquake simulation shaking table test; 
retrofit; seismic resistant capacity; story stiffness

1 INTRODUCTION

In Wenchuan earthquake, 80% of the bottom-
 business multi-story masonry buildings were 
ruined, while this kind of structure is very popu-
lar in the small and middle towns in the south of 
China and do not disappear in short time. So, it 
is urgent to study the earthquake-resistant mecha-
nism of this building form and the methods to ret-
rofit the existing buildings in order to reduce the 
damages caused by earthquakes.

2 SHAKING TABLE TESTS

2.1 Test preparation

According to the test aim and content, two 
 double-deck models were designed, with the first 
floor plan of models, as shown in Figure 1, and the 
front view of model 2, as shown as Figure 2.

There are 16 acceleration sensors, 4 displace-
ment sensors and 26 strain gauges (model 1), 
21 strain gauges (model 2) were set at a proper 
position. During the tests, Wolong wave was used 
and the tests were carried out in 5 steps (model 1) 
and 4 steps (model 2). Figure 1. The first floor plan of the models.
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Figure 2. The front view of model 2.

Figure 3. The cracks distribution of model 1 after 
PGA = 0.82 g.

Figure 4. The cracks distribution of model 2 after 
GA = 0.88 g.

2.2 Test phenomenon

As model 1, after PGA = 0.10 g and 0.35 g, there 
were no appearance of cracks. From PGA = 0.45 g, 
near windows of the second floor, there were some 
fine cracks occurring. With the growing of PGA, 
the quantity and width of cracks were increasing. 
After 0.82 g, the damage state could be observed, 
as shown in Figure 3.

From Figure 3, it could also be indicate that the 
damage order and degree is mid longitudinal wall, 
back longitudinal wall and front longitudinal wall.

As model 2, the time of cracks appearing is 
later than model 1, the first fine crack occurs at 
PGA = 0.84. The details of the damage are shown 
in Figure 4.

3 COMPARISON OF REINFORCEMENT

3.1 Modal comparative analysis

The pulsation method is used in testing the modal 
of the two models before and after loading.

The results include the natural frequency and 
the torsional frequency, and the details as given in 
Table 1 and Table 2.

From the two tables, with the increasing load, the 
frequency of models decreasing trend occurs. The 
first-order frequency of model 1 reduces by 36%, 
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Table 1. The modal results of model 1.

Modal Before load
After 
PGA = 0.35 g

After 
PGA = 0.45 g

After 
PGA = 0.82 g

First-order frequency/Hz 15.0 9.6 9.0 5.6
Second-order frequency/Hz 26.0 13.4 13.4 12.9
Torsional frequency/Hz 24.8 19.6 N/A 19.2

Table 2. The modal results of model 2.

Modal Before load
After 
PGA = 0.84 g

After 
PGA = 0.88 g

First-order frequency/Hz 14.4 5.6 5.4
Second-order frequency/Hz 22.4 13.5 14.1
Torsional frequency/Hz 20.3 15.9 11.3

Figure 6. Relative displacement.

Figure 5. Acceleration amplification.

40% and 63% after PGA = 0.35 g, 0.45 g and 0.82 g, 
respectively, and the second-order frequency is 36%, 
40% and 63%. And torsional frequency reduces 
by 21% and 23% after PGA = 0.35 g and 0.82 g, 
respectively. The same law appeared in model 2. 

Because of the positive correlation between the 
frequency and failure degree, it can be proved that 
the failure degree of model 2 is lighter than that of 
model 1 at the same level of earthquake.

3.2 Acceleration response comparative analysis

The dynamic amplification effect can be attained 
through the acceleration earthquake response 
of the model during the earthquake simulation 
shaking table test. The data curve of the accelera-
tion amplification contrast of the two models is 
shown in Figure 5.

From the curve, it can be seen that the data of 
model 1 is larger than that of model 2 at the second 
floor except at a special point. This indicated that 
the failure degree of model 1 is more serious than 
that of model 2 at the same level of earthquake.

3.3 Relative displacement comparative analysis

The curve of relative displacement is shown in 
Figure 6. From the curve, it can be seen that the data 
are less than 1 mm at the first and second loads, indi-
cating that the structures are in the elastic state. The 
data of model 2 is larger than that of model 1 obvi-
ously, and from the test phenomenon, it is known that 
the failure level of model 1 is more serious than that 
of model 2. Thus, the seismic performance of the 
retrofit model is significantly improved.

3.4 Strain comparative analysis

The strain values of the representative correspond-
ing position of the three longitudinal walls of the 
two models are shown in Figure 7.

From Figure 7, it can be seen that all val-
ues are compressive strain and increasing as the 
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Figure 7. Strain contrast of the corresponding position 
of the two models.

acceleration of ground motion increases. Collec-
tively, the values of the two models show a consist-
ent rule, that is, the value of mid longitudinal wall 
is the largest, then the back longitudinal wall and 
the mid constructional column of transverse wall, 
the smallest is the front longitudinal wall (frame 
column and constructional column); and most of 
the values show the value of model 1 to be larger 
than that of model 2.

4 SUMMARY

1. The damage degree of model 2 (retrofit) is obvi-
ously lighter than that of model 1 (ordinary).

2. The failure sequence of the three longitudinal 
elements is the mid longitudinal wall, the back 
longitudinal wall and the front wall (or frame 
columns).

3. The stiffness of the front longitudinal wall may 
be strengthened because of rectangle steel pipes 
and steel channels were added on both sides 
of the frame columns, and this can balance 
the distribution of earthquake inertial forces 
among walls. It is proved that this method may 
be an effective measure for retrofitting existing 
normal bottom-business multi-story masonry 
buildings. The idea may be concluded as “bal-
ancing stiffness and increasing ductility”.
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Force analysis on continuously pouring outer wrapped concrete 
based on a SRC arch bridge
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ABSTRACT: This paper takes a long-span concrete-filled steel tubular arch bridge as the research 
object. The model of the main arch rid plate unit, which includes the beam element and the space finite 
element, is established by Midas Civil 2012. This paper conducts the computational analysis of the con-
struction process of the main arch ring when it adopts inclined cable-stayed buckle to pour outer wrapped 
concrete continuously. Besides, it also explores the effect of the main arch ring stress and deformation 
under the control of non-cable-inclined and four inclined cables. The results show that, under the control 
of four inclined cables, the nominal pressure and tensile stress of the structure are admissible, the struc-
ture shows less deformation repetition, and the arch ring has no upper vault deflection. Thus, the results 
indicate that the control of the cable-inclined method can achieve a good effect.

Keywords: Steel Reinforced Concrete arch bridge (SRC); cable-inclined; continuously concreting; outer 
wrapped concrete; computational analysis

symmetrically from the arch foot to the vault, con-
creting the next ring after the strength formation, 
until all the concrete is finished. This construction 
method is convenient, rapid and has good concrete 
quality. But, if  measures are not taken, the stress 
and deformation well be out of range. Setting sev-
eral stayed-buckle cables to regulate the nearby 
peak of the bending moment influences lines of 
the controlling section, and applying a changing 
tension above the oblique arch axis can effectively 
control the vault deflection and the foot arch hog-
ging moment during the continuous concreting of 
outer wrapped concrete. Thus, the stress and defor-
mation of steel reinforced concrete arch bridge can 
be kept within the designed range.

3 THE GENERAL SITUATION 
OF ENGINEERING

3.1 Engineering background

The bridge is 852 meters in length, and the single 
span of main bridge reaches 416 m, which is deck 
concrete-filled steel tubular railway arch bridge. 
The rise of arch is 99 m, the rise of the span ratio is 
1/4.2, the arch axis shape is catenary, and the arch-
axis coefficient is 1.8.

The section of  the main arch ring is a sin-
gle box, including three rooms, whose width is 
changed but height is invariable. The height of 
the arch rid is 8.5 meters. In the range of  65 m 

1 INTRODUCTION

The concrete-filled steel tubular arch bridge is 
mainly used in the long-span concrete arch bridge. 
After more than 20 years development, the con-
struction technology of the SRC has developed 
rapidly. In recent years, it has gradually become 
a main type of bridges of the large span bridges, 
because it has a great spanning capacity, strong 
bearing, good stability, and convenience of con-
struction. The outer wrapped concrete of the 
long-span concrete-filled steel tubular is heavy and 
massive, and the largest stress and deformation 
emerge in this construction stage, so it is necessary 
to conduct force analysis in the stage of casting 
outer wrapped concrete.

2 THE THEORY OF THE CABLE-
INCLINED CONTINUOUSLY 
CONCRETING

The stiffness and strength of rigid skeleton gradu-
ally form during the outer wrapped concrete con-
struction progress. As this bridge type possesses 
complicated structural system transformation and 
much construction difficulties, the construction 
method of outer wrapped concrete on the main 
arch ring is crucially significant. The outer wrapped 
concrete continual pouring refers to dividing rings 
firstly, concreting the first ring continuously and 
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Figure 1. The elevation of main bridge (unit: cm).

Figure 2. The vault section of arch rib (unit: cm).

Figure 3. The foot section of arch rib (unit: cm).

Figure 4. Arch rib segment division.

Figure 5. The outer wrapped concrete dividing ring of 
the arch rib.

Figure 6. Layout of 4 inclined tensioned cables.

Figure 7. Cable force variation in different stages of 
construction.

from the arch foot to the vault, the width of  the 
arch rid changes from 28 m to 18 m linearly. In the 
range of  286 m in horizontal length, the length is 
18 m and the middle room is 9.8 m in width. The 
stiff  skeleton is mainly composed of  steel and 

steel tube concrete, the upper and lower chords 
adopt the steel tube of  Φ750 × 22 mm. The chord 
is connected by angle steel, and transverse cross 
brace is set in the right position to strengthen the 
horizontal connection, which forms a steel and 
concrete-filled steel tubular truss frame. There 
are 38 lateral braces to connect the arch rid, and 
the link of  each chord is welded. Concrete is 
poured after the arch rid is finished, the concrete 
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Figure 8. The MIDAS/Civil model of the main arch.

Table 1. Scheme stage of construction.

Conditions Description Conditions Description

1 Concrete-filled steel tube 89 Remove the fourth template
2 Install the first template 90 Install the fifth template
3–21 Pour the part 1 to 19 of the first ring 91–109 Pour the part 1 to 19 of the fifth ring
22 The first ring is finished 110 The fifth ring is finished
23 Remove the first template 111 Remove the fifth template
24 Install the second and third template 112 Pour the part 1, 4 of median septum
25–43 Pour the part 1 to 19 of the second ring 113 The part 1, 4 of median septum is finished
44 The second ring is finished 114 Pour the part 2, 5 of median septum
45–63 Pour the part 1 to 19 of the third ring 115 The part 2, 5 of median septum is finished
64 The third ring is finished 116 Pour the part 3, 6 of median septum
65 Remove the second and the third template 117 The part 3, 6 of median septum is finished
66 Pour the edge septum 118 Install the sixth template
67 The edge septum is finished 119–137 Pour the part 1 to 19 of the sixth ring
68 Install the fourth template 138 The sixth ring is finished
69–87 Pour the part 1 to 19 of the fourth ring 139 Remove the sixth template
88 The fourth ring is finished 140 Ten years of shrinkage and creep

adopts C80 weakly expansive concrete, and the 
outer wrapped concrete is C60 high-strength 
concrete.

3.2 The scheme stage of construction

For rational utilization of  the original cable, the 
position of  cable-inclined is the same as the lift 
of  steel skeleton. After construction of  the steel 
skeleton, and reaching the designed strength, 
parts of  inclined cables are removed, except 2#, 
3#, 5#, and 7# cables. The way of  pouring arch 
rid concrete is split-ring continuous pouring. The 
half  span arch rid is divided into 19 parts longi-
tudinally and 6 rings vertically. The Concrete is 
poured continuously and symmetrically from the 
arch foot to the vault, the order of  concreting is 
the first side room, then the middle room; first 
base plate, then the web plate, and finally the 
roof. The scheme stage of  construction is given 
in Table 1.

4 FINITE ELEMENT MODEL

The model includes 3001 nodes and 10852 ele-
ments, including 8324 concrete-filled steel tube 
beam elements and 2528 outer wrapped concrete 
plate elements. The beam element and the plate 
element adopt co-node to realize the combina-
tion of two structures together into a whole load. 
The arch-springing is all fixed. The model keeps 
the longitudinal direction as the X-axis, the trans-
verse direction as the Y-axis, and the vertical as the 
Z-axis.

A few notes about the model:

1. Regard the concrete-filled steel tube rigid skeleton 
as the initial state, do not consider the effect of 
the pre-camber and the steel tube primary stress.

2. The stiffness and strength of the concrete-filled 
steel tubular member will be reduced if  the 
steel tube and the concrete are void, this arti-
cle adopts C80 weakly expansive concrete and 
introduces the lift-up method to place concrete 
uninterruptedly, so it does not consider the 
effect of the void.

3. Adopt the material conversion method 
to calculate the material and geometric 
characteristics.

4. Do not take into account the effect of the 
strength of former concrete when pouring on 
one ring, but regard the weight of concrete as the 
concentrated force to act on the right element.

5. Consider the combined action of the concrete-
filled steel tubular rigid skeleton and the outer 
wrapped concrete after the strength form.
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5 THE RESULTS OF FORCE ANALYSIS

This paper takes the bottom concrete, for exam-
ple, to calculate by using the stress superposi-
tion method, the vault deflection, the steel stress, 
the concrete-filled steel tube stress and the outer 
wrapped concrete stress as control targets, chooses 
the foot arch, the L/8, L/4, 3 L/8, the vault and the 
abrupt change in section as control sections. The 
finite element analysis on non-cable-inclined and 
four inclined cables continuous of outer wrapped 
concrete is carried out to study the stress and 
deformation of the structure.

According to The Code for Design on Steel 
Structure of Railway Bridge (TB10002.2–2005), 
the maximum allowable stress is as follows:

The maximum allowable stress of the Q370 steel 
is 263 MPa;

The C80 steel tube concrete:

f M f MPaMMcdff tdffMPaM fffMPaM ff,MMPaMM  (1)

The C60 outer wrapped concrete:

[ ] ] .]b t] , [] . , [ pt M. PaMM20 ,0 3[ ]MPa [ ][, [ ][[ 151  (2)

5.1 The vault deformation

Taking the concrete-filled steel tube rigid skeleton 
for reference, the added displacement of the vault 
deflection can be taken from the MIDAS model. 
Thus, the difference between the added displace-
ment of the initial state and each construction step 
is the current deflection.

Figure 9 shows that the repeated deformation 
is great and the largest vault deflection reaches 
31 cm when continuously concreting the first 
ring. The reason is attributed to the fact that the 
stiffness of rigid skeleton is lesser and the defor-
mation is greater when it stands all the weight of 
concrete. Under the control of four inclined cables, 
although the arch ring has repeated deformation, 

the amplitude is smaller. Besides, the arch ring has 
no upper vault deflection, whose changing curve 
is smooth. And the maximum lower vault deflec-
tion is 21.0 cm after the first ring is formed, and 
it meets the requirement of regulation which is 
L/800 = 52.0 cm, and the effect of regulating the 
main arch ring deformation by four inclined cables 
is good.

5.2 The stress of the upper and lower chords

Figures 10 and 11 show that the largest pressure 
stress is 422 MPa of the foot arch, which is exceeded 
greatly, and the stress of the others control sections 
is nearly 225 MPa with a lower safety which need 
to regulate and control. The reason is that the rigid 
skeleton stands all the concrete weight without 
stayed-buckle cable before the strength of former 
concrete formed, which leads to the higher stress 
of the steel tube.

Figures 12 and 13 show that the largest pressure 
stress of the upper chord is 194 MPa in the vault 
section, and the largest pressure stress of the lower 
chord is 210 MPa in the foot arch. Besides, the range 
of stress of others chords is 100 MPa to 150 MPa. 
This means the stress is low and the structure has 

Figure 9. Comparison of vault deflection.

Figure 10. Correlation line of pipe stress in control sec-
tions of the lateral upper chord member.

Figure 11. Correlation line of pipe stress in control sec-
tions of the lateral lower chord member.
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Figure 12. Correlation line of pipe stress in control sec-
tions of the lateral upper chord member.

Figure 13. Correlation line of pipe stress in control sec-
tions of the lateral lower chord member.

a high safety space. Taking the allowable stress of 
the Q370 steel to check, compared with the non-
inclined cable, the steel stress of the control sec-
tions is within a permissible range, which means a 
higher safety. The stress level of the steel tube has 
improved obviously, and the problem of the over 
proof lower stress of the foot arch is solved.

5.3 The stress of concrete in the steel tube

Figures 14 and 15 show that the maximum nomi-
nal tensile stress of concrete in the tube reaches 
11.2 MPa in the upper chord of the foot arch, and 
the maximum pressure stress reaches 47.0 MPa 
in the lower chord of the foot arch. The nominal 
and pressure stress of concrete in the steel tube 
far exceeds its permissible range, which needs to 
adjust and control. Comparison between the stress 
of the steel tube and concrete in the steel tube can 
be made, and it is easy to draw a conclusion that 
under the corresponding construction step and at 
the corresponding place, there is a nominal tensile 
stress in the concrete in the steel tube, but the stress 
of the steel tube is always under the dimensional 
compression, because it has original steel stress to 
counteract partly a smaller nominal stress.

Figures 16 and 17 show that the stress of con-
crete of the upper and lower chord is pressure in 

Figure 14. Correlation line of concrete stress in control 
sections of the upper chord member.

Figure 15. Correlation line of concrete stress in control 
sections of the lower chord member.

Figure 16. Correlation line of pipe stress in control sec-
tions of the upper chord member.

Figure 17. Correlation line of pipe stress in control sec-
tions of the lower chord member.
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the mass, the maximum pressure stress of concrete 
in the tube reaches 18.2 MPa in the lower chord of 
the arch foot; parts of the construction steps have 
a smaller tensile stress and the maximum reaches 
to 1.04 MPa in the variable section, and the nomi-
nal pressure and tensile stress of the control sec-
tion are within the permissible range.

5.4 The stress of outer wrapped concrete

Figures 18 and 19 show that the outer wrapped 
concrete stress of the first ring after construction 
is pressure in the mass, and the maximum pres-
sure and tensile stress reaches to 11.5 MPa and 
0.77 MPa. Under the control of four inclined 
cables, the maximum pressure and tensile stress 
reaches to 2.45 MPa, nearly 3 L/8 section, and to 
1.58 MPa, nearly L/4 section, which are within the 
permissible range.

On the whole, the stress and deformation of the 
main arch ring has a great improvement under the 
control of four inclined cables, which shows that 
the construction method is feasible.

6 CONCLUSION

The computational analysis on the continu-
ous concreting of outer wrapped concrete of a 

Figure 18. Outer wrapped concrete stress of ring 1 after 
construction.

Figure 19. Outer wrapped concrete stress of ring 1 after 
construction.

long-span concrete-filled steel tubular arch bridge 
is conducted, and comparison between the regulat-
ing effects of non-inclined-cable and four inclined 
cables is made, on the basis of which the following 
conclusions are drawn:

1. Without cable-inclined concreting, the arch 
ring produces a greater deformation and has an 
upper vault deflection. Besides, the stress of the 
structure far exceeds its permissible range. So, it 
is necessary to take measure to control.

2. The inclined cables can effectively regulate the 
stress and deformation of the main arch ring, 
and keep the vault deflection, the nominal pres-
sure and tensile stress of the structure within 
the permissible range. The method achieved the 
continuous concreting of floor outer wrapped 
concrete successfully, which theoretically proved 
that the method of cable-stayed buckle to con-
tinuous concreting of the main arch ring outer 
wrapped concrete is feasible.
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The analysis of the influence of material strength on the shear capacity 
of steel tube-reinforced concrete composite column
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ABSTRACT: In this paper, the reasonable selection of component parameters and the property of 
shear components of the steel tube-reinforced concrete under the effect of lateral horizontal displacement 
are analyzed using the ABAQUS finite element model. Weak and strong axis loading, concrete strength, 
and steel yield strength factors are selected as the parameter variation of components. It is concluded that 
the major axis is higher than the shear bearing capacity of the weak axis, increase of concrete strength 
against the influence of shear bearing capacity is not obvious, and improving the steel yield strength can 
effectively improve the bearing capacity of the component.

Keywords: steel tube-reinforced concrete; material strength; shear capacity

2 SHEAR LOADING OF THE FINITE 
ELEMENT MODEL

This article adopts the steel tube concrete column 
filled with steel bone, which is fixed on the one end 
and loaded the horizontal transverse load on the 
other end, as shown in Figure 1.

3 PARAMETER SETTING AND ANALYSIS 
OF STEEL TUBE-REINFORCED 
CONCRETE COMPOSITE COLUMN

Steel pipe-reinforced concrete composite column 
is made up of steel pipes, beams and a combina-
tion of core concrete composite component. The 
intensity of each part has different effects on 
shear bearing capacity. Different force states also 
lead to different shear bearing capacities. Loading 
direction will affect the shear bearing capacity as 
well. This article selects three parameters namely 
concrete strength, loading direction, and steel 
strength. We, respectively, study their effect on the 

1 INTRODUCTION

In order to overcome the weakness of heavy con-
crete structure, the poor bending performance and 
the poor steel fire resistance, concrete and steel are 
combined, which can play their respective advanta-
geous roles. Besides, a layer of steel tube is wrapped 
on the component. The structure is in a state of very 
unsafe because of the sharp decrease in the bearing 
capacity of the external steel tube under the fire. 
Inserting i-steel inside the component can continue 
to play a strong load-bearing role after the outside 
steel pipe losing bearing capacity. The existence of 
core concrete delays the internal steel bone expiry 
time, which gives people plenty of time to escape the 
rescue, thereby reducing property and life loss [1–4].

Researchers have focused on concrete column, 
mainly studying the performance of the concrete 
column under different stress states. Three of 
which are bending shear, tense bending shear, and 
tense bending shear twist, which relate to the shear 
performance of stress. Curved scissors refers to the 
concrete member only under the effect of trans-
verse shear. Bending shear is influenced by trans-
verse shear force and axial pressure or eccentric. 
Bending torsional shear refers to the concrete 
column under transverse shear, axial pressure and 
torque under the action of stress. Bending shear 
and bending shear is the basis of the study com-
pound stress; therefore, studying the basic shear 
performance has an important significance. In this 
article, the material strength is studied by using 
finite element analysis software ABAQUS, and the 
analysis of the strength parameters is carried out 
to determine their effects on the bearing capacity.

Figure 1. The applied shear load.
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shear bearing capacity of the steel tube concrete 
column-filled steel bone.

3.1 Component parameter

Component parameter selection is the key step of 
calculation and analysis. Reasonable parameter 
selection will take to get twice the result with half  
the effort effect. On the basis of many times simula-
tion, we select the parameters, as listed in Table 1.

3.2 Parameter analysis

3.2.1 The strong and weak axis displacement 
influences

Due to the geometric characteristics of i-steel, 
steel pipe-reinforced composite column is not 
an axisymmetric graphic. There is a difference 
between the strong axial load and the weak axis 
load, as shown in Figure 2, and the shear bearing 
capacity is also different.

This article, respectively, forces the strength and 
weak axis load to three sets of specimen, namely 
A-1, A-2, B-1, B-2, C-1, C−2. Using the ABAQUS 
finite element simulation, the shear capacity curves 
are shown in Figure 3.

We can find out the following factors from the 
above chart:

Table 1. Shear component parameters of steel tube filled with steel tube-reinforced concrete composite column.

Serial
number

Component size
(D × t × l)/mm

Displacement 
direction fck/MPa fsk/MPa ftk/MPa θ λ n

B-1 160 × 5 × 500 Strong axis C70 235 235 0.28 3.125 0
B-2 160 × 5 × 500 Weak axis C70 235 235 0.28 3.125 0
D-1 160 × 5 × 500 Strong axis C50 235 235 0.28 3.125 0
D-2 160 × 5 × 500 Strong axis C90 235 235 0.28 3.125 0
E-1 160 × 5 × 500 Strong axis C70 345 235 0.28 3.125 0
E-2 160 × 5 × 500 Strong axis C70 390 235 0.28 3.125 0

Note: θ is the effect of the restraint coefficient; λ is the shear span ratio; and n is the axial compression ratio.

Figure 2. Strong and weak axial loading diagram.

Figure 3. Shear bearing capacity of strength and weak 
axial loading direction.
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1. The elastic stage: elastic modulus of the strong 
axis load is bigger than the weak axis load. This 
is because that the built-in i-steel flange is far 
away from the centroid, and the action of shear 
function of the flange area is larger in the hori-
zontal strong axis load. The weak axis loading 
function of the flange area is lesser.

2. The ultimate bearing capacity: strong axial shear 
ability is superior to the weak axis, because of the 
strong axial load. The bone involved in the area 
of tensile steel is bigger than the weak axis load.

3.2.2 Concrete strength
The strength of the concrete commonly used ranges 
from C10 to C90. In order to better use the compres-
sive strength of concrete, in the compression state 
of steel-reinforced concrete filled steel tube column, 
high strength concrete is adopted. This paper con-
tinues to use high-strength concrete. Using three 
grades of high-strength concrete, namely C50, C70, 
C90, in components B-1, D-1, D-2 for simulation 
analysis, the result is shown in Figure 4.

We can find out the following factors from the 
P-U curve:

1. With the increase of concrete strength, the 
shear capacity of steel-reinforced concrete filled 
steel tube column increases gradually, but the 
increase is not obvious.

2. The slope of the elastic stage with the increase 
of concrete strength also has no obvious change, 
this is because with the strength of the concrete 
improving, the elastic modulus of concrete also 
gradually improves. Compared with the steel 
elastic modulus, concrete elastic modulus nearly 
equals to 10 percent, which makes little contri-
bution on the whole for the components of the 
elastic modulus.

3. Regardless of the kind of concrete strength, 
after the yield point, the shear bearing capacity 

of steel-reinforced concrete filled steel tube did 
not immediately decrease. On the contrary, there 
will be a little rising trend, which illustrates that 
the steel-reinforced concrete filled steel tube col-
umn has a very good ductility.

3.2.3 Steel strength
There are four kinds of commonly used steel. 
Their yield strength is Q235, Q345, Q390, and 
Q420. This article uses only three kinds of steel 
components, namely Q235, Q345, and Q390, in 
components B-1, E-1, E-2 and B-1, F-1, F-2 for 
simulation analysis. The P-U curve are shown in 
Figures 5 and 6.

We can find out the following factors from the 
above chart:

1. Shear bearing capacity of whatever strength 
of steel bone or steel tube, in the elastic stage, 
the overall elastic modulus is constant, that 
is because, while it improves the strength of 
the steel, the elastic modulus of steel has not 
changed, thus the whole component of the elas-
tic modulus has not changed.

Figure 4. P-U curve.

Figure 5. The P-U curve different steel-reinforced 
intensity.

Figure 6. The P-U curve different steel tube intensity.
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2. To be loaded into yield strength of the compo-
nents, the strength of the steel bone and steel tube 
is gradually shown. With the improvement of 
strength of steel pipe and steel bone, yield strength 
of the components also increased dramatically. 
While steel yield strength improves to Q390, 
improving the capacity effect of the components 
is not obvious. But increasing the yield strength 
of steel tube to Q390, the promotion effect of 
component bearing capacity is more apparent.

3. To improve the strength of the steel tube has a 
more obvious effect on the shear bearing capac-
ity of components than the steel bone.

As can be seen from the above analysis, the 
loading direction, concrete strength, steel strength, 
the three parameters selected in this paper has a 
certain influence on the shear capacity of steel 
tube-reinforced concrete composite column. In 
engineering practice, we should strictly control 
these three factors.

4 CONCLUSION

The ABAQUS finite element model established, 
the reasonable structure parameters selected in 
this paper, shear components under the effect of 
lateral horizontal displacement in the steel tube-
reinforced concrete composite column is calculated 
and analyzed the shear capability. Using the P-U 
curve of the computational analysis, we analyze 
the three main parameters, namely loading direc-
tion, concrete strength, steel strength, which have 
the effects on the P-U curve of steel tube-reinforced 
concrete composite column shear component. We 
draw the conclusion that the bearing capacity of 
the strong axis is higher than that of the weak 
axis, the effect of the increase of concrete strength 

against the influence of shear bearing capacity is 
not obvious, and improving the steel yield strength 
can effectively improve the bearing capacity of the 
component.
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ABSTRACT: How to calculate the bearing capacity of structural steel tubes and coupler scaffolds 
(henceforth referred to as STCS) was currently an urgent problem to be solved. Based on the previous 
experimental studies, advanced non-linear FEM of thirteen STCS specimens were established considering 
the semi-rigid character of the couplers to evaluate the critical loads and failure modes under idealized 
conditions in ANSYS and to compare with the experimental results. Furthermore, new simplified three-
column calculation model and corresponding calculation formulas were established for the STCS under 
uniform load, which were verified by the experimental and analytical results and turned out to be of valu-
able reference in predicting the strength.

Keywords: structural steel tubes and coupler scaffolds; strength; semi-rigid; full-scale specimen test; 
three-column model for sway frame

idealized conditions in ANSYS. The geometric 
properties of the specimens, the test results Ptest and 
the critical buckling load PFEA obtained from the 
eigenvalue buckling analysis are listed in Table 1.

In Table 1, Lh is the lift height; S1 and S2 are 
the horizontal spacing of posts in transverse and 
longitudinal direction, respectively; H1 is the whole 
height of the tested STCS; Br is the sweeping staff  
height; Clu is the U-head height. The loading area 
was expressed by the arithmetic product of the 
number of spans in the transverse direction and 
the number of spans in the longitudinal direction. 
Bri is the bridgings setting; V is the vertical bridg-
ings; and H is the horizontal bridgings.

From Table 1, it can be revealed that the strength 
PFEA was generally consistent with the full-scale 
test results, and the effect tendency of all geomet-
ric parameters on bearing capacity of STCS was 
consistent:

1. The bearing capacity of a STCS would 
increase to some extent if  the U-head 
height reduced, proven by test specimen 11 
(Ptest = 16.64 kN; PFEA = 15.30 kN) versus speci-
men 12 (Ptest = 19.14 kN; PFEA = 17.86 kN).

2. The bearing capacity of a STCS would increase 
to some extent if the storey height reduced, 
proven by test specimen 1 (Ptest = 23.57 kN; 
PFEA = 19.54 kN) versus specimen 13 (Ptest = 
33.90 kN; PFEA = 33.93 kN);

1 INTRODUCTION

For many years, structural steel tubes and coupler 
scaffolds (hereinafter referred to as STCS) were 
commonly used as a temporary structure to sup-
port workers, materials and structural members 
during construction due to the ease of fabrication, 
installation and dissemination. However, structural 
failure of these scaffolds often occurred from time 
to time due to poor installation, inadequate design 
and knowledge of relationship between construc-
tion factor and bearing capacity.

Currently, most researchers have focused on the 
door-type modular steel scaffolds, high clearance 
scaffolds, as well as single-wall and two-wall steel 
tubular scaffold, but very few have focused on the 
STCS.

2 ANALYTICAL INVESTIGATION 
AND DISCUSSION

Full-scale static tests were conducted on thirteen 
STCS specimens in order to obtain the bearing 
capacity and failure modes of STCS and the corre-
sponding details of all components were described 
in [1] and [2]. Based on the above experimental 
studies, advanced non-linear finite element models 
of thirteen STCS test specimens were established to 
evaluate the critical loads and failure modes under 
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frame may be further simplified into a single post 
model.

The strength of the STCS system under a uni-
form load can then be calculated as a summation 
of the strength of each single post, which is defined 
by Equation (1) as follows:

P
EI

ccr =
π
μ

2ππ
2( )cLμLL  

(1)

where Pcr is the strength of each single post; EI is the 
flexural resistance; μ  is the effective length factor of 
single post; cL  is the length of single post, which is 
equal to Lh (lift height). On this basis, considering 
the effect of bridgings as a safety margin received 
from test and FEA results, the strength of the STCS 
system with bridgings could thus be obtained.

Table 1. Comparison of FEM analysis with full-scale test results.

3. The bearing capacity of a STCS would increase 
to some extent if  the lift height and post spac-
ing reduced together, proven by test specimen 7 
(Ptest = 21.74 kN; PFEA = 21.13 kN) versus speci-
men 9 (Ptest = 21.87 kN; PFEA = 21.58 kN).

4. The bearing capacity of a STCS would 
increase to some extent (increase 20%–40% 
approximately) if  setting vertical bridgings, 
proven by test specimen 1 (Ptest = 23.57 kN; 
PFEA = 19.54 kN) versus specimen 2 (Ptest = 
28.38 kN; PFEA = 30.53 kN), and that would 
increase to a higher extent if  setting vertical and 
horizontal bridgings together, proven by test 
specimen 1 (Ptest = 23.57 kN; PFEA = 19.54 kN) 
versus specimen 3 (Ptest = 36.26 kN; PFEA = 
38.55 kN). The degree of improvement not only 
changed with the geometric parameters but also 
the bridgings setting. This conclusion provided 
a useful reference for the adjustment of the cal-
culation result of STCS without bridgings.

3 SIMPLIFIED ANALYSIS MODEL 
FOR STCS

3.1 Formulation

Based on the previous research [3,4], considering the 
semi-rigid characteristics of  the right angle cou-
pler, the STCS system without bridgings could be 
simplified into a three-dimensional multi-storey 
semi-rigid frame, and furthermore be simplified 
into a two-dimensional multi-storey frame model, 
with semi-rigid rotational restraints at each storey 
provided by the horizontal tubes and couplers. 
Considering that the typical failure mode of STCS 
without bridgings was global buckling about the 
weak axis, and the three-column model developed 
by [5], shown in Figure 1, was used to calculate 
the bearing capacity of  STCS here. Thus, the 
above two-dimensional multi-storey semi-rigid 

Figure 1. Three-column model for sway frame.
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3.2 Horizontal tube element

The horizontal tube element with semi-rigid 
restraints at each end is shown in Figure 2. In 
 Figure 2, bL  is the length of the horizontal tube 
θ1, 2θ 22 are the end nodal rotations at nodes 1 and 2, 
and Rk1, kR 2 are the rotational stiffness of springs 
at nodes 1 and 2, respectively. The relationship 
between the nodal rotations at nodes 1 and 2 under 
end moments M1, 2M  are given by Equation (2) 
as follows:
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b b bi EI Lb= /  is the linear stiffness of the horizontal 
tube.

In the sway frame, assuming that the horizontal 
tube was bent in a double curvature, the end nodal 
rotations 1θ11 and 2θ 2 were assumed to be equal at 
buckling. In addition, the rotational stiffness of 
springs at nodes 1 and 2 was a constant ( k kR Rk 2k ); 
thus, the relationship between the nodal rotations 
at nodes 1 and 2 under end moments M1, 2M  is 
given by Equation (4) as follows:

1 2 16M M1 ib u=2M α θ11  (4)
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3.3 Vertical post element

The vertical post element with semi-rigid restraints 
at each end is shown in Figure 3. The relationship 
between the nodal rotations at nodes A and B under 
end moments MA, BM  is given by Equation (5) as 
follows:
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where Δ is the relative lateral displacement of nodes 
A and B; cL  is the length of the vertical post; Aθ A 
and Bθ B  are nodal rotations at nodes. The stability 
function iiS  = jjS , ij jiS Sij  could be expressed as 
follows:
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(6)

where μ π
=

kLc
 and k P

EI c
= .

3.4 Effective length factor μ

For the three-column model shown in Figure 1, 
considering the boundary conditions at the distal 
end of  vertical posts c1, c3 as the roller condi-
tion, the moments in vertical posts c1,c2,c3 at 
nodes A and B are given by Equations (7)∼(10) 
as follows:

c
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ij
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(9)Figure 2. Horizontal tube element restrained by semi-

rigid connections.

Figure 3. Vertical post element.
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c
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(10)

The moments in horizontal tubes b1, b2, b3, b4 
at nodes A and B are given by Equation (11) as 
follows:

b b u A b b u A

b b u B b b

i i
i i

1 1 2 2

3 3 4 4

6 6bi 2Au6 bi 1

6 6i bu B6 bi 3 4

( )AM , ( )AM AMM
( )BM , ( )BM BMM

b2A AM= 6 bi 1

b4= 6 b Bi 3 BM
α θ A α θ A

α θ B uu Bα θ B  
(11)

Considering the equilibrium of vertical post 
c1, the equilibrium conditions at nodes A and B, 
and the same flexural resistance of all tubes in 
STCS, the following calculation equation of effec-
tive length factor μ  can be obtained:
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where K = 
u b b

A

c
A

u b b
B

c
B

EI L

EI h

Euu I Lb

EI h

α αu b bEuu I Lb /

/

/

/

∑

∑
=

∑

∑
 is the end 

restraint coefficient of  the vertical post in the 
sway frame model, and the length of  the vertical 
post cL  was equal to the lift height h. The effec-
tive length factor μ  could be solved numerically. 
F urthermore, the strength of  STCS could be 
received through substituting μ  into Equation (1).

4 COMPARISON OF RESULTS FROM 
TEST, FEA AND ANALYSIS MODEL

The strength of models with various geometric 
parameters without bridgings Psim based on the 
analysis model above is given in Table 2.

In Table 2, Error 1 sim FEA

FEA
= ×

P Psim F−
PF

100. From 

Table 2, it could be found that the effect of geo-
metric parameters on STCS strength obtained 
from the analysis model is generally consistent 
with that obtained from FEA. The bearing capac-
ity of a STCS increased to some extent if  the lift 

height and post spacing reduced, which proved 
the feasibility and validity of using the three-
column model to calculate the STCS strength. 
It could also be found that the strength Psim of 
specimen 3 and 4 were  generally consistent with 
the FEA results, with a maximum difference 
of −22.05%. Reasons attributing to the discrepan-
cies might include the variance in the rotational 
stiffness of couplers, the variance in the mechanical 
properties of steel tubes, and initial imperfections 
of the steel tubes. The strength Psim of specimens 1 
and 2 was not  consistent with the FEA results. The 
reasons attributing to these discrepancies not only 
include the above factors, but also include that the 
effect of additional spans was considered in these 
two specimens in the FEA but not considered in 
the  simplified model, and the presence of addi-
tional spans could increase the system’s strength 
significantly.

5 CONCLUSIONS

1. From the full-scale tests and FEM analyses, it 
was clear that the bearing capacity of STCS was 
affected by a series of erection parameters such 
as lift height, spacing of vertical post, erection 
height, bridgings setting, and U-head height, 
and the existence of bridgings and additional 
spans could increase the strength of STCS 
significantly.

2. A simplified three-column model was devel-
oped for the STCS post, and design formulas 
were established for calculating the strength of 
a single post. Both the simplified model and the 
formulas were verified by the full-scale test and 
analytical results. In practical projects, the effect 
of bridgings could be seemed as a safety margin 
based on these findings.
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ABSTRACT: Structural Steel Tube and Coupler Scaffolds (STCS) have collapsed quite often at many 
sites, with a considerable number of reported casualties. However, their behavior has not been studied to 
the same extent as that of many other permanent structures. Using advanced nonlinear finite element 
analysis on different STCS models, the strength and failure modes of the STCS’s were evaluated in this 
paper. Furthermore, a simplified model using the theory of single multi-story post with four semi-rigid 
restraints and corresponding calculation formulae were established for the bearing capacity of STCS. The 
above presented simplified structural model and formulas are verified by the analytical results, and it has 
been turned out to be accurate enough for predicting the strength of STCS’s.

Keywords: structural Steel Tube and Coupler Scaffold; bearing capacity; semi-rigid; finite element 
 analysis; simple formula

loads and failure modes of many STCS with and 
without bridging were evaluated using non-linear 
FEM in ANSYS, and the effect of a series of erec-
tion parameters on bearing capacity of STCS was 
studied quantitatively. Furthermore, a simpli-
fied model and formula were put forward for the 
strength of STCS which consider the semi-rigid 
character of right-angle couplers and the effect of 
adjacent horizontal tubes.

2 ANALYTICAL INVESTIGATION

Commercial Finite Element Analysis (FEA) soft-
ware ANSYS was used to study the behavior of 
STCS models that are commonly used in actual 
projects. To simulate the semi-rigid behavior of the 
couplers, a spring-damper element (COMBIN14) 
was added to simulate the in-plane rotational 
restraints provided by the couplers. The spring 
constant was set to 19.0 kN⋅m/rad, which was 
the mean initial rotational stiffness obtained from 
previous coupler tests. The geometric proper-
ties of the models and the FEM analysis results 
are summarized in Table 1. In Table 1, Diff  = 
( )/))b FEAP  × 100.

From Table 1, it could be concluded that the 
STCS strength increased to some extent because of 

1 INTRODUCTION

Structural Steel Tube and Coupler Scaffolds (STCS) 
have been widely used as temporary structures in 
concrete casting construction, which involves the 
handling of large loads, in countries such as China 
and the United Kingdom because of their ease 
of fabrication, installation, and  dissemination. 
 However, STCS failures often occur on construc-
tion sites, which cause not only project delays but 
also serious injuries and casualties among con-
struction workers.

To enhance the safety of scaffolds during con-
struction, experimental and analytical studies had 
been conducted in the past on the structural behavior 
of high-clearance scaffolds [1,2], multi-story door-
type modular steel scaffolds, single-pole and double-
pole steel tubular scaffolds [3]. However, almost no 
research had been conducted on STCS, which are 
widely used in China and the UK in the construction 
of large-span spatial structures such as gymnasiums, 
train stations, and bridges. So, it is extremely impor-
tant to understand the structural behavior of STCS’s 
through both experimental and analytical studies 
and propose rational design recommendations.

On the basis of right angle coupler torsion stiff-
ness tests and thirteen prototype tests on STCS 
that described in [4] and [5] respectively, the  critical 
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the existence of bridging, but the degree of improve-
ment changed with the geometric parameters and 
bridging setting. All the above nonlinear analysis 
results indicated that the typical failure mode of 
STCS’s without bridging was global lateral buck-
ling about the longitudinal weak axis. However, 
the typical failure mode of STCS’s with bridging 
was local buckling with a large wavelength rang-
ing from two to four times the lift height, which 
depended on the bridging setting pattern. Typical 
failure modes identified from the FEA are shown 
in Figure 1.

3 SIMPLIFIED MODEL FOR STCS’S

Considering the semi-rigid characteristics of 
the right-angle coupler, the STCS system with-
out bridging could be simplified into a three-
dimensional multi-story semi-rigid frame. Based 
on previous research, the STCS system could be 
simplified into a two-dimensional model and fur-
ther simplified into a one-dimensional multi-story 
post, with semi-rigid rotational restraints provided 
by the horizontal tubes and couplers at each story. 
The rotational restraint at each story could be 
expressed by a rotational spring with a rotational 
stiffness C. The rotational stiffness C could be 
deduced using the slope-deflection method.

Furthermore, the strength of the STCS without 
bridging under a uniform load could then be calcu-
lated as a summation of the strength of each multi-
story post, which is defined as

P
EI

=
2EE

2
π 22

μ( )hμhh
 (1)

where P is the strength of a single multi-story post, 
EI is the flexural resistance of the steel tube, μ is 
the effective length factor for a single multi-story 
post with semi-rigid restraints at each story, and h 
is the lift height.

From the above FEA results, it was clear that the 
strength of an STCS increased significantly when 
the bridging was present; therefore, the bridging is 
generally required in actual engineering projects. 
The effective length factor μ for a single multi-story 
post with semi-rigid restraints at each story could 
be calculated by analyzing the limit state during 
buckling of the STCS at different bridging settings, 
and furthermore, the strength of the STCS system 
without bridging could be determined while con-
sidering the effect of bridging as a safety margin. 
Thus, the strength of the STCS system with bridg-
ing could be determined. A simplified model with 
a buckling wavelength of approximately 3 times 
the lift height is shown in Figure 2.

Table 1. Strength of STCS models for different geomet-
ric parameters.

h (m)
S1 × S2 
(m × m)

STCS without 
bridging

STCS with 
bridging

Diff  
(%)PFEA (kN) PbFEA (kN)

1.8 1.2 × 1.2
1.0 × 1.0
0.9 × 0.9
0.9 × 0.6
0.6 × 0.6

17.25
18.01
19.64
20.59
18.52

22.27
24.03
24.46
26.92
26.55

29.1
33.4
24.5
30.7
43.4

1.2 1.2 × 1.2
1.0 × 1.0
0.9 × 0.9
0.9 × 0.6
0.6 × 0.6

21.51
22.35
24.47
25.27
20.08

28.08
28.69
29.18
32.53
30.71

30.5
28.4
19.2
28.7
52.9

0.9 1.2 × 1.2
1.0 × 1.0
0.9 × 0.9
0.9 × 0.6
0.6 × 0.6

21.46
22.08
24.67
26.49
21.13

28.82
31.14
31.26
34.81
34.74

34.3
41.0
26.7
31.4
60.6

0.6 1.2 × 1.2
1.0 × 1.0
0.9 × 0.9
0.9 × 0.6
0.6 × 0.6

22.65
23.18
25.32
28.98
23.29

30.79
33.09
34.62
36.99
34.64

35.9
42.6
36.7
27.6
48.7

Figure 1. Failure modes identified from nonlinear FEA.
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In this model, the rotational restraining stiff-
nesses of  the four springs were assumed to be r1, 
r2, r3, and r4, considering the variance in the rota-
tional stiffness of  couplers and the mechanical 
properties of  steel tubes. The rotational angles 
of  springs at points A, B, C, and D were θ1, θ2, 
θ3, and θ4, respectively, and the vertical post AD 
underwent  buckling. In Figure 2, x represents 
the coordinate along the span and y represents 
the transverse nodal  displacement. The equilib-
rium of  the post under the critical buckling con-
dition is described by the following differential 
equations.

For 0 < x h< , the equilibrium equation is:

− + =EIy r Py1 1 1 1″ θ11  (2)

Assuming 2k P EIEE= /P , the following formula is 
obtained:

y k y r
EI1

2
1

1 1 0″ + − =θ11  (3)

The general solution of differential equation (3) 
is given by

1 2
1 1
2y x kx C

r
k EI2( )x si ( ) c1C ( )kkx) ×cos( )kx + θ11  (4)

The boundary conditions are as follows:

1. At x = 0, the horizontal displacement is 0:

1 0y ( )0  (5)

2. At x = 0, the shear force is 0:

− =( ( ) ( ))y (1 1P( ) y0 0) () +) + 0′″ ′  (6)

Substituting Eqs. (5) and (6) into Eq. (4), the fol-
lowing equation is obtained:

1
1 1

2
1 1
2y

kx
k k EI2

r
k EI2= − +

sin( ) c1 ( )k θ1 11rc11 os( )kx θ11  (7)

For h x h<x 2 , the equilibrium equation is

− + =EIy r Py2 1 1 2 2 2′″ θ θ+ r+1 2  (8)

The general solution of differential equation (8) 
is

2 3 4
1 1 2 2

2y x kx C
r1

k EI2( )x si ( ) c3C os( )kxkx) × +4C
θ θ1 2 2r11 +

 (9)

The boundary conditions are as follows:

1. At x h, the shear force is 0:

− =( ) )+y h(2 0′″  (10)

2. At x h, the shear force is 0:

−( ) )y h(2 3 0=) )+h′″  (11)

Substituting Eqs. (10) and (11) into Eq. (9), the 
following equation is obtained:

2 2 3

2

1
y

kh k EI2 I k

kE k2I kE x k2 h
kh

= − ×

+ kEI k2EE x
+

sin( )
( c3kEI 3EE− os( )kx kh

cos( )
sin(

33

θ 2

) s)) i ( ) )2 2θsin( ) 2 2r  (12)

For 2 3h h, the equilibrium equation is

− + + =EIy r r Py3 1 1 2 2 3 3 3″ θ θ+ r+1 2 θ 3  (13)

The general solution of differential equation 
(13) is

3 5 6

1 1 2 2 3 3
2

y x kx C
r1 r

k EI2

( )x si ( ) c5C os( )kxkx) ×

+
+2θ θ1 2r11 + 2 2r θ 3  (14)

The boundary conditions are as follows:

1. At x h, the shear force is 0:

−( ) )y h(3 0=) )+h′″  (15)

2. At x h, the shear force is 0:

−( ) )y h(3 3 0=) )+h′″  (16)

Figure 2. Model for a single multi-story post with four 
semi-rigid restraints at each story.
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Substituting Eqs. (15) and (16) into Eq. (14), the 
following equation is obtained:

3 2

3

1
y

k kh EI
I k

kEI k3EE x k3 h

( )x
sin( )

( c4kEI 4EE os( )kx k2 h

cos( ) sin

= ×2 4 kxkEIE

k3 x+ kEIEE

4

θ 3 ( )((
sin( ) si ( ) )

r
kh

1 1

3 3

θ11

θsin( )r3 33+ sin( )kh  (17)

The compatibility conditions among the three 
tubes are as follows:

1. At x h, the tubes had the same displacement:

2 33y ( )2h ( )2h  (18)

2. At x h, the tubes had the same displacement:

1 2y y( )h ( )h=  (19)

3. At x h, the tubes had the same rotation angle:

y y h1 2h y′ ′h)hhh )h=  (20)

The following formula is obtained based on the 
boundary condition at x h:

( ) 4) 4M r( )) θ 4  (21)

If all the four spring rotational restraining stiff-
nesses were the same, it could be assumed that 

21 3 4r r r3 C= = =4r r3 . The linear rigidity of the verti-
cal post was assumed to be cC EI h kh =kh= EI/ ,I h/I hI h / ,// π μ/ ,/ , 
and the final governing equation for determining the 
effective length factor μ is obtained by simplifying 
the above simultaneous equations Eqs. (18) to (21):

( ) (18

216

3 3 3 3 3) 3 3

3 3

μ μ π
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 (22)

4 COMPARISON BETWEEN THE 
SIMPLIFIED MODEL CALCULATION 
RESULTS AND FEA RESULTS

The strengths of the models with various  geometric 
parameters without bridging Psim were calculated 

using Eq. (22), as listed in Table 2. In the table, 
the error represents the difference between Psim 
and PFEA. Accordingly, Psim could be modified 
by considering the effect of the safety margin 
of bridging according to different bridging set-
tings, and the degree of improvement could refer-
ence the results that listed in the fifth column in 
Table 1 approximately. in Table 2 Psim = strength 
determined from a simplified model calculation. 
Error = ( )/))s FEAP ×)/)) FEAP 100.

5 CONCLUSIONS

1. From the FEM analyses, it was clear that the 
main failure mode of the STCS without bridg-
ing was global flexural buckling about the lon-
gitudinal weak axis and that of the STCS with 
bridging was local buckling.

2. From FEM analysis results list in Table 1, it was 
clear that the strength of the STCS was affected 
by a number of erection parameters such as 
the lift height, spacing between vertical posts, 
erection height, U-head height, and it could 
increase significantly because of the existence 
of bridging.

3. A simplified model was developed for the STCS 
post and design formulae were established for 
calculating the strength of a multi-story post 
with semi-rigid rotational restraints at each 
story. The strength of the STCS system without 
bridging under a uniform load was then calcu-
lated as the summation of the strength of each 
single multi-story post. Accordingly, consider-
ing the effect of the bridging setting as a safety 
margin, the strength of the STCS system with 
bridging was determined by adjusting the result 
of the STCS system without bridging.
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Vibrations and buckling analysis of Mindlin plates with stepped 
variable thickness

S.F. Yang, H. Chen & J.P. Wei
Chongqing Creation Vocational College, Chongqing, China

ABSTRACT: A new semi-analytical solution has been developed based on the domain superposition 
method and the differential cubature method as well as the Levy’s general solution, for buckling and free 
vibration analysis of moderately thick plates having stepped thickness. Through Fourier series expan-
sion, the governing equations and boundary conditions of the plate are transformed to one-dimensional 
differential equations. Then these equations are discreted into several linear algebraic equations by the 
general differential cubature element method. The basic idea of the differential cubature element method 
is to divide the entire variable domain into several sub-domains(elements) and to apply the differential 
cubature method for each element. Compatibility conditions are developed for the conjunction nodes on 
the interface points of elements in order to connect the elements. When the plate boundary conditions 
are introduced, a set of algebraic homogeneous equations about the displacements of grid points can be 
derived. This is a standard eigenvalue problem, from which the buckling parameters and natural frequen-
cies of the plate can be calculated numerically. The convergent characteristics and comparison studies 
are carried out carefully in order to verify the present method. Also, some new results are tabulated for 
engineers and investigators to use as benchmarks in future studies.

Keywords: stepped thick plates; buckling; free vibration; differential cubature method; domain 
superposition

is the flaw. Harik, etc.[9] made modification when 
dealing with continuity conditions, used the modi-
fied analytical spline to satisfy mutation condi-
tion in one direction. Yuan and Dickinson[19] used 
method proposed by Chopra[2], modified continu-
ous condition of bending moment and shearing 
force, and obtained the exact vibration frequency 
of stepped plate under simply supported bound-
ary condition. Recently, Cheung introduced a set 
of interpolation functions that meet C1 continu-
ous condition to solve buckling issue[5] of stepped 
variable section plate. These interpolation func-
tions are composed of beam modal function and 
piecewise cubic  polynomial. The author pointed 
out: These displacement functions are with advan-
tages of fast convergence, appropriate continuous 
order and high accuracy of harmonic function. 
Yingshi Zhang and Chiping Jiang used singular 
function to establish continuous differential equa-
tion of stepped thin plate and provided analytical 
solution[22] of free vibration and forced vibration of 
stepped plate under various boundary conditions 
with operator operation.

It is worth noting that, there are two impor-
tant directions in stepped research: one is com-
mitted to seeking the plate analytical solution to 

1 INTRODUCTION

Plates with stepped variable thickness have very wide 
applications in modern structural  engineering. As it 
can save materials, reduce weight, increase stiffness 
and improve fundamental frequency, its excellent 
performance arouses people’s interest to research 
stability and free vibration of this structure, etc. in 
recent decades. For such problems, many scholars 
proposed various theories and adopted a variety 
of methods for extensive study. Chopra[2] divided 
stepped plate into several homogeneous regions, 
assumed continuous and boundary conditions at 
the mutation thickness and obtained eigenvalue 
equation of the  problem.  However, it has error in 
dealing with bending moment and shearing force 
consecutive conditions at the section, as what 
Yuan and Dickinson[19] pointed out. Cortinez and 
Laura[6] adopted Kantorovich continuation method 
to analyze natural vibration frequency of stepped 
plate. The formula contains an index optimization 
parameter.  Bambill, etc.[1] combined Rayleigh-Ritz 
solution and Fourier series expansion technique, 
obtained baseb and of simply supported rectan-
gular stepped plate. However, continuous assump-
tion of displacement function at the cross-section 
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verify  calculation accuracy of various numerical 
solution; the other focuses on establishment of 
theoretical models of various plates to adapt to a 
variety of different applications. In this paper, on 
the basis of Mindlin plate model, semi-analytical 
method to solve stepped plate with two opposite 
edges simply supported will be given. First, it uses 
Levy’s solving technique, assumes that displace-
ment function is harmonic function that meets 
boundary condition in the direction of simply sup-
ported edge, substitutes it into governing equation 
to transform the problem into a one-dimensional 
one, then uses differential quadrature numerical 
method for solution.

Differential quadrature method first proposed 
by Civan[3–4] aims to simply and efficiently solve 
multi-dimensional high-order differential equa-
tion, a numerical method for direct holistic dis-
sociation of governing differential equation based 
on polynomial. Its biggest features are simple 
formula, easiness to prepare computer program, 
and overall good convergence. Recently, Liew and 
Liu, mechanical workers, introduced the method 
into engineering applications to solve the bend-
ing problem[13–15] of  thin plate and thick plate of 
arbitrary shape, and achieved very good numeri-
cal results. On this basis, Lanhe Wu applied this 
method to project eigen value problem for the first 
time to solve free vibration[20] of  rounded rectangu-
lar plate, and also received good results. However, 
this method can only be used to solve the prob-
lem of uniform continuous geometry, unable to be 
directly applied to solve problems such as stepped 
plate. To this end, Lanhe Wu combined regional 
superposition method and differential volumetric 
method, proposed differential cubature element 
method[21], and solved vibration problem of plate 
with mutation geometry characteristic. However, 
although this method can solve two-dimensional 
problem in principle, in fact, it is simpler and more 
effective for one-dimensional problem. Based on 
the previous study, the paper first uses Fourier 
series expansion, transforms two-dimensional 
problem into one-dimensional one, and then re-
uses one-way differential cubature method to dis-
perse, which gives full play to the advantages of 
analytical method and differential cubature method 
and thus is a good method.

2 BASIC FORMULA

Considering the rectangular plate shown in 
 Figure 1, we can assume that the plate is only 
stepped in the direction of. Based on the actual 
thickness mutation, it can be divided into several 
units in the direction of x. Each unit has a uni-
form thickness, uniform boundary condition and 

continuous geometry, wherein thickness, rotational 
inertia of unit l are hl, Jl respectively, elastic modu-
lus, shear modulus, Poisson’s ratio and density of 
the material are E, G, ν, ρ respectively. According 
to Mindlin plate theory, the governing differential 
equation is
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where in

φ ψ ψ
=

∂
∂

+
∂
∂

x yψ
x y∂

 (2)

In the formula, w is lateral deflection of plate; 
ψ x  and ψ yψ  are average angles of the middle surface 
normal around x and y axis respectively; k is shear 
correction factor, taken as 5/6; J hl lJ h 3

yy
12/11  is rota-

tional inertia of plate; D EhEl lD EhEEEhE lEhE 3 2l l
12/[ ( )− 21 ]22  is bend-

ing stiffness of plate; ω is system angular frequency; 
N is load factor; β and γ are load combination 
 factors; ∇2 is two-dimensional Laplace operator.

According to the relationship between internal 
force and displacement, plate bending moment, 

Figure 1. Geometry graph and coordinate of stepped 
rectangular plate.
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torque and shearing force can be expressed with 
plate deflection and rotation as
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If  the plate is simply supported at both sides 
( , )y L,  parallel to the x axis, then the corre-
sponding boundary condition is

w y x =0 0M 0; ;y 0MyM =M ψ  (4)

Assume

ψ π ψ π π
x x y y

n yπ
L

n yπ
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w W
n yπ
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= Ψψ yψn yπ
ΨxΨ =ψsin ,

L
y cos ,y

L
sin

 (5)

Apparently, it meet simply supported boundary 
condition in formula (4). Substitute (5) into (1) and 
obtain
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So the two-dimensional problem is transformed 
into a one-dimensional one. Now, use differen-
tial cubature method to disperse equation (6). As 
shown in Figure 2. In the entire structure, arbitrar-
ily set e collocation points along the direction of x. 
Assume the starting end collocation point mark 

of unit l is m, tail end collocation point mark is 
k, coordinate of each collocation point is xi(i = m, 
m + 1, …, k). To disperse the equation, first define 
linear differential operator as follows
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With step of differential cubature method, gov-
erning equation (6) in collocation point i in unit l 
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CijC ( )a  in all the above formula corresponds to quad-
rature coefficient of differential cubature method of 
operator � a ( , )2, , which can be solved by means 
of a set of linearly independent monomials, i.e.

C i m k

p k m

ijCC j
p p

i
j m

k
( )( )x j

p ( )x px ; ,i m , ;k

)

α (xx i=

−k

∑ � …

 (9)

Figure 2. Structure collocation point setting along the 
direction of x.
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At this point, governing equation has been dis-
persed into a system of linear algebraic equations 
concerning collocation point displacement within 
the unit l. The connection point of unit l – 1 and 
unit l should meet the following continuity condi-
tion and equilibrium condition

Ψ Ψ Ψxm xm ym ym m m
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W Wm m
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If  nodes in various units are consecutively num-
bered in unification, displacement continuity con-
dition in connection conditions will certainly be 
met, and then there is only need to consider the 
later three equations in formula (10). With differen-
tial cubature method, values of plate internal force 
at various points can be represented as weighted 
combination of all collocation point displacement 
within the unit
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Equilibrium condition of plate at connection 
point m can be expressed as
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Apply boundary condition at both left and right 
ends (x x xe1, ) of plate

Simply supported edge ( ):S W): x y= =0 0M 0; ;x 0MxM =M Ψ
 (13)
Fixed edge (C):W x y= =0 0 0; xx Ψ0;0x =  (14)
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W
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Mx xQ N xyM
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 (15)

These equations can also be dispersed with 
differential cubature method. Now, with point 1 
as example, write the boundary condition after 
dissociation
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Fixed edge (C): W x y1WW x 10 0 0= 0 =xx Ψ0;01x1  (17)
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To solve the critical load and inherent frequency 
of the entire plate, frequency equation of the entire 
system needs to be established. To this end, all col-
location points within the plate zone need to be 
numbered in unification (overall coding). Then 
collect the governing equation sets at various nodes 
together and write in matrix form as follows

( )[ ] [ ] [ ]] [ N[−][ { }d = 0  (19)

In the formula, K, M and K  are structural stiff-
ness matrix, mass matrix and geometric stiffness 
matrix; {d} is displacement array of the entire 
structure at various collocation points.

It should be noted that, at connection points of 
adjacent units, equilibrium condition of connec-
tion points between the various units should be 
used to substitute their respective equations, while 
applying corresponding boundary condition at 
both end points.
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Figure 3. Convergence situation of critical load factor 
λ under one-way second-order plate compression.

Figure 4. Convergence situation of inherent frequency 
factor Ω of  second-order plate with two opposite edges 
simply supported.

Figure 5. Convergence situation of inherent frequency 
factor Ω of  second-order plate with two opposite free 
edges.

Figure 6. Convergence situation of inherent frequency 
factor Ω of  second-order plate with two opposite fixed 
edges.

3 CALCULATION EXAMPLES 
AND DISCUSSION

To facilitate expression, define dimensionless criti-
cal load factor and frequency factor as follows

λ π π ρπ D = h Dcr
2 2ππ 1D 2 2ππ 1 1DD( ), ( /ω πLωω 2 πLL ) ρh DDρ 1h DhΩ  (20)

wherein, h1 and D1 are thickness and bending stiff-
ness of first-order plate.

First, with second-order plate of equal length 
as example, study convergence of the research 
method. Assume h2/h1 = 1.1, h1/L = 0.1. Apparently, 
in calculation, the plate should be divided into two 
units in the direction of x. Convergence situation 
of buckling load factor λ of the plate in one-way 
compression (β = 1, γ = 0) corresponding to the col-
location point number e in each unit is shown in 
Figure 3, in which the letters C, F, S respectively 
denote the fixed, free and simply supported bound-
ary conditions. As can be seen from the figure, 
regardless of what kind of boundary condition, 
load factor λ can quickly converge. We can also see 
that when the plate has free edge, the convergence 
is alternating and turbulence-like, and when the 
plate boundary doesn’t have free edge, convergence 
shows monotone decreasing. Figure 4–6 depicts 
convergence of the first sixth-order frequency fac-
tor of the plate with different boundary conditions. 
Also, it can be seen that this method has very good 
convergence. In particular, the first second-order 
frequency converges very quickly. In general, set-
ting 11 collocation points within a unit can render 
sufficient accuracy. In the following calculations, 
set 11 collocation points within each unit. It can be 
seen from the figure that, when plate has free edge, 
convergence is poor, remaining turbulence-like.
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comparison results. In calculation of critical load 
factor, Table 1 shows the critical load factors of 
thin plates with different relative thicknesses. As 
can be seen from Table 1, the results coincide with 
those in other literatures, with good accuracy. In 
addition, the maximum relative errors between 
the result in this paper and paper [7], [17], [18] are 
respectively. Obviously, the values given by Eisen-
berger and Alexandrov differ from the results of 
this paper and other literatures. In fact, what they 
give is third-order buckling load, not the minimum 
critical load. The result of this paper is correct. 
Table 2 shows a comparison of inherent frequency, 
with h1/L = 0.005, a = 1 in calculation of inherent 
frequency. The table shows inherent frequency fac-
tors of plates of different sizes and different rela-
tive thickness. As can be seen, the result of this 
paper is slightly larger than those given by Xiang[18] 
and Yuan[19]. Despite the maximum relative errors 
of, respectively between this result and them, it still 
has a relatively good calculation accuracy.

Based on the above comparative study of con-
vergence and numerical accuracy, this paper cal-
culates buckling load and inherent frequency of 
multi-order plates with variable thickness, as listed 
in Table 3 and Table 4. In calculation, h1/L = 0.1 is 
taken.  Different combinations of S, F, C in the table 
represent different boundary conditions. As can be 
seen from Table 3, along with the  enhancement of 
boundary constraint, critical load factor increases; 
critical load factor varies little with the order number 
of plate, as the plate buckling factor is mainly 
determined by first-order thin plate. We also find 
that right end boundary condition of plate exerts 
relatively large influence on critical load factor, but 
the influence from left end boundary condition 
is small. This is because flexural rigidity of plate 
mainly concentrates on the right end. Naturally, the 

Figure 7. Geometry graph of second-border stepped 
plate.

Table 1. Comparison of critical load factor λ of  
 second-order simply supported rectangular plate.

Table 2. Comparison of inherent frequency factor Ω of  
second-order simply supported rectangular plate.

For verification of calculation accuracy, com-
pare critical load factor and vibration frequency 
factor of second-order thin plate with two oppo-
site edges simply supported, with different relative 
thicknesses and geometry sizes under one-way 
compression to the relevant results, as shown in 
Figure 7. Table 1 and Table 2 are calculation and 

Table 3. Critical load factor λ of  second, third, fourth-
order plate with equal length.
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Table 4. Inherent frequency factor Ω of  second, third, fourth-order plate with equal length.

Plate shape
Modal 
number SS FF CC SF CF CS

Second-order plate with 
variable thickness 
(h2/h1 = 1.1)

1 1.2793 1.0081 1.4069 1.0978 1.1129 1.3428
2 2.0208 1.2134 2.3682 1.5232 1.6164 2.1879
3 3.2074 1.7967 3.7498 2.3883 2.5835 3.4751
4 4.1085 2.7672 4.1634 2.6648 3.9487 4.1468
5 4.8014 3.7910 4.9755 4.0089 4.0241 4.8944
6 4.8148 4.1165 5.4884 4.3447 4.3930 5.1437

Third-order plate with 
variable thickness 
(h2/h1 = 1.1, h3/h2 = 1.2)

1 1.1845 1.0258 1.2259 1.1338 1.1444 1.2122

2 1.5402 1.1874 1.6675 1.3159 1.3537 1.6064
3 2.1058 1.4583 2.3340 1.7382 1.8197 2.2218
4 2.8784 1.9427 3.1997 2.3596 2.4886 3.0399
5 3.8413 2.6139 4.1068 3.1764 3.3481 4.0436
6 4.0756 3.4699 4.2385 4.0745 4.1030 4.1065

Fourth-order plate with 
variable thickness (h2/h1 = 1.1, 
h3/h2 = 1.2, h4/h1 = 1.3)

1 1.1667 1.0279 1.1896 1.1584 1.1746 1.1868
2 1.3968 1.2192 1.4543 1.2883 1.3053 1.4323
3 1.7302 1.3615 1.8436 1.5198 1.5669 1.7935
4 2.1885 1.6488 2.3598 1.8967 1.9661 2.2794
5 2.7699 2.0584 2.9967 2.3871 2.4858 2.8886
6 3.4624 2.5789 3.7350 2.9943 3.1203 3.6069

boundary condition on the end has relatively large 
influence on buckling factor. Table 4 shows the 
inherent frequencies of the first six orders of plate. 
Different from critical load factor, we see that, for 
the most part, with the increasing order number of 
plate, inherent frequency factor will decrease, espe-
cially high order frequency.

4 CONCLUSION

This paper adopts a new numerical method—
Differential Cubature Element method (DCE) 
and combines Levy solving technique to solve the 
problem of buckling free vibration of stepped plate 
with boundary condition of two opposite simply 
supported edges. By assuming displacement func-
tion of order form, it transforms two-dimensional 
problem into one-dimensional one, and then begins 
unit division in one-dimensional domain, sets col-
location points in each unit, disperses govern-
ing equation and boundary conditions into a set 
of homogeneous linear algebraic equations with 
differential cubature method and obtains  classic 
eigenvalue problem. Convergence analysis and 
numerical accuracy study confirms feasibility and 
effectiveness of the proposed method.

With the characteristics of good convergence, 
high accuracy of differential cubature method and 
strong feasibility of finite element method, the 
method proposed by the paper is good.

REFERENCES

[1]  Bambill D.V., Laura P.A.A., Bergmann A., 
Carnicer R. Fundamental frequency of transverse 
vibration of symmetrically stepped simply supported 
rectangular plates. Journal of Sound and Vibration, 
1991, 150(1):167–169.

[2]  Chopra I. Vibration of stepped thickness plates. Interna-
tional Journal of Mechanical Science, 1974, 16:337–344.

[3]  Civan F. Differential cubature for multi dimensional 
problems [C]. Proc. Of the 20th Annual Pittsburgh 
Conf, Univ of Pittsburgh, published by Instrument 
Society of AM, N Carolina 20, Pt.5, 1843–1847.

[4]  Civan F. Solving multivariable mathematical mod-
els by the quadrature and cubature methods [J]. 
 Numerical Methods for Partial Differential Equa-
tions, 1994, 10(4):545–567.

[5]  Cheung Y.K., Au F.T.K., Zheng D.Y. Finite strip 
method for the free vibration and buckling analysis 
of plates with abrupt changes in thickness and com-
plex support conditions. Thin-Walled Structures, 
2000, 36:89–110.

[6]  Cortinez V.H., Laura P.A.A. Analysis of vibrating rec-
tangular plates of discontinuously varying thickness 
by means of the Kantorovich extended method. Jour-
nal of Sound and Vibration, 1990, 137(3):457–461.

 [7]  Eisenberger M., Alexandrov A. Stability analysis 
of stepped thickness plates. In: Papadrakakis M, 
Samartin A, Onate E(Eds.). Computational meth-
ods for shell and spatial structures, IASS-IACM 
2000, ISASR-NTUA, Athens, Greece.

 [8]  Guo S.J., Keane A.J., Moshrefi-Torbati M.  Vibration 
analysis of stepped thickness plates. Journal of 
Sound and Vibration, 1997, 204:645–657.

ICCAHE15_Book.indb   91ICCAHE15_Book.indb   91 11/17/2015   6:25:10 AM11/17/2015   6:25:10 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2F0022-460X%2891%2990411-C


92

 [9]  Harik I.E., Liu X., Balakrishnan N. An analytical 
solution to free vibration of rectangular plates. Jour-
nal of Sound and Vibration, 1992, 153(1):51–62.

[10]  Hwang S.S. Stability of plates with piecewise 
 varying thickness. Journal of Applied Mechanics, 
1973, 40:1127–1129.

[11]  Ju F., Lee H.P., Lee K.H. Free vibration of plates 
with stepped variations in thickness on non-
 homogeneous elastic foundations. Journal of Sound 
and Vibration, 1995, 183:533–545.

[12]  Levy R. Rayleigh-Ritz optimal design of ortho-
tropic plates for buckling. Structural Engineering 
and Mechanics, 1996, 4:541–552.

[13]  Liew K.M., liu F.L. Differential cubature method: a 
solution technique for Kirchhoff plates of arbitrary 
shape[J]. Computer Methods in Applied Mechanics 
and Engineering, 1997, 145 (1):1–10.

[14]  Liew K.M., Ng T.Y., Kitipornchai S. A semi- analytical 
solution for vibration of rectangular plates with 
abrupt thickness variation [J]. International Journal 
of Solids and Structures, 2001, 38:4937–4954.

[15]  Liu F.L., Liew K.M. Differential cubature method 
for static solutions of arbitrary shaped thick plates 
[J]. International Journal of Solids and Structures, 
1998, 35(28–29):3655–3674.

[16]  Navaneethakrishnan P.V. Buckling of non-uniform 
plates: spline method. Journal of Engineering 
Mechanics, ASCE 1988, 114:893–898.

[17]  Xiang Y., Wang C.M. Exact buckling and vibration 
solutions for stepped rectangular plates. Journal of 
Sound and Vibration, 2002, 250:503–517.

[18]  Xiang Y., Wei G.W. Exact buckling and vibra-
tion solutions for stepped rectangular Mindlin 
plates. Intl. Journal of Solids and Structures, 2002, 
250:503–517.

[19]  Yuan J., Dickinson S.M. The flexural vibration of 
rectangular plate systems approached by using arti-
ficial springs in the Rayleigh-Ritz method. Journal 
of Sound and Vibration, 1992, 159:39–55.

[20]  Lanhe Wu, Jin Liu, Yanqiang Li. Free Vibration of 
Hyperelliptic Plate of Moderate Thickness [J]. Engi-
neering Mechanics, 2002, 19 (6):120–125.

[21]  Lanhe Wu. Differential Cubature Method to Solve 
Free Vibration of Discontinuous Plate of Moderate 
Thickness [J] Journal of Computational Mechanics, 
2004, 21 (1):121–128.

[22]  Yingshi Zhang, Chiping Jiang. Vibration of Stepped 
Rectangular Plate [J]. Journal of Applied Mechan-
ics, 1998, 15 (4):109–115.

ICCAHE15_Book.indb   92ICCAHE15_Book.indb   92 11/17/2015   6:25:10 AM11/17/2015   6:25:10 AM

  



93

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Analysis of a new Tensairity bridge section
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ABSTRACT: To feature river-crossing and bridging equipment with characteristics such as light weight, 
fast set up, small storage volume, high load bearing capacity and low construction costs, the Tensairity 
structure was introduced into the design of bridge section in this paper. By using the Patran/Nastran 
software, a finite element model of the Tensairity bridge section was established in numerical simulation 
analysis, the distortion and stress of the structure under the effect of typical wheel load was studied, and 
the limit of load bearing capacity of the structure was obtained. Studies in this paper provide technical 
support for the research on new river-crossing and bridging equipment.

Keywords: airbag; beam string structure; Tensairity bridge section; numerical simulation

beam and column. To meet the requirements of 
the development of river-crossing and bridging 
equipment, Tensairity structure was brought in 
section design, and by employing the method of 
numerical simulation the mechanical properties of 
the new Tensairity bridge section was analyzed, 
which provided technical support for the research 
on new river-crossing and bridging equipment.

2 DESIGN OF THE TENSAIRITY 
BRIDGE SECTION

Against temporary bridges for flood-fighting and 
emergency rescues and river-crossing and  bridging 

1 INTRODUCTION

Traditional river-crossing and bridging equipments 
have drawbacks such as heavy weight, large volume, 
slow erection, low load bearing capacity and bulk 
support personnel and vehicles, which adversely 
affect its maneuvering characteristics. To meet 
the requirements of future high-tech warfare and 
non-military rescue, it is significant to develop new 
river-crossing and bridging equipment with char-
acteristics like light weight, fast set up, high load 
bearing capacity and high maneuver.  Tensairity 
structure is a new structure system consisting of 
airbeams with low internal pressure, flexible cables 
and rigidity compression elements and is featuring 
light weight, small size, fast set up and high load 
bearing capacity, as shown in Figure 1.  Tensairity, 
a blending word coming from the three words 
“tension”, “air” and “integrity”, was proposed by 
Dr. Mauro Pedretti, the chief  engineer of the Swiss 
Airlight Co. Ltd. in 2002, whose research has the 
leadership in the field of structural engineering. 
Researches on Tensairity structure at home and 
abroad focus on the structure of one  dimension 

Figure 1. The basic element of a Tensairity beam.
Figure 2. Geometric drawing of a tensairity bridge 
section.

(A) Front view of a tensairity bridge section

(B) Sectional view of 1/2 segment of a tensairity 
bridge section
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Figure 3. Loading pattern of wheel type load (LT-20).

Table 1. Parameters of elements of a Tensairity bridge section.

Item Section (mm) Material
Elasticity modules 
(MPa)

Yield strength 
(MPa)

Bridge deck slab t = 3 Aluminum alloy 7.0 × 104 283.55
Upper compression chord 210 × 100 × 10 Steel 2.1 × 105 235
Lower cable R = 6 Stress relieving steel wire 1.95 × 105 1570
Airbeam t = 1.5 PVC 500 100

equipment, based on the theoretical research of 
Tensairity structure, the present study conducts 
a primary design of the Tensairity bridge section, 
whose span and bridge deck width are designed to be 
8 meters and 4 meters, respectively. Aluminum alloy 
sandwich panel is applied to act as bridge deck slab 
to bear upper vehicle load, and the design of bridge 
deck slab is based on aluminum alloy pontoon deck 
panel. Tensairity beam uses rectangular steel tube as 
upper compression chord, and asymmetric fusiform 
airbeam, whose radius of center section is 0.5 meter 
and material is PVC coating and internal pressure is 
40 KPa, is applied in this study. Steel strand is used 
as tension member for lower chord. The design is 
shown in Figure 2, and parameters of structural ele-
ments are listed in Table 1, where t is thickness.

Material constitutive models employed in the 
numerical simulation are as follows: the ideal 
elastic-plastic model is applied to PVC and steel 
wire, the elastic hardening constitutive model is 
applied to aluminum alloy.

3 COMPUTING OF THE TENSAIRITY 
BRIDGE SECTION

The present study selects the representative diaxon 
wheel-type load LT-20 as the subject of numeri-
cal simulation research. Due to the symmetry of 
the Tensairity bridge section, half  of the model is 
analyzed and the connections between elements in 
modeling are not considered.

Since the landing area (length × width) of the 
front wheel of LT-20 vehicles is 0.3 m × 0.2 m, and 
the back wheel is 0.6 m × 0.2 m, the exact comput-
ing model is shown as Figure 3.

3.1 Displacement of Tensairity bridge section 
under the wheel type load

The Tensairity bridge section forms its stiffness 
and reached self-balance under the internal pres-
sure and therefore possesses the capacity to stand 
up to external load. The structural displacement 
response of the Tensairity bridge section under 
the typical wheel type load (LT-20) is shown in 
Figure 4.

The pictures of displacement of the Tensairity 
bridge section under the wheel type load, as shown 
in Figure 4, illustrate that the maximum displace-
ment value lies in 4.4 meters along the direction of 
bridge span, which means that the maximum vertical 
distortion occurs on the point that is 20 centimeters 
length from the back wheel’s edge and the maximum 
displacement is 1.98 centimeters. The top of air-
beam is linked to the upper compression chord and 
has the same displacement, resulting in the expan-
sion outside of both sides of the airbeam with the 
maximum displacement. The lower cable distorts 
downward subject to the load and the cable near to 
the top distorts outward subject to the internal pres-
sure of the airbeam, which lead to the inclination 
of upward displacement in the middle part of the 
cable. The displacement of the bridge deck slab and 
upper compression chord are far more greater than 
that of the lower cable, which can be attributed to 
following reasons: first, the internal shearing force 
of the structure delivers through inflatable airbeams 
when subjected to external load and therefore the 
displacement of the lower cable lags behind that 
of upper compression elements; second, the lower 
cable stays in the state of compression and bellies 
out due to the pressure of the top of the airbeam, 
resulting in the upward inclination of the cable.
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Figure 4. Displacement of a Tensairity bridge section 
under the wheel type load.

3.2 Stress of the Tensairity bridge section 
under the wheel type load

As to the internal force of the elements of the Ten-
sairity bridge section under the wheel type load, 
the present study focuses on the stresses of upper 
bridge deck slab, upper compression chords, air-
beams and lower cables. The stresses of the ele-
ments of the bridge section are shown in Figure 5.

As shown in Figure 5, under the wheel type load, 
as for the Tensairity bridge section, stress concen-
tration of the bridge deck slab lies in the landing 
area of the back wheel and the joint to the top of 
the cable, the stress is symmetrically distributed. 
Besides stress concentration of the bridge support, 
the maximum stress lies in the 4.65 meters along 
the bridge span of the bottom flange of the upper 
compression chord, with a stress of 124 MPa. More 
than being the stiff  compression element of the 
airbeam, the upper compression chord also acts as 
stiffening ribs of the upper bridge deck slab, there-
fore, the stress of the upper compression chord 
increases in spots like the back wheel and joint to 
the cable. The stress of the bottom flange of the 
chord is larger than that of the top, which shows 
that the upper chord bears bending moment. The 
stress of the airbeam gradually decreases from the 
middle part to the two sides, and that of the joint 
of upper compression chord is large.

3.3 The limits of load bearing capacity 
of the Tensairity bridge section under 
the wheel type load

The load bearing capacity of the bridge structure 
is one important measurement indicator of the 
bridge performance. To explore the limits of load 
bearing capacity of the Tensairity bridge section 
subject to the wheel type load, the present study 
assumes that the structure is damaged when any 
spots of the structure or of the cross section fail 
to meet the material failure criteria and the corre-
sponding load is defined as the limit of load bearing 
 capacity. If the stiffness requirement of the struc-
ture is not met when structure is damaged, the limit 
of load bearing capacity is the one meeting the stiff-
ness  requirement. As for the numerical simulation, 
considering the nonlinearity of the material and the 
structure, Mises yield criterion is applied to the alu-
minum alloy sandwich panel. A heavy load is exerted 
to the active area of the load of the bridge deck slab 
and the Newton-Raphson Iteration is employed for 
calculating. When the calculating terminates, the 
percentage of convergence ratio multiplying the 
overall load is the limit of load bearing capacity.

It is shown by the calculating results of numeri-
cal simulation that when the value of the load 
reaches 127.6 KN, the airbeam and the upper 
compression chord are damaged because the stress 
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structure is 3.3 centimeters and the other elements 
of the structure meet the material requirements 
and overall stiffness requirements. Therefore, the 
limit of load bearing capacity is mostly determined 
by the membrane materials of the airbeam and the 
limit can be promoted by improving the perform-
ance of the membrane materials.

4 CONCLUSION

The Tensairity structure is an innovative expanded 
structure of the pneumatic membrane, which greatly 
increases the load bearing capacity of the pneumatic 
structure by adding lower cable and upper compres-
sion chord and at the same time effectively reduces 
the internal pressure, and therefore, overcomes 
the contradictions among the inner gas pressure, 
material strength and load bearing capacity of the 
pneumatic structure and provides a new means of 
applying the pneumatic structure. In this paper, we 
designed the Tensairity bridge section based on the 
principle of the Tensairity structure, and by employ-
ing the method of numerical simulation, analyzed 
the distortion and stress of the Tensairity bridge 
section subject to the typical wheel type load, and 
obtained the limits of load bearing capacity of the 
structure subject to the load, shown as follows:

1. Under the wheel type load, the maximum dis-
placement of the Tensairity bridge section lies 
in the 4.4 meters of the direction of bridge span 
and the maximum stress lies in the 4.65 meters 
of the direction of bridge span.

2. The limits of load bearing capacity of the 1/2 
Tensairity bridge section subject to the wheel 
type load is 127.6 KN, and the limit is mostly 
determined by the performance of the mem-
brane materials.
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of their contact area reaches the yield point. The 
maximum stress of the midspan of the bridge 
deck slab is 67 Mpa and the maximum stress of 
the upper compression chord is 158 Mpa, at the 
same time, the maximum displacement of the 

Figure 5. Stress of the Tensairity bridge section under 
the wheel type load.
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ABSTRACT: This paper presents a series of compression tests on steel tubular members fabricated 
from Q420 high-strength steel plates, to study the compression stability behavior and failure mechanism. 
The tests were performed over a range of member lengths. The overall geometric imperfections and the 
material properties were measured prior to the tests. The test specimens were placed between pinned ends 
and tested in a horizontal way. The Finite Element Analyses (FEA) were conducted to simulate their 
experimental behavior by using ANSYS, and the Shell elements were used to create the circular hollow 
sections. Moreover, the test stability coefficients were compared with the design coefficients predicted 
using different provisions, and the design guidance was also proposed for later use.

Keywords: Q420 high-strength steel; circular hollow section; stability bearing capacity; FEA; design 
guidance

ends, with different steel materials and geometric 
dimensions. He also proposed the reduction meth-
ods of local stability strength and slenderness appli-
cation scope of steel tubes. Gu Q. et al.[6] employed 
the elastoplastic beam-column theory and numerical 
integration to calculate the load-deflection curves 
of round and square steel tubes. Chen W.F. et al.[7] 
raised a simplified residual stress mode of circular 
steel tube, not considering the change of residual 
stress along the wall thickness. Pan et al.[8] used the 
hole drilling method to measure the residual stress 
distribution of a welded circular hollow steel section. 
Demao Yang et al.[9] carried out compression tests on 
high-strength box-shaped columns, and proposed 
improved column design of high-strength slender 
sections. Ben Yong et al.[10] conducted compression 
tests of stainless-steel tubular members, and com-
pared test strengths with the design strengths using 
different codes. Rasmussen and Hancock[11] pre-
sented a test program comprising high-strength box 
and I-section specimens, including fix-ended stub 
columns and pin-ended long columns.

This paper describes a series of compression 
tests on Q420 steel tubular members. The test sta-
bility coefficients are compared with the design 
coefficients predicted by American, European, and 

1 INTRODUCTION

The steel circular hollow section, with closed cross 
section, has good integral rigidity, high bearing 
capacity, and relatively small drag coefficient. It 
can be designed without framing eccentricities, 
and is applied widely in engineering structures, 
such as grid structures, pipe trusses, steel towers 
and offshore platforms. Due to the development 
of the power grid and the promotion of loading 
criterion, increasing amounts of high-capacity, 
high-voltage and multi-loop transmission lines 
have been constructed. These impose higher loads 
on steel towers, both dead loads and wind loads. 
Q420 high-strength steel tubes have been applied 
in a large mount of transmission lines, including 
500 kV, ±800 kV and 1000 kV lines[1–2].

Yang Mei et al.[3] adopted a modified CDC 
method to derive the overall stability coefficients 
of Q420 and Q460 high-strength steel tubes. Han 
J.ke et al.[4] raised the recommended diameter-
to-thickness value of leg members of steel tubular 
tower, based on the research results of a typical 
1000 kV double-circuit transmission tower. Yang 
Longyu et al.[5] performed compression tests on 
high-strength steel tubular members between pin 
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Chinese standards. Finally, the design recommen-
dations are proposed on the basis of the theoretical 
research results.

2 EXPERIMENTAL INVESTIGATIONS

2.1 Test specimens

Due to the field investigation results of steel tubu-
lar towers and limited experimental conditions, the 
steel tubes with a specification of Φ377 × 8 were 
selected as test specimens. The steel was classified 
as Q420 to the Chinese standards GB50017[12]. The 
specimens are cold-formed from flat steel sheets and 
seam-welded with a longitudinal full penetration 
weld. In order to investigate the influence of the 
slenderness ratio on compression stability behavior, 
the slenderness of 30, 40, 50, 60, 80, 100 was chosen 
for specimens, with three specimens in each group, 
i.e. 18 specimens in total. Besides, the tensile coupon 
tests were performed with standard specimens 
extracted from steel plates used in specimen fabrica-
tion and steel tubes used for the test, respectively. The 
material properties are listed in Table 1. Initial over-
all geometric imperfections of the specimens were 
measured, as well as the geometric imperfections 
along the longitudinal welds. The maximum overall 
flexural imperfection at mid-length of steel tubes 
was l/1400, where l is the length of the specimen.

2.2 Test set-up and procedure

As depicted in Figure 1, the concentric compression 
was applied horizontally as the effect of self-weight 
was negligible. Two 6000 kN spherical hinges, with 
the outer diameter of 450 mm and the total height 
of 120 mm, were placed at both ends. The square 
end plates were 500 mm wide to confirm full contact 
with the hinges and enough local rigidity. A 5000 kN 
hydraulic jack was employed to apply monotonic 

central loading in one side, with the reaction blocks 
connecting fixed base using anchor bolts, and the 
other side was set to contact with the reaction wall.

The compression tests were conducted by apply-
ing multi-stage loading, and each load step was 
held for 1–2 minutes. Prior to the tests, a theodolite 
was used to ensure that the tubular member was 
loaded in the center, and electrical strain gauges 
and displacement transducers were arranged at the 
typical positions of the test specimens. The strain 
gauge dimension was 10.0 mm × 4.0 mm, with a 
maximum ultimate strain of 2%–3%.

As illustrated in Figure 2, the strain gauges were 
mounted on three cross-sections of test members, 
i.e. mid-section and other two sections with one-
eighth lengths from the mid-section. Four displace-
ment meters, with a measuring range of ±100 mm, 
were placed at four corners of the end plate to 
measure the axial shortening and rotation of the 
bearing plate during the loading process. At the 
regular interval, a data acquisition system, named 
DH3816, was adopted to record the readings of 
strains and displacements.

2.3 Test results

In the early stage of loading, the test members 
remained elastic, and no obvious deformation was 
observed. The strain and displacement developed 
approximately linearly. With the increasing com-
pression, the strains at typical positions bifurcated 
gradually. When reaching the ultimate bearing 
capacity, the strains descended immediately, and 
the axial shortening increased rapidly. Meanwhile, 
the overall flexural deformation and local buckling 
developed rapidly.

The failure modes of the test specimens with 
series slenderness ratios are shown in Figure 3. The 
experimental failure modes were generally in agree-
ment with the ideal ones. The failure mode of test 
tubular members was a mixture of overall flexural 
buckling and local stability. In general, for the test 
specimen with a slenderness ratio of 30 and 40, 
the local buckling was more obvious, as shown in 
Figure 3. For the test specimen with a slenderness 
more than 50, the overall flexural deformation was 

Table 1. Actual material properties of Q420 steel.

Plate
shape

Yield stress 
(MPa)

Ultimate stress 
(MPa)

Elastic modulus
(MPa)

Flat
Rolled

439.4
432.6

500.2
505.6

2.1 × 105

2.1 × 105

Figure 2. Arrangement of measuring points.Figure 1. Compression test set-up.
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more obvious, as depicted in Figure 4. As the steel 
circular hollow section has numerous symmetric 
axes, the specimens bent freely, just as predicted 
beforehand. Relative rotation of the end plate was 
also observed in the test process.

3 FINITE ELEMENT ANALYSES

Following the completion of the experimental tests, 
a nonlinear finite element model was developed 
using ANSYS, and a four-node Shell181 element 
was selected to simulate the steel tubes. The Young’s 
modulus was 2.1 × 105 MPa, and the Poisson ratio 
was taken as 0.3. The steel material was modeled 
by an ideal elastoplastic tri-linear model with actual 
properties, and the tangent modulus was taken as 
0.1 E in the post yield range to ultimate strength, as 
shown in Figure 5. The end plates were created with 
Solid45 elements, and their MOE were set as 2 × 108 
MPa to increase the local stiffness and reduce the 
local stress concentration in the bearings.

For eigen buckling analyses, the corresponding 
mode shape was obtained by adopting the Block 
Lanczos eigenvalue extraction method. Then, the 
imperfect model was created by adding l/1400 overall 
flexural deformation, and the residual stress was also 
taken account. Uniaxial compression forces were 

applied on the analytical models and a large defor-
mation option was activated. The arc-length method 
in conjunction with the modified Newton Raphson 
method is used to accelerate the numerical solution 
convergence. The model deformation and von Mises 
stress distribution are depicted in Figure 6.

4 THEORETICAL ANALYSES

4.1 Local stability

For compression members, local buckling can not 
occur before overall stability, i.e. the critical stress 
of local stability shall be more than that of overall 

Figure 5. Tri-linear model of Q420 high-strength steel.
Figure 3. Overall flexural buckling of the specimens.

Figure 4. Local buckling of the specimens.

Figure 6. Failure pattern and stress distribution.

Table 2. Limited values of d/t of steel tubular members.

Design standard Limited values of d/t

AISC 360-05 0.11E/fy 55.0
BS 5950 94(235/fy) 52.6
ASCE 48-11 26220/fy 62.4
GB 50017 100(235/fy) 55.9
Eurocode 3 90(235/fy) 50.4
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stability. In order to meet this stipulation, a limited 
value of the diameter-to-thickness ratio (d/t) is pro-
vided in different codes. Table 2 summarizes the lim-
ited values of d/t according to the design standards, 
with the nominal yield stress, where fy is 420 N/mm2. 
The d/t value of the test specimens was 47.1, which 
was less than the limited values given in the table.

4.2 Overall stability

Under the axial compression P, the equilibrium 
equation of an ideal member with both ends pin 
supported could be established, based on the 
small flexural deformation theory. The value of 
y’ can be taken as 0 due to the small deformation 
condition, and expression (1) can be obtained. 
The deformed member presents a half  sinusoidal 
curve shape, and the curvilinear equation can be 
defined as y = Asinπx/l. Then, the critical force can 
be expressed as Pcr = π2EI/l2, where E is the modu-
lus of elasticity and l is the length of the tubular 
member:

EIy PII yP″ = 0 (1)

However, various defects exist in the actual com-
pression member inevitably, and member presents 
flexural deflection even under a small load. The 
concept of the overall stability coefficient ϕ was 
put forward in current design codes, and ϕ is the 
ratio of overall critical stress σcr to design stress f.

4.3 Comparative analyses

As to the welded tubular member, the residual 
stress usually generates in the fabrication proce-
dures, such as cold-forming and welding. For the 
steel tubes with the same geometric dimension, 
the distributions of residual stresses are similar. 
On this basis, one can suggest that the effect of 
residual stresses is less detrimental to the strength 
of the high-strength steel column than that of the 
ordinary steel column. For the welded circular steel 
section investigated here, GB 50017 terms it as the 

b-type section, while other standards do not pro-
vide the detail classifications.

The calculated overall stability coefficients cal-
culated from test strengths, simulated strengths and 
predicted strengths using different design standards 
are summarized together in Table 3. Meanwhile, 
the calculated stability coefficients were plotted 
against the slenderness ratio (λ), as illustrated in 
Figure 7. It is obvious that the ASCE standard 
provides the maximum stability coefficient, while 
BS offers the minimum values, with the error more 
than 8%. The test strengths agree well with that 
obtained from the FEA results, with the ratios 
ranging from 0.983 to 1.035. For the test specimen 
with the slenderness ratio more than 60, the stabil-
ity bearing capacity can be calculated according to 
AISC 360-05 and GB 50017 (class a section). For 
the test specimen with the slenderness less than 50, 
the stability strength can be computed as per GB 
50017 (class b section) and BS EN 1993-1.

5 CONCLUSIONS

A series of compression tests are performed on 
Q420 high-strength steel tubular members with 

Table 3. Comparisons of overall stability coefficients.

d t λ ϕexp ϕFEA ϕexp/ϕFEA

GB50017 AISC 360-05[13] BS EN 1993-1[14] ASCE 48-11[15]

ϕa ϕb ϕAISC ϕBS ϕASCE

377 8  30 0.908 0.924 0.983 0.939 0.895 0.921 0.874 0.951
 40 0.844 0.858 0.984 0.9 0.833 0.864 0.791 0.913
 50 0.795 0.809 0.983 0.849 0.763 0.796 0.701 0.864
 60 0.76 0.738 1.030 0.77 0.675 0.72 0.609 0.804
 80 0.641 0.686 0.934 0.57 0.499 0.558 0.443 0.651
100 0.501 0.484 1.035 0.397 0.357 0.402 0.322 0.459

Figure 7. Comparisons of overall stability coefficients.
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both ends pin supported. Meanwhile, the finite 
element program, ANSYS, is used to simulate the 
experimental behavior. Finally, the test stability 
coefficients are compared with that predicted by 
different standards. It can be concluded as follows:

1. The failure modes of the test specimens mainly 
exhibit an extremum behavior, together with 
obvious local buckling, which shows a similar 
trend with the analytical results. The failure 
mode of test tubular members was a mixture of 
overall flexural buckling and local stability.

2. The test strengths agree well with that obtained 
from the analytical results, with the ratios rang-
ing from 0.983 to 1.035. Therefore, ANSYS can 
be used widely to simulate the tubular mem-
bers with different sizes, which the tests do not 
cover.

3. Among the design standards, BS code gives the 
conservative predictions, and ASCE is proved 
to be not conservative, with the error more 
than 8%.

4. For Q420 high-strength steel tubular members 
with the slenderness ratios more than 60, the 
stability strengths can be calculated according 
to AISC or GB 50017 (class a section). For the 
test specimen with the slenderness less than 50, 
the strengths can be computed as per GB 50017 
(class b section) or BS EN 1993-1.
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Analysis of the slope pre-stressed anchoring effect on Xiaowan 
Hydropower Station

Y.H. Jiang
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ABSTRACT: The slope of the Xiaowan Hydropower Station slope is huge, complex, high, and steep, 
with a maximum excavation height of nearly 700 m. The structural plane of rock mass along the river 
is developed and unloads strongly, but the deposit slope has a wide distribution and is unstable. A large 
number of pre-stressed anchors, anchor bolts, and other measures have been adopted in the slope 
reinforcement design to improve the safety factor and the slope stability. The pre-stressed anchoring 
effect is analyzed by studying the monitoring results of slope pre-stressed anchoring. The analysis result 
provides a scientific basis for slope reinforcement design, construction, and stability evaluation.

Keywords: pre-stressed; anchoring effect; anchor load cell

Given the complicated geological conditions of 
excavation slopes, the engineering design adopts a 
multitude of pre-stressed anchor and supporting 
measures—about more than 10,000—to meet the 
stability requirements of slope excavation during 
construction and operation.

2 TEST OF SLOPE ANCHORING 
PRODUCTION

Slope anchorage of the Xiaowan Hydropower 
Station is a key construction project with a  limited 
construction period, heavy construction work, 
and difficult hole-forming. Two test areas were 
selected from the left and right river banks for 
 anchoring site production testing prior to the start 
of the project to determine the anchoring materials 
and construction techniques that meet the project 
requirement, optimize the design parameters, 
investigate the construction approach, monitor 
the accelerating construction progress, and accumu-
late experience for the large-scale construction. The 
process included 1) testing the match of the grout in 
the anchoring segment with the concrete in the outer 
anchor head, the cement-proof ring, and the materi-
al’s mechanical properties; 2) measuring pre-stressed 

1 BRIEF INTRODUCTION TO THE 
XIAOWAN HYDROPOWER STATION 
SLOPE ANCHORING PROJECT

Xiaowan Hydropower Station is located in a high-
intensity earthquake area with narrow terrain, 
steep slope, and closely packed buildings. The main 
projects have mass open excavation and are focused 
within the range of approximately 3 km2. Open 
excavation forms a 700 m-high slope. The stability 
of such a high slope is one key technological issue 
in project construction.

A natural slope in the main slope zone is about 
42°. Based on its lithological characteristics, the 
slope consists of biotite granitic gneiss and amphib-
ole plagio-gneiss. The rock shows a monoclinic struc-
ture, transverse distribution, and steep upstream 
slope that stretches along the river  direction and 
cuts off crack growth along the slope angle. The 
Yinshuigou accumulation and the Dachunshu ditch 
accumulation distributed before the dam on each 
side of the river. They have a significant impact on 
engineering owing to their deep-seated coverage and 
complicated composition natures. The diverse of 
this rock slope failure have typical slope type reser-
voir features, and the complicated slope excavation 
body makes construction more difficult.
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anchoring load and load loss law; 3) testing the 
stress distribution law of pre-stressed strand in the 
anchoring and free segments; 4) analyzing the effect 
of the anchor group by testing the rock deformation 
law and the influencing range of anchoring tension; 
and 5) testing the real stretching range of the pre-
stressed strand during the tension of each anchoring 
strand in the right bank after the project started in 
order to solve rock weathering and the accumula-
tion of anchoring devices, the hole-making method, 
and the blocking and grouting technique.

3 ANALYSIS OF SLOPE ANCHORING 
STABILITY

3.1 Main monitoring result of slope 
pre-stressed anchoring

Xiaowan Hydropower Station mainly uses com-
mon tension-type anchors as reinforcement 

for 1000, 1800, and 3000 KN designed loads. 
According to monitoring technical requirements, 
about 3% of pre-stressed anchors are selected 
based on load level to arrange load cells in vary 
locations, observe pre-stressed anchoring load and 
its changes, as well as realize pre-stressed anchoring 
effect on slope rock and long-term work require-
ment for safety forecast during construction. The 
load cell is BGK4900 produced by Geokon Instru-
ments (Beijing) Co., Ltd. Table 1 shows the main 
technical index of the anchoring load cell.

Excavation of the Xiaowan Hydropower  Station 
slope started in February 2002. By December 
2004, slope excavation of more than elevation 
1000 m was basically completed. About 10,000 
pre-stressed anchors were used on the slope. 
By the end of December the following year, 285 
anchor load cells were installed. Table 2 shows the 
statistics of  pre-stressed anchor monitoring of all 
the location.

Table 1. Main technical index of the BGK4900 anchor load cell.

Range 
(KN)

Over range 
tension (% FS)

Resolution 
(% FS)

Accuracy 
(% FS)

Technical 1000 150 ±0.025 ±0.25
Index ∼10,000 ∼±0.5

Table 2. Statistics of pre-stressed anchor monitoring result.

Locations

Tensile 
load/design 
load

Locked 
load/design 
load

Observation 
value/design 
load

Mean 
locked 
loss (%)

Mean 
later 
loss (%)

Loss 
range 
(%)

Slope at the right bank bove 1,365 m 1.07 0.97 0.94 9.72  3.22  −9.5∼9.2
Slope at the right bank between 1245 m to 

1365 m
1.09 1.00 0.95 8.02  4.76  −8.4∼12.3

Intake slope at the right bank 1.08 1.003 1.048 7.15 −3.74  −18.3∼7.1
Slope at the upstream of the right bank 

abutment slot
1.09 0.997 0.965 9.03  2.03  −3.3∼4.6

Slope at the downstream of the right bank 
abutment slot

1.12 1.039 0.99 7.27  5.03   2.7∼7.4

Slope at the right bank of plunge pool 1.13 1.019 0.969 8.83  4.89   3.6∼6.3
Slope at the right bank of tailwater tunnel 1.12 1.027 0.965 8.23  6.11  −0.1∼9.0
Slope at the No.4 ridge above 1,380 m 1.18 1.09 1.039 7.73  5.73   2.4∼6.0
Slope at the No.4 ridge between 1245 m to 

1380 m
1.06 0.995 0.952 6.39  4.87   1.9∼16.2

Slope at the left bank of plunge pool 1.11 1.022 0.984 7.53  3.75   0.8∼7.8
Slope at the upstream of the left bank 

abutment slot
1.14 1.06 1.018 6.85  4.25   2.3∼7.2

Intake slope of spillway tunnel at the left bank 1.12 1.045 1.004 6.59  3.96   1.6∼7.0
High telpher base at the left bank 1.16 1.082 1.051 6.62  2.92   0.3∼6.0
Low telpher base at the left bank 1.14 1.057 1.038 7.35  1.75   1.4∼2.1
High telpher base at the right bank 1.05 0.967 0.928 7.43  3.97     0∼12.4
Low telpher base at the right bank 1.05 0.972 0.94 6.95  3.27   1.3∼4.9
Dachushu ditch accumulation slope 1.01 0.942 0.896 6.28  4.30  −19.6∼11.9
Yinshuigou accumulation slope 0.995 0.933 0.898 6.34 −1.19 −115.7∼24.8
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3.2 Analysis and evaluation of slope pre-stressed 
anchoring effect

3.2.1 Prestress loss
For anchoring prestress of the rock slope, the aver-
age locked later loss, average loss, and total loss 
were 6.31%, 3.55%, and 11.16%, respectively. For 
anchoring prestress of the homogenous slope, 
 figures for such losses were 7.61%, 1.56%, and 
9.17%, respectively.

3.2.2 Anchoring load
The ratio of average anchoring load of the rock 
slope and that of the designed load was 0.986, 
which was 1.4% lower than the designed load. The 
ratio of average anchoring load of the homogene-
ous slope and that of the designed load was 0.897, 
10.3% lower than the designed load.

3.2.3 Dynamic change laws of anchoring load
The dynamic change laws of the anchoring load 
can be summarized as follows:

1. Anchoring load declines slowly and tends 
toward stability, showing that the pre-stressed 
anchor is normal and that the slope where the 
anchor is located deforms slightly.

2. Anchoring load increases due to the occur-
rence in slopes of certain deformations, such 
as Yinshuigou accumulation slope and intake 
slope of the power station. Slope deformation 
causes anchoring load increasing, which reflects 
the inhibition of pre-stressed anchor on slope 
deformation.

3. Anchoring load fluctuates in anchors posi-
tioned around those with larger environmental 
changes, thereby reflecting the impact of envi-
ronment on slope deformation.

4. Anchoring load suddenly reduces in anchors 
that are placed in Yinshuigou accumulation 
slopes. After the anchoring load is locked 
and unloaded, the load does not increase, 
but instead continues to decrease because 
of  slope deformation. This finding indicates 
that rocks in the anchoring section are very 
complicated.

4 ROLE OF PRE-STRESSED ANCHORING 
MONITORING RESULT IN WARNING 
AND FORECASTING SLOPE STABILITY

After the pre-stressed anchoring tension is locked, 
the changes in its load can intuitively reflect the 
work status of pre-stressed anchor as well as the 
practical conditions and work features of the slope. 
In the slope anchoring construction of Xiaowan 
Hydropower Station, monitoring results of the 
pre-stressed anchor was fully used for warning and 
forecasting.

4.1 Intake slope forecast

In the intake slope of the station, the height of 
slope excavation was 106 m below EL. 1245 m, 
whereas vertical excavation was conducted below 
EL. 1220 m in the front slope. Vertical slope was 
81 m in height. Given the complicated geological 
conditions, the excavation started from EL. 1245 m 
in September 2003. The load in the anchor load cell 
of  the intake front slope continued to increase in dif-
ferent degrees on October 15, 2004; by October 26, 
a crack had appeared between the front slope and 
the abutment slot slope. The No. 1 intake and 
the rock pillar were blasted on February 4, 2004. 
The No.1 to No. 4 slots were dug at EL. 1150 m 
on December 10. In December 14–19, 2004. The 
No. 1 to No. 4 slots in the intake front slope were 
dug up to 1150 m to 1145 m. Load unloading for 
the slope excavation and maintaining the rock 
pillar failed, loads of partial anchor load cells in 
the front slope showed an accelerated increase in 
different degrees, such that fine cracks occurred 
in the slope above EL. 1220 m. On December 11, 
the load rate of  the C2B-3IV-PR-32 anchor was 
up to 26.5 KN/d; on December 12, the supporting 

Table 3. Typical load rate statistics of the anchor load 
cell of the intake slope.

Point no.
Dec. 6,–
Dec. 13

Dec. 19–
Dec. 26

Dec. 26–
Jan. 3

Jan. 3–
Dec. 31
(next year)

C2B-3IV-
PR-03

 2.84 2.50 1.80 0.11

C2B-3IV-
PR-08

 8.42 3.48 3.53 0.10

C2B-3IV-
PR-11

 9.49 3.92 4.2 0.18

C2B-3IV-
PR-32

19.29 5.01 5.19 0.18

Figure 1. Typical load–time curve of  the anchor 
load cell.
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construction above EL. 1162 m in the intake front 
slope had been completed. The deformation rate 
of  most monitoring points above EL. 1180 m had 
slowed, but the rates of  monitoring points below 
1180 m elevation were still high. The load rate 
of  the C2B-3IV-PR-32 anchor (1171 m in eleva-
tion) was up to 5.19 KN/d. Anchoring load was 
high at 1.10 times the designed load, and defor-
mation rate at this location was also higher. With 
the completion of the intake slope support and 
the gradual pouring of the intake tower, intake 
slope deformation gradually stabilized starting in 
2005. Table 3 shows the slope of this location, and 
Figure 1 shows the typical load–time curve of the 
anchor load cell.

4.2 Forecast of the Yinshuigou 
accumulation slope

The Yinshuigou accumulation slope was exca-
vated in the early part of the year 2002. When 
slope excavation reached the elevation 1276 m on 
December 14, 2003, displacements at many moni-
toring points suddenly improved. Moreover, loads 
in the C2 A-1II-PR-04 anchor load cell arranged 
on the high road at elevation 1389 m increased. 
A rechecking was followed by explanations to the 
related parties on December 17. Intensive observa-
tions made afterwards for the slope of this loca-
tion showed that the changes in anchoring load 
increased after the rain on January 9, 2004, and 
that the changes showed accelerated development 
until January 29. Slope stability forecasting was 
raised again by combining the apparent phenom-
enon and the inner monitoring result. Real-time 
monitoring conducted mainly for the changes in 
anchoring load found that the monitoring load 
was 1350.0 KN at 1630 h of April 5, within the 
designed load limitation. Anchoring load was 
reduced to 1321.8 KN at 2130 h after which the 
anchor was observed continuously. The anchoring 
load then reduced to 1122.3 KN and tended to sta-
bilize at 0730 h of April 6. At 2200 h of April 10, 
the anchoring load was 1120.2 KN, but suddenly 
changed to 363.4 KN at 0830 h of April 12 and 
became 363.7 KN at 0400 h. The anchor head was 
pulled out on April 14 because the anchor was a 
complete failure. Table 4 shows the load rate sta-
tistics of the C2 A-1II-PR-04 anchor load cell. 
 Figure 2 refers to the load–time process curve.

5 CONCLUSION

1. The greatest excavation height at Xiaowan 
Hydropower Station is close to 700 m. Numer-
ous pre-stressed anchors were used to reinforce 
the support for engineering design. Monitoring 
the slope pre-stressed anchoring plays a very 
important role in realizing the anchoring effect 
of pre-stressed anchor on slope rock and its 
long-term working status, adjusting and opti-
mizing reinforcement parameters, organizing 
constructions, and accelerating the construction 
process to ensure engineering safety during the 
construction period.

2. The monitoring results of  pre-stressed anchor 
in the slope show that the average locked 
loss of  prestress is 6.31%, the average later 
loss is 3.55%, and the total loss is 11.16%. 
Anchoring load basically reaches the design 
requirements.

3. The changes in pre-stressed anchoring load and 
other monitoring data show that the changes 
in slope pre-stressed anchoring load meet the 
practical conditions of all slopes and the spe-
cific working features. Slopes are generally 
stable except for a certain deformation in local 
slopes.

4. After the pre-stressed anchoring tension is 
locked, the changes in its load show the work 
status of pre-stressed anchor as well as the real 
conditions and work feature of the slope in 
this location. The Xiaowan Hydropower Sta-
tion anchoring project made a creative explora-
tion in warning and forecasting slope stability 
by means of pre-stressed anchor monitoring 
results. It also provided valuable experience for 
analysis and evaluation of slope stability of sim-
ilar engineering projects.

Table 4. Load rate statistics of the C2A-1II-PR-04 dynamometer (Unit: KN/d).

Nov. 25–
Dec. 2

Dec. 2–
Dec. 16

Dec. 16–
Dec. 9

Jan. 9–
Jan. 29

Jan. 29–
Feb. 29

Feb. 29–
Mar. 15

Mar. 15–
Apr. 5

Load rate −1.18 0.71 2.04 5.49 3.47 2.62 0.74

Figure 2. Typical load–time curve of the anchor 
load cell.
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Study on mode II fracture initiation using the strain energy density 
criterion
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ABSTRACT: The Brazilian disc specimen and the semi-circular bend specimen have been used by many 
researchers to study mode I, mode II and mixed mode I–II brittle fracture in different materials. However, 
the mode II fracture toughness obtained experimentally in the past from these two specimens show large 
inconsistencies compared with the theoretical predictions. In this paper, a modified strain energy density 
criterion is used to study the effect of T-stress on the fracture initiation angle and the fracture tough-
ness ratio KIIc/KIc, then the theoretical predictions are compared with the relevant published experimental 
results obtained from fracture tests on the Brazilian disc specimen and the semi-circular bend specimen. 
A very good agreement is shown between the predicted results and the experimental results.

Keywords: brittle fracture; strain energy density criterion; mode II fracture; T-stress

 important criteria for brittle fracture under mixed 
mode loading  condition. Among these criteria, the 
minimum strain energy density criteria has been 
found to be a powerful tool to predict the fracture 
and fatigue behavior of cracked and notched com-
ponents (Sih & Ho 1991, Nobile et al. 2004, Sih & 
Tang 2005, Berto & Lazzarin 2009) Theoretical 
predictions based on this criterion suggest that the 
ratio of mode II fracture toughness KIIc over mode 
I fracture toughness KIc is a fixed value just depends 
on the Poisson’s ratio ν. For example, for ν = 0.3, 
the value of KIIc/KIc predicted by the SED criterion 
is 0.96 and for ν = 0.2, the value is 1.07. However, 
there are many experimental investigations report-
ing a ratio of KIIc/KIc significantly higher or lower 
than the fixed value. A review of the related papers 
shows that depending on the tested material and 
the specimen geometry, the value of KIIc/KIc var-
ies typically from 0.42 to 2.2 (Lim et al. 1994a, b, 
Khan & Al-Shayea 2000, Ayatollahi et al. 2006, 
Awaji & Sato 1987). Such inconsistencies between 
the theoretical and experimental results restrict 
the validity of fracture criteria like the conven-
tional SED criteria to limited geometry and load-
ing conditions. There have been some attempts to 
justify such large inconsistencies. Liu et al. (1998) 
suggested that possible formation of shear band-
ing in front of the crack tip prior to the initiation 
of fracture can be the reason of KIIc in the epoxy 
resin being much higher than KIc. However, they 
could provide only a qualitative interpretation of 
test results.

In this paper, a modified SED criterion is used 
for predicting brittle fracture in mode II loading. 

1 INTRODUCTION

Brittle fracture is a major mode of failure in compo-
nents and structures containing cracks. According 
to the classic fracture model, for mode II loading 
condition, the crack propagates if  the mode II 
stress intensity factor KII reaches its critical value 
(or mode II fracture toughness, KIIc). Therefore, 
it is important to develop appropriate theoretical 
and experimental methods for determining mode 
II fracture toughness KIIc in brittle materials.

In the past years, many different test specimens 
have been designed for determining KIIc for various 
engineering materials (Erdogan & Sih 1963, Ueda 
et al. 1983, Awaji & Sato 1978, Chong & Kurrupu 
1984). Among those testing specimens the Bra-
zilian Disc (BD) specimen and the semi-circular 
specimen under three-point bending (SCB) are two 
of the most favorite specimens for fracture tests in 
brittle material. Mode I, Mode II and mixed mode 
I/II could be provided easily for each of these two 
specimens by setting the crack line in an appropri-
ate angle relative to the loading direction and the 
test procedures in both the BD specimen and SCB 
specimen are easy and cost effective.

In addition to the experimental techniques men-
tioned above for obtaining the fracture toughness 
of engineering materials, there are several theo-
retical criteria for predicting mixed mode I/II in 
cracked bodies. The Maximum Tangential Stress 
(MTS) criterion (Erdogan & Sih 1963), the Maxi-
mum Energy Release Rate (MERR) (Hussain et 
al. 1963) and the minimum Strain Energy Den-
sity  criterion (SED) (Sih 1974) are three most 
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The modified SED criterion takes into account the 
effect of non-singular stress term (T-stress) in addi-
tion to the singular stress term. Then, the theoreti-
cal predictions calculated from the modified SED 
criterion are verified by using some experimental 
results obtained from mode II fracture tests on the 
BD specimen and SCB specimen in the past.

2 MODIFIED MINIMUM STRAIN 
ENERGY DENSITY CRITERION

Elastic stress field around the crack tip in linear 
elastic homogeneous and isotropic material for I/II 
mixed loading can be written as (Williams 1957):

σ
π

θ θ

θ θ

xx Irππ
K

K

+IKI= ⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎛
⎝
⎛⎛
⎝⎝

+− K ⎛
⎝
⎛⎛
⎝⎝

1
2

3
4 2

1
4 2

7
4 2

1
4 2

cos c+ os

sin s+ inIIKK ⎞⎞
⎠⎟
⎞⎞⎞⎞
⎠⎠

⎞
⎠⎟
⎞⎞
⎠⎠

+ ( )T O+  (1.a)

σ
π

θ θ

θ θ

yy Irππ
KI

K

IKI= ⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎛
⎝
⎛⎛
⎝⎝

+ −K +⎛
⎝

1
2

5
4 2

1
4 2

1
4 2

1
4 2

cos c− os

sin s+ inIIKK ⎛⎛⎛⎛
⎝⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠
⎞
⎠⎟
⎞⎞
⎠⎠

+ ( )O (  (1.b)

τ
π

θ θ

θ θ

xyτ Irππ
KI

K

= −IKI +⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎛
⎝
⎛⎛
⎝⎝

++ K ⎛
⎝

1
2

1
4 2

1
4 2

3
4 2

1
4 2

sin s+ in

cos c+ osIIKK ⎛⎛⎛⎛
⎝⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠
⎞
⎠⎟
⎞⎞
⎠⎠

+ ( )O (  (1.c)

σ νzz = ( )σ σxx yy+
⎧
⎨
⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩
⎨⎨
⎩⎩
⎨⎨⎨⎨

0 forff  plane stress
for plane strain  (1.d)

where r and θ are the polar coordinates with the ori-
gin located at the crack tip, KI and KII are the mode 
I and mode II intensity factors respectively, ν is the 
Poisson’s ratio, σxx, σyy, and σzz, are the stress in the 
Cartesian coordinates. The first term in each stress 
component is singular and the second term T, is 
constant and independent of the distance r from the 
crack tip. The higher order terms O(r1/2) are often 
negligible at location very close to the crack tip.

The SED criterion, formulated by Sih (1974), 
states that the onset of brittle fracture takes place 
when the strain energy density factor S at a con-
stant distance rc around the crack tip reaches a crit-
ical value Sc and the direction of crack initiation 
angle θ0 coincides with the direction of minimum 
strain energy density. In mathematical form, the 
SED criterion can be written as:

∂
=

S S
∂

∂
∂θ θθ θ= 0θθ

0 0S∂
>

2

2θθ
,  (2)

where S is the strain density factor, defined as:

S r
dW
dVcrr  (3)
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xy
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+
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2 2+ 2

2

σ σxx y+xx
22+ σ 22

ν
xxxx y xx yy

ν τ x
22 +++( )τ τ+xzτ yzτ2 2+ ττ+  (4)

where dW/dV is the strain energy density function 
per unit volume, E is the modulus of elasticity. 
Both rc and Sc are assumed to be constant material 
properties.

The SED criterion in general can be used for 
pure mode I, pure mode II and mixed mode I/II 
and the conventional SED criterion only takes into 
account the singular term in Eq. (1). Here in this 
paper, the SED criterion is modified by using the 
stress field (Eq. (1)) considering both the singular 
term and the T-stress term. The strain energy den-
sity function can be written as:

S
G

a K a K K a K

a K T a K T a T

+a K= (
+ a K T + )

1
16 11

2
22

2

1 2T aK T 2

π I IK a KK+KK 12 IIKK IIKK

KK T IKK I TT a+  (5)

where the factors aij are functions of the angle θ, 
and defined as:

a11( )θ ( )1 θ11 ( )κ θ)θ (κ ,
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22 2
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a rcrrT π rr( )θ ( )κκ .

where G is the modulus of rigidity, for plane strain, 
κ = 3–4ν, for plane stress, κ = (3−ν)/(1+ν).

For pure mode II under plain strain condition, 
KI = 0, κ = 3–4ν, Eq. (5) can be written as:
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where B is the biaxiality ratio (Leevers & Radon 
1976) and the definition is:

B
T a

K
=

πaa

IIKK
 (7)

and α in Eq. (7) is defined as:

α =
2r
a

crr  (8)

where a is the crack length for edge cracks and the 
semi-crack length for center crack, rc is the con-
stant distance. The terms involving Bα in Eq. (6) 
represent the contribution of T-stress in the near 
crack-tip strain energy density.

By substituting Eq. (6) into Eq. (2), the fracture 
initiation angle θ0 is determined by solving:

2 3 2
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0 00+
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cos θ 500 5+B  (9)

For any given value of Bα, the angle θ0 can be 
calculated from Eq. (9). Figure 1 shows the varia-
tion of fracture initiation angle -θ0 versus Bα for 
ν = 0.2, 0.3, and 0.4. According to Figure 1, the 
initiation angle -θ0 increases by rising the Bα (or 
T-Stress), it’s clear from this figure that T-stress 
has a significant effect on the initiation angle of 
mode II fracture.

Then the initiation angle θ0 is replaced into Eq. 
(6) and the conditions related to the onset of crack 
propagation can be found S = Sc. Eq. (5) can be 
written as:
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where Sc is the critical strain energy density factor 
and KIIc is the critical value of mode II stress inten-
sity factor corresponding to the fracture load for 
plane strain conditions.

Under pure mode I loading the fracture initia-
tion angle is zero, therefor, for θ0 = 0 and T = 0, the 
critical strain energy density factor Sc is determined 
from Eq. (5) as:

S
K

EcS = ( )( ))+ (
2

2)( ))−))(
π EE

IcKK
 (11)

Thus, the plane strain mode I fracture tough-
ness can be defined as:

K
EScS

IcKK = ( )( )
2

)+ (
π EE
)( ))−))(  (12)

If  Sc is considered to be a constant material 
property, Eq. (10) suggests that KIIc is not constant 
but depends on B or the T-stress. Using Eq. (10) 
and Eq. (12), the critical intensity factor of mate-
rial for different geometry and loading condition is 
written in terms of KIc as:
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Figure 2 shows the variation of  KIIc/KIc ver-
sus Bα for plane strain condition. The results 
are based on different values of  Poisson’s ratio. 
It is shown that according to the modified SED 
criterion, the T-stress has a considerable influ-
ence on the critical mode II intensity factor. 
As illustrated in Figure 2, when the T-stress is 
negative, the critical stress intensity factor first 
increases by rising the T-stress (Bα) till it reaches 
its maximum value which is dependent on the 
Poisson’s ratio. From this point, a sharp decrease 
in the critical stress intensity factor of  the mate-
rial can be observed. On the other hand, an 
increase in the positive T-stress generally leads 

Figure 1. The effect of T-stress on the fracture initia-
tion angle for different Poisson ratio.
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to a considerable decrease in the mode II criti-
cal intensity factor. The modified SED criterion 
suggests that the T-stress plays an important role 
in calculating the mode II fracture toughness of 
materials.

3 FRACTURE PARAMETERS

As shown in Figure 3, the Brazilian Disc (BD) is 
a circular disc of  radius R and thickness t con-
taining a central crack of  length 2a and subjected 
to a diametral compressive load P. The Semi-
 Circular Bend (SCB) specimen is a semi-circular 
disc of  radius R and thickness t having an edge 
crack of  length a and subjected to three point 
bending with a span of  2S for the bottom support 
distance. For both specimens, the crack makes 
an angle α with respect to the loading direction. 
When the inclined angle α is zero, both speci-
mens are loaded in pure mode I. By increasing α, 
the crack is subjected to a combination of  mode I 
and mode II deformation. Pure mode II are pro-
vided in specific angles depending on the crack 
length ratio a/R and the loading support ratio 
S/R. The crack inclination angle corresponding 
to pure mode II loading condition typically var-
ies between 20°and 30°for the BD specimen and 
35°and 60°for the SCB specimen (Ayatollahi & 
Aliha 2007).

The stress intensity factors (KI and KII) and the 
T-stress in these specimens are often written as:
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where YI and YII and T* are the normalized forms 
of KI, KII and T respectively. These parameters 
are functions of the crack length, the crack angle 
and the loading support distance. Different ana-
lytical and numerical techniques have been used 
by researchers calculating the factors YI and YII 
and T* for the BD specimen (Awaji & Sato 1987, 
Atkinson et al. 1982, Ayatollahi & Aliha 2007) and 
SBC specimen (Ayatollahi & Aliha 2004, 2007, 
Kuruppu & Chong 1986, Lim et al 1993). Atkinson 
et al. (1982) have calculated the related mode II 
angle αII for the BD specimen with different ratio 
of a/R. Fett (2001) calculated the T-stress for 
the cracked Brazilian disc specimen by using the 
boundary collocation method. Theoretical inves-
tigations show that the T-stress in the BD speci-
men is always negative and in the SCB specimen is 
always positive when the specimens are subjected 
to pure mode II (Ayatollahi & Aliha 2004, 2007).

4 RESULTS AND DISCUSSION

There have been considerable amount of experi-
mental results reported in the papers for mode I 
and mode II fracture toughness data obtained from 
fracture tests on the BD specimen and SBC speci-
men. A review of the experimental results shows 
that the fracture ratio, KIIc/KIc determined from the 

Figure 2. The effect of T-stress on the critical stress 
intensity factor for mode II.

Figure 3. (a) Centrally cracked Brazilian disk specimen 
and (b) semi-circular specimen under three point bending.
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BD specimen is always significant higher than the 
value predicted by the conventional SED criterion, 
meanwhile, the value of KIIc/KIc determined from 
the SBC specimen, is always lower than the theo-
retical predictions.

The reported experimental values for KIIc/
KIc typically commence from 1.09 for graphite 
SM-124 (Awaji & Sato 1987) and increase to a fig-
ure as high as 2.165 for Saudi Arabian limestone 
(Khan & Al-Shayea 2000) using the BD specimen. 
For example, the mode I fracture toughness KIc and 
mode II toughness KIIc obtained through experi-
ment using the BD specimen for limestone mate-
rial are 13.28 

p
MPa mm  and 29.25 MPa mm  

and the value of KIIc/KIc is 2.165. The mode I and 
mode II fracture toughness obtained for grain mar-
ble are reported to be 35.42 MPa mm  and 71.15 p
MPa mm respectively and the ratio of KIIc/KIc is 
2.009 (Aliha et al. 2006). However, the values of 
KIIc/KIc for limestone and grain marble predicted 
by the conventional SED criterion are 1.074 and 
0.957 which are much lower than the experimental 
results. Lim et al. (1994a, b) conducted a series of 
fracture tests on a water-saturated synthetic mud-
stone called Johnstone using the SCB test config-
uration. The pure mode II was obtained in their 
tests at the angle of crack inclination of α = 54°and 
by considering S/R = 0.5, a ≈ 16.5 mm, R ≈ 8 mm 
and w ≈ 17.7% (where w is the percent of saturated 
water content). The average value of KIIc obtained 
from the results of the tests was approximately 
0.935 MPa mm , and the value of KIc obtained 
from the experiment is 2.2 MPa mm. Thus, the 
ratio of KIIc/KIc for Johnstone is about 0.425. The 
fracture ratio KIIc/KIc for PMMA is obtained using 
the SBC specimen with the values of a/R and S/R 
are 0.3 and 0.43 respectively and the pure mode II 
could be provided at the crack angle α = 50°, the 
reported experimental value of KIIc/KIc for PMMA 
is 0.526 (Ayatollahi et al. 2006). However, the value 
of KIIc/KIc predicted by the conventional SED cri-
terion is 0.811 for PMMA, and for Johnstone, the 
prediction result is 1.074. The experimental results 
presented in Lim et al. (1994a, b) and Ayatollahi 
(2004) show that the values of KIIc/KIc obtained 
from fracture tests on the SBC specimen are sig-
nificant lower than the results predicted by the 

conventional SED criterion. It is pointed that the 
mode I fracture toughness value used here was 
taken from a fracture tests in which the loading 
direction was perpendicular to the bedding planes.

Eq. (9) and Eq. (13) indicate that the value of 
T-stress, KII and rc are required for calculating the 
ratio of KIIc/KIc. For the BD specimen and SBC 
specimen, when the specimen geometry is avail-
able, the values of T-stress and KII can be extracted 
from Ayatollahi & Aliha (2004, 2007) or directly 
calculated by finite element analysis software such 
as ABAQUS. For some brittle materials, the criti-
cal distance rc is often approximated by the radius 
of fracture process zone. Schimidt (1980) proposed 
a maximum normal stress criterion to predict the 
size of fracture process zone as:

r
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crr
c

t
=

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
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⎞⎞
⎠⎠

1
2

2

π σ t⎝⎝⎝
IKK  (17)

where σt is the tensile strength. By replacing 
KIc = 2.2 MPa mm  and σt = 0.435 MPa (for 
w≈17.7%) in Eq. (17), the value of rc is estimated 
for Johnstone to be 4 mm. Based on the results of 
earlier fracture tests reported by Smith et al (2006) 
the critical radius rc for PMMA is about 0.1 mm. 
The value of rc calculated by using the same method 
is 9 mm and 14 mm for limestone and coarse grain 
marble respectively.

Table 1 shows the comparison between the 
experimental results and the theoretical  predictions. 
It can be seen that the modified SED criterion 
described in this paper can provide very good 
predictions for mode II fracture test results. For 
Johnstone, the theoretical predictions based on the 
modified SED criterion suggests that the value of 
KIIc/KIc is 0.385 that is consistent well with the aver-
age of the experimental results KIIc/KIc = 0.425 as 
described above. For PMMA, the prediction value 
of KIIc/KIc is 0.538 that also is consistent well with 
the average of the experimental results 0.542. And 
for limestone and grain marble, the ratios of KIIc/KIc 
predicted by the modified SED criterion are 2.238 
and 1.943 respectively, the average of experimental 
results are 2.20 and 2.009. Again it is seen that a 
good agreement exists between the  experimental 

Table 1. Fracture toughness ratio KIIc/KIc predicted from the modified SED criterion.

Specimen Material rc (mm) Bα
KIIc/KIc (predicted 
by SED criterion)

KIIc/KIc (predicted by 
modified SED criterion

KIIc/KIc (average 
of test results)

SBC Johnstone 4.0 2.100 1.074 0.385 0.425
PMMA 0.1 0.585 0.811 0.538 0.526

BD Limestone 9 −1.068 1.074 2.238 2.165
Marble 14 −0.892 0.957 1.943 2.009
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results and the theoretical predictions when the 
modified SED criterion is used.

The modified SED criterion can be used for 
predicting the mode II fracture toughness of  brit-
tle materials from other mode II crack specimens 
as well and it provides an appropriate method for 
calculating the mode II fracture toughness from 
the mode I fracture toughness, this prevents the 
expensive and time-consuming procedure required 
for the design, preparation and conduction of 
mode II fracture tests. The modified SED criterion 
suggests that the mode II fracture toughness is sig-
nificantly dependent on the geometry and loading 
conditions. The SBC specimen always underesti-
mates the value of  mode II fracture toughness in 
engineering materials. This is because a large posi-
tive T-stress is present in the SBC specimen when 
the specimen is subjected to mode II. And for the 
BD specimen, a negative T-stress is present when 
the specimen is under mode II loading condition 
and the absolute value of  the T-stress in a mode II 
BD specimen is small, the mode II fracture tough-
ness is often overestimated in a mode II BD speci-
men. Therefore, despite several advantages of  the 
BD specimen and SBC specimen for measuring 
fracture toughness, in brittle materials, it is impor-
tant to keep in mind that the mode II fracture 
toughness determined from these two specimens 
often overestimates or underestimates the fracture 
resistance of  mode II cracks in engineering com-
ponents and structures.

5 CONCLUSIONS

1. The minimum strain energy density criterion 
was modified to include the effect of T-stress in 
predictions of critical mode II fracture tough-
ness. The modified SED criterion suggests that 
the T-stress has a considerable influence on the 
critical stress intensity factor and the  fracture 
initiation angle of brittle and quasi-brittle 
materials.

2. The theoretical analysis shows that when the 
T-stress is negative the critical stress intensity 
factor first increases as the magnitude of Bα 
rises, then it declines after a specific value of 
Bα. Meanwhile, when the T-stress is positive, 
increasing Bα generally leads to decreased val-
ues of critical stress intensity factor.

3. The T-stress in the BD specimen is always nega-
tive and in the SCB specimen is always positive 
when the specimens are subjected to pure mode 
II. The SBC specimen used to measure the mode 
II fracture toughness can significantly overesti-
mate the value of KIIc while the BD specimen, 
underestimate the value of KIIc in real structure 
and components.

4. The modified SED criterion was used to pre-
dict the fracture toughness ratio KIIc/KIc and the 
predictions show a good agreement with the 
experimental results.
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Discussion on methods of strengthening concrete structures
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ABSTRACT: Due to various factors, the problem of  inadequate carrying capacity may appear in 
the process of  construction or use of  concrete structures. In this case, some appropriate strength-
ening methods must be taken in order to keep the safety of  the buildings. An account of  the com-
monly used strengthening methods will be given by the author, and the scope, the advantages, 
and disadvantages of  each method will be discussed to provide reference for practical engineering 
application.

Keywords: concrete structure; strengthening methods; safety

2 GENERAL PRINCIPLES OF 
STRENGTHENING CONCRETE 
STRUCTURE

There has already been force and deforma-
tion before the strengthening work begins. 
The strengthening process will force the structure 
second. Thus, it must be very cautious and follow 
certain principles during the strengthening process 
in order to ensure that the old and the new struc-
tures can work together. There are three general 
principles of strengthening concrete structure.

First, the destruction of the original structure 
members should be avoided. The engineering 
quantities and the negative impact should be mini-
mized as much as possible. It must make sure that 
the old and the new structure can bear some of the 
loads at the same time, and mainly by the original 
structure members.

Second, the function of the building should not 
be affected. While developing a strengthening pro-
gram, it must be in conjunction with the identifica-
tion and the use requirement so that the program is 
scientific and reasonable. Then, some ill-considered 
factors and errors can be avoided. The function of 
the building will keep regular.

Third, the integrity of the structure must be 
ensured. Due to the force generated by the second-
ary and hysteresis effect when strengthening, the 
reasonable structure and the reliable connection 
must be guaranteed during the process of strength-
ening, to avoid new weak parts from appearing in 
the structure, thus resulting in the poor integrity.

Strengthening work is different from the con-
struction of new structure, which needs to be 

1 INTRODUCTION

For years, concrete has been the engineering 
material which is most widely used in the world. 
However, due to the influence of  the disas-
ters, such as earthquake, hurricane, and fire, or 
exceeding its service life, the carrying capacity 
of  the construction members of  existing build-
ings will be reduced. In this case, in order to 
ensure the safety and avoid the resources loss of 
reconstruction, strengthening ought to be chosen 
prior and it has valuable practical engineering 
significance.

Since the 1980s, the amount of  building 
strengthening has risen continuously in the 
United States, the Great Britain, Sweden, and 
some other developed countries. A large number 
of  buildings have been strengthened properly. 
In this century, the proportion of  the strength-
ened buildings has already been more than the 
new construction. In China, according to sta-
tistics, more than 40% of  the existing buildings 
need to be strengthened, of  which most are of 
the concrete structures. Especially after the Wen 
Chuan earthquake and other serious natural dis-
asters, the state launched a new version of  the 
code for seismic design and other relevant regu-
lations, though some buildings cannot meet the 
requirements for the new code, seismic strength-
ening is essential, such as the nationwide seismic 
strengthening project of  primary and secondary 
school building. Thus, the structural strength-
ening in China is still a long way, and it brings 
excellent opportunities for development of  struc-
tural strengthening industry.
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higher and stricter. The strengthening work staff  
must be on a high professional level to detect the 
problems and deal with the actual situation. In 
China, the strengthening of concrete structure 
must follow the “Code for design of strengthening 
concrete structure” (GB50367-2013).

3 INTRODUCTION TO THE COMMONLY 
USED STRENGTHENING METHODS

The strengthening methods of concrete structure 
are divided into direct strengthening and indi-
rect strengthening. The appropriate method is 
selected according to the actual conditions and use 
requirements.

3.1 Direct strengthening methods

3.1.1 Increasing section area
Structure strengthening with increasing section 
area is a method, which has a wide scope of appli-
cation and the obvious strengthening effect. It is 
mainly used for strengthening the bending and the 
compression members of concrete structure. The 
method is to increase section area by adding a layer 
of concrete on the outside surface of the member. 
For a beam member, the concrete is added in the 
compression zone and the rebars are added in the 
tension zone. For a column member, the rebars are 
added in its marginal area. Like this, the bearing 
capacity of cross section and the inflexibility of 
concrete members get improved.

Now, the technology of this strengthening 
method is mature and costs low. The bearing capac-
ity of the members improves obviously. The dura-
bility and the stability are also superior. However, 
the method belongs to wet work. It takes a period 
of time to conserve. So it affects production and life. 
Besides, as the section area is increasing, the appear-
ance of the building may be affected. The headroom 
decreases. The weight of structure increases.

3.1.2 Externally wrapped steel section
Structure strengthening with externally wrapped 
steel section is divided into two types: dry work 
and wet work. It is mainly used for strengthening 
concrete beam and column. Dry work refers to the 
section steel and batten plates are directly placed 
around the member. There is no cementation 
between steel and concrete member. The reliability 
of this type is poor, so it is rarely utilized. Wet work 
refers to stick steel to concrete members tightly 
with adhesive material. At present, modified epoxy 
cement is widely utilized which is poured between 
steel and concrete member. The cement layer can 
pass stress so that the externally wrapped steel sec-
tion and the member work together.

The steel section area is increased by a large 
margin in this strengthening method. At the same 
time, the bearing capacity and inflexibility are also 
improved. The technology is simple, the amount 
of work is small. But the consumption of steel is 
great, there are some requirements of adhesive 
material. Thus, the expense is higher.

3.1.3 Bonded steel plate
Structure strengthening with bonded steel plate 
is mainly used for strengthening the bending, the 
tension and the large eccentric compression mem-
bers of concrete structure. The specific method 
is to stick the thin steel plate to the surface of 
concrete member with adhesive material. Then 
the steel plate and the original member combine 
into a combinational member. Like the externally 
wrapped steel section, the cement layer can pass 
stress. The steel plate and concrete member can 
work together well so it has high bearing capacity. 
The code allows that the strength level of the origi-
nal member is not less than C15, and the tensile 
bond strength is not less than 1.5 MPa.

The technology of this method is simple 
and fast. There is an excellent integrity of the 
combination. The construction has little impact 
on normal production and life. There is no obvi-
ous impact on the appearance of original structure 
and the headroom. However, its durability is poor. 
It costs a lot because the consumption of steel is 
large. Additionally, it does not apply to the mem-
bers, which bear dynamic load.

3.1.4 Concrete displacement
Structure strengthening with concrete displacement 
is suitable for strengthening the load-bearing mem-
ber, for which the strength of compression zone is 
low or serious defect appears. The specific method 
is to remove the concrete of the member, which 
is in poor condition and pour the new concrete. 
Whether the old and the new combine well or not 
is the key to the effect of concrete displacement. 
During the construction, reliable measures must be 
taken on the concrete joint surface.

According to the rules of the code, there must be 
effective top support to the original member when 
strengthening horizon members such as beam and 
slab. It must make sure that there is no tensile stress 
on joint surface through checking calculation, 
observation, and control. The strength level of the 
concrete which is utilized to displace is one level 
higher than the original, and not less than C25.

The method is widely suitable. Almost all con-
crete members can be strengthened by it. The 
effect is good and the member can keep its original 
appearance. However, the amount of wet work is 
large, and it may cause some damages to concrete 
members.
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3.1.5 Bonded carbon fiber material
Structure strengthening with bonded carbon fiber 
material is suitable for strengthening the bending, 
the axial compression, large eccentric compression 
and the tension concrete member. The method is to 
use a carbon fiber impregnated with resin adhesive 
to laminate the concrete structure in the bearing 
parts. Make the two into one so as to improve the 
bearing capacity, reduce deformation and control 
cracks of the member.

This method makes concrete member to 
have better durability, corrosion resistance, and 
anti-fatigue performance. Carbon fiber mate-
rial has little impact on the weight of  structure 
and the maintenance cost is low. However, the 
fire and high temperature resistance of  carbon 
fiber material are poor. When there is a great 
temperature difference, concrete may crack as a 
result of  the cohesive force between carbon fiber 
and concrete is destroyed. Carbon fiber may fis-
sure due to lack of  ductility when there is a large 
deformation.

3.2 Indirect strengthening methods

3.2.1 Externally prestressed
Structure strengthening that was externally 
prestressed is the method which utilizes prestressed 
steel rod and section steel bar to strengthen 
the structure. The distribution of internal force 
changes and stress level decreases through pre-
stressing the steel. Strengthening by this method 
can effectively avoid the hysteresis of stress and 
strain in general strengthened structures. It is suit-
able for strengthening the beam, the slab, the col-
umn, and the truss, which has small section, needs 
to increase load, needs to improve performance or 
is in a high state of stress and strain.

The prestressed rebar and section steel utilized 
in this method can enhance the bearing capacity of 
cross section and oblique section. The strengthened 
structure can work effectively. The prestress is able 
to offset some stress, this is beneficial to control the 
deflection and crack of members. There are also 
some disadvantages, such as the complex construc-
tion process, demanding highly on environment. 
Stress concentration of prestress rebar is produced 
in the bolted part or the corner. It may lead to 
rebar’s fissure and flab.

3.2.2 Adding fulcrums
Structure strengthening with adding fulcrums 
is suitable for strengthening beams, slabs, and 
trusses. The method is to diminish the structure’s 
span by adding fulcrums in order to decrease the 
internal force and enhance the bearing capacity of 
the structure. The method can be divided into two 
types according to the different mechanical per-

formances of the support structure: rigid fulcrum 
strengthening and elastic fulcrum strengthening. 
Rigid fulcrum strengthening is to exert the load on 
the fulcrum and pass it to the column and the foun-
dation. Its stress is definite and the bearing capac-
ity is enhanced well. Elastic fulcrum strengthening 
is to pass the load to support structure indirectly 
by bending of structure or truss’ effect. It cannot 
enhance the bearing capacity obviously, but there 
is less impact on inner space than rigid fulcrum. 
There are some regulations about the connection 
between original members and new numbers. The 
wet hoop connection is selected when the support 
structure is reinforced concrete. The dry hoop con-
nection is selected when the support structure is 
section steel.

The method is simple, reliable, and effective. 
However, it is easy to influence the building’s 
appearance and function. Therefore, the method 
should be selected under certain permission 
conditions.

In addition to the above strengthening meth-
ods, structure strengthening with wire wrapped, 
adding shear wall, and some other methods are 
also used in some practical engineering. In the 
process of  strengthening concrete structure, 
there are some related techniques, such as crack 
repair, embedded rebars, anchor, antirust and 
supporting beams, and demolishing columns. 
The methods and the techniques are introduced 
in “Code for design of  strengthening concrete 
structure” (GB50367-2013) and “Configuration 
diagram for strengthening concrete structure” 
(13SG311-1).

3.3 Precautions of the method selection

The selection of strengthening method is the prereq-
uisite of strengthening design. It directly influences 
the quality and cost of the strengthening work. 
Therefore, a variety of factors should be consid-
ered and analyzed comprehensively when selecting 
an appropriate method. The following points need 
to be focused on:

1. Select the method, which is economical, simple, 
and less-impacted on production and life in the 
premise of ensuring safety.

2. Figure out the advantages, disadvantages, appli-
cable conditions, and special requirements of 
each method.

3. Consider the feasibility of the method fully, 
ensure that it can implement smoothly and meet 
the requirement of strengthening.

4. Strengthening is a comprehensive technology, 
which may apply several different methods. The 
superiority of every method should be taken to 
achieve the good effect.
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4 THE DEVELOPMENT TREND 
OF STRENGTHENING CONCRETE 
STRUCTURE

As far as the current development situation, 
strengthening building structure especially strength-
ening concrete structure has drawn a widespread 
attention. As hot field-related academic groups all 
over the world have carried out a lot of technical 
exchanges and cooperation. Therefore, its applica-
tion and development has a very bright future.

In recent years, the application of composite 
materials leads the strengthening technology a sig-
nificant progress, such as utilizing the inorganic com-
posite mortar pasting steel mesh to strengthen the 
members of concrete structure. This new strength-
ening method has the features of anti-aging, fire 
resistance and superior durability, and the perform-
ance of the composite mortar is better than that of 
the organic cementing material. Fiber composite 
material strengthening is also a new method, which 
has been utilized in some countries. It has superior 
mechanical properties, durability, corrosion resist-
ance, and wide range of applications. The strength-
ening work is of high quality and efficiency with it. 
From now on, the study on fiber composite mate-
rial will be carried out thoroughly to get over the 
shortcomings of fiber material and obtain a more 
perfect strengthening method.

In addition, more and more new strengthening 
methods will be brought out as the development of 
new material and technology in civil engineering.

5 CONCLUSION

With the increasing size and the total amount 
of construction in China, as the development of 
modern technology and construction industry, 
strengthening concrete structure has become one 
of the most promising and dynamic technical 
branches of modern building technology. In the 
coming period, the practical engineering experi-
ence will constantly promote the progress of its 

basic theory and technology. In turn, with the level 
of study and application improves, some more sci-
entific, safer and more economical strengthening 
methods will be put forward to service the practical 
engineering.
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ABSTRACT: The mechanical performance of polypropylene fiber concrete under cyclic freezing and 
thawing actions was experimentally conducted in this paper. 100 mm × 100 mm × 100 mm cubic specimens 
and 100 mm × 100 mm × 400 mm beam specimens were made with two different volume ratio of polypro-
pylene fiber. The compressive strength, bending behavior and dynamic elastic modulus of polypropylene 
fiber concrete were tested after different freeze-thaw cycles. The experimental results demonstrate that, 
with the increase of freeze-thaw cycles, the frost damage of polypropylene fiber concrete was cumulated, 
and the relative dynamic modulus, the compressive strength and flexural strength were reduced. By add-
ing polypropylene fiber to concrete, the loss of dynamic modulus was improved, and the flexural strength 
was increased obviously, but the compressive strength had no significant variance. Furthermore, a freeze-
thaw damage model of polypropylene fiber concrete was established.

Keywords: polypropylene fiber concrete; freezing and thawing cycle; damage model; strength; dynamic 
elastic modulus

distribution, and on the basis of the test data from 
the polypropylene fiber concrete under cyclic freez-
ing and thawing actions.

2 FREEZE-THAW TEST

2.1 Experiment materials

The design strength of polypropylene fiber con-
crete is C45. The ordinary Portland cement, coarse 
river sand with a maximum particle size of 20 mm, 
and polypropylene fiber with a length of 19 mm 
were used.

2.2 Freeze-thaw test

The specimens are divided into two 
series of specimens. The first series are 
100 mm × 100 mm × 100 mm cubic specimens, which 
are used to determine its compressive strength. The 
second series are 100 mm × 100 mm × 400 mm beam 
specimens, which are used to measure the relative 
dynamic elastic modulus, mass loss and flexural 
strength. Three different volume ratios of fiber 
contents were made. Fast freezing and thawing 
test method was adopted according to the Chinese 
national standard GB/T50082-2009. Freeze-thaw 
equipment come from Shanghai Sanhao refrig-
eration equipment factory. Before the experiment, 
specimen should be soak in the water of 20∼25 °C 
for 4 days to make the specimen come to water 
saturation state. Every freeze-thaw cycle is about 

1 INTRODUCTION

Concrete structure is often damaged by cyclic 
freeze-thaw actions in cold areas, and the freeze-
thaw resistance is regarded as the most important 
index of concrete durability[1]. The freeze-thaw 
damage can be understood as the internal damage 
of concrete structure. From the point of view of 
damage mechanics, the definition of damage vari-
able and the establishment of fiber concrete freeze-
thaw damage model under cyclic loading are of 
important reference value to the prediction of the 
life of concrete structures in cold area and the eval-
uation of the durability of concrete structure.

Polypropylene fiber can inhibit crack propaga-
tion, prevent crack diffusion, improve the long-
term performance of the concrete structure and 
improve structure durability. The frost resistance 
of polypropylene fiber reinforced concrete has 
been obtained a lot of attention. The study on 
freeze-thaw damage of fiber concrete has obtained 
certain results in experimental data and damage 
model[2–5]. The damage behavior of polypropyl-
ene fiber concrete in freeze-thaw is studied by 
conducting an experiments of freeze-thaw on the 
polypropylene fiber concrete specimens. From the 
macroscopic physical properties, the frost damage 
is reflected as the loss of dynamic elastic modu-
lus, the reduced mechanical properties, such as the 
compressive strength, the flexural strength. In this 
paper, a freeze-thaw damage model is established, 
which is based on the two parameter Weibull 
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4 hours, the frozen and melt state transition time 
is about 10 minutes. The temperature in the center 
of the specimen under completely frozen is −17 °C, 
and the highest temperature is about 8 °C.

3 EXPERIMENTAL RESULTS 
AND ANALYSIS

3.1 Experiment phenomena

When the freeze-thaw cycles are 50 times, the three 
groups of specimens emerge no obvious change, 
only have a small amount of thin skin loss. The 
polypropylene fiber concrete was not significantly 
exposed, and the mass loss of block is small, and 
even there were some slightly increasing trend. This 
shows that, after freeze-thaw action, the surface of 
concrete appear tiny cracks, cause the block absorbs 
water. The damage in the three groups of specimens 
are in a lesser degree. When cycle time of freeze-thaw 
reached 100 times, protective layer on the surface 
of the block is flaking off, peeling powder particles 
increased obviously. Due to the effect of polypropyl-
ene fiber, surface of fiber concrete cohere residual 
fragments which is not peeling off completely. When 
freeze-thaw cycles reached 150 times, protective layer 
of block surface peels off in great quantities. A major-
ity of internal aggregate has been exposed. Surface 
damage degree of fiber concrete with 0.75% fiber 
content is significantly better than that of plain con-
crete. The polypropylene fiber can alleviate the effect 
of concrete internal stress because of temperature 
variance, prevent the expansion of the micro cracks. 
With the increase of fiber content, the phenomenon 
is more obvious, and the quality loss rate is smaller. 
When freeze-thaw cycles reached 200 times, block 

surface layer has been exfoliated completely, inter-
nal aggregate naked completely. With the increase 
of fiber content, the damage degree of block surface 
have no obvious difference.

3.2 The mass loss rate and relative 
dynamic modulus

Specimen’s mass is measured after every 25 times 
freeze-thaw cycles. The relative dynamic elastic 
modulus for concrete is expressed:

P
f
fnPP nff=

2

0ff
2 100× %

 
(1)

where Pn represents specimen’s relative dynamic 
elastic modulus after n times freeze-thaw cycles 
(%); fn represents specimen’s transverse resonance 
frequency after n times freeze-thaw cycles (Hz); 
f0 represents specimen’s transverse resonance fre-
quency before freeze-thaw test (Hz).

Mass loss rate of concrete is expressed:

W
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(2)

where G0 represents specimen’s initial mass, Gn rep-
resents specimen’s mass after n times freeze-thaw 
cycles. The test data were shown in Table 1 and 
Table 2.

The relationship between freeze-thaw cycles and 
relative dynamic elastic modulus, mass loss rate 
are shown in Figure 1 and Figure 2, respectively. 
Figure 1 and 2 indicate that, for P1 and P2 group 
with polypropylene fibers, the loss of dynamic 
modulus and mass loss of concrete is less than that 

Table 1. The mass loss rate.

No.

The mass loss rate

25 times 50 times 75 times 100 times 125 times 150 times 175 times 200 times

P1 −0.31 0.56 0.94 1.67 2.32 2.84 3.44 4.15
P2 −0.16 0.43 0.91 1.52 2.20 2.41 2.79 3.39
P3 −0.09 0.28 0.72 1.21 1.67 2.16 2.45 2.84

Table 2. The relative dynamic elastic modulus.

No.

The relative dynamic elastic modulus

25 times 50 times 75 times 100 times 125 times 150 times 175 times 200 times

P1 98.21 95.78 91.66 86.40 81.57 75.28 69.49 62.60
P2 98.74 96.86 92.85 88.59 84.13 78.36 73.17 67.77
P3 98.24 98.24 94.90 90.95 87.82 83.65 78.24 76.87
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of plain concrete in each stage of freeze-thaw. And 
the reinforcing effect of high fiber content is bet-
ter than that of low fiber content. This shows that 
polypropylene fiber can improve the frost resist-
ance of concrete materials effectively.

3.3 Concrete freeze-thaw strength

With the increase of freeze-thaw cycles, internal 
damage is accumulated, and concrete compres-
sive strength and flexural strength is decreased, the 
strength tendency of concrete with different poly-
propylene fiber volume fractions was reflected in 
Figure 3 and Figure 4. For the compressive strength, 
the initial strength of concrete with 0.75% fiber con-
tent is enhanced, but with the number of freeze-thaw 
accumulate, strength decline quickly. Strength is 

least after 200 times freeze-thaw. For the specimens 
with 1.5% fiber content, strength is higher than 
plain concrete’s under different freeze-thaw cycles. 
Moreover, 1.5% fiber content is better than 0.75% 
fiber content. Adding fiber content has a more sig-
nificant effect for flexural strength. Fiber can signifi-
cantly increase the content’s flexural capacity, and 
two kinds of concrete of different fiber content have 
no significant difference for the flexural strength.

4 FREEZE-THAW DAMAGE MODEL

4.1 Definition of damage variable

The damage variable is defined as:

D
E
E

nE
= −1

0EE  
(3)

Figure 1. Mass loss for polypropylene fiber concrete.

Figure 2. Relative dynamic elastic modulus for poly-
propylene fiber concrete.

Figure 3. Compressive strength of polypropylene fiber 
concrete.

Figure 4. Flexure strength of polypropylene fiber 
concrete.
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When D is the damage variable, En is the 
dynamic elastic modulus of concrete after n times 
freeze-thaw cycles, E0 is the initial dynamic elastic 
modulus.

4.2 Freeze-thaw damage model

The Weibull distribution model can be regarded 
as the life of the material distribution model. 
 According to the two-parameter Weibull probabil-
ity model, the probability distribution function is:

F
N( )N exp= − −

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥1

η

β

 

(4)

where η is the characteristic parameter, β is shape 
parameter.

After n times of freeze-thaw cycles, the failure 
probability of concrete is:
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After n times freeze-thaw cycle, the damage of 
concrete is defined as D(n). When the freeze-thaw 
cycles of concrete achieves n, D(n) = 1, it means the 
failure of concrete material, failure rate Pf(N) = 1. 
To concrete material, after n times freeze-thaw 
cycles, failure rate of this material is Pf(n), while 
the failure damage of concrete is D(n), at this time 
we can regard failure rate of this material as the 
amount of damage, thus there be:

P DfP D( )n ( )n
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And that also is
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From the formula (7):
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Instruct Y = ln (ln (1/1 − D)), X = ln(n), formula 
(8) can be written as a first order linear function:

bX+a  (9)

Based on the definition of variable damage, the 
experiment data of the dynamic elastic modulus En 
can be used as the calculated value of freeze-thaw 
damage regulation D = 1 − En/E0.

In order to make the scatter (Xi Yi) reach the best 
state of linear, we can use maximum likelihood to 
estimation parameters a, b. Parameter estimation 
data as shown in Table 3.

Data points fall on a straight line basically as 
shown in Figure 5. All of the correlation coef-
ficient more than 0.97. This shows that choosing 
the two-parameter Weibull distribution probability 
model to establish fiber concrete freeze-thaw dam-
age constitutive model is rational.

Therefore, the freeze-thaw damage equation of 
different fiber content concrete is established as
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5 CONCLUSION

1. Polypropylene fibers on the structure hinders 
the permeate of concrete internal water, the 
frost resistance of concrete was enhanced from 

Table 3. Parameter of linear regression.

No. a b (β) η R2

P1  −9.252 1.592 334.153 0.99596
P2  −9.969 1.708 342.630 0.99409
P3 −10.385 1.726 410.264 0.97970

Figure 5. Linear fitting of Weibull distribution.
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the internal structure. With the increase of fiber 
volume, mass loss rate and the concrete of the 
dynamic modulus loss rate accumulated slowly 
with freezing thawing cycles. The polypropylene 
fiber can improve the frost resistance of con-
crete test piece.

2. Establishing concrete freeze-thaw model by using 
the Weibull probability distribution equation is 
feasible. The model can meet the experimental 
data well and reflect the real environment. So 
the model can be used as evaluation reference 
of the fiber concrete life under the action of 
freeze-thaw.

3. Concrete strength is improved under the action 
of freeze-thaw by mixing fiber, but with the 
cumulative number of freeze-thaw, the effect of 
polypropylene fiber hinder decline of concrete 
compressive strength is not very obvious, but 
fibers can improve the flexural strength signifi-
cantly obviously. Finally, the damage model of 
polypropylene fiber concrete is established, and 
the experimental data fitting accuracy is higher. 
But the damage model still need a lot of test 
data to verify.
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Design and application of real-time deformation monitoring 
system for factory building

XiaoDong Pan, ZhiBin Yao & Lei Zhao
College of Civil Engineering, Zhejiang University of Technology, Hangzhou, China

ABSTRACT: It is hard to detect the settlement and incline of the structure timely and accurately by the 
traditional methods of measurement, which use level and total station. This program will establish a set 
of system for real-time deformation monitoring and safety warning. The whole system consists of sensor 
module, signal transmission module, signal processing module, and feedback module. The deformation 
of factory structure can be precisely and continuously monitored in the coming years. If  the deformation 
exceeds warning level, the system will be automatically alarmed. This paper will analyze the components 
of system and the principle of monitoring. The foundation settlement and inclination of a machine repair 
workshop is monitored and the feasibility of the system is verified.

Keywords: real-time monitoring; sensor; monitoring system; safety warning

2 THE MONITORING PRINCIPLE AND 
SYSTEM COMPOSITION

2.1 The monitoring principle

Single-layer factory building is composed of vertical 
and horizontal framed bents. We generally calculate 

1 INTRODUCTION

In recent years, we routinely use the total sta-
tion and other conventional measuring instru-
ments to measure structural settlement and 
deformation. But the conventional methods have 
some disadvantages. It will take a long and slow 
process for them to obtain the deformation. It is 
difficult to reflect the health and safety of  struc-
ture in time because the measuring frequency is 
not enough.

The deformation monitoring is a series of long-
term and repetitive measuring work. The key 
of monitoring is setting monitoring point in the 
important position of the structure and observ-
ing periodically to obtain the information of 
deformation. Then we need to check and process 
the deformation data and ensure the safety of the 
construction. Therefore, it has important signifi-
cance to establish a structural health monitoring 
system, which can immediately make the monitor-
ing deformation of structure be done and diagnose 
its safety.

For that reason, we need to establish a high 
degree of automation system which can timely 
measure out the deformation and transmit to the 
computer. Then through the software system of 
data processing, the monitoring system will achieve 
automatic identification and let users have a clear 
understanding of the deformation condition in 
a graphical form. The system will automatically 
be alarmed if  the deformation exceeds the alarm 
value.

Figure 1. Settlement and incline influence to structure.

Figure 2. Design of system structure.
1—monitoring fixed mount, 2—supply for electrical, 
3—signal bus, 4—processing system, 5—warning indicat-
ing device, 6—static force level, 7—biaxial inclinometer, 
8—Benchmark static force level, 9—connecting wire, and 
10—remote feedback device.
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the transverse frame bent for structure analysis. So we 
can choose a representative framework in the whole 
structure as a calculated element. Uneven settlement 
and inclination will induce the structural change 
due to its internal force and cause deformation. The 
schematic diagram is shown in Figure 1.

At the bottom of each frame column, sensors 
will be installed and the signal from the sensors will 
be output to the processing system by transmission 
module. Then, the results of the settlement and 
inclination will be displayed on a computer screen 
in the form of a graph. Finally, the system will out-
put signal to the warning device.

2.2 System composition

According to the single-layer factory structure 
model, a system that can do real-time measurements, 
settlement, and inclination is designed. The whole 
system can be divided into four modules: sensor 
module, signal transmission module, signal process-
ing module, and feedback module. The design of 
system construction has been shown in Figure 2.

Sensor module: we regard a frame column as a 
monitoring element, and then install sensors at the 
bottom of each frame column to get the data of 
settlement and inclination of every moment. We 
will get the settlement date from static force level 
and t the inclination from biaxial inclinometer. 
The monitoring content is shown in Table 1.

Signal transmission module: This module is 
composed of a serial port communication, con-
necting wire, signal bus, and so on. It can realize 
the data transmission.

Signal processing module and feedback module: 
The main function of this module is to manage and 
collect dates, analyze structure safety, and give sig-
nal back to the remote feedback device. We choose 
Microsoft Visual Studio 2008, which can display 
monitoring data in the form of dynamic graphic 
to design the program code of safety warning sys-
tem. According to the different security level, the 
system will give the device a corresponding signal. 
Once the monitoring data have achieved a warning 
value, the device will be warned.

3 FIELD TEST

3.1 Engineering background

Due to age, the factory building has been degraded 
in the process of using and has a hidden trouble 

in security issue. The main deformation monitor-
ing work is measuring the settlement and inclina-
tion of the factory building. The work has begun 
in October 2013 and has been finished in March 
2014, lasting half-a-year.

3.2 Arrangement of measuring points

When we arrange sensor placement for factory 
building, we should fully consider the influence 
of the wires on daily work. On this basis, we opti-
mize economic efficiency by the way of choosing 
sensor wire path which has the shortest and the 
least interference to the factory daily operation. 
According to the factory building layout and engi-
neering characteristics, we decorate seven monitor-
ing points and a datum mark. Monitoring points 
(JX1, JX2, JX3, JX4, JX5, JX6, JX7 and GZ01) 
are shown in Figure 3.

4 MONITORING DATA ANALYSIS

4.1 Monitoring data statistics

The factory building has been real-time monitored 
for more than six months. Monitoring frequency 

Table 1. The structure deformation monitoring content.

Monitoring content Monitoring technology Monitoring instrument Monitoring period Monitoring type

Settlement Physics sensors Static force level Dynamic Real-time automatic
Inclination Physics sensors Biaxial inclinometer Dynamic Real-time automatic

Figure 3. Monitoring point of factory building.
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is twice a day and no less than 50 times a month. 
According to the surrounding environmental situ-
ation, we appropriately increase or decrease moni-
toring frequency. Based on the monitoring data, 
we draw the settlement curve in Figure 4 and the 
biaxial angle statistics in Table 2.

4.2 The summary and rating of monitoring

The settlement points JX1, JX2, JX5, and JX7 
are larger than others. The biggest was JX5 whose 

accumulated maximum settlement is 11.1 mm and 
maximum subsidence rate (the ratio of cumula-
tive settlement monitoring and monitoring time) is 
0.0845 mm/d. Generally speaking, the settlement 
point which is close to the road side is bigger than 
others. The inclination point of JX2 and JX5 are 
larger; their maximum angle is 0.045 degrees.

According to the current national standard 
“industrial building reliability appraisal standard” 
GB 50144-50144, we assess the safety of factory 
building which is on A level.

Table 2. The biaxial angle statistics of factory building.

Direction
October–
November

November–
December

December–
January

January–
February

February–
March

Max 
inclination

JX1 x  0.02  0.02  0.01  0.01  0.01 0.028
y −0.02 −0.01 −0.02 −0.02 −0.02

JX2 x  0.01  0.01  0.02  0.02  0.01 0.045
y  0.03  0.03  0.04  0.03  0.02

JX3 x  0.01  0.00 −0.01 −0.01  0.01 0.032
y −0.02 −0.03 −0.03 −0.03 −0.02

JX4 x −0.01 −0.01  0.00  0.01 −0.01 0.032
y  0.02  0.03  0.03  0.03  0.02

JX5 x −0.02 −0.02 −0.02 −0.02 −0.01 0.036
y −0.03 −0.02 −0.01 −0.01 −0.02

JX6 x −0.01 −0.02 −0.03 −0.04 −0.01 0.045
y  0.01  0.01  0.01  0.02  0.01

JX7 x −0.01 −0.01  0.00  0.00 −0.01 0.032
y −0.03 −0.03 −0.03 −0.03 −0.02

Figure 4. The accumulated settlement curve of four monitoring points (JX1, JX2, JX5, and JX7).
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5 CONCLUSION

Real-time deformation monitoring system for fac-
tory building overcomes the defects of the tradi-
tional monitoring which cannot finish timely, 
long-term monitoring. The interface is simple and 
users can see the deformation of structure on the 
remote PC and mobile phones. Monitoring data 
and warning signs can be displayed in the form 
of dynamic graphic in time. The feasibility of the 
system is verified by the application of real-time 
deformation monitoring system. Monitoring 
results show that the system is able to coordinate 
the operation and realize the expected function 
design. What is more, the system provides a use-
ful data for the structure safety assessment method 
and accumulates engineering experience for similar 
deformation monitoring system.
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Analysis for seismic performance of sheer wall-steel truss structure 
system

Weidong Sun, Xinyu Niu & Hongbin Chen
Jilin Key Laboratory of Disaster Prevention and Reduction, Faculty of Civil Engineering, Changchun Institute 
of Technology, Changchun, China

ABSTRACT: In order to reduce the seismic response of concrete sheer wall structure and prevent it from 
brittle failure, concrete sheer wall and steel truss are combined to form the sheer wall-steel truss structure 
system, and the steel truss system is equipped with buckling-restrained brace to strengthen the energy 
consumption capacity of the structure and decrease the seismic response. A framed-tube structure model 
is used as example in this paper. The tube has ordinary concrete tube structure and sheer wall-steel truss 
structure. Dynamic elastic-plastic time-history analysis method is used to analyze the seismic response 
of different cases under the rarely met earthquake. The calculation result showed that, seismic response 
of the sheer wall-steel truss structure system’s storey shift, speed, acceleration and total shearing force of 
substrate has been effectively controlled, thus reducing the seismic response of the overall structure.

Keywords: sheer wall-steel truss structure; seismic response; time history analysis; seismic damping effect

anti-lateral force rigidity of the sheer wall, and 
the steel truss has excellent ductility and energy 
consumption capacity, which only needs simple 
construction, convenient for repair and replacement 
after earthquake. When a hole opening is required 

1 INTRODUCTION

Concrete sheer wall structure is featured by big rigid-
ity and strong anti-lateral force, which is extensively 
applied in high-rise buildings; the sheer wall, how-
ever, has big rigidity resulting in stronger seismic 
response, and easily causes brittle failure. Its main 
problems are to ensure the sheer wall structure to 
have enough anti-lateral force rigidity under normal 
operation, and reduce seismic response in case of 
rarely met earthquake to prevent against brittle fail-
ure. Therefore, domestic and foreign scholars have 
studied many approaches [1, 2]. Current approaches 
mainly start with the sheer wall itself and take meas-
ures, leading to more difficult construction and 
higher cost. The author has proposed, based on the 
structure system, combining concrete sheer wall and 
steel truss to form sheer wall-steel truss structure sys-
tem, and installing some buckling-restrained brace 
dampers in the truss system to increase the energy 
consumption capacity of the structure, and lessen 
its seismic response [3]. The schematic diagram of 
sheer wall-steel truss structure system is as shown in 
Figure 1. The buckling-restrained brace has advan-
tages of low cost, good energy consumption, very 
stable hysteresis property, excellent low cycle fatigue 
property, strong adaptability to environment and 
temperature, and long-term stable performance [4]. 
In normal operation stage, the buckling-restrained 
brace can be used as ordinary rod; in case of rarely 
met earthquake, it can be yielded first to play its 
role in energy consumption. Such structure owns 

Figure 1. Schematic diagram of sheer wall-steel truss 
structure system.
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for construction, a reasonable support form can be 
placed for making the hole opening. If the hole is 
not unnecessary, thermal insulation materials can 
be filled.

In order to analyze the seismic resistance of 
sheer wall-steel truss structure system, in this 
paper, a framed-tube structure model is taken 
as an example. The tube has ordinary concrete 
tube structure and sheer wall-steel truss struc-
ture. Dynamic elastic-plastic time-history analysis 
method is used to analyze the seismic response of 
different cases under the rarely met earthquake to 
compare the seismic damping effect of steel truss-
sheer wall structure.

2 CALCULATION MODEL 
AND CALCULATION CASE

2.1 Calculation model

The layout of frame-core tube structure is as shown 
in Figure 2. The structure has 27 storeys, substrate 
storey is 4.2 m high, and 2–27 storeys are 3.6 m 
high. Specific dimensions of columns, beams and 
wall components are as shown in Table 1. The floor 
thickness is 0.12 m. The floor’s constant standard 
load is 4 kN/m2, standard live load 2.5 kN/m2, 
roof’s constant standard load, and standard active 
load 2 kN/m2. The standard linear load of frame 
beams surrounding the storey is 8.0 kN/m, and the 
standard linear load of frame beams surrounding 
the roof is 3.0 kN/m. 

2.2 Calculation case

3 structural cases are adopted in this paper: CASE1: 
the tube has ordinary concrete tube structure, and 

hole openings are made at X and Y directions of the 
core tube (see Fig. 2), with width 3 m, height of first 
storey 2.7 m, and height of other storeys 2.4 m. The 
place with the opening width is installed with ordi-
nary reinforced concrete coupling beams; CASE2: 
the tube has sheer wall-braced frame, and the truss 
can meet the construction requirements and is 
arranged for the purpose of reasonable stress and 
convenient construction. The steel truss is placed at 
X direction of the tube is as shown in Figure 1. The 
diagonal web member is equipped with buckling-re-
strained brace. Y direction of the tube can accom-
plish the construction functions. The hole width 
span is broadened, that is, the horizontal span of 
truss in the middle of the tube is increased. The diag-
onal web member is arranged as reverse V shape for 
setting up openings. The schematic diagram of truss 
is as shown in Figure 3. The diagonal web member 
also adopts buckling- restrained brace; CASE3: the 
structural layout same as CASE2 is used. The only 
difference is that, buckling-restrained brace is only 
used in truss diagonal web members at 8–12 sto-
reys with big calculation shift in CASE1, and the 
remaining storeys of truss diagonal web members 
are ordinary steel rods.

When designing truss rods in CASE2 and 
CASE3, we will enable two cases inter-storey angle 
shift under the effect of frequent earthquake to be 
basically in conformity with CASE1, ensure the 
deformation capacity of two cases during nor-
mal application, and make two cases realize early 
yield of buckling-restrained brace when the big 
earthquake happens. Rod types and dimensions of 
CASE2 and CASE3 got from repeated calculations 
are as shown in Figure 3 and Figure 4.

Main aim of this paper is to compare the seis-
mic response of three cases in the effect of rarely Figure 2. Structural layout of frame-core tube.

Table 1. Dimension table of calculation model con-
struction members.

Member
Dimension
(mm)

Concrete 
grade Storey

Column 1000 × 1000 C50 1–5 storeys
 900 × 900 6–10 storeys
 800 × 800 11–15 storeys
 700 × 700 16–20 storeys
 600 × 600 21–27 storeys

Secondary 
beam

 300 × 600 C40 1–27 storeys

Main 
beam

 350 × 750 C40 1–9 storeys
 350 × 700 10–19 storeys
 300 × 700 20–27 storeys
400 C50 1–9 storeys
300 10–19 storeys
200 20–27 storeys
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met earthquake. The buckling-restrained brace 
and some structural members will enter elastic-
plastic stage in the effect of rarely met earthquake, 
so dynamic elastic-plastic time history analysis 
method is used for analysis. This case uses compo-
nents of EL Centro seismic waves in 1940 at south 
and north directions for dynamic elastic-plastic 
time history analysis. Maximum acceleration of 
the seismic wave is 3.417 m/s2. Ground acceleration 
time history is as shown in Figure 5.

Midas/Gen analysis software is used for dynamic 
elastic-plastic time history analysis, buckling-
 restrained brace is simulated with nonlinear linkage 
unit—hysteresis system in Midas/Gen, and the hys-
teresis system is consisted of 6 springs with unidi-
rectional plasticity at the degree of freedom. In this 
project, only Dx (axial direction) has characteristic 

value of spring plasticity. The model of hysteresis 
system is as shown in Figure 6. According to the 
early-stage buckling-restrained brace test result, set 
up elastic rigidity k of buckling-restrained brace as 
1.24 × 106 kN/m, yield strength Fy 2632 kN, specific 
value r between rigidity and elastic rigidity after 
yielding of buckling-restrained brace 0.1, and yield 
index s of buckling-restrained brace 2. The relational 
expression of strength f and deformation d is:

f  =  r ⋅ k ⋅ d + (1 − r) Fy ⋅ z. (1)

3 CALCULATION RESULT ANALYSIS

3.1 Comparative analysis of shift, 
speed and acceleration

The dynamic elastic-plastic time history analy-
sis result of shift, speed and acceleration at top 
storey and the ninth storey in 3 cases is as shown in 
Table 2. The curve of shift, speed and acceleration 
time history curve at the ninth storey is as shown 
in Figure 7, Figure 8 and Figure 9. According to 
the analysis result, the seismic response of sheer 
wall-steel truss structure system regarding storey 
shift, speed and acceleration is smaller than that 
of ordinary concrete tube structure. Compared 
with CASE1, average control rate of three indexes 
in CASE2 and CASE3 is 10%–20%; based on the 
contrast between CASE3 and CASE2, the aver-
age control rate at each storey is similar, indicat-
ing that installing buckling-restrained brace at the 

Figure 3. Single inclined layout of diagonal web 
member.

Figure 4. Schematic diagram of reverse V shape layout 
of diagonal web member.

Figure 5. Schematic diagram of components accel-
eration of EL centro seismic waves at south and north 
directions.

Figure 6. Model of buckling-restrained brace hysteresis 
system.
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Table 2. Analysis result table of shift, speed and acceleration.

Seismic response

CASE1 CASE2

Seismic response 
peak value

Seismic response peak 
value

Control rate compared 
with CASE1

Top storey shift (m)  0.169  0.135 18.45%
−0.143 −0.119

Top storey speed (m/s)  0.912  0.754 11.65%
−1.005 −0.945

Top storey acceleration (m/s2)  5.586  4.789 16.49%
−7.576 −6.158

9th storey shift (m)  0.033  0.031 13.64%
−0.033 −0.026

9th storey speed (m/s)  0.227  0.180 21.03%
−0.206 −0.162

9th storey
acceleration (m/s2)

 2.364  1.770 21.34%
−2.877 −2.372

Seismic response

CASE3

Seismic response 
peak value

Control rate compared 
with CASE1

Control rate compared 
with CASE2

Top storey shift (m)  0.145 16.19% −2.86%
−0.117

Top storey speed (m/s)  0.736 14.97% −2.86%
−0.898

Top storey acceleration (m/s2)  4.773 17.41%  3.68%
−6.041

9th storey shift (m)  0.027 21.21%  1.12%
−0.025

9th storey speed (m/s)  0.162 26.94%  8.34%
−0.154

9th storey acceleration (m/s2)  1.718 25.22%  4.84%
−2.212

Figure 7. Curve graph of 9th storey shift time history. Figure 8. Curve graph of 9th storey speed time history.

storey with big lateral sway can get good effect. 
The buckling-restrained brace placed at the storeys 
with small inter-storey shift is always elastic, stop-
ping the ordinary steel rod from exerting the role 
of energy consumption and seismic damping. The 
comparative diagram of inter-storey shift angles 
of CASE1 and CASE3 is as shown in Figure 10. 
The correlation curve can show that, under the 
effect of rarely met earthquake, the inter-storey 

shift angle of sheer wall-steel truss structure has 
become smaller than that of ordinary concrete 
tube structure.

3.2 Comparative analysis for total shearing 
force at the structure substrate

The analysis result of total shearing force at the 
structure substrate is as shown in Table 3.
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According to the time history analysis result, 
the total substrate shearing force peak value of 
sheer wall-braced-frame system fell by 12.34% and 
16.46% compared with the ordinary concrete tube 
structure, so the difference between CASE2 and 
CASE3 is not obvious.

4 SUMMARY

Based on the analysis for dynamic elastic-plastic 
time history in the effect of rarely met earthquake 
of three cases, the following conclusion is given 
below:

• Compared with ordinary reinforced concrete 
tube structure case, seismic response of the sheer 
wall-steel truss structure system’s storey shift, 
speed, acceleration and total shearing force of 
substrate has been effectively controlled.

• In the sheer wall-steel truss structure system, all 
storeys are arranged with buckling-restrained 
brace. Compared with the case that only sets 
up buckling-restrained brace at the storeys with 
big inter-storey shift, the difference between 
their seismic damping effect is not big, indicat-
ing that, installing buckling-restrained brace 
at the storeys with big inter-storey shift can 
exert stronger seismic damping function. The 
buckling-restrained brace placed at the storeys 
with small inter-storey shift is always in elastic 
stage, so it can only play a role of the normal 
steel rod, and its energy consumption and seis-
mic damping functions cannot be fully exerted.
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Figure 9. Curve graph of 9th storey acceleration time 
history.

Figure 10. Comparative graph of inter-storey shift 
angles of CASE1 and CASE3.

Table 3. Table of analysis result of total shearing force 
at the structure substrate.

CASE CASE1 CASE2

Content

Seismic 
response 
peak value

Seismic 
response 
peak value

Control rate 
compared 
with CASE1

Total substrate 
shearing force 
(kN) and 
control rate

50118 46635 12.34%
−48231 −39678

CASE CASE3

Content

Seismic 
response 
peak value

Control
rate 
compared 
with CASE1

Control rate 
compared 
with CASE2

Total substrate 
shearing force 
(kN) and 
control rate

45531 16.46% 4.86%
−36763
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ABSTRACT: Seismic retrofitting of the cultural heritage, especially of the historic buildings, requires com-
pliance with the severe restrictions of Code related to the preservation of the original artistic and structural 
features. In order to meet the rebuilding needs, safety inspection, seismic evaluation and strengthening design 
for a historic building are carried out. This building, completed in 1930s, was designed without considering 
the effect of possible earthquakes which cannot meet the current seismic criteria. Safety and seismic behavior 
are analyzed. According to the evaluation, the design idea and strengthening methods are put forward.

Keywords: historic building; seismic evaluation; retrofit; design criteria

performance of existing historic buildings in 
Shanghai (see Fig. 1). As many rehabilitation 
projects, the existing as-built documentation of 
the structural system was sparse. This structure 
was designed without considering the effect of 
possible earthquakes. The seismic design forces are 
significantly lower than what is now required by 
the current standard.

A 9-story historic building is located in Shang-
hai, China, and was designed and constructed in 
early 1930s per the applicable building codes at the 
time of construction. It is a reinforced concrete 
frame building with brick infill walls, and elevator 
shafts, flues and part of stair well walls are solid 
reinforced concrete walls. Therefore, the lateral 
system for the building consists of a non-ductile 
reinforced concrete frame system. The building is 
U-shaped in plan, as shown in Figure 1, with two, 

1 INTRODUCTION

There are many historic buildings in Shanghai. 
In order to reuse the available existing buildings, 
structures must be adapted for the new use and 
upgraded to current building code requirements. 
However, few historic buildings meet current code 
seismic requirements for life safety, and most have 
architecturally significant elements that are threat-
ened by future earthquakes.

The need for evaluating the seismic adequacy 
of those existing buildings has come into focus 
following the damage of numerous concrete struc-
tures during earthquakes. In particular, the seismic 
rehabilitation of older concrete buildings, which 
were designed prior to the advent of modem seis-
mic design codes, is a matter of growing concern.

We know almost everything about earthquakes 
(in reality every earthquake teaches us something 
more) and how to mitigate their risks but the major 
problem are all the buildings erected before the 
Standards were issued. Seismic retrofitting means 
improving the resistance of a structure so that it 
will be in accordance with the seismic standards. 
Hence, it is necessary to evaluate these building’s 
seismic performance and to retrofit them using 
appropriate methods.

2 APPLICATION EXAMPLE

A typical historic concrete building is selected as 
an application example to evaluate the seismic Figure 1. Plan view of case study building.
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9-story wings almost equally expanded 9.3 m. The 
28.88 m tall building is 44.2 m long and 22.2 m 
wide. The first story height is 3.97 m and the others 
are 3.05 m. There are four elevators. The building 
is supported on a pile foundation system.

3 EVALUATION OF EXISTING BUILDING

In any retrofit project the foremost problem the 
structural engineer is faced with is the evaluation 
of the existing structural strength and deformation 
capacity. For nonhistoric structures, these issues 
are not very important since the primary intent of 
retrofit there is to provide life safety. For histori-
cally significant structures, where the performance 
objective extends beyond those of life safety and 
includes protection of architectural features, a reli-
able estimate of the existing structural capacity 
and of the dynamic characteristics of the structure 
is important.

3.1 Comprehensive material testing

Coring samples and laboratorial testing for con-
crete and reinforcing steel was conducted by a 
licensed testing laboratory.

According to standard requirements, a minimum 
of three samples of concrete cores and reinforcing 
steel were extracted from the various structural 
components and tested. The final testing result 
shows that the concrete strength (fc) varies from 
16.8 MPa to 25 MPa, and the average is 21.6 MPa. 
The yield strength (fy) of reinforcing steel varies 
from 500 MPa to 512 MPa. In addition to destruc-
tive tests, several site visits and condition assess-
ments investigations were conducted. Concrete 
members appeared intact with minimal cracking 
or evidence of reinforcement corrosions. The in-
situ dimensions, member sizes, reinforcement sizes, 
and concrete cover are all measured.

3.2 Modal analysis

Structural analysis was performed to assess the 
seismic performance of  the building and iden-
tify deficiencies (see Fig. 2). The analytical model 
of  the building incorporated the dimensions of 
structural members measured on site. The beam-
column joints located around the perimeter of 
the building are taken as rigid joints. The inte-
rior beams of  frame are taken as hinged joints 
due to fewer bars. Except the shear walls of  two 
elevator shafts, others can’t link with the ground. 
Structural walls and floor slabs were modeled 
using shell elements, whereas line elements were 
used for the beams and columns. Walls and col-
umns were assumed to be restrained at the foun-
dation level with full fixity.

3.3 Structural analysis

Seismic fortification intensity is 7 degree.  According 
to the result, the building periods in the x- and 
y- directions are similar. The first mode is 1.20 s in 
the X direction. The second one is 1.19 s, which rep-
resents the vibration in the Y direction. The third 
mode is 0.86 s, which represents the torsional vibra-
tion of the structures. The maximum story drifts is 
1/547 in the X direction and 1/486 in the Y direction. 
This analysis clearly indicated that the building has 
lowly torsional response and excessive story drift.

A preliminary evaluation of the building revealed 
several seismic deficiencies, including the following.

(1) non-ductile detailing, such as lack of beam 
confinement reinforcement, (2) flexible lateral 
system with excessive building deflections, and 
(3) inadequate strength of the shear walls at the 
stairwells. In addition, the foundation pressure 
under columns mainly meets the requirements of 
bearing capacity of foundation soil.

3.4 Structural shortcomings in details

A preliminary investigation of this historic struc-
ture was performed to determine the building’s abil-
ity to adequately respond to future seismic events. 
The results of analytical investigations showed that 
the building in its current configuration possessed 
major seismic deficiencies. The main structural 
deficiencies are the following:

• Structural system: irregularities in the col-
umn grid; the lack of beams at the corridor is 
an irregularity; discontinuity in vertical lateral 

Figure 2. Model of structure.

ICCAHE15_Book.indb   138ICCAHE15_Book.indb   138 11/17/2015   6:25:36 AM11/17/2015   6:25:36 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-28&iName=master.img-001.jpg&w=184&h=201


139

components due to many transfer components. 
All of these can lead to important damage in 
this part of the building during an earthquake.

• Reinforcement details: the lack of bars at the 
end of beams; the lack of hooping in the core 
area of beam-and-column joint; no bars at the 
top of slabs.

• Size of member section: part of the columns sec-
tion is too small; the thickness of elevator shafts 
walls, which act as shear walls, is small.

• Other details: Inadequate anchorage bars of col-
umn reinforcement into the filler walls.

In conclusion, seismic deficiencies that should 
be evaluated include shear walls that are not prop-
erly reinforced; irregular features like concrete 
walls or columns; components weakened due to 
less reinforcement and sections; insufficient lateral 
capacity of the building. The methods described 
below are commonly used for concrete buildings 
based on these deficiencies.

4 RETROFIT DESIGN

4.1 Design criteria

Since the renovation constitutes major structural 
changes, the structure in the new configuration 
must comply with the current seismic provisions 
of 2010 Code for Seismic Design of Buildings and 
2009 Technical Specification for seismic strength-
ening of Buildings (Ministry of Construction of 
the People’s Republic of China), which provide 
guidance for evaluating the seismic performance 
of existing structures and determining the neces-
sary retrofitting methods to achieve the perform-
ance objectives. In addition, since it’s a historical 
building, it must comply with the more stringent 
requirements of 2004 Protective Technology Cri-
terion for Remarkable Historic Architecture in 
Shanghai. Furthermore, Shanghai Cultural Relics 
Protection Law stipulates owners of the protected 
buildings cannot change the facade, structure or 
inner decoration of the buildings.

4.2 Retrofit objective

The main objective of retrofit is to be cost-effective, 
applicable and functional solution that upgrades 
the seismic safety of the building to meet the 
desired performance criteria. An effective retrofit 
application should avoid the possibility of non-
ductile failure modes by proper precautions.

4.3 Strengthening shear walls

To mitigate the above-mentioned seismic defi-
ciencies, a comprehensive retrofit methodology 

was investigated. The components of the seismic 
retrofit are briefly discussed here.

Strengthening shear walls with RC layers is a 
conventional method of strengthening in China. 
In this method a mesh of reinforcing bars is first 
placed in one or both sides of the wall and then 
it is covered with a thin concrete layer (Fig. 3). 
The concrete layer and reinforcing bars should be 
anchored to the wall to ensure that the wall and RC 
layers work together.

Considering the service requirement of eleva-
tor shafts, a 60 mm thick shotcrete cover would 
be applied to the exterior faces of the perimeter 
walls. The shotcrete will be reinforced with a hori-
zontal and a vertical mat of closely spaced No. 8 
reinforcement. Sufficient dowels will be provided 
to attach the shotcrete to the existing walls to 
ensure that the completed unit works in unison. As 
a result, the effective reinforcement ratio and spac-
ing of reinforcement would then meet the current 
Code requirements. By extending the shotcrete 
vertical reinforcement mat through the slab, these 
bars would be used to provide sufficient anchorage 
of the slab.

4.4 Strengthening beams using Carbon 
Fiber Reinforced Polymer (CFRP)

The substandard beams would also be retrofitted 
by externally bonded CFRP. CFRP can be used 
for increasing beams strength. It is observed that 
CFRP retrofits increase the flexural and shear 
strength of beams. In addition to the high strength-
to-weight ratio and excellent corrosion resistance 
of CFRP composites, the bonded CFRP strength-
ening technique has many advantages, such as its 
simplicity of construction and minimal impact on 
the dimensions and service conditions of existing 
structures. Due to the flexibility of CFRP fabrics, 
they are also easy to install and can have an advan-
tage when the retrofit is applied at hard-to-reach 
locations.

One or two horizontal CFRP sheet and fibers 
oriented in longitudinal direction was first installed 

Figure 3. Typical detail of concrete wall strengthening 
with reinforced concrete layer.
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at each side of the beam web (Fig. 4). Two layers of 
CFRP bonded at the bottom of the whole beam. 
The vertical U-shaped CFRP sheets were then 
applied followed by the installation of a mechani-
cal end anchorage. The U-shaped CFRP sheets had 
a width of 200 mm and a center-to-center spacing 
of 400 mm. The web corners were chamfered to 
a radius of approximately 10 mm prior to CFRP 
application.

5 SUMMARY AND CONCLUSIONS

The traditional historical buildings are generally 
more affected during earthquakes. For historic 
buildings, the selection of retrofit should be based 
on the existing constraints, desired superstructure 
performance, and the overall economics. There are 
number of seismic retrofit techniques available for 
concrete structures, depending on the type and 

condition of the deficiencies. It is important to 
obtain accurate as-built information and analytical 
data to perform a seismic evaluation of the exist-
ing structure and to select the appropriate retro-
fitting strategy. The selection of retrofit is based 
on the results of seismic performance evaluation. 
Furthermore, appropriate seismic retrofit can 
effectively achieve life safety criteria and minimize 
damage to the typical architectural features of his-
toric buildings.
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ABSTRACT: Fiber Reinforced Polymer or plastics (FRP) has been widely used as a new material for 
strengthening existing civil infrastructures, due to their advantages in the high tensile strength, light 
weight, ease for construction, no addition to dimensions of members etc. There have been a number of 
studies on the uses of this technique. But theoretic researches of those still drops behind in its applica-
tions in construction and the need being further perfected. In order to confirm the calculating method of 
FRP confined concrete circular columns in engineering practice and based on relevant results of stud-
ies, authors have analyzed the representational FRP confined concrete strength models and compared 
the value of these models with the data of relevant experiments. Analyzed the precision from strength 
constraint factor and concrete strength, and fitted the collected data for two different forms and then pro-
posed an improved simplified model for calculating axial compressive strength of FRP confined columns. 
The value of this model could tally with the experimental results. The proposed model may be a reference 
for practical engineering.

Keywords: FRP circular concrete columns; the axial compressive strength; strength calculating model

leads to the destruction of the components. The 
core concrete in three-way compression state in the 
whole loading process, and the FRP material in a 
vertical pressure—ring pull bidirectional stress state 
in the late stress and FRP materials mainly subject 
to ring tensile stress. The stress of the FRP material 
mechanics model is as shown in Figure 1. The thick-
ness of FRP, ultimate tensile strength and the diam-
eter of the core concrete have an effect on the size 
of the core concrete  binding. Through calculations 
we can get the formula of fl = 2ff t/D, fl on behalf  
of the FRP binding of circular concrete columns; ff 
and t, respectively, representing the ultimate tensile 
strength of FRP materials and thickness; D repre-
senting the diameter of the core concrete.

1 INTRODUCTION

FRP confined concrete is of passive constraints. 
When FRP confined concrete columns under axial 
pressure and lateral expansion of concrete column 
results in FRP materials’ hoop tension, tension of 
FRP with hoop strength also, in turn, limits the 
lateral of the concrete column, which make the 
restraining affection of concrete column. What’s 
more, making concrete column in the three-way 
compression state, and the bearing capacity of 
reinforced concrete columns and ductility can be 
increased at the same time. Starting from the ini-
tial loading stage, the difference of ring expansion 
deformation between FRP materiel and concrete 
was produced because of the difference of stiffness 
and Poisson’s ratio. The deformation of concrete is 
greater than FRP outsourcing material, and then a 
squeeze between the two is made, generating con-
straint stress. Early constraint stress to a certain 
extent delayed the initial cracks to appear. With the 
increase of axial load, longitudinal cracks began 
to appear, and the lateral strain growth is increas-
ing quickly, and this intensifies the squeezing effect 
between FRP outsourcing material and the core 
concrete, and due to the increasing of restraint 
stress, the further development of longitudinal 
cracks in the concrete gets restricted, and also the 
compressive strength of the concrete is improved. 
When load increases to maximum axial load, FRP 
material is destroyed and the longitudinal stress 
of the core concrete is also at a peak, eventually it 

Figure 1. The stress of the FRP material mechanics 
model.
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2 DATA COLLECTION

Since the 1980s, various countries’ scholars have 
done a lot of experimental studies on FRP con-
fined concrete. The author collected 182 groups 
of experimental data of past scholars. Having 
established fl/fco and fcc/fco as the X axis and Y 
axis of rectangular coordinate system as shown 
in the Figure 2, f ′cc and fcc, respectively, represent 
the calculation axial compressive strength and 
experimental axial compressive strength of FRP 
confined concrete specimens, fco represent the axial 
compressive strength of concrete specimens of no 
lateral stress constraints.

3 THE EXISTING CALCULATION 
MODELS

1. At present, scholars home and abroad have 
proposed many strength model. Listed some of 
them which have representation as follows:
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2. To see the difference of calculated value and 
experimental value, the corresponding charts 
are listed in the Figure 3. From the chart we 
can see the calculated value of Wang and Wu’s 
model is larger and the precision of Youssef’s 

Figure 2. Scholars and their data.
Figure 3. Performance of existing models for circular 
columns.
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and Teng’s model is higher than Wang and Wu’s 
model in this data. But the strength calculation 
value of Youssef’s and Teng’s model is respec-
tively bigger and smaller than the experimental 
value. So it is necessary to put forward the pre-
cise calculating model which has more exten-
sively applicable scope.

4 FITTING CALCULATION MODEL

In this paper, by fitting the collected data, we get 
two different forms of strength calculating mod-
els listed in the Figure 4 and 5. The accuracy from 
the aspects of constraint intensity coefficient and 
strength of concrete are compared. It can be easily 
obtained by chart, the precision of the two fitting 
models are similar, and they basically can make all 
the data scatter evenly distributed on both sides of 
bisector.

Figure 4. Linear fitting model.

Figure 5. Exponential fitting model.

Figure 6. Performance of fitting models for circular 
columns.

5 MODEL ANALYSIS AND COMPARISON

In order to select the optimum FRP strength calcula-
tion model, the average of fcc′ /fcc, discrete  coefficient 
(Cv) and ∑Q are listed as follows. We all know that 
the closer the average is to 1.00, the smaller the dis-
crete coefficient and the smaller the value ∑Q, the 
degree of discrete is higher. The discrete degree of 
Wang and Wu’s model and Youssef’s model is big 
and the discrete degree of Teng’s model and two 
fitting models is small, the average is closer to 1, 
therefore, in this paper, the accuracy is significantly 
better than the first two models, has a better agree-
ment with experimental data.
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∑Q = 17.32 μ = 1.02 Cv = 0.14 (4)

Linear Fit: f
f

f
f

ccff

coff
lff

coff
′

=
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1 2+ 24.

∑Q = 17.32 μ = 1.02 Cv = 0.14 (5)

Wang and Wu model: f
f

f
f

ccff

coff
lff

coff
′

=
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1 3+ 4.

∑Q = 108.74 μ = 1.27 Cv = 1.24 (6)

Youssef et al model: f
f

f
f
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coff
lff
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′ =

⎛
⎝⎜
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⎝⎝

⎞
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⎞⎞
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1 2+ 25

5
4

.

∑Q = 22.26 μ = 0.95 Cv = 0.87 (7)

Teng et al model: f
f

f
f

ccff

coff
lff

coff
′

=
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1 2+ 0.

∑Q = 20.81 μ = 0.97 Cv = 0.13 (8)

6 CONCLUSIONS

In this paper, the method for calculating the 
strength of FRP confined concrete model is ana-
lyzed, and the collected data was in the form of 
linear and exponential fitting. Then analyzing and 
comparing the experimental value and calculat-
ing value from two aspects of  constraint intensity 
coefficient and the strength of concrete. The dis-
crete degree of linear fitting model, exponential 

fitting model and Teng’s model is small and the 
differences are not big, but the form of exponen-
tial fitting model is too complex and Teng’s model 
slant a bit bigger, it is no doubt that the linear fit-
ting model is one of the best in them. With a large 
number of test results is good and the form of 
the model is simple, it may be applied to practical 
engineering.
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Joints transferring forces outside box columns with different beams’ 
height and columns’ deviation of verticality—finite element method 
simulation
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ABSTRACT: Design of beams’ height in steel frame structure should be based on loads and deformation 
of structure. It can lead to beams with different heights in the central joints of steel frame. A  performance of 
joint with different beams’ height is different from the normal joint. This paper presents a joint transferring 
force outside box columns with different beams’ height. Three groups of specimens were designed to com-
pare with traditional joints by finite element method program ANSYS, considering steel columns’ deviation 
of verticality up to code limits and four times of code limits. By adding force-transforming elements, the 
results show that joints carrying capacity have greatly increased and the influence of deviation has reduced.

Keywords: joints, verticality, force-transforming elements

different beam heights. Details of the joint are 
shown in Figures 1 and 2 of lower adding element. 
The box column with a deviation of verticality is 
shown in Figure 3. The material of steel specimens 
is Q345B, with Modulus of elasticity E = 2.00 × 105 

1 INTRODUCTION

In structural design, the height of the beam of a 
steel frame should be based on loads and deforma-
tion of structure[1]. As to the central joints of steel 
frame, the connection between steel beams may be 
unproportioned to the height of the beams, which 
will lead to the performance of joint with different 
beam heights different with that of normal joint. 
Therefore, it is necessary to carry out stress analysis 
for joints with different beam heights in steel frame. 
This paper presents a joint transferring force out-
side box columns with different beam heights. They 
are analyzed and compared with the traditional 
joints by finite element method program ANSYS. 
In addition, a practical steel structure inevitably has 
residual stresses, initial deflection, initial deviation 
of column’s location axis, and other defects[2,3]. It 
is also analyzed with steel column verticality devia-
tion by the code limits and four times the limit. We 
found that adding the force-transforming elements 
can improve the initial defection of joints.

2 CREATION OF FINITE ELEMENT 
MODELS

2.1 Model design

This paper mainly focuses on research of joints 
transferring beam forces outside box columns with 

Figure 1. Joint transferring beams’ forces outside box 
columns with different beams’ height.
Note: 1—Rectangular section steel column; 2—“H” 
 section steel beam; 2′—“H” section steel low beam; 
3a—Upper transferring forces plate; 3b—adding 
 element; 3b-1—Upper cover plate; 3b-2—Lower cover 
plate; 3b-3—Web plate.
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MPa and Poisson’s ratio ν = 0.3. Three groups 
of specimens were designed  according to the 
conference[4]. The column length is 2 m. The length 
of the beam is 1.5 m. The other parameters are 
shown in Table 1. In this ANSYS analysis,  material 

Figure 2. Detail of lower adding element.

Table 1. The parameters of test specimens.

Specimens

Upper cover plate (mm) Lower cover plate (mm) Web plate (mm)
Vertical 
deviation (mm)Length Width Thickness Length Width Thickness Height Thickness Length

SJ-1a 374.07 125 9 374.07 125 9 50 6 374.07 None
SJ-1b None None None None
SJ-2a 374.07 125 9 374.07 125 9 50 6 374.07 2
SJ-2b None None None 2
SJ-3a 374.07 125 9 374.07 125 9 50 6 374.07 10
SJ-3b None None None 10

Figure 3. The box columns with a deviation of 
 verticality Δ. Figure 4. Finite element discretization of the joints.
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The yielding capacity increases 56.2%, and ulti-
mate carrying capacity increases 40%. It means 
that adding force-transforming elements can 
greatly increase performance of joint with differ-
ent beam heights.

If  verticality deviation of steel column is 2 mm, 
the carrying capacities of the joint transferring 
beams forces’ outside box columns and the tradi-
tional joint which stiffness are decreased, less than 
5%, so they can satisfy the need of engineering. It 
means that the deviation limits of verticality in the 
code can ensure the sufficient carrying capacity of 
the joints.

3.2 The joints transferring beams’ forces outside 
box column with different beams’ height and 
the deviation of verticality is 10 mm—finite 
element method simulation

In order to get more clear effect of steel columns’ 
deviation of verticality on its capacity, the devia-
tion of verticality have to be increased to 10 mm 
and compared its result with that of perfect joint. 
Take short beam for as reference points on the 
flange of the central axis, we got load–displace-
ment curves are shown in Figure 6.

In Figure 6, if  steel column verticality deviation 
is 10 mm, performance of specimen SJ-3a, which 
is a joint transferring beams’ forces outside box 
columns, and traditional joint specimen SJ-3b are 

nonlinearity and geometric nonlinearity are 
 considered, and the model of Multilinear  Isotropic 
is selected. SOLID45 with 8 nodes is chosen as the 
beam-column elements which are far away from 
the panel zone. The high-precision SOLID95 with 
20 nodes is chosen as the beam- column elements 
and the inner plates, and  Von-Mises criterion is 
chosen as the yielding criterion.

2.2 Model discretization

In this paper, we focus on the performance of joint 
zone, so we create smaller elements of the centre 
part and bigger elements far away from the panel 
zone, as shown in Figure 4.

2.3 Constraints and loading

To fit for the actual situation in engineering, the 
constraints along three directions x, y, and z are set 
at the bottom of the column. Constraints of two 
directions x and y are set at the top of the column. 
Vertical load is applied at the top of the column, 
while concentrated loads are applied onto the top 
flange of all four steel beams. Slowly loading of the 
60 sub-steps is used in this simulation.

3 RESULTS OF FINITE ELEMENT 
ANALYSIS

According to “Code for acceptance of construc-
tion quality of steel structures” (GB50205-2001)[5], 
the deviation of verticality Δ of  a single column 
should have an allowable deviation of verticality 
Δ no greater than h/100 (the column length is h) 
and also should not be greater than 10.0 mm. The 
column length is 2 m in this paper, so the devia-
tion of verticality allowable deviation should not 
be greater than 2 mm.

3.1 The joints transferring beams’ forces outside 
box columns with different beams’ height and 
the deviation of verticality is 2 mm—finite 
element method simulation

Take SJ-2a and SJ-2b columns’ deviation of verti-
cality Δ = 2 mm on the premise of recent code, and 
compare the results with those of specimen SJ-1a 
and SJ-1b, which are perfect traditional joints. Take 
short beam as the reference points on the flange of 
the central axis, we got load–displacement curves 
are shown in Figure 5.

In Figure 5, SJ-1a is a specimen transferring 
beams’ forces outside box column with different 
beam height. Comparing with traditional speci-
men, we find that yielding stresses, stiffness, and 
ultimate carrying capacity have greatly increased. 

Figure 5. Load–displacement curves of SJ-1a, SJ-1b, 
SJ-2a, SJ-2b.

Figure 6. Load–displacement curves of SJ-1a, SJ-1b, 
SJ-3a, SJ-3b.
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decreased obviously. Comparing with specimen 
SJ-3a and specimens with perfect joints transfer-
ring beams’ forces outside box columns, the yield-
ing capacity of SJ-3a decreases by 38.4%, and 
ultimate the carrying capacity of SJ-3a decreases 
28.6%. Comparing SJ-3b and perfect traditional 
specimen, the yielding capacity of SJ-3b decreases 
by 73.3%, and the ultimate carrying capacity 
of SJ-3b decreases by 75%. By adding force-
 transforming elements, the influence of deviation 
can be reduced.

4 CONCLUSION

A joint transferring force outside box columns 
with different beam heights is present. Three 
groups of specimens were designed to compare 
with  traditional joints by finite element method 
program ANSYS. Considering columns’ deviation 
of verticality, the conclusions are as follows:

1. Without initial defects, the stiffness,  yielding 
stresses, and ultimate carrying capacity of 
joints have greatly increased by adding force-
 transforming elements. Its yielding capacity 
increases 56.2%, and ultimate carrying capacity 
increases 40%.

2. If  column verticality deviation is 2 mm, stiff-
ness and carrying capacity of the joints trans-
ferring beam forces outside box columns and 
traditional joints are decreased, less than 5%. It 
means that the deviation within code limits can 
ensure sufficient carrying capacity of the joint.

3. If  column verticality deviation is 10 mm, 
 performance of the joints transferring forces 
outside box columns and traditional joints 
will decrease obviously. By adding force-
 transforming elements, the influence of 
 deviation can be reduced.
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Reliability of non-resonant quasi-integrable Hamiltonian systems 
under wide-band random excitations
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ABSTRACT: In this paper, the reliability problem based on the first-passage model of non-resonant 
quasi-integrable Hamiltonian system under wide-band random excitations is studied analytically. By using 
stochastic averaging method, the equations of motion of the original Hamiltonian system are reduced to 
a set of averaged Itô stochastic differential equations. The backward Kolmogorov equation governing 
the conditional reliability function and the Pontryagin equation governing the mean first-passage time 
are established under appropriate boundary and (or) initial conditions. An example is given to show the 
accuracy of the analytical method. All results are verified by Monte Carlo simulation.

Keywords: stochastic averaging method; reliability function; mean first-passage time; Monte Carlo 
simulation

 averaging method is a powerful tool to overcome 
this difficult (Wu et al. 2013, Zhu 2006).

Hamiltonian system plays an important role 
in dynamics analysis. In this work, the reliabil-
ity problem based on the first-passage model of 
Many-Degrees-of-Freedom (MDOF) non-resonant 
quasi-integrable Hamiltonian system under wide-
band random excitations is studied analytically. The 
equations of motion of the original Hamiltonian 
system are reduced to a set of averaged Itô stochas-
tic differential equations after stochastic averaging. 
The Backward Kolmogorov (BK) equation govern-
ing the conditional reliability function and the Pon-
tryagin equation governing the mean first-passage 
time are established under appropriate boundary 
and (or) initial conditions. An example is given to 
show the accuracy of the analytical method. The 
reliability function and mean first-passage time are 
obtained. Monte Carlo simulation is performed to 
verify the analytical results.

2 AVERAGED ITÔ STOCHASTIC 
DIFFERENTIAL EQUATIONS

Consider the following n-DOF quasi-Hamiltonian 
system

�

�
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P

h t

i j

iQQ
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1 INTRODUCTION

It is widely been recognized that the random exci-
tations are ubiquitous in engineering, such as tur-
bulent wind, seismic ground motion, etc. When 
investigating the dynamical behavior of a ran-
domly excited structure, a key issue is to determine 
the probability that the structure works safely and 
reliably. In general, this problem of dynamical reli-
ability can be converted into the problem that the 
response of the system stays within a safety domain 
probabilistically. Failure occurs when the state of 
the responses leaves the safety domain for the first 
time. This is the so-called first-passage (excursion, 
or exit) problem (Goller et al. 2013).

To solve the first-passage problem, a straightfor-
ward way is direct simulation, such as Monte Carlo 
Simulation (MCS). A major defect of MCS is that 
the computational cost is expensive. The other 
method is theoretical analysis based on appropri-
ate mathematical model (Ghazizadeh et al. 2012). 
So far, a well developed theoretically analytical 
method for solving first-passage problem is built 
on the theory of diffusive Markovian process. This 
method requires that the random excitation is mod-
eled as Gaussian White Noise (GWN). However, 
when the random excitation is not GWN, such as 
wide-band random noise, bounded noise, or Pois-
son white noise, the response of the randomly 
excited system is not diffusive Markovian  process. 
In this case, one can not directly establish the 
PDEs governing the conditional reliability func-
tion and the moment of mean first-passage time. 
Previous studies have demonstrated that stochastic 
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where Qi and Pi are generalized displacements and 
momenta, respectively; H = H(Q, P) is Hamiltonian; 
cij(Q, P) denote quasi linear damping coefficients; 
hik(Q, P) denote amplitudes of stochastic excitations; 
ε is a small positive parameter; ξk(t) are stationary 
wide-band random excitations with correlation 
functions Rkl(τ) = E[ξk(t)ξl(t + τ)] or spectral density 
Skl(ω). The repeated subscript denotes summation.

Assume H is separable and each Hi can be 
expressed as

H P Qi iHH i iPP i iQQ( ,QiQQ ) (P Ui iUU ).PiPP2  (2)

Hence, system (1) is a quasi-integrable Hamil-
tonian system.

If the specified conditions in the paper 
(Cheung & Xu 1995) are satisfied, the solution 
of Equation (1) can be expressed as the following 
form of generalized harmonic function
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Ai, ηi, νi and Θi are all stochastic processes. Ai 
andνi are the amplitude and instantaneous fre-
quency of the ith sub-system of the system (1), 
respectively.

If  the system is not resonant, accord-
ing to  Stratonovich-Khasminskii limit theory 
(Khasminskii 1996, Stratonovitch 1963) and 
performing averaging with respect to the rapidly 
varying variables Φ, one can obtain the following 
averaged Itô equations about A

dA dt dBdd
i n e l

i iA ie eB=
e

εdtimmmm σ( ) ( ) ( )t ,
, , , ;nn , , , .l

dtdttdt 1 2

1 2 …e…, ;n , ,  (5)

3 CONDITIONAL RELIABILITY 
FUNCTION AND MEAN FIRST-
PASSAGE TIME

A are amplitudes of the original system (1). It is 
reasonable to assume that first-passage occurs 
once Ai(t) exceeds a certain critical value Aic for 
the first time. The conditional reliability function, 

denoted by R(t |A0), is defined as the probability of 
A(t) being in the safety domain Ωs within interval 
(0, t] given initial state being in Ωs. R(t | A0) is deter-
mined by the following BK equation:
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where
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The initial and boundary conditions of Equa-
tion (6) are
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The conditional Mean First-Passage Time 
(MFPT) T(A0) is also a function of the initial state 
A0. T is determined by the following Pontryagin 
equation:
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The boundary conditions of Equation (9) are

T A A
T finitff e

i iA Ac( ) , ,Ai iA Ac
.

0 =AiA0
 (10)

Solving the partial differential equations (6) and 
(9) by finite difference method, one can obtain the 
approximate reliability function and mean first-
passage time of the original system (1).

4 NUMERICAL EXAMPLE

Consider the following 5-DOF coupled Duffing-
van der Pol system.

�

�
Q P

P Q P Q
i iQ PQ P

i iPP ij j iQ PP i iQQ i iQQ

i i i

( )
=

,

( )t ,

β βi αiQ i+QiQ

ξ ξQii ( )tt
0

2
0
2 3Q Q+Q α+Q

2i iξQiQQ ittt ( )i,i jj = .  (11)

Herein, ξik(t) are independent wide-band ran-
dom excitations with the following spectral density 
function:

S
D

i kikS ikD

ik
( ) , ,i , ; , .))

π ω ωii
= =k

1 1 2,2 2ω ωω ω+
…  (12)
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The parameters are chosen as: 
Aic = 0.5, βi0 = −0.01, βij = 0.01, ω01=1.0, β ,
ω ω ω02ωω 03 04ωω 053 5ω03ω 7 1ω05ω 0ω03ω ω05ω, ,ω03 5ω03ω , , ωik = 50, 
Dik = 12 (i, j = 1, …, 5; k = 1, 2). There is no reso-
nance in system (11). The averaged Itô stochastic 
differential equations are:

dA m dt dBdd ki iA m ik kBdt= mm =( ) ( )t , ( , ).σ 1,  (13)

The drift coefficients are
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The diffusion coefficients are
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The BK equation associated with the averaged 
system (13) is

∂
∂

=
∂

∂
+

∂
∂

=
R
t

m
R

A
b

R
A

ii
iA iib

iA0
0

0

2

0
2

1
2

1 2 3 4 5, ( , ,2 , ,4 ).  (16)

The initial and boundary conditions of Equa-
tion (16) are
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The Pontryagin equation associated with the 
averaged system (13) is
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The boundary conditions of Equation (18) are
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Solving the 5+1-dimensional BK Equation 
(16) and 5-dimensional Pontryagin equation (18), 
we obtain the conditional reliability function 
and mean first-passage time of the system (11), 
 respectively. Figure 1 shows results of conditional 
reliability function. The solid lines are analytical 
results while the discrete symbols are results from 
Monte Carlo simulation. Obviously, the agreement 
is very good. Figure 2 shows that the mean firs-
passage time is a decreasing function of the initial 
state. This is physically meaningful because first-
passage happens more easily when the initial state 
is closer to the threshold.

5 CONCLUSIONS

In the present paper, the reliability problem of 
MDOF strongly nonlinear quasi-integrable 
Hamiltonian systems is studied. The BK equa-
tion and the Pontryagin equation are established 
to determine the conditional reliability function 
and the conditional mean first-passage time, 
respectively. A 5-DOF coupled Duffing-van der 
Pol system is given to illustrate the application 
of  the analytical method. The 5+1-dimensional 
BK equation and 5-dimensional Pontryagin 
equation are solved under suitable initial and 
boundary conditions. It is seen that the agree-
ment between the analytical method and MCS 
is very good.
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Figure 1. Conditional reliability functions of the system 
(11) (A0 = 0).

Figure 2. MFPT of the system (10). A10 is a variable.
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Research progress on diaphragm-through joint of Concrete-Filled 
Square Steel Tube and steel beam
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ABSTRACT: Diaphragm-through joint of Concrete-Filled Square Steel Tube and steel beam is a form 
of rigid joints. It has the characteristics of good seismic behavior, high bearing capacity, and good ductil-
ity. The research progress in China of this kind of joint is reviewed from both experimental study and 
theoretical analysis, including the forms of direct welding type, side plate strengthen type, circular fillet 
type, fillet slope type, circular slope combination type, and Steel beam end clap and board bolted type. 
The form of this kind of joint adopted in Chinese specification is also introduced. Finally, the problems 
existing in the current research and those that needed to be further studied are pointed out.
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of the forms of joint recommended by  Chinese 
specification (Xilin et al, 2004). In the following, 
the forms of Diaphragm-Through Joint (DJ) of 
Concrete Filled Square Steel Tube (CFSST) and 
Steel Beam (SB) and the research progress of it in 
China will be reviewed, which will provide refer-
ence for designing this kind of joint.

2 FORMS OF DJ OF CFSST-SB

DJ of  CFSST and SB is made by the following 
steps: the steel tube and SB are connected by two 
diaphragms, in which part of  the two diaphragms 
pass through and are welded in the tube; the 
flanges ends of  SB are welded or bolted on the 
diaphragms; the web of  SB are welded or bolted 
on one ends of  a steel plates; the other end of  the 
plates is welded on the steel tube. It has the forms 
of  direct welding type, side plate strengthen type, 
circular fillet type, fillet slope type and circular 

1 INTRODUCTION

Concrete Filled Steel Tube (CFST) gives full play 
to the advantages of them, and has high bearing 
capacity, good plasticity and high toughness etc. It 
can meet the needs of large span, tall, heavy-duty 
and other structures, so it has been widely used in 
engineering (Shantong Z., 2003). According to the 
different cross-section forms, CFST can be divided 
into round, square and polygon section concrete 
filled steel tube, etc. Among them, the round and 
square ones are widely applied. In the CFST struc-
ture, beam-column joint plays a role of passing 
moment and shear force between beam and column, 
which is the key part of design and is also difficult 
in construction. To meet the project needs, different 
scholars have put forward many kinds of joints for 
connecting CFST and beam, including inner dia-
phragm joints, strengthening ring plate joints, ver-
tical stiffener joints and diaphragm-through joints. 
Among them, the  diaphragm-through joint is one 
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slope combination type, Steel beam end clap and 
board bolted type, as shown in Figures 1–6. These 
developments and changes in the forms of  joints 
solve the problems of  large welding residual stress 
between the beam end and diaphragm, and meet 
the requirements of  engineering function.

Direct welding type, as shown in Figure 1, 
means that the beam flange and diaphragm are 
welded directly without any transition method, 
which is the structure form recommended by 
 Chinese rectangle steel tube concrete specification. 
It is convenient for construction and the amount 
of steel used for connection is small, but the stress 
concentration between the beam flanges and the 
diaphragm is large. It needs high requirements 
for welding  quality. Side plate strengthen type, 
as shown in Figure 2, means that side panels are 
welded on both sides of  the flanges at the beam 

Figure 1. Direct welding type.

Figure 2. Side plate strengthen type.

Figure 3. Circular fillet type.

Figure 4. Fillet slope type.

Figure 5. Circular slope combination type.

Figure 6. Full-bolt type.

end additionally, of  which the lateral plate and 
the beam flange are located on the same plane or 
close to the inner beam flange, so as to reduce the 
stress concentration of the weld place, and prevent 
the occurrence of brittle failure. But it has large 
amount of welding and is difficult for machining 
and site weld, and the beam flange edge are easy 
to be torn in the lateral plate ends. So there are a 
lot of  project risks. Circular fillet type, as shown 
in Figure 3, is a kind of structure setting an arc 
transition at the connections of steel beam flange 
and diaphragm. Circular fillet can effectively 
reduce stress concentration at the end of beam 
flange edge, and it is beneficial to improve the 
ductility and seismic energy dissipation of joints. 
Fillet slope type, as shown in Figure 4, makes 
diaphragm from two sides turn into slope angle 
less than 1:4, and sets an arc transition at vari-
able cross-section. This kind of structure cannot 
only effectively reduce the stress concentration of 
connections for the slope angle is small, but also 
have no problems in wallboard installation. Circu-
lar slope combination type, as shown in Figure 5, 
means that it adopts a processing mode of fillet 
slope at up diaphragm plane and adopts a process-
ing mode of circular fillet at down diaphragm 
plane of joint. The diaphragm and beam flanges 
are connected with groove welding, and the beam 
web and the steel pipe column wall are connected 
by high-strength bolt. Increasing diaphragm size 
will not affect the beauty of architecture struc-
ture; instead, it provides a certain condition for 
 concealment of the upper structure and join 
processing. Thus it is  convenient to install bolt and 
connection plate (Liang W., 2009). Steel beam end 
clap and board bolted type, as shown in Figure 6, 
means that steel beam is inserted among the up 
and down diaphragms, then the steel beam flange 
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and diaphragm are connected by bolts. Compared 
with the above joints, there is no problem of stress 
concentration at the beam end due to welding, but 
as a result of  diaphragm extruding beam flange, 
this causes some difficulties in installation.

3 RESEARCH ON DJ OFCFSST-SB

3.1 Experimental study

Experimental study about DJ of CFSST-SB is 
mainly carried out after 2005 in China,  including 
static tensile test, low-reversed cyclic loading test. 
The static tensile test aims to test the tension force 
on the beam flange in the diaphragm, diaphragm and 
cylindrical wall weld, transfer and  destruction of the 
weld, and the influencing factors. The low-reversed 
cyclic loading test aims to test the joint’s seismic per-
formance, failure mode, and  influence factors. The 
experimental study is carried out mainly as follows. 
Hong F. & Lihua X. & Guofeng D. (2007) have done 
experimental study about nine side plate strengthen 
diaphragm-through joints specimens under low-re-
versed cyclic load and static tensile test in 2007 and 
2008. The results show the hysteresis curves attained 
in the experiment are full and the connections have a 
good energy dissipation capacity. The width to thick-
ness ratio of the column has little influence on the 
bearing capacity of the connection, but it has a little 
influence on the stains of the gusset plant. The stress 
distributing can be ameliorated and the ductility of 
the connections can also be improved through weld-
ing the additional plates to both sides of the flanges. 
Jikui M. & Bin R. & Xinliang J. & Zhihua C. (2008, 
2009, 2012) have investigated thirty specimens sub-
jected to low-reversed cyclic load and static tensile 
test. It was found that tensile load from steel beam 
flange was mainly shared by square steel tube and 
diaphragm and there were 3 kinds of failure modes: 
steel beam flange fracture, weld fracture, and joint 
broken. For steel square tube, plastic zone appeared 
around intersections between steel square tube and 
diaphragm. However, for diaphragm, plastic zone 
appeared along the cross-section lines enclosed by 
steel square tube. Joints of circular fillet type and fil-
let slope type have high load-bearing capacity and 
good ductility. Details of the steel beam flange with 
the diaphragm have obvious effect on the ductility, 
energy dissipation and rigidity degeneration, and the 
seismic performance of joint of circular fillet type 
and fillet slope type are better than those reinforced 
by taper plate welded to the beam flanges and dia-
phragm. Since all the specimens fail in the beam, dia-
phragm thickness, diameter of concrete cast hole and 
width to thickness ratio of the tube have less influence 
on joint seismic behavior, however, the concrete filled 
in the tube can greatly reduce hearing deformation of 
joint panel zone, improve the joint stiffness and the 

seismic performance of it. Zilin L. et al (2014) have 
done experiment of six full-scale specimens under 
low-reversed cyclic load. The result of the experiment 
shows that the joint is characterized by good seismic 
behavior, high bearing capacity, and full hyster-
etic curve. The eccentric specimens failed due to the 
cracking of corner bolt hole on the diaphragm, and 
the specimens without eccentricity failed due to the 
cracking of diaphragm. Welded diaphragm had no 
effect on the bearing capacity. The end of the beam, 
and stress focus phenomena were easily seen at the 
connection of the partition and the beam.

3.2 Theoretical analysis

Theoretical analysis about DJ of CFSST-SB is 
mainly carried out after 2005 in China, mainly 
using the software of ANSYS and ABAQUS. In 
addition to the problem considered in the above 
experiment, study should also include further 
finite element simulation results for establishing 
simplified calculation method for designing. The 
theoretical analysis carried out mainly as follows.

Lei Z. (2006) has done theoretical analysis and 
finite element calculation, the result shows that the 
seismic design method used in current structural 
design specification is suitable for the joints dis-
cussed in the paper. And its strength formula and 
thickness requirement are proposed. It is also ana-
lyzed the influence of diaphragm thickness, extend 
length, and axial compression ratio on joint behav-
ior. Jikui M. (2008) analyzed the joint under low-
reversed cyclic load and static tensile load by finite 
element method. The yield mechanism is studied, 
formula for calculating tensile capacity is proposed, 
which take account of the force that transferred to 
the diaphragm plate and tube. Stress distribution 
in the joint panel zone and the damage mechanism 
is simulated. Some suggestions for improving joint 
design are presented. Qin L. (2010) simulated the 
seismic performance of the side plate strengthen of 
the joint under low-reversed cyclic load by the finite 
element simulation method. The results showed the 
joints have good strength, stiffness, ductility, and 
the hysteresis curves attained are full. Jingjing B. 
(2012) researched the seismic performance of the 
joints with fillet and slope at the connecting zone. 
The results demonstrated that stress concentration 

Figure 7. Overhanging inner diaphragm connection.
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occurred at the areas like the diaphragm edge spot, 
the soldering hole, the welded area between dia-
phragm and beam. More attention should be paid 
to the soldering hole design and processing.

4 RECOMMENDED FORM IN CHINESE 
SPECIFICATION

The forms of the joint of CFST and SB recom-
mended in Chinese code CECS 159: 2004 (Xilin 
et al, 2004) include sinner diaphragm connection, 
overhanging inner diaphragm connection, outer 
diaphragm connection, and inner diaphragm con-
nection with short beam. In which, the overhang-
ing inner diaphragm connection is the form of DJ 
of CFSST and SB, as shown in Figure 7.

It is required in the specification that in the 
principle of design, the form of joints should be 
with simple structure, good integrity, clear force 
transmission path, safe, reliability, saving material, 
and convenient for construction. In joint design, it 
should make the joint accomplish reasonable struc-
ture and have the necessary ductility, which can 
guarantee welding quality and avoid the stress con-
centration and large constraint stress. When calcu-
lating the rigid welded joint between CFSST with 
internal diaphragms and SB, in addition to check 
the strength of the weld seam and high strength 
bolt, it should check the bending and shear bear-
ing capacity of the joint.

It can be seen from the above specification, the 
form of DJ of CFSST-SB is single, and it’s only 
considered the influence of the material strength 
in the method for checking the bending and shear 
bearing capacity of the joint, while such factors as 
the steel ratio, axial compression ratio, etc., are not 
considered.

5 CONCLUSIONS

From the above reviewing, it can be seen:

1. For DJ of CFSST and SB, in the design, the main 
problems needed to be considered include how to 
solve much stress between the beam end and dia-
phragm, reduce the number of  welding and meet 
the requirements of architectural appearance.

2. DJ of CFSST and SB has direct welding type, 
side plate strengthen diaphragm-through joint 
type, circular fillet type, fillet slope type, and cir-
cular slope combination type, which solves the 
larger welding residual stress between the beam 
end and diaphragm and meets the requirements 
of architectural function.

3. It has been made much research achievements 
for DJ of CFSST and SB in China, but in 
 Chinese specification, the recommended form 
of DJ of CFSST and SB is single, and in the 

process of checking, such factors as the steel 
ratio, axial compression ratio, etc., are not 
considered. These problems need to be further 
studied in the future.
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ABSTRACT: In reinforced concrete Frame-shear Wall Structure (FWS), Coupling Beam (CB) of shear 
wall and the corresponding frame beam up to it, i.e., Frame Coupling Beam (FCB), has a stage of coopera-
tive working under horizontal load. It will be helpful for knowing the whole working mechanism of FWS if  
the working mechanism of that stage is deeply analyzed. So, the parallel double coupling beams with differ-
ent widths composed of CB and FCB, briefly called Double Beams (DBs), is taken as a research object. The 
load-bearing process of 11 DBs under low-cycle repeated loads are simulated with finite element simulation 
method. How the stiffness degradation of DBs are influenced by different influencing factors are analyzed. 
The results show that the span-depth ratio of FCB and the span-depth ratio of SCB have the largest and 
second largest influence on the stiffness degradation of DBs separately, yet the width of FCB, the strength 
of concrete, and the reinforced area ratio of DBs has no less effect on the stiffness degradation of DBs.

Keywords: double coupling beams; frame coupling beam; shear coupling beam; stiffness degradation

Paulay T. et al. 1999). But little study is done on the 
PDCB in FWS. Therefore, it becomes one of the 
focuses of civil engineers on how the force behav-
ior of parallel double coupling beams with differ-
ent widths is (Li M. et al. 2013). So, in this paper, 
the factors influenced the stiffness degradation of 
it will be analyzed.

2 DESIGNED SPECIMENS

The factors that influence the stiffness degradation 
of PDCB mainly includes the Span Length (SL) 
of the CB and the FCB, the Section Height (SH), 
the Section Thickness (ST), the Span-Depth Ratio 
(SDR) of the beams, the Concrete Strength (CS), 
and the Reinforced Area Ratio (RAR) which is the 
area ratio of longitudinal reinforcement in the CB 
and the FB. In order to analyze how these factors 

1 INTRODUCTION

In reinforced concrete Frame-shear Wall Struc-
ture (FWS), there are Parallel Double Coupling 
Beams (PDCB) of different size, which are com-
posed of part of Frame Coupling Beam (FCB) 
and Coupling Beam (CB) of shear wall in FWS. In 
shear wall structure, there are also PDCB, which is 
composed of two coupling beams with the same 
width. But these two kinds of PDCB are differ-
ent not only because of the width of the beams, 
but also because of their reinforcement require-
ments (Cui J.J., 2012). Many different kinds of 
coupling beam are promoted by different research-
ers through changing reinforcement arrangement, 
 taking new structure measurement or changing 
material etc, and much research work is also done 
on them accordingly (Cao W.L. et al. 2010, Shuai J., 
2011, Zhou J.H. et al. 2012, Jia L.G. et al. 2013 & 
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influence the stiffness degradation, 11 specimens 
are designed shown in Table 1. The longitudinal 
bars of the CB and the FCB are all HRB335 and 
the stirrup of them are all HPB300.

3 FINITE ELEMENT SIMULATION

In order to simulate the load-bearing process of 
PDCB, blocks are set at both of the beam ends 
to make it easy to apply low cyclic load, shown in 
Figure 1. The loading process of the PDCB is sim-
ulated by finite element software. In simulation: 
the stress-strain curve of the concrete is plastic 
damage model; eight-node reduced integration 
of the three-dimensional solid elements (C3D8R) 
are used to simulate the concrete and upper and 
lower blocks. TRUSS elements are used to simulate 
steel. The “embedded” is used to simulate the con-
tact between steel and concrete (Zhu Z.F., 2013, 
Zhang B.B., 2005, Dai F.T., 2006 & Jia Y.G. et al, 
2005). The lower block is consolidated by limiting 
displacement of all-directions. The vertical dis-
placement and internal and external plane rotation 
of the upper block is limited, which makes it can 
solid along the horizontal direction. Anti-symmet-
ric low cyclic loading is applied on both ends of the 
upper block. Newton-Raphson iteration method is 
adopted to solve the problem. The finite element 
model is shown in Figure 2.

4 STIFFNESS DEGRADATION 
OF DBS INFLUENCING FACTORS

Under cyclic loads, the stiffness degradation is 
characteristic that stiffness of the structure lower 
with the load displacement amplitude and the 
number of cycles increases. In this paper, stiffness 
degradation characteristics of structure under low 

Table 1. List of the specimens.

No

FCB CB

CS RARSL (mm) SH (mm) ST (mm) SDR SL (mm) SH (mm) ST (mm) SDR

 1 1200 800 300 1.5 1200 400 200 3 14.3 2
 2 1200 480 300 2.5 1200 400 200 3 14.3 2
 3 1200 600 300 2 1200 400 200 3 14.3 2
 4 1200 600 300 2 1200 800 200 1.5 14.3 2
 5 1200 600 300 2 1200 550 200 2.2 14.3 2
 6 1200 600 400 2 1200 400 200 3 14.3 2
 7 1200 600 250 2 1200 400 200 3 14.3 2
 8 1200 480 300 2.5 1200 400 200 3 C25 2
 9 1200 480 300 2.5 1200 400 200 3 C35 2
10 1200 480 300 2.5 1200 400 200 3 C30 2.5
11 1200 480 300 2.5 1200 400 200 3 14.3 1.5

Figure 1. Designed PDCB.

Figure 2. Finite element model of PDCB.
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decreases by about 50%. With the increase of cycle 
number, the influence of span-depth ratio of FB 
decreases, when the loop reaches the 7 ring, the 
corresponding DB stiffness of every SDR is almost 
the same. Accordingly, the span-depth ratio of FB 

Figure 3. Schematic of how to calculate stiffness.

Figure 4. Influence of  α to the stiffness degradation 
of  DB.

cycle reciprocating load denoted loop stiffness 
of the first cycle of the corresponding under the 
same level displacement loading. The diagram of 
specimen stiffness calculation method is shown in 
Figure 3. Ki is the stiffness degradation coefficient, 
PA, PB is load values of peak point, ΔA and ΔB is dis-
placement values of peak point. Calculated stiff-
ness changes of specimens under different loading 
cycles are shown in Figure 4 to Figure 8.

4.1 Influence of the span-depth ratio α

The stiffness degradation curve of double beams 
numbered 1, 2 and 3 under low cycle reciprocating 
load are shown in Figure 4, of which other param-
eters are unchanged, but the span-depth ratio of 
FB is changed. It’s 1.5, 2, and 2.5 respectively. It 
can be seen from Figure 3 that span-depth ratio of 
FB influences the intial ring stiffness of DB greatly, 
with the increase of span-depth ratio of FBs, the 
corresponding stiffness of DB is decreases obvi-
ously. When the span-depth ratio changes from 
1.5 to 2.5, the intial ring corresponding stiffness 

Figure 5. The influence of β to stiffness degradation 
of DB.

Figure 6. The influence of B to stiffness degradation 
of DB.

Figure 7. Influence of fck to the stiffness degradation 
of DB.
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is a important parameter which influences stiffness 
degradation of DB.

4.2 Influence of span-depth ratio β

The stiffness degradation curve numbered 3, 4 and 
5 under low cycle reciprocating load are shown in 
Figure 5, of which other parameters are unchanged 
and the span-depth ratio of CB is changed, it is 3, 
2.2, and 1.5, respectively. It can be seen from the 
Figure 4, the stiffness of DB influenced by the 
span-depth ratio of SWB, but it isn’t obvious com-
pared with FB, when the SDR changes from 1.5 
to 3, the first ring corresponding stiffness decreases 
by about 20%, and the span-depth ratio of SWB 
changes from 2.2 to 3, very close to stiffness deg-
radation curve of DB, however, when the cycle 
number increases to the 8 ring, the stiffness of DB 
that different span-depth ratio of SWB is almost 
the same. From this we can conclude that the span-
depth ratio of SWB influences stiffness degrada-
tion of DB but it isn’t obvious compared with FB.

4.3 Influence of the section width B

The stiffness degradation curve of frame beams 
numbered 6, 3 and 7 under low cycle reciprocat-
ing load are shown in Figure 6, of which other 
parameters are unchanged and the Section Width 
(SW) of FB is changed, it is 400 mm, 300 mm, 
and 250 mm, respectively. It can be seen from the 
figures, the first lap of the DB with 250 mm sec-
tion width of FB has the largest stiffness, about 
1.3 times of FB with 400 mm and 300 mm section 
width, the 2 ring later, stiffness degradation curve 
of DB that width of FB is 250 mm, 300 mm and 
400 mm is almost the same. And stiffness degrada-
tion curve of DB that width of FB is 300 mm and 
400 mm always close to each other. Therefore, only 
when the frame beam width is small and close to 

the shear wall width, the section width of FB have 
influences in the first ring stiffness of DB, beyond 
this scope, the width of frame beam almost had no 
effect on stiffness degradation of DB.

4.4 Influence of concrete strength fck

The stiffness degradation curve of frame beams num-
bered 8, 10 and 9 under low cycle reciprocating load 
are shown in Figure 7, of which other parameters 
are unchanged and the CS is changed, it is 11.9 Mpa 
(C25), 14.3 Mpa (C30), and 16.9 Mpa (C35) respec-
tively. It can be seen from the figures, generally, the 
higher the CS, the greater the stiffness of the double 
beam, but the change is not big, the first ring cor-
responding stiffness of DB that concrete strength is 
16.9 Mpa is 1.13 times of CS with 11.9 Mpa, and 
the first ring corresponding stiffness of DB that con-
crete strength is 16.9 Mpa is almost the same with 
the CS is 14.3 Mpa. It shows that concrete strength 
has a little effect on DB stiffness degradation.

4.5 Influence of reinforced area ratio R

The stiffness degradation curve of frame beams 
numbered 11, 2, and 10 under low cycle recipro-
cating loads are shown in Figure 8, of which other 
parameters are unchanged and the reinforced area 
ratio is changed. It is 1.5, 2, and 2.5, respectively. It 
can be seen from the figures, the larger the reinforced 
area ratio, the greater the double beam stiffness. The 
first ring corresponding stiffness of DB that RAR 
is 2.5 is 1.1 times of RAR with 1.5, but when the 
RAR increases to a certain extent, it only has a little 
influence in the stiffness of DB. It shows that with 
the increase of the reinforced area ratio, the stiffness 
of DB has increased, but it isn’t obvious.

5 SUMMARY

Based on the above analysis, the following conclu-
sions can be drawn:

1. The largest factor that influence the stiffness 
degradation of DB is the SDR of FB, and the 
span-depth ratio of CB is the secondary. With 
the increase of span-depth ratio of FB and 
CB, the stiffness of DB decreases, therefore, 
the degree of the decrease is reducer with the 
increase of the number of cycles. When the 
number of cycle increases to a certain extent, 
the span-depth ratio of the FB and the CB has 
almost no effect on stiffness of DB.

2. The stiffness degradation is influenced by the sec-
tion width of FB, concrete strength and RAR. 
With the increase of the section width of FB, 
concrete strength and increase of RAR, the stiff-
ness of DB increases, but the increase is a little.

Figure 8. The influence of R to the stiffness degrada-
tion of DB.
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Study on parameter optimization of static performance for long-span 
elliptic suspended dome structure
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State Key Laboratory of Subtropical Building Science, South China University of Technology, Guangzhou, China

ABSTRACT: Taking the new type hybrid structure of elliptic suspended dome as the analytical object, 
the parameter optimization of static performance is studied in detail. By the method of nonlinear static 
analysis, the effects of different parameters on the static performance are systematically analyzed i.e. rise-
span ratio, plane shape factor, prestress and strut’s length. The results show that rise-span ratio and strut’s 
length have greater effects on the structural static performance than plane shape factor and prestress. The 
smaller rise-span ratio and the larger plane shape factor are good for improving static performance. Pre-
stress should be rational as over-high prestress or over-low prestress would cause disadvantageous prob-
lems. The longer strut can improve static performance, but over-long strut affects stability and reduces 
head room of the building.

Keywords: elliptic suspended dome; static performance; nonlinear analysis; prestress; parameter optimal 
analysis

is 2b = 64 m. The relevant plane shape factor is 
δ = 0.8. Its surface shape is an elliptic paraboloid 
with the arch rise of f = 6.667 m. The upper chord 
layer is a single-layer latticed shell, whose members 
are made of the steel pipes of 203 mm in diam-
eter and 10 mm in thickness. The characteristic 
value of yield strength of the steel pipe members 
is 345 MPa, which connected by rigid joint. The 
lower cable-strut system consists of three-ring 
hoop cables, radial cables and struts, whose hoop 
cables are set at a ring interval and struts at a 
joint interval. The twisted-type parallel steel-wire 
cables are used, whose ultimate tensile strength is 
1670 MPa, and the diameter of each steel-wire is 
5 mm. The section types of the hoop cables are 
respectively PES C5-61, PES C5-91, PES C5-121 
from the inner ring to the outer ring, and the sec-
tion type of all the radial cables is PES C5-55. The 
struts are used the steel pipes of 168 mm in diam-
eter and 8 mm in thickness with the characteristic 
value of yield strength of 345 MPa. The lengths 
of the struts are respectively 4.889 m, 5.723 m, 
6.556 m from the inner ring to the outer ring. The 
anchor joints of the cable-strut system are fixed. 

1 INTRODUCTION

Analysis of structural static performance provides 
basic theoretical foundation for structure design, 
which offers necessary reference for other kinds 
of analysis such as dynamics performance analy-
sis, stability analysis and so on [1]. There are some 
studies on static performance of circle suspended 
dome [2–8], however, only few studies are about 
elliptic suspended dome [9–10]. Elliptic suspended 
dome is a new structure form, and its structural 
performance becomes more complex with the 
increase of structural span. To meet the require-
ments of engineering practice, this paper is going 
to research on parameters optimization of static 
performance for large-span elliptic suspended 
dome by utilizing a typical calculation example, 
which aims at achieving regular conclusions and 
giving rational suggestions.

2 CALCULATION MODEL AND PLAN 
OF PARAMETRIC ANALYSIS

2.1 Calculation model

The calculation model should be representative 
and able to reflect general character of homoge-
neous structures. So the following typical model 
is chosen, namely, a long-span elliptic suspended 
dome (Fig. 1). The span of long axis of the 
model is 2a = 80 m, and the span of short axis 

Figure 1. Calculation model of elliptic suspended dome 
(δ = 0.8).
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The Young’s modulus of the steel pipes and cables 
are 2.06 × 105 MPa and 1.95 × 105 MPa, respec-
tively. The initial prestress of the hoop cables are 
respectively 315.6 kN, 472.8 kN and 731.9 kN from 
the inner ring to the outer ring. The radial sliding 
supports are used in the suspended dome model. 
For conveniently description, the suspended dome 
model is called ‘basic model’.

2.2 Load condition

Take common roof load conditions: characteristic 
values of permanent load g = 1.0 kN/m2 (including 
structure self-weight) and characteristic values of 
live load p = 0.5 kN/m2. According to the structural 
characteristics of elliptic suspended dome, loading 
state analyses by 3 kinds of load combination are 
conducted.

2.3 Parameter selection

Compared comprehensively, influences of four 
main parameters on the structural stability are 
taken into account, i.e. rise-span ratio, plane shape 
factor, prestress and strut’s length. Among these 
parameters, the plane shape factor is the ratio of 
short-axis’s length and long-axis’s length in hori-
zontal projection of the elliptic suspended dome, 
that is:

δ =
b
a

 (1)

where, a is half  length of elliptic long-axis and b is 
half  length of elliptic short-axis.

3 PARAMETER INFLUENCE 
ANALYSIS OF STRUCTURAL 
STATIC PERFORMANCE

3.1 Influence of rise-span ratio

In order to get different rise-span ratio, only the 
arch rise is changed while other parameters keep 
unchanged (Table 2). In the Table 2, the rise-span 
ratio of long-axis of the ‘basic model’ is 1/12, and 
the corresponding rise-span ratio of long-axis is 
1/9.6.

Figures 2∼6 shows influences of different rise-
span ratio on vertical deformation, horizontal 
radial displacement of support, axial force of 
member in the upper shell and internal force of 
cable-strut system.

1. According to Figure 2, rise-span ratio makes 
a great difference on the vertical deformation 
of suspended dome, the maximum vertical dis-
placement of node decreases as the rise-span 
ratio increases. However, the influence is gradu-
ally weaken as rise-span ratio becomes larger. 
The maximum vertical displacement of node 
all appears in load Comb-III, which shows half  
span live load distribution (on short-axis) con-
trols vertical deformation of the structure. Also, 
differences of the maximum vertical displace-
ment of node among the three load combina-
tions decrease with the increase of rise-span 
ratio. Horizontal radial displacement of sup-
port also obeys the similar rules (Fig. 3).

2. According to Figure 4, the change of rise-span 
ratio makes a great difference on axial force of 
the upper member, and the effects from different 
load combinations on the maximum tensile force 

Table 2. Different values of rise-span ratio.

Arch rise 4 m 6.667 m 8 m 10 m 16 m

Rise-span ratio of long-axis 1/20 1/12 1/10 1/8 1/5
Rise-span ratio of short-axis 1/16 1/9.6 1/8 1/6.4 1/4

Table 1. Load combination.

Code Comb-I Comb-II Comb-III

Combination All span permanent 
load + all span live 
load

All span permanent load
+ half  span live load 
(on long-axis)

All span permanent load
+ half  span live load 
(on short-axis)

Live load distribu-
tion chart
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and compressive force differ. If rise-span ratio is 
relatively small, unsymmetrical distribution of 
live load is not critical to the maximum tensile 
force of the upper member. When rise-span ratio 
increases to a certain degree ( for the proposed 
example, when its rise-span ratio of long-axis is 
more than 1/8), the maximum tensile force occurs 
in Comb-III (half span live load distribution 
along the short-axis), and the maximum compres-
sive force of the upper member occurs in Comb-
III regardless of the value of rise-span ratio.

3. Similarly, the internal force of cable-strut sys-
tem decreases with the increase of rise-span 
ratio, and the smaller rise-span ratio makes a 
greater difference (Figs. 5∼6). Cable force and 
axial compressive force of strut are larger when 
the suspended dome has smaller rise-span ratio, 
which makes full use of the high-strength mate-
rials and advantages of elastic support of the 
strut. However, the maximum internal force of 
cable-strut system occurs in Comb-I.

4. As shown in Figures 2∼6, Comb-II (half  span 
live load distribution on the long-axis) controls 
neither structural deformation nor internal force 
of member.

In summary, rise-span ratio has obvious influ-
ence on static performance of suspended dome, 
and suspended dome with smaller rise-span ratio 
takes more advantages of this structural system.

3.2 Influence of ratio plane shape factor

Base on the ‘basic model’ (δ = 0.8), as shown in 
Table 3, the values of plane shape factor change 
from 0.6 to 1.0 while the span of long-axis (80 m), 
the arch rise (6.667 m) and other parameters keep 
unchanged.

Figures 7∼11 shows influences of different plane 
shape factors on vertical deformation, horizon-
tal radial displacement of support, axial force of 
member in the upper shell and internal force of 
cable-strut system.

Figure 2. Influence of rise-span ratio on vertical 
deformation.

Figure 3. Influence of rise-span ratio on support 
displacement.

Figure 4. Influence of rise-span ratio on axial force of 
member.
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1. According to Figure 7, plane shape factor makes 
a great difference on the vertical deformation of 
suspended dome, the vertical displacement of 
node increases with the increase of plane shape 
factors. Increase speed of the maximum vertical 
displacement of node differs in each load com-
bination, Comb-I and Comb-III are basically 
same, Comb-II is the fastest. When δ increases 
to 1.0, horizontal projection of suspended dome 
changes into a circle and calculation results of 
Comb-II and Comb-III are the same.

2. According to Figure 8, the maximum horizon-
tal radial displacement of support all increases 
with the increase of δ under each load combina-
tion. Among the three load combinations, dis-
placement keeps linear growth in Comb-I and 
Comb-III, while in Comb-II, the displacement 
increases faster and faster with the increase of δ 
and it is equal to the displacement of Comb-III 
when δ reaches 1.

3. Similarly, plane shape factor has an obvious effect 
on axis force of the upper member and internal 
force of the lower cable-strut system (Fig. 9∼11).

4. It is the same with the parameter analysis results 
of rise-span ratio that load combination II (half  
span live load on the long-axis) controls neither 
transformation nor stress.

In summary, plane shape factor makes a great 
difference on static performance of suspended 
dome, and the increase of plane shape factor is 
helpful for improving structural performance.

3.3 Influence of prestress

Base on the ‘basic model’ (δ = 0.8), the influences 
of different prestress values on vertical deforma-
tion, horizontal radial displacement of support, 
axial force of member in the upper shell and inter-
nal force of cable-strut system are studied.

Figures 12∼16 shows the calculation results of 
different prestress values, among which the pre-
stress value of the ‘basic model’ is set to Unit 1.

1. According to Figure 12, prestress makes a great 
difference on the vertical deformation of sus-
pended dome. The maximum vertical displace-
ment of node decreases with the increase of 
press and it keeps linear growth under different 
load combinations. It is showed that prestress 
can adjust structural deformation effectively 

Figure 5. Influence of rise-span ratio on cable force.

Figure 6. Influence of rise-span ratio on internal force 
of strut.

Table 3. Different values of plane shape factor.

Plane shape 
factor δ 0.6 0.7 0.8 0.9 1.0

Span of long-
axis (m)

80 80 80 80 80

Span of short-
axis (m)

48 56 64 72 80

Figure 7. Influence of plane shape factor on vertical 
deformation.
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Figure 8. Influence of plane shape factor on support 
displacement.

Figure 9. Influence of plane shape factor on axis force 
of member.

Figure 10. Influence of plane shape factor on cable 
force.

Figure 11. Influence of plane shape factor on internal 
force of strut.

and nonlinear characteristic of formed struc-
ture is inconspicuous.

2. According to Figure 13, the influence of prestress 
on support displacement is obvious. The maxi-
mum horizontal radial displacement of support 
decreases linearly with the increase of prestress.

3. According to Figure 14, increase of  prestress 
reduces the maximum tensile force of  mem-
ber in the upper shell obviously and makes 
the maximum compressive force of  member 
increase. However, over-high prestress not 
only can’t improve structural static perform-
ance, but also increases the burden of  the 
structure itself. However, over-low prestress 
can’t take full advantage of  suspended dome 
system.

4. Change of prestress has effect on the internal 
force of cable-strut system naturally, as shown in 
Figure 15 and Figure 16. The maximum cable force 
and the maximum axial compressive force of strut 
keep linear growth with the increase of prestress.

In summary, prestress has obvious influence on 
static performance of the suspended dome. Fur-
thermore, only reasonable prestress can improve 
structural performance.
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3.4 Influence of strut’s length

As shown in Table 4, strut’s length is changed by 
adjusting the angle between radial cable and hori-
zontal plane in long-axis direction, among which 
the angle of the ‘basic model’ is 20 degree.

Figures 17∼21 shows influences of different strut’s 
length on vertical deformation, horizontal radial dis-
placement of support, axial force of member in the 
upper shell and internal force of cable-strut system.

1. According to Figure 17 and Figure 18, strut’s 
length makes a great difference on the vertical 
deformation of suspended dome and support 
displacement, the maximum vertical displace-
ment of node and horizontal displacement 
on support decreases continuously with the 
increase of strut’s length. It is concluded that 
increase of strut’s length largens strut’s vertical 
component of forces with the same prestress 
(Fig. 21). Sequentially, it reduces vertical defor-
mation and horizontal displacement effectively, 
which is no longer obvious as strut’s length 

Figure 13. Influence of prestress on support 
displacement.

Figure 14. Influence of prestress on axial force of 
member.

Figure 15. Influence of prestress on cable force.

Figure 16. Influence of prestress on internal force of 
strut.

Figure 12. Influence of prestress on vertical 
deformation.
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reaches to a certain degree. Therefore, strut’s 
length should be chosen rationally just like the 
prestress. What’s more, stability of over-long 
strut must be noticed.

2. According to Figures 19∼21, increase of strut’s 
length reduced peak of internal force of struc-
tural member. Similarly, effect on reducing 
inner-force peak is no longer obvious as strut’s 
length increases to a certain degree.

In summary, strut’s length has an obvious influ-
ence on static performance of suspended dome. The 
longer strut improved structural static performance 
effectively, but over-long strut is bad for strut’s sta-
bility and reduces head room of the building.

4 CONCLUSIONS

1. Rise-span ratio has a significant influence on 
static performance of suspended dome, and 
smaller rise-span ratio takes more advantages 
of this structural system.

Figure 17. Influence of strut’s length on vertical 
deformation.

Figure 18. Influence of strut’s length on support 
displacement.

Figure 19. Influence of strut’s length on axial force of 
member.

Figure 20. Influence of strut’s length on cable force.

Figure 21. Influence of strut’s length on internal force 
of strut.
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2. Plane shape factor has a notable influence on 
static performance of elliptic suspended dome, 
and increase of plane shape factor is helpful for 
improving structural performance.

3. Prestress has obvious influence on static per-
formance of suspended dome. Furthermore, 
only reasonable prestress can improve structural 
performance.

4. Strut’s length makes a great difference on 
static performance of suspended dome. The 
longer strut improved structural static perform-
ance effectively, but over-long strut is bad for 
strut’s stability and reduces head room of the 
building.
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ABSTRACT: From the aspects of mechanics effect, foundation pit excavation is a kind of unloading 
of excavation on the surrounding environment. This will cause displacement of the surrounding soils and 
change the internal structure of the corresponding, using different tools and methods for studying the 
influence of the foundation pit excavation has become a hot topic in academia. Combined with the analy-
sis of the influence of excavation on the surrounding environment, the paper uses the DCFEM method 
and two-stage analysis method to study this influence.

Keywords: foundation pit excavation; two-stage method for analyzing; soil settlement; impact analysis

about the failure of surrounding environment in 
the process of foundation pit, to study using the 
method of finite element method and data analysis 
to solve different kinds of problems.

2 CHINA AND ABROAD 
RESEARCH STATUS

Terzaghi and Peck et al have begun to study geo-
technical engineering problems in Foundation 
Pit Engineering and put forward the total stress 
method that can estimate the stability degree of 
excavation and support load size. The principle of 
this theory has been used until now after constant 
improvement and revision.

Bjeruum and Eide presented a method of analy-
sis of deep foundation pit in uplift set in the 1950’s. 
They began monitoring deep foundation pit engi-
neering in soft clay in Oslo and the city of Mexico 
in 1960’s, which play a role in promoting to improve 
the accuracy of prediction.

Lambe believes that there are 8 factors on the 
deformation of soil around the pit through 
the research in 1970’s: the length of excavation, the 
width and depth of excavation, soil conditions of 
pit, groundwater level, the exposure time of pit, 
support system, the order of the excavation and 
support, the adjacent structures, and facilities and 
construction load.

Leung analysis of a set of uniform distribution 
that reflects the maximum horizontal displacement 

1 INTRODUCTION 

The utilization rate of the city land resources con-
tinuous improvement, the continuous development 
of underground space, and the development of 
foundation pit engineering gradually to the ultra 
deep is being done on a large scale with the con-
tinuous expansion of the city.

Foundation pit engineering is a traditional topic 
in the construction of foundation and underground 
engineering. At the same time, it also has strong 
comprehensive geotechnical engineering problems. 
It is not only related to the typical strength prob-
lems of soil mechanics and deformation problems, 
but also involves the interaction of soil and sup-
port structure of support. The soil around the 
foundation pit is affected by different disturbances 
in the process of excavation of foundation pit; this 
is called environmental effect. If  this situation is 
handled properly, it will not only cause a waste 
of resources, but also casualties and significant 
economic losses. There have been many engineer-
ing accidents that have caused destruction of the 
surrounding buildings, underground pipelines, and 
facilities by the excavation of foundation pit. It is 
visible, there is a great risk in the process of foun-
dation pit excavation, It is an urgent need for this 
topic for more in-depth research about the impact 
on the surrounding environment of foundation 
pit excavation. In this paper, through the research 
of the research status on the foundation pit of 
domestic and foreign, According to the problems 
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and the maximum settlement of the surface and 
the relationship between the stiffness of a bracing 
system and those, comparing the research results 
of Peck, Mana, Clough, and Long.

The ground loss method that was put forward by 
Professor Hou Xueyuan can be used to estimate the 
settlement of the soil around deep foundation and 
calculate subsidence displacement of ground based 
on the related principle of ground movement area 
of wall displacement and ground settlement.

Gong Xiaonan et al deduct a calculation method 
that calculation of ultimate resistance before and 
after excavation based on the classical resistance 
formula of clayey soil pile. He also analyzes the 
change rule of coefficient of resistance is reduced 
under the condition of different excavation depth, 
excavation length, length width ratio and pile 
length, through comparing the results of theory 
with the measured data, the results of finite ele-
ment analysis and other methods.

Obviously, the research about the foundation 
pit supporting has been relatively mature, but there 
are few researches on the effect of pit excavation 
on the surrounding environment. The theoretical 
research on the topic has aroused the attention 
of many scholars at home and abroad. Increasing 
the research in this area will increase the safety of 
excavation engineering, and promote the develop-
ment of the theory of foundation pit engineering.

3 THEORETICAL ANALYSIS METHODS

Over the past ten years, the foundation pit engi-
neering has been rapidly developing in our coun-
try, with the basic construction of our country and 
a large area of old city transformation like a rag-
ing fire. The problems in excavation engineering 
are increasing more and more, and even more and 
more complex. Foundation pit engineering is exca-
vating deeper foundation pits, larger excavation 
areas, surrounding environment is more complex. 
The unknown risks in excavation also increased, 
especially to the surrounding structures and sur-
rounding buildings, underground pipelines etc. in 
the process of excavation. The following will intro-
duce and analyze the changes of the surrounding 
environment caused by excavation.

3.1 The uneven settlement of soil around the 
foundation due to pit excavation

In the process of construction of deep founda-
tion pit engineering, the surrounding soil will 
be disturbed by different degree, this will affect 
the normal use of the surrounding buildings, 
structures and underground pipeline, even cause 
engineering accident. The uneven subsidence of 
the surrounding surface is one of the important 
influence which caused by excavation. Factors of 

ground settlement: the state of stress and strain of 
the soil around changes, the displacement of sur-
rounding soil, strata consolidation caused by well 
point precipitation, sand loss, sand flow, piping 
loss caused by pumping.

3.2 Analysis of the surrounding soil 
stress-strain state change

The main way of impact that the excavation to adja-
cent underground structure is that the surrounding 
soil will be disturbed, and that will lead the stress and 
strain state of the surrounding soil to change, even-
tually leading to stress and strain state of neighbor-
ing structures to change. The reason for the change 
of soil strain state is that plastic deformation of the 
soil caused by stress perturbations and the strain 
caused by soil creep. However, the strain of soil is 
mainly remolded. Soil turns to reconsolidation soil. 
With the depth of excavation increasing, the inter-
nal forces of the soil around the pit increasing, the 
soil around the foundation pit will produce a large 
plastic zone, the lateral soil of the foundation pit will 
cause a destructive sliding toward the foundation 
pit. Eventually, the foundation pit becomes unsta-
ble and a lot of subsidence is generated around the 
foundation pit. These subsidence can cause a large 
margin of formation loss. This is also an important 
factor arises engineering accident.

3.3 Analysis of displacement 
of soil around foundation pit

The stability of the soil is weakened when the excava-
tion plane push down, the shear force of the soil will 
be increased. When the strain of the soil is greater 
than the shear strain, the structure of soil is dam-
aged, the surrounding soil is moved, so, the unstable 
state region is appeared in the surrounding soil. In 
particular, when the stress change region between 
two underground engineering is in a whole, this area 
will have a large loose range of soil. The soil between 
the two underground engineering will be unstable, 
at the same time, the retaining structure will change. 
This change will vary according to the width of the 
separation zone between the adjacent underground 
engineering. The results show that the width of sepa-
ration zone is set to two times excavation depth, the 
mutual influence of deep foundation pit construc-
tion can be reduced effectively. This kind of inter-
action has some relationships with the excavation 
sequence of adjacent foundation pit and effect of 
variable position of supporting structure and so on.

3.4 Analysis of settlement caused 
by foundation pit precipitation

During foundation pit excavation, when the water 
level of the groundwater level is reduced too low 
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or the structure of the retaining structure is too 
large, it can reduce subsidence of ground around 
the foundation pit. If  the uneven settlement is too 
large, There may also cause buildings tilt, crack of 
wall, road and underground pipeline cracking, and 
other serious problems.

The amount of moisture content in the soil 
directly affects the mechanical properties of the 
soil structure. When the moisture changes in the soil 
body, the soil will generate a reshaping. Experiment 
shows, for the same kind of soil, the mechanical 
properties of undisturbed soil samples are very 
different with remodeling soil samples. During the 
excavation of foundation pit, the constant drainage 
causes the groundwater level fall. The moisture con-
tent of soil around the foundation pit is changed, 
and the stress state of the soil also changes. This 
will cause the remodeling of the structure of soil 
around the foundation pit, the mechanical proper-
ties of soil are changed. This remodelled soil will 
produce uneven settlement under the same load, 
especially in soft soil region, this performance is 
more obvious, the great harm, because the soil 
moisture content is high, the soil loses the mois-
ture, the soil produces the consolidation.

4 RESEARCH ON SOME 
OUTSTANDING ISSUES

4.1 Analysis of the influence of foundation pit 
excavation on the foundation of near buildings

Research on the influence of foundation pit exca-
vation near pile foundation has been studied 
by domestic and foreign scholars with different 
methods. Leung et al. has discussed the influence 
of foundation pit excavation on the foundation of 
adjacent piles under no support conditions through 
centrifugal model test, and has analyzed the influ-
ence to single pile and group piles with different 
piles. Pan et al. and Miao et al. has discussed defor-
mation and mechanical properties of passive single 
piles and extracted P-y curve of single pile uniform 
soil under horizontal displacement condition.

The influence of foundation pit excavation on 
the foundation of adjacent buildings is a passive 
pile problem. Zhu Xiaoyu et al. has discussed the 
influence of the foundation pit excavation to the 
single pile and the group pile at the different dis-
tance with DCFEM (finite element method con-
trol the displacement, the simplified method has 
been applied to the analysis of environmental 
impact of underground excavation). Then, they 
also compared the test results of influence of foun-
dation pit excavation on adjacent piles with results 
of centrifugal model test.

Figure 1 (a) and (b) are the comparison of 
results between DCFEM and centrifuge tests, The 
displacement of the piles obtained by DCFEM 

method is more than that of the centrifugal model. 
The calculated moment is smaller than the centrif-
ugal test result. But the displacement curves and 
bending moment curves of the two methods are 
similar, the displacement values are all at the top 
of the pile, and the maximum bending moment is 
located in middle of the pile body.

4.2 Analysis of the influence 
of excavation on near metro tunnel

People’s living standards improved with the rapid 
development of economy. City traffic is becoming 
increasingly congested. The trend is that the Metro 
has become construction of urban transport. But 
in this times of land-scarcity, It is inevitable that 
excavation pit near the subway will be used to con-
struct high-rise buildings. The subway track has 
strict requirement for the soil mass below the orbit. 
This gives the study of the excavation of the sub-
way tunnel important significance. The research on 
the influence of the excavation to the subway tun-
nel is not a new problem. Domestic scholars have 
carried out a thorough study on the subject.

Figure 1. Comparison of results between DCFEM and 
centrifuge tests.
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Zhang Zhiguo et al. have adopted a two-stage 
analysis method which can consider unloading 
effects at the bottom and around the pit wall soil due 
to excavation. This method is based on the Winkler 
foundation model to establish the basic differential 
equation of the longitudinal deformation of the 
subway tunnel. According to the Galerkin method, 
the equation is converted to a one- dimensional 
finite element equation for calculation. At the same 
time, they have studied the factors of the longitudi-
nal deformation of tunnel: different tunnel depth, 
distance from the excavation site, different founda-
tion soil and different tunnel diameter, and so on. 
The results of this method are compared with the 
field measurement data. The results were in good 
consistency.

5 THE DIRECTION OF THE FUTURE 
RESEARCH ON THE ENVIRONMENT 
INFLUENCED BY THE EXCAVATION 
OF FOUNDATION PIT

Foundation pit is as temporary structure, strength 
safety reserve is also lower relative to the main 
body structure, at the same time, the external envi-
ronment factors of foundation pit is so many, for 
example, geological conditions and different sites 
of different regions, even though the same sites 
are not the same in different regions, many fac-
tors make it a comprehensive system engineering. 
Whether the surrounding environment is influ-
enced by foundation pit excavation is also a com-
prehensive study, the engineering situation around 
the foundation pit will be more and more complex 
in future studies. With the continuous progress of 
Technology, we can apply professional software 
to study the interaction between foundation pit 
and buildings, select the appropriate constitutive 
model of soil, and combine with the surround-
ing engineering situation to simulate construction 
and forecast construction risk. This can ensure the 
safety of the construction, at the same time, it can 
also speed up the construction progress to make 
up for foundation pit temporary problem. The 
data fed back through the construction process 
can verify the correctness of the simulation. The 
combination of theory, software and construction 
site is the ultimate design through the continuous 
improvement. Eventually, we will design a more 
safe and efficient construction scheme.

6 CONCLUSION

In the era of vigorous economic development, The 
foundation pit engineering continuously develop 
to deeper and larger area, which is also the oppor-
tunity and challenge for geotechnical workers. 

Many geotechnical workers have made remarkable 
achievements in the foundation pit after years of 
unremitting efforts and development, but in recent 
years, some technical problems of foundation pit 
engineering are still waiting to be resolved.  Applying 
the theory of foundation pit to guide practice, we 
will verify the correctness of theory from practice, 
it also helps to achieve a greater breakthrough in 
theory at the other way round. There are some 
another problems and valuable research results of 
foundation pit engineering are not reflected in this 
paper due to the limited level and space, I hope that 
scholars give me some criticisms.
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ABSTRACT: Based on the degradation model for sectional area and mechanical properties of corroded 
steel strands, a detailed analysis is done to find the effect of steel strand corrosion on serviceability state 
of PC continuous rigid frame bridge by finite element method. The result shows that corrosion of steel 
strands have very serious effects on the prestress reserves, especially the upper steel tendons in the top 
slab and the steel tendons in the bottom slab of the box girder. It is an important cause for long-term 
deflection and cracks of this kind of bridge.

Keywords: Prestressed Concrete; continuous rigid frame bridge; steel strands; corrosion; crack; deflection

1 INTRODUCTION

PC (Prestressed Concrete) continuous rigid frame 
bridges have advantages such as high stiffness, seis-
mic resistance, and less expansion joints. So they are 
widely used. There are two kinds of common dis-
eases in the girder of the bridge, which should be paid 
attention to: one is concrete cracking and the other 
is excessive deflection under long-term load effect. 
Both often go together and enhance mutually.

There are long-term deflection data of 15 bridges 
listed in Figure 1 a). It can be seen that the deflec-
tion-to-span ratios are between 1/393 and 1/4242, 
most of them are more than the expected value. 
The average annual increment of deflection under 
long-term load effect of some bridges are shown in 
Figure 1 b), most of them are between 1 cm/a and 
5 cm/a. They have no clear relationship with the 
length of the bridge span.

The causes for cracks and long-term deflections 
are complex, and thus a debatable problem. The 
corrosion of steel tendons may be one reason for 
it to cause reduction of the cross-sectional area, 
strength, elastic modulus, and elongation of steel 
tendon, it also leads to reduction of the prestress 
reserve and bearing capacity of the girder, but the 
degree of the effect still needs further research.

2 MECHANICAL PROPERTIES 
OF CORROSION STEEL STRANDS [1] 

Corrosion rate. The corrosion rate of a piece of 
steel strand can be determined by weight or  average 
cross-sectional area after corrosion.

Figure 1. Statistics of long-term deflection of PC 
continuous rigid frame bridges.
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where: g0, gt is the weight of steel strand before and 
after corrosion respectively, Ap, Apt is the average 
cross-sectional area of steel strand before and after 
corrosion respectively.

Nominal ultimate strength. A model for the 
 nominal ultimate strength of corroded steel strands 
is as formula (2).

f fu uf ff f1 351(( )) .fuff  (2)

where, 0 < ρw < 10.4%, fu1 is the nominal ultimate 
strength of corroded steel strands; fu is the ultimate 
strength of un-corroded steel strands.

Nominal elastic modulus. A model for the 
 nominal elastic modulus of corroded steel strands 
is as formula (3).

E Ep pE 2 3661 40 4633(( ) .EpE  (3)

where, Ep1 is the nominal elastic modulus of 
corroded strands; Ep is the elastic modulus of 
 un-corroded strands.

3 EFFECT OF STRAND CORROSION 
ON PC CONTINUOUS RIGID FRAME 
BRIDGE

Project case. A PC continuous rigid frame bridge 
is adopted for analysis, detailed dimensions of the 
bridge are shown in Figure 2. The girder is built 
with concrete C55 according to Chinese Code. 
It has a three-dimension prestressing system, in 
which the longitudinal prestressing tendons are the 
most important part, they consist of top slab ten-
dons, web tendons, bottom slab tendons as shown 
in Figure 3.

According to Figure 3, the upper tendons in the 
top slab are prone to corrode for they are closer to 
external environment and traffic loading; the lower 
tendons in the top slab are protected by thicker 
concrete cover, so they are affected by external 
environment more weakly than the upper tendons. 
The corrosion order of the steel tendons in the 
girder may be the upper tendons in the top slab 
firstly, the lower tendons in the top slab secondly, 
and the web tendons thirdly, and the last are the 

bottom slab tendons. But because the bottom slab 
cracks sometimes in the early age of the girder, ten-
dons in the bottom slab may corrode firstly. All the 
cases above are considered in this paper.

According to formula (1) to (3), mechanical 
properties of corroded tendons can be obtained 
under various corrosion rates, which are listed in 
Table 1.

Because the PC continuous rigid frame bridge 
is a hyperstatic structure, the internal force will 
redistribute if  steel tendons corrode, it is a complex 
problem, so the corrosion effect analysis is carried 
out by finite element method. The FE model is 
shown in Figure 4.Figure 2. Layout of PC continuous rigid frame bridge.

Figure 3. Layout of longitudinal prestressing tendons.

Table 1. Section area and mechanical properties of cor-
roded tendons.

Corrosion 
rate

Ep 
[MPa]

Fpk 
[MPa]

Ap [mm2]

15-16 15-13 15-19

0.00 195000.0 1860.0 2224.0 1807.0 2641.0
0.02 194246.1 1780.6 2179.5 1770.9 2588.2
0.04 191113.4 1657.6 2135.0 1734.7 2535.4
0.06 184856.2 1509.9 2090.6 1698.6 2482.5
0.08 174964.2 1343.6 2046.1 1662.4 2429.7
0.10 161030.0 1161.9 2001.6 1626.3 2376.9
0.12 142707.6  966.9 1957.1 1590.2 2324.1
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corrosion rate of the lower tendons grows from 0 to 
10%, and then the deflection drops from −19.16 mm 
to −22.78 mm, reduced by 3.61 mm in total. Stress 
at the bottom of mid span rises from −1.79 MPa to 
−1.67 MPa, increased by 0.12 MPa in total under 
short-term load effect, and the  principal stress of 
the web at the 1/4 span drops from 0.95 Mpa to 
0.93 MPa, decreased by 0.02 MPa in total.

Corrosion effect of the web tendons. Assuming 
all the prestressed tendons of the top slab have 
been corroded, the corrosion rate is 10%. The 

Figure 4. FE model.

Figure 5. Corrosion effect of the upper tendons on 
deflection.

Corrosion effect of the upper tendons in the top 
slab. Analyses are carried out to calculate the deflec-
tion of the middle span, the principal tensile stress 
of the webs, normal stress of the bottom slab, and 
effective prestress of the corroded steel tendons.

As shown in Figure 5, the deflection under long-
term load effect increases along with the increasing 
of the corrosion rate of the upper tendons, and the 
increase tends to accelerate. When the  corrosion rate 
is 10%, the deflection reaches −19.16 mm, which is 
1/6263 of the main span. When the  corrosion rate 
is 12%, the deflection reaches to a −25.35 mm, 
which is 1/4734 of the main span. Herein brittle 
fracture may happen when corrosion rate is more 
than 10%, so 12% is only for reference.

When the corrosion rate is 10%, the  nominal 
ultimate strength decreases to 1161.9 MPa, 
approximately to effective prestress of normal 
steel tendons; when the corrosion rate is 12%, 
the strength decreases to 966.9 MPa, lower than 
the effective prestress. When the corrosion rate is 
between 10% and 12%, tendon fracture is likely to 
happen, so prestress reserved and bearing capacity 
of the girder will decrease rapidly, and long-term 
deflection will become worse.

As shown in Figure 6a), principal tensile stress 
under short-term load effect is in proportion to 
the corrosion rate of the upper tendons in the top 
slab. When the corrosion rate is 10%, the tensile 
stress reaches 0.95 MPa, when the corrosion rate 
is 12%, the tensile stress reaches 0.98 MPa, get-
ting close to the limit value of the tensile stress of 
1.096 MPa. As shown in Figure 6b), normal stress 
at the bottom of the mid span increases along with 
the increasing of the corrosion rate.

As shown in Figure 7, the effective prestress of 
tendons decreases along with the increasing of the 
corrosion rate of the upper tendons. When the 
corrosion rate is 10%, the effective prestress drops 
from 1172.1 MPa to 1110.8 MPa, and the prestress 
loss rate is 14% considering section area loss of the 
tendons. When the corrosion rate is 12%, the loss 
rate reaches 18%.

Corrosion effect of the lower tendons in the top 
slab. Assuming that the upper prestressing tendons 
have been corroded, the corrosion rate is 10%. The 

Figure 6. Corrosion effect of the upper tendons on the 
stress.
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tensile stress of the web at 1/4 span reaches 1.08 
MPa under short-term load effect, close to the 
limited value. When there are 6 fractured strands, 
the girder deflection rises to −58.98 mm, the prin-
cipal tensile stress of the web at 1/4 span will reach 
1.26 MPa, exceeding limited value, while the stress 
at the bottom slab of mid span reaches 0.6 MPa, 
the webs and the bottom slab crack, resulting in 
the decrease of the girder stiffness and accelerated 
growth of the long-term deflection.

4 SUMMARY

In this paper, research is carried out to analyze the 
effect of steel tendon corrosion on a PC continu-
ous rigid frame bridge. It is concluded that:

1. The corrosion effect of  the upper tendons on 
the long-term deflection and principal tensile 
stress of  the web is most significant, but the 
effect on the normal stress of  the bottom slab is 
slightly lower than that of  the bottom slab ten-
dons. The corrosion effect of  the lower tendons 
and the web tendons is insignificant. The cor-
rosion of  the tendons in the bottom slab exerts 
the most significant effect on the stress of  the 
bottom slab. 

2. PC continuous rigid frame bridge is a hyper-
static structure with complicated prestressed 
system. When the tendons in the top slab have 

Figure 7. Corrosion effect of the upper tendons on the 
effective prestress.

 corrosion rates of tendons in the web grows from 
0 to 10%, then the deflection drops from −22.78 
mm to −24.74 mm, reduced by 1.96 mm. Stress at 
the bottom of mid span rises from −1.67 MPa to 
−1.61 MPa, increased by 0.05 MPa under short-
term load effect, the principal stress of the web 
at the 1/4 span rises from 0.93 MPa to 0.95 MPa, 
increased by 0.02 MPa.

Corrosion effect of the bottom slab tendons. 
When tendons in the bottom slab corrodes indi-
vidually, the corrosion rate of  the tendons in the 
bottom slab grows from 0 to 10%, the deflection 
rises from 0 to −4.72 mm, as shown in Figure 8, 
and normal stress at the bottom of  mid span 
rises from −2.22 MPa to −1.5 MPa, increased 
by 0.72 MPa under the short-term load effect. 
In addition, the principal stress of  the web at 
the 1/4 span drops from 0.87 MPa to 0.86 MPa, 
reduced by 0.01 MPa.

If  the top slab tendons have been corroded, and 
the bottom slab begins to corrode, insignificant re-
bounce of deflection might occur due to redistri-
bution of the internal force.

Some tendons are corroded and fractured. As 
mentioned above, when the corrosion rate is more 
than 10%, steel strand might be fractured. For 
example, when the upper tendons of the top slab 
corrode alone, in which 3 pieces of strand of each 
tendon (16ϕs 15.2) get fractured, while the corrosion 
rate of other strands is 10%, the girder deflection 
drops from −19.16 mm to −37.24 mm, the principal 

Figure 8. Corrosion effect of  the bottom slab 
tendons.
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been corroded and the tendons of bottom slab 
begins to corrode, insignificant re-bounce of 
deflection might occur due to redistribution of 
the internal force.

3. When part of the tendons especially the upper 
tendons of the top slab corrode and fracture, the 
prestress reserved decreases rapidly, diagonal 
cracks will appear on the web, and lateral cracks 
might appear at the bottom of mid span, result-
ing in accelerated growth of the deflection.

All in all, steel tendons corrosion is one of the 
important reasons for a long-term deflection and 
crack of PC continuous rigid frame bridge.
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ABSTRACT: The nature of affordable housing industrialized building system is to realize its large-scale 
and industrial production in the field of urban construction. Its core is changing the housing construction 
projects from the traditional field construction to factory manufacturing. To achieve these objectives we 
need to standardize, modularize, and serialize its key assemble parts, design, and produce the matching 
mould, and assemble the mode parts. Mould plays a connecting role in these aspects, its applicability and 
advanced nature, directly affect the degree of the factory automation and efficiency of field installation 
and parts quality, mould design optimization problem should be taken seriously enough. On the founda-
tion of the detailed investigation and study, the composite wallboard mould was analyzed, concluded, and 
summarized, which requires multiple groups of pouring in the northern area.
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3. A mold can only produce a wall, this mode of 
production wastes material.

3 CONNECTION OF COMPOSITE 
WALLBOARD MOULD

Composite wallboard in fixed mould is composed 
of the following parts, they are bottom mold steel 
base, the bottom bracket and the bottom mold 
steel mold, mold wall outer leaves, inner leaf mold 
wall, and window mode. These parts are assembled 
into a unified whole composite wallboard produc-
tion process.

Dies use reasonable connection, the  quality 
of  the connection design affects  productivity 
of  compound wall and quality of  the mold. 
 Currently there are connections of  mold includ-
ing weld connections and bolted connections [5]. 
With fixed steel pedestal base mold, according 
to the actual support cases, desirable on both 
sides of  the support or the support sides to be 
calculated.

4 CONNECTION DESIGN OF MOULD

In order to facilitate, this mold will make a list of 
standard components involved in schematic (see 
Table 1) text, part of the direct use of its number.

1 INTRODUCTION

Industrialization of buildings is an inevitable trend 
in the construction industry [1]. The prefabricated 
building structures has to achieve the most efficient 
industrial production structure. Precast concrete is 
the main way of concrete construction, compar-
ing with cast-in-place concrete, its features include 
factory construction, construction convenient, 
low impact on the surrounding environment, the 
surface roughness, the exact appearance of size, 
short construction period and fast return on invest-
ment [2–3]. With the continuous development of the 
technology of prefabricate concrete, the demand of 
mould is increasing, so mould design optimization 
problem should be taken seriously enough.

2 THE PROBLEMS OF PREFABRICATED 
MOULD AT PRESENT

The formwork Engineering is an important part of 
the reinforced concrete structural engineering [4]. 
With the continuous development of the technol-
ogy of prefabricate concrete, the demand of mould 
is increasing. But there are several questions of the 
traditional mould of precast wall:

1. Severe deformation during the life of the inte-
rior wall mould.

2. The mould is difficult to disassemble.
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1. Steel dock connector of bottom mold
The connection of base and the concrete floor 
through bolt, the diameter of bolt is 20 mm, 
spacing is 300–500 mm embedded in concrete 
within a length of 30 d. Part of the base steel 
welded: GL2 and GL1 welding, GL1 and GL3 
use double-sided fillet welds (see Figs. 1 and 2).

Figure 1. Base component connection diagram.

Figure 2. Three-dimension of base component 
conjunction.

Figure 3. Conjunction diagram of GL5 and GL6.

Figure 4. Conjunction three-dimension of GL4 GL5 
and GL6.

Figure 5. Conjunction node diagrams of GL10 and 
GL11.

Figure 6. Conjunction node of GL10 and GL11.

Table 1. Steel component list.

Number Section size Steel grade Remarks

GL1 20b Q235
GL2 L100 × 10 Q235B
GL3 L50 × 4 Q235B
GL4 14b Q235B
GL5 16a Q235B
GL6 16a Q235B
GL7 L50 × 4 Q235B
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bracket GL5 and GL6 connected to the outer 
side wall leaf mold GL4 using gusset plate 
welded then use bolt connection, gusset plate 
number  (shaped) and the outer wall leaf mold 
GL4 Trilateral Wai-sided fillet weld connection, 

 number gusset plate (rectangle) and GL5 
limb back with double-sided fillet welds, bolts 
connecting the outer leaf node board wall mold 
and the bottom mold assembly, the specific con-
nection node in Figures 3 and 4.

3. The connection of inner lobe mould and lateral 
lobe mould
Inner lobe mould leaf mould GL11 and GL10 
connected by webs plus tip set bolted ways, 
shown in Figures 5 and 6; inner leaf mould side 
wall and the side wall of the outer leaves die 
down side position coincides with bolts, another 
side using overhung steel outer leaves from the 
side wall of the mold to support and fixate the 
leaf mold wall, in order to solve the problem, is 
fixed between the lower mould sandwich panel, 
shown in Figure 7.

4. The connection of window mould and bottom 
mould
Floorplan of window mould and bottom mould 
is Figures 8 and 9.

5 CONCLUSIONS

This paper describes the design principle of the 
mold connected, and the technical  characteristics 

Figure 7. Bolt conjunction of inner wall lobe and lat-
eral wall.

Figure 8. Three-dimension and plan drawing of the 
window mold conjunction.

Figure 9. Conjunction node three-dimension of the 
window mold.

2. The connection of the bottom mold steel frame 
and outer leaves die side
Wall GL6 main beam and secondary beams 
GL7 using double-sided “L” shaped fillet, 
angle-cut case of channel flanges using limbs, 
connections shown in Figure 2.20. Bottom mold 
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of composite wall in northern China, and the 
original mold problems were analyzed and 
 summarized. On the foundation of the detailed 
investigation and study, the composite wallboard 
mould was analyzed, concluded and summarized, 
which requires multiple groups of pouring in the 
northern area. Its design theory and calculation 
method were elaborated. The author optimized 
the mould design in the area of the original mould 
composition and connection structure using three-
dimensional design software SKETCHUP and 
AUTOCAD plane drawing combination design 
method that provide the basis for other similar 
structure design.
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ABSTRACT: The dominant vibration period is one of the most important behavioral parameters of 
the structures that are widely used in most of the seismic design codes of structures. The proposed meth-
ods by the Codes and Standards for calculation of the dominant vibration period are only dependent to 
Structure’s height, and are obtained based on the first vibration mode. Thus, in cases with a small ratio 
of height to span of the structure, could not give sufficient accurate results. In this paper, we have stud-
ied the effects of height and the span of structures on the vibration periods and the mass participation 
ratios in higher vibration modes after performing the modal analysis for several steel moment resistant 
frames. Then, we have developed a simplified formula, based on the results. The relations presented in 
this article, besides considering the effect of the height and span of structure in estimating the first and 
second vibration modes, have no certain complexity and could present a good alternative for the formulae 
incorporated in the codes.
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percentage of seismic acceleration at the building 
floor level, enters the structure and affects the mass 
of different floor levels. For calculating this factor, 
the dominant structural vibration period should be 
calculated first, and then, using the standard design 
response spectrum, the response factor could be 
read (Chopra & Goel 2000).

To calculate the dominant vibration period, the 
Codes have provided several empirical relationships 
for conventional structures, but each of them has 
its own deficiencies (Carrillo & Alcocer 2013). For 
example, these relationships are just a function 
of structure height. In other words, the only fac-
tor in determining the dominant vibration period 
of a structure is the height of the structure, while 
other factors such as span of the structure and 
architectural configuration of the structure can 
also be effective. On the other hand, in calculat-
ing the dominant vibration period, only, the first 
vibration mode of structure is considered, and the 
effects of higher vibration modes are neglected. 
While by increasing the height of structure (H), 
or the height-to-span ratio of structure (H/L), the 

1 INTRODUCTION

Many structures should be designed against the 
seismic loads due to their special functionality. The 
full dynamic analysis of structures could not be 
utilized inclusively because of its time-consuming 
solution process and computational complex-
ity (Goel & Chopra 1997). Therefore, the seismic 
design codes of structures have tended towards the 
“quasi-static method”. This method is based on 
the substitution of seismic loads by the base shear 
force at the base level and its distribution over the 
height of the building (Salama 2014), and it has 
been introduced by most of the structural design 
codes such as the International Building Code 
(IBC) or Euro code (IBC 2000, Eurocode 2004).

Calculating the base shear coefficient is based 
on the several proposed factors, including behavior 
factor (R), response factor (B), importance factor 
(I) and design base acceleration ratio (A) (Chopra 
2011).

B, the response factor, which is obtained from the 
standard design response spectrum, shows that what 
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effects of higher vibration modes will be signifi-
cant, and the seismic behavior of structure is highly 
affected by them. For instance, a structure, which 
is considered as “mid-rise building”, may have a 
large height-to-span ratio because of the smallness 
of the span, and therefore, in this case, the effect 
of higher vibration periods on the seismic behavior 
of the structure is impressive. That is why the pro-
posed Codes formulae do not provide an accurate 
estimate of the structural vibration period.

In this paper, twelve steel structures with moment 
resistant frames at different heights and spans have 
been examined, and then, using modal analysis, 
the first and second vibration modes of these 
structures have been extracted. Next, the effects of 
height—to- span ratio on the vibration period and 
mass participation factor have been studied, and 
finally, considering the height and span of struc-
tures, some simplified equations have been devel-
oped to estimate the dominant vibration period of 
structures for the first and second vibration modes. 
In addition to the proposed simplified formulae, 
the relative accuracy of the formulae included in 
the Code has also been studied and compared for 
different kinds of structures.

2 REVIEW OF TECHNICAL LITERATURE

The existing deficiencies in the seismic design of 
structures codes, including not covering all types of 
the structures in engineering constructions, neglect-
ing the effects of higher vibration modes and ignor-
ing the geometric characteristics of structures in 
estimating the dominant period have led many 
researches to estimate the vibration periods for the 
seismic behavior of structures during earthquakes.

In this regard, Skinner et al. (1993) studied the 
use of the seismic isolation systems to improve the 
seismic behavior of structures. They stated that 
using seismic isolation systems, increases the domi-
nant period and damping of the structures, and as 
a result, reduces the input seismic demand of the 
structure. They evaluated the period of structures, 
before and after using seismic isolators and studied 
the reduction of higher modes’ effects after reha-
bilitation of the structures with seismic isolation 
systems.

Chun et al. (2000) assessed the accuracy of 
Korean Building Code of 1988 in calculating the 
dominant period of the reinforced concrete build-
ings with shear wall systems. For this purpose, 
they conducted some full-scale measurements for 
50 different buildings and compared the results of 
the measurements with the dynamic modeled ones, 
and also formulae proposed by Codes. The results 
of this study showed that the stiffness of the tested 
buildings is different from the results obtained 

from the formulae in Codes. At the end of the 
study, to have a better estimation of the stiffness, 
they proposed an expression to calculate the shear 
wall period of the reinforced concrete buildings.

Balkaya & Kalkan (2013), using three-
 dimensional finite element dynamic analysis, stud-
ied the behavior of tunnel form concrete buildings 
with shear walls, and then, using the obtained 
results, tried to investigate the effects of architec-
tural configuration, roof weight and arrangement 
of shear walls on the dominant period of analytical 
models.

Balkaya & Kalkan (2004) studied the behavior 
factor (R) and dominant period of tunnel form 
structures with concrete shear walls. They discussed 
the flow of transferring load from shear walls to 
foundation and studied the effects of Structures’ 
vibration modes on the plastic behavior.

Bratosin et al. (2009), using the Kelvin-Voigt 
nonlinear model, proposed a method for mod-
eling the resonance peaks in the nonlinear analysis 
of site materials. He, in addition to studying the 
dynamic behavior of rock and soil media and mag-
nification of seismic waves, tried to provide a bet-
ter estimate of the Environment’s dominant period 
and its effect on the site-structure resonance.

This research, after modeling and designing 
of several steel structures with moment resistant 
frames at different heights and spans, used modal 
analysis to examine the shape modes of structures 
in higher vibration modes. It evaluated the effects 
of height and span of structures on the mass par-
ticipation factor and dominant period in different 
vibration modes. Finally, some simplified equa-
tions were provided to estimate the dominant 
period of structures in the first and second vibra-
tion modes and evaluate the accuracy of Code for-
mulae in estimating the dominant period of steel 
structures.

3 PROBLEM SOLVING METHODOLOGY

The governing dynamic motion equation in a multi-
degree of freedom system with viscous damping is 
(Chopra 2011),

MU DU KU F�� �+ +DU =  (1)

where U, �U  and ��U  are displacement, velocity 
and acceleration vectors, respectively, and F is the 
external load vector in the system. M, D and K 
represent the mass, damping and stiffness matrixes 
of the system, respectively. The free vibration 
 equation of the system without damping could be 
written as follows,

KU�� + =KU 0  (2)
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Assuming a cosine harmonic response as U = 
ϕcos(ωt − θ) for this differential equation, the solu-
tion will be,

[ ]− =+ω ϕ]+ 0  (3)

Eq. (3) is a linear system of “n-equations, n- 
unknown parameters” which has answer only if the 
determinant of the coefficient matrix is zero (Eq. 4).

Δ = − =M K+ω 2 0  (4)

Eq. (4) that is called characteristic equation of 
the system, is a linear function of ω2 = λ (Eq. 5).

Δ = = + + + +

= +
=
∑

0 0 1
2

2
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2
2

0 0∑
1

a a+0 + a+ +

a + ∑0 + ∑
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ω ω+2

2a2 ω 2

λ i( )0a iλ i  (5)

This linear equation has n roots as {λk}k = 1,2, …, n 
or {±ωk}k = 1,2, …, n, where λ is the Eigen value of coef-
ficient matrix and ω (ω = ±λ1/2) is the natural fre-
quency of the system. Thus, by calculating n values 
for ω, n values for natural period are calculated in 
accordance with Eq. (6).

T =
2π
ω

 (6)

As it is shown in Eq. (7), corresponding to any 
values of natural frequencies (or Eigen values), 
there is a natural mode vector (or Eigen vector),

[ , , , ...,= n, , ...,i iλ ϕ]i i] 0 1, i = 2  (7)

The ratio between the components of eigenvectors 
obtained from the above equation forms the mode 
shape matrix which reflects the system vibration.
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The following equation shows the percentage of 
mass participation, which represents the percent-
age of structure mass involved in the structure’s 
vibration mode.

[ , , , ...,= n, , ...,i iλ ϕ]i i] 0 1, i = 2  (9)

4 MODELING AND ANALYSIS

Twelve steel moment resistant frames, includ-
ing four five-story structures, four twelve-story 
structures, and four twenty-story structures 
were analyzed by SAP2000software to examine 
the vibration period changes against structure 
geometry. In this regard, seismic loading and 
designing of  these structures were considered in 
accordance with the Iranian Code of  practice for 
seismic resistant design of  building (Code 2800, 
2005). The results of  this design are shown in 
Tables 1 to 3.

In the next step, the structures were analyzed 
by the modal analysis method and the dominant 
period and mass participation factor of the first 
and second vibration modes were calculated.

To compare the results from modeling by soft-
ware, and the results from Code prescribed equa-
tions (Eq. 10), apart from the modal analysis 
results, the dominant vibration period was calcu-
lated for all the structures with proposed equa-
tions, prescribed in Code 2800 (Code 2800, 2005). 
The results, then, were presented in Table 4 with 
respect to the structures’ geometry (number of 
stories and spans), structures’ height (H), struc-
tures’ span length (L), periods calculated by Code 
2800 (T2800), periods of the first vibration mode 
calculated by the modal analysis (Tmode1), periods 
of second vibration mode calculated by the modal 
analysis (Tmode2), mass participation factors of the 
first vibration mode (L1), mass participation fac-
tors of the second vibration mode (L2) and total 
mass participation factors of the first and second 
vibration modes (L1 + L2).

T H0 08
3
4.  (10)

Table 1. The results of designing 5-story building in four different spans.
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The diagram of Figure 1 compares the periods 
obtained by the modal analyses in the first and sec-
ond vibration modes and the values obtained by 
Code 2800 (Code 2800, 2005). It can be seen that 
in all structures, the period estimated by Code 2800 
is between the periods of first and second vibra-
tion modes obtained from the modal analysis. It 
can also be seen that with higher structures, the dif-
ference between the periods of the first and second 
vibration modes is greater.

We arrange values in Table 4 in terms of structure’s 
height-to-span ratio (H/L), to examine changes in 
the vibration period of the structure, compared with 
geometric characteristics of the structure (Table 5).

Table 2. The results of designing 12-storey building in four different spans.

Table 3. The results of designing 20-storey building in four different spans.

Figure 1. Comparing the results of modal analysis and 
Code 2800 formula.

Table 4. Results of the modal analysis in comparison with Code’s formula.

Frame type* H (m) L (m) H/L T2800 (s) Tmode1 (s) Tmode2 (s) L1 L2 L1 + L2

 5–1 15  4 3.75 0.6097593 0.926047 0.302715 0.79 0.12 0.91
 5–2 15  8 1.875 0.6097593 0.972155 0.324641 0.8 0.12 0.92
 5–3 15 12 1.25 0.6097593 0.983985 0.331299 0.8 0.12 0.92
 5–4 15 16 0.9375 0.6097593 1.034984 0.343114 0.79 0.13 0.92
12–1 36  4 9 1.17575508 2.371253 0.818634 0.76 0.12 0.88
12–2 36  8 4.5 1.17575508 2.396337 0.8416 0.77 0.11 0.88
12–3 36 12 3 1.17575508 2.48707 0.863269 0.76 0.12 0.88
12–4 36 16 2.25 1.17575508 2.492906 0.867886 0.77 0.12 0.89
20–1 60  4 15 1.72465974 3.470907 1.128263 0.75 0.12 0.87
20–2 60  8 7.5 1.72465974 3.565241 1.198341 0.75 0.12 0.87
20–3 60 12 5 1.72465974 3.625631 1.248011 0.75 0.11 0.86
20–4 60 16 3.75 1.72465974 3.584841 1.234965 0.75 0.11 0.86

* First number is the story number, and the second one is the span number.
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Figure 2 shows the change of  mass participation 
factor in the first vibration mode against height-
to-span ratio of  the structure (H/L). As it could be 
seen, by increasing the height-to-span ratio (H/L), 
the mass participation factor will decrease sharply. 
When the height increases, higher modes will have 
a greater effect on the structural response, there-
fore, actual behavior of  structure could not be 
modeled just by considering the first vibration 
mode.

In Figure 3, the sum of mass participation factor 
in the first and second vibration modes (i.e. L1 + L2) 
is plotted against the height-to-span ratio of the 
structure (H/L). As it is seen from this diagram, 
the total mass participation of the two first modes 
has a downward trend. In other words, there are 
some cases in which more than one vibration mode 
is effective on the structural response. Therefore, 
to estimate the dynamic structural behavior, higher 
vibration modes of the structure might also need 
to be considered.

As previously mentioned, Code formulae are 
just a function of structure height and only cal-
culate the period of first vibration mode. To solve 

this problem, according to Figures 4 and 5, by 
fitting a curve to the results from the modeling 
software, two simplified equations are developed. 
These equations could be used to determine the 
first and second vibration periods considering the 
height-to-span ratio of the structures.

Table 5. Sorted results of the modal analysis.

H/L T2800 (s) Tmode1 (s) Tmode2 (s) L1 L2 L1 + L2

0.94 0.60976 1.03498 0.34312 0.79 0.13 0.92
1.25 0.60976 0.98399 0.33130 0.80 0.12 0.92
1.88 0.60976 0.97216 0.32464 0.80 0.12 0.92
2.25 1.17576 2.49291 0.86789 0.77 0.12 0.89
3 1.17576 2.48707 0.86327 0.76 0.12 0.88
3.75 1.72466 3.58484 1.23497 0.75 0.11 0.86
4.5 1.17576 2.39634 0.84160 0.77 0.11 0.88
5 1.72466 3.62563 1.24801 0.75 0.11 0.86
7.5 1.72466 3.56524 1.19834 0.75 0.12 0.87
9 1.17576 2.37125 0.81863 0.76 0.12 0.88
15 1.72466 3.47091 1.12826 0.75 0.12 0.87

Figure 2. Changes in mass participation factor of first 
mode to H/L.

Figure 3. Changes in mass participation factor of two 
firs modes against H/L.

Figure 4. The relationship between height to span ratio 
and period of first vibration mode.

Figure 5. The relationship between height to span ratio 
and period of second vibration mode.
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We can use the provided equations instead of 
Code formulae in order to calculate the vibration 
period of steel structures with moment resistant 
frames (Eqs. 11 and 12). These equations could be 
used to calculate the vibration periods of the first 
and second modes as a function of height-to-span 
ratio of the structure.

T
H
LemoTT d

.

.1

0 5008

1 1567= ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞  (11)

T
H
LemoTT d

.

.2

0 4996

0 394= ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞  (12)

The Table 6 is provided in order to investigate 
the relative error of equations proposed by Code 
compared to equations proposed by this paper. 
In this Table, there are three error ranges of 0 and 
10%, 10 to 30% and over 30%.

5 CONCLUSION

Codes formulae provided for calculation of the 
period are only a function of structure’s height. In 
other words, the only factor, affecting the variation 
of the period of a structure, is its height, while add-
ing a span to the structure can change its stiffness 
extremely, and therefore, the period of the structure 
changes, without any change in its height. Apart 

from this issue, by increasing the height-to-span 
ratio of the structure, the effect of higher vibra-
tion modes in structural behavior are consequently 
increased, and we cannot calculate the period, by 
just relying on the first vibration mode. Hence, in 
this paper, using the modal analysis of steel struc-
tures with moment resistant frames, we have stud-
ied the effect of structure height-to-span ratio on 
period and mass participation factor of the first 
and second vibration modes and developed two 
simplified equations for this purpose. Comparing 
the results of Code relationships and equations 
proposed in this paper, relative error percentage is 
presented in Table 7 in terms of the height and the 
span length of different structures. According to 
this table, the error percentage at lower heights is 
less than 10% while this amount is over 30% for 
higher heights.

Regarding the assumptions used in this article, 
and to continue working on this paper, some points 
and suggestions are offered as follows:

− This paper discussed the steel moment resistant 
frames with different spans and heights. Other 
types of structures including concrete or steel 
structures such as bracing steel frame and dou-
ble steel frames can be studied in the same way.

− In this study, steel frames are modeled and 
analyzed in two-dimensional form. To examine 
issues such as irregularity in plan and height, 
this study should be done using a three-dimen-
sional modeling tool.

− In seismic rehabilitation of the structures, utiliz-
ing passive controllers such as dampers or seis-
mic isolators, estimating the vibration period of 
the structure before and after the rehabilitation 
is necessary. Therefore, the current study can be 
developed for seismic rehabilitation of structures 
as a new research project.
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ABSTRACT: Stacked arch bridge is a new bridge system, based on four different styles of installation 
of transverse brace of a stacked tied arch bridge. Out-of-plane buckling is analyzed according to different 
position and different form of installation of transverse brace; the safety factor of stability and buckling 
model of each analysis models are get, the more important influence factors to out-of-plane buckling are 
analyzed, the results have reference value to same bridge application.
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factor

obtained, which influences out-of-plane  stability. 
The results have reference value to same bridge 
application.

2 ANALYSIS OF THE MODEL

2.1 Basic information

A bridge’s preliminary scheme is that the stacked 
arch bridge structure system uses concrete filled 
steel tubular. The bridge is bi-directional four-lane 
design. Its main span is 12 m + 86 m + 12 m and deck 
width is 20 m. According to comprehensive analysis 
of mechanics and styles of the arch rib, choosing 
upper arch rib’s rise-span ratio is 1/5 and lower 
rise-span ratio is 1/4.15. Both upper and lower arch 
ribs use concrete filled circular steel tubular and the 
thickness of steel pipe wall is t = 10 mm, diameter 
Φ = 900 mm. The cross-section of main arch’s dome 
roof is dumbbell-shaped (Fig. 2). Away from the 
vault at 12.3 m, upper and lower ribs are  separated by 
dumbbell-shaped and intermediate connecting rods 
and vertical diagonals which are made up of steel 
pipe, with thickness of 10 mm, diameter 500 mm. 

1 INTRODUCTION

Stacked arch bridge is a new bridge system. It 
means its upper and lower arch ribs of main arch 
rib are separated and the skewbacks (support 
points) are set up on the different piers, which is 
shown in Figure 1. In Japan, the similar system of 
the bridge existed. The main arch ribs of stacked 
arch bridge is composed of upper and lower arch 
ribs, separation sections, dumbbell sections, and 
web members. Suspender is anchored in arch rib. 
In order to balance their horizontal thrust, tie bar 
is anchored in skewback of the upper and lower 
arch rib by batch. This system bears vertical loads, 
which is transferred by suspender. The dumbbell 
section and web member can coordinate the stress 
distribution of arch rib. The main arch rib separates 
into some parts in-plane, which makes the style of 
bridge unique, increases grandeur of the bridge and 
gives a person with strong space aesthetic feeling.

To the stacked tied arch bridge, a single arch rib 
can be considered to be composed of upper and 
lower two arch ribs. The setting location of lateral 
connection systems in the upper and lower two 
arch ribs and the structure of installation of trans-
verse brace all can influence the whole out-plane 
buckling. Comparing with the most four intuitive 
styles of the transverse brace of a stacked tied arch 
bridge, the safety factor of stability and buckling 
model are analyzed with different setting positions 
and forms of the transverse brace under three kinds 
of load condition at the finished bridge state. The 
more obvious form of the transverse brace can be 

Figure 1. Stacked tied arch bridges system (unit: cm).
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conversion elastic modulus is put to use. Longitu-
dinal beam and crossbeam employ BEAM4. The 
prestressed of longitudinal beam should be taken 
into account when it shares nodes with LINK10. 
Suspender uses LINK10 and initial tension should 
be taken into consideration. Tie bar and installation 
of transverse brace use BEAM4 as well.  Supporting 
way is a continuous beam support method. Upper 
arch foot is a movable support, and one side of 
lower arch foot is a fixed support, the other side is 
movable support. Simulation of dumbbell-shaped 
section is realized through coupling the corre-
sponding node-freedom degree of the upper and 
lower arch rib at the dumbbell section.

2.3 Loading conditions

According to lane loading calculation, the live load 
and dead load must be considered at the finished 
bridge state. Considering that the lower arch rib 
needs to bear large axial force and the lower rise-
span ratio is larger, the axial force influence-line 
loading calculation was carried out on arch rib 
and arch foot. The lane load is highways-I-level. 
 Uniform load is 10.5 KN/m and concentrated force 
is 432 KN (taken shear force calculation value).

Loading condition can be classified into 3 kinds:

1. Only taken the dead load into account (con-
cluding structure weight, the prestressed of tie 
beam, suspender initial tension).

2. The dead load, crowd load, wind force, and trans-
verse live load, which loads by influence-line of 
four-lane (considering transverse  reduction). 
Loads are combined by ultimate limit states.

3. The dead load, crowd load, wind force, and trans-
verse live load, which loads by influence-line of 
two-lane (considering transverse reduction). 
Loads are combined by ultimate limit states.

2.4 Analysis patterns

Comparative analysis is carried out through the 
following four modes for different settings of 
installation of transverse brace.

a. Both upper and lower arch ribs set 5 transverse 
braces, which are located on the lower arch rib. 
The corresponding setting positions are 1/6, 1/3, 
1/2, 2/3, 5/6 span of the lower arch rib. Instal-
lation of transverse braces at mid-span are “*” 
shapes, set on the webs of the dumbbell section. 
Other transverse braces are “K” shapes (Fig. 4).

b. On the basis of “a” model, the transverse brace 
located in the lower arch rib is removed, and the 
transverse brace of upper arch ribs and mid-
span is unchanged.

c. On the basis of “a” model, the transverse brace 
located in the lower arch rib is removed, and the 

Figure 2. Section of the main arch vault (unit: cm).

Figure 3. Section of prestressed concrete beam (unit: cm).

Tie bar is rigid and longitudinal beam is prestressed 
concrete box girder (Fig. 3). Middle cross beam 
uses prestressed concrete T-shape beam. To facili-
tate anchoring steel strands of suspender and cross-
beam, middle cross beam needs to be thickened to 
50 cm at the intersection of the middle cross beam 
and longitudinal beam. The spaces of middle cross 
beam and suspender are 6 m. Close to the lower 
arch foot, the distance between middle cross beam 
and the arch foot end beam is 10 m. Installation of 
transverse brace uses steel pipe is 10 mm thick with 
a, diameter of 600 mm.

2.2 Finite element model

ANSYS8.1 is used to analyze the model. Arch rib 
uses BEAM4. Composite sectional characteristic 
is used for calculating sectional characteristic, and 
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transverse brace of lower arch ribs and mid-
span is unchanged.

d. Change the “*” shape to the “I” shape on the 
basis of “c” model.

In 4 kinds of cases: “a” reflects that setting 
transverse braces of upper and lower arch ribs 
have an impact on the overall out-plane buckling; 
“b” and “c”, respectively, reflect that setting trans-
verse braces of upper and lower arch ribs have an 
influence on the overall out-plane instability; “d” 
reflects that the forms of transverse braces at mid-
span influence the overall out-plane instability.

3 BUCKLING ANALYSIS

3.1 Linear buckling analysis theory

According to the theory of linear buckling, the 
structure buckling load can come down to solve 
equation (1)’s eigenvalue under the action of the 
external load F:

( )K =δ)S 0  (1)

In which: K is the structural stiffness matrix; S is 
the initial stress stiffness matrix; λ is characteristic 
values; δ is buckling mode.

If  the equation (1) is nth-order linear differential 
equation, Then theoretically exist n eigenvalues—λ1, 
λ2 … λn. But for the engineering issues discussed, 
only the smallest eigenvalue is also the minimum 
safety factor has actual significance.

Assuming the critical eigenvalues is λcr and 
critical load is λcrf. If  the equation (1) is the spatial 
model, then the eigenvalues and modes include the 
in-plane and out-plane buckling.

3.2 Buckling analysis

Critical eigenvalues of the analysis modes and 
the corresponding instability modes are shown in 
Table 1 and Figure 5.

Figure 4. Finite element model for stability analysis.

Table 1. Stability analysis of mode λcr.

Mode

Load pattern

I II III

a 12.50 8.86 9.23
b  9.62 7.09 7.35
c 11.66 8.25 8.60
d  7.84 5.63 5.88

Figure 5. The main each sidewise buckling mode.

As can be seen in Table 1 and Figure 5, the first-
order of structural instability is due to plane insta-
bility under the load of conditions and calculation 
modes, and also of the first-order sidewise instabil-
ity safety factors and modals can be obtained from 
different transverse braces. But at the same instal-
lation of transverse brace setting mode, loading 
case only affects the safety factor and has noth-
ing to do with the first-order instability mode. All 
in all, dead load cases the largest buckling safety 
factor, followed by a two-lane loading conditions, 
and the four-lane is minimum. So in this paper a 
four-lane loading is the most unfavorable way at 
the operating conditions. Operating conditions 
can meet standard buckling safety factor, which is 
greater than the safety factor of 4 to 6, except the 
d mode.

When the transverse braces of upper and lower 
rib are set, the overall lateral stiffness of structure 
is larger and the sidewise buckling safety factor 
is largest—dead load is 12.5, four-lane 8.86, two-
lane 9.23. As the number of transverse braces 
decreased, the buckling safety factor of the second 
mode decreases compared to the first mode at the 
3 kinds of loading condition. The first condition is 
reduced by 23%, and the second and the third cases 
are decreased by 20%. But the instability mode and 
the first mode are basically the same.

For another reduction of transverse braces, 
when only the lower arch ribs set transverse braces 
(third mode), the sidewise instability safety factor is 
larger than the transverse braces that are set on the 
upper arch ribs (second mode) under each loading 
condition. The first condition is reduced by 21.2%. 
The second condition is decreased by 16%, and the 
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third case is decreased by 20%. Under this mode, 
the structural instability mode is anti-symmetric.

In the fourth mode, when the “*” shape trans-
verse brace is changed into “I” shape, the sidewise 
instability safety factors are reduced. The first con-
dition is reduced by 33%, and the second and the 
third cases are decreased by 32%. But the instabil-
ity mode is the same as the “*” shape.

In view of the above analysis, the overall stabil-
ity of structure is most outstanding that is influ-
enced by the lateral stability of lower arch rib. 
Meanwhile, the power transverse connection sys-
tem is also important to sidewise instability at the 
mid-span. Therefore, they should be strengthening 
in design.

4 CONCLUSIONS

Compared to the different transverse braces of 
stacked tied arch bridge in this paper, we can 
obtain the following conclusions.

1. Different forms of transverse brace have a cer-
tain gap to the out-plane sidewise safety factor, 
also to the sidewise buckling mode. Setting a 
number of transverse braces on the upper and 
lower arch ribs can get the maximum safety fac-
tor, and four-lane loading is the most unfavora-
ble instability condition.

2. Under the circumstances of setting transverse 
braces on the upper or lower arch ribs, the side-
wise buckling safety factor is more larger when 
the transverse brace is only set on the lower arch 
rib. In this paper, when the transverse brace is 
set on the lower arch rib, the safety factor can 
be increased by 1.2 times as compared with set-
ting on the upper arch rib.

3. Setting a number of rigid transverse braces at 
the mid-span have a prominent influence on 
sidewise safety factor, and the safety factor is 
increased by about 1.5 time when the “*” shape 
is set at the mid-span compared to the “I” 
shape.

4. Setting location of transverse brace has an 
impact on first-order lateral instability mode. 
When setting transverse braces on upper arch 
ribs, the out-plane first-order structural insta-
bility mode is symmetric, but on the lower arch 
ribs is anti-symmetric.

Setting transverse braces on upper and lower 
arch ribs can get the maximum safety factor, but 
third form is the best. Not only can we obtain the 
safety factor which is closer to the first condition, 
but also it is the most economical one.

REFERENCES

CECS 28:90. 1992. Specification for Design and 
 Construction of Concrete Filled Steel Tubular 
Structures.

Chen. B.C. 2000. Design and Construction of Concrete-
filled Steel Tube Arch Bridge, China Communications 
Press, China.

JTG D60-2004. General Specification for Design of 
Highway Bridges and Culverts.

Li. G.H. 1992. Stability and Vibration of Bridge  Structure. 
China railway Publishing House, China.

Ning, G.X, & Tian, Q. 2004. The Design and Construc-
tion of the Japanese Dream Dance Bridge, World 
Bridge, (2):1–4.

Xiang, H.F. & Liu, G.D. 1991. Stability and Vibration 
of Arch Structure, People’s Communications Press 
China.

Zhong, S.T. 2003. Concrete-filled Steel Tubular Structures, 
(third edition). Tsinghua University Press, China.

ICCAHE15_Book.indb   198ICCAHE15_Book.indb   198 11/17/2015   6:26:22 AM11/17/2015   6:26:22 AM

  



199

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Experimental study on mechanical properties of stabilized clay soils 
used in hydraulic engineering

Jie Chen, Jie Leng, Yongjing Mao, Yubao Yang & Yuepeng Pan
College of Harbor, Coastal and Offshore Engineering, Hohai University, Nanjing, China

ABSTRACT: In order to produce stabilized clay soils, which can be applied into harbor and coastal 
engineering locally as a substitute for concrete, inorganic cementitious materials including cement, Ground 
Granulated Blastfurnace Slag (GGBS), gypsum, and lime were mixed by semi-dry finished form with same 
dosage of clay soil. Experimental results shows that the best mixing ratio for materials used in clay stabi-
lization is 65% clay soil, 18% cement, 12% GGBS, 2.5% gypsum, and 2.5% lime. The compressive, tensile, 
and softening strength of this stabilized clay soil at 28 day is 25.6 MPa, 2.4 MPa, and 7 MPa, respectively, 
meeting the demand of hydraulic engineering and can be used in harbor and coastal engineering.

2 EXPERIMENTAL MATERIALS 
AND METHODS

2.1 Experimental raw materials

The water content of clay soil sample used in this 
experiment is 25.2% and its PH value is 7.6. The 
physical and chemical properties of the soil are 
shown in Table 1.

As is shown in Table 1, SiO2 is the main sub-
stance in soil sample, the percentage of which is 
55.37%, followed by Al2O3 (19.13%) and the pro-
portion of other substances are all less than 10%. 
During these chemical substances, SiO2, Al2O3, 
CaO and Fe2O3 play a decisive role in the physical 
and chemical properties of the soil.

Raw materials include Portland cement pro-
duced by Conch Corporation, GGBS with S95 
standard produced by Meibao construction mate-
rials co, ordinary lime in bulk with 98% purity and 
gypsum with 98% purity.

1 INTRODUCTION

Soil stabilization is a measure that solidifies the 
detrital soil grain into solid matter with certain 
strength level and the soil stabilized called stabi-
lized soil[1]. For their relative stable physical and 
chemical property, cementitious materials such 
as cement, gypsum, lime, and GGBS is a kind of 
stabilizer. Tomohisa[2] has ever proposed that con-
crete powder, GGBS and volcanic ash can be used 
to strengthen soil with high water and organic 
contend; Zalihe[3] proved that gypsum and GGBS 
can effectively stabilized the organic swelling clay; 
Shirazl[4] pointed that the mixture of gypsum and 
GGBS is able to eliminate warping and cracking 
caused by concrete shrinkage; Wenzhong Song[5] 
proved that the mixture of cement, gypsum, and 
lime can excite the activity of GGBS and improve 
its initial setting time and strength; Shanghua Jia[6] 
researched the effect of the lime on the physical 
filling, hydration, coagulation, and ion exchange 
of cement, which increases the unconfined com-
pressive strength of soil; Some other inorganic and 
organic materials are also taken into considera-
tion concerning soil stabilization. Renjian Shao[7] 
has made some relevant research in this area and 
a good result is obtained. In conclusion, the most 
of the research productions mentioned has been 
applied into road engineering, and little of which 
is applied into harbor and waterway engineering.

In this paper, the stabilized clay soils used in 
hydraulic engineering to substitutes concrete of 
grade C20 was studied. The lowest cement content 
under this premise was determined first. Then sub-
stitutes cement with the mixture of gypsum, lime, 
and GGBS to research on the best optimal compo-
sition of the stabilizer.

Table 1. Chemical composition of clay 
soil sample.

Ingredients Average value (%)

SiO2 55.37
Al2O3 19.13
Fe2O3  7.47
CaO  8.03
MgO  3.92
K2O  3.28
Na2O  0.81
TiO2  1.07
SO3  0.41
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2.2 Experimental methods

Before experiment, the clay soil is grinded into 
powder after air drying and then be filtrated by 
sieve pit (1.8 mm). Then all materials are weighed 
precisely according to mix proportion, then, 
they are put into JJ-5 cement mortar mixer and 
mixed well. Third, the materials are pouring into 
70.7 mm × 70.7 mm × 110 mm steel mold and made 
into specimens by vibration compression.

The concrete proposal is as follows: in first step, 
the mold is filled with materials and the pressure 
on the mold increased to 2 MPa with velocity of 
400 N\/s, then the remainder is poured into mold 
and pressed again. At this step, the pressure rise 
to 10 MPa with velocity of 400 N/s and main-
tain in this level for 2 minutes, after that, the 
pressure keeps rising to 20 MPa with the same 
velocity and maintained in peak for two minutes. 
Two minutes later, the pressure is removed and 
the specimens are taken out with approximately 
70 mm × 70 mm × 110 mm size.

After being cured for 28 days in standard con-
ditions, specimens are put in universal testing 
machine to be test for the compressive strength, 
tensile strength and water stability followed by cor-
responding standard. The water stability is tested 
by detecting its softening strength.

3 OPTIMUM MIXTURE RATIO

3.1 The determination of optimum dosage 
of cementitious materials

Cement first acts as the only cementitious mate-
rial to be mixed with clay soil sample and then the 
lowest dosage of cement is determined while the 
compressive strength and tensile strength of clay 
stabilized material is more than 20 MPa, and the 
softening strength is above 2.4 MPa. The result is 
shown in Table 2.

As is shown in Table 2, when the dosage of 
cement is larger than 35%, the strength of clay 

stabilized can be up to the standard. Every factor 
taken into consideration, the optimum proportion 
is 35% cementitious material and 65% clay soil.

3.2 The determination of optimum dosage 
of other materials

3.2.1 The influence of cement and GGBS’s 
mixing ratio on stabilized clay soil

In this group of experiment, content of lime and 
gypsum is unchanged (3% and 4% respectively). 
Changing the content of cement and GGBS, a 
curve of compressive strength, tensile strength and 
softening strength with different mixing ratio can 
be plotted, which is shown in Figure 1.

As is shown in Figure 1, with the increase of 
content of cement and the decrease of content of 
GGBS, the curve of strength rise first and decline 
later. When the content of cement is under 20%, 
the compressive strength fluctuates little and main-
tain in the level over 20 MPa. If  too much cement 
is mixed with clay soil, the water-cement ratio will 
decline, which results in lower strength.

GGBS has pozzolanic effect and more active 
silica, alumina and higher ash activity than clay 
soil used in experiment. In alkaline environment, 
GGBS can generate C-S-H gel structure, which has 
strong cementing power. P.V. Sivapullaiah[8] pointed 
that adding some materials with pozzolanic effect 
can effectively enhance the unconfined compres-
sive strength of stabilized soil. GGBS can also 
mediate the compressive and tensile strength to 
some degree.

However, too much or less GGBS can under-
mine the strength and GGBS with content of 
8%∼16% has the best effect on compressive and 
tensile strength. The softening strength showed 
in Figure 1 gradually grows over compressive 
strength, which means that the water stability of 
clay stabilized rises with the increase of GGBS’s 
dosage.

Every factor taken into consideration, the opti-
mum mixing ratio of cement and GGBS is 16:12.

Table 2. Influence of cement content on strength of 
clay soil stabilized after 28 days.

Number 1 2 3 4 5 6

Clay soil (%) 95 85 75 70 60 65
Cement (%) 5 15 25 30 35 40
Water (%) 15.5 15.5 15.5 15.5 15.5 15.5
Compressive 

strength (MPa)
/ 8.1 14.3 18.7 23.3 26.7

Tensile strength 
(MPa)

/ 1.1 1.52 1.87 2.36 2.5

Softening strength 
(MPa)

/ 5.7 11.9 16.3 21.0 23.8
Figure 1. The influence of cement and GGBS’s mixing 
ratio on strength of stabilized soil.
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3.2.2 The influence of gypsum and GGBS’s 
mixing ratio on clay soil stabilized

In this experiment, content of cement and lime is 
unchanged (18% and 4% respectively). Changing 
the content of GGBS and gypsum, the change of 
compressive strength, tensile strength, and soften-
ing strength with different mixing ratio of gypsum 
and lime is showed in Figure 2.

Hydration structure of test sample is not com-
pact and it has much interspace, as well as many 
unhydrated mineral powder particles. At the same 
time, because of the mixture of flue gas desul-
furization gypsum which excites the activity of 
cement and GGBS, Aft is turned into AFm and 
the hydraulic degree deepens[9].

With the existence of GGBS, Hydrated calcium 
aluminate can react with plaster and generate 
hydrated calcium aluminate. The main property of 
ettringite is expansibility and the existence of inter-
space allows the ettringite to expanse after cement 
hydration, which enhance the strength.

As is shown in Figure 2, with the increase of 
gypsum’s dosage and the decrease of GGBS, the 
compressive strength rises at first and declines 
later. If  the quantity of gypsum is too small, cal-
cium sulfoaluminate hydrates will be generated, on 
the contrary, if  the quantity of which is too large, 
gypsum cannot be consumed and the strength can 
be undermined as well. As for the hydra stabil-
ity, gypsum is not the main influence. Every fac-
tor taken into consideration, the optimum mixing 
ratio of gypsum and GGBS is 11:2.

3.2.3 The influence of gypsum and GGBS’s 
mixing ratio on clay stabilized

In this experiment, content of cement and GGBS is 
unchanged (18% and 12% respectively).  Changing 
the content of gypsum and lime, the change of 
compressive strength, tensile strength, and sof-
tening strength with different mixing ratio can be 
plotted, which is shown in Figure 3.

As it is mentioned before, SiO2 is the main 
ingredient which takes percentage of 55.37%, 

 followed by Al2O3 (19.13%). SiO2 and Al2O3 are 
likely to react with alkaline substance and can gen-
erate Ca(OH)2 after the addition of lime, which 
can hydrolysis and released Ca2+ that will later 
exchange with K+, Na+ and H+ and thin the capil-
lary film. This phenomenon can contribute to the 
decrease of soil’s dispersibility and viscoplasticity. 
Because of this, the strength and stability of soil 
particle can be enhanced. Also Ca(OH)2 can react 
with active silica and alumina, which can generate 
hydrated calcium silicate gel and hydrated calcium 
aluminate gel. The two products reduce the inter-
space among particles and the water permeability, 
as well as improving the compactness and increase 
the velocity and degree of reaction of ash.

As is shown in Figure 3, with the increase of 
content of lime, the strength of clay stabilized 
decreased and reasons can be divided into two 
main aspects. First, with more lime is added into 
clay soil, the more carbonization reaction mainly 
occurs on the surface of specimens, the compact 
carbon film generated prevents CO2 and O2 from 
entering inside and the harden process slows; Sec-
ond, the lime slaking consumes huge quantity of 
water, which contributes interspace after the evap-
oration of water and the strength is undermined. 
Though more lime is harmful to strength, when 
the percentage of lime and gypsum is 3% and 4% 
respectively, the strength of clay stabilized can still 
go up to 20 MPa. In construction, appropriate 
amount of lime can improve the post-strength of 
concrete and can operate under more stress. As is 
shown in Figure 3, the dosage of lime is beneficial 
to clay soil’s hydra stability. Every factor taken into 
consideration, the optimum cementitious materials 
mixing ratio is 3% lime, 4% gypsum.

As a conclusion, the optimum proportion of 
cement and GGBS is 16:12, which of GGBS and 
gypsum is 11:2. Optimal content of gypsum and 
lime is 4:3. Overall, the proportion of four ingre-
dients (cement, GGBS, gypsum and lime) is 52%, 
34%, 6.9%, and 1%, respectively. Considering 
economy, the proportion can be adjusted into 52%, 

Figure 2. The influence of GGBS and gypsum mixing 
ratio on strength of stabilized soil.

Figure 3. The influence of gypsum and lime mixing 
ratio on strength of stabilized soil.
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34%, 7%, and 7%, respectively. Since the percent-
age of clay soil is 65%, the optimum mixing ratio 
of cementitious materials is cement (18%), GGBS 
(12%), gypsum (2.5%), and lime (2.5%).

4 PERFORMANCE TEST FOR 
CLAY STABILZER IN OPTIMUM 
CEMENTITIOUS MATERIALS 
MIXING RATIO

The physical and mechanical properties of the 
stabilized material with the optimal proportion 
obtained from above experiment were tested in 
this section. Produced follow the optimum mixing 
ratio and cured 7, 28 and 56 days, respectively, the 
properties of specimens such as compressed, ten-
sile, and softening strength, dry-shrinkage ratio, 
volume density and water absorption were tested 
at 7, 28, and 56 days, respectively. The result is 
shown in Table 3.

As is shown in Table 3, compressive, tensile 
strength of clay stabilized can achieve standard of 
20 MPa at 28 days. The strength of the material is 
qualified, as well as the growth of later strength. 
Also the later softening strength of clay stabi-
lized is good, which means high hydra stability 
and adaptation to the construction of hydraulic 
engineering. Table 3 also demonstrates that the 
dry-shrinkage ratio and water absorption of clay 
stabilized declines gradually, while the volume den-
sity is almost unchanged, which contributes to the 
stability of property.

5 CONCLUSION

1. It is feasible to use waste clay to produce 
specimens by stabilization. The production 
made in this way has enough compressive, ten-
sile, and softening strength, as well as good 

water  stability. It can substitute concrete to be 
applied to hydraulic engineering.

2. Among cementitous materials used in clay sta-
bilization, with the increase of cement’s content, 
the strength of stabilized clay grows while the 
utilization of clay soil declines and the optimum 
dosage of cement is 18%. Right amount of gyp-
sum is helpful to generate ettringite to enhance 
the strength and the best dosage of gypsum is 
2%. Lime is involved in the chemical reaction 
of generating high-early-strength calcium alu-
minate, which is beneficial to strength and the 
optimum dosage of lime is 6%. The dosage of 
GGBS can reduce the content of cement and 
the best dosage of GGBS is 12%.

3. When the content of waste clay soil is 60% and 
the dosage of cement, GGBS, gypsum, and lime 
is 18%, 12%, 4%, and 6%, respectively, the sof-
tening strength after 28 days of stabilized clay 
soil is over 22 MPa and the tensile strength 
of which is 2.4 MPa, meeting the standard of 
materials used in hydraulic engineering.
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Table 3. Law of development of various properties of 
clay stabilized.

Curing days 7 d 28 d 90 d

Compression strength (MPa) 10.1 25.6 28.1
Tensile strength (MPa) 1.0  2.4  2.7
Softening strength (MPa) 9.5  7  3.2
Dry-shrinkage ratio (%) 0.01  0.008  0.002
Volume density (%) 2.15  2.14  2.13
Water absorption (%) 9.1  7  3.2
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ABSTRACT: Unsymmetrical hybrid connection consists of precast members, unbonded post-tensioned 
tendons, and mild steel bars that are only placed on the upside of the beam section. The mild steel bars 
are set partly unbonded near the interface to prevent from the bars. The experiment for three interior 
joints under low reversed cyclic loading is introduced. Results of experiment show that the unsymmetrical 
hybrid connection has good performance of seismic resisting.

Keywords: unsymmetrical hybrid connection; energy-dissipation component; interior joints;  performance 
of seismic resisting

the column, providing the shear resistance through 
friction developed at the beam–column interface. 
 Second, mild steel bars dissipate energy by yielding 
in tension and compression. Because the function of 
the mild steel bars is to dissipate energy, the energy- 
dissipation capability of unsymmetrical hybrid con-
nection is weaker than the hybrid connection.

2 EXPERIMENT DESIGN

2.1 Design of experiment members

Three full size interior joints (Fig. 2) are fabricated 
for the experiment. Several design parameters list in 
Table 1. The intensity of concrete’s is fcu = 43.9 MPa, 
and the high strength grout is fcu = 37.7 MPa (in 7 d). 
The low looseness steel strand with the intensity 
of 1860 MPa is used as prestressed tendon. The 
mild steel bars are grouted in holes. After the high 
strength grout is daubed on the surface of the inter-
face of the members, the beam, and column are inte-
grated by prestressing the sand. Then the mild steel 
bars are put on the top of the beam and grouted. 
High strength grout is also used to fill up the beam 
and maintained to the designed intensity. The mild 
steel bars are set partly unbonded, near the interface 
by daubing butter and wrapping with plastic paper.

2.2 Experiment loading

The axial load of the column is applied to the value 
(μ = 0.25), then the jacks are used to apply positive 

1 INTRODUCTION 

Unsymmetrical hybrid frame (Fig. 1) evolves from 
the hybrid frame (Stanton, 1997) which consists of 
precast members, post-tensioned prestressed ten-
don, and bonded mild steel bars. For simplifying 
the construction and increasing the speed of assem-
bly in place, there are no mild steel bars as energy-
dissipation component on the bottom of the beam 
in unsymmetrical hybrid connection. According 
to the suggestion of PRESSS (Jubum, 2005), pre-
stressed tendon should be designed to be unbonded 
near the interface. There are two mechanisms in 
unsymmetrical hybrid connection. First, the post-
tensioned prestressed tendons keep elastic all along 
and restore the frame to its original configuration 
and maintain continuity between beam and col-
umn after the earthquake. In other words, the post-
 tensioned tendon is used to clamp the beam against 

Figure 1. Unsymmetrical hybrid frame.
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3 RESULTS AND ANALYSIS 
OF EXPERIMENT

3.1 Joint behavior of damage

Under the reverse cyclic loading, the whole process 
of the experiment can divide into four stages: elastic, 
cracking, yielding, and damage. The damage modes 
of the joints all belong to beam  plastic-hinge mode, 
and damage concentrates near the beam– column 
interface; however, beam and column remain elastic 
with few cracks (Fig. 3). Crossing inclined cracks 

Figure 2. Design of experiment members.

Table 1. Main design parameters of experiment 
members.

Joint 
number

Beam stress 
(MPa)

Mild steel 
bars

Unbonded length 
of mild steel (mm)

SJ-1 2.88 2C20 200
SJ-2 2.98 2C20 250
SJ-3 2.98 2C20 200

and negative loads at the end of the beam. The 
 displacement control method of reverse cyclic 
loading is applied in the experiment. The load-
 controlling method is applied before the beam 
section of the interface yield, and after the  section 
yielding the displacement-controlling method 
is applied. The data collection system that can 
 measure and auto-record consists of a sensor, a 
data-collection  apparatus, and a computer. The 
positive loading refers to loading down and the 
negative loading refers to loading upon.

Figure 3. The load-displacement cycling curves of the 
experiment joints.
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Table 2. Main experiment data.

Joints 
number

Cracking load 
Pcr (kN)

Yielding load 
Py (kN)

Yielding 
displacement 
Δy (mm)

Peak load 
Pu (kN)

Ultimate 
displacement 
Δu (mm)

SJ-1 −22.4/29.97 −22.05/29.3 10.0/−10.0 −32.2/77.59 60/−60
SJ-2 −31.39/42.38 −71/59 16.0/−16.0 −92.91/61.41 78/−78
SJ-3 −32.77/39.12 41.4/−52.9 14.0/−14.0 −71.72/49.68 60/−60

Figure 4. The load-displacement cycling curves of the 
experiment joints.

occur at the end of the loading and close when 
unloading in the joint core of SJ-1, SJ-2, and SJ-3. 
The cover concrete shells off, and the lengt h is 
180 mm ∼ 200 mm, which is about 1/2 of the beam 
height. A gap opens at the bottom or top of the 
interface under loading and closes when interface 
under loading and closes when unloading, and the 
residual deformation is small. The main experiment 
data list is given in Table 2 (“+” and “−” refers to 
positive loading and negative loading, respectively).

3.2 Cycling curves

Figure 4 is the load-displacement (P-Δ) cycling 
curves. There are several common features: All 
the curves show the “s” shape and the prestressing 
effect is very clear. The curves are unsymmetrical 
and show plumper under positive loading. Before 
the crack occurs, the area of cycling loop is small 
its shape is near straight line, and the residual 
deformation is small. From the crack occurring to 
the connection yielding, the shape of cycling loop 
begins to show curvilinear, the area of cycling loop 
gradually increases. The shape of the cycling curves 
shows from “S” to arched under positive loading, 
and displays some features of the joint cast-in-
place. When unloading, the curves look sharp, 
and the joints have strong ability of restoring to 
its original configuration, and show distinctly the 
features of prestressed concrete joint.

The difference of the cycling curves can be con-
cluded as: (1) After the SJ-1 yielding, the strength 
of the main cycling loop kept increasing, while 
the displacement of the beam increasing. When 
the displacement arrived at 60 mm of the second 
cycle, the strength dropped to 85% of the peak 
load value and the joint damaged. (2) SJ-2’s sto-
rey drift arrived at 0.034. When the displacement 
arrived at 78 mm of the second cycle, the strength 
dropped to 85% of the peak load value and SJ-2 
damaged. (3) SJ-3’s storey drift arrived at 0.0144, 
its deformation ability is weaker than SJ-2’s. Its 
skeleton curve shows clearly declining shape. After 
SJ-3 yielding, the area of cycling loop gradually 
increased,  however, because of the different ways 
of tension in the SJ-3, the area cycling loop of SJ-3 
is less than the area of SJ-1 or SJ-2.

3.3 Displacement ductibility

Table 3 is the displacement ductibility coefficient 
of SJ-1 ∼ SJ-3. The displacement ductibility coeffi-
cients of the joints are between 4.29 ∼ 6.0, which is 
near the coefficient of reinforced concrete structure. 
Axial forces in the beam reduce the ductibility of 
the joint. The relation of displacement  ductibility 
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is: SJ-1 > SJ-2. So, the longer the unbonded length 
is the lower displacement ductibility the joint has.

3.4 Energy-dissipation ability

Equivalent viscous damping (Zhenzheng Fang, 
2005) (he) is used to express the energy dissipation 
ability of the joint. Table 4 shows the equivalent 
viscous damping of the joints in different stage. 
Table 4 shows that: (1) As equivalent viscous damp-
ing gradually increased, and the energy dissipation 
of the connection also increased. The equivalent 
viscous damping of SJ1 and SJ2 is approximate. 
(2) The equivalent viscous damping of SJ-3 is larg-
est, which shows SJ-3 has the strongest energy dis-
sipation ability. The prestressing degree of SJ-1 is 
higher than that of SJ-2, so the SJ-2’s ductibility 
is weaker.

4 SUMMARY

Through the experiment for three unbonded post-
tensioned unsymmetrical hybrid joints under 

reverse cyclic loading, some features of the con-
nection are acquired. The main contents are as 
follows:

1. The damage modes of the joints belong to beam 
plastic-hinge mode. Damage concentrates near 
the beam–column interface, however, beam and 
column remain elastic with few cracks; There 
is no slip between the interfaces, which proved 
that the shearing forces of the beam being car-
ried by the friction is available.

2. The unbonded length of mild steel affects the 
connection, the shorter the unbonded length of 
mild steel is, the lower ductibility the joint has.

3. The cycling curves are unsymmetrical and show 
plumper under positive loading because of the 
unsymmetrical mild steel bars. The energy dissi-
pation ability under positive loading is stronger 
than under negative loading.

4. As the displacement increased, equivalent 
viscous damping gradually increased, and 
the energy dissipation of the connection also 
increased. The equivalent viscous damping of 
unsymmetrical connection is about 6% ∼ 8%.

This work was supported by the General Project 
of Natural Science Foundation research of  College 
and University in Jiangsu Province of China 
(Found Number: 12KJB560001), also by the 
 Cyanine Project in Jiangsu Province of China in 
2014.
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Table 3. Ductibility coefficient of displacement.

Joints 
number

Yielding 
displacement 
Δy (mm)

Ultimate 
displacement 
Δu (mm)

Displacement 
ductibility 
coefficient μΔ

SJ-1 10.0 60.0 6.0
SJ-2 16.0 78.0 4.88
SJ-3 14.0 60.0 4.29

Table 4. Equivalent viscous damping.

Joints number SJ-1 SJ-2 SJ-3

he 6% 5.8% 7.6%
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ABSTRACT: At present, polyurethane board has been widely used as insulation material in lining 
canal. Yet, it is hard to scientifically define the thickness of polyurethane board in different positions of 
a canal. Based on the site test research of polyurethane board in the south main canal in Linhe Area of 
Inner Mongolia, we utilize the ANSYS to analyze the influence of various insulation board thicknesses 
on canal’s temperature and displacement field, and obtain frost heaving values at different positions of 
the canal. The calculated value is consistent with measured data, which provides technical support for the 
thickness of polyurethane board in the lining canal construction.

Keywords: polyurethane; canal; application; numerical simulation

6 cm precast concrete panel lining is used to pre-
vent water seepage. The channel cross section and 
the frost heaven measured data are respectively 
shown in Figure 1 and Table 1.

According to the demand for lining channel 
insulation board of national standard the Canal 
Seepage Control Engineering Technical Specifica-
tions (SL 18-2006), the test using polyurethane 
insulation board density is about 45 Kg/m3. 

1 INTRODUCTION

The north canals located in the seasonal frozen soil 
area are very easy to frost heave due to the long 
frozen period every winter. The temperature rises 
and thaws the soil out after the freeze. The concrete 
channel rigid lining is very easy to damage under 
these kinds of repeated freeze-thaw cycles. In recent 
years, the integrity of the concrete lining canal is 
improved through adopting some antifreeze bilge 
and heat preservation measures. With the develop-
ment of the geotechnical material science, there has 
been a lot of heat preservation materials used in 
channel lining. The thermal insulation material pro-
posed in this paper is being heavily promoted in the 
current canals-polyurethane insulation board. This 
material has a small coefficient of thermal conduc-
tivity, light weight, ageing resistance, convenient 
transportation, and construction. Due to different 
areas such as climate and soil conditions, the rea-
sonable thickness of these kinds of polyurethane 
insulation board is still not calculated. Now just to 
do a field test, and then according to the monitor-
ing results determine the reasonable thickness of 
the insulation board in the regional channels.

1.1 Project overview

The South Main Canal is located in Shuanghe 
town, Linhe district of Inner Mongolia. It is east-
west and has a high underground water level. The 
channel soil with strong frost heave belongs to sea-
sonal frozen soil. The cross section of the South 
Main Canal in Linhe is trapezoidal. A thickness of 

Figure 1. The cross section of the South Main Canal.

Table 1. The canal frost heaving measured data.

Part

Maximum 
frozen depth 
(h/cm)

The largest 
amount of 
frost heaving 
(Δh/cm)

Frost heaving 
ratio (η/%)

Upper Below Upper Below Upper Below

Shady 
slope

92 76.6 8.8 14 9.6 18.3

Sunny 
slope

16.7 20.6 2.3 4.7 13.8 22.8
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The mechanical properties of polyurethane insula-
tion board are shown in Table 2.

2 FINITE ELEMENT ANALYSIS

2.1 Finite element model

Through the comprehensive analysis of the south 
main canal soil, climate and the trapezoidal chan-
nel mechanism of frost heave in the Inner Mongo-
lia Linhe district, canal bed is heavy silty loam soil. 
Finite element model is shown in Figure 2. Take 
1.0 m along the vertical direction of the slope, take 
4.6 m along the length direction of the slope, and 
establish a two-dimensional plane model.

In the calculation of temperature field, the tem-
perature boundary conditions imposed by the data 
in Table 3, left and right boundary are thermal 
insulation.

In the calculation of stress field, the constraint 
conditions for both sides of the model vertical sec-
tion are x constraints, the horizontal section of 
model bottom is y constraints, top boundary is 
free, the rest are x and y constraints.

2.2 Parameter selection

The calculation of temperature field only related to 
the coefficient of thermal conductivity, regard the 
linear expansion coefficient of the frozen soil as a 
negative value at the thermal coupling calculation. 
Freezing temperature is close to 0°C and 0°C which 
is adopted as a benchmark. Due to the limited meas-
ured parameters, regardless of the difference of the 
vertical and horizontal directions, take the η/T for 
the unified frost heaving coefficient, the η is the frost 
heaven rate, refer to Table 1, T is temperature. Founda-
tion soil modulus of elasticity and poisson’s ratio are 
determined according to the reference [5]. Material 
mechanics parameters are shown in Tables 4 and 5.

3 THE COMPUTER SIMULATION 
RESULTS AND ANALYSIS

3.1 Temperature field analysis

It is can be seen in Figure 3, the zero temperature 
lines in temperature field rise significantly after 

laying the different thicknesses of polyurethane 
insulation board on the slopes. The thicker the plate 
is, the higher the zero line temperature rises. The 
polyurethane insulation board has heat preservation 
effect, abates the transmission of ground tempera-
ture, and raises the ground temperature obviously.

3.2 Displacement field analysis

It is can be seen in Figure 4, the maximal displace-
ment of model 1 is 14.5 cm on the shady slope. The 
upper maximal displacements of model 2 and model 3 
are respectively 2.9 cm and 3.7 cm, and the below 
maximal displacements of model 2 and model 3 are 
respectively 1.7 cm and 2.8 cm on the shady slope. 
The maximal displacement of model 1 is 6.7 cm on 
the sunny slope. The upper maximal displacements 
of model 2 and model 3 are respectively 1.7 cm and 
2.9 cm, and the below maximal displacements of 
model 2 and model 3 are respectively 0.5 cm and 
0.2 cm on the sunny slope. In theory, the thicker 
the insulation board is, the smaller the frost heaving 

Figure 2. Finite element model.

Table 2. The mechanical properties of polyurethane insulation board.

Item
Density 
(Kg/m3)

Water 
absorption 
(%)

Compressive 
strength 
(KPa)

Bending 
strength 
(KPa)

Dimensional 
stability 
−40°C∼+70°C (%)

Thermal 
conductivity 
[W/(m ⋅ K)]

Standard 
indicators

≥15 ≤6 ≥60 ≥180 ≤4 ≤0.041

Testing values 45.48 1.98 323 196 ±1.5 0.029

Table 3. The temperature boundary conditions 
(unit: °C).

Boundary

Shady 
slope 
upper

Shady 
slope 
below

Sunny 
slope 
upper

Sunny 
slope 
below

Upper 
boundary

−12 −12 −7 −7

Lower 
boundary

  1   1  3  3

Table 4. Frozen soil elastic modulus.

Temperature (°C) 0 −1 −2 −3 −5
Elastic modulus (Pa) 11e6 19e6 26e6 33e6 46e6
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amount is. But the frost heave is affected by the 
underground water level in practical channels. The 
below frost heaving amount on both slopes is greater 
than the upper because of the high underground 
water level and the rich soil water content. And the 
software simulation results only consider a single 
temperature, and don’t take the moisture content into 
account. So the result of  simulation is that the thicker 
the insulation board is, the smaller the frost heaving 
amount is. The numerical simulation results accord 
with basic monitoring data. The different thick-
nesses of the insulation board cut the different frost 
heaving amounts.

4 CONCLUSIONS

1. The canal frost heave is influenced by adjacent 
foundation soil temperature field; therefore, we 
suggest laying polyurethane insulation board 
in certain ranges of canal top and bottom, so 
that the canal concrete rigid lining is protected 
perfectly.

2. At present the software simulation results only 
consider a single temperature field, and don’t 
take the moisture content and soil property 
into account. Though the numerical simulation 
results accord with basically monitoring data, it 

can be only approximately referenced for actual 
construction. The several factors are considered 
in the future frost heaving simulation.

3. Many simulation parameters can be selected only 
according to references due to the limited test 
condition. Sometimes those parameters do not 
reflect the real value of the region, so establishing a 
perfect material parameters database is proposed.

4. Many monitoring data is manual measuring 
due to the limited site conditions, this may lead 
to inaccurate measurements. So the test condi-
tions should be improved and reducing artificial 
operation makes results more accurate.
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Figure 3. The temperature field distribution of various measures (unit: °C).

Table 5. Material mechanics parameters.

Item
Thermal conductivity 
(w/(m°C))

Elastic 
modulus (Pa)

Poisson’s 
ratio

Thermal expansion 
Coefficient (1/°C)

Polyurethane 0.029 2.1 × 109 0.4 1.4 × 10–4

Mortar 1.54 2.0 × 1010 0.2 1.1 × 10–5

Concrete 1.58 2.4 × 1010 0.167 1.1 × 10–5

Frozen soil 1.987 0.330 η/T
Unfrozen soil 1.320 1.5 × 107 0.375 0

Figure 4. The normal displacement field distribution of various models (unit: °C).
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ABSTRACT: The influences of cement content (ratio of cement weight to dry weight of soils) and con-
fining pressure on the mechanical properties of cement-treated sandy soil are investigated by consolidated-
undrained triaxial compression tests. Cement contents adopted in the tests are 0%, 2.5%, 5%, 7.5% and 
10%. Confining pressures applied around specimens are as follows: unconfined, 30, 100 and 200 kPa. 
The test results show that the addition of cement or a high confining pressure can significantly improve 
the compression strength of the soil. It is observed from stress-strain behaviors that a transition of failure 
type from ductility to brittleness occurs with the increasing cement content, and the soil at higher con-
fining pressure presents better ductility than at lower confining pressure with the same cement content. 
Furthermore, cement content and confining pressure both present perfect linear relationships with the 
compression strength of the soil. A linear expression of such linear relationship is obtained through the 
multiple regression analysis. The axial stiffness of the soil increases with increasing cement content and 
confining pressure, whereas the yield strain of the soil decreases with increasing confining pressure only 
for the cemented soil.

Keywords: sandy soil; compressive strength; cement content; confining pressure; triaxial compression test

has attracted much attention in the last decades. 
Sariosseiri et al. (2009, 2011) investigated the 
influence of cement content addition on the soil 
in the State of Washington by using consolidated-
undrained triaxial compression tests. The results 
showed a significant improvement in drying rates, 
workability, unconfined compressive strength and 
shear strength of the soil, and pointed out that 
the brittle type of failure may appear in high-
cement content cases. Ajorloo et al. (2012) and 
Schnaid et al. (2001, 2003) quantified the effects 
of cementation on the stress-strain behavior, stiff-
ness and shear strength of sand by using triaxial 
tests, and indicated that higher confining pressure 
or higher cement content, or both can apparently 
improve the stiffness and strength of the sand. The 
brittle behavior of the cemented sand appeared 

1 INTRODUCTION

To achieve the purpose of saving the construction 
cost, instead of completely replacing the original 
local soils with high-quality materials, soil stabi-
lization techniques have been adopted in practice 
to improve the mechanical properties of bad soils. 
Several kinds of additives such as cement, lime, fly 
ash, polymers and fibers have attracted much con-
cern under various geology conditions.  Comparing 
with other stabilization techniques, cement treat-
ment has many beneficial effects on engineering 
behavior for a wide range of soils (Uddin et al. 
1997, Lo & Wardani 2002, Lorenzo &  Bergado 
2004), such as rapid stabilization, construct-
ing convenience and cost saving. So, the cement 
treatment technique based on the laboratory test 
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at lower confining pressure and higher cement 
content. da Fonseca et al. (2009) studied the sta-
bilization effects of cement content on Osorio 
sand and Botucatu residual sandstone. The results 
are in close agreement with the aforementioned 
conclusions. Moreover, a general formulation 
that was used to evaluate unconfined compres-
sion strength as a function of absolute volume of 
voids divided by absolute volume of cement was 
presented.  Pantazopoulos et al. (2012) presented 
the influences of cement type and gradation on 
the stress-strain-strength behavior of sands. It 
concluded that microfine cement can improve the 
strength higher than ordinary cement.

Although the aforementioned research results 
show similar conclusions, for one soil type, tar-
geted test investigation also have to be performed 
to quantify the influence of factors on its mechani-
cal properties. The present study focuses on the 
mechanical properties of subgrade soil of the 
Beijing-Harbin railway. The influences of cement 
content and confining pressure on the stress-strain 
behavior and compression strength of the soil are 
investigated and quantified in this study.

2 MATERIALS AND TEST PROCEDURES

2.1 Materials

The soil used in this study was sampled from the 
roadbed of the Beijing-Harbin railway, in northern 
China. It was dried and screened using a sieve with 
a diameter of 2 mm, in accordance with the “Test 
Methods of Soils for Highway Engineering”. The 
grain size distribution curve of the soil is shown in 
Figure 1. According to the “Standard of Engineer-
ing Classification of Soil”, the soil is classified as 
poorly graded sandy soil. The physical properties 
of the soil are listed in Table 1. Portland cement 
type II-Tehran determined by ASTM C150-07, as 

the additive, is adopted in this study, and the com-
position is listed in Table 2.

2.2 Test procedures

The specimens were prepared by remodeling the 
sample soils in cylindrical molds of diameter 
50 mm and height 100 mm. The dry density of the 
specimens is 1.69 g/cm3, and the optimum water 
content is 9.5% on the basis of the average val-
ues obtained from standard Proctor compaction 
tests carried out on uncemented soils. The speci-
mens were then stored in a curing chamber for 
28 days before testing.

An automatic data acquisition triaxial com-
pression test apparatus model GSZ302 was used 
to measure the stress-strain behavior data of the 
specimens. The uncemented specimens were con-
solidated for 2 hours at the corresponding confining 
pressure. Then, consolidated-undrained tests were 
undertaken to measure the stress-strain behavior 
of the specimens. The tests were performed in the 
strain control mode and the axial movement con-
trol at a velocity of 0.002 mm/min. Four cement 
content scenarios (0%, 2.5%, 5%, 7.5% and 10%.) 
and five confining pressure scenarios (unconfined, 
30, 100 and 200 kPa) were adopted, and the corre-
sponding 20 specimens were prepared herein.

3 RESULTS AND DISCUSSION

3.1 Stress-strain behavior

Figure 2 shows the curves between the shear stress 
and shear strain of the specimens with different Figure 1. Grain size distribution curve of the sandy soil.

Table 1. Physical properties of the soil used in this 
study.

Property Value

Specific gravity (G)  2.54
Constrained grain size (D60) (mm)  0.23
Effective grain size (D10) (mm)  0.085
Uniformity coefficient (Cu) 10.4
Curvature coefficient (Cc)  7.62
Maximum void ratio (emax)  0.65
Minimum void ratio (emin)  0.51
Optimum water content (%)  8.7

Table 2. Composition of the cement type II-Tehran (%).

CaO SiO2 Al2O3 MgO Fe2O3 SO3 K2O

62.24 20.65 4.26 3.72 3.14 1.6 0.93
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cement contents at the corresponding confining 
pressure after 28 days curing. It can be observed 
that the enhancement effect of cement addi-
tion is strongly dependent on cement content in 
this study. The stress-strain behaviors of all the 
cemented soils, compared with uncemented soils, 
are linear up to the peak point stress and then 
enter the plastic states until failure. Furthermore, 
the slopes of the stress-strain curves at a low strain 
area (below 0.025) increase with increasing cement 
content. As cement content increases, the devia-
toric stress increases at the same strain. The peak 
point stresses do not achieve at the same strain; 
instead, the strain rates of the peak point stresses 
decreases with increasing cement content. On the 
other hand, comparing the peak stresses of speci-
mens in Figure 2, as confining pressure increases, 
the peak stress of the specimen increases with the 
same cement content.

The failure types of specimens varied appar-
ently with different cement contents. The speci-
mens of uncemented, 2.5% and 10% cement 
content presented ductile, planar, and brittle type 
of failure, respectively, for unconfined scenarios 
(Figure 2a), whereas at a confining pressure of 
200 kPa (Figure 2d), the specimens of uncemented 
and cement content of 2.5% exhibited the ductile 
type of failure and those of 10% cement content 
displayed the tendency to planar type of failure. 
This illustrates the transition of failure type from 
ductile to brittle that occurs with increasing cement 
content from uncemented to 10%, whereas with 
increasing confining pressure, the transition of 
failure type from brittleness to ductility occurs.

It should be noted that the compression strength 
of the specimen at a constant confining pressure 
increases with increasing cement content. A well-
defined linear relationship between shear strength 
and cement content is obtained in the tests. Also, 
the relationships between compression strength 
and confining pressure of the specimens illustrate 
that compression strength appears to be linear to 
confining pressure. In order to quantify the influ-
ences of cement content and confining pressure 
on the compression strength of the soil, multiple 
regression analysis of compression strength as a 
linear function of cement content and confining 
pressure is performed, and the regression equation 
is obtained as follows:

cCeq,pSS +2 2 4C +C 86 1253.CcC 4+CcC σ3  (1)

Where Seq,p is the equivalent compression strength; 
Cc is the cement content and σ3 is the confining 
pressure.

The influence of cement content and confining 
pressure on the compressive strength and the cor-
responding regression plan is shown in Figure 3. 

Figure 2. Deviatoric stress–axial strain behavior of 
uncemented and cemented sandy soils at confining pres-
sures of 30, 100 and 200 kPa, after 28 days curing.
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It should be noted that the correlation coefficient 
of the regression is equal to 0.982, which illus-
trates that the relationship between compression 
strength and the two test parameters is highly lin-
ear dependent.

3.2 Secant modulus

Secant modulus is generally adopted to evalu-
ate the stiffness of the soil through processing of 
the test data. In order to investigate the depend-
ence of stiffness on cement content and confin-
ing pressure, secant moduli versus axial strain in 
logarithmic scale curves are plotted in Figure 4. It 
can be found that for all the scenarios, as the axial 
strain increases, the secant moduli almost keep at 
a constant value at a small strain area followed by 
gradual attenuations. It is easy to understand that 
the horizontal lines of the curves indicate the linear 
elastic stage of the soils, and the break points of 
curves define the yield secant moduli of the soils. 
It should be noted that the curves of cemented 
specimens (Fig. 4b) present a longer linear stage 
(below 1%) than those (below 0.1%) of unce-
mented specimens (Fig. 4a), which means that the 
addition of cement can significantly improve the 
linear elastic performance of the soil. On the other 
hand, as confining pressure increases, the secant 
modulus of either the uncemented or the cemented 
soil increases, which illustrates that under a higher 
confining pressure, the stiffness of the soils can 
be improved effectively. During the variation of 
confining pressure from 30 to 200 kPa, the secant 
modulus of uncemented specimens (Fig. 4a) at 
a linear elastic stage is enhanced by a ratio of 
0.2–0.7, and the secant modulus of cemented 
specimens (Fig. 4b) with a cement content of 7.5% 
at a linear elastic stage is enhanced by a ratio of 
0.25–1.8. It should be noted that the break points 

in the curves of uncemented specimens at differ-
ent confining pressures almost keep at a constant 
value of axial strain (0.1%), whereas for cemented 
specimens with a cement content of 7.5%, the axial 
strain at the break point decreases with increasing 
confining pressure. It means that the yield strain 
of the soil is not expected to improve dramatically 
with increasing confining pressure under the unce-
mented condition.

4 CONCLUSIONS

The present study aims at investigating the influ-
ences of cement content and confining pressure 
on the mechanical properties of cemented soils in 
the roadbed of the Beijing-Harbin railway. On the 
basis of the present results, the following conclu-
sions can be drawn.

Addition of cement as the additive can signifi-
cantly improve the strength of sandy soils. The 
compression strength increases with increasing 
cement content, whereas the failure type of soil 
varied from ductility to brittleness with increasing 
cement content from uncemented to 10%.

Figure 3. Variation of compressive strength of sandy 
soil with cement content and confining pressure.

Figure 4. Secant modulus versus axial strain on the log-
arithmic scale for uncemented and cemented soils with a 
cement content of 7.5%.
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As confining pressure increases, the compres-
sion strength of the soil increases and a positive 
effect occurs on failure type: brittleness reduction 
or ductility improvement.

A linear relationship between compression 
strength and cement content, as well as the confining 
pressure, is observed and a linear equation of such 
linear relationship is obtained through the multi-
ple regression analysis, by which the compressive 
strength of the soil can be easily evaluated.

Axial stiffness of the sandy soil increases with 
increasing cement content and confining pressure. 
The yield strain of the soil decreases with increas-
ing confining pressure for the cemented soil, but 
not for the uncemented one.
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ABSTRACT: This paper took a deep soft foundation section in the project of CFG pile-net compos-
ite structure treatment of a highway in Jiangxi province as the research object. The influence of design 
parameters on the settlement of pile-net composite foundation during embankment construction was 
analyzed by using the finite difference software FLAC3D, including pile length, pile spacing, cushioning 
layer thickness and geogrid layers. The calculation results are as follows: the influence of pile spacing on 
settlement of soft foundation is very significant, the settlement of subgrade surface increases by 71.86% 
with pile spacing varying from 3 d to 8 d; pile length affects obviously the settlement of soft foundation, 
the settlement of subgrade surface decreases by 38.30% with pile length varying from 15 m to 21 m; the 
influence degree of cushioning layer thickness and geogrid layers on the settlement of soft foundation is 
relatively smaller.

Keywords: expressway; pile-net composite foundation; embankment construction; settlement; numerical 
analysis

the problems of differential settlements caused by 
new and old subgrade. This paper took a deep soft 
soil foundation test section in the project of CFG 
pile-net composite structure treatment of the Jiu-
jiang ring expressway A1 block in the city of Jiu-
jiang in Jiangxi province as the research object. The 
finite difference software FLAC3D was carried to 
analyze the influence of pile length, pile spacing, 
cushioning layer thickness and geogrid layers on 
the deformation of pile-net composite foundation, 
and the design parameters were to be optimized.

2 ENGINEERING SITUATION

Jiu-jiang ring expressway whose route crosses the 
soft soil district of Poyang Lake is located in the 
city of Jiu-jiang, Jiangxi province. The depth of 
soft soil foundation is from 12 m to 20 m in the 
A1 block of the ring expressway. The reinforce-
ment design scheme of the soft soil foundation 
test section makes use of the cement flyash gravel 
pile (CFG pile) and geogrid net to deal with it. 
The CFG pile average length is 20 m, pile diam-
eter is 0.5 m and pile spacing is 2 m, strength grade 
of concrete is C15; cushioning layer takes gravel 
whose thickness is 0.5 m, and geogrid net laying on 
the cushioning layer is 1 layer.

1 INTRODUCTION

Due to the advantages of small settlements, high 
stability, short duration and convenient construc-
tion, the pile-net composite foundation is widely 
used in construction, highway, railway and other 
engineering fields, and good economic benefits 
were obtained (Dai et al. 2010, Sun et al. 2013). 
While the working mechanism of pile-net com-
posite foundation is very complicated, theoretical 
research is far behind the engineering practice, and 
there is no mature design calculation method today. 
As a result, a large number of scholars at home 
and abroad studied the pile-net composite founda-
tion on engineering test, theory study, numerical 
simulation and other aspects, and obtained some 
achievements (Cao et al. 2006, Chen et al. 2004, Cai 
et al. 2010, Huang et al. 2013). Hewlett (1998) put 
forward the calculation formula of pile-soil load 
share ratio through the indoor model test. Rao 
et al. (2001) considered the specific situation of 
pile-net composite foundation, and then deduced 
the three point method to calculate the amount 
of post-construction settlement. Xue et al. (2014) 
carried on the finite element analysis of pile-net 
composite foundation in highway widening engi-
neering, and the results indicated that pile-net 
 composite foundation treatment technology solved 
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3 CALCULATION MODEL AND 
PARAMETER SELECTION

This paper assumed that each soil layer distributed 
uniformly along the depth direction in the calcu-
lation model, the effect of mechanical load dur-
ing construction period was not considered when 
the model was analyzed. The Mohr-Coulomb 
constitutive model was adopted by assuming that 
the soft soil foundation and gravel cushion were 
 elastic-plastic material. The calculation depth of 
foundation adopted 40 m, it is divided into three 
layers, the first layer is plastic silty clay whose thick-
ness is 4 m, the middle layer is soft plastic silty clay 
whose thickness is 16 m, the last layer is hard plastic 
silty clay whose thickness is 20 m. Horizontal calcu-
lation width of foundation model adopted 100 m, 
and the longitudinal length adopted 10 m. With 
the symmetry on the geometric model of soft road 
embankment, the 1/2 model was adopted to calcu-
late and analyze. Geogrid and CFG pile adopted 
geogrid unit and pile unit which were from inside of 
FLAC3D. Calculation model is shown in Figure 1. 
Model calculation parameters of soft soil, embank-
ment and gravel cushioning are shown in Table 1.

4 CALCULATION RESULTS ANALYSIS

4.1 The influence of different pile length 
on the subgrade deformation

In order to study the influence degree of different 
pile length on the subgrade deformation, this paper 
took the CFG pile-net composite foundation as the 
basic model (cushioning thickness is 0.5 m, geogrid 
layer is one layer, pile diameter is 0.5 m and pile 
spacing is 2.00 m). Three different CFG pile length 
were selected to carry on the numerical simulation: 
(1) the pile length is 21 m (2) the pile length is 15 m 
(3) the pile length is mixed 15 m with 20 m (the pile 
length adopt 15 m except shoulder of the road). 
After the construction load the calculation results 
are shown in Figure 2.

The Figure 2 shows that the settlement of sub-
grade surface decreases with the increase of pile 
length. The maximum settlement value of sub-
grade surface are respectively 20.60 cm, 12.71 cm 
and 12.96 cm under the situation of pile length 
are respectively 15 m, 21 m and 15 m mixed with 
20 m. The maximum settlement value of subgrade 
surface reduces by 38.30% when the pile length 
varies from 15 m to 20 m, which indicates that the 
increase of pile length has a better control effect on 
subgrade settlement. Compared with the situation 
that pile length is 21 m, the settlement of subgrade 
surface is slightly larger under the condition of pile 
length mixing 15 m with 21 m, but mixed pile can 
greatly reduce the project cost.

4.2 The influence of different pile spacing 
on the subgrade deformation

In order to study the influence degree of  different 
pile spacing on the subgrade deformation, this 
paper took the CFG pile-net composite founda-
tion as the basic model. Four different CFG pile 
spacing were selected to carry on the numerical 
simulation: (1) the pile spacing is 3d (2) the pile 
spacing is 4d (3) the pile spacing is 6d (4) the 
pile spacing is 8d (d is the pile diameter). After 
the construction load the calculation results are 
shown in Figure 3.Figure 1. Calculation model of soft foundation.

Table 1. Physical-mechanical properties of foundation filling of every layer.

Thickness/m
Bulk modulus 
(K/MPa)

Shear modulus 
(G/MPa)

Density 
(r/KN/m3)

Cohesion 
(c/KPa)

Angle of internal 
friction/°

Embankment  5.0 11.36  5.86 22.0 40.8 25.2
Gravel cushion  0.4 43.86 19.08 22.0  0.0 37.0
Plasticity silty clay  4.0  6.20  2.07 20.1 40.3 19.5
Silty clay 16.0  5.67  1.21 17.9 20.1 17.8
Hard plastic silty clay 20.0  9.63  3.45 20.1 75.6 27.3
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The Figure 3 shows that the settlement of sub-
grade surface increases with the increase of pile 
spacing. The maximum settlement value of sub-
grade surface are respectively 12.51 cm, 12.71 cm, 
17.13 cm and 21.50 cm under the situation of 
pile spacing are respectively 3d, 4d, 6d and 8d. 
The maximum settlement value of subgrade sur-
face increases by 71.86% when the pile spacing var-
ies from 3d to 8d, which indicates that the increase 
of pile spacing has a significant control effect on 
subgrade settlement.

4.3 The influence of different cushioning layer 
thickness on subgrade deformation

In order to study the influence degree of differ-
ent cushioning layer thickness on the subgrade 
 deformation, this paper took the CFG pile-net 

Figure 2. Accumulative settlement distribute curve of 
subgrade surface with different pile length.

Figure 3. Accumulative settlement distribute curve of 
subgrade surface with different pile spacing.

Figure 4. Accumulative settlement distribute curve 
of subgrade surface with different cushioning layer 
thickness.

composite foundation as the basic model (geogrid 
layer is one layer, pile length is 21 m and pile spac-
ing is 4d). Four different cushioning layer thickness 
were selected to carry on the numerical simulation: 
(1) no cushioning layer (2) cushioning layer thick-
ness is 0.3 m (3) cushioning layer thickness is 0.4 m 
(4) cushioning layer thickness is 0.5 m. After the 
construction load the calculation results are shown 
in Figure 4.

The Figure 4 shows that the settlement of 
subgrade surface increases with the increase 
of cushioning layer thickness under the situa-
tion of different cushioning layer thickness. The 
maximum settlement value of subgrade surface 
are respectively 10.96 cm, 12.52 cm, 12.71 cm and 
13.15 cm under the situation of cushioning layer 
thickness are respectively 0, 0.3 m, 0.4 m and 0.5 m. 
The maximum settlement value of subgrade sur-
face increases by 19.98% when the cushioning layer 
thickness varies from 0 to 0.5 m, which indicates 
that the increase of cushioning layer thickness has 
a certain degree effect on subgrade settlement.

4.4 The influence of different geogrid layers 
on subgrade deformation

In order to study the influence degree of different 
geogrid layers on the subgrade deformation, this 
paper took the CFG pile-net composite foundation 
as the basic model. Four different geogrid layers 
were selected to carry on the numerical simulation: 
(1) no geogrid (2) one layer geogrid (3) two lay-
ers geogrid (4) three layers geogrid. After the con-
struction load the calculation results are shown in 
Figure 5.

The Figure 5 shows that the settlement distri-
bution curves of subgrade surface are basically 
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same under the situation of different geogrid lay-
ers; Under the situation of no geogrid, the settle-
ment of subgrade surface is slightly larger than the 
other situations. The maximum settlement value 
of subgrade surface are respectively 13.48 cm, 
12.71 cm, 12.64 cm and 12.65 cm under the situ-
ation of geogrid layers are respectively 0, one, two 
and three, which indicates that influence degree of 
geogrid layers on the settlement of pile-net com-
posite foundation is relatively smaller.

5 CONCLUSION

Based on the analysis on the settlement of soft 
foundation test section of the Jiu-jiang ring 
expressway reinforced by CFG pile-net composite 
structure, design parameters of the CFG pile-net 
composite foundation are optimized with consider-
ing the cost factors of construction. We can adopt 
the reinforcement program that the pile length is 
mixed 15 m with 21 m, pile spacing is 2.00 m, cush-
ioning layer thickness is 0.4 m and geogrid layer is 
one layer.
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Construction analysis of cellular sheet piles in thick clay condition

Y.Z. Bai
China Harbor Engineering Company Ltd., Beijing, China

ABSTRACT: Cellular structures constructed of interlocking steel sheet piles are used in marine envi-
ronments as cofferdams, bulkheads, mooring dolphins, and lock guide walls. During the construction 
process, great difficulty is occasionally met because interlock forces between sheet piles surge when sheet 
piles penetrate specific geological layer such as hard clay. This paper presents a new method to evaluate 
the impact of geological condition on cellular sheet pile construction. A new parameter based on CPT 
tests is applied to determine the difficulty of penetrating process of sheet piles. Total 26 cellular sheet piles 
are evaluated in according with this method. The results show that this method supplies a new idea for 
evaluation of cellular structure construction.

Keywords: cellular sheet pile; construction analysis; clay

to −10 mPD. Under the marine deposit, alluvium 
is followed. Specific physical and strength param-
eters of soil layers are shown in Table 1.

Due to environmentally friendly requirement, 
non-dredging measures such as cellular sheet piles 
and stone column are taken to form the seawall 
and improve ground. With the driving of vibrating 
hammer, cellular sheet piles pass through 15∼25 m 
marine deposit and penetrates into 10∼18 m 
 alluvium. Its low stiffness makes it difficult to 
combine each sheet pile into a cellular structure. 

1 INTRODUCTION

A sheet-pile cellular structure is constructed by 
arranging straight web sheet piles in a cylindrical 
shape. The structure may be used singly as a moor-
ing structure in a harbor, or several may be intercon-
nected to form a retaining structure or  cofferdam. 
With the growing requirement for environment 
protection and construction efficiency, this new 
technology is more and more often applied in many 
Chinese projects as different as Guangzhou Xin-
sha Harbor, Sutong Bridge pile support. Based on 
its wide application, Great achievements have been 
made both in design and construction areas. On 
the design side, many researchers applied finite ele-
ment analyses and instrumentation measurements 
to study cellular structure’s safety against sliding, 
bearing failure, overturning, and tilting, as well as 
sheet pile interlock rupture[1][2]. On the construc-
tion side, powerful vibrating hammers have been 
invented and incorporated into the penetrating 
process of sheet pile to dense sand layer. But for 
penetrating hard clay, there is still great difficulty 
met in the vibrating process because of the sharp 
increase of interlock forces between sheet piles. 
How to evaluate the impact of geological condi-
tion on cellular sheet pile construction is a key task 
in front of researchers and engineers.

2 GEOLOGICAL CONDITION

Water depth in construction site is between 4 m to 
12 m and 11∼28 m marine deposit is underneath 
sea bed with levels on a range from −2.5 mPD 

Table 1. Physical and strength parameters of soils.

Parameters Soil types
Recommended 
values

Bulk density Marine deposits 1.50 Mg/m3

Alluvium 1.90 Mg/m3

Decomposed 
rock

1.90 Mg/m3

Drained shear 
strength

Marine deposits C′ = 4 kPa, Φ′ = 24°
Alluvium (Clay) C′ = 7 kPa, Φ′ = 26°
Alluvium (Silt) C′ = 3 kPa, Φ′ = 30°
Alluvium (Sand) C′ = 0 kPa, Φ′ = 35°

Undrained 
shear 
strength, Cu

Marine clay Cu = 1+1.1z, for 
depth z

Alluvium clay Cu = 2+1.3z, for 
depth z

Soil stiffness Alluvium E = 0.9z−1 (MPa), 
reduced level z

Coefficient of 
consolidation, 
Cv

Marine deposits 0.67 m2/year
Alluvium clay/

alluvium silt
1.50 m2/year
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Every  disturbance of vibrating operation and geo-
technical change will cause large deformation, thus 
resulting in great difficulty of driving cellular sheet 
pile.

3 THE IMPACT OF GEOLOGICAL 
CONDITION ON CELLULAR SHEET 
PILE CONSTRUCTION

The Site composed mainly of marine deposit, allu-
vial sand alluvial clay layers. In view of its relatively 
low strength, the Contractor encounters no diffi-
culty so far when driving the sheet piles through 
the marine deposit layer. The Contractor how-
ever concerns the difficulty encountered during 
the process of driving sheet piles into the alluvial 
sand and alluvial clay layers. Table 2 compares the 
construction mechanism of driving sheet piles into 
alluvial sand and alluvial clay layers.

In view of the explanation provided in Table 2 
and because of the fundamental difference in geo-
logical structure, the alluvial sand can be liquefied 
when the sheet piles are being driven down caus-
ing the frictional resistance between the sheet piles 
and the surrounding liquefied sand to be reduced, 
which in turn facilitates further penetration of the 
sheet piles. The occurrence of liquefaction in allu-
vial sand layers is the main reason as to why it is 
relatively easier for cellular structures, where the 

subsoil has high proportion of sand, to achieve the 
toe levels as determined by the Engineer.

Unlike alluvial sand, there is in general no 
occurrence of liquefaction in alluvial clay layers. 
Hence, both the strong cohesion amongst the clay 
particles as well as the friction between the sheet 
piles and the surrounding clay particles resist the 
downward force exerted by the vibratory hammer 
and the self-weight of the sheet piles. During the 
vibrating and penetrating process of sheet pile, its 
deformation occurs and is transferred and accu-
mulated by the interlock among sheet piles. This 
will cause immense difficulty to the installation of 
main cell which is composed of a series of sheet 
piles.

4 RESISTANCE TO DRIVING OF SHEET 
PILES IN ALLUVIAL CLAY

The resistance to driving of sheet piles in alluvial 
clay mainly comes from the friction between the 
sheet piles and the clay. According to de Ruiter 
and Beringen[3], the unit frictional resistance can be 
determined by the following equation:

fs = α × Su (1)

where,
α = 1 (normally consolidated clay)

Table 2. Mechanism of driving sheet piles into alluvial sand and alluvial clay.

Geological stratum Alluvial sand Alluvial clay

Net cone resistance (qnet) 1∼20 MPa 0.5∼2.5 MPa
Characteristics There is no cohesion between the soil particle 

sand the strength mainly comes from the 
interlocking and the frictional resistance 
developed between the soil particles in 
contact with each other. The denser the 
soil, the higher the net cone resistance.

There is strong cohesion between 
the soil particles and the strength 
mainly comes from this cohesive 
force. The stiffer the soil, the 
higher the net cone resistance.

Source of downward 
force

The force exerted by the vibrating hammer at the top of the sheet piles and the self-
weight of the sheet piles.

Resistance to downward 
force

Friction between the sheet piles and sand 
particles.

Friction between the sheet piles and 
clay particles.

Any liquefaction 
occurred during 
sheet pile driving?

The high frequency vibration during sheet 
pile driving causes the surrounding sand 
layers to liquefy. The liquefied sand 
particles suspend in the water, and thus, 
greatly reduce the coefficient of friction 
between the sand layers and the surface 
of the sheet piles.

The high-frequency vibration during 
sheet pile driving cannot cause the 
surrounding clay layers to liquefy, 
and thus, cannot reduce the 
coefficient of friction between 
the clay layers and the surface 
of the sheet piles.

Change of frictional 
resistance

Due to liquefaction, significant reduction 
in frictional resistance to the driving 
of sheet piles.

Because of no liquefaction, minimal 
reduction in frictional resistance 
to the driving of sheet piles.

Comparison of frictional 
resistance

After liquefaction, the frictional resistance of the alluvial sand layer to the driving of 
sheet piles is smaller than that before liquefaction, and is also much smaller that of 
the alluvial clay layer to the driving of sheet piles.
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α = 0.5 (over-consolidated clay)
Su = undrained shear strength.

Senneset (1982)[4] established the following 
equation to estimate the undrained shear strength 
of clay based on the net cone resistance obtained 
for cone penetration test:-

S
q

NuSS e

keN
=  (2)

where,
Nke is a constant in the range of 9 ± 3.
Here, Nke can be adopted as 12.

Combining (1) and (2), the unit frictional 
resistance can be determined by the following 
equation:

f
q

Nsff
e

keN
= ×α  (3)

Hence, the total frictional resistance experienced 
by the sheet pile in alluvial clay can be determined 
by the following equation:-

F f A
q

N
B Hsff

e

keN
=f A × ×

qeα  (4)

where,
B = width of the sheet pile,
H = length of penetration of sheet pile into the 

alluvial clay layer.

As the width of the sheet pile is constant, the 
total frictional resistance experienced by the sheet 
pile is therefore determined by qe × H, or the prod-
uct of the average net cone resistance of the allu-
vial clay and the length of penetration of the sheet 
pile.

Based on the average values summarized 
in Table 3, the product of  the average net cone 
resistance of  the alluvial clay and the length of 
penetration of  the sheet pile for the as-installed 
cellular structures are graphically presented in 
Figure 1.

As demonstrated in Figure 1, when the product 
of the average net cone resistance of alluvial clay 
and the length of penetration of sheet pile reaches 
certain level, the process of downward force over-
coming the total frictional resistance between the 
sheet pile and the alluvial clay will cause large 
deformation thus increasing the interlock force 
between sheet piles. Cellular structures cannot 
be driven any further down to achieve designed toe 
levels. The specific information is shown in Table 4 
based on the experience gained so far from the as-
installed cellular structures. Ta
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Figure 1. Product of the average net cone resistance of alluvial clay and the length of penetration of sheet pile.

Table 4. Drilling result prediction of cell 
structures by geological information.

qe × H (MPa ⋅ m) Remark

>18.3 Unlikely to achieve
12.4∼18.3 May be able to achieve
<= 12.4 Likely to achieve
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The soil dynamic structural parameters based on the view 
of equivalent elastomer
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Y.X. Yan
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ABSTRACT: Soil structural properties are the intrinsic factors which determine the dynamic character-
istic of the soil. Firstly, on the basis of previous studies, this paper analyzes the substance of conventional 
soil dynamic structural parameters, namely, the dynamic structural property of soil in any state is the 
dynamic shear secant modulus of it. It is discovered that the description of the dynamic structure of soil 
by using dynamic shear secant modulus is quite different from the fact. Secondly, the paper suggests using 
the dynamic structural parameters based on the view of equivalent elastomer that is dynamic tangent 
modulus. Thirdly, the paper defines the soil dynamic structural residual degrees to reflect the three exter-
nal effects on soil structure: disturbance, loading and humidification. Lastly, the paper gives the expres-
sion of dynamic structural residual degrees based on Hardin-Drnevich hyperbola model when external 
condition varies.

Keywords: dynamic structure; dynamic tangent modulus; dynamic structural residual degrees

structural characteristics (Luo et al., 2004; Shao 
et al., 2004; Xia, 2005; Chen et al., 2007; Chen and 
Gao, 2006; Chen et al., 2006). Meanwhile, Luo Ya-
sheng, et al. (Luo, 2003; Wang et al., 2010) extend 
this method to the field of soil dynamics and estab-
lish the soil dynamic structural parameters based 
on dynamic shear stress method. The structural 
parameters obtained from static mechanics through 
simple and clear experiment method and mecha-
nism can reflect some effects on soil structure.

However, the determination of these param-
eters are dependent on one or more of the three 
external function—disturbance, loading and 
humidification. Therefore, to some certain ques-
tions, these parameters cannot well provide direct 
answers. Here are three questions: First, what are 
the change rules in the soil structure when the soil 
is immersed? Second, what are the change rules in 
the soil structure when the soil is only disturbed? 
Third, what are the change rules in the soil struc-
ture when the soil is both disturbed and immersed? 
Because the soil dynamic structural parameters are 
derived from static structure parameters, the above 
problems still exist in the soil dynamic structural 
parameter research.

In light of this, through analyzing the soil 
dynamic structural parameters based on the same 
dynamic shear stress method, the paper pro-
poses soil dynamic structural parameters based 

1 INTRODUCTION

To study the dynamic characteristics of soil is 
one of the soil dynamics research tasks. From the 
structural point of view, the soil structural proper-
ties which show the physical condition of soil (Xie 
and Qi, 1999) are the intrinsic factors determining 
the mechanical properties of soil (Qi, 1999). The 
soil dynamic characteristics are the outward mani-
festation of the change or destruction of soil struc-
tural characteristics under the coupled action of 
dynamic load and other external forces. Therefore, 
it is necessary to research soil structural character-
istics under the coupled action of dynamic load 
and other external forces (hereinafter referred to as 
soil dynamic structure) in order to further reveal 
the change laws of soil dynamic characteristics.

At present, there are three basic ways to study 
structural properties of soil (Xie and Qi, 1999): 
Firstly, the microstructure morphology methods; 
Secondly, solid mechanics methods; thirdly, soil 
mechanics methods. Among them, soil mechan-
ics methods demonstrate great potentialities and 
developmental prospect. Since Xie ding-yi and Qi 
ji-lin mooted to determine soil structural quantita-
tive parameters based on releasing soil structure 
potential the correlative research is in the ascendant. 
Structural research scholars firstly obtain a wealth 
of achievements under static conditions about soil 
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on  equivalent elastomer views, and defines the 
dynamic structural residual degrees. The paper also 
gives the expression of dynamic structural residual 
degrees based on Hardin-Drnevich hyperbola 
model according to different external conditions.

2 THE SOIL DYNAMIC STRUCTURAL 
PARAMETERS BASED ON THE VIEW 
OF EQUIVALENT ELASTOMER

2.1 The essence of the traditional soil dynamic 
structure parameters

At present, many soil dynamic structural param-
eters under the dynamic loading conditions pro-
posed by Xie Dingyi and Qi Jilin are gained from 
the generalizing of soil structural parameters 
under the static load conditions. The idea is to seek 
structural quantitative indicator by releasing struc-
ture potential. Soil dynamic structural parameters 
based on the same dynamic shear stress method are 
firstly proposed in Luo Ya-sehng’s doctoral thesis 
titled structural constitutive relation of unsatu-
rated loess under static and dynamic complex stress 
 conditions. Its expression is:

mγd = τdo
2/(τdsτdr) (1)

where mγd is the soil dynamic structural quantitative 
parameter based on the dynamic shear stress; τdo is 
undisturbed soil dynamic shear stress at dynamic 
shear strain γd; τds is undisturbed saturated soil 
dynamic shear stress at dynamic shear strain γd; τdr 
is disturbed soil dynamic shear stress at dynamic 
shear strain γd.

Considering that τdo, τds and τdr are soil dynamic 
shear stress at the same dynamic shear strain γd, the 
Formula 1 can be further simplified as:

m
G

G G
G

G Gd
do

ds dr

doG d

drG d ds ddd

doG

drG dsGγ dd
τd

τ τds d

γ d

γ γGd dG s ddd
= = =

2 2Gττ 2 2Gγγ  (2)

where Gdo is undisturbed soil dynamic shear secant 
modulus at dynamic shear strain γd; Gds is undis-
turbed saturated soil dynamic shear secant modu-
lus at dynamic shear strain γd; Gdr is disturbed soil 
dynamic shear secant modulus at dynamic shear 
strain γd.

The simplification of soil structural quantita-
tive parameters based on the same dynamic shear 
strain method can get the same result:

m
G G

G

G
G Gd

r s

o

d

drG
d

dsG

d

doG
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drG dsGτ dd
γ γr s

γ

τ τd d

τd

= =
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

=2 2γγ ⎛ ⎞

2
 (3)

where: γo is undisturbed soil dynamic shear strain 
at dynamic shear stress τd; γs is undisturbed satu-
rated soil dynamic shear strain at dynamic shear 
stress τd; γr is disturbed soil dynamic shear strain 
at dynamic shear stress τd; Gdo is undisturbed soil 
dynamic shear secant modulus at dynamic shear 
stress τd; Gds is undisturbed saturated soil dynamic 
shear secant modulus at dynamic shear stress τd; 
Gdr is disturbed soil dynamic shear secant modulus 
at dynamic shear stress τd.

According to the definition of soil dynamic 
structural parameters mγd:

mγd = m1/m2 (4)

Among them, m1 = τo/τs shows the size of the 
structural variability, which is the release of soil 
inherent dilatant-consolidatory potentials by 
immersion; m2 = τr/τo shows the size of the struc-
tural stability, which is the release of soil coupling 
effect by disturbing. m1 and m2 can be further sim-
plified as:

m1 = Gdo/Gds (5)

m2 = Gdr/Gdo (6)

Through the above analysis, the essence of soil 
dynamic structural parameters based on the same 
dynamic shear stress method and the same dynamic 
shear strain method can be found is the soil 
dynamic structural changes, which can be reflected 
by loading, disturbance and water immersion.

The dynamic structural property of soil in any 
state is the soil dynamic shear secant modulus Gd, 
which corresponds to the state. Then type 5 means 
that under the same dynamic shear strain, the 
reciprocal of the ratio between the residual struc-
tural property after water immersion and the struc-
tural property before water immersion can be used 
to reflect the extent to which the water immersion 
influences on the soil dynamic structural property. 
Water immersion causes the chemicals weaken-
ing, dissolving and suction connection losing. 
The wedging action of water film can release soil 
inherent shear-shrinkage potential, namely, water 
immersion influences structural variability. Thus, 
type 5 can be used to measure the size of struc-
tural variability. Type 6 means that under the same 
dynamic shear strain, the ratio between the resid-
ual structural property after disturbance and the 
structural property before water immersion can be 
used to reflect the extent to which the disturbance 
influences on the soil dynamic structural property. 
By damaging the soil coupling effect, disturbance 
reduces the coupling strength between the soil par-
ticles, influencing the structural stability. Therefore, 
type 6 can be used to measure the size of structural 
stability.
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2.2 The proposal of the soil dynamic structural 
parameters on the view of equivalent 
elastomer

Soil is the elastic-plastic body. Supposing that soil 
elastic part and plastic part were independent of 
each other, then the dynamic shear secant modu-
lus Gd can only represent the elastic property of 
soil. Obviously, there is a huge difference between 
the soil dynamic structural property described by 
dynamic shear secant modulus Gd and the real 
soil structural property. Therefore, using dynamic 
shear tangent modulus to describe soil dynamic 
structural is recommended.

Dynamic shear tangent modulus Gt is the first-
order derivative of dynamic shear stress to dynamic 
shear strain at any point of the dynamic shear 
stress—dynamic shear strain curve. Compared 
with dynamic shear secant modulus Gd which is the 
ratio between dynamic shear stress and dynamic 
shear strain, dynamic shear tangent modulus Gt 
is more inclusive to soil elastic part and plastic 
part of soil. Soil dynamic shear tangent modulus 
describing soil structural properties can be under-
stood as follows: if  soil dynamic structural proper-
ties which own the dynamic shear tangent modulus 
Gt can be equivalently described by the dynamic 
shear tangent modulus Gt1 (Gt1 = Gt) of elastomer, 
then, the soil structural property of any state has 
a correspondently equivalent structural property 
of  elastomer. It is called the equivalent elastic elas-
tomer view. Based on this view, soil dynamic struc-
tural parameters can be described by the dynamic 
shear tangent modulus.

3 SOIL DYNAMIC STRUCTURAL 
RESIDUAL DEGREE

The soil mechanics research through ages has 
revealed that the fundamental way to change or 
destroy soil structural properties is disturbance, 
loading and water immersion. Disturbance can 
damage the soil coupling effect, reducing the cou-
pling strength between the soil particles; loading 
can change arrangement mode as well as coupling 
characteristics of soil particles; water immersion 
can make the chemicals in the soil weakened, dis-
solved and the suction connection lost. Water 
film wedging action can release the soil inherent 
shear shrinkage potential. In order to quantita-
tively describe these three external effects to soil 
dynamic structural properties, the paper defines a 
new coefficient—soil dynamic structural residual 
degree nm.

For one or more external effects, the soil 
dynamic structural has (or not) residue in the soil 
after the initial soil dynamic structural changes (or 
destruction). The residual degree of soil dynamic 

 structural in the external effect is the ratio of 
between dynamic structural parameters (dynamic 
shear tangent modulus) Gt and initial soil dynamic 
structural parameters (initial dynamic shear tan-
gent modulus) Gto, that is:

nm = Gt/Gto (7)

By formula (7) it can be seen that the value of 
nm is 1-centered, changing away from 1 in two 
 directions. Without any external effect, nm = 1, 
namely, the original soil dynamic structural prop-
erty is invariant; when nm > 1, the soil dynamic 
structural property is strengthened under external 
effect, such as dehumidification; when nm < 1, the 
soil dynamic structural property is weakened under 
external effect, such as immersion.

If  the initial state of the soil is unloaded, the 
moisture content is w0, and the initial dynamic 
structural parameter (initial dynamic shear tan-
gent modulus) of undisturbed soil is Gto, then the 
residual degree under different external effects is:

1. The soil dynamic structural residual degree 
under load

nm = Gtτd/Gto (8)

where Gtτd is the dynamic structural parameter 
of undisturbed soil (dynamic shear tangent 
modulus) for moisture content w0 when the 
dynamic shear stress is τd.

2. The soil dynamic structural residual degree in 
immersion (the answer of the first question in 
the introduction)

nm = Gtw/Gto (9)

where Gtw is the dynamic structural parameter 
of undisturbed soil (dynamic shear tangent 
modulus) for water immersion to w.

3. The soil dynamic structural residual degree of 
disturbance (the answer of the second question 
in the introduction)

nm = Gtτd/Gto (10)

where Gtr is the dynamic structural parameter of 
soil (dynamic shear tangent modulus) for mois-
ture content w0 after disturbance.

4. The soil dynamic structural residual degree under 
the coupling effect of loading and immersion

nm = Gtτdw/Gto (11)

where Gtτdw is the dynamic structural parameter 
of soil (dynamic shear tangent modulus) for 
water immersion to w after disturbance when 
dynamic shear stress is τd.
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5. The soil dynamic structural residual degree 
under the coupling effect of loading and 
disturbance

nm = Gtrτd/Gto (12)

where Gtrτd is the dynamic structural parameter 
of soil (dynamic shear tangent modulus) for 
water immersion to w0 after disturbance when 
dynamic shear stress is τd.

6. The soil dynamic structural residual degree 
under the coupling effect of water immersion 
and disturbance (the answer of the third ques-
tion in the introduction)

nm = Gtrw/Gto (13)

where Gtrw is soil dynamic structural parameters 
(dynamic shear tangent modulus) for water 
immersion to w after disturbance.

7. The soil dynamic structural residual degree 
under the coupling effect of loading, water 
immersion and disturbance

nm = Gtrτdw/Gto (14)

where Gtrτdw is the dynamic structural parameter 
of soil (dynamic shear tangent modulus) for 
water immersion to w after disturbance when 
dynamic shear stress is τd.

4 THE EXPRESSION OF DYNAMIC 
STRUCTURAL RESIDUAL DEGREES 
BASED ON HARDIN-DRNEVICH 
HYPERBOLA MODEL

The curve showing the relationship between 
dynamic shear stress amplitude and dynamic shear 
strain amplitude is named backbone curve. A large 
number of experiments show that backbone curve 
under loading is hyperbolic, displaying non-linear 
characteristics, which can be described by Hardin-
Drnevich hyperbola model (Xie, 2007), as is shown 
in formula 15:

τd = γd/(a + bγd) (15)

where a, b are test constants.
Its dynamic shear tangent modulus equation is:

Gt = a/(a + bγd)2 (16)

The initial dynamic shear tangent modulus 
(structural parameters for the initial state) is:

Gto = 1/a (17)

According to equations from (8) to (14) and 
from (16) to (17), can obtain the expressions of soil 
dynamic structural residual degrees under different 
external effects in Table 1.

Table 1. Under different external conditions, soil dynamic structural residual degrees list.

External effect
Dynamic structural 
residual degrees Expression Note

Loading G
G

tG

toG
dτd a

d

2

2( )a b dγ d

a, b are test constants of undisturbed soil based on 
Hardin-Drnevich hyperbola model experiment at 
moisture content w0.

Immersion G
G

twG

toG

a
a1

a1 is test constant of undisturbed soil based on 
Hardin-Drnevich hyperbola model experiment for 
water immersion to moisture content w.

Disturbance G
G

trG

toG

a
a2

a2 is test constant of soil based on Hardin-Drnevich 
hyperbola model experiment for disturbance to 
moisture content w0.

Loading and 
immersion

G
G
t wG

toG
dτ

a a

d

1

1 1
2( )a b d1 1bb γ d

a1, b1 are test constants of undisturbed soil based on 
Hardin-Drnevich hyperbola model experiment for 
loading and immersion to moisture content w.

Loading and 
disturbance

G
G
trG

toG
dτd

a a

d

2

2 2
2( )a b d2 2bb γ d

a2, b2 are test constants of soil based on Hardin-
Drnevich hyperbola model experiment for loading 
and disturbance to moisture content w0.

Disturbance and 
immersion

G
G

trG w

toG

a
a3

a3 is test constant of soil based on Hardin-Drnevich 
hyperbola model experiment for disturbance and 
immersion to moisture content w.

Loading, disturbance 
and immersion

G
G
trG w

toG
dτd

a a

d

3

3 3
2( )a b d3 3bb γ d

a3, b3 are test constants of soil based on Hardin-
Drnevich hyperbola model experiment for loading, 
disturbance and immersion to moisture content w.
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5 CONCLUSIONS

This paper analyzes substance of soil dynamic struc-
tural parameters on the basis of previous research 
about soil structural properties. It is deemed that 
soil dynamic structural changes can be reflected 
in loading, disturbing and water immersing. In 
addition, the soil dynamic structural property is 
its dynamic shear secant modulus in any state. It 
is discovered that the description of soil dynamic 
structural properties by using dynamic shear secant 
modulus is quite different from its real structural 
properties. The paper suggests using the dynamic 
structural parameters based on the view of equiva-
lent elastomer (dynamic tangent modulus), which 
defines the soil dynamic structural residual degrees 
that reflect impact of the disturbance, load and 
humidification on soil structural properties. This 
paper also gives the expression of dynamic struc-
tural residual degrees based on Hardin—Drnevich 
hyperbola model in different external conditions.

REFERENCES

Chen, C.L., and Gao, P. (2006). “Structural and deforma-
tion characteristics of undisturbed loess.” Rock and 
Soil Mechanics, china, Vol. 27, No. 11, pp. 1891–1896, 
DOI: 10.3969/j.issn.1000–7598.2006.11.006.

Chen, C.L. Gao, P., and Hu, Z.Q. (2006). “Moistening 
deformation characteristics and its structural relation-
ship of the loess.” Rock Mechanics and Engineering, 
china, Vol. 25, No. 7, pp. 1352–1360, DOI: 10.3321/j.
issn:1000–6915.2006.07.009.

Chen, C.L. Hu, Z.Q., and Gao, P. (2006).  “Structural 
and deformation characteristics of undis-
turbed loess.” Rock and Soil Mechanics, china, 
Vol. 27, No.11, pp. 1891–1896, DOI: 10.3969/J.
ISSN.1000–7598.2006.11.006.

Luo, Y.S. (2003). “Variation characteristics of structural 
characteristics and constitutive relation of Unsatu-
rated loess under static and dynamic conditions.” 
Xi’an University of Technology Doctoral Disserta-
tion, china, DOI: 10.7666/d.d013340.

Luo, Y.S., Xie, D.Y., and Shao, S.J. (2004). “Soil 
structural parameters under complex stress condi-
tions.” Rock Mechanics and Engineering, China, 
Vol. 23, No. 24, pp. 4248–4251, DOI: 10.3321/j.issn: 
1000–6915.2004.24.027.

Qi, J.L. (1999). “Soil structure characteristics and study 
of its quantitative parameter.” Xi’an University of 
Technology Doctoral Dissertation, China, pp. 15–20.

Shao, S.J., Zhou, F.F., and Long, J.Y. (2004). “Study of 
the structural and quantitative parameters of undis-
turbed loess.” Chinese Journal of Geotechnical Engi-
neering, china, Vol. 26, No. 4, pp. 531–536., DOI: 
10.3321/j.issn:1000–4548.2004.04.021.

Wang, Z.J., Luo, Y.S. and Yang, Y.J. (2010). “Study of 
dynamic structural characteristics of unsaturated 
loess in different regions.” Rock and Soil Mechanics, 
china, Vol. 31, No. 8, pp. 2461–2464, DOI: 10.3969/j.
issn.1000–7598.2010.08.018.

Xia, W.M. (2005). “Loess elasto-plastic damage constitu-
tive model and engineering application.” Xi’an Uni-
versity of Technology Doctoral Dissertation, China, 
DOI: 10.7666/d.d012984.

Xie, D.Y., and Qi, J.L. (1999). “Soil structure character-
istics and new approach in research on its quantitative 
parameter.” Chinese Journal of Geotechnical Engi-
neering, China, Vol. 21, No. 6, pp. 651–656.

Xie, D.Y., Yao, Y.P. and Dang, N.F. (2007). “Advanced 
soil mechanics.” Higher Education Press, Beijing, 
China.

ICCAHE15_Book.indb   231ICCAHE15_Book.indb   231 11/17/2015   6:26:43 AM11/17/2015   6:26:43 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.3321%2Fj
http://www.crcnetbase.com/action/showLinks?crossref=10.3969%2FJ
http://www.crcnetbase.com/action/showLinks?crossref=10.3969%2Fj.issn.1000-7598.2006.11.006


233

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Comparison of the mechanical properties of clay rock in Tamusu 
region and abroad

Haian Liang
State Key Laboratory Breeding Base of Nuclear Resources and Environment, East China Institute 
of Technology, Nanchang, China
School of Civil Engineering, Guangzhou University, Guangzhou, China 

Yunqing Liu, Qingrui Lu, Shijun Chen & Weiwei Bian
Architectural College, East China Institute of Technology, Nanchang, China

ABSTRACT: A comparative study on the mechanical properties of clay rock in Tamusu region and 
abroad was carried out, by collecting relevant data and by conducting point-loading test, uniaxial tension 
test and rock triaxial tests. The research indicates that the mechanical strength of clay rock in Tamusu 
region is superior to that of clay rock from abroad. The clay rock in Tamusu region takes on the brittle 
deformation as a whole, and takes on plastic deformation only when subject to high temperature and 
large pressure. In addition, the tensile strength of clay rock in Tamusu region is similar to that of Callovo-
Oxfordian rock in France, and decreases with the increasing depth. The research is intended for providing 
certain technical support for the site selection of high-level radioactive waste repository in China.

Keywords: high-level radioactive waste; deep geological repository; clay rock; mechanical properties

 providing valuable data for the research on the 
construction conditions of geological repositories 
for high—level radioactive waste.

2 COMPARISON ON THE BASIC 
BACKGROUND

The adopted clay rock in this paper was taken from 
the southern part of  Tamusu region, Bayingobi 
basin of  Inner Mongolia. It was formed in the 
Middle stage of  Early Cretaceous with warm 
and humid climate, and the environment can be 
regarded as typical lakeshore delta factes. The 
gray clay rock that we selected was formed by 
the sedimentary of  grey continental debris of  the 
Lower Cretaceous Bayingobi Group, with a bur-
ied depth ranging from 550 to 650 m. The rock can 
be characterized mainly by horizontal bedding, 
and the petrographic composition is compara-
tively uniform, with asphalt in some local area. 
The formation age can be considered as 120 Ma, 
which is earlier than the Boom Clay of  Belgium 
(Oligocene, 30 Ma[1,6]), as shown in Table 1, and 
later than the Callovo-Oxfordian Clay of  France 
(Middle Jurassic—late Jurassic, 145 Ma) and the 
Opalinus Clay of  Switzerland (Middle Jurassic, 
180 Ma). Both its formation age and buried depth 

1 INTRODUCTION

High-level radioactive waste deep geological repos-
itory is considered as a type of the most complex 
deep underground projects being studied by the 
nuclear-armed countries, while the subjects on 
deep rock mechanical properties are becoming 
the research hotspots during site selection, design, 
construction and operation of underground labo-
ratories and deep geological repositories of high—
level waste[1]. The research at home and abroad 
shows that both the granite and clay rocks are suit-
able for the deep disposal of high—level radioac-
tive wastes[2]. For example, Amann et al. conducted 
the research on the brittle behavior of deep Opali-
nus clay rocks in Switzerland[3–4], and Brapi et al. 
investigated the fracture mechanics of the Opali-
nus clay rock[5]. In China, Liu Y et al. studied the 
basic physical mechanics and time-temperature 
effect of granite in Beishan area, Gansu province[6]. 
 However, few researches on the mechanical behav-
ior of clay rock for the site selection of deep dis-
posal repositories have been performed in China. 
In view of this, a series of tests on the mechani-
cal properties of deep clay rock in Tamusu region 
of Inner Mongolia Gobi have been carried out, 
together with comparing its mechanical behavior 
with that of foreign clay rock, with the aim of 
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Table 1. Main characteristics of the different geological media for high-level waste from abroad[11–15].

Opalinus clay Callovo-Oxfordian clay Boom clay

Thickness (m) 80–120 135 100
Buried depth (m) 500–1000 300–600 1800
Density (g/cm3) 2.5–2.6 2.32–2.61 (2.42) 2.67
Uniaxial compression 

strength (MPa)
4–8 12–49 (26) 2.0–2.2

Tensile strength (MPa) 1–2 0.9–5.4 (2.6) –
Young’s modulus (MPa) 2000–3000 4000–5600 (4900) 200–400 (300)
Poisson’s ratio – 0.3 0.125
Internal friction angle (°) 23–25(24) – 18
Formation age Aalenian (Dogger) 

180 Ma
Middle Callovian to lower 

Oxfordian 145 Ma
Rupelian 30 Ma

are close to that of  the Callovo-Oxfordian Clay 
of  France.

3 COMPARISON OF BASIC 
MECHANICAL PROPERTIES

The fundamental parameters of mechanical prop-
erties of clay rock such as point-loading strength, 
elastic modulus, Poisson’s ratio, tensile strength, 
triaxial compression strength, internal friction 
angle and cohesion were determined by a series of 
tests. The rock samples were prepared according 
to the provisions of Rock Physical and Mechanical 
Properties Test (GB/T9966-2001) and Suggested 
Methods of Rock Mechanics Laboratory Tests by 
the International Society for Rock Mechanics.

3.1 Tensile strength

Tensile strength was determined using point-
 loading test estimation and Brazilian tests. With 
the rock samples taken at the buried depth of 
650 m and 555 m, respectively, the point loading 
strength of vertical bedding was obtained at the 
range of 3.52–5.49 MPa, while that of horizontal 
bedding ranged from 2.61 to 3.21 MPa.

It can be inferred from the point loading strength 
that the tensile strength of vertical bedding is about 
3.3–5.3 MPa, and for horizontal bedding is about 
2.1–3.1 MPa, which show little discrepancy in the 
two directions, and therefore the anisotropy is not 
clear. Meanwhile, the estimated tensile strength 
is distinctly smaller than the estimated compres-
sive strength, and the discrepancy almost reaches 
25 times. The estimated compressive strength 
is about 80–140 MPa, much larger than that of 
Opalinus Clay (4–8 MPa), Callovo-Oxfordian Clay 
(12–49 MPa) and Boom Clay (2–2.2 MPa).

Brazilian test can be used indirectly to determine 
the tensile strength of rock. According to their 

buried depth, the rock samples were divided into 
2 groups. For the sample at the depth of 641 m, 
the tensile strength ranges from 1.77 to 2.14 MPa, 
and for the sample of 627 m, the tensile strength 
reaches 2.05–2.62 MPa, which is shown in Table 2.

The comparison shows that the result obtained 
from Brazilian test is relatively smaller than the 
estimated value of the point loading tests; however, 
the tensile strength for vertical bedding of clay 
rock in Tamusu region is in the range of 2–3 MPa, 
which falls into the range of that of the Callovo-
Oxfordian clay rock, and 1 time higher than that 
of the Opalinus clay rock (1–2 MPa). Moreover, 
the tensile strength gradually decreases with the 
increasing depth, and the varying characteristic 
with depth should be further studied.

3.2 Triaxial compression strength

Using the microprocessor control Electro- hydraulic 
servo rock triaxial testing machine TAW-2000 of 
East China Institute of Technology, we performed 
a series of tests for which the radial deformation 
was controlled, and the testing data were recorded 
automatically by the computer. Due to that the 
nuclear waste generally releases heat during 
the operation of high-level geological repositor-
ies, the triaxial tests were conducted under a high 
temperature and high pressure. With the tempera-
ture controlled at 60°C, the confining pressures at 
10 MPa, 20 MPa and 30 MPa were, respectively, 
fixed, and the corresponding mechanical param-
eters can therefore be determined as shown in 
Table 3.  Poisson’s ratio falls within the range of 
0.023–0.038, which is much lower than that of 
the foreign clay rock, and therefore little anisot-
ropy can be proved by the point loading tests. The 
elastic modulus ranges from 2800 to 3100 MPa, 
similar to that of Opalinus Clay, lower than that 
of Callovo-Oxfordian Clay, and 8–10 times higher 
than that of Boom Clay.

ICCAHE15_Book.indb   234ICCAHE15_Book.indb   234 11/17/2015   6:26:45 AM11/17/2015   6:26:45 AM

  



235

Table 2. Results of Brazilian test.

Dimension of samples Tensile strength

Rock type
Sample 
numbering Depth/m

Forced 
direction

Diameter 
D/mm

Height 
H/mm

Ultimate 
load/kN

Single 
value/Mpa

Average 
value/Mpa

Rock clay 16-16-L1 641 Radial 49.50 25.48 3.5 1.77 2.00
16-16-L2 49.50 25.48 4.26 2.14
16-16-L3 49.58 25.00 4.04 2.08

Rock clay 8-14-L1 627 Radial 49.60 25.00 3.99 2.05 2.26
8-14-L2 630.5 49.58 25.54 5.21 2.62
0-16-L1 49.58 25.62 4.19 2.10

Table 3. Results of triaxial compression test.

Temperature
Samples 
numbering

Mass of 
samples 
M/g Volume Density

Pressure
σ3

Axial 
ultimate 
load P

Ultimate 
axial 
stress σ1

Elastic 
modulus 
MPa

Poisson’s 
ratio

Internal 
friction 
angle ϕ°

60°C 32-19 178.00 449.15 2.51 10  83.75  45.69 – –
32-19-1 177.29 452.8 2.55 20 372.30 202.10 3100 0.038 54.72
36-32 178.24 435.89 2.45 30 478.05 265.06 2800 0.028

Figure 1. Stress-strain curves under different confining 
pressures at 60°C.

Figure 1 shows stress-strain curves under 
different confining pressures at 60°C. It can be 
inferred that the rock samples manifest distinct 
brittleness. Especially under the confining pres-
sure of  10 MPa, an obvious brittle failure can be 
noticed. With the increasing confining pressure, 
the samples show brittleness at the beginning, 
and plastic deformation occurs in the later stage. 
The strain and compressive strength increases 
sharply when the samples break. The compres-
sive strength of  clay rock in Tamusu region, 

no matter estimated from point loading test or 
determined by triaxial tests, is higher than that of 
foreign clay rock. As a result, from the mechani-
cal point of  view, the clay rock in Tamusu region 
can be used as the geological medium for high-
level waste.

4 CONCLUSIONS

By comparing the conducted tests and the foreign 
data, we can draw the following conclusions about 
the clay rock in Tamusu region: 1) the mechanical 
strength is superior to that of  foreign clay rock 
as a whole; however, it shows distinct brittleness. 
Little discrepancy exists between horizontal and 
vertical beddings, and the anisotropy is not obvi-
ous; 2) the estimated compressive strength is 25 
times of  tensile strength, and much higher than 
that of  foreign clay rock; 3) tensile strength is 
obtained as about 2 MPa, similar to that of  the 
Callovo-Oxfordian clay from France. Tensile 
strength decreases with the depth, of  which the 
varying tendency needs to be further studied; 4) 
the triaxial data show that the strength increases 
sharply with the increasing confining pressure, 
and plastic failure occurs in the later stage. How-
ever, because the discreteness is notable, the 
varying pattern of  elastic modulus and Poisson’s 
ratio with confining pressure needs to be further 
investigated.
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Study on the simulation test for Osterberg cell test of large pile 
foundation
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ABSTRACT: This paper makes a comparative study on the methods to determine the bearing capacity 
of all kinds of pile foundations. Based on the study, it analyses the advantages of Osterberg cell test. Based 
on the field test data obtained on the Lanqi Songhua River Bridge of Jilin province, this paper applies the 
simulated test to simulate the Osterberg cell test, and the results show that the simulation and field meas-
urements are highly consistent. Meanwhile, the load characteristics, including the load bearing features 
of pile foundation and the distribution features of displacement field of rock-soil mass around the pile, 
could be studied through the simulation. It can make up for a lack of field tests and laboratory tests. This 
illustrates that the method has certain feasibility and is of certain reference value for the future study on 
the bearing capacity of pile foundation.

Keywords: pile foundation; bearing capacity; Osterberg cell test; simulation

advantages and disadvantages of these methods. 
Based on the field test data obtained on the Lanqi 
Songhua River Bridge of Jilin province, this paper 
applies the simulated test to simulate the Oster-
berg cell test, and the results show that the results 
of simulation and field measurements are highly 
consistent. Meanwhile, the load characteristics, 
including the load bearing features of pile founda-
tion and the distribution features of displacement 
field of rock-soil mass around the pile, could be 
studied through the simulation. This illustrates 
that the method has certain feasibility and is of 
certain reference value for the future study on the 
bearing capacity of pile foundation.

2 STUDY ON THE METHODS TO 
MEASURE THE BEARING LOADS 
OF LARGE PILE FOUNDATION

At present, the methods used to measure the bear-
ing loads of pile foundation mainly include single 
pile static load test, Osterberg cell test, dynamic 
test method (low strain detection method and 
high strain detection method), static-dynamic 
method, sound wave transmission method, model 
test method, simulation test and others. All these 
methods have displayed their own advantages and 
limitations during long term uses, as shown in 
Table 1.

1 INTRODUCTION

At present, a large amount of pile foundations 
are used in key projects in China such as railway, 
bridge, high-rise buildings and others.  Determining 
the bearing capacity of pile foundation in a correct 
and reasonable manner can enhance the economic 
performance on the basis of achieving a quality 
construction.

As the development of  science and technology, 
the methods used to determine the bearing capac-
ity of  pile foundation are continuously improved 
as well. In particular, the rapid development of 
computer technology also drives the study on 
the pile foundation in simulated aspects. I. Said 
et al. (2009), Chen Lun et al. (2002), Wang Lijuan 
(2003), and Li Jin et al. (2004) conducted a study 
on the load transfer mechanism targeted at differ-
ent types of  piles by applying different numeri-
cal simulation software programs,  respectively. 
Ottaviani (1975), Emilions M. Comdromos et al. 
(2003), Panich Voottipiyex et al. (2011) carried 
out the study on bearing features of  grouped piles. 
Wang Youqing et al. (2002), and Zhou Gang et al. 
(2010) conducted the numerical simulation study 
on the mechanism of action between the pile 
and soil.

This paper has first carried out a compara-
tive study on the methods used to determine the 
bearing loads of pile foundation and analyzed the 
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Table 1. Comparison of different methods to measure the bearing loads of all the pile foundations.

Static load test Osterberg cell test Model test method Simulation test

Advantages The most reliable, accurate 
and direct method recognized 
internationally to determine 
the bearing capacity of 
single pile

Has avoided the problem 
of stacking in static load. 
Can directly measure the 
resistance of tip and side 
of pile; 3. Has a relatively 
lower requirement for 
the site

Being more targeted and purpose 
oriented during the research on 
the interaction of pile-soil, and 
conducting comparative study 
through changing the design 
parameters

Being able to simulate the complex 
mechanics and transformation 
features during the interaction of 
pile and soil. And the interaction 
process between pile and soil 
visually can be capable of observing 
through computer software

Limitations Hard to set up the counter force 
device and require an open 
and flat site. The test piles 
can no longer be used as 
the engineering piles

Not able to carry out the 
random sample detection. 
And it is difficult to 
determine the correct 
position of loading box

It is hard to simultaneously achieve 
the similarity in size, physics 
and environment of the model

Results are affected by the selection of 
parameters and simulation model

Static-dynamic method
Sound wave transmission 
method

Dynamic test method

Low strain detection method High strain detection method

Advantages Being low in cost, short 
in duration and convenient 
and flexible

It serves as an efficient method 
to inspect the internal 
defects of the concrete 
cast-in-place pile and assess 
its integrity, and it is not 
limited by the site and 
possesses high test accuracy

It is used to detect the integrity of 
pile body structure. It can be used 
to calculate the location of defect, 
distinguish the hole shrinkage 
from the hole enlargement, 
and discover the shallow defects 
or tiny horizontal fracture

It can have a relatively clear reflection 
on the deeper pile body. It can be 
used to detect the integrity of pile 
body, test the vertical compressive 
capacity of single pile and monitor 
the piling process

Limitations Static-dynamic method is still 
a dynamic test method; the 
dynamic phenomenon still 
exists and a certain hypothesis 
is required to adjust the data; 
meanwhile, it also has the 
limitations existing in 
dynamic test methods

It only applies to the cast-in-
place pile with the diameter 
of pile being 0.6–0.8 m 
and the sounding pipe is 
required to be embedded 
and the sampling is bad 
in randomness

This method is not suitable for piles 
such as deformed pile, pile with 
branches and plates, root pile, 
and the pile in which the 
resistance of pile body differs 
little from that of soil around 
the pile

It is inadvisable to be used alone in 
the acceptance check of engineering 
pile alone, and can only be used in 
the test pile for verification, not in 
test pile for design
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Figure 1. Engineering geologic columnar profile and 
pile foundation self-balancing loading system.

Table 2. Grading of estimated 
load value.

Series of 
loading

Load value 
(kN)

 1  6000
 2  9000
 3 12000
 4 15000
 5 18000
 6 21000
 7 24000
 8 27000
 9 30000
10 33000

3 COMPUTER SIMULATION ANALYSIS

The application of computer-based simulation 
technology can better simulate the features of 
strain and displacement changes in the process of 
pile-soil interaction.

3.1 Overview of the Lanqi Songhua River Bridge

Jilin Lanqi Songhua River Grand Bridge is located 
in the Lanqi–Jiangmifeng section of Jilin ring 
expressway and also in the connection section 
of national road Chang-Hui highway and the 
national road Hei-Da highway; the bridge starts 
from Lanqi village located in the west line of Ji-
Feng highway and ends at Yongqing village located 
in the east line of Ji-Feng highway with an overall 
length of 625 m, spanning the second Songhua 
River; the cast-in-situ bored piles are adopted for 
all the design foundation of the main bridge. Three 
piles are selected, and a self-balancing test method 
is adopted for static load test.

3.2 Numerical calculation model

In this paper, FLAC3D is adopted to establish 
the numerical calculation model, and the size 
of the model is 30 m × 60 m × 80 m, with 9587 
panel points and 8020 units in total. As the test 
pile belongs to an overlong and large diameter pile 
owning to its length of 50 m and diameter of 2 m, 
both the pile and rock-soil mass adopt the physi-
cal model. Besides, the rock-soil mass adopts the 
Mohr-Coulomb Model and the pile body adopts 
the Elastic Model. Laboratory test can be used to 
obtain the material parameters of all the soil lay-
ers, as shown in Figure 1.

3.3 Load application

During the loading of Osterberg cell test on site, 
the estimated load value is 2 × 33000 kN and the 
load value of each grade is 1/11 of the limit value. 
In order to reflect the results of Osterberg cell test 
on site in the real manner, the loading procedure 
used in Osterberg cell test shall be adopted during 
simulation, and the load values of each grade are 
given in Table 2.

3.4 Analysis of simulation results

3.4.1 Comparison of numerical simulation 
and Osterberg cell test

Figure 2 shows the relations between loads and the 
displacement.

As shown in Figure 2, the results obtained from 
the numerical simulation are rather identical with 
that measured actually on site, and the change 

Figure 2. Curve graph showing the relations between 
loads and displacement.
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rules are consistent. As the loads are exerted, all 
displacements increase accordingly. The displace-
ment of the upper segment of the pile is be larger 
than that of the lower segment of the pile, which 
shows that the side friction on the upper section of 
the pile body plays a better role than that on the 
lower section. When the load reaches 33000 kN, 
the upward displacement of the upper segment 
of the pile increases dramatically, which shows 
that the side friction on the upper segment of the 
pile plays to its limit. In the process of numeri-
cal simulation, when the load of the last grade is 
exerted, the displacement of the upper segment of 
the pile increases continuously and the calculation 
is hard to be converged, and this can be explained 
by the fact that the ultimate bearing capacity is 
approached at this moment. The displacement of 
the lower segment of the pile is relatively smaller 
due to the combined action of the side friction of 
the pile and the resistance on the tip of the pile and 
always shows a linear variation.

3.4.2 Study on transmission rules of loads
1. Distribution features of the axial force of the 

pile body
Figure 3 shows the distribution rules of  axial 
forces of  the pile body at different elevations 
under the effect of  loads of  all levels. From the 
figure, it can be seen that the results obtained 
from the numerical simulation has the same 

variation trend as that measured in the Oster-
berg cell test. When being exerted by the same 
load, the maximum axial force of  the pile body 
is generated at the load cell, and if  the upper 
segment of  the pile is affected by the side fric-
tion, the axial force decreases gradually and 
the axial force on top of  the pile reaches the 
minimum. As for the upper segment of  the 
pile, the axial force of  the pile body decreases 
more rapidly along with the increase of  loads. 
This is because the side resistance of  the pile 
will increase as well along with the increase of 
loads.

2. Distribution features of displacement field of 
geotechnical body around the pile
As the loads are exerted, the displacement of 
the upper segment of the pile and that of the 
lower segment of the pile increase continuously 
and the geotechnical body around the pile also 
brings about the displacement  accordingly. 
 Figure 4 shows the contour maps showing 
the displacement fields of geotechnical body 
around the pile when the loads 6000 kN and 
15000 kN are exerted, respectively. It can be 
seen from it that the geotechnical body around 
the upper segment of the pile brings about the 
upward displacement, which decreases gradu-
ally from the top of the load cell to the ground 
surface and the side friction also plays its role 
gradually from the loading box to the top of 

Figure 3. Distribution rules of axial forces of pile body.

ICCAHE15_Book.indb   240ICCAHE15_Book.indb   240 11/17/2015   6:26:48 AM11/17/2015   6:26:48 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-49&iName=master.img-002.jpg&w=368&h=235


241

the pile. As the loads exerted increase, the dis-
placement of the geotechnical body around the 
pile will be brought about in larger areas. This 
is because as the side friction of the pile plays 
its role gradually, the friction exerted on the 
geotechnical body that is on the lateral side of 
the pile increases gradually as well. In this way, 
the upward displacement of the soil increases, 
which affects even larger areas as well. The 
geotechnical body around the lower segment 
of the pile brings about the upward displace-
ment which deceases gradually from the bottom 
of the load cell to the bottom of the pile. The 
numerical simulation analysis can be used to 
observe variation rules and distribution features 
of displacement of rock-soil mass around the 
pile. It is extremely necessary to understand the 
distribution features of the displacement field 
of geotechnical body mass around the pile in 
the intensive study of interactions between the 
load transmission mechanism and pile-soil in 
the Osterberg cell test method.

4 CONCLUSIONS

This paper has carried out a study on the bear-
ing features of pile foundation through numerical 
simulation and the following conclusions can be 
drawn:

1. Through the comparative study on all kinds 
of test methods used to determine the bearing 
capacity of pile foundation, the advantages and 
shortcomings of the various test methods have 
been summarized and the back analysis based 
simulation test method used to determine the 
bearing capacity of pile foundation has been 
put forward.

2. Through the numerical simulation test, the 
bearing features of pile foundation can be better 
simulated, including the relations between dis-
placement and loads, the distribution features 
of axial force of pile body and others. Besides, 
the test can help to visually observe the distribu-
tion features of displacement field of rock-soil 
mass around the pile, which cannot be achieved 
by using the field test and the laboratory test.
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ABSTRACT: The Modified Cam-clay Model and the Drucker-Prager Creep Model are deduced and 
dealt with in detail. The two model are applied to the finite element calculation of soft foundation treat-
ment of a dam. It shows that the results calculated are similar and close to the monitoring data with those 
two models. By comparison, it can be got that the displacement calculated by the Drucker-Prager Creep 
Model is closer to monitoring data than that calculated by the Modified Cam-clay Model. It demonstrates 
the reasonableness and efficiency of the viscoelasto-plastic model.
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The yield function formula of the Cam-clay 
model can be expressed:
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In above formula, η = q p/q pq , p, q are respectively 
the average stress and the shear stress which can be 
expressed below.
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1
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M is the stress ratio which equals η when soil 
failure happens. M can be calculated by below 
expression.
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When only volume is considered, the total volu-
metric strain increment includes two parts.

Δ Δ Δε εν νε ε ν+ΔεΔ νεΔ e pΔεε+εε  (5)

Plastic volumetric strain increment can be 
described:

Δ Δεν
p A

f
p

pΔ
∂ff
∂pp 0  (6)

1 INTRODUCTION

Soil has various properties, including elastoplastic-
ity, dilatation, shear contraction, stickiness and so 
on[1–2]. At present, a lot of constitutive models have 
been developed, but they have their own merits, 
defects and application limits. Rheologicy is one 
obvious and important mechanical property of 
soft soil, so it must be taken into account when it 
comes to engineering in soft soil.

Based on Drucker-Prager creep model, this 
paper deals with the improvement of it in consider-
ation of Rheologicy[3–4], by which the displacement 
of soft soil is calculated and compared to that cal-
culated by general modified Cam-Clay model. In 
addition, the method of transferring to equivalent 
sand wall is introduced when soft soil is treated by 
plastic drainage plate.

2 MODIFIED CAM-CLAY MODEL

The Cam-clay model proposed by ROSCOE et al 
is the first critical-state model for describe clay 
soil. ROSCOE and BURLAND amend the shape 
of  the yield curve and obtained the modified 
Cam-clay model. The Modified Cam-clay model 
is based on few parameters which can be obtained 
from conventional laboratory tests. Since then the 
Modified Cam-clay model is widely referenced 
and has now been widely used in solving bound-
ary value problems in geotechnical engineering 
practice.
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A is plastic parameter. Plastic volumetric strain 
increment can be got from εν − ln p  curve:

Δεvεε pεε
i

p
p( )λ κ−λ ln 0  (7)

where pi is the initial stress. The plastic parameter 
A can be concluded:

A
p f

p

= ∂ff
∂pp

λ κ−

0

 (8)

where λ and κ are respectively Volume compres-
sion index and Volume rebound index.

ε κνεε eεε
i

p
pln 0  (9)

Volume rebound modulus Mν can be expressed 
by:

M
p p
eν
νε ee κ

= =
3 3p0 0ppp
Δ

 (10)

Through associated flow rule, elastic-plastic 
matrix can be got by:

f f
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1/A can be calculated by:

1 1 1 1
22

2

2

2 2A
p

M
p q

M p2=
⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎠⎠
+

( )x z⎛

⎝
⎜
⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

λ κ−
η22

 (13)

3 DRUCKER-PRAGER CREEP MODEL

Drucker-Prager creep model implies that the 
Drucker-Prager plasticity model uses isotropic 

linear elasticity, a hyperbolic plastic flow poten-
tial, and the linear Drucker-Prager yield surface 
with a circular yield surface in the deviatoric plane 
(K = 1). The creep laws for the Drucker-Prager 
creep models are written in terms of an equivalent 
creep stress, which is a measure of the creep “inten-
sity” of the state of stress at a material point. The 
definition of depends upon the type of harden-
ing (compression, tension, or shear) used with the 
linear Drucker-Prager plasticity model, but in all 
cases σ σcrσσ crσσ ( )ββq pp  :

σ
β

crσσ = ( )ββq p
( )( )βt) an1− ( (compression)  (14)

= ( )
( )( )
−

t) an
))
β ))1+ ( (tension)  (15)

= ( )− ))(shear)  (16)

There is a cone in the meridional plane in which 
no creep deformation will occur. The default creep 
laws provided are simple and are intended to model 
these condary creep of the material. Use this creep 
law when the stress in the material remains essen-
tially constant:

ε
• ( )σ

cr n mA t( )σσσ  (17)

Use this creep law when the stress in the material 
varies during the analysis:

ε ε
• +( )σ ( )+⎡⎣ ⎤⎦⎤⎤

⎛
⎝
⎛⎛
⎝⎝

⎞
⎠
⎞⎞⎞
⎠⎠
⎞⎞⎞⎞

cr n crεε
m mA( )σ (⎡⎣⎡⎡σσ

1
1  (18)

Use this creep law when an exponential relation-
ship between stress and creep strain rate is needed:

ε
• ( )ασ= ( )

cr
mAe σσ  (19)

The Drucker-Prager creep model uses a hyper-
bolic creep flow potential that ensures the creep 
(deformation) flow direction is always defined 
uniquely:

G q pcr ( )2 2 tq p a Ψ2 tq p−q2 an  (20)

4 ENGINEERING APPLICATION

A soil dam is built above a recently sedimentary 
silt of a lake base, with a depth of 8–10 m, underly-
ing by a 8 m depth of clayey loam and base rock. 
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The physical and mechanical properties of the 
foundation soil are shown in Table 1 and Table 2. 
The width of the dam base is 44 m, the ratio of 
the slope is 1:2, the thickness of filling soil is 10 m, 
and the period of operation is 180 d. The plastic 
drainage plate method is applied to consolidate 

the foundation. First, a cofferdam was constructed 
and fluidized silt discharged by mud pump. Then 
a layer of 1 m silt clay was laid to enhance the 
strength of the ground to enable the movement of 
the plastic plate plugging machine. A cushion layer 
of 50 cm medium to coarse sand was laid over the 
silt clay as the path of horizontal drainage. The 
distribution of the plastic drainage plate is club, 
with a interval of 1.5 m. The plate is placed about 
0.5 m in the mild clay.

5 CONCLUSIONS

The Modified Cam-clay model and the Drucker-
Prager creep model are applied in the 2 dimension 
finite element calculation respectively. FE mesh of 
the dam is showed in Figure 1. Then the results of 
surface settlement at the center of the soil dam and 
displacement of slop toe are compared with field 
monitoring data, shown in Figure 2 and Figure 3. 
The conclusion can be drawn that the results calcu-
lated are similar and close to the monitoring data 
with those two models. Thus those two models are 
also suited to soft soil. In addition, the results also 
show that the results calculated with the Drucker-
Prager creep model are closer to the monitoring 
data.
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Table 1. Parameters of Cam-clay model.

Material Filling (silty clay) Soft clay

γd (KN/m3) 18.5 17.5
ν (°) 0.29 0.29
κ 0.007 0.012
λ 0.06 0.05
M 1.3 1.32
e 0.8 0.9
kz (m/s) 5.8 × 10−9 3.4 × 10−9

kr (m/s) 6.7 × 10−9 4.9 × 10−9

Table 2. Parameters of Drucker-Prager creep model.

Material Filling (silty clay) Soft clay

ϕ (°) 28.6 8.5
m 7.8 7.5
n 10.5 3.5
kz (m/s) 5.8 × 10−9 3.4 × 10−9

kr (m/s) 6.7 × 10−9 4.9 × 10−9

Figure 1. Finite element mesh for the dam.

Figure 2. Relationship between vertical displacement 
and time at the centre of the dam.

Figure 3. Relationship between horizontal displace-
ment and time at the toe of the damda.
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Numerical analysis of bearing capacity of single pile under axial loading

Xianfeng Zhang
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Yongquan Li
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ABSTRACT: A finite element model has been developed to simulate single pile under axial loading via 
Drucker-Prager model. Pile-soil interaction is analyzed by Mohr-Coulomb formula. Based on the results 
of the analysis, the bearing capacity of single pile and the scope of plastic zone can be got. Those results 
gained by numerical method may provide reference to pile engineering practice.

Keywords: soil-pile interaction; axial loading; Drucker-Prager; finite element

2 MODEL FORMULATION

Pressure-sensitive failure mechanism of soil is rep-
resented by a cone-shape yield surface:

F I J Y+I =Yα II1 2JJ+II 0
 

(1)

where I1 is the first invariant of stress tensor and 
J2 = (1/2)SijSij is the second invariant of deviatoric 
stress tensor Sij = σij −(1/3)I1δij. α and Y are mate-
rial parameters related to the soil friction angle 
and the cohesion.

For small strain formulation, strain rate is usu-
ally additively decomposed into elastic and plastic 
components,

� � �ε ε εijεε ij
e

ijε pεε= +εijε eεε
 

(2)

such that rate form of stress-strain relation can be 
written as

�σ ijσσ ijkl kl
e

kl
pC ( )� �ε εkε l

eεε klε pεε−εkε l  
(3)

To better describe volumetric behavior of soil, 
non-associative flow rule is usually adopted. The 
plastic flow is defined through potential surface Q 
with parameter β controlling soil dilatancy,

Q I J Y+IβIIII1 2I JJ+II
 

(4)

Plastic strain rate is defined normal to the poten-
tial surface via

ε λ�
σ

λ βδijεε pεε
ijσ

ij
ijδδQ s

J
∂
∂

= λ
⎛

⎝⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠2
1
32JJ

 
(5)

1 INTRODUCTION

Soil-pile interaction is an important topic in the 
development of a performance based design pro-
cedure. With the rapid advances of computing 
technology, finite element analysis is assuming 
more important role in engineering practice. The 
advantage of finite element analysis lies in its abil-
ity to accommodate complex soil stratigraphy 
and its potential for solving three-dimensional 
soil- structure interaction problems. However, to 
be successfully used in practical design, the soil 
model should be simple and can be easily calibrated 
by conventional field or lab testing. On the other 
hand, the model should be able to realistically cap-
ture the most important aspects of soil- structure 
nonlinearities. Since it was first introduced, 
Drucker-Prager type model has been successfully 
adopted in analysis of geomaterials due to its 
relative simplicity[1–2]. For example, a comprehen-
sive nonlinear finite element analysis of vertically 
loaded pile was carried out using ABAQUS TM. 
In this study, the surrounding soil was modeled 
using extended Drucker-Prager plasticity while the 
piles were modeled as linearly elastic material. Yang 
and Jeremi used non-associative Drucker-Prager 
for cohesionless soil and von Mises criterion for 
cohesive soil, and developed p-y curves for later-
ally loaded piles in multi-layered soil profiles[3–4]. 
Although these previous analyses dealt with pile-
soil interaction with various degrees of success, 
detailed information on model assumptions and 
uncertainties associated with model selection are 
not available. In the following sections, we describe 
a parametric study of the various factors associ-
ated with simple model simulation.
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where λ is plastic multiplier and can be determined 
by consistency condition.

3 PILE-SOIL INTERACTION

An extended version of the classical isotropic Cou-
lomb friction model is provided in Abaqus for use 
with all contact analysis. The extensions include an 
additional limit on the allowable shear stress, ani-
sotropy, and the definition of a “secant” friction 
coefficient. A special case of friction in Abaqus/
Standard is so-called rough friction, where it is 
assumed that there is no bound on the shear stress; 
that is, no relative motion can occur as long as the 
surfaces are in contact. Rough friction is imple-
mented with the Lagrange multiplier method.

In Abaqus/Explicit the relative motion in the 
absence of slip is always equal to zero if  the kin-
ematic contact algorithm is used with hard tangen-
tial surface behavior; at the end of each increment 
the positions of the nodes on the contact surfaces 
are adjusted so that the relative motion is zero. 
With the penalty contact algorithm in Abaqus/
Explicit the relative motion in the absence of slip 
is equal to the friction force divided by the penalty 
stiffness.

Pile-Soil interaction is stimulated by Mohr-
Coulomb formula.

τ μ τ τlimττ , | ||⋅μ ≤τ, | |P b+ linτ  (6)

where: τlim–critical sliding shear stress;
τ–equivalent shear stress;
μ–friction coefficient;
P–contact normal stress;
b–contact cohesion.

4 ENGINEERING APPLICATION

To demonstrate the capacity of Drucker-Prager 
model prediction, consider a 0.75 meter circular 
concrete pier installed to 20 meter of depth in sand. 
The pile is vertically loaded on its top under drained 
condition. A finite element model was developed to 
simulate the pile behavior. Due to axisymmetry of 
this problem, only one quarter of the cross section 
is meshed using axisymmetric bilinear element. The 
mesh, shown in Figure 1. The base of the mesh is 
fixed and only vertical movement is allowed along 
right hand side of the mesh and the axis of symmetry 
(the left hand side of the mesh). The pile is modeled 
with linearly elastic elements with a Young’s modu-
lus Ep = 20 106 kPa and Poisson’s ratio vp = 0.1. 
Elastic parameter and density are defined and for 
soil by elastic, density and Mohr coulomb. Where 
c = 45 kPa and friction and dilation angle are equal 
to zero. After assigning sections and meshing each 

part, two parts are assembled together and an inter-
face is created between pipe and soil. Tangential 
and normal behavior is used for interface. And fric-
tion coefficient is 0.6. There is an initial step where 
the boundary conditions are defined and then a 
geostatic step where the gravity load is applied to 
whole model. the pile is constrained in the three 
direction (U1 = U2 = U3 = 0) at the Geostatic step 
and then release it in the next step. Analysis is sepa-
rated in three different steps. Step 1: Geostatic. In 
this step, we consider only the soil element and 
deactivated the pipe element as mentioned above. 
Step 2: Static, General. In this step you can acti-
vate the interface between pipe and soil by released 
the pipe. Step 3: Static, General. In this step, you 

Figure 1. Finite element mesh.

Figure 2. Diagram of the vertical stress (SZ).
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is smaller, pile end resistance need greater displace-
ment value to give play. This shows that the pile 
end cone angle is smaller, the pile tip penetration 
is more conducive, the radial displacement of pile 
end soil is smaller, namely the region of influence 
is smaller on pile end bearing layer; The load trans-
mission process can be divided into the following 
four stages of of pile under step loading process: 

 Pile side friction playing  Pile side friction and 
end resistance of the pile sharing  pile end resist-
ance bearing  Pile bearing stratum plastic state is 
reached or the pile structure damage.

5 CONCLUSIONS

Drucker-Prager type plastic model has been devel-
oped to simulate vertically loaded pile response in 
cohesionless soil. Pile-soil interaction is analyzed 
by Mohr-Coulomb formula. Based on the results 
of the analysis, the bearing capacity of single pile 
and the scope of plastic zone can be got. Those 
results gained by numerical method may provide 
reference to pile engineering practice.
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Figure 5. Diagram of plastic zone for pile end.

can perform loading, displacement. etc. dam shell 
is 21.7 cm. When the slaking deformation is con-
sidered, the uplift move diminishes manifestly, and 
the maximal value is only 13.4 m, which obviously 
contains the weakening impact caused by the slak-
ing deformation.

When single pile is loaded by 1400 KN, from 
Figure 2, the stress of piles and soils decreases grad-
ually with the increase of depth, which is in accord-
ance with the general Soil-pile interaction law. From 
Figure 3, Figure 4, and Figure 5, it can be seen that 
the pile end soil is effected in vertical 6D depth and 
in radial 2D depth. Besides, Plastic zone rp = 1.44 
can be seen. For the soil is not damaged, the bearing 
capacity of single pile is approximately 1400 KN.

In general, pile end resistance give full play 
which need large displacement. Pile end cone angle 

Figure 3. Diagram of the radial stress (SX).

Figure 4. The vertical displacement contour after com-
pleting the dam construction (m).
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Analysis of dynamic responses of loess slope by compaction loads
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ABSTRACT: Through the project example, the finite element software GTS was used to simulate change 
rules of dynamic properties and dynamic response of expressway loess slopes on compaction loads. The 
results showed that the amplitude of the dynamic response for loess slopes in dynamic compaction fades 
out rapidly with the impact loading effect, and the amplitude of the horizontal dynamic response and the 
amplitude vertical dynamic response take place at the same time. The slope has an amplification effect on 
the horizontal dynamic response, and the amplification effect increases with the increase in the height of 
slope. The amplification phenomenon of amplitude vibration in the upper and central parts of the slope 
surface is obvious compared with the internal part of the slope. In conclusion, the dynamic response ampli-
tude fades out with the depth increasing, the horizontal dynamic response amplitude decays faster than the 
vertical dynamic response amplitude, the decay rate decreases with the increase in the height of slope.

Keywords: compaction; soil slope; dynamic performance; acceleration; displacement

the engineering design and construction in loess 
regions.

2 PROJECT OVERVIEW

Taking the natural loess slopes in the Xiangnng 
area as the investigation object, focusing on the 
survey and statistics of loess slope height around 
20 M, as shown in Figure 1, with its lithology being 
loess Q3, the slope can be approximated as linear, 
undisturbed loess of different parts in slope, which 
were considered to perform an indoor physical 
mechanics parameter test.

1 INTRODUCTION

The construction of dynamic compaction will 
produce a larger vibration shock wave, which will 
bring certain harm on the construction site and 
nearby buildings. The commonly used “Blast-
ing Safety Regulations” [6] evaluate the dynamic 
environment caused by dynamic compaction, and 
then determine the safe construction distance. It 
will draw different conclusions according to the 
energy of dynamic compaction, shape of hammer, 
site conditions and the shape of adjacent struc-
tures, which different engineering projects need to 
be determined individually according to the cor-
responding conditions. In recent years, scholars at 
home and abroad conducted a series of research 
work for the compaction of the adjacent building 
by dynamic compaction, and proposed the safety 
distance of vibration and formula of vibration 
attenuation [7–12].

But the study on the construction of loess engi-
neering on the condition of dynamic compaction, 
especially the dynamic response problem of the 
adjacent slope, is scarce.

Therefore, the numerical simulation was used 
to simulate the dynamic response on the condi-
tion of  the dynamic compaction in this paper, 
and the rules of  dynamic parameters such as 
acceleration, velocity and displacement were 
studied, so as to provide instructive reference for Figure 1. Loess slope.
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3 COMPUTATIONAL MODEL

The dynamic model of the slope focuses on the sim-
ulations of boundary conditions. Under the condi-
tion of static analysis, boundary conditions of the 
infinite soil model can be established to some extent; 
however, for dynamic analysis, the general boundary 
conditions, which are the same as the static bound-
ary conditions, can cause large errors due to the 
wave of reflection. So, in order to resolve this issue, 
we used the viscous boundary condition proposed 
in 1972 by Lysmer and Wass (Viscous Boundary). 
The finite element model is shown in Figure 2.

The material used in the model was the loess 
soil of the Xiangning section in the Jixian-Hejin 
expressway. The loess soil is mainly Q3 loess, and 
the mechanical properties are according to indoor 
physical tests. The physical and mechanical indices 
of the average value are listed in Table 1.

In the single-point tamping energy 600 kN ⋅ m 
model, the tamping load is simulated to the node 
dynamic load, and the compaction process is simu-
lated to the dynamic load function by time history.

For the dynamic response law analysis of the 
slope in different parts and at different soil depths, 
the profile is set, as shown in Figure 4, and the 
feature points on the slope are used to research 
on the dynamic characteristics under compaction 

Figure 2. Dynamic finite element model.

Table 1. Basic model calculation parameters.

Type
Elastic 
modulus/MPa

Poisson’s 
ratio

Cohesion/
kPa

Friction 
angle/°

Soil 150 0.3 91.81 35.24

Figure 3. Slope size and test section (unit: m).

load disturbances. The slope geometry and moni-
toring sections are shown in Figure 3.

4 DYNAMIC ANALYSIS RESULTS

In order to study the dynamic response of loess 
slope caused by compaction vibration, and to inves-
tigate on the dynamic responses of the surface of 
the slope and different positions inside the slope and 
slope into different positions, the analysis of the loess 
slope stability on the dynamic compaction effect is 
carried out. The analysis focuses on acceleration, 
velocity and displacement, monitoring sites, mainly 
including the top, middle and toe of the slope, sur-
face and below about 10 m depth of the slope.

4.1 Typical waveforms

To reveal the effect of the tamping load on the 
slope, we select the monitoring section II with H/2 
height of the slope. Extraction of the acceleration, 
velocity and displacement time history curves in 
horizontal and vertical directions is performed. 
The curves are shown in Figure 4.

In Figure 4, the vibration variation of monitoring 
point in the middle of the slope is that the accelera-
tion, velocity and displacement of both horizontal 
and vertical directions occurs with compaction load 
and rapid decay with the disappearance of compac-
tion load. In a period (T = 0.1 s) of compaction 
load, the horizontal dynamic response and vertical 
dynamic response occur in the same time.

Due to the impact load applied to the vertical 
direction, the vertical dynamic amplitude is larger 
than the horizontal dynamic amplitude. The verti-
cal acceleration amplitude of the monitoring point 
is 0.4 m/s2, and the horizontal acceleration ampli-
tude of the monitoring point is 0.26 m/s2. The ver-
tical velocity amplitude of the monitoring point is 
0.75 mm/s, and the horizontal velocity amplitude 
of the monitoring point is 0.34 mm/s. The vertical 
displacement amplitude of the monitoring point is 
0.17 mm, and the horizontal displacement ampli-
tude of the monitoring point is 0.085 mm.

4.2 Variation of acceleration along the surface 
of the slope

The acceleration amplitude curves in horizontal 
and vertical directions with the height of the slope 
are shown in Figure 5. Hmax represents the hori-
zontal acceleration amplitude, and Vmax the verti-
cal acceleration amplitude.

The vertical acceleration amplitude decreases 
gradually from the toe of the slope to the shoulder 
of the slope, whose maximum vertical acceleration 
amplitude is 0.61 m/s2 in the toe of the slope. The 
attenuation amplitude is maximum in the range of 
5 m of slope height. The horizontal acceleration 
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Figure 5. The acceleration amplitude curves along the 
slope surface.

Figure 4. Dynamic response time curves in section II.

amplitude increases from the toe of the slope to 
the shoulder of the slope, whose maximum hori-
zontal acceleration amplitude is 0.37 m/s2 in the 
slope shoulder. The slope has an amplification 
effect on the horizontal acceleration.

4.3 Variation of acceleration along inside 
of the slope

The variation curves of acceleration amplitude 
along the depth in the toe of the slope are shown 
in Figure 6.

As shown in Figure 6, the horizontal accelera-
tion amplitude and vertical acceleration amplitude 
were gradually increased with the depth increasing 
in the range below 7 m depth of the slope surface. 
When the depth is more than 7 m, the vertical 
acceleration attenuates and the horizontal accel-
eration continues to increase.

The horizontal acceleration amplitude increases 
from the toe of the slope to the shoulder of the 
slope, whose maximum horizontal acceleration 
amplitude is 0.17 m/s2 in the slope shoulder. The 
soil depth has an amplification effect on the toe of 
the horizontal acceleration.

From the surface to the inside of 10 m depth 
of the slope, the vertical acceleration amplitude 
ranges from 0.55 m/s2 to 0.68 m/s2, and the horizon-
tal acceleration amplitude ranges from 0.11 m/s2 to 
0.17 m/s2.

The variation curves of the acceleration ampli-
tude along the depth in the middle of the slope are 
shown in Figure 7.

As shown in Figure 7, from the surface to the inside 
of 6 m depth of the slope, the horizontal acceleration 
amplitude and vertical acceleration amplitude were 
gradually decreased with the depth increasing. When 
the depth is more than 6 m, the horizontal accelera-
tion attenuation continues to decrease, while the ver-
tical acceleration increases slowly.

From the surface to the inside of 10 m depth 
of the slope, the vertical acceleration amplitude 
ranges from 0.36 m/s2 to 0.40 m/s2, and the horizon-
tal acceleration amplitude ranges from 0.084 m/s2 
to 0.26 m/s2.

Figure 6. The acceleration cures of the toe of the slope.
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Figure 7. The acceleration curves of the middle of the 
slope.

Figure 8. The acceleration curves of the shoulder of the 
slope.

The variation curves of the acceleration ampli-
tude along the depth in the shoulder of the slope 
are shown in Figure 8.

As shown in Figure 8, the acceleration law of the 
slope shoulder is different from that of the toe and 
middle of the slope, with both horizontal and vertical 
acceleration decreasing with the increasing depth.

From the surface to the inside of 10 m depth of 
the slope, the vertical acceleration amplitude ranges 
from 0.30 m/s2 to 0.34 m/s2, and the horizontal 
acceleration amplitude ranges from 0.19 m/s2 to 
0.36 m/s2.

5 CONCLUSION

Through the study on the change rules of dynamic 
properties and dynamic response of expressway 
loess slopes on compaction loads, the research 
results show that:

1. The amplitude of dynamic response for loess 
slope in dynamic compaction fades out rapidly 
with the impact loading effect, and the ampli-
tude of horizontal dynamic response and the 
amplitude vertical dynamic response take place 
in the same time.

2. The slope has an amplification effect on the 
horizontal dynamic response, and the amplifi-
cation effect increases with the increase in the 
height of the slope.

3. The amplification phenomenon of ampli-
tude vibration in the upper and central parts 
of the slope surface is obvious compared with 
the internal part of the slope. The dynamic 
response amplitude fades out with the depth 
increasing, the horizontal dynamic response 
amplitude decays faster than the vertical dynamic 
response amplitude, and the decay rate decreases 
with the increase in the height of the slope.

The simulation results are helpful to reveal the 
dynamic response rules of loess slope under the 
condition of dynamic compaction, which provide 
instructive reference for the engineering design and 
construction in loess regions.
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Consolidation analysis of concrete-cored sand-gravel columns 
improved composite foundation
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ABSTRACT: A new type of composite column called concrete-cored sand-gravel column has been pro-
posed, which consists of a prefabricated inner pile and surrounding sand-gravel materials. The engineer-
ing practices have demonstrated that the concrete-cored sand-gravel columns can be used to improve 
bearing capacity and accelerate consolidation of soft soil effectively. To theoretically analyze the charac-
teristics of consolidation of the composite foundation, the equal strain assumption is modified and the 
differential equations for consolidation of the composite foundation under time-dependent loading were 
established considering both horizontal and vertical flows. The general analytical solutions for consoli-
dation equations were derived, and the solutions under multi-staged linear loading were developed. To 
verify the validity of the proposed solutions, a case history of embankment supported by concrete-cored 
sand-gravel columns was analyzed. The predicted ground settlements at the centerline of embankment 
base agreed well with the field data.

Keywords: concrete-cored sand-gravel column; composite foundation; time-dependent loading; consoli-
dation; analytical solution

composite foundation have been conducted so 
far. Yu et al. (2012) proposed analytical solutions 
for low-grade concrete-cored sand-gravel column 
composite foundation. Shi et al. (2013) derived the 
theoretical solutions for the concrete-cored sand-
gravel column composite foundation, considering 
both radical and vertical flows within the sand-
gravel annulus.

For composite foundation improved by granular 
columns (Han & Ye 2001, 2002) or flexible columns 
(Ye et al. 2012), the upward penetration into cush-
ion and downward penetration into substratum of 
columns are inconsiderable due to small modulus 
difference between columns and subsoil, so the 
application of equal strain assumption between 
columns and subsoil is reasonable. However, the 
equal strain assumption is unsuitable for the rigid 
pile composite foundation because of considerable 
penetration of rigid piles caused by great modulus 
difference between rigid piles and subsoil. The pre-
fabricated inner pile belongs to rigid pile. Thus, the 
analytical solutions of concrete-cored sand-gravel 
columns improved composite foundation derived 
by Yu et al. (2012) and Shi et al. (2013) based on 
equal strain assumption are inappropriate.

The equal strain assumption is modified for 
the concrete-cored sand-gravel column composite 

1 INTRODUCTION

Due to the rapid development of soft soil improve-
ment technique, some new ground improvement 
methods have been proposed, such as soil-cement 
columns combining with PVDs (Ye et al. 2012,2013), 
stiffened deep cement mixing piles (Ye & Cai 2012) 
and concrete-cored sand-gravel columns (Chen et al. 
2007, Tang et al. 2010). The concrete-cored sand-
gravel column is composed of a prefabricated inner 
concrete pile and surrounding sand-gravel materials. 
The prefabricated inner piles can be used to improve 
bearing capacity of the composite foundation, and 
the sand-gravel annulus can shorten drainage paths 
and accelerate consolidation of subsoil.

The concrete-cored sand-gravel columns have 
been used in practical projects successfully. Chen 
et al. (2007) and Tang et al. (2010) presented a series 
of field test results in Zhen-Li highway, China, 
including pile-soil stress ratio, ground settlement 
and differential settlement between pile and soil, 
lateral displacement, excess pore water pressure, 
etc. Cheng et al. (2007) studied the embankment 
strengthening effects by the concrete-cored sand-
gravel columns in Shenzhen River estuary, China.

Limited theoretical researches of consolidation 
of concrete-cored sand-gravel columns improved 
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foundation in this study. The analytical solutions 
of concrete-cored sand-gravel columns improved 
composite foundation under time-dependent load-
ing are derived based on the modified equal strain 
assumption. A history case is analyzed to verify 
the validity of the proposed analytical solutions, 
and the predicted ground settlements agree well 
with the field measurements.

2 CONSOLIDATION OF THE 
COMPOSITE FOUNDATION

2.1 Consolidation problem

The schematic diagram of the concrete-cored sand-
gravel column composite foundation is shown in 
Figure 1. The consolidation model of the composite 
foundation is axisymmetric and cylindrical coordi-
nates are adopted, in which P(t) = time-dependent 
loading; H = improvement depth of concrete-cored 
sand-gravel column; re, rs, rw and rc = radius of influ-
ential zone, smear zone, sand-gravel annulus and 
inner pile, respectively; Ec, Es, Ew and Ep = modulus 
of cushion, subsoil, sand-gravel annulus and inner 
pile, respectively; kh and ks = horizontal conductivity 
of undisturbed zone and smear zone, respectively; 
kw and kv = vertical conductivity of sand-gravel 
annulus and subsoil, respectively.

The main assumptions made in the analysis are 
summarized below:

1. Modified equal strain assumption and only ver-
tical strain are considered;

2. The soil is fully saturated, and the water flows 
obey the Darcy’s law;

3. The permeability and modulus of subsoil are 
assumed to be constant during consolidation.

2.2 Modified equal strain assumption

Li et al. (2014) developed a theoretical solution 
of consolidation of rigid pile composite founda-
tion, which took the modulus of cushion, pile and 
subsoil into consideration. Based on the research 
results of Li et al. (2014), the equal strain assump-
tion for the concrete-cored sand-gravel column 
composite foundation is modified.

In this study, the concrete-cored sand-gravel 
columns are sat on hard substratum, and the pen-
etration of column tip into substratum is not con-
sidered. According to deformation compatibility, 
the compression of subsoil in improvement depth 
equals to upward penetration into cushion and 
compression of inner pile, i.e.

S S SS PS SS TSS+SPSS  (1)

where SS = compression of subsoil in improve-
ment depth; SP = compression of inner pile shaft; 
ST = upward penetration into cushion.

The upward penetration of inner pile into cush-
ion can be calculated using vertical surface dis-
placement of rigid circle footing on semi-infinite 
mass by Poulos & Davis (1974):

S
p r
ETSS a prr

cE
( )vcv2π

2  
(2)

where Ec, vc = compression modulus and Poisson’s 
ratio of cushion, respectively; pa = vertical pressure 
on inner pile head; rp = radius of inner pile.

The compression of inner pile shaft can be com-
puted by

S
p
E

dz
H

PSS
pEE

= ∫
( )z

0∫∫
 

(3)

where p(z) = vertical stress along pile shaft; and 
Ep = elastic modulus of inner pile.

When side friction of pile is not taken into con-
sideration, p(z) is a constant value along pile shaft, 
i.e.

p p( )z a=  (4)

Assuming that only positive side friction τ is 
considered, and τ is constant along pile shaft,

p p
z

r
( )z a= −p

τ ⋅ 2

prr  
(5)

Since the distribution of side friction of pile is 
very complicated, Equation 6 is adopted in this Figure 1. Schematic diagram of calculation model.
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study to simplify the calculation of compression of 
inner pile.

S
p
E

HPSS a

pEE
= ψ

 
(6)

where ψ is an empirical coefficient relating to over-
loading, length and modulus of pile, and site con-
ditions, etc.

Combining Equations 1–2, 6 yields

ε ψvεε S P T a

p

a p

c
= +ψ a ( )c

2−
SS

H
S SP T+

H
p
Ep

p ra p

HEc

π
2

 
(7)

where εv = volumetric strain of subsoil.
As a consequence, the equivalent modulus of 

inner pile can be defined as

E
p

E
r

HEpEE eq a

v pEE
prr

cE
= = + ( )vc

2−
⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

−

εv

ψ π
2

1

 
(8)

Due to high strength of inner concrete pile, the 
compression of pile is insignificant compared to 
upward penetration, and the influence of ψ on 
equivalent modulus of inner pile is unimportant. 
As a result, the value of ψ can be taken as unity for 
simplicity. The detailed discussions about ψ can be 
seen later.

Thus, the equal strain assumption for the con-
crete-cored sand-gravel column composite founda-
tion can be expressed as

σ σ σ
εs sσσ

s

wσσ

w p
eq

w pσσ
vεε= = =

−
E Es w Ep

u

 
(9)

In the above equation σ σ σs pσσ σσ,σσσσ  = average 
total additional stress at any depth within subsoil, 
sand-gravel annulus and inner pile, respectively; 
us = average excess pore water pressure in subsoil at 
any depth; uw = excess pore water pressure within 
sand-gravel annulus at any depth.

2.3 Deduction of differential equations

At any time, the subsoil, the sand-gravel annulus 
and the inner pile carry the applied loads, i.e.

π π πrπ Pe p p p
2 2 2 2

w
2

err
2( ) 2+ (( ) + =π 2σ wrprr

2rσ π rrrr2+ ππ ) ( )t  (10)

The partial differential equations in subsoil can 
be expressed as

−
∂
∂
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 (11b)

where um, un = excess pore water pressure at any 
point in smear zone and undisturbed zone, respec-
tively; γw = unit weight of water.

The average excess pore water pressures of the 
subsoil and the composite foundation, respectively, 
can be defined as follows:

u
r r

ru dr
r

r

r

r
s

err
2

wrr
nru

wrr srr

err= ( )
⎡
⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦∫ ∫d

r

r

rm
srr1 2e∫d +

2π
πrumdr 2∫ru drmdr +

 

(12)

u
r r

ru dr

ru dr

r

r

r

r

r

r= ( ) +

⎡

⎣

⎢
⎡⎡

⎢
⎢⎢

⎢⎣⎣
⎢⎢

⎤

⎦

∫ ∫d
r

r

r

∫r

1 2∫d +

2π

πu 2∫ru dr +

πerr
2 2r

mru
r∫r

π∫d 2∫dr +

nprr
prr

rr

wrr

srr

srr

err
⎥⎥
⎤⎤⎤⎤

⎥
⎥⎥⎥⎥

⎥⎦⎦
⎥⎥

= ( ) ( ) ( )⎡
⎣
⎡⎡ ⎤

⎦
⎤⎤

w s( )1 1− + 1−w +
2 2

2 2) () + (
n m−2

m u))) u))1−  (13)

where n = re/rw; m = rp/rw.
Xie et al. (2009) pointed out that the quantity 

of water flowing into the column through the dis-
turbed zone is not equal to that flowing out from 
the column and the difference between them is 
equal to the volume change of the column. Thus, 
for the concrete-cored sand-gravel composite 
foundation,
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(14)

The boundary conditions and initial conditions 
of Equations 11a, b are described as follows:

As r r
u
rerr
n∂

∂
, ;n

∂
= 0

 
(15a)

As r r u u
k u k u

rs mrr n
sk

w

m hk

w

nr u
∂
∂

=
∂
∂

, ,u umu n ;
γ γrw ∂  

(15b)

As r r u uw mrr u wr u, ;  
(15c)

As z 0 0, ;0u =u  (15d)

As z H
u
z

∂
∂

, ;
∂

= 0
 

(15e)

As t z0 0, (u =u 0 );0  (15f)

where σ0 (z) = initial excess pore water pressure at 
depth z.
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Let Y E E1YY pEE eq
sEE/  and Y E E2YY w sEE EE/ , combining 

Equations 9–10, substituting Equation 13 and get-
ting derivative with respect to time t yields
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∂
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( ) ∂
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2(n2 dP 2

2 2(Y + (+ 2
1 2( )m(+ ) (+ 1n −Y)m− 2m 2
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(16)

Integrating Equations 11a, b and using the 
boundary conditions 15a, b and c, the following 
equations can be derived
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Substituting Equations 18a, b into Equation 12 
yields
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In the above equation
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where s = rs/rw.
By substituting Equation 17 into Equation 14, 

the following equation can be obtained
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Substituting Equation 13 into Equation 19 and 
Equation 21, respectively, the following equations 
can be derived
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Combining Equations 22–23, and then substi-
tuting the result into Equation 16, Equation 16 can 
be solved as
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In the above equation
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where Ch = khEs/γw is coefficient of consolidation 
of subsoil in the horizontal direction.

Substituting Equations 16, 24 into Equation 23 
yields
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In the above equation
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G
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n
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(32)

where Cv = kvEs/γw is coefficient of consolidation of 
subsoil in the vertical direction.

2.4 Analytical solutions

According to the intrinsic function method of non-
homogeneous equations, the intrinsic function cor-
responding to Equation 28 is sin (Mz/H) where

M = (2k + 1)π/2, k = 0, 1, 2 ….

In Equation 28, dP(t)/dt can be developed as the 
Fourier series at [0, H] on the basis of the intrinsic 
function
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Using the intrinsic function method of non-
 homogeneous equations, the solution to Equation 
28 can be assumed to have the following form, 
which satisfies boundary conditions 15d, e.
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Substituting Equations 33, 35 into Equation 28, 
Vk(t) can be derived as
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where βm = [D(M/H)4 + F(M/H)2]/[E(M/H)2 + G]; 
C1 = arbitrary constant.

Thus, the solution to Equation 28 can be 
obtained as
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Using initial condition 15f, and the orthogonal-
ity of the Fourier series, the average excess pore 
water pressure u  can be expressed as
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The overall average degree of consolidation in 
terms of stress is defined as the ratio of average 
effective stress at time t to time t = ∞ in a composite 
foundation.
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where P0 = initial loading; Pu = ultimate loading.

3 SOLUTIONS FOR SPECIAL CASE

The external loading is assumed to vary line-
arly with time as shown in Figure 2, and can be 
expressed as
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 (40)

where i, j = loading stage; ti-1, ti = initial time and 
terminal time of loading stage i; Ri = loading rate 
at loading stage i; ∑ΔP = accumulated value of 
loading at all stages; n = the last loading stage. The 
initial excess pore water pressure σ0 (z) is zero.

By substituting Function 40 into Equations 38 
and 39, the solutions of average excess pore water 

Figure 2. Multi-staged linear loading.
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pressure and average degree of consolidation under 
multi-staged linear loading can be obtained.
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4 CASE APPLICATION

The field experiment described by Chen et al. 
(2007) and Tang et al. (2010) was conducted at 
stations K63 + 046 − K63 + 066 on the Zhen-Li 
expressway in Jiangsu Province, China. The soft 
soil was improved by the concrete-cored sand-
gavel columns, which were installed a triangular 
pattern at a spacing of 2.1 m and a depth of 20 m. 
The C20 concrete was used to prefabricate the 
square inner piles with cross-sectional dimensions 
of 200 mm × 200 mm. The outer diameter of the 
sand-gravel annulus was 0.5 m. The gravel cushion 
was 0.5 m thick including a layer of geo-grid. The 
physical and mechanical properties of soils at the 
site are listed in Table 1. Section K63 + 056 was 
taken as the monitoring cross section. The loading 
process and instrumentation were introduced by 
Chen et al. (2007) and Tang et al. (2010).

Figure 3 shows the steel bar stresses monitored 
at the center of K63 + 056 cross section. Table 3 
lists the compression of inner pile calculated using 
axial stresses along pile shaft and soil pressures at 
pile head, respectively. The axial stresses along pile 
shaft are calculated from steel bar stresses moni-
tored as shown in Figure 3. The value of ψ is back-
calculated by comparing the compression results 
computed from equations S p E dzp ppH

∫ ( )z /))  and 
S p E HP aS p pE/ .

At 112 days when embankment filling is com-
pleted, the upward penetration of inner pile into 
cushion is 78 mm as shown in Table 2, while the 
compression of inner pile is 5.39 mm; at 269 days, 
the upward penetration of inner pile into cushion is 
112 mm, while the compression of inner pile is only 
7.16 mm. It can be seen that the compression of 
inner pile is far less than the upward penetration into 
cushion due to high strength of rigid inner pile, thus 
the effects of compression of inner pile on calcula-
tion of composite modulus are insignificant. The 
value of ψ converges quickly with time and verges on 

Table 1. Physical and mechanical properties of soils.

Material
Depth 
(m)

Unit weight 
γ (kN/m3)

Compression
modulus 
Es (MPa)

Direct shear test

Cohesion 
c (kPa)

Friction 
angle ϕ (°)

Fill 2.0∼3.7 – – – –
Silty clay 1.6∼2.6 18.4 7.28 2.0 17.1
Mucky-silty clay 6.6∼10.9 17.9 4.47 7.0 24.5
Silty clay 0.6∼2.5 18.3 5.37 18.0 16.5
Silt 0.7∼2.9 18.5 5.68 10.0 25.5
Silty clay 0∼4.4 19.3 3.94 25.0 13.7
Silty clay 9.6∼10.1 18.7 5.29 13.0 12.2
Breccia – – – – –
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unity. Due to the insignificant effects of compression 
of inner pile and variation trend of ψ, the value of ψ 
can be taken as unity for simplicity when predicting 
the degree of consolidation of the concrete-cored 
sand-gravel column composite foundation.

Figure 4 shows a comparison of the calculated 
results and the measured ground settlements at the 
center of K63 + 056 cross section. It can be seen 
that the predicted settlements agree well with the 
monitored field results, which verifies the validity 
of the proposed solutions for concrete-cored sand-
gravel columns improved composite foundation.

5 CONCLUSIONS

The analytical solutions of the concrete-cored 
sand-gravel column composite foundation under 
time-dependent loading are derived considering 
the modified equal strain assumption. The value 
of ψ can be taken as unity for simplicity in practi-
cal application. The analytical solutions have been 
used for predicting ground settlements of a history 
case successfully, which verifies the feasibility and 
reasonability of the proposed analytical solutions. 
Only upward penetration of pile into cushion is 
considered in this study. Both upward penetra-
tion into cushion and downward penetration into 
substratum of pile are expected to be taken into 
account in the further study.
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Application of the correlation method on the analysis of the influence 
factor of heading blast vibration

Li Yan
School of Architecture and Civil Engineering, Chengdu University, Chengdu, Sichuan, China

ABSTRACT: In order to reduce the size of the heading blast vibration strength and control vibra-
tion hazard, blasting vibration influence factors on the basis of the Gray Relation Analysis (GRA) are 
analyzed. At first, vibration velocity is determined, and the main vibration frequency and vibration dura-
tion are regarded as the systematic characteristic variables. The total explosive charge, maximum explo-
sive, medicine chamber length, principal piece sewn dosage, segments, blasting pitch, and minimum delay 
interval time are taken as related factor variables. In combination with heading blast monitoring data 
of dam foundation in Longbeiwang hydropower station, gray correlation calculation is done. Finally, 
the results of the systematic characteristic variable correlation degree are sorted and its advantages are 
analyzed. The order of blasting vibration effect factors is obtained as follows: total dosage and the main 
segment sewed dosage are the first influence factors, and the second ones are medicine chamber length 
and the most explosive. In conclusion, the theoretical basis can be provided to control blasting vibration 
effectively by using the method of GRA to determine the main influencing factors of blasting vibration.

Keywords: heading blast; blast vibration revision; Gray Correlation Analysis (GRA); characteristics 
 variables; related factor variable

the influence of the total dose and distance from 
the blasting center on the blasting vibration is ana-
lyzed using both linear and nonlinear regression 
in MATLAB by Zhang Guang Zhou, etc (Zhang 
2005). The hierarchical structure of different fac-
tors is analyzed using the hierarchical analytical 
method by Yuan Mei (Yuan & Wang 2010). The 
main factors of influence on the blasting vibration 
velocity are selected to build a BP neural network 
model, and the blasting vibration velocity peak 
of particles is predicted by Tang Ha (Tang 2004, 
Cai 1997, Xu 1998, Wang 2003). The method of 
numerical simulation is used to analyze the blasting 
vibration, and concluded that the distance from the 
blasting center has a great influence on the blast-
ing vibration velocity. The distance is the main fac-
tor to affect blasting vibration, and concluded on 
the basis of Brazil yatfai greenstone quarry blast-
ing data in combination with the method of prob-
ability and statistics. The influential factor analysis 
of blasting vibration is done using the method of 
field experiment in combination with the numerical 
simulation in a open pit mining field in India by 
Venkatesh H.S (Venkatesh H.S 2005). It was con-
cluded that the total dose is irrelevant to the blast-
ing vibration when the distance from the blasting 
center is between 100 and 3000 meters.

However, the above methods have still some 
shortcomings: first, a large amount of data are 

1 INTRODUCTION

The method of chamber blasting is attended by 
more people with the development of the Engineer-
ing construction and energy resources in China. 
However, the adverse effects are resulted from the 
influence of blasting vibration on the surrounding 
environment and structure when blasting is done. 
The main influential factors of blasting vibration 
are analyzed to reduce the hazard of blasting vibra-
tion effectively. Both the blasting resources and 
route of transmission are included in these factors. 
The common action of both factors influences the 
strength of blasting vibration (Huo 2003, Zhang 
2007, Zhang 2005). The total dose, the maximum 
dose of single segment, the direction of resistance 
line, segment number of the blasting, the interval 
time of the segment, hole parameters, and the 
number of free surface are included in the factor 
of blasting resources. The distance, altitude differ-
ence, and geological condition are included in the 
route of transmission. Influential level of different 
factors are analyzed and compared for each factor. 
The main influential factors are determined, and 
thus it is prerequisite to control the blasting vibra-
tion effectively.

Influential degree of the factors of blasting has 
been investigated by many researchers at home and 
abroad. According to the actual data in  engineering, 
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needed because using few data is difficult to find 
out the statistical law; second, a certain distribu-
tion of typical probability is required to obey for 
the sample; third, amount of calculation is large, 
and quantitative results are inconsistent with 
qualitative analysis. From the perspective of sys-
tem engineering, the effect of the blasting vibra-
tion is actually the gray system including a part of 
known information and part unknown informa-
tion, so the method by using gray correlation is 
more reasonable to analyze the degree of the influ-
ence factors of blasting vibration. Gray Relational 
Analysis (GRA Gray) was first proposed in 1984 
by Professor Deng Julong. The advantages of this 
method can make up for the lack of mathematical 
statistical analytical methods. Only a small amount 
of the sample is supplied, and a typical distribu-
tion (Deng 2002, 2005; Liu, 2010) is not needed. 
The relationship between the primary and second-
ary influence factors of blasting vibration can be 
determined accurately. So, blasting parameters are 
optimized, and the hazard of the blasting vibra-
tion is reduced.

2 THE PRINCIPLE AND STEPS OF GRAY 
CORRELATION METHOD

The relationship between the data can be found 
out, and the major and minor relation and magni-
tude of influence degree in a system containing a 
variety of factors are analyzed. The close degree is 
judged according to the similar degree of sequen-
tial curve geometry. Its basic characteristics are 
as follows: the curve is close to the corresponding 
sequence; the correlation between the correspond-
ing sequences is larger; and it can reflect the proxi-
mate degree of the discrete space.

2.1 The choice of the variable between 
characteristic factors and related factors

Y kjY ( )k , Xi(k) represent the jth systematic feature 
vector and the ith relevant factor variable, respec-
tively in kth tests. The main influential factors of 
the systematic feature vector are determined by 
using the tests’ data. Then, the corresponding data 
in the test form the sequence of relevant factors 
and systematic feature variable sequence, namely:

XiX [ ]XiX i i⋅ ⋅ ⋅ ⋅ ⋅ ⋅iXiX i  (1)

Y Y Yj jY Y j jY⎡⎣ ⎤⎦⎤⎤( ), j ( )2), (YY ( )  (2)

2.2 The original data standardization

Because of different dimensions and magnitude 
of various factors, the data is not comparable, 

 Dimensionless data sequence is demanded to 
assure the accuracy of the relevant degree. So, 
these factors must be transformed numerically.

The usually dimensionless methods include 
the following: initialization method, equalization 
method and interval value method. Equalization 
method is adopted in the text. X and Y are inter-
valed by using the interval operators DiD  and DiD ′, 
and the interval value is as follows:

′ ′ ′ ′X X′ = D = x k xi iX X= i ix i ix1D 1 ′x′x[ (′xi ) ( )2 , , (kk ( )n ]xi, k  (3)

′ ′ ′ ′ ′Y Y′ = D y′ = y k yj jY Y= j jy j jk y1DD ′y′y1[ (′yj ) ( )2 (kk ( )n ]yj k  (4)

where
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=
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1
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n

∑
 (5)

2.3 Gray correlation calculation

After the data is dimensionless, characteris-
tic variables data sequence and related factors 
data sequence are ′x k′i ( )k  and ′y k′j )k , respectively. 
 According to the definition,

γ ζ
ζ( ) =′

ij
′

( )k( )k
min mζ ax

max

Δ Δζ+ ⋅ζmin + ζ
Δζ+ ⋅ζΔij ( )k

 (6)

where ′ ′x′ ki jy)kk y′y ) are gray correlation coefficient, 
respectively.

Δij i jk x k y( )k (k ( )k′ ′  is the absolute difference, 
Δ Δmin i i ( )

i k ij  is the smallest difference, and 

Δ Δmax ma ax ( )
i k

ij  is the biggest difference. ζ  is 

the distinguish coefficient, with general agv is [0,1], 
In the practical application, ζ  = 0.5: the smaller the 
value of ζ , the greater the resolution ratio. It actu-
ally proves that its value of change will only change 
the size of the relative value, but will not affect the 
ranking of the gray correlation degree.

2.4 Solving the correlation

The formula can be obtained as follows:

γ γn kij
k

n
(γ ijγ )( )k kj i)k )

=
∑1

1
 (7)

where i = 1, 2, …, s; j = 1, 2, … m.

2.5 Analysis of the correlation matrix results

Gray correlation matrix is given by
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 (8)

The effect of related and characteristic factors 
is judged based on the size of gray correlation of 
rows and columns in Equation (8). The main and 
secondary factors are analyzed, and the main influ-
ence factors are called advantage factors among 
them.

If there is a, b∈{1, 2, …, j}, it meet iaγγ ibγ≥ , 
i = 1, 2, …, s. The factor XaX  is better than XbX ; if  it 

meet γ
i

s

ibγ
i

s

=
∑ ∑γ iaγγ

1 1i=i
, i = 1, 2, …, s. The factor XaX  is 

quasi superior to XbX .
If  there is j∈{ 1, 2 …, m}, j = 1, 2, …, m, j h, Xh 

is superior to X jX , then the factor XhX  is the optimal 
factor; if  i∈{ 1, 2, …, n}, i h≠ , Xh is quasi superior 
to Xi, then the factor Xh is a quasi-optimal factor.

3 CAVERN BLASTING ENGINEERING 
EXAMPLE

3.1 Determining the system feature 
variables and related factors

As blasting seismic wave parameters, vibra-
tion peak parameters are used only to judge the 
size of  the vibration, and not the duration of 

the  vibration. Vibration frequency also plays an 
important role on vibration intensity, so three 
factors are taken as systematic feature factors. In 
combination with the Longbeiwang hydropower 
station cavern blasting test site, in the design of 
blasting parameters, the relevant factors including 
the total amount, the number of segments, maxi-
mum explosive, blasting distance and elevation 
difference are selected, and the chamber length 
and the main line charge should also be considered 
due to the cavern blasting.

Therefore, the total amount and maximum 
explosive, chamber length, main line charge and 
the number of segments, blasting distance and the 
minimum delay time interval elevation difference 
were regarded as related variables, and recorded 
for Xi ( i = 1, 2, 3, …, 8), respectively. The monitor-
ing data of a cavern blasting vibration in Hubei is 
established in this paper. Part of the monitoring 
data is presented in Table 1.

3.2 Calculated gray correlation

3.2.1 The original data, the cavern blasting 
vibration velocity, the main vibration 
frequency and the duration of blasting 
vibration testing data

It can be seen from Table 2, the system character-
istics variable sequence is Y1 = [10.24 5.184 5.158 
10.98 6.507 4.064], Y2 = [8.673 9.363 11.17 11.01 
11.35 4.792] and Y3 = [0.7466 0.6843 1.057 0.870 

Table 1. Monitoring data samples of blasting vibration.
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0.5966 0.7434]. The associated factors variable 
matrix is shown as follows:

′X =

1.12 1.16 0.95 0.85 0.82 1.12
1.11 1.15 0.96 0.84 0.83 1.10
0.93 1.13 033 .92 0.92 0.64 1.46
1.11 1.00 1.11 0.89 0.67 1.22
0.38 0.38 0.75 1.13 1.5011 1.88
0.88 1.22 1.10 0.64 1.35 0.80
1.33 1.22 0.78 0.74 0.52 1.42
0..3.. 0 0.60 0.90 1.20 1.50 1.50
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 (9)

3.2.2 Using the average method to dimensionless 
data

Average method is used to dimensionless Equa-
tions (4) and (5), and the matrix X′ of  the new 
matrix X can be obtained as Equation (10):

X =

14700 15330 12570 11280 10830 14850
4412 4600 3772 3384 3248 4456
18..36.. 22.30 18.30 18.18 12.74 28.91
240.0 216.0 240.0 192.0 144.0 264.00
2.000 2.000 4.000 6.000 8.000 10.00
356.2 494.1 447.9 259.1 545.9 325.22 3
72.00 66.00 42.00 40.00 28.00 77.00
50.00 100.0 150.0 200.0 250..0.. 250.0
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 (10)

3.2.3 Calculating the correlation
Excel is used and combined with Equations (6) and 
(7) to calculate the correlation degree of the char-
acteristic vector sequence Y and influencing fac-
tors of the variable X, as given in Table 3.

3.3 The result analysis

1. The order of the influence of various factors 
on blasting vibration velocity is as follows: total 
amount, maximum explosive, elevation dif-
ference, main line charge, delay time  interval, 
number of segments, chamber length, and blast-

ing distance. The major role is played in cavern 
blasting vibration strength.

2. The order of the influence of various factors 
on blasting vibration frequency is as follows: 
blasting distance, main line charge, chamber 
length and maximum explosive, total amount, 
delay time interval, number of segments, eleva-
tion difference among them, effect of blasting 
distance is the largest, maximum explosive takes 
the second place, and influence of the elevation 
difference is relatively small.

3. The order of the influence of various factors 
on duration of blasting vibration is as follows: 
main line charge, chamber length, total amount, 
maximum explosive, blasting distance, number 
of segments, delay time interval, elevation dif-
ference, associated value of the main line charge 
and chamber length is much bigger than other 
factors in the main influence factors on the 
duration.

4. As three parameters were chosen to be sys-
tematical characteristics variables of  blasting 
vibration, the sum value of  correlation degree 
of  vibration velocity and vibration frequency 
and duration of  vibration are adopted to 
evaluate the impact degree of  various factors 
on blasting vibration, and the result is rela-
tively reasonable. The major influence factors 
of  the cavern blasting vibration intensity are 
the total amount and the main line charge, 
that is to say, in the cavern blasting, their 
influence of  blasting vibration should be con-
sidered first.

5. Based on past experience in blasting engineer-
ing, it was found that the total amount and 
the maximum explosive have great influences 
on blasting vibration. It can be seen from the 
gray correlation calculation results that the 
total amount and the maximum explosive play 
an important role in the influence of blasting 
vibration. This result is consistent with related 
projects basically. Therefore, the blasting vibra-
tion on slope rock mass can be reduced and slope 
rock mass stability is protected by  controlling 

Table 2. Monitoring data samples of blasting vibration.
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the total amount and the maximum explosive in 
the future.

4 CONCLUSIONS

Through the above application, the gray rela-
tional analysis method can be used to analyze 
the influencing factors of  blasting vibration in 
a cavern, and the following conclusions can be 
obtained:

1. Gray relational analysis method can be used 
for fewer samples to identify the primary and 
secondary relations of a variety of factors that 
affect the blasting vibration under a certain 
blasting condition. It provides scientific evi-
dence for the reasonable control of blasting 
vibration. Moreover, it is a simple and effective 
method.

2. When the influence factors of blasting vibra-
tion were analyzed, it is found to be more reli-
able and multiple feature variables were chosen 
to analyze. When multiple blasting character-
istics variables were used, different situations 
of different blasting characteristic variables of 
the optimal factor often appeared, and then the 
size of the blasting characteristics and values 
of correlation between variables were consid-
ered to determine the factors that influence the 
blasting. Thus, more reasonable results can be 
obtained.

3. The above results of the gray correlation and 
analysis advantages were sorted and can be seen 
from the correlation. Cavern blasting is different 
from other blasting. The main period of feeds 
and the medicine chamber length effect on the 
size of the vibration strength is more important. 
So, in the cavern blasting, the effect of the two 
factors on the influence of blasting vibration 
should be considered.

5 DISCUSSION

1. In order to control the blasting vibration, the 
domestic and foreign scholars are basically 
focused on the design of  blasting parameters. 
However, the influence of  the topography 
and geomorphology, geological conditions on 
blasting vibration is ignored. Although there 
are some scholars who began to pay atten-
tion to this problem, the results are mainly 
amplified with the lash effect and site effect. 
However, the influence of  and the form and 
geological conditions on blasting vibration 
will be the trend of  the blasting vibration 
research.

2. At present, a lot of methods are used to study 
the influence factors of blasting vibration, but 
commons area involve analyzing the influence 
degree of various factors, single affect peak 
speed, duration of vibration, and the main 
vibration frequency, respectively. The coupling 
effect between the influence factors cannot be 
considered, and the research on the coupling 
action is very effective on controlling the blast-
ing vibration.
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Study on the dynamic deformation characteristics of loess landslide

X.M. Cui & X.H. Sun
School of Geology Engineering and Surveying, Chang’an University, Xi’an, Shaanxi, China

ABSTRACT: Dangjiacha landslide was triggered by Haiyuan earthquake. Based on the site investigation, 
representative soils on the sliding surface were collected for soil tests. By using the advanced dynamic torsional 
shear triaxial apparatus, a series of shear tests were carried out to study the loess’s dynamic characteristics 
of Dangjiacha landslide. The dynamic torsional shear test results show that the dynamic shear stress-strain 
curves can be described with hyperbola under complex stress conditions. Consolidation confining pressure 
influences the dynamic shear stress-strain relationship curve obviously, but the influence of vibration 
frequency is not obvious. The relationship between the dynamic shear modulus and dynamic shear strain is 
little influenced by consolidation confining pressure and vibration frequency. The dynamic shear modulus 
attenuates quickly when the dynamic shear strain is in the range of 0–1. However, when the dynamic shear 
strain is larger than 3, the dynamic shear modulus attenuates very slowly.

Keywords: Haiyuan earthquake; Dangjiacha landslide; dynamic torsional shear triaxial apparatus; 
consolidation stress; vibration frequency

Luo 2000; Luo and Tian 2005; Luo, Xie, and Li 
2000; Tian, Zhang, and Zhang 2004). However, the 
study on the dynamic characteristics of loess under 
complex stress conditions is still not sufficient.

This paper aims to disclose the dynamic charac-
teristics of loess earthquake landslide. Dangjiacha 
landslide triggered by Haiyuan earthquake was 
selected as the research object. Representative loess 
on the sliding surface was collected for soil tests. By 
using the advanced dynamic torsional shear triaxial 
apparatus, a series of shear tests were carried out.

2 DANGJIACHA LANDSLIDE 
BACKGROUND

Dangjiacha landslide was one of the typical high-
speed remote loess landslides triggered by Haiy-
uan earthquake in 1920. It is located in Dangjiacha 

1 INTRODUCTION

Loess is covered with more than 9.3 percent of 
the world’s land mass, with a total area of about 
13 million. The most typical loess is located in 
China. In China, the area of loess region is about 
640,000 km2. It is one of the main areas of seismic 
activity. Previous strong earthquakes have caused 
a lot of landslides, subsidence due to earthquake, 
cracks and other disasters, which is a threat to 
human life and property seriously (Wan 2003). 
Thus, the study of the loess structural character-
istics under seismic forces is significant for earth-
quake disaster reduction, economic and social 
development in the loess area.

In view of this, loess dynamic characteristics 
under the earthquake have been studied by many 
scholars. Some have studied using the seismic wave 
and random wave exerted on a standard specimen 
to study the dynamic strength and deformation 
characteristics of loess (Duan, Zhang, and Li 1990; 
Wang and Zhang 1991; Wang, Zhang, and Wang 
1994). Others have studied by considering the sim-
plified earthquake wave as an equivalent sine wave, 
and then exerted the equivalent sine wave on the 
soil samples. The test result has been carried out 
on similar dynamic strength—dynamic strain rules 
(Wu and Xie 1987, 1994; Xie 2001). Dynamic stress-
strain relationship, the dynamic elastic modulus, 
dynamic strength and damping ratio of loess in dif-
ferent regions under different consolidation stresses 
and different moisture contents have also been stud-
ied by other scholars (Chen, He, and Gao 2006; Figure 1. Dangjiacha landslide (Sun et al. 2009).
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village, Xiji County, Ningxia Autonomous Region 
(Fig. 1). The landslide is mainly composed of Late 
Pleistocene Malan loess (Q3), and the sliding surface 
shape looks like a chair. The sliding direction is 295°, 
and the average slope angle is about 25 m. When the 
earthquake occurred, the landslide moved down to 
the Nilan River, and formed a lake (Sun et al. 2009).

3 TEST DESIGN

3.1 Soil sample preparation

Representative loess on the sliding surface was col-
lected for soil tests. Its indices of physical proper-
ties are listed in Table 1. Using specialized tools, 
the soil was collected into hollow cylindrical speci-
mens of height 100 mm, outer diameter 70 mm, 
and inner diameter 30 mm. The hollow cylindrical 
specimens were sealed with plastic wrap to prevent 
evaporation.

The stress state of the specimen is shown in 
 Figure 2. The hollow cylindrical sample bears 
internal and external confining pressure, the axial 
load and vibration torque on the cross section. 
These forces can simulate the radial stress, circum-
ferential stress, axial normal stress and torsional 
shear stress. Using the to and fro movement, the 
dynamic test can be implemented.

3.2 Test apparatus and design

The dynamic torsional shear triaxial apparatus 
developed by Japan HiTi Ltd was used in this 

experiment. This apparatus composed of the host, 
pressure control system, power control system and 
measurement system. The measurement system 
automatically collected the data every 0.03 s. Dur-
ing the test, data on static pressure, dynamic pore 
water pressure, axial deformation, dynamic torque 
and dynamic angle were recorded.

In this test, the consolidation ratio was 1.5, and 
confining pressures were 100 kPa, 200 kPa, 300 kPa. 
Under each confining pressure, five vibration fre-
quencies were selected in this test (Cui 2011).

4 ANALYSIS OF THE TEST RESULTS

4.1 Relationship of dynamic shear stress 
and shear strain of intact loess

Dynamic torsional shear tests of intact loess under 
different consolidation stresses and vibrational fre-
quencies were carried out. Through the analysis of 
the test results, a series of dynamic shear stress (τd), 
dynamic shear strain (γd) relation curves, dynamic 
shear modulus (Gd), and dynamic shear strain (γd) 
relation curves were obtained (Figs. 3 and 4).

It can be seen from Figure 3 that consolidation 
confining pressure influences the τd–γd relation 
curves obviously, but the influence of vibration fre-
quency is not obvious. With the decrease in the con-
solidation confining pressure, the relationship curve 
has a downward trend. This means that dynamic 
stress decreases with the decrease in the consolida-
tion confining pressure under the same dynamic 
strain. The relation curves exhibit no cross phenom-
enon under different confining pressures. During 
the vibration frequency at 0.5 Hz, 1 Hz, 2 Hz, the 
τd–γd relationship curves concentrated in a very nar-
row stripe. During the vibration frequency at 5 Hz, 
10 Hz, the τd–γd relationship curves moved up.

This is because the loess has a loose structure, 
and the soil density increases with the increasing 
consolidation pressure. So, to produce the same 
dynamic shear strain, they need a bigger dynamic 
shear stress. Moreover, the smaller the vibration 
frequency, the greater the corresponding ampli-
tude, and the soil structure can be easily damaged.

Figure 4 shows the 1/Gd–γd relation curves of 
intact loess under different test conditions. It can be 
seen that 1/Gd–γd relation curves conform to the lin-
ear relationship. Its expression is given as follows:

Figure 2. Stress state of the sample.

Table 1. Physical property indices of intact loess.

Density
g/cm3

Specific
gravity

Liquid
limit %

Plastic
limit %

Plastic
index %

Particle composition

Sand % Silt % Clay %

1.3 2.71 31.1 21.4 9.7 13.0 71.9 15.1
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1
G

a b
dG d= a γ d  (1)

where

Gd is the dynamic shear modulus;
γd is the dynamic shear strains;
a = 1/G0 is the 1/Gd−γd curve in the y intercept;
b = 1/τdmax is the 1/Gd−γd relation curves’ slope;
G0 is the maximum dynamic shear modulus or the 

initial dynamic shear modulus; and τdmax is the 
maximum dynamic shear stress.

Moreover, substituting 1/Gd = γd/τd into (1) equa-
tion, it becomes

τdτ d

d

dmax

d

d
G

a b
=

+
=

γ d
γ d

τd

γ d

γ d1

0GG

 (2)

Thus, τd−γd relation curves conform to the hyper-
bolic model.

4.2 Dynamic shear modulus

The dynamic shear modulus of the soil is the 
dynamic shear stress required to produce units of 
dynamic shear strain. It can be expressed by the 
ratio of dynamic shear stress and shear strain. It 
is the ability of the soil to resistant dynamic shear 
deformation. It is an important index to evaluate 
soil seismic performance.

Figure 5 shows Gd−γd relation curves. It shows 
that the dynamic shear modulus (Gd) decreases 
with the increase in the dynamic shear strain. The 
attenuation of Gd within the range of 0–1 of the 
dynamic shear strain is rapid. When the dynamic 
shear strain is ≥3, the attenuation of Gd almost close 
to zero. The value of Gd is distributed within a very 
narrow strip under different consolidation confin-
ing pressures and different vibration frequencies. 
Therefore, the consolidation confining pressure 
and the vibration frequency have little influence on 
the Gd−γd relation curves.

4.3 The initial dynamic shear modulus and the 
maximum dynamic shear stress

From the above findings, we can see that the ini-
tial dynamic shear modulus (Gd) is the reciprocal 
of 1/Gd−γd relation curve on the vertical intercept, 
and the reciprocal of the slope of 1/Gd−γd relation 
curve is the maximum dynamic shear stress (τdmax). 
The initial dynamic shear modulus and the maxi-
mum dynamic shear stress can be obtained from 
the test. The results are summarized in Table 2 and 
Table 3.

Figure 3. τd−γd relationship curves.

Figure 4. 1/Gd−γd relationship curves.
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It can be seen from Tables 2 and 3, under the 
same vibration frequency, the greater the consoli-
dation stress, the larger the initial dynamic shear 
modulus and the maximum dynamic shear stress. 
This is because the loess is a kind of unsaturated 
and under consolidated soil, and has macro pores 
and vertical fissures. Therefore, loess is consoli-
dated under a certain consolidation confining 
pressure: the larger the pressure is, the better the 
loess consolidation will be, and the greater the 
loess dynamic strength will become. Under a cer-
tain consolidation confining pressure, applying 
different vibration frequencies on soil specimens, 
the value of the initial dynamic shear modulus and 
the maximum dynamic shear stress becomes more 
dispersed and has no obvious regularity.

5 CONCLUSION

In this paper, we take the loess under different con-
solidation confining pressures and different vibra-
tion frequencies as the research subject, and using 
the dynamic torsional shear triaxial apparatus, we 
studied the dynamic characteristics of the intact 
loess of Dangjiacha landslide. The main result can 
be summarized as follows:

1. The dynamic shear stress and dynamic shear 
strain relation curves conform to a hyperbolic 
model under different consolidation confining 
pressures and vibration frequencies. Consolida-
tion confining pressure influences the τd–γd rela-
tionship curve obviously, but the influence of 
vibration frequency is not obvious. The influ-
ence can be described by the changing rules of 
the initial dynamic shear modulus and the maxi-
mum dynamic shear stress under complex stress 
conditions. These characteristics of landslide 
soil are consistent with the previous research 
results of loess.

2. Dynamic shear modulus and dynamic shear 
strain have little influence on the relation-
ship between the dynamic shear modulus 
and dynamic shear strain. The dynamic shear 
modulus attenuates quickly when the dynamic 
shear strain is in the range of  0–1; however, 
when the dynamic shear strain is much larger 
than 3, the dynamic shear modulus attenuates 
very slowly.

3. The initial dynamic shear modulus and the 
maximum dynamic shear stress increase with 
the increase in consolidation confining pres-
sures. Under a certain consolidation confining 
pressure, applying different vibration frequen-
cies on soil specimens, the value of the initial 
dynamic shear modulus and the maximum 
dynamic shear stress becomes more dispersed 
and has no obvious regularity.

Table 2. The initial dynamic shear modulus of intact 
loess.

Vibration 
frequency

Initial dynamic shear modulus G0

σ3 = 100 kPa σ3 = 200 kPa σ3 = 300 kPa

0.5 Hz 161 370 384
1 Hz 142 312 357
2 Hz 192 384 500
5 Hz 163 370 400
10 Hz 238 333 625

Table 3. The maximum dynamic shear stress of intact 
loess.

Vibration 
frequency

Maximum dynamic shear stress τdmax

σ3 = 100 kPa σ3 = 200 kPa σ3 = 300 kPa

0.5 Hz 100 111.11 135.14
1 Hz  98.04 109.89 156.25
2 Hz  92.59 113.64 188.68
5 Hz 105.26 156.25 188.63
10 Hz  84.75 163.93 125

Figure 5. Gd−γd relationship curves.
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The deformation characteristics of Xi’an aquifer sand under high-stress 
condition

X.H. Sun & X.M. Cui
School of Geology Engineering and Surveying, Chang’an University, Xi’an, China

ABSTRACT: By using self-designed high-pressure consolidation system, one dimensional consolidation 
test on aquifer sand under high-stress state is conducted. The test simulates the process of compaction 
and expansion of aquifer caused by fluctuation of water table in confined aquifer. The relationship 
between the deformations of aquifer sand sample and pore water pressure was analyzed. Test results 
show that: aquifer sands present complex deformation characteristics under different stress state. When 
pore pressure drops, the aquifer sand is compacted. Most of the deformation is plastic and creep charac-
teristic is obvious. When pore pressure arises, the aquifer sand expands very little and the deformation is 
mainly elastic. There are significant differences between the particle size distribution curves before and 
after the test. The rupture and crush of sand particle can be seen in The SEM images directly. The sand 
deformation is related to the rupture and sand particles as well.

Keywords: aquifer compaction; high-stress state; sand deformation; land subsidence; water table decline

balance between recharge and discharge. Long-
term ground-water withdrawal caused significant 
drop of  water table in confined aquifers. The 
aquifer sand is gradually influenced by pump-
ing and produces deformation. In Xi’an, a long 
history of  ground-water withdrawal have cre-
ated severe land subsidence hazard. According 
to the monitor data of  extensometer group which 
located in the southern suburb of  Xi’an, all of 
the hydrostratigraphic units within 300 m depth 
were compressed obviously (Peng, 2012). In this 
context, understanding the deformation charac-
teristics of  each stratum has become a necessary 
condition for calculating land subsidence (Sun, 
2014). Under different stress state, the defor-
mation characteristics of  the aquifer sand vary 
greatly. How to simulate the in-situ stress state 
of  aquifer which buried deep under the ground 
become the key difficulties to test (Xue, 2003). 
For the stress conditions is strict and difficult to 
meet, there are a few related research have been 
conducted (Huang, 2007, Li, et al., 2007, Ma, 
et al., 2008, Shi, et al., 2007). The degree of  the 
research is still not enough.

The medium-fine sand in Xi’an aquifer is 
selected as sample in this test. Self-designed high-
pressure consolidation system is used to accurately 
simulate the in-situ stress condition of aquifer and 
fluctuation of water table caused by groundwater 
withdrawal. Deformation characteristics of aqui-
fer sand are detail analyzed after the test.

1 INTRODUCTION

Excessive withdrawal of groundwater has caused 
severe land subsidence in Xi’an, China (Lee, et al., 
1996). In the process of land subsidence both the 
aquifer and the aquitard have been compacted 
(Galloway, et al., 1999). In the early stage of land 
subsidence, many researchers have put great empha-
sis on the deformation of aquitard (Holzer, 1995, 
Shearer, 1998). Some researchers take the view that 
majority of permanent deformation is caused by 
the compression of aquitard which is composed 
of fine-grain sediment (Ortega-Guerrero, et al., 
1999). The compaction of coarse-grain sediment 
(such as sand) during the process of subsidence is 
very small and recoverable (Tolman and Poland, 
1940). With the accumulation of extensometer 
and laboratory data, it was found that deforma-
tion of aquifer can take up more than 50% of the 
total subsidence and become the main compaction 
layer (Zhang, et al., 2006). Thus, the deformation 
of aquifer sand gradually aroused research’s atten-
tion and the study of sand deformation increase 
gradually (Hoffmann, et al., 2003).

In the initial stage of  groundwater exploita-
tion, the pumpage is relative small and depths of 
wells are shallow, the compacted layers mainly 
located in shallow strata. Aquifer sand is under 
low-stress state and its deformation characteristic 
is clarity known by researchers. As the increase 
of  groundwater demand, aquifer system loses 
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2 HIGH-PRESSURE CONSOLIDATION 
TEST

2.1 Testing devices

The test is performed on self-designed high-
 pressure consolidation system (Fig. 1). The total 
stress (axial stress) in the test is applied by the 
axial stress loading parts (part 2). The pore water 
pressure is applied by pore pressure loading parts 
(part 3). The confining chamber is a hollow drum 
shape cylinder and soil sample is placed in it. Its 
inner diameter is 125 mm and the internal height is 
440 mm. The confining chamber is made of stain 
steel and it can withstand 10 MPa pressure dur-
ing the test. During the test the specimen is always 
under the water to maintain saturation. There are 
four pore transducer installed on wall of confining 
chamber to measure pore pressure.

2.2 Test sample

The main lithology of Xi’an aquifers is  medium-fine 
sand. The sample chosen for this test is sampling 
from a 5 m-deep pit which located in the western 
suburbs of Xi’an. The basic characteristics of sand 

sample are as follows: specific gravity Gs = 2.675, 
effective size d10 = 0.223 mm and average size 
d50 = 0.614 mm.

2.3 Stress levels and loading methods

Based on the monitor data of extensometer group, 
the stratum which buried from 0 to −300 m are 
main compaction layers and their compression 
accounted for 89% of the total land subsidence.

Therefore, this test is mainly to consider the 
deformation of aquifer which buried shallower 
than −300 m. The depth of Xi’an confined aquifer 
mainly located in the depth from −100 to −300 m. 
The total stress of aquifer sand is proportional to 
the depth they was buried. When the bulk density is 
assumed equal to 20 kN/m, the total stress is from 
2 MPa to 6 MPa. Total stress is applied by means 
of axial stress in the test. The pore water pressure 
is proportional to water table of aquifer. The water 
table is assumed equal to −50 m before ground 
water has been heavily pumped. And gradually 
decline to depth they are buried and then recovery 
to the initial depth. Thus the pore pressure applied 
in the test related to the aquifer depth and range 
from 0.5 MPa to 2 MPa (Table 1).

Table 1. Stress applied in the test.

Stage
Axial stress
(MPa)

Simulated depth
(m)

Pore pressure
(MPa)

Simulated
water table(m)

1 2 −100 0.5→0→0.5 −50→−100→−50
2 3 −150 1→0→1 −50→−150→−50
3 4 −200 1.5→0→1.5 −50→−200→−50
4 5 −250 2→0→2 −50→−250→−50
5 6 −300 2.5→0→2.5 −50→−300→−50

Figure 1. High-pressure consolidation system.
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The staged loading method is adopted in this test. 
To simulate the total stress and water pressure in real-
ity, the axial stress and pore pressure are independ-
ent applied by part 2 and part 3 of the high-pressure 
consolidation system respectively. Keeping the axial 
stress unchanged, change the pore water pressure 
step by step after the deformation of sand sample 
become stable. When the pore pressure restores to the 
original value in this stage, increase the axial stress to 
the next stage level. According to the difference in 
axial stress, the test can be divided into five loading 
stages. From stage 1 to stage 5, the magnitude of axis 
stress were 2, 3, 4 and 5 MPa respective (Fig. 2).

3 RESULTS OF HIGH-PRESSURE 
CONSOLIDATION TEST

Through applying a series of stress on the sand 
sample strain-time and strain-stress characteristics 
of sample can be determined.

3.1 Strain-time curves

The stage 3 in Figure 2 was selected as typical case 
for analysis in this stage. The test results can be 
drawing into form of strain-time curve. The axial 
stress keeping unchanged at 4 MPa, and pore pres-
sure dropped progressively from 1.5 Mpa to 1.2, 
0.9, 0.6, 0.3 and 0 Mpa, then gradual return to 
1.5 MPa (Fig. 3).  During the process of pore pres-
sure fluctuation, the aquifer sand shows complex 
deformation characteristics. (1) During the whole 
process of pore pressure fluctuation, the majority 
of deformation of sand sample is unrecoverable. 
it means the deformation of sand is plastic rather 
than elastic. The plastic deformation of the vertical 
strain is about 0.7%. (2) The deformation of sand 
is not finished instantaneous. When the pore 

 pressure drops from 0.9 MPa to 0.6 MPa and from 
0.6 MPa to 0.3 MPa, the delay compaction caused 
by consolidation can be ignored due to high per-
meability coefficient of sand. Deformations of 
sand sample stabilize in more than 20 hours after 
pore pressure changed is caused by creep (Fig. 4). 
(3) When the pore pressure was arising the sand 
expands so small.

3.2 Strain-stress curve

After the test is finished, the plot of the effective 
stress (calculated from axial stress and pore pres-
sure) versus the corresponding compaction strain 
of each stress state can be drawn (Fig. 5).

The Figure 5 shows, deformation of the sand is 
not only related to the effective stress, but also related 
to the stress history of sand. When pore pressure 
drops but higher than any previous value (precon-
solidation stress), the change of pore pressure creates 

Figure 2. Stress levels and sequence in the test.

Figure 3. Stress applied in Stage 3.

Figure 4. Strain-time curves in Stage 3 (axial stress = 
4 Mpa).
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only a small deformation. When the pore pressure 
drops and lower than previous value, the sand may 
undergo significant, permanent compaction. The 
compaction includes elastic, plastic and viscose 
components. When pore pressure arises, along with 
the effective stress reducing, the sand sample has a 
small amount of expansion. It is inconsistent with 
the traditional view on sand deformation.

4 MICROSCOPIC ANALYSIS OF THE TEST

4.1 Laser particle size analysis

In order to explore the deformation mechanism 
of Xi’an aquifer sand, laser particle analyses were 
conducted (Fig. 6).

Through the comparisons of particle size distri-
bution curve before and after the test, it can be seen 
that the sand particle size distribution curves have 
changed markedly. The percentage of coarse parti-
cles with diameter larger than 0.36 mm was reduced 
after the test. The percentage of sand with diameter 
smaller than 0.36 mm was rising meanwhile. This phe-
nomenon shows that sand has various deformation 
mechanisms under high-stress state. Besides mutual 
slip between the particles, the sand grains may crack 
during the compression. This phenomenon is more 
common for large size of the sand particles.

4.2 Images of SEM

High-precision Scanning Electron Microscope 
(SEM) was used to observe the microstructure 
of sample after the test. It can easily found and 
directly observed cracks and scratches in the sur-
face of sand grain in SEM images (Fig. 7).

4.3 Mechanism of sand deformation under 
high-stress state

Prior to the deformation of sand, arrangement 
of sand grains are loose and the soil skeleton is 

Figure 5. Strain-stress relations curve.

Figure 6. Particle size distribution curve in the test.

Figure 7b. Sand after test (magnify = 600).

Figure 7a. Sand after test (magnify = 200).

not stable. There are a lot of pores with different 
size spread over the soil body. After effective stress 
is applied, soil skeleton start to deform, and sand 
particles start to move. In the process of grain 
moving, some small sand particles filled into the 
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big pores lead to quickly decrease in sand poros-
ity and high-rate deformation. With the increasing 
number of big pores are filled gradually, space for 
sand particles moving is limited. As the resistance 
increases gradually, the moving speed of particles 
slow down. In macroscopic, the rate of sand defor-
mation changes from fast to slow as time goes on. 
With the increase of effective stress, the acting 
force between soil particles increases accordingly. 
Usually, the interfaces between sand particles are 
not Surface-to-surface contact, but face-angular 
contact or angular-angular contact.

So there is a large stress concentration in con-
tact position. When effective stress is large enough, 
the sand particles with shape of flake, columnar, 
angular, and larger particle are prone to rupture, 
crushing or grinding. A big particle may crush into 
some smaller particles. The smaller particles filled 
into the spaces between larger particles and soil 
begins to further deformation. For both the sand 
particles moving and crushing are need some time 
to finished, thus the sand exhibit creep character-
istics. In unloading process (pore pressure arise), 
the small particles that have been crushed before 
cannot be re-cemented and returned to its original 
position (McDowell, 2003). So the sand has large 
irrecoverable plastic compaction.

5 CONCLUSION

In this paper, the deformations of aquifer sand 
under high-stress state are the main research 
subject. By using high-pressure consolidation sys-
tem, characteristics of sand sample are analyzed 
and the mechanism of sand deformation is dis-
cussed. The main result summarized as follows:

1. The deformation characteristics of sand under 
high stress are complex. The compaction 
includes not only elastic and plastic deforma-
tion, but the viscous deformation as well.

2. Deformation characteristics of sand are related 
to changing patterns of pore pressure. When 
pore water pressure drops. Sand creeps and 
most of the deformation are irreversible. When 
pore pressure arises, sand compression stops or 
takes very slight expansion.

3. Sand deformation not only related to the slip 
between the particles but also to the crushed or 
fractured of some particles as well.
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Experiment research on the creep model of aquifer sand in Xi’an
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ABSTRACT: The long history of ground-water pumping has caused a severe land subsidence hazard 
in Xi’an, China. During the process of ground-water pumping, deformation of confined aquifer has an 
influence on the total subsidence. In order to ascertain the deformation characteristics of aquifer, which 
is mainly composed of sand, a series of tests were conducted. By using a self-designed high-pressure con-
solidation system, the in situ stress states of aquifers were simulated in the test. The test results show that 
the sand of aquifer expresses a complex deformation characteristic under high-stress states. The aquifer 
sand shows a remarkable creep characteristic when the water table drops. When the water table arises, the 
creep of sand is not obvious. When the water table drops, the stress-strain and strain-time relation curves 
of sand can be described by the Generalized Kelvin Model with five components. Five rheological param-
eters in the Generalized Kelvin Model are not constant but varied, which are related to effective stress.

Keywords: aquifer sand; creep model; land subsidence; high-pressure consolidation system; Xi’an

equal to the weight of the overlying stratum. The 
pore water pressure is related to the change in the 
water table. Long-term ground-water withdrawal 
from confined aquifers reduces fluid pressures and 
causes the sand layer to compact. Since the change 
in the water table is very slow and cyclical, both the 
changing patterns of effective stress and deforma-
tion characteristics of the sand layer are different 
from that under the low-stress state in the con-
ventional consolidation test (Zhang et al., 2012). 
Under the high-stress state, the aquifer sand has 
complex deformation characteristics (Sun, 2014). 
It not only depends on the magnitude of the effec-
tive stress and impose orders, but also is related 
to time. Compared with the low-stress state, the 
aquifer deforms plastically and deformation lags 
behind the change in pore water pressure in them. 
It shows the characteristics of creep. Concisely, it 
describes the deformation characteristics of aquifer 
sand during compaction, and the expansion proc-
ess is the key factor in land subsidence modeling.

Recent years, many researchers have taken these 
complex deformation characteristics of the aqui-
fer sand into consideration, and have finished 
some field and laboratory tests. However, there 
are no creep models to describe such deforma-
tion characteristics of aquifer sand under in situ 
stress conditions for Xi’an yet. Therefore, a self-
designed high-pressure consolidation system was 
used to accurately simulate the in situ stress con-
dition of aquifer and fluctuation of water table 
caused by groundwater withdrawal. By simulating 
the stress changes, the deformation was measured. 
Furthermore, the deformation characteristics of 

1 INTRODUCTION

Xi’an is located in the northwestern of China 
where the amount of annual rainfall is often less 
than 400 mm (Lee et al., 1996). The industrial and 
municipal use of water depends almost entirely on 
groundwater. The amount of explored ground water 
began to increase substantially after 1960s (Peng, 
2012). The long history of groundwater pumpage 
has caused a severe land subsidence hazard. In 
the early stage of land subsidence research, many 
researchers have put great effort on the deforma-
tion of aquitard. It was usually thought that the 
land subsidence was caused by the compaction of 
aquitard, which composed of fine-grained sedi-
ments primarily. Almost all of the subsidence is 
caused by compaction of clay layers (Holzer, 1995; 
Ortega-Guerrero et al., 1999; Shearer, 1998). Com-
paratively, the compaction of sand or coarser-
grained sediments is elastic and small that can be 
negligible (Tolman and Poland, 1940).

With the accumulation of monitoring data, 
researchers have gradually realized that the aquifer 
can also be compacted substantially. The coarser-
grained sediments (e.g. sand) and fine-grained 
sediments (e.g. clay and silty clay) have differences 
in compressibility. However, when the accumula-
tive thickness of sand layers was large enough, the 
total compression of sand layers may be remark-
able (Liu et al., 1994). Thus, the deformation of 
aquifer should be calculated in the land subsidence 
model (Hoffmann et al., 2003).

In reality, the aquifer system is buried deep 
under the ground. The total stress of the aquifer is 
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aquifer sand were analyzed and a new creep model 
was constructed.

2 ONE-DIMENSIONAL CREEP TEST

2.1 Testing device

Creep test is conducted on a self-designed high-
pressure consolidation system. This system mainly 
composed of axis stress applying parts, pore pres-
sure applying parts and confining chamber. The 
confining chamber is the key components of the 
high-pressure consolidation system. Soil sample is 
placed inside the stain steel cylinder. Axial stress is 
applied to the specimen through a rigid piston and 
porous stone located on the top of the soil speci-
men (Fig. 1). The advantage of the test system is 
that it can control the magnitude of axial stress 
and pore pressure independently, and thus it can 
be used to simulate the overlaying load and pore 
water pressure, respectively.

2.2 Test sample

The main lithology of Xi’an aquifers is a medium-
fine sand. The sample sand chosen for this experi-
ment is sampled from a 5 m-deep pit, which is 
located in the western suburbs of Xi’an. The 
basic characteristics of the sand sample are as 
follows: specific gravity Gs = 2.675, effective size 
d10 = 0.223 mm and average size d50 = 0.614 mm. 
During the test, the temperature is set as 15 ± 5°C.

2.3 Stress levels and loading methods

The test used the staged loading method. There 
were four loading stages in the test. From stage 1 to 
stage 4, the magnitude of axis stress was 1.72, 2.99, 
4.25 and 4.88 MPa, respectively. For each stage, the 

pore pressure was applied from an initial value that 
was gradually reduced to 0, and then progressively 
restored to its original value (Fig. 2). It then took 
stage 2 as example. The axial stress was 2.99 MPa, 
and approximately equal to the total stress of the 
aquifer, which was buried 150 m under the ground. 
Pore pressure had an initial value of 1 MPa, 
and then stepped down to 0 MPa and gradually 
returned to 1 MPa. The fluctuation of pore pres-
sure simulated the process of the water table in 
Xi’an confined aquifer, which dropped from −50 m 
to −150 m depth and then returned to −50 m. In 
the test, changing either the axial stress or the pore 
pressure of the aquifer sand sample reached a sta-
ble state. The criterion for the sand sample to reach 
a stable state is the rate of deformation less than 
0.001 mm/h.

The axis stress, pore pressure, the sand sample’s 
compression or expansion and time were all docu-
mented during the whole test.

3 RESULTS OF THE CREEP TEST

The result of the test is expressed by the plots 
of strain versus time in minutes, as shown in 
Figure 3.

From the strain-time curves under the multi-
level stress state, some features different from the 
low-stress state can be found.

When changing the pore pressure each time, the 
compression of the sand sample increased with 
time rapidly, but the rate of compression decreased 
gradually. The deformation process of the aquifer 
sand can be divided into two phases.

In the first phase, the change in the pore pres-
sure caused the same magnitude change in effec-
tive stress. Sand began to consolidate and made 
large deformation. Due to high permeability, the Figure 1. Confining chamber.

Figure 2. Axial stress and pore pressure in the test.
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excessive pore water pressure in the sand sample 
dissipated immediately after the pore pressure 
changed. So, the first phase lasted for a very short 
time and instantaneous compaction was caused by 
consolidation.

In the second phase, the aquifer sand sample was 
under constant effective stress, but its deformation 
continued to grow as time increased. Aquifer sand 
began to creep obviously.

When the pore pressure was increasing, the sand 
expanded so small that the strain curve was almost 
horizontal. In other words, Xi’an aquifer sand had 
a creep feature only when loading or the water 
table dropped.

4 RESULTS OF THE CREEP TEST

Based on the test results, it is found that the defor-
mation of Xi’an aquifer sand has the character-
istics of elastic, plastic and viscosity. In order to 
apply these features to land subsidence calculation 
model, a creep model should be constructed for 
the deformation of Xi’an aquifer sands. Based on 
the rheological model theory, the aquifer sand can 
be seen as a homogeneous continuum with elas-
tic, plastic and viscosity. Some basic rheological 
components are combined to fit the complex char-
acteristic of aquifer sand in the test. These basic 
rheological components include the Hook model, 
the Newton model, and the St Venant model 
(Fig. 4a–c).

4.1 Selection of the creep model

The deformation of aquifer sand has some instanta-
neous compaction. It should have the Hook model 
in the creep model, and the hook model should be 
connected in series with other components. The 
rate of sand compression decreases gradually. And 
creep deformation tends to a limit value. It should 
have components that have a decaying creep feature, 
such as Kelvin model (Fig. 4d). Merchant model 
can fit the above requirements. Due to steep parts 
of creep curves, the Merchant model cannot quite 

Figure 3a. Creep curve in stage 1, axis stress = 1.72 Mpa.

Figure 3b. Creep curve in stage 2, axis stress = 2.99 Mpa.

Figure 3c. Creep curve in stage 3, axis stress = 4.25 Mpa.

Figure 3d. Creep curve in stage 4, axis stress = 4.88 Mpa.
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fit the first phase of sand deformation (Fig. 4e). 
Multiple Kelvin model connected in series can avoid 
the above shortcomings. The more the Kelvin body 
in series, the steeper the initial stage of the creep 
curve is. Land subsidence is a regional geological 
hazard. Many parameters of the rheological model 
may be hard to obtain in reality. Thus, the compo-
nents used in the constructed creep model should 
be as little as possible. A generalized Kelvin model 
with five components is used to describe the char-
acteristics of aquifer sand deformation (Fig. 4f).

4.2 Model parameter fitting

The generalized Kelvin model, which is used in this 
article, is composed of two Kelvin bodies and a 
Hook body in series, so the relation between strain 
and stress can be expressed as follows:

σ σ σ σ1 2σ σσ 3σσ=σ 2σ  (1)

σ σ ε1 1σ σσ εε=σσ E  (2)

σ σ ε η ε2 1σ σσ 1ε ηε 2εε=σσ +EK Kε1 2ε ηε �  (3)

σ σ ε η ε3 2σ σσ 3 2ε ηε 3εε=σσ +E ε2 3ε ηε �  (4)

where EH, EK1, EK2 are the modulus of elasticity, 
and ηK1, ηK2 are the coefficient of viscosity.

From Equation (2), we obtain

ε σ
1εε =
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(5)

And from Equation (3), we obtain
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When t = 0, ε2 = 0, we thus obtain

c
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Equation (6) becomes

ε σ η
2εε

1
1

1

1= −1
⎛

⎝
⎜
⎛⎛

⎜⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞

⎟⎠⎠
⎟⎟

−

E
e

KE

E
tKE

Kη

 

(8)
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So, the strain of the generalized Kelvin model 
can be expressed as follows:
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Table 1. Parameters of the generalized Kelvin model.

Axis stress/MPa 2.99

Pore pressure/MPa    0    0.6    1
EH/MPa  227.3  238.1  312.5
EK1/MPa 1639.3 2941.2 1470.6
EK2/MPa 3636.4 2040.8  434.8
ηK1/MPa ⋅ d 2180.3  382.7  102.6
ηK2/MPa ⋅ d  203.5 4617.5 6680.4
Correlation coefficient    0.9934    0.995    0.9774

Figure 5. Fitting curves of stage 2 by using the general-
ized Kelvin model.

Figure 4. Creep model for the deformation of aqui-
fer sand.
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Deformation can be calculated by using 
Equation (10). We choose the creep curve in 
stage 2 as representation. According to the test data, 
the parameters in the generalized Kelvin model 
were determined. Each value is given in Table 1, 
and the fitting curves are shown in Figure 5.

It can be seen from Table 1 that the five parame-
ters of the generalized Kelvin model under different 
effective stress conditions vary. So, the parameters 
of the generalized Kelvin model are not constant, 
but vary with the change in effective stress.

Table 2 lists the correlation coefficient of the 
generalized Kelvin model in fitting each stress state 
curve in the test. The generalized Kelvin model can 
thus describe the deformation feature under in situ 
stress states.

5 CONCLUSION

In this paper, the deformations of aquifer sand 
under high stress states are the main research 
subject. By using a high-pressure consolidation 
system, the characteristics of the sand sample are 
analyzed and a creep model is constructed. The 
main result can be summarized as follows:

1. Xi’an aquifer sand showed a significant creep 
characteristic when the water level dropped. 
And no creep occurred when the water table 
arose.

2. Generalized Kelvin model was composed of 
five components. It could describe the com-
plex compaction characteristic of Xi’an aquifer 
sand.

3. The parameters of the creep model of Xi’an 
aquifer sand were not constant but varied. By 
using the variable parameter model, it could 
improve the model precision.
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Table 2. The correlated coefficient of the generalized 
Kelvin model under different stress states.

Axial stress 
(MPa)

Pore pressure 
(MPa)

Correlation 
coefficient

1.72 0.4 0.9523
0.2 0.9384
0 0.9635

4.25 1.6 0.9702
0.8 0.9798
0 0.9237
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Fractal study of debris flow provenance granularity in Qinling temple 
valley
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ABSTRACT: The research of debris flow provenance and deposit granularity is one of the debris 
flow researches in the field of basic content and the characteristics of fractal theory solution of complex 
problems are widely used. The fractal dimension of provenance granularity of mine debris flow is one 
of the important structure indexes of potential landslide, which reflects the formation mechanism and 
dynamics, kinematics characteristics of debris flow. This paper based on fractal theory studies the 
debris flow provenance of Qinling mountain temple valley mine, and based on the obtained debris flow 
provenance granularity fractal dimension value in the study area offers the date to support the prevention 
of debris flow disasters in the study area.

Keywords: Qinling; temple valley; mine debris flow; provenance granularity; the fractal

decimal number. Fractal theory is put forward by 
American B.B.M andelbrot at first in the 1970s[2]. 
It can be used to research no characteristic length 
but has self-similarity of graphics and phenomena 
in the nature. Fractal dimension can be given a 
quantitative description to complex configuration 
that the traditional mathematics is difficult to 
answer in the nature[3].

3 GRANULARITY FRACTAL DIMENSION 
CALCULATION

Granularity fractal dimension generally has the 
following several kinds of calculation methods: 
calculating the fractal dimension by changing 
the size of observation, analyzing the granularity 
of  provenance, calculating the fractal dimension 
according to the measure dimension and according 
to the correlation function and dimension, etc[4]. 
This paper selects changing the size of observation 
and analyzes the granularity of provenance to real-
ize the Debris flow provenance granularity fractal 
calculation.

3.1 Changing the size of observation 

Changing the size of observation is also called Box 
counting method[5]. It is the use of different lengths 
of a square grid to cover the object under the test. 
When a square grid length changes, the number 
N (r) of grid covered with the object has inevitable 
changes. When the lengths of a square grid are r1, 

1 INTRODUCTION

Debris flow is one of the common geological 
disasters in mountain. It has the characteristics 
of  sudden, ferocious, briefly, scouring and  silting 
in large scale, devastating, and often caused great 
damage to people’s life and property[1]. In the min-
eral resources area, there has been massive artificial 
loose solid material, increased in the natural 
ground slope, which has made the non-debris flow 
gully turn into debris flow gully, from fewer area 
into high incidence and formed the mine debris 
flow disaster due to large-scale mining beneficia-
tion activities, solid waste emissions and burden, 
such as solid waste emissions and burden.

Affected by multiphase tectonic movement and 
weathering denudation of joint action for a long 
time, the mine debris flow gully topography in the 
study area is various, and the grain composition 
of wasted slag is complex. In order to explore the 
nonlinear characteristic of the main controlling 
factors of the mine debris flow in the study area, 
we made a fractal study of wasted slag based on 
on-site measurement, photographs, measurements, 
graphics, statistics, and sampling tests.

2 INTRODUCTION OF FRACTAL 
DIMENSION

Fractal dimension is a value that is used to measure 
a set of irregular and broken degree of geometrical 
or natural object and usually expressed in scores or 
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r2, r3, ..., fairly rk, the number of square grid is cov-
ered with measured object corresponding to N (r1), 
N (r2), N (r3), … N (fairly rk), we can calculate the 
granularity fractal dimension by formula (1):

lgN(r) = −D lgr + A (1)

Type: A is undetermined constants and D is 
the dimensions of the measured object; its value is 
equal to the absolute value of the type slope value.

3.2 Analysis of the granularity provenance

The formation process of debris flow is a very 
complicated nonlinear process and the composi-
tion particle of debris flow is a no characteristic 
length structure graph. The fractal of debris flow 
is a self-similar particle size distribution based on a 
statistical sense. The fractal dimension of particle 
is calculated by using formula (2):

D = b – 3 (2)

According to the analysis results of granularity 
of debris flow, we can find a straight line from the 
particle size of log–log graph of cumulative percent-
age of the particle and particle size, then search for 
a straight line segment of slope, and get the Granu-
larity fractal dimension of wasted slag sources[6].

4 THE RESEARCH OF PROVENANCE 
GRANULARITY FRACTAL

4.1 The fractal features of coarse particle

We adopted “changing the size of observation” to 
calculate the fractal dimension of coarse particles 
whose diameter is larger than 1 cm of debris flow 
source. The specific methods: choosing coarse par-
ticle with diameter greater than a certain grain size 
as the research object, and determining the meas-
urement scale by blockiness size. Generally, we 
called the particles whose diameter is larger than 
20 cm as rubble, and called the diameter between 
1 cm and 20 cm as crushed stone. Particle dimen-
sion is 1 cm that can be used as a lower bound of 
the scale of the field fractal measurement.

Since the statistical work progress is slow, in 
order to get more accurate data, we took mas-
sive photos of  debris flow source using a high-
resolution digital camera (Fig. 1). Then, we 
measured the maximum diameter of  each stone 
using the AutoCAD software, and calculated 
the actual diameter through certain proportion 
relationship with the tools of  Excel. Finally, we 
acquired grain-size statistical results in the study 
area (Table 1).

We took the logarithm of measure as abscissa 
and the logarithm of the count of aggregate that 

corresponds to scale as ordinate. Then, we can 
obtain a set of data and put all data in the rec-
tangular plane coordinate system. According to 
the definition of fractal, if  the object of study in 
accordance with fractal rule, the point will land on 
a straight line; if  the object of study in a certain 
interval in accordance with the law of fractal, and 
in other interval does not conform to the fractal 
rule, then the point in the range of fractal will fall 
on a straight line. According to “Change the size 
of observation” and Table (1), the absolute value 
of straight slope is the fractal dimension of the 
particle size in the study area.

According to the above principles, finished the 
fractal calculation of 10 samples, we can obtain 
fractal dimension of samples in the study area 
(Table 2).

4.2 The fractal features of granule

The diameter of grain between 0.0625 mm ∼ 1 cm 
of the debris flow provenance, we used the sieving 
to get grain composition and then we calculated 

Figure 1. The statistical photo of source.

Table 1. The statistical table of wasted slag granularity.

r (cm) >50 >25 >12.5 >6.25

N (1–2) 0 0 21 105
N (1–3) 0 0 14 122
N (1–4) 0 0 30  98
N (1–5) 0 1 24  95
N (2–1) 0 0  8  83
N (3–1) 0 1  6  58
N (3–2) 0 1 17  80
N (3–3) 0 0  9  70
N (4–1) 0 2 37 101
N (4–4) 0 0  8  85

Note: r—particle size, cm; N—the accumulative fre-
quency of the rubble whose diameter is greater than r; 
1–2, 1–3 point number of photos or sample.
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the fractal dimension by “analysis the granularity 
of provenance”. Through sieving, we let diameter 
of slag to be 3.2, 2, 1, 0.5, 0.4, 0.25, 0.2, 0.1, 0.09, 
and 0.066 mm standard sample sieve, and obtained 
grain size distribution data of various samples 
(Table 3).

According to sieving result of sample, we can 
get the slope of the straight line and obtained the 
granularity of the fractal dimension according to 
formula (2) (Table 4).

4.3 The fractal features of particle

To the diameter of  the grain less than 
0.0625 mm of  debris flow provenance, we gained 
grain composition by using a laser diffract instru-
ment. The particle size of  wasted slag ranged 
from 20 to 80 microns. Then, we calculated the 
fractal dimension by “principle of  granularity 
analysis”. According to the formula (2), it is not 
difficult to draw fractal dimension of  wasted slag 
(Table 5).

5 CONCLUSION

Through the fractal research of debris flow prov-
enance granularity multi-scale, we can draw the 
following conclusions:

1. Mine debris flow provenance whether large parti-
cles, medium particles, or micro particles, can be 
characterized by fractal dimension; a variety of 
particle scales have good fractal characteristics.

2. From the point of fractal dimension, the fractal 
dimension of coarse particles tend to be scat-
tered (1.012∼2.929), and the mean value is 1.926; 
the fractal dimension of granule is relatively con-
centrated, and the mean value is 2.511. The frac-
tal dimension of particle is concentrated, and the 
mean value is 2.309. These values indicate that 
the larger particle has the smaller fractal dimen-
sion. From the correlation coefficient, the fractal 
dimensions of the average correlation coefficient 
of the three particles are 0.909, 0.974, and 0.996. 
That indicated the particle of debris flow source 
has more obvious fractal characteristics.

3. The fractal dimension of provenance granular-
ity of mine debris flow is one of the important 
structure indexes of potential landslide, which 
reflects the formation mechanism and dynam-
ics, kinematics characteristics of debris flow. The 
greater the provenance granularity fractal dimen-
sion the more the particles in clay composition 
has, which the probability of viscous debris flow 
is greater, the higher the risk of the mine debris 
flow at the same time, the stability is worse.

REFERENCES

[1]  Pan Mao tie-feng li. Disaster geology [M]. Cambridge 
university press. 2006.

[2]  Mandelbrot B.B. The Fractal Geometry of Nature 
[M]. New York: W.H. Freeman and Co: 1982.

[3]  Sun Boling. Fractal dimension and its measuring 
method [J]. Journal of northeast forestry university, 
2004, 32 (3): 116–119.

[4]  Xiao-hua Zhu, wang jian. The relationship between 
fractal dimension and scale of geological phenome-
non [J]. Earth information science, 2003, 3 (1): 67–71.

[5]  Grassberger P. On efficient box counting algorithms. 
International Journal of Modern Physics C, 1983, 
4 (3): 515∼523.

[6]  Docile subjects. The fractal structure characteristics 
of the debris flow deposits [J]. Journal of natural dis-
asters, 1994, 3 (2): 91–96.

Table 5. The fractal dimension of the particle of wasted 
slag in Temple ditch mine.

Sample 1 2 3 Average

Fractal dimension 2.2361 2.3220 2.4152 2.3078
Related coefficient 0.9976 0.9978 0.9922 0.9964

Table 2. The fractal dimension of coarse particle of 
wasted slag in Temple ditch mine.

Sample 1–2 1–3 1–4 1–5

Fractal dimension 1.504 1.964 1.096 1.149
Related coefficient 0.911 0.896 0.906 0.850

Table 3. The granularity cumulative percentage distri-
bution table of granule.

Sample

The percentage of grain η(%)

r <0.066 <0.090 <0.100

1 m (g) 0.50 59.50 77.30
η (%) 0.03  3.90  5.06

2 m (g) 0.10  3.90 37.70
η (%) 0.01  0.13  1.27

3 m (g) 0.80 41.10 31.00
η (%) 0.04  2.10  1.58

4 m (g) 0.30 26.90 35.90
η (%) 0.02  1.55  2.07

Note: r—particle size, mm;m—the cumulative of particles 
of the wasted slag, g; η—the cumulative percentage,%

Table 4. The fractal dimension of granule of wasted 
slag in Temple ditch mine.

Sample 1 2 3 Average

Fractal dimension 2.6033 2.5277 2.4310 2.4439
Related coefficient 0.9687 0.9941 0.9948 0.9870
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ABSTRACT: For this study, a soil–rock mixture slope was taken, for example, the coupled stress and 
seepage field and stability characteristic during rising and drawdown of reservoir water level were studied 
based on finite element model. Proper calculation parameters were selected in the landslide simulation 
according to the engineering condition. The results indicated that groundwater levels in different lithologi-
cal mediums varied at different speeds; variation of groundwater level was lagged behind the variation of 
reservoir level when the reservoir is filling fast. But it was not so different from that of the reservoir level 
during the drainage process. In addition, the sudden rise of the reservoir water level did affect the stability 
of the slope greatly, and the decreasing value of the safety factor will increase with the amplitude of the 
increase of the water level. The stability of the landslide fell down during the rising of the level, and fell 
down at first and then rise during the falling of the level.

Keywords: stress field; seepage field; geostudio; landslide; stability

in this article and, based on this, the effect to the 
slope stability in rising and drawdown of water 
level was researched, some preliminary conclu-
sions were drawn and those may provide helpful 
reference for related research.

2 GEOLOGICAL CHARACTERISTICS

2.1 Landform of the reservoir

The reservoir bank consists of oblique layered 
rocks, the top-down view is like an asymmetric 
pear, 260 meters as trailing edge height of the 
landslide mass, 190 meters as width, 770 meters as 
the leading edge width, 12∼57 meters as thickness, 
0.37 square kilometres as area, 824 × 104 cubic 
meters as volume, and 70° as main sliding direc-
tion. The terrain in the middle to low part of the 
landslide mass slopes gently and there is no nega-
tive volcanic form.

2.2 Physical character of the rock

The landslide mass consists of soil with macadam, 
gravely soil, and pebbly silty clay from front to 
back in turn. The whole structure has an initial 
medium dense and weathering weakens from the 

1 INTRODUCTION

Landslide on the reservoir bank caused by water–
rock interaction (Louis C. 1974) is a kind of 
geological hazard, which is a long-time difficult 
problem. As is accepted, the change of water-level 
is the main reason of landslide. In recent years, 
more and more researches have been focused on 
landslide, and have made some desirable results 
(Morgernsstern N. 1963; Berilgen M.M. 2007; Liao 
Hong-jian et al. 2005). Failure of slope contains 
many factors such as stress field, chemical field, 
temperature field, seepage field, etc.  Coupling 
typically exists between different factors (Wang 
Xue-wu et al. 2006). Seepage field will be prima-
rily affected when the water-level changes, then the 
stress field variation may lead to instability and 
failure of the slope (Xu W.J. et al. 2009). In recent 
years, with the application and popularization of 
finite element method and computer technolo-
gies, another effective way was found to calculate 
and analyze problems of landslide (Guo Ming-wei 
et al. 2012; Yang Jin et al. 2012; Huang Man et al. 
2013; Pan Guo-lin et al. 2015).

In order to ensure the safe operation of the res-
ervoir, it is necessary to check the stability of the 
dam. Seepage low and WRI were researched first 
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surface to the centre. Gray pebbly silty clay is the 
major component of the slip band whose thickness 
varies from 0.7 to 1.5 meters; 30% of the pebbly 
is sandstone and marlstone which have a diameter 
of 20∼100 mm and water content of the silty clay 
is 10.8%∼18.3%, the compression ratio is 0.602. 
Through many shear strength tests show that cohe-
sion can take a value from 14 to 16 kilo Pascal and 
internal friction angle usually varies from 18 to 
25.5. In addition, inclination of the landslide bed 
varies from 30 to 80.

3 ANALYSIS OF SEEPAGE 
CHARACTERISTICS

3.1 Calculation model

Select a section of the reservoir dam to build 
model, as shown in Figure 1.

The landslide mass is mainly composed of 
gravely soil and the landslide bed consists of mud-
stone and marlstone.

3.2 Parameter selection

Hydraulic conductivity and water content were 
indispensable for dam seepage simulation; chang-
ing curves of conductivity and water content with 
pressure are shown in Figure 2. Confining bound-
ary is adopted for slip plane while variable water 
head boundary was applied to the model.

3.3 Calculation results and analysis

3.3.1 Storage process
Groundwater level will elevate as a result of reser-
voir storage, so this process was simulated using 
the transient method. According to actual condi-
tion, the water level rises from 145 to 175 meters 
within a month, then the water rise speed should be 
1 meter per day. Calculation result using SEEP/W 
module was shown in Figure 3.

All Seepage lines of the dam curve left, which 
illustrates that “backflow” appears inside the 

Figure 1. Calculation model of seepage.

Figure 2. Conductivity and water content curves.

Figure 3(a). Seepage lines during storage process.

Figure 3(b). Seepage lines during drainage process.

landslide mass. Groundwater level rises quickly in 
the initial impoundment period and changes to be 
steady on later stage. Although the landslide mass 
has good conductibility, the variation of ground-
water level was generally delayed relating to that of 
the reservoir level when the reservoir is filling fast.
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3.3.2 Drainage process
It took 180 days for the reservoir level to decrease 
from 175 to 135 meters, and hence the velocity of 
water level drawdown should be 5 meter per month. 
Adopt the same module as in the previous section 
and the result was shown in Figure 4.

As the landslide mass has good conductibility, 
and the reservoir level dropped very slowly, so the 
variation of groundwater level was not so different 
from that of the reservoir level.

4 SLOPE STABILITY ANALYSIS

4.1 WRI analysis

Characteristic of water–rock interaction was 
researched based on coupled stress and seepage field. 
Variation of seepage causes the variation of water 
load, and then lead to the change of stress field.

The same calculation model as previous section 
was applied in this section, and expected prefer-
ences are shown in Table 1.

The calculation showed that the maximum 
principal stress was characterized by compressive 
stress, which increased with the rise in reservoir 
water level and was nearly parallel to the bank 
slope. The minor principal stress varied along the 
bank slope. Also, minor principal stress above the 
sliding surface was greater than that below the slid-
ing surface that may lead to some destruction (see 
Fig. 4). The maximum shear stress decreased with 
the falling of water level and reached the maximum 
at the bottom rear of the dam, so pull apart plane 
may form easily at this point.

4.2 Calculation result during storage process

Traditional limit equilibrium method is adopted by 
SLOPE/W program, and slope stability in this arti-
cle was calculated using the following methods: the 
Janbu method, Bishop method, and Morgenstern–
Price method. The result of storage process was 
shown in Figure 5.

The exported safe factors of the most danger-
ous slip surface were shown in Table 2. The Bishop 

method gave the largest safe factor and Janbu 
method gave the smallest ones, but the variation 
trends of those three methods were similar.

Line graph could describe the variation more 
intuitively (see Fig. 5).

Figure 6 shows that the safe factor decreased 
slowly during storage process, so the stability of the 
landslide will fall down during the rising of the level.

4.3 Calculation result during drainage process

Similarly, the result of drainage process was shown 
in Figure 7 and the variation of safe factors in 
Figure 8.

Figure 8 shows that the stability decreased in the 
first 30 days and then rebound slowly in the follow-
ing 150 days. The cause of the above phenomenon 
was that the gravity and sliding force of the slope 
was aggravated by hydrodynamic pressure. As the 
landslide mass has good conductibility, and the 
reservoir level dropped very slowly, the hydrody-
namic pressure was decreased fast.

Table 1. Coupling analysis parameters.

Parameters
Landslide 
mass

landslide 
bed

Unit weight (KN/m3) 18 26
Deformation modulus (Mpa) 0.03 0.85
Internal friction angle 20° 34°

Figure 4. Distribution of the minor principal stress 
during drainage process.

Figure 5. Calculation result of landslide stability (30 d).

Table 2. Safe factors with different methods.

Time/d M-price Janbu Bishop

 0 1.275 1.179 1.338
 5 1.231 1.143 1.294
10 1.206 1.112 1.261
15 1.187 1.095 1.237
20 1.178 1.083 1.22
25 1.175 1.08 1.218
30 1.175 1.08 1.218
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5 CONCLUSION

Seepage low and WRI were researched first in this 
article and then discussed the distortion- destruction 
mechanism of slope, finally studied the effect to 
bank slope in rising and drawdown of water level. 
Major results can be concluded as follows:

1. Groundwater levels in different lithological 
mediums varied in different speed. Mainly com-
posed of sandstone, the landslide mass has bet-
ter permeability than that of the landslide bed 
which consists mainly of marlstone.

2. The variation of groundwater level was generally 
delayed relating to that of the reservoir level when 
the reservoir is filling fast. While, the variation of 
groundwater level was not so different from that 
of the reservoir level during the drainage process.

3. Due to the sudden rise and slow fall of the water 
level, rising water level gave a more obvious 
effect on the bank slope than those in decreas-
ing of the water level.

4. The stability of the landslide fell down during 
the rising of the level, and fell down at first and 
then rise during the falling of the level of style is 
very important. Note the spacing, punctuation 
and caps in all the examples below.
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ABSTRACT: To meet the needs of scientific calculation of subsidence caused by dewatering of pit, on 
the basis of the previous work and fully integrated with numerical simulation technology, the scientifical-
ness of Area Sink Method (ASM) in calculating subsidence is studied theoretically, and numerically real-
ized by PM software, which is especially focused on. Then, by a set of numerical examples, the subsidence 
caused by dewatering is calculated by ASM, and by comparing with sophisticated Point Well Method 
(PWM), the accuracy and efficiency of ASM are analyzed. Finally, the applicability and practicability of 
ASM in calculating subsidence caused by dewatering is summarized systematically.

Keywords: dewatering of pit; subsidence; PWM; ASM

and calculations. On one hand, the extent of mod-
els is always very large, which are dependent on 
the radius of influence, sometimes 1000 meters 
or even more. On the other hand, the spacing of 
wells is very small, which is usually between 6–8m. 
So, in order to accurately characterize the dewa-
tering condition, the model should be divided into 
many meshes, which will increase numerical cal-
culations, or even make convergence difficulties. 
2) Drainage of aquifer. As it is known, the WELL 
module in PM cannot model drainage of aquifers 
with the water table declining near to the bottom 
of the aquifer, WELL module will stop working, 
and numerical calculation of the drawdown will be 
wrong, thus making numerical errors in modeling 
the subsidence with IBS according to the principle 
of effective stress.

The two problems in the WELL module above 
greatly retarded further popularized PM in mod-
eling subsidence. So some simplification of wells in 
pretreatment is very important, which will improve 
the efficiency of numerical calculation as highly 
as possible, under the premise that the accuracy is 
enough for engineering evaluation.

Recently upon previous work, with system-
atical numerical tests, Wang Junhui (2015) has 
introduced an equivalent method called Area Sink 
Method (ASM) to approximate wells for calculat-
ing discharge rate of put-upon which a series of 

1 INTRODUCTION

Calculation of subsidence induced by dewatering 
of pit is a classical problem in geotechnical engi-
neering. In some guides or standards, it is required, 
and the most popularized method is called Layer-
Wise Summation Method (LSM), but LSM is too 
idealized to analyze more complex problems, such 
as dewatering through multilayered aquifers or 
dewatering under cut-off  walls, or some unsteady 
problems, etc. In order to solve the problems 
beyond LSM, numerical method becomes more 
and more necessary.

With the development of numerical method, 
especially in the field of regional subsidence 
induced by widespread exploitation of groundwa-
ter for water resource, many complex problems can 
be accurately modeled by softwares, the most pop-
ularized one of which is Processing Modflow (PM) 
which has two unique modules: WELL (Point Well 
Method, abbrev PWM) and IBS (inter-bedded sys-
tem ). In the recent 10 years, PM has tried to model 
subsidence induced by dewatering in pits, but only 
the simple problem can be accurately modeled, 
such as dewatering in single aquifer without cut—
offs. With the development of deep pits, PM is 
faced 2 major difficulties in modeling subsidence 
induced by dewatering with the module Well as 
follows: 1) Multiscale problems in  pretreatments 
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valuable conclusion has been made. Can wells also 
be treated by ASM approximately in modeling sub-
sidence induced by dewatering? (Some mathemati-
cal derivation and systematical numerical tests has 
been done from which the efficiency of simulation 
for subsidence with ASM is proved and tested.

2 MATHEMATICAL THEORY

2.1 Mathematical deduction

As it is shown in the Figure 1, the dewatering 
domain is Ω1, whose boundary is Γ1 (slightly larger 
than the pit), inside which dewatering is carried 
out, and the required drawdown is sd(x, y), which 
is also called designed drawdown. Ω2 indicates the 
model domain, whose boundary is Γ2.

On curve Γ1, a group of wells are assigned, 
the flow rate of the well i (i = 1, 2, 3 … n) is Qi 
correspondingly.

With PWM, a drawdown distribution approxi-
mately designed to drawdown can be derived, thus

s y s x y x yP
d( ,x ) (sd )y) ∈x yx(sd , )y Ω1  (1)

where sp(x, y) indicates distribution of drawdown 
by PWM; sd(x, y) indicates distribution of designed 
drawdown for dewatering.

And with AWM, whose flow rate is q(x, y) 
(shown as the dashed area in Fig. 1), another draw-
down distribution approximated to the designed 
drawdown can also be derived, thus

s y s x y x yA
d( ,x ) (sd )y) ∈x yx(sd , )y Ω1  (2)

where sA(x, y) indicates the distribution of draw-
down by ASM.

By using formulas (1) and (2), we can derive 
that,

s y s x y x yA Py( ,xx (sP )y) ∈x yx(sPs , )y Ω1ΩΩ  (3)

For convenience, a new function on Ω2 is just 
introduced as follows:

F y s x y s y x y( ,x ) (s )y)y ( ,x ) ,x−x(s )yP Ax s( )y ∈Ω2  (4)

With (3) and (4), the following can be 
concluded:

F y x y( ,x ) ,x ∈y,x Ω1  (5)

As it is known, the contribution of any well 
QI to an arbitrary point (x, y) in Ω2 has the same 
mechanism, so the mathematical formula of sp(x, 
y) is identical throughout Ω2. According to the 
principle of superposition, sA(x, y) by ASM can be 
regarded as the results of superposition by innu-
merable imaginary point wells, from which it can 
be concluded that the formulation of sA(x, y) is 
also identical on Ω2. Upon above deduction, it can 
be derived that the formulation of function F(x, y) 
is identical throughout Ω2.

Upon above discussion and according to (5), 
F(x, y) is a constant function equal to zero, thus

F y x y( ,x ) ,x ∈y,x Ω2  (6)

With (4) and (6), it can be derived as

s y s x y x yA Py( ,xx (sP )y) ∈x yx(sPs , )y Ω2  (7)

According to principle of effective stress and (7), 
it can be concluded that the subsidence calculated 
by PWM and ASM is identical theoretically, thus

sub y u x y x yA Px y( ,xx (ubub , )y , ∈Ω2  (8)

where subP(x, y) indicates distribution of subsid-
ence by PWM; subA(x, y) indicates distribution of 
subsidence by ASM.

2.2 Numerical solutions by PM

In the software PM,[12] , there are some modules that 
can be used as ASM indirectly by setting appropri-
ate parameters, such as Drain and Evaporation.

1. With module Drain
In the module Drain, in order to make the 
designed water level after dewatering, approach-
ing the Elevation of drainage, the calculation of 
the distribution of Drain hydraulic conduct-
ance can be made, from which subsidence can 
be easily calculated.

2. With module Evaporation
By setting Elevation of the ET surface as the 
bottom of aquifer, ET Extinction Depth at 
0.5–1.0m below the bottom of pit, adjusting Figure 1. Sketch map of ASM and PWM.
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the value of the maximum ET rate the calcu-
lated water level approaches the designed water 
level.

3 NUMERICAL TEST

3.1 Project overview

There is a square pit with the scale of 50m × 50m, 
and the depth of its bottom is 30m.

The elevation of site is 25m, there exists a con-
fined aquifer between the depth of 15–40m, whose 
lithology is fine sand, hydraulic conductivity is 
50m/d, specific storage is 0.0001/m, specific yield 

is 0.12, radius of influence is 400m, and the depth 
of water level is 5m.

In the dewatering schedule, 112 tube wells are 
arranged, the spacing of wells on the edges and 
inside of the pit is 8m and 40m respectively, and 
the elevation of designed water level is 6m.

In order to evaluate the subsidence induced 
by dewatering, PWM and ASM are applied, 
respectively.

3.2 Pretreatment and efficiency of PWM 
against ASM

PWM and ASM are implemented by the module 
Well and the module Drain, respectively. Accord-
ing to radius of influence and the scale of the 
pit, the model domain is defined as a square of 
1000m × 1000m. In order to ensure the accuracy 
and efficiency of calculation, the density of grids 
should be high near the pit and low far away from 
the pit.

As it is known, the tube well should be located 
accurately in PWM, so the spacing of tube well 
should be as small as possible near the pit, the 
smallest of which is within 2m, the total number 
of grids in PWM is 158 × 158 as is shown in 
 Figure 3(a). While the geometrical characteristic in 
ASM is much more simple than PWM, the spacing 
of tube wells can be enlarged properly, the spacing 
of grids near the pit is 10m, the total number of 
grids is 62 × 62, which is only 15% of PWM, as is 
shown in Figure 4(b).

Since the number of grids in ASM is much lesser 
than that of PWM, so, in theory, the efficiency of 
calculation by ASM is much higher than by PWM. 
From the unsteady dewatering numerical tests 
with 200 steps, it is found that, the calculation time 

Figure 2. Sketch map of relationship between wells dis-
tribution and the pit.

Figure 3. Preprocessing of PWM and ASM (P1 to P8 indicates the reference points from the borderline of pit to 
outward).
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Figure 4. Dynamic curve of subsidence calculated by PWM versus ASM.

 consumed by PWM is 75 seconds, while the calcu-
lation time consumed by ASM is only 6 seconds, 
from which it can be also concluded that the effi-
ciency of calculation by ASM is much higher than 
by PWM.

3.3 Errors between PSM and ASM

Figure 4 shows the subsidence calculated by ASM 
and PWM, at different distance from the pit edge.

From Figure 4, you can see that nearer to the pit 
more errors between PWM and ASM are found. 
With the distance from pit increasing, the calcula-
tion results by ASM approached to that by PWM.
(P5 and P6).

In fact, the final subsidence is more significant 
for engineering, while the maximum relative error 
of final subsidence is calculated by ASM to PWM 
within 10% (Fig. 4), so the accuracy of ASM is suf-
ficient for engineering.
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4 CONCLUSION

By the deduction and numerical tests, ASM is 
more efficient in calculating subsidence induced by 
dewatering of pit than PWM, under the premise of 
sufficient accuracy for engineering.
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ABSTRACT: Comparisons between the hyperbolic model and exponential model prediction effect 
have been made and the exponential model is selected to analyze P-S curve of rock anchor test data. 
 Ultimate bearing capacity of anchor is predicted by exponential model firstly then the bond strength of 
rock anchor is calculated and these results are classified according to the hardness degree of rock. It is 
shown that bond strength of rock anchor recommended in the code is larger than 20% the statistic on the 
soft rock condition and both are in agreement on the hard rock condition.

Keywords: exponential model; rock anchor; bond strength; statistic

2 COMPARISON FOR MATHEMATICAL 
MODEL

p-s curve of rock anchor and pile to be similar 
and include the fallow stages: elastic stage, elastic-
 plastic deformation, damage evolution. It is usually 
to fit the p-s curve of pile by hyperbolic model and 
exponential model. Hyperbolic model and expo-
nential model is used to describe the p-s curve of 
rock bolt in this paper and according to the basic 
experimental data of an engineering project to the 
discussion of the applicability of the two models.

2.1 Hyperbolic model

Assume that p-s curve accords with hyperbolic 
equation.

p s
as b

=
+

 (1)

p is the load (kN), s is the anchor displace-
ment (mm), and a and b are the fitting parameters. 
 Ultimate bearing capacity is as follows:

P S
aS b auPP

s
=

+
=

→∞
lim 1  (2)

Assuming that y = s/p, x = s, after transforma-
tion to get the linear equation:

y ax b= ax  (3)

Using the least squares fitting, can calculate 
parameters a, b.

1 INTRODUCTION

Rock anchor is widely used in excavation pit sup-
porting, slope reinforcement, underground anti-
floating structures, and other projects.

It is required to determine the ultimate bearing 
capacity according to anchor rod pull-out test for 
building foundation design level in grade A and 
according to specification recommended value of 
the bond strength between the mortar and rock 
for other grades. The core issue of the engineering 
design reasonably determines the bond strength 
between the mortar and rock. Existing specifica-
tions recommended by the characteristic value of 
bond strength between mortar and rock recom-
mended are relatively general, and brought the 
security risks to engineering application. It is nec-
essary to get a more reasonable and reliable value 
of experience by statistically analyzing the bond-
ing strength between mortar and rock through a 
lot of experimental data in different geological 
conditions.

It costs a lot of time and money to get the rock 
anchor ultimate bearing capacity by destructive 
test.

As an alternative, reasonable theoretical model 
can be chosen to fit the rock anchor inspection 
p-s curve and forecasting the ultimate bearing 
capacity of  rock anchor in practical application 
and theoretical analysis, due to the rock bolt 
destructive testing data is scarcer than acceptance 
test data. Then the bond strength between mortar 
and rock in different geological conditions can 
be calculated inversely. The results of  inversion 
calculated can be used in improving the exiting 
standards.
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2.2 Exponential model

Assume that p-s curve accords with exponential 
equation.

P PP ( )eas−maPP x  (4)

Pmax is the solvable load of rock anchor (kN); 
a is the subsidence attenuation factor (mm−1); 
unknown parameters Pmax and a can be determined 
by computer analyzing the pull-out test data, mat-
lab n l in fit function was used to write the corre-
sponding program.

After confirming the Pmax and a can be plugged 
into our index equation and get the fitting p-s 
curve equations. The ultimate bearing capacity Pu 
of  the pile can be to write as follow according to 
( )Δ ≥Δ mm KNΔΔΔ 0 1. .

P P auPP −PmaPP x 10  (5)

2.3 Comparison of the model results 
and measured data

Reinforced pull-out rock bolt was set in a 2-layer 
bottom central in the anti-floating design on the 
Guangzhou Pearl river new town core area of 

municipal traffic projects. Medium and weakly 
weathered rocks anchor the body. The anchor hole 
diameter is 150 mm, anchor length is 6 ∼ 15 m, 
All the rod material is 428 steel. The engineering 
rock anti-floating anchor test measured data was 
used to fit the hyperbolic model and exponential 
model respectively to predict the ultimate bear-
ing capacity and test the applicability of the two 
 models. Comparison results are shown in Table 1 
and Figures 1–5.

The ultimate bearing capacity is determined by 
assuming that the values of the displacement are 
at infinity for the hyperbolic model, so do not tally 
with the actual project and affect the fitting preci-
sion of the hyperbolic model. The result of predict-
ing the ultimate bearing capacity of the rock bolt 
is not ideal by using the hyperbolic model, error in 
the range of 20% ∼ 30%. Exponential model fitting 
precision of rock bolt bearing capacity is accurate; 
the error is very small, in the range of 3% ∼ 13%.

3 STATISTICAL ANALYSIS OF ROCK 
BOLT PULLING TEST DATA

The upliftment bearing capacity’s characteris-
tic value can be calculated according to the bond 

Table 1. Comparison between two models prediction effect.

Bolt Measured/kN Exponential/kN Error/% Hyperbolic/kN Error/%

1# 771.6 808.2 4.7 955.5 23.8
3# 900.2 1013.0 12.5 1166.3 29.6
4# 771.6 863.1 11.9 973.9 26.2
5# 900.2 928.1 3.1 1097.0 21.9
6# 771.6 867.2 12.4 970.2 25.7

Figure 1. Assessing fit of 1# anchor. Figure 2. Assessing fit of 3# anchor.
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strength between the cement mortar or concrete 
and rock anchor, its formula is:

R l ft iRR ll iff= ∑dddddddd  (6)

fi is the bond strength characteristic value 
between the cement mortar and concrete rock 
 layers i (kPa). d1 is the anchor diameter (mm). li is 
the length of anchoring section.

The exponential mathematical model was used 
to fit the rock anchor rod pull-out test p-s data 
according to the previous conclusions and predict 
the ultimate bearing capacity of the rock bolt, 
thus get fi values according to the calculated by 
formula (6). 380 bolts testing data in 38 projects 
were selected to analyze, including 160 anchors in 
soft rock geology, 93 anchors in less soft rock geol-
ogy and 127 anchors in hard rock geological.

Numerous experimental data were statistically 
analyzed by writing a batch program in Matlab and 
get the distribution of bond strength characteristic 
value between the cement mortar or concrete and 
rock. As shown in Figures 6–8. The bond strength 
of rock anchor can be gained by getting in the cor-
responding 90% cumulative frequency.

As can be seen from the Figure 6, for soft rock 
geology, rock bolt bond strength of mortar or con-
crete are mainly distributed in less than 210 kN 
area, which accounts for 90.63% of the total. It is 
suggested that bond strength of rock bolt mortar 
can be assigned a value in 110 ∼ 160 kPa for the 
middle weathered soft rock and assigned a value in 
110 ∼ 160 kPa for the lightly weathered soft rock.

As can be seen from the Figure 7, for less soft 
rock geology, rock bolt bond strength of mortar or 
concrete are mainly distributed in less than 330 kN 
area, accounting for 89.25% of the total. It is sug-
gested that bond strength of rock bolt mortar can 
be assigned a value in 180 ∼ 230 kPa for the middle 
weathered soft rock and assigned a value in 230 ∼ 
330 kPa for the lightly weathered soft rock.

Figure 3. Assessing fit of 4# anchor.

Figure 4. Assessing fit of 5# anchor.

Figure 5. Assessing fit of 6# anchor.
Figure 6. Histograms of bond strength of rock anchor 
on soft rock condition (160 anchors).
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Table 2. Comparison between bond strength of rock anchor recommended in the code and statistic.

Stiffness Representative Weathered
Code 
value (kPa)

Statistics 
(kPa)

Soft rock Mudstone Middle weathered 
Lightly weathered

150∼200
200∼250
200∼250
250∼400

110∼160
160∼210
180∼230
230∼330

Less soft 
rock

Tufa Middle weathered 
Lightly weathered

Hard rock Granite Middle ∼ lightly weathered 400∼600 400∼600

Figure 7. Histograms of bond strength of rock anchor 
on less soft rock condition (93 anchors).

Figure 8. Histograms of bond strength of rock anchor 
on hard rock condition (127 anchors).

As can be seen from the Figure 8, for hard rock 
geology, rock bolt bond strength of mortar or con-
crete are mainly distributed in less than 600 kN 
area, accounting for 89.75% of the total. It is sug-
gested that bond strength of rock bolt mortar can 
be assigned a value in 400 ∼ 600 kPa for the hard 
rock.

4 CONCLUSION

The appropriate mathematical model was selected 
in this paper to statistically analyze the rock 
bolt acceptance test data and get the following 
conclusion:

1. Described by the exponential model of rock bolt 
p-s curve to predict the ultimate bearing  capacity 
is feasible, small error and good stability, meet-
ing the precision requirement in engineering 
and providing the convenient for researching 
the bond strength of the rock anchor.

2. The bond strength of mortar or concrete and 
rock can be back calculated by the exponential 
model to predict the ultimate bearing capacity 
of anchor. The statistical results show that in 
the soft rock and less soft rock geological con-
ditions, specification recommends value is 20% 
larger than the statistics, the specification values 
match the statistics suggested in hard rock geo-
logical conditions.

Results in this paper have been submitted to 
the standard specifications for design of building 
foundation of Guangdong province DBJ (15-31-
2003) revised group for reference.
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Particle breakage characteristics of calcareous sand under P-wave
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ABSTRACT: Calcareous sand is a special marine geotechnical medium that exhibits interesting physical 
and mechanical properties resulting from its composition and structure. Calcareous sand particles are 
fragile and irregular and thus, may break under common stress such as the overpressure from an explo-
sion in a nearby field. In the current paper, the particle breakage characteristics of calcareous sand under 
explosion were studied through mini-explosion experiments and the measurement method of Hardin 
was adopted to estimate the degree of particle breakage. The results show that calcareous sand exhibits 
strong absorption and attenuation effects on the P-wave because of its particle breakage characteristics. 
The relative degrees of particle breakage of the calcareous sand are 0.532, 0.217 and 0.06, at the distance 
from blasting source center position 5 cm, 10 cm and 15 cm. Many particles were broken near the blasting 
zone. The broken, compress, and damage zones are formed, which consume most of the energy and result 
in an increase in the attenuation effect. Through theoretical calculations, the energy for the formation of 
the broken, compress, and damage zones is found to consume 25% of the total energy.

Keywords: marine geotechnical medium; calcareous sand; P-wave; particle breakage; relative degree

Chao-min et al. (2010)[10]. These studies can be 
classified into two categories, namely, the experi-
mental method and numerical simulations. The 
experimental method obtains the relationship 
between the material medium parameter and the 
explosion load. For example, different densities, 
grain compositions, and sand saturation exhibit 
different characteristics in response to explo-
sions. On the other hand, numerical simulations 
are mostly performed by establishing physical 
models based on experimental test results and 
then using the ANSYS/LS-DYNA software to 
imitate the explosive process[12]. Studies on the 
dynamic response characteristics of  calcare-
ous sand under explosion are rare. Hence, the 
conduct of  research on this field is necessary. 
Understanding the explosion compression wave 
propagation and attenuation can provide basic 
information for engineering constructions. In 
the current paper, the explosion compression 
wave propagation of  calcareous sand would be 
examined through indoor explosion experiments. 
In addition, the particle breakage characteristics 
would be analyzed.

2 EXPERIMENT MATERIAL

The calcareous sand used in this experiment was 
sampled from China Nansha Islands. The physical 
parameters were determined and a granulometric 

1 INTRODUCTION

Calcareous sand is a special marine geotechnical 
medium composed primarily of calcium carbonate. 
The special sedimentary environment of calcare-
ous sand, particularly its deposition process which 
does not involve long-distance transport, resulted 
in the preservation of the small pores in the origi-
nal skeleton[1–2]. Studies have shown that the irregu-
lar shape and particle breakage characteristics of 
calcareous sand account for its engineering proper-
ties, which are significantly different from those of 
other terrestrial sand[3–5].

At present, docks, airport runways, collecting 
tanks, and other kinds of civil and military infra-
structures are constructed on coral reefs because 
of necessity, as well as for protection and the 
development of marine resources. These infra-
structures potentially cause accidental and man-
made explosions. Thus, studies on explosion safety 
and protection for these buildings are becoming 
increasingly significant.

Calcareous sand is the most common mate-
rial medium on coral reefs, and its mechanical 
properties significantly affect the propagation 
and attenuation of  the explosion wave. In recent 
decades, extensive studies on the dynamic char-
acteristics of  terrestrial sand or soil have been 
conducted. For example, Gohl W.B. et al. (2000)[6], 
Dontsov V.E. et al. (2001)[7], WANG Ming-yang 
et al. (2002)[8], Qu Jun-tong et al. (2006)[9], MU 
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analysis experiment was conducted prior to the 
indoor explosion experiment. The results show 
that 50% of the particles have sizes larger than 
0.5 mm, and the non-uniform coefficient is 7.83, 
indicating that the samples could be classified as 
coarse sand. Table 1 and Figure 1 show the detailed 
physical properties of the calcareous sand and the 
results of the granulometric analysis experiment, 
respectively.

3 MEASUREMENT OF PARTICLE 
BREAKAGE

A previous study has shown that soil particles are 
incompressible, and that soil deformation results 
from the reduction of gas and water in the soil 
pores and the recombination of soil particles. The 
study also showed that the intensity theory is based 
on the friction and slippage between soil particles.

However, experiments showed that soil parti-
cles may partially or wholly break when they are 
subjected to stress from an external force greater 
than their own strength. Calcareous sand particles 
are fragile and irregular and thus, may break under 
common stress such as the overpressure from an 
explosion in a nearby field, which can exceed up to 
several hundred MPa. As such, the strong impact 
can cause a large number of calcareous sand par-
ticles to break.

After the explosion experiments, the samples 
were obtained from the area 5 cm to 20 cm from 
the blast center. Granulometric analysis was then 
conducted, and a granulometric analysis curve 
before and after the explosion was drawn. The cal-
careous sand particle breakage characteristics were 

also described, and the measurement method of 
Hardin (1985) was adopted to estimate the degree 
of particle breakage of calcareous sand under 
an explosion. Finally, the value of the explosion 
energy loss in forming the crush, compression, and 
damage zones of calcareous sand were calculated.

4 TEST RESULTS

After the explosion experiments, the samples 
obtained at 5 cm, 10 cm, and 15 cm from the center 
of the explosion were subjected to granulometric 
analysis, and the granulometric analysis curve 
before and after the explosion was drawn. The 
results are shown in Figure 2.

Table 1. Physical properties of calcareous sand.

D60 (mm) D30 (mm) D10 (mm) emax emin ds

0.876 0.579 0.112 1.405 0.766 2.76

Figure 1. Granulometric analysis of calcareous sand.

Figure 2. Granulometric analysis results of the samples 
at different distances.
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In the examination of the particle breakage 
characteristics, many different methods of measur-
ing the degree of particle breakage were proposed 
based on the study objectives. These methods are 
mostly empirical. In the current paper, the meas-
urement method of Hardin (1985) was used to 
estimate the degree of calcareous sand particle 
breakage under explosion. This model proposed 
the concept of breakage potential by assuming that 
0.074 mm is the minimum particle breakage size 
and is greater than the size of all particles, which 
have varying degrees of potential for breakage.

b
D

pb =
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
log

.10 0 074
mm

mm  
(1)

where D is the particle size, and when D < 
0.074 mm, bp = 0.

For the samples, the potential for breakage (Bp) 
is defined as follows:

B b dfp pB b∫0∫∫
1

 
(2)

For the tests before and after the break, the 
overall potential for fragmentation or the overall 
potential for breakage is defined as Bt, as shown 
in Eq. (3).

B dfddtBB ( )b bpb o pb l−b∫0∫∫
1

 
(3)

where bpo and bpl are the potential for break-
age before and after the explosion, respectively. 
 Meanwhile, Br is defined as the relative degree of 
particle breakage, as expressed in Eq. (4).

B
B

BrB tBB

poB
=

 
(4)

The relative degrees of particle breakage 
of the calcareous sand at different distances from 
the center of the explosion can be obtained from 
the results and are presented in Table 2.

A large number of calcareous sand particle 
breakage occur within a certain range, especially 
near the explosion site, which result in the forma-
tion of the crush, compression, and damage zones. 
An immense energy blast is consumed during the 
formation of these regions, and the explosive stress 
wave propagation is also affected.

5 CALCULATION OF THE ENERGY LOSS

The total chemical energy of the blasting agent for 
the experiment can be expressed as follows:

E mQ0EE  (5)

where E0 is the total energy released by the blasting 
agent, m is the quality of the blasting agent, and 
Q is the detonation heat of the unit plastic blast-
ing agent, which is the constant (3.545 kJ/g) for the 
current experiment.

Some assumptions are made to simplify the 
calculation process, such as the spherical shape of 
the broken, compress, and damage zones. There-
fore, the relationship of  the energy conserva-
tion for a one-dimensional blasting wave can be 
expressed as

e
p

e
p

+ +
p ( )D u = +e + ( )D uD
ρ ρ

( )1
2

1
2

2
0

0

0ρ
2

 
(6)

where e0, p0, ρ0, and u0 and e, p, ρ, and u are the 
internal energy, pressure, density, and velocity of 
the mass point before and after the action of the 
blasting wave, respectively. D is the propagation 
velocity of the shock wave front, and v = 1/ρ. The 
energy relationship between the energy and the 
unit volume change can then be derived as

Δe
p

E
( )p p+p ( )v v+ ≈ ( )+1

2
3(

2
)(v v+

2

0

))
ρ00  

(7)

where γ and E are Poisson’s ratio and the elastic 
modulus, respectively, where as p is the stress wave 
attenuation formula in calcareous sand. Eq. (7) can 
then be rearranged as follows:

Δe Q R(( )32 3
2 95

/Q R(3
.

 
(8)

Therefore, the energy consumed by the com-
pression zone can be expressed as

e e Rd
1
2

4
3

3Δ π ρRRdR 3

 
(9)

where Rd is the radius of the compression zone.
The calculated total energy of the blasting agent 

and the consumed energy from the broken, com-
press, and damage zones are shown in Table 3.

A previous study has shown that the consumed 
energies for the broken, compress, and damage 
zones are 8∼15% of the total energy for rock and 
cement material, but the value is approximately 
25% for calcareous sand. These results indicate 
that particle breakage consumes a large amount of 

Table 2. Br at different distances from the center.

Distance (cm) 5 10 15

Br 0.532 0.217 0.06
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blasting energy that can lead to the formation of 
these zones and the increased attenuation of the 
compression wave.

6 CONCLUSIONS AND DISCUSSIONS

The particle breakage characteristic was analyzed 
through indoor explosion experiments, main con-
clusions are summarized as follows:

1. Calcareous sand is a special marine geotechni-
cal medium. Exploring saturated calcareous soil 
explosion compacting mechanism and effect 
through the experimental study have great theo-
retical and practical significance to engineering 
construction in calcareous soil area.

2. A large number of calcareous sand particle 
breakage occur within a certain range, especially 
near the explosion site, which result in the for-
mation of the crush, compression, and damage 
zones. An immense energy blast was consumed 
during the formation of these regions, and 
the explosive stress wave propagation was also 
affected. The results show that relative degrees 
of particle breakage of the calcareous sand 
are 0.532, 0.217 and 0.06, at the distance from 
blasting source center position 5 cm, 10 cm and 
15 cm.

3. Under the effect of a blasting load, many 
particles were broken near the blasting zone. 
The broken, compress, and damage zones are 
formed, which consume most of the energy and 
result in an increase in the attenuation effect. 
Through theoretical calculations, the energy 
for the formation of the broken, compress, and 
damage zones is found to consume 25% of the 
total energy.
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Parameter sensitivity analysis of marine steel pipe pile in sandy soil 
foundation based on p-y curve method
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ABSTRACT: Each parameter of pile and soil in marine sandy soil foundation is analyzed based on 
p-y curve method, including qualitative analysis and quantitative analysis. With engineering design index 
such as the displacement and deflection slope of pile top, max moment and max shear of pile shaft, 
max soil pressure to judge standard, we distinguish the sensitivity factors and the non-sensitivity factors. 
Research conclusions are as follows: the internal friction angle ϕ and the bending stiffness EI of  pile are 
sensitivity factor, the effective unit weight γ is moderate sensitivity factor, and the effective unit weight 
γ is relative insensitive factor. Research results can provide beneficial reference for engineering surveyors 
and designers.

Keywords: sandy soil foundation; pile and soil interaction; p-y curve method; parameter sensitivity

from loose to close-grained is complex. Their 
mechanical property is the key to influence the 
survey and design of pile foundation engineering. 
Statistical analysis and reading values of the shear 
strength parameters are more important. The 
parameters of p-y curve method also are crucial. 
However, the discussion of the content and 
research are few reported so far. All these are mat-
ters worthy of attention.

Only after the sensitivity of the pile foundation 
design index have been confirmed and obtained will 
the engineers of in-situ test and indoor experiments 
be granted access to hold the key of the problem. 
No matter from sampling, sample preparation, 
transport, in situ test, indoor test and parameter 
statistics, all should be strictly implement the rel-
evant regulations, and striving for accuracy.

2 CALCULATION METHOD

In the conventional engineering design, the 
mechanical responses of pile foundation under 
the load combination are commonly used as the 
design indexes, such as the deflection at pile top or 
at the mudline, deflection slope of pile, maximum 
bending moment, maximum shear force, and the 
maximum soil pressure. The p-y curve method and 
its principle with sandy soil foundations are shown 
in the reference [3]. Based on the p-y curve method, 
assume that the soil reaction p is the function of 

1 INTRODUCTION

Coastal and offshore engineering including harbor 
and wharf engineering, breakwater engineering, 
offshore drilling platform engineering, offshore 
wind farm engineering, anti-collision pier engi-
neering and so on, these structures are supported 
by pile foundation subjected to horizontal load 
performance. The horizontal load performance is 
the control factor to design those pile foundations. 
The pile foundations can bear part of the action 
of horizontal loading, and the soil around the pile 
can also bear the rest action of loading. The com-
binations of pile-soil interaction mechanical prop-
erties have the ability to resist the whole horizontal 
deformation of the pile body [1, 2].

The internationally recognized effective analysis 
method of pile foundation with large deformation 
is the p-y curve method; this method has been used 
widely by the American Petroleum Institute (API) 
and Det Norske Veritas (DNV) [3, 4]. p-y curve 
analysis method is also used by the Chinese standard 
code for Specifications for offshore Platform Engi-
neering Geology investigation (GB/T 17503-2009) 
and the industry standard for Code for Pile Founda-
tion of Harbor Engineering (JTS 167-4-2012) [5, 6]. 
The method can better simulate the response of piles 
and soil elastic-plastic development process.

At the offshore engineering site in the southeast 
of the yellow sea in China, shallow strata have a 
wide range of sand distribution; state of structure 
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the pile depth z and the pile deflection y, the func-
tion is shown as p = p (z, y). At the same time, the 
both side of pile at the unit dz are respectively dis-
tributed load q(z) and soil counterforce p (z, y), 
and the shear force in the cross section of pile is S, 
bending moment is M. For the balance of the unit 
dz, the sum of the horizontal force should be zero. 
Therefore, the following equations can be derived:

( , ) ( )S) p z( y d)) z d) zdd) − ( ,p( y) = 0  (1)

dS
dz

p y q z= p y( ,zz ) (q )
 

(2)

S
dM
dz

=
 

(3)

dS
dz

d M
dz

p y q z= =
2

2 ( ,z ) (q )
 

(4)

According to the mechanics of materials, the 
symbols of second order differential d2y/dz2 and 
bending moment M are opposite, so it can be con-
cluded that the bending moment differential equa-
tions as follows:

EI
d y
dz

M
2

2 = −
 

(5)

where E is elasticity modulus, I is geometrical 
moment of inertia, and EI is the bending stiffness 
of pile.

EI
d y
dz

p y q z
4

4 = − ( ,z ) (q+ )
 

(6)

The equation (6) is the deflection differential equa-
tion of pile in the soil foundation. For general struc-
ture foundation under the horizontal load effect, the 
interface between soil and pile has the trend of sepa-
rating, at the same time, the cohesion force between 
pile and soil is smaller than the effect force in the 
direction of attack, so it can be generally assumed to 
q(z) = 0, so the equation (6) can be expressed as:

EI
d y
dz

p y
4

4 0+ ( ,z ) =
 

(7)

Regardless of the soil foundation is elastic or 
inelastic, the deflection differential equation (7) is 
always founded.

According to each division point deflection y 
of pile body, the rest indexes including the bend-
ing moment M, the shear force S, deflection 
slope St and the soil pressure R can be obtained 
from deflection at any unit of pile, which can be 
expressed as follows:

EI
d y
dz

M
2

2

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
=

 
(8)

where z is depth of calculation point, and y is 
deflection of pile at the depth z.

EI
d y
dz

S
3

3

⎛
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(9)
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dz

StSS=
 

(10)

EI
d y
dz
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4
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⎛

⎝⎜
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⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
=

 
(11)

It can be programmed through the above rela-
tions to obtain the design indexes.

3 ANALYSIS SCHEME

Take a large diameter steel pipe pile in offshore 
sandy soil ground for an example. The pile diameter 
D = 1.2 m, pipe thickness t is 19 mm, the height of 
the pile above the mud line H is 7.9 m, the depth 
of pile under the mud line L is 45 m, the bending 
stiffness of pile EI = 2.46 × 106 kN/m2, soil effec-
tive unit weight γ = 9 kN/m3, and internal friction 
angle of soil ϕ = 35°. Under the horizontal load 
F = 400 kN at the top of pile, the deflection of pile 
top is 13 mm, and the maximum bending moment 
of pile is 3700 kNm. Based on the p-y curve method, 
through calculation and analysis, the pile top deflec-
tion y = 14.7 mm, the maximum bending moment 
M = 3880 kNm. These design indexes of pile under 
different horizontal loads are shown in Figure 1. 
In addition, the calculation result is basically cor-
responding to the measured value. Therefore, the 
computational results show that the method and the 
program we developed are correct and available.

In order to make the sensitivity analysis on some 
parameters under different horizontal loads, we 
develop the analysis scheme. The load changes at 
the range of 50 kN to 400 kN under different inter-
nal friction angles ϕ of  sandy soil. The reference 
value of ϕ is set to be 35°, the corresponding design 
indexes can be obtained respectively according to 
the increment of 50%, −50% and −70% (corre-
sponding to the internal friction angles ϕ = 52.5°, 
17.5° and 10.5° respectively).

For the sandy soil parameters ϕ, γ and pile struc-
ture parameter EI, we use the reference values men-
tioned above to fluctuate 20% and 5% interval as 
calculating parameters. Therefore, the sensitivity 
analysis of a certain parameter is made when the rest 
parameters are constant, so it can be to determine 
the quantitative influence of each single parameter.
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4 ANALYSIS RESULTS

The curves of pile design indexes under different 
internal friction angles and different horizontal 
loads are shown in Figure 2. From the curves, we 
can easily and clearly to obtain the rules. Under the 
same increase and decrease amplitude, the shapes 
of curves are significantly different. The sensitivity 
of internal friction angle to the deflection is greater 
than the maximum bending moment of pile.

Parameter sensitivity analysis curves of sandy 
soil and pile structure are shown in Figure 3 

Figure 1. Design indexes of pile under different hori-
zontal loads.

Figure 2. Design indexes of pile with different internal 
friction angles of sandy soil and horizontal loads.

Figure 3. Parameter sensitivity analysis curves.
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and Table 1. Within ±20% of internal friction 
angle, the maximum horizontal deflection at pile 
top is in −18.37%∼23.00%. In the meantime, the 
changing of the slope at pile top are similar to the 
deflection, it is about −17.61%∼19.22%.

The biggest impact of indexes is the maximum soil 
pressure, and its maximum amplitude value can reach 
35.00%. In terms of internal friction angle, the influ-
ence of effective unit weight is reduced. Therefore, 
for the sandy soil, we can determine that the internal 
friction angle is sensitive factor, and the unit weight 
is relative less sensitive factor.

In addition, for the deflection and slope at pile 
top, the bending stiffness EI is sensitive factor, 
the change range is 12.60%∼17.70%. However, 
for the design indexes shear force and bending 
moment, EI is the relative less sensitive factor, the 
change amplitude is less than 5%.

5 CONCLUSIONS AND DISCUSSIONS

Through the parameter sensitivity analysis of 
marine sandy soil and pile, main conclusions are 
summarized as follows:

1. Through the design indexes of pile foundation 
as the judgment standard, the parameter sensi-
tivity analysis results are more clearly, the con-
clusions can provide a reference for engineering 
survey and design engineer directly.

2. The sensitivity factors and less sensitivity fac-
tors studied are distinguished. Among them, 
internal friction angle ϕ of  sandy soil is the most 
critical parameter, and pile bending stiffness EI 
is basically as important as ϕ. At the same time, 
effective unit weight γ of  sandy soil is relatively 
less critical, but it also has major impact.

3. Because the influence of the pile bending 
stiffness is greater, so under the premise of 

Table 1. Parameter sensitivity analysis based on p-y curve method under different friction angles.

Friction
angle ϕ
(°)

Y
deflection
(cm)

Increment 
Δ (%)

Max 
moment
(KNm)

Increment
Δ (%)

Max
shear
(KN)

Increment
Δ (%)

Max soil
pressure 
(KPa)

Increment
Δ (%)

Deflection
slope (rad)

Increment
Δ (%)

28.00 18.1 23.13 4010 3.35 698.1 −7.50 40.00 −26.16 −0.01259 19.22
29.75 17.2 17.01 3970 2.32 698.1 −7.50 43.13 −20.38 −0.01222 15.72
31.50 16.3 10.88 3940 1.55 717.0 −4.99 46.67 −13.85 −0.01167 10.51
33.25 15.5 5.44 3910 0.77 722.2 −4.31 50.12 −7.48 −0.01111 5.21
35.00 14.7 0 3880 0 754.7 0 54.17 0 −0.01056 0
36.75 14.0 −4.76 3850 −0.77 773.6 2.50 58.12 7.29 −0.01 −5.30
38.50 13.3 −9.52 3820 −1.55 777.8 3.06 62.50 15.38 −0.00944 −10.61
40.25 12.6 −14.29 3790 −2.32 811.3 7.50 67.71 24.99 −0.00907 −14.11
42.00 12.0 −18.37 3770 −2.84 830.2 10.0 73.13 35.00 −0.0087 −17.61

unimproved foundation soil, we can improve 
the pile bending stiffness to control the deflec-
tion and deflection slope of pile under the hori-
zontal load, such as expansion of pile diameter 
or grouting in the pile pipe.
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Kinematic analysis of slope failure modes based on stereographic 
projection
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ABSTRACT: On the basis of surveying and mapping data of joints and structural planes in Muliashi 
Open Pit, the kinematic analysis of slope failure modes was carried out on the tenth survey area (Area 10) 
of this open pit, using stereographic projection. The key points in graphic analysis process, criterion of 
potential failure modes and corresponding probabilities of the four kinds of slope failure modes, includ-
ing planar sliding, wedge sliding, flexural toppling and direct toppling, were analyzed in detail. The results 
obtained in Area 10 were compared with the actual situation of instability slope on site. Comparison 
results show that this method could effectively identify potential slope failure mode. Furthermore, all 
slopes within the survey areas of the open pit were statistical analyzed, and results showed that wedge slid-
ing failure in the open pit was most likely slope failure mode, successively followed by the toppling failure 
in northern slopes and the planar sliding failure in southern slopes. This method could identify potential 
slope instability mode effectively, and has important guiding significance for slope stability analysis and 
instability slope treatment.

Keywords: stereographic projection; kinematic analysis, failure mode; open pit slope

stereographic projection and kinematic analysis, 
Wang et al. (2011) analyzed the maximum safe 
excavation slope angle of double free face slopes, 
Smith et al. (2015) studied the instability of struc-
tural slopes under local stress trajectories, and 
moreover Admassu et al. (2013) analyzed the 
potential failure probability under different failure 
modes. All these researches promote the combined 
application of the stereographic projection and 
kinematic analysis.

In the present study, stereographic projection 
was used to map survey data of joints and struc-
tural planes from Muliashi Open Pit onto equato-
rial plane. Furthermore, four kinds of slope failure 
modes—planar sliding, wedge sliding, flexural top-
pling and direct toppling, were discussed in details 
using kinematic analysis focus on three aspects, 
including graphic analysis process, criterion of 
potential failure and corresponding probabilities. 
Research works have important guiding signifi-
cance for slope stability analysis and instability 
treatment.

2 PROJECT OVERVIEW

Muliashi Open Pit (Fig. 1) located in Luanshya, 
Zambia, which is a deep open pit with a design 

1 INTRODUCTION

Stereographic projection, widely used in structural 
geology and rock geotechnical engineering, is a 
method of reflecting objects’ three-dimensional 
geometric elements (etc. line, polygon) onto the 
projection plane for further research (He 1965; Sun 
et al. 1980). It has been extensively documented 
that stereographic projection can be applied well 
in slope stability analysis by reflecting the spatial 
relationships between slope plane and joint planes 
(Hoek 1977; Goodman 1980; Hudson et al. 1997).

Kinematic analysis refers to analyzing the move-
ment of object only from its spatial relationship 
and geometry and meanwhile ignoring the mass 
and external force. Kinematic analysis has been 
used to analyze the instabilities of discontinuity-
controlled rock slopes (Aksoy et al. 2007), as well 
as the probability of block toppling failure and 
planar sliding. This method also can be applied for 
finding stable blocks within the Fraser’s Hill gran-
ite slopes (Wangsa et al. 2008).

Combined use of stereographic projection and 
kinematic analysis has been recently proposed 
to analyze the potential failure modes and cor-
responding probabilities based on the spatial 
relationship between the slope surface and the 
joint planes. Specifically, by using the methods of 
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mining depth of 175 m. The border elevation is 
1280 m, and has mined to platform of 1190 m. 
The bench height is 15 m, which will be 30 m after 
benches combination. The instability phenomena 
such as small and medium scale collapse occurred 
to the southern slope during upper mining.

The rock mass of the open pit has developmen-
tal joints and structural planes. Site investigation 
found that the main cause of failure was ill-
 structure planes, especially the existence of multi-
ple sets of structural planes cutting the rock mass, 
or the tendency of structural planes which were 
consistent with the tendency of slope, which would 
greatly reduce the slope stability.

In order to study the influence of rock joints on 
slope stability, mapping of joints and structural 
planes of slope rock mass has been made, which 
could effectively expose the distributing features of 
joints and structural planes in mine rock slope. In 
addition, it was conducive to know the distribu-
tion of lithology, characteristics of geological engi-
neering, the rock group division, the engineering 
geological zoning, and etc. All these could provide 
guidance for the treatment of instability slope.

3 FIELD SURVEYING OF JOINTS 
AND STRUCTURAL PLANES

According to Code for Investigation of 
Geotechnical Engineering in China (GB50021-
2001), weak intercalations and the distribution, 
composition, degree of consolidation and the fea-
tures of the structure should be investigated in the 
engineering survey. The occurrence, crack width 
and persistence of joints should be measured by 
different parts of rock.

Fifty scan lines were layout in the outcrops in 
Muliashi Open Pit to get statistical materials of 
geological and geometric features of joints, which 
divided the open pit into 12 areas according to 

different area conditions and lithology of rock 
mass. Projection diagram of joints occurrence poles 
and the favorite joint sets were illustrated. And 
then, the slope failure modes could be analyzed. 
The preliminary results are shown in Figure 2.

4 STEREOGRAPHIC PROJECTION 
KINEMATIC ANALYSIS

Given the relationship between the rock joints 
occurrence and slope plane, the stereographic pro-
jection kinematics analysis method was used to 
analyze the potential failure modes and the cor-
responding probabilities. The Area 10 in Figure 2 
was cohosted to take analysis in detail.

4.1 Failure modes analysis of Area 10

The Area 10 with development joints and struc-
tural planes is located in southern slope, which 
belongs to the orebody footwall. The region slope 
angle is 65 degrees, and the average dip direction is 
30 degrees. According to the regional joint survey 
data, four failure modes, including planar sliding, 
wedge sliding, flexural toppling and direct top-
pling, were applied to analyze the potential insta-
bility probability.

4.1.1 Planar sliding
If  planar sliding occurred, the dip direction of 
joint plane and the slope plane must have a same 
tendency. Also, the structural plane angle must 
be greater than the friction angle of rock mass, but 
be smaller than the slope angle.

The analysis graph of planar sliding mode is 
shown in Figure 3. The friction angle of rock mass 
in the slope is the friction angle cone in Figure 3 
which set to 23 degree from the project materials. 
Based on empirical observations, a typically value 
of 20 to 30 degrees was assigned to the lateral 
limits. According to the stereographic projection 
kinematic analysis theory, the red zone is the criti-
cal pole vector zone for planar sliding. Joint poles 
in this area would easily cause planar sliding. The 
statistical analysis showed that the critical poles in 
red zone are 66, which accounted for 10.38% in the 
all joints. The analysis results are shown in Table 1.

4.1.2 Wedge sliding
Wedge sliding includes double (along the line of 
intersection) and single sliding plane (if  one plane 
has a more favorable orientation for sliding than 
the line of intersection). Wedge sliding is based on 
the analysis of joint plants intersections.

When two joint planes intersect together, they 
will form a three dimensional intersecting line 
which will form a intersection point with the polar 

Figure 1. Muliashi open pit (partial).
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74.10% (Table 2). The results show that the col-
lapse of slope is likely caused by wedge sliding.

4.1.3 Flexural toppling
The slip limit plane is defined in the flexural top-
pling failure according to Goodman’s (1980). If  
slip occurs, the bedding normal must be inclined 
less steeply than a line inclined at an angle equiva-
lent to the friction angle above the slope. The dip 
direction of the slip limit plane is equal to the 
slope, and the dip angle is equal to the results of 
slope angle minus the rock mass friction angle.

The red zone in Figure 6 represented the critical 
pole vector zone of flexural toppling mode. There is 

Figure 2. Field joint survey results.

Figure 3. Graphic analysis of planar sliding mode.

Table 1. Analysis results of planar sliding mode.

Type
Critical 
poles

All 
poles

Percentage of 
critical poles/%

Planar sliding 66 636 10.38

projection ball. If  the intersection point falls in the 
red area in Figure 5, the intersection of two joint 
planes could cause a wedge sliding.

There are totally 188932 intersections formed 
by the entire joint planes, the number of which 
fall into the red zone is 139992, accounting for 

Figure 4. Graphic analysis of wedge sliding mode.

ICCAHE15_Book.indb   315ICCAHE15_Book.indb   315 11/17/2015   6:27:55 AM11/17/2015   6:27:55 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-003.jpg&w=312&h=194
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-009.jpg&w=170&h=171
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-009.jpg&w=170&h=171
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-009.jpg&w=170&h=171
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-012.jpg&w=165&h=166
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-012.jpg&w=165&h=166
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-64&iName=master.img-012.jpg&w=165&h=166


316

only one joint pole in this zone, accounting for 0.16% 
in the entire poles (Table 3). The results proved the 
low possibility of flexural toppling damage.

4.1.4 Direct toppling
The analysis of direct toppling is based on two 
conditions. Firstly, two joint sets intersect so that 
the intersection lines dip into the slope and form 

Figure 5. Graphic analysis of flexural toppling mode.

Table 3. Analysis results of flexural toppling mode.

Type
Critical 
poles

All 
poles

Percentage of 
critical poles/%

Flexural toppling 1 636 0.16

Figure 6. Graphic analysis of direct toppling mode.

Table 4. Analysis results of direct toppling mode.

Type
Critical
intersections

All
intersections

Percentage 
of critical 
intersections/%

Forward 3654 188932 1.93
Oblique  903 188932 0.48%

Figure 7. Failure slope on site.Table 2. Analysis results of wedge sliding mode.

Type
Critical
intersections

All
intersections

Percentage 
of critical 
intersections/%

Wedge 
sliding

139992 188932 74.10

discrete toppling blocks. Then, a third joint set 
exists, which act as release or sliding planes, allow-
ing the blocks to topple. The damage mode can 
be further subdivided into forward topping and 
oblique toppling by the relationship between slid-
ing block and slope dip direction.

The red and yellow zones in Figure 7 are likely 
to generate positive topping and oblique toppling, 
respectively. The statistical analysis showed that the 
proportion of forward topping and oblique top-
pling were 1.93% and 0.48% (Table 4), respectively.

4.1.5 Results discussion of Area 10
According to the stereographic projection kin-
ematic analysis of slope within the Area 10, the 
probabilities of planar sliding, wedge sliding, flexu-
ral toppling, forward topping and oblique toppling 
were 10.38%, 74.10%, 0.16%, 1.93% and 0.48%, 
respectively. The probability of wedge sliding in 
Area 10 is the greatest, followed by planar sliding.

The failure slope on site of Area 10 is showed in 
Figure 7. The sliding rock mass was controlled by 
the two intersecting joint planes, and caused a wedge 
sliding failure. The analysis result is consistent with 
the fundamental instability of site conditions, prov-
ing the effectiveness of this analysis method.
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4.2 Analysis results of the open pit

The method of stereographic projection kinematic 
analysis was used to analyze the 12 areas of open 
pit slope from the four failure modes. Results are 
shown in Table 5.

The Area from 2 to 4 belonging to the north-
ern slope (ore body hanging wall) have a maximum 
possibility of wedge sliding, followed by toppling 
failure. The Area from 6 to 11 belonging to the 
southern slope (Ore body footwall slope) have a 
maximum possibility of wedge sliding, followed by 
planar sliding.

The analysis results could be a preliminary iden-
tification of potential instability of slope, which 
has important guiding significance for slope sta-
bility analysis and slope engineering management 
treatment.

5 CONCLUSION

By stereographic projection kinematic analysis of 
Muliashi Open Pit, we’ve got basic conclusions as 
follows:

1. The probability of wedge sliding is the great-
est in Area 10, followed by planar sliding. The 
analysis result is consistent with the fundamen-
tal instability of site conditions, proving the 
effectiveness of this analysis method.

2. The northern slope has a maximum possibility 
of wedge sliding, followed by toppling failure. 
The southern slope has a maximum possibility 
of wedge sliding, followed by planar sliding.

3. The analysis results could be a preliminary iden-
tification of potential instability of slope, which 

has important guiding significance for slope 
stability analysis and slope engineering manage-
ment treatment.
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Main critical modes
Planar 
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Flexural 
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Direct toppling

Forward Oblique

 1  0.00%  6.25% 16.25% 26.73%  0.92% Forward toppling, flexural toppling
 2  0.92% 18.62%  0.00%  0.37% 15.39% Wedge sliding, oblique toppling
 3  6.96% 28.88%  1.74% 16.62%  1.04% Wedge sliding, forward toppling
 4  0.83%  5.67% 14.64% 32.66%  0.49% Forward toppling, flexural toppling
 5  1.27% 35.83%  0.64%  1.53%  0.89% Wedge sliding
 6 78.62% 54.47%  1.41%  0.26%  0.23% Planar sliding, wedge sliding
 7  0.00% 29.71%  0.00% 15.22%  7.97% Wedge sliding, forward toppling
 8  9.09% 43.12%  0.00%  2.75%  2.61% Wedge sliding, planar sliding
 9  0.00% 19.06%  3.64% 27.88%  9.90% Wedge sliding, forward toppling
10 10.38% 74.10%  0.16%  1.93%  0.48% Wedge sliding, planar sliding
11 64.24% 74.34%  0.61%  0.55%  0.00% Wedge sliding, planar sliding
12  0.00% 22.27%  0.00% 13.24%  1.94% Wedge sliding, forward toppling
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ABSTRACT: Based on Terzaghi’s one-dimensional consolidation theory, this study was carried out 
on oedometer test, with further analysis in comparing the numerical simulations of the finite difference 
method using a numerical simulation program written in C++. The results show that the proposed numeri-
cal simulation procedure could simulate the oedometer test well, which have a certain theoretical value 
and practical significance for revealing the deformation of soft soil consolidation.
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parameter method (Smith & Wahls [2], 1969), 
control the pore pressure gradient consolidation 
(Lowe [3], 1969), loading rate such as consolida-
tion test (Aboshi [4], 1970; Von Fay [5], 1986), con-
trol the degree of consolidation test (Janbu [6]), 
control of hydraulic gradient strain consolidation 
test  (Attasit  Korchaiya-pruk [7], 2007).

Meanwhile, experimental results have a lot of 
discreteness due to the man-made factors on the 
consolidation test [8]. In this paper, we use Terza-
ghi as a one-dimensional consolidation theory [9], 
combining the constant strain consolidation test 
and the control of hydraulic gradient constant 
strain consolidation test, to analyze the control 
hydraulic gradient of constant strain consolidation 
test (GCRS), and to compile numerical simulation 
program of the indoor consolidation test using 
C++ programming language, the correctness of the 
simulation program according to the pre-existing 
experimental results was verified.

2 THE THEORY AND PROGRAM 
OF MERICAL SIMULATION

2.1 Basic idea

In GCRS consolidation test, the pore pressure 
of the specimen is the sum of the pore pressure of 
consolidation deformation and generated by the 
additional hydraulic gradient. The flow direction 
of pore water is determined by strain rate and 
additional hydraulic gradient of the base.

1 INTRODUCTION

In consolidation of soft clay, many areas of mod-
ern construction were involved. It occupies a 
very important position in civil engineering. The 
consolidation test of soil was established accord-
ing to the classic Terzaghi consolidation theory. 
At present, the incremental hierarchical loading 
method is the standard method commonly used 
at home and abroad. The essence of this method 
is when the last level of loading reaches stability, 
then it is applied to the next level of loading [1]. 
Because of the time reaching to the needed level 
is long, usually it is completed in several days or 
10 more days, it is difficult to accurately determine 
the value of pre-consolidation pressure with less 
and discontinuous test data. Therefore, this paper 
applies a numerical analysis to the continuous 
loading compression test. In addition, in the incre-
mental hierarchical loading experiment, there is an 
uneven distribution of effective stress on the hori-
zontal planes, which along the height of the speci-
men, will lead to a very uneven compression. In 
this case, the specimen’s structures are susceptible 
to damage and the test cycle is long.

In order to overcome the above disadvantages, 
foreign scholars have conducted intense researches 
on the consolidation test from the end of the 60s 
and developed the continuous loading consolida-
tion test. According to different control conditions 
in the tests, the successive loading consolida-
tion test can be divided into equivalent lumped 
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In order to simulate GCRS consolidation test, 
the specimen is divided into two parts, the upper 
part and the lower part, and the interface of the 
two parts is in the middle plane. Then two parts are 
further divided into several sub layers respectively 
(generally 20 or more).

2.2 Basic theory

At the beginning of GCRS consolidation simula-
tion test, assuming that the middle plane occupies 
the center of the sample, namely

H
initial( )NA  Location = 0HH

2
 (1)

H H
H

TiHH BiH =HBiH 0HH
2

 (2)

where, HTiHH  and HBiH  is the height of upper and 
lower part of the specimen. Every part of the spec-
imen is divided into n layers, the thickness of each 
layer is

H H
H

n
H

nTLiHH TBiHH TiHH BiH
=HTBiH =  (3)

where, HTLi, HTBiHH  is the thickness of upper and 
lower sublayer; n is the number of sublayers in 
each part. At the beginning of the simulation test, 
a void ratio was assumed after a period of con-
solidation settlement according to the initial void 
ratio of specimen. In the process of simulation, the 
mathematical convergence method was applied, 
thereby, to ensure that the specimen deformation 
simulated values are equal to the calculated values. 
The height of each sublayer after the consolidation 
can be calculated according to the assumed void 
ratio:

H
H H

sH THH TLiHH
= ( )e

= ( )e+n)e+ (n) ( e+n (  (4)

H H
H
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⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
 (5)

where, HLfH  is sublayers high after Δt consolida-
tion; efa  is sample’s void ratio after Δt consoli-
dation; Hs, e0 is high of sample solid phase and 
initial void ratio; All the sub-layers have the same 
initial void ratio and height at the beginning of the 
 simulation test.

Sub-layer’s permeability coefficient can be 
obtained by:

C
e

k
e e

kC fa i= = ( )L ( )k⎡⎣⎡⎡ ⎤⎦⎤⎤
Δ

Δ log( ) log l( )kLk og kk
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kkg

 (9)

where, Ck is e kog  curve’s slope; kL is Sub-layer’s 
permeability coefficient; k0kk  is initial permeability 
coefficient.

Based on the deformation of soil layer, we can 
get the calculating formula of seepage velocity:

V
q
AdVV =  (10)

V
Volume

t A
H A
t A

H
tdVV = = =

Δ
Δ

Δ
Δ

Δ
Δ

 (11)

where VdVV  is the seepage velocity caused by the soil 
deformation, q is the seepage flow, and Δt is the 
time increment.

In addition, another part of the seepage is due 
to the additional hydraulic gradient at the bottom 
of the specimen, which can be calculated by

i
u
H

b

w
= ⋅

Δ 1
γ

 (12)

V k iiVV ⋅k  (13)

V k
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Δ 1
γ

 (14)

where Δu b is the excess pore water pressure at the 
bottom of the sample and γw is the severe of water.

Therefore, the total seepage flow velocity of 
sample is the sum of two parts, namely

V V Vd iVV VV+VdVV  (15)

The average excess pore water pressure will 
be achieved based on the calculation formula of 
hydraulic gradient and flow velocity, for

V k i⋅k  (16)

V k
u

HLk L

L WH
⋅kLk
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⋅
Δ 1

γW
 (17)

Δu
V H

kL
L wH

Lk
=

⋅HLH γ w  (18)

where ΔuL is excess pore water pressure of each 
soil layer.

By (18), we can calculate the mean effective 
stress with the normal orientation of each layer:
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′ − = −
⋅σ σ′′ = σ γ

vLσσ vσσ L v= σσ L wγγ

L
u

V H⋅ L

kL
( )avg Δ  (19)

where ′σ ′′vLσσ ( )avg  is the mean effective stress with the 
normal orientation of soil layer, and σv is the total 
stress. Therefore, we can calculate the new void 
ratio,

C
e

cC = ( )v′
Δ

Δ log v′′
 (20)

C e ec vC L v n ie′ −el ( ) l g( )v′ ]( )avg ( )avgavgvL ) g()avg  (21)

e Cn ie c vC L v= +eie ⋅ ′[log( ) l g( )v′ ]( )avg ( )avgavgσvL′′ ) l− og( v′′( )avg  (22)

where CcC  is the compression index, ′σ ′′v aσσ vg0( )  is effec-
tive stress for the average initial method, and en  is 
the new calculated void ratio.

Using the new void ratio, the deformation of 
soil layer can be calculated. Each soil layer (from 
top layer to middle plane) has the same calculation 
process.

The simulation process of the lower part of 
the specimen is the same to that of the upper part 
except that the calculation of soil layer is from 
the base to middle plane, step by step. Therefore, 
after Δt consolidation, the height of the sample 
becomes

H H Hf TH f BHTT fB+HTHH fTT  (23)

Comparing the calculated sample height with 
the theoretical value (calculated by strain rate and 
time increment). If  their difference is beyond the 
setting error range showing that hypothesis void 
ratio is not correspondent with practice and needs 
to be corrected. Therefore, we should modify the 
void ratio constantly in the process of simulation 
using iteration method until the calculated height 
is equal to the theoretical value. The void ratio is 
modified by the convergence algorithm,

e
e

H
H
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f eH

=
⎡

⎣
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⎥⎥)predicted

)expected

 (24)

Not only the deformation conditions should be 
satisfied, but the boundary conditions, including 
the excess pore water pressure at the top of the sam-
ple Δut, the excess pore water pressure at the bot-
tom of sample Δub, the excess pore water pressure 
of the boundaries of the sample Δ Δu uΔNA NuΔ A bNN( )t ( )b . 
If  the value of ΔuNA( )t  is not equal to ΔuNA( )b , it 
shows the middle plane, which divided the specimen 
into the upper and the lower parts disagrees with 
the practical and we need to modify it. If  the value 
of ΔuNA( )t  is greater than ΔuNA( )b , it shows that the 
middle plane is lower, and should be  up-regulated; 

if  the value of ΔuNA( )t  is less than ΔuNA( )b , it shows 
that the middle plane is higher, and should be 
down-regulate. The correction calculation formula 
of middle plane position is as follows:

Δ( ) NA
H
mi

tHH= ±NAiA  (25)

where Δ( ) is the correction value of middle plane 
position, NAiA  is the initial set of middle plane posi-
tion, HtHH  is total height of the sample, and m is cor-
rection coefficient of the middle plane position.

The value of m controls the middle plane’s 
extent of variation. In order to get the appropri-
ate correction value, the set value of m should be 
larger (100 or more). After the new middle plane is 
determined, dividing the upper and lower part of 
the sample into n layers separately, and conducting 
the simulation experiment until boundary condi-
tions of the deformation condition and the excess 
pore water pressure are met, then the simulation 
experiment of Δt  is finished.

2.3 The numerical simulation parameters

Based on the simulation theory above, the main 
simulation parameters includes: the drainage 
height of specimen, the strain rate, the initial void 
ratio, the permeability coefficient, the curve’s 
slope, the compression index of pore pressure, etc. 
Table 1 shows the simulation parameters and phys-
ical meaning of them.

3 ANALYSIS OF EXPERIMENT RESULT

In the range of experimental error, the deforma-
tion index measured by the GCRS test is equiva-
lent to the one which is measured by the routine 
consolidation test. Judging from the comprehen-
sive technical and economical comparison, we 
can expect that GCRS test is superior to routine 
 consolidation test.

Table 1. Summary of the input parameters for 
CGC simulation.

Parameter Physical meaning

H0 Initial drainage height
�ε Strain rate
e0 Initial void ratio
k0 Initial permeability coefficient
Ck Slope of e ∼ log(k)
Cc Compression index
Δub Pore pressure
Δt Time increment
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3.1 Compression curve drawing

In the continuous load test, take semi-continuous 
observation into normal stress, sedimentation, and 
pore water pressure. Calculating the void ratio 
basis on the current load, and then a compression 
curve using the effective stress, the void ratio can 
then be obtained. 

3.2 To solve the cv, mv, kv

The coefficient of consolidation could be obtained 
by the theory

c
t

H
uv

b
= ⋅

Δ
Δ Δt
σ 2

2
 (26)

Therefore, as long as we know the normal pres-
sure increment Δσ  within a tiny period, Δt we can 
calculate the coefficient of consolidation cv  directly 
by formula (26), and have no more need of map-
ping. At the same, we can calculate the average 
void ratio cv  at any time.

In addition, the volume compressibility coeffi-
cient and the permeability coefficient can be calcu-
lated directly by the following formula:

m
H

t
tv = ⋅

1 Δ Δ
Δ Δ

δ
σ

/Δ
/Δ

 (27)

k
H

u t
w

b
= ⋅

γ δ
2

Δ
Δ

 (28)

where Δδ  is the normal increment of deformation 
and γ w is the volume weight of water.

4 THE RESULT OF NUMERICAL 
ANALYSIS

Conduct the above simulation program on sample 
of consolidated soil. The simulation parameters of 
soil sample are shown in Table 2:

1. Compression Curve
We can get the relation curve of the void ratio 
changes along with axial stress by the simulation 
results, namely the compression curve. As shown 
in Figure 1 and Figure 2, they are the relation 
curve of e p and e plog , respectively.

The same as the conventional consolidation 
test, we can calculate the consolidation param-
eters such as modulus of compressibility E, 
coefficient of volume compressibility mv, and 
compression index CcC  and so on by relation 
curve of e p and e plog . However, due to 
the graphic solution will produce some error; 
here we adopt to point the coordinate to solve 
the problem directly.

2. Consolidation Parameters
After the simulation test was conducted 
Δt s120 , increment of normal pressure 
Δσ = 30 5981 30 0 0 5981. .5981 30 .− 30 0 kPa, the applied 
pore water pressure is 20 kPa, coefficient of 
consolidation can be calculated by the formula 
(26). And by the simulation results, we can get 

Figure 1. Relation curve of e ∼ p.

Figure 2. Relation curve of e ∼ log p.

Table 2. Input parameter values 
for oedometer simulation.

Parameter Value

H0 2.54 cm
�ε 0.002
e0 1.0
k0 6 × 10–5 cm/s
Ck 0.4478
Cc −0.4478
Δub 20 kPa
Δt 120 s
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the normal deformation Δδ = 4.8 10 3× − cm. 
Then, coefficient of volume compressibility mv 
and coefficient of permeability k will be calcu-
lated separately by formulas (27) and (28).

c
t

H
u

s

m
H

t

v
b

v

= ⋅ ×

=

= ⋅

Δ
Δ Δt

Δ Δ
Δ

σ

δ

2 2

2

2
0 5981

120
4 0

2 2× 0

0

1

=
. .5981 4

. /cm s200199

/ΔΔδδ
σσ

γ δ

/ .σσ
.

.

.

//

Δ
Δ

MPa

k
H

u tΔvkk w

b

=
1
0.

4 8. 10 120
0 5981 120

0 2006

2
3

3
×

×

=

= ⋅ =

−

. /.. 5 s//

5 EXAMPLE OF VERIFICATION

This paper refers to Beibei-Yao’s [10] parameters of 
saturated remodeling loess consolidation test under 
continuous load, as shown in Table 3, using the 
proposed GCRS numerical simulation program to 
test the engineering properties of saturated loess.

According to simulation results, take the void 
ratio where the axial stress is 25 kPa, 50 kPa, 100 
kPa, 200 kPa, 400 kPa, and 800 kPa to compare 
with the test results, and the comparison results 
which are shown in the Table 4. Then drawing the 
simulated curve by simulated results, and taking 
the simulated curve and test curve into compari-
son, as shown in Figure 3 and Figure 4.

By the two comparisons of the data and curve 
changes, the axial strain test values are close to 
simulated values when the per level load is stable, 
moreover, the curve’s coincidence is very high. This 
shows the correctness of the simulation program, 
which was put forward in this paper, can be used 
for indoor consolidation simulation test of satu-
rated soil, as well as be able to use the results of 
simulation to calculate consolidation parameters.

6 CONCLUSIONS

This paper, based on Terzaghi’s one-dimensional 
consolidation theory, conducted the finite dif-
ference method for numerical simulation on the 

Figure 3. Comparison of experiment and simulation 
e ∼ p curve. Figure 4. Comparison of experiment and simulation 

e ∼ log p curve.

Table 3. Engineering characteristics of saturated loess.

The category of 
the soil Dry density

The content 
of water

The initial 
void ratio

The proportion 
of soil particles Saturation

The saturated loess 1.353 g/cm3 34% 0.996 2.7 92.2%

Table 4. Comparison of experimental data and simulation data.

The axial stress (kPa) 50 100 200 400 800

The test results of void ratio 0.8967 0.8388 0.7695 0.6977 0.6265
The simulated results of void ratio 0.9131 0.8538 0.7804 0.6986 0.6121
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consolidation test control hydraulic gradient, dis-
cussed the strain rate, sample size, permeability 
coefficient, pore pressure and other parameters 
that effect the consolidation test results. Research 
results show as follows:
1. The numerical simulation program presented in 

this paper can be applied to control hydraulic 
gradient consolidation simulation test with dif-
ferent sizes of the sample.

2. The results of the control hydraulic gradient 
consolidation simulation test shows that the 
void ratio change value obtained by numerical 
simulation is very close to the test data, and it 
has verified the rationality and correctness of 
approach which was proposed by this paper.
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A calculating model for acid load settlement based on mass transfer 
process of AMD corrosion
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ABSTRACT: Analyze mass transfer process of AMD corrosion and put forward the calculating model 
for acid load on the base of the experiment on AMD corrosion and the mechanism of sulfide oxidation. 
The model could be used to get AMD corrosion load while measuring instant concentration of corrosion 
solution. The corrosion load settlement of a slope is analyzed applying this model. The analysis results shows 
that: (1) in the puddle, water storage, fracture and other mineral water gathering areas, the acid load settle-
ment is very serious, reaching more than 500 mg/L, significantly higher than other regions; (2) on the position 
of slope surface, due to AMD corrosion effect in a relative short time, the acid load is between 166∼300 mg/L, 
relatively low; (3) away from the mines, such as streams, the acid load is below 20 mg/L, the lowest.

Keywords: AMD corrosion; AMD corrosion experiment; mass transfer process; calculating model for 
acid load settlement

AMD corrosion, which the current research hasn’t 
involved in yet.

With a large-scale domestic pyrite mine slope as 
the study object, on the basis of the related experi-
ments, starting with the research of the oxidation 
mechanism of the sulfide minerals, this paper has 
analyzed AMD chemical mass transfer behavior 
and carried out the researches on the settlement 
calculation for acid load in the process of AMD 
corrosion.

2 AMD CORROSION EXPERIMENT

The engineering study object of this paper is the 
slope located in a large-scale domestic open-pit 
pyrite mine. The slope rock mass mainly contains 
quartz sandstone, diorite, dioritic porphyrite and a 
small amount of limestone in some area.

The standard specimen is processed (Fig. 1) 
according to the Specifications for Rock Tests in 
Water Conservancy and Hydroelectric Engineer-
ing (SL264-2001), and the AMD solution collected 
at the bottom of mining pit (Fig. 2).

Specimens are soaked for 25 days and the inter-
val time for sampling collection is 5 days. The 
indoor temperature is kept stable during the test 
process. Table 1 shows the concentration of major 
ions of AMD solution before vs. after the test.

1 INTRODUCTION

In the chemical, metal and coal mines that exploit 
sulfide ore, AMD (Acid Mine Drainage) action is 
the remarkable effects of slope failure. Sulfide and 
its residue oxidize with air and water, and then pro-
duce AMD solution that contains heavy metal ions 
(Wang, J. et al. 2007).

AMD solution is with strong corrosion capabil-
ity. Long-term corrosion reaction and stress corro-
sion eventually lead to the structure destruction of 
the rock mass.

The water-rock chemical interaction is a hot spot 
research area in the civil engineering in recent years 
(Xiang, R.J. et al. 2012, Feng, X.T. et al. 2002). 
Related researches mainly focus on the damage to 
the environment by acid liquor, the influence on 
the mechanical parameters of rock or soil mass, 
and the influence on slope stability, etc. AMD 
corrosion is obviously different from the chemi-
cal interaction with common acid liquor, so as 
the mechanism (Tang, L.S. et al. 2000).  Corrosion 
action makes the instability mechanism of side 
slope complicated at the sulfide mine (Jiang, L.C. 
et al. 2013), main stability analysis belongs to the 
qualitative analysis. In order to quantify AMD 
corrosion influence on sulfide mine, mass trans-
fer process of AMD corrosion reaction needs 
to be analyzed and then investigate acid load of 

ICCAHE15_Book.indb   325ICCAHE15_Book.indb   325 11/17/2015   6:28:12 AM11/17/2015   6:28:12 AM



326

The results show that the concentration of the 
ion varies obviously in the solution after corrosion, 
and the concentration of Ca2+, Fe2+ and SO4

2− is 
significantly increased.

After SEM scanning, a large number of pores 
and cavity appears in the specimen, which shows 

the soluble calcium salt (CaCO3), mudstone and 
sulfide minerals (FeS2) are dissolved between the 
joints of the specimen. AMD corrosion is the proc-
ess of chemical mass transfer of mineral.

3 MASS TRANSFER PROCESS ANALYSIS 
OF AMD CORROSION

AMD solution consists of multiple acid liquors and 
its pH value is generally between 2 and 5 with high 
conductivity, and the high conductivity of AMD 
solution increased the rhythm of ion replacement 
which will increase the corrosion rate. The essence 
of the slope damage process by AMD corrosion is 
the process of ion exchange; the ion exchange rate 
directly affects the corrosion rate.

According to microcosmic chemical mass trans-
fer principle, the dissolved minerals flux caused by 
ion exchange can be expressed by fluid velocity of 
pore rocks (Jiang, L.C. 2012) and AMD solution 
concentration as

J v vcadvJ =v∗( )nc( )ncnc  (1)

where Jadv is the solute flux, namely the damage 
quantity of slope rock mass; v is the fluid veloc-
ity of corrosion liquid; c is local concentration 
of ion in AMD solution; n is the porosity which 
shows the influence of the integrity of rock mass 
on corrosion; v* is the fluid velocity of liquid in 
the pore.

The diffusion (or dispersion) flux of the solute 
can be represented as

J D
C
ns sJ DJ D

∂
∂
�

 
(2)

where Js is diffusion flux; C is the overall concen-
tration of the solution; Ds is the diffusion coeffi-
cient; �n is the normal vector.

When minerals of rock mass are dissolved or 
new attachments are generated on rock surface, the 
dissolution rate can be expressed as

R
A
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(4)

where ri is the specific speed of medium; A0 is the 
initial surface area of rock mass; V is the volume 
of the solution; mi0 is the initial molar coefficient 

Figure 1. Rock samples.

Figure 2. AMD solution of mine.

Table 1. Composition variation of AMD solution 
before vs. after the corrosion reaction.
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of minerals; mi is the molar coefficient of minerals 
at t moment; IAP is ion product; Kk is chemi-
cal equilibrium constant; σ is non-dimensional 
coefficient.

During the process of AMD corrosion, the 
expression for the porosity of rock mass is

dn
dt
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Thus, mathematical expressions of mineral dis-
solution quantity of AMD corrosion are
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where C y ziCC ( ,x , )z  is the boundary conditions of 
corrosion concentration at t moment.

The mathematical model includes the main 
exchange process between corrosion solution and 
the rock mass, dynamic change of the solution 
characterization represents the AMD corrosion 
process.

Analyzing the solution acid load can effectively 
evaluate the degree of AMD corrosion.

4 SETTLEMENT CALCULATION FOR 
ACID LOAD OF AMD CORROSION

The field investigation results show that, in the 
process of sulfide mineral mining, along with the 
change of the ore bodies exposed area, depth, slope 
runoff and the external rainfall, AMD acidity will 
also continue to change. But within a certain time 
period t, the acid settlement quantity in the mine 
pit area is relatively stable. On the basis of chemical 
mass transfer process, the researches on the acid 
load for slope rock mass by the AMD corrosion 
have been carried out.

4.1 The chemical process of acid generation

The main mining product is sulfide minerals (FeS2), 
and under the strong acid environment, acid pro-
duction action of hydration of Fe element in pyrite 
will be restrained (Feng, X.T. 2010). Meanwhile, 
during the acid settlement processing, hydrolytic 
acidification of basic group positive ion and hydro-
lytic acidification action of carbonate are difficult 

to proceed. Based on the analysis, acid generation 
of AMD corrosion mainly comes from the oxida-
tion process of S element.

The main oxidation reaction of pyrite in water 
environment is as follows

2FeS 7O 2H O 2F SO 2H SO2 27O 2 4O 2 4SO+ +7O27O +2FeSO42FeSO  (7)

4FeSO O 2H SO 2Fe 2H O4 2O 2 4SO 2 3 2+O2O → ( )SO  (8)

Fe F S 3FeSO 2S2 3 2 43FeSO( )SO4SO + FeS +  (9)

2 6 12S F6 e2 8H O 2FeSO 8H SO
3 2 21 42FeSO 84 H 4( )4SO4 + →8H O2O

 (10)

According to the Equation (6) which is the mass 
transfer of AMD corrosion, the velocity of H2SO4 
by AMD corrosion is calculated.

Supposed that the reaction rates of Equation (7) 
to (10) respectively correspond to R1, R2, R3 and 
R4; the solute concentration at t moment is Cit and 
the mass is mit. Based on the chemical dynamics 
theory, the reaction constant of the four equations 
can be obtained as Equation (11):
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(11)

where γ1, γ2, γ3 and γ4 are reaction coefficients that 
can be acquired according to reaction temperature 
(Jiang, L.C. 2007).

Thus, in the process of analyzing the load settle-
ment of AMD corrosion, for simplifying the cal-
culation, the influence of AMD corrosion on the 
slope body is evaluated by corrosion settlement rate 
by means of the measurement of PH variation.

4.2 Dimensionless method of parameter

When calculating the generation amount of H2SO4 
by AMD corrosion, Equation (6) can be trans-
ferred to the response numerical model character-
ized by porosity.

Assumed the initial porosity is φ0 and the dimen-
sionless of the porosity is

φ φ
φ

= tφ

0φφ  
(12)

The dimensionless of the flow velocity is

ν φ
φ

=
−
−

1
1 0φφ

tφ

 
(13)
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Similarly, related concentration parameters of 
AMD corrosion solution can be processed with 
dimensionless method.

5 CALCULATION OF AMD ACID LOAD

Because of the Equation (9) shows no acid pro-
duction or consumption, it should not be taken 
into consideration during calculation. Other com-
ponents such as oxygen, moisture and Fe2S are 
regarded as sufficient, and their dimensionless 
parameters are set to 1.

Based on the previous analysis, the influence 
of the initial medium parameters mainly divides 
into two aspects including temperature and con-
centration. The influence value of temperature and 
concentration can be represented by the Damkoler 
number of ζ1, ζ2, ζ3 and ζ4 whose range is [0,1]. 
The calculation process can refer to Wang, N. et al. 
(2012) and Michaela, S. (2011). Substitute each 
dimensionless parameter into Equation (6), the 
formula of the acid production of AMD corrosion 
can be obtained as
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∂
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 (14)

where the 1st item is the consumption amount 
of  sulfuric acid for Equation (8), and this proc-
ess mainly takes place near the pore which 
is mostly influenced by pore fluid velocity 
parameters; the 2nd item is the amount of  acid 
production by Equation (7); the 3rd item corre-
sponds with the amount of  acid production for 
Equation (10).

During the reaction process, the products and 
reactants of sulfide minerals interact as basis, then 
the constrained relation can be established with 
Damkoler number from Equation (7) to (10):

ζ ζ ζ ζ1 2ζ ζζ 3 4ζ ζζ 1+ζ 2ζζ =ζ 4ζ  (15)

In the Equation (14), the generation rate of 
Fe2(SO4)3 and FeSO4 are
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The Equation (14) to (17) constitute the model 
of calculation for acid load.

On this basis, with the calculation program com-
piled by the CAD and measurement of real time 
concentration of the corrosion solution, the load 
value of AMD corrosion, namely the concentra-
tion of H2SO4, is then obtained.

6 ENGINEERING APPLICATION

In a large domestic pyrite mine slope, the sulfide 
ore bodies is adhere to the location between Huan-
glong group and Chuanshan group limestone, 
whose baseboard consists of the arenaceous shales 
of Gaolishan group and quartz sand, and roof 
with diorite, Qixia limestone and Chuanshan lime-
stone. The ore body mainly consists of the pyrite 
(FeS2). In the process of mining, the acid corrosion 
is serious.

In order to evaluate the corrosion status of slope 
rock mass at the mine, the water areas near line11 
to line 19 are selected as study object, includ-
ing seepage water of slope surface, water in min-
ing pit, acid water sump, the nearby stream and 
so on (Guo, J.C. et al. 2005). Part of the sample 
composition is shown in Table 2 (test temperature 
is 25 °C). Locations include: Seepage water of 
slope surface on +23 m; Seepage water of slope 
surface on −24 m; Water in the middle mining 
pit on −48 m; Water warehouse in mining pit 
on −48 m; East No.1 dewatering well; Seepage 
water of slope surface on +24 m; Gutterway out-
side the stope; Upstream of the Xinxi River.

Table 2. Slope water composition (unit: mg/L).

Locations pH SO4
2− TFe Cu

4.81 171 0.03  0.35
4.31 199 0.03  0.35
1.03 284 86 24.90
2.27 374 105 20.90
4.20 523 0.04 13.70

* 4.60 500 1.27  1.36
6.00 261 0.022  0.13
6.80 118 0.20  0.04

*+24 m slope surface is on the main crack F13 of the 
slope
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Based on the concentration of the reactants and 
the environment temperature, the undetermined 
parameter value in the corrosion load formula 
can be acquired by table look-up. Time nodes 
are subject to pore 0.1 (Jiang, L.C. et al. 2011) to 
0.25 (Du, Y.J. et al. 2014). The H2SO4 settlement 
of slope corrosion solution and the content of 
Fe2(SO4)3 and FeSO4 can be obtained by calcula-
tion, as shown in Table 3.

Data in the table shows that there is a significant 
difference of AMD corrosion load at the different 
sections of the slope: the most powerful acid set-
tlement appears at East No. 1 dewatering well and 
+24 m slope surface, which are up to 500 mg/L or 
more; acid settlement at the upstream of Xinxi 
River is minimum, which is less than 20 mg/L. The 
amount of acid production near the slope region is 
between 166∼300 mg/L.

Based on the analysis of the phenomenon 
above, AMD corrosion solution is converged at 
the locations such as sump and well, which cumu-
lative settlement of AMD acid load. Thus the acid 
load at those locations, where the most severe loca-
tion of corrosion of rock happens, is higher than 
other locations. +24 m step is on the main crack F13 
of the slope. Since the water has been contacted 
with the sulfide ore body for a long period, acid 
generation amount has reached 505 mg/L with sig-
nificant destruction of corrosion. At the remaining 
regions of the slope, infiltration of main surface 
water and ground water has formed AMD corro-
sion solution. With short duration of reaction and 
the lower acid generation, there is weak corrosion 
interaction. Streams far away from the mines have 
not been affected by acid oxidation of sulfide min-
erals and the acidification load is extremely low.

Data in Table 3 can be converted into a histo-
gram as shown in Figure 3 which intuitively repre-
sents the settlement of H2SO4, Fe2(SO4)3 and FeSO4 
under the corrosion at different locations.

As the analysis, the concentration of  Fe2(SO4)3 
and the FeSO4 in the sump or dipole is more 
obvious while not in the remaining positions of 

the measurement, which matches well with the 
mine actual situation. The main reason is that 
the remaining areas of  the measuring position 
are all small catchment areas and they are limited 
to the production Fe2(SO4)3 and FeSO4. Since 
the confluence time of  AMD in the catchment is 
longer, the amounts of  the three corrosion prod-
ucts by AMD are a bit higher than those in the 
dipole. Therefore, the conclusion is the model 
calculation results is consist with mine actual 
situation.

7 CONCLUSIONS

According to the oxidation mechanism of  sulfide 
minerals, the chemical mass transfer of  AMD 
corrosion has been researched. By introducing 
the concept of  acid load settlement, the acidifica-
tion model of  AMD corrosion is established and 
has applied into some large-scale sulfide min-
ing slope. This research reaches conclusions as 
follows:

1. Based on the conservation of S content element, 
the chemical mass transfer behavior of AMD 
has been analyzed. The dynamic acidification 
model of AMD corrosion was established by 
studying the calculation formula of dynamic 
changes of concentration of H2SO4, Fe2(SO4)3 
and FeSO4 solutions.

2. The analysis of slope acid corrosion shows that 
the sumps, wells and structural surfaces of slope 
are the weak areas of land slide. It provides evi-
dence for putting forward the relevant effective 
control strategies.

3. The settlement analysis of acid load for cor-
rosion indicates that the settlement in slope 
catchment area is the most obvious area where 
corrosion settlement is above 500 mg/L, and 
acid production this area around the slope 
ranges from 166 to 300 mg/L.

Table 3. H2SO4 settlement of slope corrosion solution 
(unit: mg/L).

Locations H2SO4 Fe2(SO4)3 FeSO4

173.95   0.073  0.03
202.53   0.083  0.02
261.28 245.714 46.69
304.06 262.500 85.50
512.64   0.108  0.04
504.98   3.629  0.69
166.18   0.055  0.02
 19.87   0.500  0.16

Figure 3. Basic material relationship of the corrosion 
solution.
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Investigations into creeping characteristics and constitutive 
models of soft-rock in deep cretaceous strata
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ABSTRACT: The stress alteration in the course of tunneling through soft rocks is simulated when 
under predetermined pressure from the strata and by fixing first and radical unloading second, a tri-axial 
creeping experiment is conducted. The tri-axial unloading shearing experiment indicates that with the 
shearing stress decreasing, the creeping rate will apparently go down. When the shearing stress reaches 
a value (It turns out to be 0.5 MPa in the present experiment) below the critical point, the axial creeping 
almost approaches zero. When the shearing stress exceeds a critical value (It turns out to be 3.5 MPa in 
the present experiment), the creep of the cretaceous strata will experience the different damages composed 
of such three stages as those of decelerating, being constant and accelerating. In accordance with the 
experiments results, a constitutive model is constructed for the visco-elasto-plastic cretaceous soft rock 
stratum creeping. Then the secondary development is conducted of the finite element procedure and then 
the constitutive model we have developed is embedded in the large non-linear finite element program 
ADINA8.3. Upon the completion of the above-mentioned work, a numerical simulation experiment is 
conducted with the supporting process while tunneling in the soft rock strata in a coal mine in Inner 
Mongolia. The experiment indicates that the constitutive model for the elasto-visco-plastic creeping can 
tell the deformation characteristics of soft rock strata rather precisely. And the experiment results are well 
comparable with those of the numerical simulation, showing that our experiment results can be employed 
as a reference for the design of roadways in cretaceous soft rock strata and the corresponding tunneling 
performance.

Keywords: experiment with creeping deformation affected by unloading; cretaceous formation; soft-
rock roadway; secondary development of finite element

into account,  scientific researchers at home and 
abroad are devoting themselves to the study of  the 
phenomenon by turning to soft rock experiments 
and theoretic deduction, aiming to find a satisfac-
tory solution.

For example, Liu Yeke, Deng Zhibin, Cao Ping, 
et al[4] from Central South University have carried 
out experiments with sticky clay in the lab, aiming 
to reveal the tri-axial creeping characteristics by 
turning to cascade loading method and obtained 
rich experiment data and curves. By improving 
on the Burgers soft rock creeping model, which 
has taken into consideration the impacts exer-
cised by soft rock parameter deterioration, Yang 
Wendong, Zhang Qiangyong, Zhang Jianguo, 
et al[5] have perfected the FLAC-3D finite element 
model  database. By deriving from the constitu-
tive formulae for the Kelvin creeping model and 

1 INTRODUCTION

Most of  the coal mines in the Western regions of 
China traverse the Cretaceous and Jurassic For-
mations of  the Mesozoic Strata, characterized 
by argillaceous cementation, low strength and 
apparent creeping. In deep underground road-
way supporting, no one can afford to neglect such 
important phenomenon as soft rock deformation. 
Therefore, investigations into the phenomenon 
are increasingly conducted with rich and satisfac-
tory results obtained. By turning to experiments, 
component model theories and finite element 
 methods, scholars abroad have founded constitu-
tive models for soft rock creeping and developed 
soft rock engineering calculation procedures. 
However, most of  the models cannot be used to 
describe the stages of  the creeping[1–3]. Taking this 

ICCAHE15_Book.indb   331ICCAHE15_Book.indb   331 11/17/2015   6:28:18 AM11/17/2015   6:28:18 AM



332

 combining the soft rock constitutive model with 
the non-linear mechanics theory, Jiang Binsong, 
Cai Meifeng, et al[6] have proved that the deep 
underground soft rock creeping is characterized 
by chaotic behaviors and described the conditions 
for the chaotic behavior to occur. She Chengxue, 
et al [7–9] have clarified the characteristics for mud-
stone creeping by gradual loading. Based on 
their soft rock creeping experiment results, Wang 
Yongyan, et al[10–12] have established a constitutive 
model for creeping under high pressure in deep 
underground mines. Xian Xuefu, Jiang Yongdong, 
et al[13–15] have founded a constitutive model for 
sandstone creeping, providing references for rock 
engineering design and supporting. By conduct-
ing experiments with mudstone creeping under 
different conditions, Yang Chunhe, et al[16–18] have 
analyzed the laws governing the impacts moisture 
content exercise on mudstone creeping charac-
teristics. By experimental investigation into tri-
axial rheological mechanic characteristics under 
the impact of  breccia penetration, Wang Rubin, 
Xu Weiya, et al[19] have discovered that when the 
stress is greater or less or approaching the stress 
for rocks to break, apparent creeping can be wit-
nessed. Wang Deng ke, Yin Guangzhi, et al[20] have 
founded a constitutive model for creeping under 
different loads, different stratum pressures and 
different gas pressures. Tang Mingming, Wang 
Zhiyin, et al[21] have conducted experiments with 
three kinds of  core samples from rock salt, pure 
salt rock and pure mudstone to investigate the tri-
axial shearing creeping under different stratum 
pressures and discovered the laws governing the 
creeping with corresponding creeping formulae 
established. Through experiments, Zhao Yangsh-
eng, et al[22] have come to know how creeping rate 
is closely related to the composition and structure, 
to find that the rate for stable creeping of  bedded 
rock salt can be described by turning to power 
function.

In recent years, scholars at home and abroad 
have conducted numerous investigations into con-
stitutive relations for soft rocks with rich results 
obtained. However, reports have not been pub-
lished with regard to the rheological properties 
of soft rocks in the Cretaceous formation under 
stress induced by engineering construction, nor 
has any report been published with regard to 
researches conducted by turning to finite numeri-
cal  simulation. By carrying out main in a deep 
underground mine in the Western region of China 
investigations into soft rock behaviors under 
unloading impacts induced by roadway tunneling, 
we have founded a constitutive mechanic model for 
elastic, sticky and plastic soft rock. And the model 
is applied on a large non-linear finite element pro-
cedure ADINA8.3.

2 EXPERIMENTS WITH THE TRI-AXIAL 
CREEPING OF MUDSTONE IN THE 
CRETACEOUS FORMATION IN THE 
STRESS APPLICATION DIRECTION

The experiments with the tri-axial creeping of 
mudstones in the Cretaceous Formation along 
stress are carried out by turning to the tri-axial 
shearing creeping experiment system developed by 
ourselves. To be specific, the device is developed 
jointly by The State Engineering Laboratory for 
Deep Underground Coal Mine Construction Tech-
nology and Xi’an Lichuang Facilities. And it can 
be employed to simulate tri-axial creeping defor-
mation behaviors when the axial and radical loads 
are applied to the pre-consolidated sample. For 
the tri-axial creeping experiment system, the maxi-
mal axial load is 1200 kN, the stratum pressure is 
60 MPa and the fluctuation range is confined to 
±10 kPa. The experiment system is composed of a 
loading system, a computer-aided automatic sam-
pling system and a controlling system.

2.1 Preparation of experiment samples

The samples used in the tri-axial creeping labora-
tory experiment are obtained from the mudstone 
strata in the Cretaceous Formation in a coal mine 
in Inner Mongolia. The raw sample is then turned 
into a cylindrical sample of ϕ50 mm × 100 mm. The 
sample processing craft and precision are compat-
ible to Methods and Standards for Engineering Rock 
Mechanics Experiment (GB/50266-99). The proc-
essed specimen for the experiment has a side flatness 
confined within 0.02 mm, with the surface error 
confined within ±0.05 mm. The specimen contains 
as much moisture as it did when it lay in the mine. 
Then the specimens are weighed and numbered. 
The physical parameters such as moisture content, 
density and the like are listed in Table 1.

2.2 The experiment procedure

To simulate the process for coal mine roadway tun-
neling and supporting in soft rocks, the following 
tri-axial shearing creeping experiment procedure is 
designed:

Table 1. Basic physical parameters of the muddy soft 
rock specimen.

Burial 
depth
(m)

Moisture 
content
(%)

Saturated
uniaxial 
strength
(MPa)

Plastic 
limit
index

Liquid 
limit
index

Saturation
degree 
(%)

550 24.5 4.65 16.2 −0.21 95.6
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1. In the process of the creeping experiment, three 
values for the pre-consolidated stratum are 
selected and of the three, the value in the middle 
position is obtained by calculating the weight of 
the soil. The three values for the consolidated 
stratum pressure are (p−1) MPa, (p) MPa and 
(p+1) MPa respectively.

2. Consolidation is carried out in the condi-
tion that the predetermined stratum pressure 

2 3σ σσ σ . And it is required by the experiment 
that when the deformation is not greater than 
0.005 mm/h, the experiment should stop.

3. To obtain creeping parameters, series of creep-
ing curve families should be established. And 
for the success of the experiment, different 
stress coefficients ki should be determined.

4. To carry out the tri-axial shearing creeping 
experiment under the impact of radial unload-
ing while the axial pressure is kept constant, the 
value for the load should be determined accord-
ing to i sk σ s, where σ sσ  is the strength for the tri-
axial shearing of the soft rock, to be obtained 
through tri-axial shearing strength experiment.

5. When the specimen deformation is stabilized for 
more than 24h (when d dt hε/ .ddtεε −1 and it 
is the first degree stabilized creeping) or when 
the specimen is damaged (and it is the second 
degree accelerating creeping), the experiment 
should come to an end.

6. With stratum pressure and axial pressure 
gradually unloaded, take out the specimen and 
describe its damage, and measure the moisture 
content and density of the frozen soil specimen 
after the experiment.

7. Repeat the experiments specified by the 
1–6 steps of the procedure.

The experiments with the tri-axial shearing creep-
ing under the impact of unloading the stratum 
pressure after consolidation shed much light on the 
dynamic stress variation process under the impact of 
roadway tunneling in Cretaceous soft rocks. Through 
the derivation with time as a function of the tri-axial 
shearing creeping stress, time as a function of creep-
ing rate can be obtained as shown in Figure 3.

The tri-axial shearing creeping experiment by 
turning to consolidating and radical unloading in 
sequence, the laws governing Cretaceous soft rock 
deformation are obtained as follows:

1. The curves (as shown in Fig. 2) for time as a 
function of Cretaceous soft rock creeping under 
the impact of radical unloading shows that when 
the shearing stress is smaller than a critical value 
(or 0.5 MPa as obtained by our experiment), 
the axial creeping rate approaches 0. When the 
shearing stress is greater than a critical value (or 
3.5 MPa as obtained by our experiment), the Cre-
taceous soft rock  creeping process is marked by 

Figure 1. The samples model.

Figure 2. Curves for Cretaceous mudstone creeping 
under the impact of radial unloading.
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 Figure 4 and the enveloping line for the creeping 
strength as shown in Figure 5.

1. As shown in Figure 4, the isochronous stress-
strain curves for Cretaceous soft rocks indicate 
that when the deviatoric stress is not strong, 
the stress-strain curves become straight lines. 
But when the deviatoric stress is rather strong, 
they become parabolas. Therefore, isochronous 
stress-strain deformation behaviors of soft rock 
can be described by turning to the laws govern-
ing visco-elasto-plastic deformation.

2. As shown in Figure 5, the enveloping lines for 
Cretaceous soft rock creeping strengths indicate 
that the Drucker-Prager criterion function can 
be used to describe the yielding of the soft rock 
creeping strength. In the application of the cri-
terion function, the initial critical stress function 
can be selected by turning to Mohr-Coulomb 
strength function by taking the experiment 
results into consideration.

As shown in Figure 6, the results obtained from 
the experiments with tri-axial creeping point to the 

Figure 3. Relation between axial creep rate and creep 
time.

Figure 4. The isochronous stress-strain curves for Cre-
taceous muddy soft rocks.

Figure 5. The creeping strength enveloping line for Cre-
taceous muddy soft rocks.

such three stages as accelerating, being constant 
and decelerating. This shows that there should be 
a threshold for the Cretaceous soft rock creeping 
stress at the beginning of the creeping and a criti-
cal stress for creeping to do damage.

2. As shown in Figure 3(b), when the creeping 
stress is smaller than σ1 3σ σσ 3 5= <σ3σσ . M5 Pa, no 
apparent creeping is witnessed in the Cretaceous 
formation; when it reaches 3 5 1 3. MPa > − ≥σ σ1 3−1  
0.5 MPa, the deformation in the Cretaceous 
soft rock stratum is marked by decelerating 
creeping; when it reaches σ1 3σ σσ 3 5= ≥σ3σσ . M5 Pa,  
the deformation in the Cretaceous soft rock 
stratum is marked by accelerating creeping, 
pointing to the conclusion that the creeping has 
experienced the decelerating, being constant 
and accelerating stages.

3 THE CONSTITUTIVE MODEL FOR 
CRETACEOUS SOFT ROCKS AND THE 
DEVELOPMENT OF FINITE ELEMENT 
PROCEDURE

3.1 The mathematics for the Cretaceous 
soft rock creeping model

By sorting out the tri-axial shearing creeping 
data for Cretaceous soft rocks, we have obtained 
 isochronous stress-strain curves as shown in 
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possibility that by using the basic component com-
binations, the laws governing Cretaceous soft rock 
tri-axial creeping deformation under the impact of 
unloading can be well simulated.

From the constitutive model as shown in 
 Figure 6, the mathematic expression for the con-
stitutive model of the Cretaceous soft rock creep-
ing under the impact of radical unloading can be 
derived as follows:

{ } { } { }
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where E0 stands for the elastic modulus (MPa) for 
Cretaceous soft rocks; E1 stands for the damping 
deformation modulus (MPa) for Cretaceous soft 
rocks; 1 2η ηη  stand for visco-elestic and visco- plastic 
coefficients for Cretaceous soft rocks (MPa.min) 
and t stands for the external loading time (min).
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3.2 The compliance matrix for the finite 
element calculation

From soft rock rheological mechanics, we know 
that the total stress {ε} is the sum total of instan-
taneous elastic strain {ε}e, the visco-elastic strain 
{ }ε t

e and the visco-plastic strain { }ε t
p:

ε{ }ε = { }ε + { }εε + { }εe
t
e

t
p  (4)

From Formulae (1) and (4), the compliance 
matrix for instantaneous elasticity [C]e, that for 
visco-elasticity [C]e

t and that for visco-plasticity 
[C]p

t can be derived.

1. When 1FF 0≤ , only instantaneous elastic defor-
mation of Cretaceous soft rocks can be wit-
nessed. From elastic mechanics and the finite 
element theory, the elastic compliance matrix 
[C]e can be derived as follows:
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where μ stands for the Poisson’s ratio, deter-
mined by uniaxial compression experiments.

2. When F1FF 0>  and F2FF 0≤ , visco-elastic deforma-
tion of the soft rock can be witnessed. From 
elastic mechanics and the mechanic principle 
for creeping, the following can be derived:

{ } [ ] { }} [ ] {ij t
e

t
e

ijC
 

(7)

where [ ]C t
e  stands for visco-elastic compliance 

matrix, determined by the formula below:
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Et

e = ( )e E t− [ ]R
1

1EE  
(8)

3. When F2FF 0> , visco-plastic deformation of the 
soft rock is witnessed. By turning to the finite 
element for calculation, generally, implicit 
integration is used to determine the relations 
between the visco-plastic strain and stress as 
components. At time tn the displacement for each 
node {δn} and the stresses for all the nodes {σn} 
are derived. Within the time step Δt t tn nt−t +1 , 
the creeping strain increment in the soft rock 
can be calculated by turning to Formula (9):
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p
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(9)

where, { }Δσ  stands for the strain increment 
within time Δt, [ ]C t

p  stands for the visco-plas-
tic compliance matrix. Then from rheological 
mechanics and the calculation methods it con-
tains, the visco-plastic compliance matrix can 
be derived as follows:
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Figure 6. The elasto-visco-plastic constitutive model 
for mudstone.
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where:
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where [P], [R] and [S] stand for coefficient.
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Therefore, Formulae (5), (8) and (10) per-
fect visco-plastic compliance matrixes for soft 
rock and different matrixes can be selected to 
perform finite element calculation operations in 
accordance with different states for stress.

3.3 The flow chart for ADINA constitutive 
procedure development

ADINA provides the users with a rich possibil-
ity for the secondary development, allowing them 
to define in the time of  need various functions 
such as constructing material constitutive mod-
els, developing contact elements, judging material 
breakage, calculating crack expansion, determin-
ing users’ boundary conditions and ranges of 
load, etc.

By turning to Fortran, the constitutive model 
is compiled in accordance with the flowing proc-
ess as shown in Figure 7. And the environment 
for ADINA development is Compaq Visual For-
tran6.6 A. In the development, by turning to 
Makefile provided by ADINA, various *.f  files 
will be automatically linked to generate a dynami-
cally linking file library.

The process for the secondary development of 
the soft rock constitutive model is as follows:

1. By turning to the flow chart shown in Figure 7, 
compile the soft rock visco-elsasto-plastic con-
stitutive model by using Fortran;

2. Compile Makefile by modifying its parameters
 MAT2D_OBJ = ovl30u_user.obj
 MAT2D_OBJ = ovl40u_user.obj
 Where user stands for the file name selected or 

defined by the user;
3. Compile the. dll file by following the procedure 

below:
cd D:\program files\df98\bin
cd c:\program files\ADINA\user.dll

4. bstitute the. dll file in the linking library to be 
compiled by the user for the user in nmake/f  
Makefile.user;

5. Add the. dill file generated by the user to the 
content of bin.

Figure 7. The flow chart for the development of the 
soft rock visco-elasto-plastic constitutive finite element 
procedure.
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4 ENGINEERING NUMERICAL 
SIMULATION AND CONCLUSION

The cross-section of the roadway in the mine of 
Inner Mongolia is a vertical wall semicircular in 
shape, whose tunneling area Sdig = 11.6 m2 and net 
area Snet = 10.6 m2, The roadway is supported by 
the combination of anchoring rods and cables with 
concrete sprayed. The layout is shown in Figure 8, 
where mm is used as the measuring unit. And the 
roadway is located in the muddy soft rock strata.

As shown in Table 2, by turning to the experi-
ment method presented in the present paper, the 
parameters for the soft rock constitutive model can 
be obtained.

By turning to ADINA numerical simulation, 
the law governing the distribution of anchoring 
rods and cables in the soft rock roadway can be 
obtained (as shown in Fig. 9a) and so can the dis-
tribution for the vertical displacement of the road-
way (as shown in Fig. 9b).

As shown in Table 3, the results obtained from 
numerical simulation and on-spot measuring for 
the roadway anchoring rod and cable conver-
gence displacement are compared. And the results 
obtained by numerical simulation and laws govern-
ing on-spot measuring with regard to the road side 
convergence displacement are shown in Figure 10.

By turning to numerous experiments with soft 
rock creeping and corresponding numerical simu-
lation, the following conclusions are drawn:

 With Mohr-Coulomb and Drucker-Prager 
strength functions introduced into the element 
model and through analysis of the experiments 
with the soft rock creeping under the impact of 
tri-axial unloading and the rheological model 

for the element, a constitutive model is founded 
for Cretaceous soft rock non-linear creeping.

 Numerical simulations are conducted of the 
internal force of the anchoring rod, the stress 
for the anchoring cable, the roadway displace-
ment distribution and the roadway stress 
 distribution. The results point to the fact that 
the laws revealed by numerical simulation and 
those by on-spot measuring are in perfect agree-
ment. And for this reason, the foundation of a 
soft rock constitutive model is justified.

 By turning to the secondary development of the 
finite element procedure, the soft rock constitutive 

Figure 8. The illustrated cross-section of a roadway in 
soft rock strata.

Table 2. The calculation parameters for the soft rock 
constitutive model.

E0/
MPa

E1/
MPa

η1/
MPa ⋅ min

η2/
MPa ⋅ min

c/
MPa ϕ/

180 265 4 035 6 150 3.15 26

Figure 9. Results of the numeral simulation.

Table 3. The comparison of the results obtained by 
numerical simulation and on-spot measuring.

Items for comparison
Numerical 
simulation

On-spot 
measuring

The maximal pulling force 
for the anchoring rod/kN

6.95  6.80

The maximal pulling force 
for the anchoring cable/kN

51.8 46.20

Convergence value/cm 25.4 22.6
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model is embedded into ADINA finite element 
procedure. Consequently, the database for the 
ADINA is enlarged, making it possible to carry 
out numerical simulation of the soft rock road-
way, to monitor and predict the roadway stress 
field and displacement. All these can provide a 
guarantee for the scientific tunneling.
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Analysis of characteristics of saline soil in Yanqing new town
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ABSTRACT: Saline soil disaster is one of the environmental geological problems in the construction of 
Yanqing new town. In this paper, the saline soil distribution area, chemical composition, and causes of 
Saline soil in new town area were described, the types of saline soil were divided, and the salt expansion 
and corrosion were evaluated, which provides the basis for the planning and construction of Yanqing new 
town and the prevention of disasters.

Keywords: saline soil; causes; salinization degree; evaluation of salt expansion and corrosion

Reservoir and Caijia River. Through the investi-
gation, the terrain is a flat low-lying area around 
Guanting Reservoir and on both sides of Caijia 
River, and due to the water storage of Guanting 
Reservoir, the groundwater dammed up in the 
surrounding area, where the depth groundwater 
is relatively shallow (about 1.3 to 3.0 meters), the 
hydraulic gradient decreased and the underground 
runoff slowed even at a standstill. The chemical 
type of the groundwater under the bank of res-
ervoir and river is sodium chloride-sulfuric water, 
whose degree of mineralization is 1.0 to 2.5 g/L. 
The soil above the saline soil is mainly silt, sticky 
silt and silty-fine sand about 0.5 to 1.0 m thick. 
Formed by long-term evaporation salt accumula-
tion, the saline soil belongs to secondary-primary 
saline soil [1].

Through investigation, the soil samples were 
made at different depths (0 to 0.05 m, 0.5 to 0.55 m, 
and 1.0 to 1.05 m) in 24 typical districts in the saline 
soil distribution area to carry out soluble salt tests. 
Among them, Y1, Y2, Y3, Y4, Y6, and Y7 are 
sampling points along Caijia River, Y5, Y8, and 
Y9 are sampling points near Guanting Reservoir. 
The results of chemical composition tests of the 
soil (Fig. 1) show that: in the majority of the sur-
face area within 0 to 0.05 m depth, the chemical 
composition of the soil is mainly chloride-carbonic 
acid-sulfuric acid type; within 0.5 to 0.55 m depth, 
the chemical composition of the soil is sulfuric acid-
carbonated. According to the classification stand-
ard in “Code for Investigation of  Geotechnical 

1 INTRODUCTION

Yanqing new town is located near the Guanting 
Reservoir and the southeast bank of Caijia River, 
where saline soil distributes relatively wide about 
7.33 km2 on area. The saline soil disaster is one 
of the environmental and geological problems in 
the construction of the new town. Soil saliniza-
tion has seriously restricted the development of 
local  agriculture. In the past, the land on banks of 
Guanting Reservoir and Caijia River could have 
produced 150∼200 kg of corn or wheat per acre 
every year, but now the production has reduced 
and there were only about 50 kg per acre every 
year, also no production due to consecutive years 
of drought. In addition, in the soil salinization 
area, due to the effect of salt expansion, the foun-
dation bearing capacity reduced, which caused 
cracks in some houses. In this paper, based on the 
field survey, the distribution, chemical composition 
and causes of saline soil in Yanqing new town area 
were analyzed, the salt expansion and corrosion of 
saline soil were evaluated, which provides for the 
basis for the planning and construction of  Yanqing 
new town and the prevention of disasters.

2 DISTRIBUTION AND 
CHARACTERISTICS OF SALINE SOIL

The saline soil in Yanqing new town is mainly dis-
tributed in the low-lying area near the Guanting 
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Table 1. Chemical composition and classification of saline soil in the main sampling points in the new town area.

Serial 
number

Sampling depth 0–0.05 m

Serial 
number

Sampling depth 0.5∼0.55 m

Cl− 
mg/kg

SO4
2− 

mg/kg

c

c

( )

( )2 4
2

Saline soil type
Cl− 
mg/kg

SO4
2− 

mg/kg

c

c

( )

( )2 4
2 Saline soil 

type

Y1 18.2 41.9 1.17 Sulfurous acid type Y1 146.8 623.0 0.118 Sulfuric 
acid typeY2 1286.7 5246.9 0.66 Y2 19.9 80.8 0.123

Y3 1888.4 2580.7 1.98 Y3 21.3 106.8 0.100
Y4 283.4 1745.9 0.44 Y4 39.0 147.9 0.132
Y5 18.3 168.5 0.29 Sulfuric acid type Y5 36.1 84.3 0.214
Y6 274.9 681.8 1.09 Sulfurous acid type Y6 20.3 76.9 0.132
Y7 183.8 1699.8 0.29 Sulfuric acid type Y7 48.5 249.6 0.097
Y8 410.8 1987.7 0.56 Sulfurous acid type Y8 29.6 106.8 0.138
Y9 145.7 1501.0 0.26 Sulfuric acid type Y9 21.0 68.2 0.154

Figure 1. The chemical composition of soil in different 
places in Yanqing new town area.

Engineering” [2], the saline soil in this area belongs 
to sulfite or sulfate saline soil (Table 1).

In the new town area, the degree of soil salini-
zation decreases with depth (Fig. 2). The salinity is 
relatively higher in the 0 to 0.05 m depth, generally 
in 0.3% to 0.54%, where the degree of salinization 
is relatively high, of which the highest can reach to 
1.17%; within 0.5 to 0.55 m, the salinity is 0.06% 
to 0.08%, where the highest is 0.19%; within 1.0 to 

1.05, the salinity is less than 0.06%. It can be seen 
that the soil salinization in this area mainly occurs 
within 0 to 0.5 m under surface, and below 0.5 m the 
degree of salinization is relatively low. According to 
the standard in “Code for Investigation of Geotech-
nical Engineering” sixth chapter, soil within 0 to 
0.5 m under the surface of new town area is mainly 
moderate saline soil, and the lower soil within 0.5 to 
1.0 m depth is weak saline soil. The distribution area 
of moderate salinity in shallow surface is 6.98 km2, 
where the weak salinity is 0.35 km2.

3 ANALYSIS ON THE CAUSES 
OF SALINE SOIL

The formation conditions of saline soil are: firstly, 
high salinity of groundwater, which can provide 
adequate salt; secondly, high water table, which can 
reach or be close to the surface by capillary action 
and to be affected by evaporation; thirdly, relatively 
dry climate, generally where annual evaporation is 
greater than rainfall, which is easy to form saline 
soil. Saline soil is the product of combined effects of 
multiple factors like climate, geology, geomorphol-
ogy, and hydrogeological conditions and so on.

3.1 Climatic factors

Climatic conditions on the formation of saline soil 
are mainly drought, large evaporation. Yanqing area 
is in the transition zone in semiarid and sub-humid 
climate zone. Over the years of drought, evaporation 
is about 10 times of precipitation. In the summer 
hot environment, with evaporation the salt in the 
shallow groundwater near the Guanting Reservoir 
and Caijia River banks, it migrates endlessly to the 
surface and aggregates to form surface salt accumu-
lation; while in cold winter, the lowest temperature 
below zero, because the salt solubility in aqueous 
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decreases with decreasing temperature, the salt can 
be saturated and separated by crystallization.

3.2 Soil properties

The height and speed of the capillary action are 
determined by soil properties which also control 
the groundwater flow conditions, thus affecting the 
accumulation and transport of  salts in the soil and 
groundwater. When the level and quality of  water 
are roughly the same, the capillary action of silty-
fine sand and sticky silt is relatively strong, and the 
salinization degree is relatively high. The soil in the 
survey area near the Guanting Reservoir and Cai-
jia River is in the Quaternary system, Holocene 
series. Alluvial soil is mainly composed of silt and 
sticky silt whose capillary action is strong, which is 
conducive to the formation of saline soil.

3.3 Hydrogeological conditions

Hydrogeological conditions which include ground-
water depth, runoff conditions, and salinity are the 
decisive factors in the formation and development 
of the saline soil. Shallow groundwater and strong 
evaporation are favorable conditions for the forma-
tion of saline soil. Under normal  circumstances, 
when the phreatic level is within 2.5 to 3 m depth, the 
surface salinization is relatively weak; when within 3 
to 5 m depth, the surface salinization is extremely 
weak; when deeper than 5 m, the soil is non-saline 
soil; when within 2 to 2.5 m depth,  different degrees 
of salinization occur in the soil; and when within 
1 to 2 m depth, the soil salinity content increases 
sharply and the soil can form sulfuric acid- chloride 
type and chloride-sulfuric acid type of saline soil 
and solonchak soil. While highly mineralized water 
is the main material source of the  formation of saline 
soil, and under the  condition of same water depth, 
the salinization degree is heavier in the high miner-
alized groundwater  distribution area. In  addition, 

 runoff conditions also influence the degree of soil 
 salinization, and when the runoff is slow, the salt in 
the groundwater is easy to  accumulate. In the plan-
ning area near the banks of  Guanting  Reservoir 
and Caijia River, the surface water is closely related 
to the groundwater hydraulic. Especially after the 
construction and water storage of reservoir, the 
groundwater got supplies, which raises the level of 
groundwater near the reservoir bank and river bank, 
and as the groundwater depth reduces, groundwater 
overflows to the surface in low-lying places, which 
can form wetlands. Because the terrain is relatively 
flat, the underground runoff slows down and the 
groundwater salinity increases, coupled with the 
regional climate drought for years, different degrees 
of salinization occurs to the soil.

It is worth noting that the trend of soil sali-
nization is closely related to the environmental 
conditions. If  the climate in this area is drought 
with little rainfall in the future, the evaporation of 
groundwater will increase, and the soil salinization 
will show an increasing trend; when the drought 
climate weakens and the rainfall intensity increases, 
infiltration dripping effect of the rain is enhanced, 
and the salinity of groundwater decreases, which is 
not conducive to the accumulation of soil salinity 
and weakening the salinization.

4 EVALUATION ON SALT EXPANSION 
AND CORROSION OF SALINE SOIL

The saline soil in this area which is harmful to the 
construction of new town area is mainly due to salt 
expansion and corrosion.

4.1 Evaluation on salt expansion

Salt expansion mainly occurs in the saline soil con-
taining sulfate which absorbs water forming crys-
tals and increases its volume when the temperature 
decreases, causing the soil expansion. When the tem-
perature rises, the sulfate loses water and becomes 
smaller, resulting in loose soil, which causes thaw 
collapse. The harm to the saline soil salt expansion 
and thaw collapse to the  construction of planning 
area is mainly caused by  expansion of building 
foundation, causing building deformation damage 
and difficulties in construction and transportation.

According to the result of a lot of investigation, 
the soil that occurred in volume expansion is always 
within 1 m under the surface. When the foundation 
depth is more than 1 m, generally the salt expansion 
hazards do not occur. The test results show that when 
the base pressure is above 50 kPa, the expansion is 
not obvious. So for salt expansion of foundation soil 
it is enough to consider only the soil about 2 m below 
the surface. The thickness of saline soil in this area is 
small, within 0 to 1 m depth, the salinization degree is 

Figure 2. The salinity of saline soil change with depth.
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weak to moderate (Table 2), and the depth of build-
ing foundation is generally greater than 1.0 m, so the 
harm of saline soil to the new town construction is 
slight, and the risk for hazards is low.

4.2 Evaluation on corrosion

Corrosion is mainly caused by the high mineralized 
water and the soluble salts in saline soil, which can 
cause corrosion to the concrete structures and the 
steel structures. Based on “Code for Investigation 
of Geotechnical Engineering”, the corrosivity of 
saline soil was evaluated, of which the results are 
shown (Table 3). The groundwater in the location 
of saline soil in the new town area can cause weak 
crystallinity corrosion to the concrete structure, 
and mostly weak corrosion to the steel structure, 
moderate degree of corrosion only in the middle 
reaches of Caijia River. On the whole, the harm 
degree is slight to moderate.

5 CONCLUSION

In Yanqing new town area, the saline soil distrib-
uted within 0 to 1.2 m depth belonging to sulfate or 
sulfite saline soil, where the degree of salinization is 
mainly from slight to partly moderate, and has partly 

influence on constructions and crops. So it is recom-
mended to take the following control measures.

In the engineering construction, due to the 
shallow depth of saline soil, the saline soil can be 
directly excavated and replaced by easy compacted 
coarse-grained soil (such as sand), which can cut 
off  the rise of harmful capillary water; more than 
30 cm thick of compacted orthod should be laid on 
the top to isolate the infiltration of surface water, 
which can remove the salt expansion and corrosion 
harm of saline soil.

For the saline soil of farmland, according to 
the actual situation, crop species can be adjusted, 
farming methods can be changed, and appropri-
ate measures of irrigation and drainage could be 
taken. For moderate saline soil, freshwater washing 
salt method and biological improvement method 
are combined to control harm.
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Table 2. Risk evaluation results of saline soil hazards in the new town planning area.

Location Saline soil type Total salt content/% Saline soil designations Degree of harm Risk

Guanting reservoir bank
Y5 Sulfuric acid type 0.10 Weak saline soil Slight Low
Y9 0.23 Weak saline soil Slight Low
Y8 0.22 Weak saline soil Slight Low
Near Caijia river
Y1 Sulfurous acid type 0.12 Weak saline soil Slight Low
Y2 0.62 Moderate saline soil Moderate Middle
Y3 0.39 Moderate saline soil Moderate Middle
Y4 0.25 Weak saline soil Slight Low
Y6 0.32 Moderate saline soil Moderate Middle
Y7 Sulfuric acid type 0.17 Weak saline soil Slight Low

*The total salt content is the average within 0 to 1 m depth.

Table 3. Evaluation results of groundwater corrosion to concrete and steel in the new town saline soil area.

Location
Water 
depth/m PH

Cl−/
mg/L

SO4
2−/

mg/L
Cl− + 
SO4

2−/mg/L
Corrosion degree 
to concrete

Corrosion 
degree to steel

Guanting reservoir bank 3.8∼5.0 7.76  55.8 18.6 70.5 Weak Weak

Near Caijia river
Tiansongyin 3.6 7.65  19.5 27.9 47.4 Weak Weak
Upstream 4.5 7.54  12.1 12.0 24.1 Weak Weak
Midstream 4.1 m 7.66 697.7 341.0 1038.7 Weak Moderate
Downstream 5.2 7.84  53.2 16.3 69.5 Weak Weak
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ABSTRACT: Pile foundation is used widely because of good applicability for foundation soil. However, 
there are still some problems in the appliance of pile foundation, such as Negative Skin Friction (NSF). 
A series of model tests which aimed at the NSF on the pile under different soil conditions were carried 
out. Pile stress, displacement of pile head and layered settlement of soil were tested under different sur-
charge load. The influences of soil characteristics on the NSF on single pile were analyzed mainly, and the 
relationship between the depth of neutral plane and surcharge load was also research. The results of test 
can provide references for the related experiment research.

Keywords: pile; negative skin friction; model test; soil characteristic; settlement

are mainly empirical in nature. The literatures on 
such studies on the influences of soil characteris-
tics (type of the soil around pile, rigidity of end-
bearing stratum) on NSF are relatively less. Based 
on model tests, this paper research the influences 
of soil characteristics on the NSF on single pile.

2 EXPERIMENTAL PROGRAM

2.1 Test description

In order to study the difference of NSF on pile 
in sand and in clay and the influence of pile 
end-bearing stratum rigidity, two test groups were 
designed in this work as summarized in Table 1. All 
the tests were performed in a steel tank (2000 mm × 
2000 mm × 1400 mm) with 10 mm in thickness, 
which was large enough to reduce of the effect of 
the edges. Reinforcing bands was welded on tank 
side to reduce the tank deformation caused by 
applying surcharge load on soil. There were 4 drain 
valves on the bottom of the tank side, which pore 
size was 20 mm for drained consolidation.

The model piles were embedded in 1 m thick 
homogeneous saturated sand bed. The parameters 
of saturated sand for test are listed in Table 2. In 
order to ensure the consistency of sand bed in 
each test, the sand was filled into the tank with 
the compactness controlled at 45% by weighing 

1 INTRODUCTION

Negative Skin Friction (NSF) may occurred by 
downward vertical soil stress near the pile trans-
ferred to the pile shaft when the soil next to a pile 
settles more than the pile under surface load or 
groundwater lowering conditions. Because of the 
development of additional compressive force in a 
pile and excessive pile settlement, NSF could cause 
serious problem in pile integrity and maintenance 
of the structure supported (Fellenius 1998, Acar 
et al. 1994, Davisson, M.T. 1993).

Some researchers have conducted field tests to 
study the behavior of pile subject to NSF (Endo 
et al. 1969, Walker & Darvall 1970, Briaud 1997, 
Fellenius 2006), which were aimed mostly at NSF 
on single pile with different kinds of the soil sur-
round the pile. In recent years, some model tests 
have been carried out to research the NSF on 
piles (Huang et al. 2013, Leung et al. 2004, Kong 
et al. 2009). Ng et al. (2008) reported the results 
of four centrifuge model tests which investigated 
the response of a single pile subjected to NSF with 
different pile tip location with respect to the end-
bearing stratum layer.

As discussed above, these studies are very help-
ful for understanding the behavior of pile sub-
jected to NSF. However, the mechanism is still 
not well understood and existing design methods 
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and compaction. To simulate different rigidities of 
the end-bearing stratum, gravel sand stratum lay-
ers with thickness 50 mm and rubber gaskets with 
thickness 40 mm were installed below the pile tip 
as end-bearing stratum. The Young’s modulus of 
rubber gasket is about 22.59 MPa.

Model piles were prepared from thin-wall steel 
pipes of 1.4 m length, 40 mm outer diameter, and 
1.18 mm thickness with strain gauges on the inner 
wall of the pipe piles. The length of embedment of 
pile (L) in sand bed was 1 m. The modulus of pile 
was 2.1 × 105 MPa. Strain gauges and wires were 

arranged on the inner wall of the pipe that can pro-
tect the test element not be damaged and can avoid 
the surrounding soil influenced by test element.

2.2 Test procedure

First, the drain valves were closed and gravel sand 
was put into the tank. Secondly, model piles were 
arranged on designed position, and then the satu-
rated sand or saturated clay was pushed into the 
tank. Thirdly, the drain valves were opened and the 
process of saturated sand consolidation was fin-
ished by self-weight after the burying process and 
standing for 12 h. Fourthly, the drain valves were 
closed again and 0.3 m thickness dry sand was put 
into tank as the surcharge load. Finally, the down 
and up loading plate were successively put on soil 
surface, and pile cap and bearing plate were succes-
sively set on the pile.

The model pile was step-loaded every 15 min 
by using weight (Test 1) or hydraulic jack (Test 2). 
After pile head loaded, the surcharge load on soil 
surface was applied. For the test in sand, the next 
surcharge load grade was applied when the soil set-
tlement rate was less than 0.01 mm/10 min. How-
ever, the next surcharge load was loaded to 80 kPa 
directly for the test in clay.

3 RESULTS AND DISCUSSION

Pile stress, pile head displacement, and the layered 
settlement of the soil were tested under different 
surcharge loads.

The test result of single pile in sand is shown 
in Figure 2 which S means soil settlement and P 
means p settlement. Figure 2(a) shows the layered 
settlement of soil increases with the increase of 
surcharge load, but the increment decreases. The 
neutral plane is the intersection point between lay-
ered soil settlement curve and pile settlement curve 

Table 1. Summary of tests.

Test 
No

Soil 
type

End-bearing stratum 
simulation

End-bearing stratum 
thickness/mm

Surcharge 
Load/kPa

Pile head 
load/kN

1 Sand Gravelly sand 50 120 0.25
2 Sand Rubber gasket 40 120 3.35

Figure 1. Experiment set-up and pile arrangement: 
1-counterforce frame; 2-lower loading plate; 3-upper 
loading plate; 4-reinforcing band; 5-balance beam; 6-drain 
valve; 7-model pile; 8-steel plate; 9-settlement standard; 
10-dial gauge; 11-dead load; 12-hydraulic jack.

Table 2. Summary of tests.

Internal friction 
angle/°

Wet density/
g ⋅ cm−3

Minimum dry 
density/g ⋅ cm−3

Maximum dry 
density/g ⋅ cm−3

Permeability 
coefficient/10−6 cm/s

34.52 1.649 1.249 1.682 934.57
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(pile head settlement equals pile bottom settlement 
because of the less compression of steel model 
pile), which depth increases with the increase of 
surcharge load. The axial force of pile indicates 
that the neutral point varies from 0.8 L to 0.95 L 
and dragload (subtract the pile head load form the 
max. axial force) varies from 0.77 kN to 2.64 kN 
as shown in Figure 2(b). Because the increment of 
soil is larger than that of pile when the surcharge 
load increases, the neutral plane shifts down.

For the single pile with rubber gasket stratum 
layer, the settlement of  the pile head under pile 
head load is shown in Figure 3(a), and the pile 
head settlement under different surcharge loads 
is shown in Figure 3(b). Because the rigidity of 
gravel sand stratum layer is much larger than that 

Figure 2. The test result of the pile with gravelly sand 
layer: (a) The layered settlement of soil and the single 
pile settlement; (b) The relationship between axial force 
of pile and surcharge load.

Figure 3. The settlement of pile: (a) Curves of pile head 
load vs. pile head settlement; (b) Curves of surcharge 
load vs. pile head settlement.

Figure 4. Curves of axial force vs. pile depth.

of  rubber gasket, the pile head settlement was 
much larger than that of  pile with gravel sand 
stratum.

Figure 4 shows the distribution of axial force in 
the pile shaft with pile depth. The axial force in the 
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pile shaft of Test 2 reached to the maximum values 
of 5.34 kN, respectively, when the surcharge load 
was 120 kPa. When the surcharge load was zero, 
the decreasing rate of the axial force in the pile 
shaft was low because of the low effective stress in 
the soil. As the surcharge load increased, the axial 
force decreased more obviously with increasing 
depth because of the high effective stress. Based on 
test result, the neutral plane depth changed from 
0.4 to 0.6 L. When the surcharge load remained 
constant, the depth of the neutral plane increased 
with the decrease in Kv. Furthermore, the depth of 
the neutral plane decreased with increasing sur-
charge load for constant Kv.

Based on the above experimental results, it can 
be found that the influences of the end-bearing 
stratum rigidity on neutral plane depth and dra-
gload are significant. Therefore, it is important for 
engineering designers to carefully consider pile set-
tlement controls and NSF action when choosing 
the end-bearing stratum during pile foundation 
design.

4 CONCLUSIONS

Based on the results of model tests, some useful 
conclusions can be obtained.

1. The layered settlement of soil increases with the 
increase of surcharge load, but the increment 
decreases.

2. The neutral plane depth increases with surcharge 
load, and the axial force varies more obviously 
with increasing depth as the surcharge load 
increased.

3. Neutral plane depth increases with increasing 
end-bearing stratum rigidity under the same 
test load conditions. The influences of the end-
bearing stratum rigidity on neutral plane depth 
and dragload are significant.
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Numerical analysis of pile uplift bearing capacity with enlarged head
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ABSTRACT: Determination of the ultimate uplift capacity for tension piles is an important part in 
engineering design. Adopting the contact modeling for the pile-soil interface, the elasto-plastic finite ele-
ment method is proposed to analyze the uplift pile with enlarged head. The simulated results are in good 
accordance with the field test data. The plastic region is like the semielliptical curve starting from the 
enlarged pile tip to the pile shaft. The friction resistance in the enlarged pile tip greatly improves the limit 
uplift bearing capacity.

Keywords: uplift bearing capacity; pile; enlarged head; finite element analysis

boundary condition is restrained in x, y directions. 
The side boundary is restrained in x direction. The 
Mohr-Coulomb yield criterion is used to model the 
soil behavior. The elastic model is used to model 
the pile. The calculation region is taken as 20 times 
of pile radius in radial direction and 15 times of 
pile length in depth direction.

2.1 Contact

In ABAQUS, the contact pair calculation method 
is used to model the interaction. In the model, 
the master-slave surface method is used to 
model the interaction between the pile and the soil. 
In the computation, the contact state is determined 

1 INTRODUCTION

The enlarged piles are widely used in underground 
structural engineering for uplift resistance design. 
Compared with the common piles, the enlarged 
pile has the characteristic of higher uplift bearing 
capacity with fewer materials. In most situations 
the ability of a foundation to resist uplift loading 
is the critical design criterion considerably. Both 
experimental and numerical analysis is performed 
to investigate the mechanism of uplift bearing 
capacity. Based on the uplift centrifugal test of 
enlarged piles, Dickin[1] used the limit equilibrium 
method to develop the enlarged pile uplift bearing 
capacity calculation method. Wu Jiangbin[2] and 
Huang Maosong[3] used the asymmetrical finite 
element model to analyze the enlarged pile uplift 
bearing characteristic.

In the paper, the finite element model for the 
enlarged pile is developed using ABAQUS. The 
contact option is used to model the interaction 
between the pile and the soil. The nonlinear geo-
metric analysis is used to analyze the problem. 
The relation between the uplift force and the dis-
placement is analyzed. Also the plastic zone of the 
soil is investigated to model the bearing capacity 
mechanism.

2 FINITE ELEMENT MODELLING 
USING ABAQUS

With consideration of symmetry of structural, soil 
and loading condition, half  finite element model 
of the pile-soil is modeled, as shown in Figure 1. 
The two dimensional reduced integration solid ele-
ment C2D4R is used to model the soil. The bottom Figure 1. Finite element model.
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using the normal stress between the pile and soil. 
When the normal stress is tensile stress, the separa-
tion occurs between the pile and the soil. When the 
normal stress is compressive stress, the contact is 
maintained between the pile and soil. The interface 
frictional force is determined using Coulomb fric-
tion model, determined as: fcrit = μp.

When the tangential stress is less than critical 
value of fcrit, the relative slip occurs in the con-
tact interface. When the contact interface changes 
from the stick state to the slip state, the discontinu-
ity occur, which causes the finite element analysis 
failure. In order to solve the problem, the penalty 
stiffness method is used in ABAQUS. The elastic 
slip penalty stiffness factor is introduced to allow 
for the elastic relative slippery occurring in the 
stick state contact interface.

2.2 Selection of loading type

In analogous to the model experiment, the force 
control method or the displacement control 
method is used in the finite element calculation and 
analysis. Compared with the force control method, 
the more accurate force-displacement curve 
could be obtained using the displacement con-
trol method. Another advantage of displacement 
control method is that when the force amounts to 
the limit uplift bearing capacity, the accurate limit 
bearing capacity could be obtained using the dis-
placement control method. When using the force 
control method, the force loading is not effective 
when the external force exceeds the limit bearing 
capacity, which causes the calculation failure. In 
the paper, the displacement control method is used 
to apply the loading to obtain limit uplift bearing 
capacity.

3 FINITE ELEMENT ANALYSIS

The uplift bearing capacity of engineering pile 
full scale experiment in Shanghai is used as the 

numerical analysis with pile length of 27 m and 
pile diameter 450 mm. The enlarged pile diameter 
is 0.45 m. The friction coefficient between the pile 
and soil is taken as 0.2. The displacement control 
method is used to apply the loading. The soil geo-
logical information and the soil mechanical param-
eter is shown in Table 1.

The computed Q-S curve is shown in Figure 2. 
As shown in Figure 2, the computed uplift bearing 
capacity is about 1180 KN, which is close to the 
experimental value of 1100 KN.

The computed soil displacement and soil ver-
tical stress is shown in Figure 3 and Figure 4 
respectively.

The soil yield zone and the plastic distribution is 
shown in Figure 5 and Figure 6 respectively.

As shown in Figure 5 and Figure 6, the plastic 
region is like the semielliptical curve starting from 
the enlarged pile tip to the pile shaft. The enlarged 
pile tip has the effect of compressing the surround-
ing soil locally, which causes the local shear failure 
of soil.

The computed friction resistance distribu-
tion along depth of piles during uplift is shown 
in Figure 7. It can be seen from Figure 7 that the 
friction resistance in the enlarged pile tip increases 
greatly, which contributes a lot to the limit uplift 
bearing capacity.

Table 1. Physical and mechanical parameters of soils and piles.

Stratum
Density/
KN/m3

Cohesion/
KPa Depth/m

Friction 
angle/°

Elastic
modulus/MPa

Possion
(μ)

18.0  0 1.6 22 10.0 0.40
17.4  2 1.4 22 8.0 0.40
16.6 12 7.0 18 15.0 0.40
16.8 16 2.5 12 21.0 0.35
19.6 15 7.4 20 32.0 0.32
19.3 36 5.1 33 40.0 0.30
19.4  5 5.0 43 100.0 0.25

Pile 25.0 28000.0 0.16

Figure 2. FEM simulation results of Q-S curve.
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Figure 3. Soil displacement.

Figure 4. Soil vertical stress/KPa.

Figure 5. Soil yield zone.

Figure 6. Plasticity distribution.

Figure 7. Distribution of friction resistance along depth 
of piles during uplift.
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4 CONCLUSIONS

The numerical analysis is performed to investigate 
the uplift behavior of enlarged pile. The plastic 
region is like the semielliptical curve starting from 
the enlarged pile tip to the pile shaft. The enlarged 
pile tip has the effect of compressing the surround-
ing soil locally, which causes the local shear fail-
ure of soil. The friction resistance in the enlarged 
pile tip greatly improves the limit uplift bearing 
capacity.
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ABSTRACT: Gabion retaining walls are commonly built as gravity type walls for low wall heights 
and as reinforced soil type for medium and high walls. Reinforced gabion retaining walls can generally 
accommodate large lateral and vertical movements without excessive structural distress, thus they offer 
technical and economical advantage over the conventional concrete gravity retaining walls. Experiments 
were conducted on small scale models of reinforced gabion retaining walls. Conclusions are drawn: 
The quarry dust filled gabion walls show more lateral deformation than that of the coarse aggregate 
filled gabion walls. As the percentage of quarry dust increased, top lateral deformation and bulging also 
increased. An inference can be made that the walls with lesser quantity of quarry dust behave in a stiffer 
manner than the other walls with higher quantities of quarry dust.

Keywords: gabion; reinforced earth retaining wall; the load deformation behaviour; the bulging patterns

disposal and it may turn into an inexpensive and 
advantageous construction product. It can also be 
noted that there is an added advantage in the use 
of rock waste from the quarries in the sense that 
the otherwise colossal cost of the conventional 
retaining structures is reduced to a very low value. 
Different experiments were carried out for deter-
mining the load deformation behaviour of the 
walls using gabions with different combinations of 
fill materials [1].

2 MODEL STUDIES

In gabion walls, gravity force (self  weight) is the 
predominant stabilizing force, which depends on 
the unit weight of the material (γm) used for con-
struction, which in turn is dependent on the  specific 
gravity (G) of the material by the relation, γm = G ⋅ γw, 
where γw is the unit weight of water. The specific 
gravity of rock waste is nearly equal to that of 
stone. Therefore, gravity force is not affected by the 
replacement of stone with rock waste. Considering 
all these points, rock waste was selected as a substi-
tute for stone filling in this work. To represent the 
rock waste in the model studies, quarry dust, which 
is one of the easily and cheaply available waste 
materials, was used. Similarly stone filling was rep-
resented by 20 mm coarse aggregate filling inside 

1 INTRODUCTION

Reinforced gabion retaining walls are essentially 
semi rigid structures that can generally accom-
modate large lateral and vertical movements with-
out excessive structural distress. Because of this 
inherent feature, they offer technical and economical 
advantage over the conventional concrete gravity 
retaining walls. Although they can be constructed 
either as gravity type or reinforced soil type, this 
work mainly deals with reinforced gabion retaining 
walls as they are more suitable to larger heights.

Experiments were conducted on small scale 
models of reinforced gabion retaining walls. While 
doing so, an attempt was made to explore the 
possibility of reducing the cost of construction 
by using quarry dust as a gabion fill material. 
The most attractive feature of the gabion walls is 
their cost effectiveness. Gabion walls can achieve 
around 30–60% savings when compared to Rein-
forced cement concrete walls constructed in 
similar situations. Even though the structure is a 
cost effective one, it can be seen that the stone fill-
ing used inside gabion boxes increases the cost of 
construction. In this work, an attempt is made to 
examine the effects of replacement of the stone 
filling in the gabion boxes with a mixture of stone 
and rock waste. The use of rock waste would 
relieve some of the problems associated with its 
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the gabion boxes. Instead of the actual gabion wall 
with stone filling, the one with a combination of 
stone filling and quarry dust was considered for 
the studies. Five different combinations were tried 
by varying the quantities of quarry dust and stone 
filling. Load tests were conducted on model gabion 
retaining walls to study the deformation character-
istics of gabion faced retaining walls. The purpose 
of this study was to find out an optimum combi-
nation of quarry dust and stone filling, to replace 
the stone filling in gabion boxes and thus, further 
reduce the cost of construction of gabion wall. For 
this, five different combinations of quarry dust 
and coarse aggregate were used in the gabion fill 
supporting the model retaining wall. The combina-
tions were varied by percentage weight of the fill-
ing materials in gabion boxes [2].

3 FIELD MODEL STUDIES

3.1 Construction of model gabion wall

For the reinforcement purpose the base of the 
gabion boxes are provided with an extension. Gen-
erally 0.6 to 0.8 times the height of the wall is taken 
as the reinforcement extension including the base 
of the box. The extension and boxes act mono-
lithically. Boxes are provided with a top cover and 
internal partitions called as diaphragms to prevent 
bulging of the box. The model gabion wall was con-
structed over a length of 2 m. The height of the wall 
was fixed as l m. The wall was constructed at a dis-
tance of 2.5 m from the natural slope and the space 
was filled with sand, which acted as a backfill to 
the wall. Brick bays were constructed on either side 
to limit the length of the wall. Sixteen numbers of 
gabion boxes each of size 0.5 m × 0.25 m × 0.25 m 
were used to retain the backfill. Boxes were pro-
vided with an extension of 0.55 m at the base. Top 
cover was also provided. Because of the small size 
of the box, diaphragm walls were avoided.

For the load tests, using coarse aggregate as 
filling material, the above described model gabion 
boxes were used as such. But for the quarry dust 
and other combinations of quarry dust and coarse 
aggregate as filling material, the inner sides of the 
gab ion boxes were stitched with geotextile Terram 
1000. Nylon wires were used for stitching. The geo-
textile prevents the escape of quarry dust through 
the mesh openings.

The ground was levelled and 5 cm thick layer of 
sea sand was spread over it. The first layer of four 
boxes was placed on the levelled ground surface 
where the wall had to be constructed. The boxes 
were connected together with steel wires so that 
they behave as a single unit. The extensions of the 
boxes were spread over the sand layer. Boxes were 

filled with filling material corresponding to the 
cases considered. In the case of combination fill-
ing, the quarry dust and coarse aggregate were 
filled in the boxes after mixing them properly in 
the required proportions. Filling was done with 
proper compaction to achieve the required unit 
weight of 15 kN/m3. After filling the boxes, the top 
cover was closed and tightly connected to the sides 
of the boxes using steel wires. Behind the boxes, 
geotextile was placed in order to avoid the entry of 
granular backfill into the boxes. Then backfilling 
of sand was done up to the height of the boxes. The 
backfill sand was compacted in each layer to get 
an average unit weight of 17.6 kN/m3. Each layer 
of the fill was compacted to get the same density 
by controlling the weight of soil and thickness of 
layer. After levelling the backfill, the next layer of 
gabion boxes was placed above the first layer and 
the two layers were stitched with steel wires and the 
procedure was continued up to the required level. 
Since the height of the wall was fixed as 1 m, four 
layers of boxes each of height 0.25 m were placed 
to complete the construction. Markings were made 
on the front of each box of the facing unit for tak-
ing measurement due to surcharge loading [3].

3.2 Loading set up

After the construction of wall using gabion boxes 
loading was done with sand bags. Before placing 
the sand bags a concrete slab was placed over the 
retaining wall to enable the surcharge loads to give a 
uniform pressure as well as to act as a loading plat-
form. Sand bags were placed in layers. Each layer 
constituted of 25 bags filled with sand. Each layer 
provides a surcharge pressure of 2 kPa. The load 
for the first layer of sand bag (2 kPa) and load from 
the concrete slab (1 kPa) was taken as the seating 
load and the initial deformations were noted. An 
aluminium rod was placed above gabion wall, sup-
ported by the brick walls of the bay. This was used 
as a reference mark to measure the deformations.

In order to measure the lateral deflection the outer 
edge of the aluminium rod was used as the datum 
point. A plumb bob was hung down vertical from 
the outer edge of aluminium bar. Using a metre scale 
the initial position of wall and the changed position 
after loading, were measured. The difference between 
these values gave the lateral deformation at each 
point. In total, six layers of sand bags were placed 
one over the other, above the retaining wall. Thus at 
the end of loading a total pressure of 13 kPa was 
acting on the wall. After placing each layer of sand 
bag the loading was kept undisturbed till the defor-
mations stabilized. Before placing the next layer of 
sand bags, lateral deformations were measured. The 
walls were not loaded to failure due to the practical 
difficulty of increasing the height of dead load.
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4 LABORATORY MODEL STUDIES

4.1 Experimental set up

The experiments consisted of studies on model 
gabion retaining wall constructed in a steel tank of 
size l m × l m × l m in the Geotechnical Engineering 
laboratory. The height of the wall was fixed as 0.6 m 
and the dimensions of the boxes and basal exten-
sion were designed using the physical properties of 
backfill soil and steel mesh which were obtained 
from laboratory experiments. Sixteen numbers 
of gabion boxes each 0.25 m long, 0.15 m wide 
and 0.15 m high and with basal reinforcement of 
0.35 m were used to retain the sand backfill inside 
the tank. The boxes were fabricated by stitching 
steel mesh panels to get the required shape.

Four such boxes were stitched one beside the other 
to form a layer such that they behave as a single unit. 
Four layers were placed one above the other to form 
the wall. The horizontal deformations at the front 
face of the wall were measured using dial gauges.

For the load tests using coarse aggregate alone 
as the filling material, the above described model 
gabion boxes were used as such. But for the cases 
where quarry dust is also used as filling material, 
the inner sides of the gabion boxes were stitched 
with geotextile Terram 1000. Nylon wires were used 
for stitching. The geotextile prevents the escape of 
quarry dust through the mesh openings. The fill-
ing material in the boxes was filled at an average 
unit weight of 15 kN/m3. In this laboratory experi-
ment, the combination filling was done in layers. 
The required proportion of quarry dust was placed 
as the bottom layer and the coarse aggregate as 
the top layer, the separation between the two being 
made using the geotextile material. The backfill 
sand was compacted in each layer to get an aver-
age unit weight of 16 kN/m3. Each layer of the fill 
was compacted to get the same density by control-
ling the weight of soil and thickness of layer. After 
leveling the backfill, the next layer of gabion boxes 
was placed above the first layer and they were 
stitched with nylon wires and the procedure was 
continued up to the required level. Four layers of 
boxes each of height 0.15 m were placed one above 
the other to complete the construction. The layers 
were also interconnected using steel wires such that 
the entire wall behaves as a single block. Markings 
with small metal strips were made on the front face 
of the circled boxes at the centre for taking defor-
mation measurements with dial gauges.

4.2 Loading set up

After the construction of the wall using gabion 
boxes, loading is done using hydraulic jack and 
lever arrangement. The loading pattern used is of 

two-point loading acting on a 25 mm thick and 0.2 m 
wide strip placed over the sand backfill parallel to 
the gab ion wall. Load was applied using a hydraulic 
jack, in increments of 3 kN till failure. After applying 
each increment, the load was kept constant till the 
deformations stabilized. Prior to next increment lat-
eral deformations were measured using dial gauges.

5 LOAD DEFORMATION 
CHARACTERISTICS

An account of the results obtained from the exper-
imental studies is presented in this paper.

The field model experiment was loaded up to 
13 kPa which included a seating load of 3 kPa and 
initial deformations were measured only after sta-
bilization of the deformations due to the seating 
load. For the laboratory model experiment, the 
wall was kept undisturbed for a day for the sta-
bilization of post construction deformations and 
loading was done on the succeeding day in incre-
ments. The load—deformation measurements were 
noted till failure.

The effective replacement of stone filling in 
gabion boxes by a cheaper material is the focus 
of the study and is done by comparing the load 
deformation behaviour of the five different walls. 
Figure 1 shows the load deformation characteris-
tics for field model experiment in which the defor-
mation is expressed in terms of a dimensionless 
quantity, top sway factor, δ1 which is defined as 
U1/H where H is the wall height and U1 is the top 
lateral deformation of the wall at the midsection. 
Although U1 is referred as top lateral deformation, 
it is measured as the average of the lateral defor-
mations at the centre of gabion boxes. From the 
figures, it can be seen that as the load increases, 
the lateral deformation also increases, as expected. 

Figure 1. Load deformation behaviour after seat load 
(Field model experiment).
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The quarry dust filled gabion walls show more 
lateral deformation than that of the coarse aggre-
gate filled gabion walls. The combinations showed 
intermediate deformations. This may be due to 
the low stiffness characteristics of quarry dust 
filled gabions. As a result, as the percentage of 
quarry dust increased, top lateral deformation also 
increased. The 50–50 combination shows a top 
lateral deformation less than that of quarry dust 
alone and 70% quarry dust and 30% coarse aggre-
gate combination [4].

6 BULGING PATTERNS

The variation of lateral deformation along the 
height of  the wall which is termed as “bulging pat-
tern”, also show the behaviour of retaining walls. 
The lateral deformations at the mid length of the 
wall (U2) in all the four layers at a specific load 
value were measured in the experiments to under-
stand the behaviour of the fill materials in the wall 
facings. The bulging patterns are plotted with the 
sway factor, δs = U2/H along the x-axis and the 
wall elevation along the y-axis. The bulging pat-
terns are studied for a uniform surcharge load of 
13 kN/m3.

Figure 2 shows the bulging patterns of the model 
gabion walls for different combinations of fill. As 
the percentage of quarry dust increased bulging 
was observed to increase. It is seen that, the top 
layer experienced more bulging than the lower 
layer for the first three walls with lesser quantity of 
quarry dust. The other two walls with larger quan-
tity of quarry dust showed an intermediate bulging 
in the third layer. An inference can be made at this 
point that the walls with lesser quantity of quarry 
dust behave in a stiffer manner than the other walls 
with higher quantities of quarry dust [5].

The difference between the two sets of experi-
ments lies in the loading difference and the mode 
of filling the boxes. Even with these differences, 
the results are found to be comparable near to the 
failure points. From this, it can be inferred that the 
mode of filling has no effect on the load deforma-
tion behaviour of the system.

On quantifying the increase in top lateral defor-
mation of the quarry dust filled walls with respect 
to coarse aggregate filled wall, it is seen from the 
experiment that filling 30% quarry dust increases 
the top lateral deformation approximately by 35%. 
When quarry dust is increased to 50%, almost 70% 
hike is seen in the deformation value. In general, as 
the quantity of quarry dust increased, the defor-
mation also increased.

7 CONCLUSIONS

Experiments were conducted on small scale model 
walls in the field and in the laboratory to investi-
gate the effects of replacement of the stone filling 
in the gabion boxes used as facing in gabion walls, 
with a mixture of stone and rock waste. To find an 
optimum mixture of stone and rock waste to be 
filled in the gabion boxes, walls were constructed 
with different combinations of stone and rock 
waste and were loaded to study the variation in the 
deformation behaviour or the system.

As the load increases, the lateral deformation of 
reinforced earth retaining wall also increases. The 
quarry dust filled gabion walls show more lateral 
deformation than that of the coarse aggregate filled 
gabion walls. As the percentage of quarry dust 
increased, top lateral deformation also increased. 
As the percentage of quarry dust increased, bulg-
ing was observed to increase. An inference can be 
made that the walls with lesser quantity of quarry 
dust behave in a stiffer manner than the other walls 
with higher quantities of quarry dust.
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Figure 2. Bulging of front face of walls (Field model 
experiment).
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ABSTRACT: Conventional design procedures of retaining walls in general, do not take into account 
wall deformation which is usually considered as a minor criterion in design. But in the present trend, a 
deformation study for retaining walls is important. Finite element analyses were carried out for different 
reinforcement spacings, reinforcement lengths and facing widths on low, medium, and high walls. The 
relation between those geometric parameters and the effect of the earth pressure acting on the wall and the 
facing deformation are discussed in detail in this paper. Moreover, the optimum values have been suggested 
as follows: the ideal spacing of reinforcement may be fixed as 0.1 H–0.2 H; the ideal reinforcement length 
may be fixed as 0.4 H–0.6 H; the facing width may be fixed as 0.1 H–0.15 H; the most ideal position for 
placing the strip loading is at least 1.5 L away from the back face of the wall.

Keywords: gabion; reinforced earth retaining wall; deformation behaviour; geometric parameters; finite 
element method

This paper explains the analyses conducted on 
gabion faced reinforced soil walls of three different 
wall heights—3 m, 6 m and 9 m representing the 
low, medium and high walls respectively. Finite ele-
ment studies were performed by varying the spac-
ing as well as the length of reinforcement and the 
width of gabion facing. The effect of the position 
of strip loading on the behavior of walls was also 
investigated.

2 FE MODEL FOR THE PARAMETRIC 
STUDIES

The reinforcement extending into the soil was 
assumed to be of same length through out the height 
of the wall and was taken as equal to H (the height 
of Reinforced gabion retaining walls) in the basic 
system chosen for the  parametric study. The wall 
facing at the bottom was assumed to have an 
embedment of 0.15 H into the soft clay.  Horizontal 
translation was restricted for the nodes on the left 
and right end boundaries and all the bottom nodes 
were completely restrained. The geometry of the 
model was kept the same for all the parametric 
studies and only the parameter to be studied was 
varied accordingly. The FE mesh was fixed such 

1 INTRODUCTION

Reinforced gabion retaining walls are essentially 
semi rigid structures that can generally accommo-
date large lateral and vertical movements without 
excessive structural distress. Because of this inher-
ent feature, they offer technical and economical 
advantage over the conventional concrete gravity 
retaining walls.

Conventional wall design procedures are prima-
rily stress based and do not consider deformations 
separately. Reason for the same being, deforma-
tions are relatively insignificant for the typical con-
ditions of wall geometry and loading for which the 
design procedures were developed. But in circum-
stances where walls with non—standard geometry 
or loading cannot be avoided, deformation criteria 
should be carefully considered. For example, the 
use of shortened reinforcement layers due to topo-
graphic or economic constraints will cause increased 
deformations which would otherwise become 
critical, if  avoided. Walls with large external loading 
or sloping backfills, walls where performance crite-
ria requires very small deformations etc., are some 
other examples where deformations have more or 
less equal importance to stresses. Hence this work 
concentrates on deformation studies [1, 2].
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that the same mesh could be used for all the para-
metric studies performed.

The basal reinforcing mesh of the gabion boxes 
extending into the soil were modelled using 288 
two noded truss elements with axial stiffness only, 
assuming linear stress strain relationship. The 
properties of the gabion mesh were determined 
in the laboratory by conducting tension tests on a 
sample specimen of the gabion mesh. The gabion 
wall facing was modelled as a composite material 
assigning properties obtained from literature. The 
soil material was modelled using 2066 four noded 
isoparametric quadrilateral elements. The non lin-
ear stress—strain behaviour of soil was simulated 
using Duncan and Chang hyperbolic model follow-
ing Mohr—Coulomb failure criterion. The backfill 
was assumed to be beach sand and the foundation 
was assumed to be clayey silt. In reinforced soil 
structures, the main criterion adopted in the design 
is that the desirable failure mode is pullout failure 
rather than the breaking of reinforcement. This is 
because the failure due to rupture can reduce the 
shear strength of the structure to a very low value 
which may cause catastrophic effects to the struc-
ture. Hence the failure of reinforcement was not 
modelled here and it was assumed that the system 
does not fail by the rupture of reinforcement. The 
pullout failure of the reinforcement was modelled 
using four noded zero thickness interface elements 
at the top and bottom of the reinforcement. The 
interface elements were also used behind the verti-
cal face of the gabion wall in contact with the back 
fill, at the base and in the front face (foundation) in 
contact with the foundation soil. The interface ele-
ments were modelled such that the shear stiffness 
is governed by a hyperbolic rule similar to that of 
the soil model and related the interface shear stress 
and displacement [3].

3 EFFECT OF REINFORCEMENT 
SPACING

It is a common practice in the construction of 
gabion faced walls to provide the reinforcement 
at uniform spacing. Considering the economic 
aspects, varied spacing can be more advantageous 
than uniform spacing. Hence an attempt is made 
here to study the influence of spacing of reinforce-
ment on the behaviour of gabion faced reinforced 
soil walls and to arrive at an optimum value of 
spacing.

For this, different configurations of reinforce-
ment have been chosen, studies were conducted 
varying reinforcement spacing (h) as 0.08 H, 
0.17 H, 0.25 H, 0.33 H and 0.50 H. The horizontal 
deformations of the facing for all the configura-
tions were noted and plotted as shown in figure, 

which shows the variation of lateral deformation 
of gabion wall facing for the different models dis-
cussed above for H = 6 m. The lateral deformation 
increases as the spacing of the basal reinforcement 
increases, in all the cases, there is not much varia-
tion of lateral deformation in the embedded por-
tion of the wall since the outward deformation is 
restricted by the foundation soil. The shape of the 
facing deformation changes from a linear form to a 
bow shaped form as the spacing of basal reinforce-
ment of the reinforced gabion walls decreases and 
the maximum deformation is as low as 0.0036 H. 
It is also seen that for medium to large spacings, 
namely h/H = 0.25 to 0.5, the deformation increases 
almost linearly with height from bottom to top and 
the maximum deformation at top is nearly 0.012 H 
for h/H = 0.25 and 0.04 H for h/H = 0.5.

The reduction in deformation of reinforced 
gabion faced walls are plotted against the normal-
ized spacing for the case L/H = 1.00, where L is the 
reinforcement length. Here, the percentage reduc-
tion in deformation is defined as,

Δ ( )−u ( ) 0/ %×u0 100  (1)

where u0 is the maximum lateral deformation in 
the unreinforced case; u1 is the maximum lateral 
deformation in the different reinforced cases. 
As expected, as the spacing becomes smaller the 
percentage reduction in deformation increases 
(Fig. 1).

The percentage reduction in deformation is seen 
to be smaller for low height walls and it increases 
as the height increases. The variation in percent-
age reduction in deformation between walls of 
3 m height and 6 m (or 9 m) height, is larger for 
smaller spacings and decreases gradually as spac-
ing increases. The values become almost constant 
for walls of all heights at large spacings. From the 

Figure 1. Effect of reinforcement spacing.
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above discussions, it may be concluded that for any 
wall height, the ideal spacing of reinforcement may 
be fixed as, h = 0.1 H to 0.2 H, as observed from 
Figure 1.

4 EFFECT OF REINFORCEMENT 
LENGTH

To explore the reasonable reinforcement length 
in gabion faced reinforced soil walls, studies were 
conducted varying the lengths of reinforcement as 
0.125 H, 0.25 H, 0.5 H, 0.75 H and 1.00 H.

As the length of reinforcement increases, per-
centage increase in lateral force with respect to the 
unreinforced case increases. In other words, as the 
quantity of reinforcement increases, the earth pres-
sure exerted on the back face of the wall increases, 
indicating the transformation of the state of earth 
pressure from below active condition to near to at-
rest condition, the system changes from an unsta-
ble to a stable state which is clearly indicated by the 
reduction in deflection values with the increase in 
the quantity of reinforcement [4, 5].

The variation m length was plotted against the 
change in deformations with respect to the unrein-
forced case (Fig. 2). Here also, as expected, as the 
length of reinforcement increases, the reduction in 
displacement increases.

As the wall height increases, the percentage 
increase in lateral force increases, but the vari-
ation is very small. The percentage reduction in 
deformation is lower for low height walls and it 
increases gradually for walls of  larger heights 
and the variation is nominal for medium and 
high walls. Moreover, observing from Figure 2, 
the ideal reinforcement length for gabion faced 
reinforced soil walls may be fixed as 0.4 H–0.6 H, 
beyond which the deformation variations are seen 
to be constant.

5 EFFECT OF FACING WIDTH

In order to investigate the effect of the width of 
gabion facing on the behaviour of gabion faced rein-
forced soil walls, the same was varied keeping all the 
other parameters constant. Studies were conducted 
varying the widths of gabion facing as 0.025 H, 
0.05 H, 0.10 H, 0.15 H, 0.20 H, 0.25 H and 0.30 H.

Results show that as the facing width increases, 
there is not much variation in the lateral force exerted 
at the back face of the wall. This means that the fac-
ing rigidity has not much effect on the lateral force 
developed in the backfill. The variation in facing 
width has also been plotted against the maximum 
lateral deflection with respect to the unreinforced 
case (Fig. 3). Here it is seen that the increase in facing 
width decreases the maximum lateral displacement. 
For very thin facings, the displacements are seen to 
be maximum. For b/H ≥ 0.1, the displacement val-
ues are almost constant giving a linear horizontal 
shape to the latter part of the plot.

As the wall height increases, the lateral force and 
the displacement values also increase (Fig. 3). The 
variation in lateral force is nominal for medium 
and high walls. In the case of displacements, for 
thin facings, the variation in displacements with 
increase in wall height is seen to be large. For 
thicker facings, the corresponding variations are 
small. To summarise the study, the facing width 
may be fixed as 0.1 H–0.15 H, beyond which the 
effect of deformations are seen to be marginal.

6 EFFECT OF POSITION OF STRIP 
LOADING

Strip loads like pipelines, edges of bridge seating, 
cranes, compactors etc., are commonly seen at a 
retaining wall project site. These are permanent 
loadings and before the placement of these loads Figure 2. Effect of reinforcement length.

Figure 3. Effect of facing width.
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over the structure in the case of a gabion faced 
reinforced soil wall, the behaviour of the walls 
should be studied under the action of these loads.

For this, FE studies were conducted by applying 
strip load of same intensity (35 kN/m which is the 
usual load taken for the design of bridges etc.), but 
of varying widths at various positions and maxi-
mum lateral deformation is noted. Strip width is 
denoted as B and the position is denoted as De. De 
denotes the distance of the start of strip load from 
back face of wall.

Strip was varied in position at different values 
of De/L = 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 
and 2.00. The strip width was varied at values of 
B/L = 0.10, 0.20, 0.30, 0.50, 0.75 and 1.00 for the 
parametric studies. The deformation is expressed 
in terms of percentage increase in deformation 
with respect to the case with no strip loading.

The variation of top lateral deformation of the 
facing with change of strip position from back 
face of wall for different width of strip loading was 
achieved. As expected, the deformation increases 
with increase in width of strip loads. Regarding the 
strip position, the ratio De/L = 0, represents that 
the start of the strip loading is at the back face of 
the wall. Results show that it is the most  critical 
loading position as the percentage increase in 
deformation with respect to the unloaded case 
is maximum here. One more critical plane can 
be identified from the result where all the curves 
show a peak. This is at De/L = 1, where the percent-
age increase in deformation is found to be more 
compared to other positions. The best position of 
strip loading can also be identified which is De/L > 
1.5. Another suitable position range may also be 
located from as De/L = 0.5 to 0.75. It is at these two 
positions where the percentage increase in defor-
mation is lesser compared to other positions.

Thus the critical planes where the strip loading 
should not be placed are the beginning and end 
of the reinforcement lengths. The most ideal posi-
tion for placing the strip loading is at least 1.5 L 
away from the back face of the wall, where L is the 
length of the reinforcement. Strip should be placed 
away from the reinforced region. If  in any case, the 
strip has to be placed inside the reinforced area, the 
best position is that the start of the strip loading 
should be within the range 0.5 L–0.75 L from the 
back face of the wall. The results of the FE studies 
performed h ere were replotted to develop a design 
chart from which the position of strip loading may 
be fixed by considering the deformation criteria. 

With the aid of this chart, knowing the limiting 
deformation and strip width, the ideal position of 
strip loading can be selected.

7 CONCLUSIONS

FE analyses of gabion faced reinforced soil retain-
ing walls were carried out for different reinforce-
ment spacings, reinforcement lengths and facing 
widths on low (3 m), medium (6 m) and high (9 m) 
walls. The relation between those geometric param-
eters and the effect of the earth pressure acting on 
the wall and the facing deformation are discussed 
in detail in this paper.

Moreover, the optimum values have been sug-
gested in each case. Suggestions are as follows:

For any wall height, the ideal spacing of rein-
forcement may be fixed as 0.1 H–0.2 H. The ideal 
reinforcement length for gabion faced reinforced 
soil walls may be fixed as 0.4 H–0.6 H, beyond 
which the deformation variations are seen to 
be constant. The facing width may be fixed as 
0.1 H–0.15 H, beyond which the effect of deforma-
tions are seen to be marginal.

The strip loading should not be placed are the 
beginning and end of the reinforcement lengths. 
The most ideal position for placing the strip loading 
is at least 1.5 L away from the back face of the wall, 
where L is the length of the reinforcement. If  the 
strip has to be placed inside the reinforced area, the 
best position is that the start of the strip loading 
should be within the range 0.5 L–0.75 L from the 
back face of the wall.
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ABSTRACT: To simulate the process of expansive soil fissure cracking correctly under the action of the 
rainfall evaporation, we changed the moisture content of expansive soil in the laboratory. To observe and 
analyze fracture characteristics of the key factors, we used Matlab software to get the binary cracks image 
to calculate and analyze the fracture rate under different moisture content of different cycle times, such as 
the area of the fracture rate, width, quantity, and so on. In addition, this experiment also uses the method 
of pouring wax to get fracture model. Combined with two-dimensional and three-dimensional analyses, 
this research makes the results more reliable. The research results show that in the process of a dry-wet 
circulation, cracks generated quickly, and then slow over time, eventually achieving stability. In five dry-
wet circulation processes, the number of fractures appear increasingly at end of each cycle. Gradually, 
fractures ultimately achieve stability after five dry-wet circulations.

Keywords: expansive soil; dry-wet circulation; fracture patterns; binarization; fracture model

crack observation and statistics and human error, 
and provide convenience for the follow-up study of 
expansive soil.

2 EXPANSIVE SOIL CRACKS 
GENERATED TEST

2.1 Test tool

Expansive soil for test: the Nanjing highway-ring 
roadbed weak expansive soil; two same specifica-
tion (30 mm × 40 mm) of the iron plate (A is used 
for test photos, B is used for weighing the soil qual-
ity change); the camera; the computer; watering 
can; platform scale.

2.2 Test procedure

The basic data:
Plate weight: 2250 g, soil weight 5151 g, water 
Weight 1199 g, total quality 7401 g, initial moisture 
content: 23.28%, the dry density: 1.47 g/cm3.

To determine the initial moisture content of 
23%, calculated with the content of expansive soil 
and water, and then mixed the original expansive 
soil with water, so that conforms to the moisture 
content in soil moisture content, and iron soil 
compacted. After a period of time with the sur-
face of the expansive soil both A and B generating 

1 INTRODUCTION

Expansive soil has the characteristics of fractures, 
over consolidation, and expansion; these three 
properties are closely related with water content of 
expansive soil. The soil fissures destroy the integ-
rity of actual engineering, which is one of the most 
difficult problems in engineering.  Previous study of 
expansive soil fissure was mostly on the qualitative 
analysis. Quantitative analysis was gradually being 
taken seriously in recent years. This paper takes the 
highway-ring around Nanjing weak expansive soil 
roadbed as the research object. We study cracks in 
the expansive soil generated under the influence of 
the climate and those generated in the expansive 
soil in the laboratory simulation process of natural 
rainfall dry-wet circulation. We compare the quali-
tative and quantitative observation statistics to 
determine key factors of fracture characteristics. 
Through the representative area of expansive soil 
in the laboratory on small dry-wet circulation, we 
observe the expansive soil fracture process and geo-
metric feature of the network. With a larger work-
load and a small representative area, observation 
of scene fracture statistics and measurement with a 
certain randomness is not easy. Crack observation 
statistics to determine geometrical characteristics 
of the fracture network is one of the key factors 
that can greatly reduce the field work of all the 
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cracks, A plate is used to take photos with camera 
at definite time, B plate is used to record the soil 
and the iron plate quality on time. To take off  the 
soil surface crack at an appropriate time when the 
crack no longer change, with watering the surface 
simulate nature rainfall until the fracture healing, 
record water supply volume before the next cracks 
generated. Then do five dry-wet cycles test like this. 
After five loops by the test results before fracture is 
basically stable, so this test selects five times of the 
dry-wet circulation.

2.3 Test phenomenon

As shown in Figure 1, in a dehumidifying process 
experiment, no any cracks are generated in expan-
sive soil surface, except when the soil gradually 
becomes dry at the beginning after a period of 
time. As time goes by, expansive soil surface begins 
to produce small cracks. Then the cracks gradually 
become wider. Big cracks connect with each other 
and bestrew the surface of the earth. The whole 
expansive soil surface will divide into several pieces 
in different kinds of size and shape and tends to be 
stable in the end.

In the process of five dry-wet circulations as 
shown in Figure 2, along with the increase in number 
of dry-wet circulation, the fracture number on the 
surface of expansive soil increasing constantly, the 
block number is also gradually becoming more, 
and fissure between connected more thoroughly. 
 However, the average width of fissure is reducing, 
the change of amplitude decreases with the increase 
of cycling time, finally reached a steady.

When simulated nature rainfall make fissure 
healing, expansive soil surface become moist and 
soft gradually. Along with the increase in quantity 
of water added, accompanied with the collapse of 
the surface soil particle and the water flow into the 
crack and crack healing slowly. The healing speed 
increases as water added quickly before they are 

gradually slow down. It was not until after the 
expansive soil saturated water stop adding water, 
soil surface eventually become a bit uneven, no 
longer like initial moisture level.

Expansive soil dry hard before sprinkler, soil 
surface is relatively smooth, fissure is clearly visible, 
mutual penetrated. During the preliminary stage 
of watering the fracture did not heal, but the proc-
ess of expansive soil surface get Moist and soften 
gradually, gave a name to this process: the first stage 
of crack healing when expansive soil get Moist and 
soften stage. A period of time after watering, the 
surface of the expansive soil gets more humid, part 
of the cracks begin to be filled by the expansive soil 
fine particles which are softening in water. During 
this period, the speed of crack healing is fastest, 
gave a name to this process: the second stage of 
crack healing, the stage of fracture healing. Water 
after crack healing will have little impact on the 
crack. A period of time after watering when Frac-
ture surface is almost flush with the soil horizontal 
plane which can think fissure expansive soils water 
saturated, gave a name to this process: the third 
stage of crack healing, the fissure water saturation 
stage. A period of time after Complete with water, 
the expansive soil surface will remain some white 
minerals which are mainly concentrated in on both 
sides of the original crack. Where there are more 
cracks, there are more white minerals.

3 TEST RESULT ANALYSIS

3.1 The relationship between the moisture content 
and fractures during a cycle process

The chart that the test record of the data analysis 
to obtain one circulation process with the change 
of moisture content.

Select two representative point analysis: (t0, w0) 
and (t1, w1). Among them: the initial moisture 
content w0 = 23%, the critical moisture content 
w1 = 21%; Moment t0: 22:40 when to start to take 
off  the wet, moment t1: 1:00 just produce crack. 
Obtained from experiments:

1. t ∈ 〈t0, t1〉, the fitting function: y = 0.0028 
t + 0.3261, the moisture content between (w0, w1), 
Water content (w) decreases and is proportional 
to the time (t).

2. t ∈ 〈t1, t2〉, the fitting function: 
y = 0.079lnx + 0.079, the moisture content 

Figure 1. A dehumidifying process of fracture 
development.

Figure 2. The final fracture after five times dry-wet 
circulation.

Figure 3. Fissure healing process.
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between (w1, w2), which is a fissure develop-
ment period, the speed of moisture content (w) 
reduce speed up before slow down.

Under the invariable conditions of outside air 
velocity and temperature, the generation of crack 
is associated with the factors such as development 
of soil, soil moisture evaporation rate, the stress 
state, and expansive soil shrinkage characteris-
tics [1]. The shrinkage characteristics associated 
with the composition of expansive soil and the 
soil moisture evaporation rate and the stress state 
are related to the moisture content of soil. When 
outside conditions are unchanged and expansive 
soil moisture content is large enough (greater than 
21%), the evaporation rate of water is smooth and 
steady, the soil stress state is hardly changed, and 
there will be no cracks. When the moisture con-
tent of expansive soil is less than the crack gener-
ating critical moisture content (21%), the smaller 
the moisture content, the better the permeability 
of soil mass becomes, the faster evaporation, soil 
mass stress state changes, and the easier the soil 
fissure development. However, when the moisture 
content is below a certain value (3%), soil mois-
ture content change is not obvious; there is almost 
no soil mass stress state change and fractures are 
largely discontinued.

When a crack starts generating, the whole air-
port surface area increases. This increases the 
evaporation surface greatly, thus accelerating the 
speed of internal moisture content reduction. In 
addition, in the local scope around the fissure, 
water evaporation rate is faster than the place 
without cracks, which led to increase the speed of 
the moisture content reduction of expansive soil in 
the local scope and new secondary fractures will 
develop around the main crack.

At the moment of taking off  the wet, expan-
sive soil began to produce crack moment, which 
is puberty before the crack. Water content (w) 
decreases and is almost proportional to the time 
(t). The expansive soil does not produce during 
 fracture. When the moisture content decreased 
to critical moisture content, (w1) begins to 

produce crack. Just produce crack to the ground to 
a halt is fissure development period, the speed of 
moisture content (w) reduce, the length and speed 
of the growth rate of  Crack change over time 
quickly before they are slow. When the moisture 
content down to smaller critical moisture content 
(w2) the fracture morphology become stable and 
Fracture largely discontinued, which is a period of 
fracture stability.

3.2 A dehumidifying process 
fracture characteristics

In the process of one cycle, Matlab software is used 
to analyze the crack image to get the area change 
rate and the total length of line chart as shown: 
(note: crack length in the soil use pixel as units).

In the process of a dry-wet circulation, with the 
growth of the dehumidifying time, the crack area 
ratio and the total length does not appear from the 
moment of t = 0. That is to say there is no crack 
generation in the early stages of the dehumidify-
ing process. When cracks began to appear, the 
crack area ratio and the total length is not starting 
growth from 0 because the soil surface crack begins 
to generate at the same time in several locations. 
The total crack length and area ratio gradually 
accelerate after a period of time, increase its speed, 
and finally stabilize.

3.3 Analysis of fissure characteristics 
under the dry-wet circulation

Cutting Test pictures that five dry-wet cycles after 
each crack completely stability into the same size 
in the same area, then using Matlab software to 
get the binary fissure images (morphology theory). 

Figure 4. The change of moisture content within a 
cyclic process.

Figure 5. The relationship between crack area ratio and 
the total length over time.
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Programming analysis to calculate the area of the 
crack rate and the length of the crack will get the 
data into a line chart, as shown in Figure 6.

After the first time adding water, internal stress 
of expansive soil changes obviously, degree of 
expansive soil shrinkage increases sharply. After 
the second time adding water, degree of expan-
sive soil shrinkage increases lesser, and shrink-
age degree reaches the maximum. After the third 
time adding water, soil structure has changed and 
become relatively loose, lead to reduce the shrink-
age space inside of the soil. After the fourth time 
adding water, internal structure of the soil changes 
more which reduces potential energy reserves of 
the expansive soil and the soil become fluffier.

With the increase of dry-wet cycles, crack area 
ratio and the total length is increased in the begin-
ning and then decreases, this is due to dry-wet 
circulations make the internal structure of soil 
shrinkage stress space and irreversible changes 
have taken place. Expansive soil to dehydrate con-
traction, make its internal close-grained, result in 
fracture. Making the soil samples that complete 
dehumidified to water saturation again, cracks will 
be healed, but the soil is not back to the original 
state before the test, the crack healing doesn’t make 
the place of tensile strength of soil restoration, 
the original cracks in the structure stress and ten-
sile properties of soil have been destroyed. Under 
the influence of dry-wet circulation over and over 
again, the destruction of soil structure gradually 
accumulated, and internal tectonic stress of soil 
changes greatly, making the soil loose, plastic 

deformation and plastic deformation accumulated 
with the dry-wet circulation of soil gradually [3], 
the internal structure, stress and dehumidifying 
space of soil become more complicated. Therefore, 
when soil samples to take off  the wet process again, 
the expansive soil generates new crack more easily. 
Due to the soil dry shrinkage deformation space is 
limited, and the new crack share some space which 
cause the crack width on average decreases. The 
area of the crack rate has maximum, the maximum 
is associated with the function of internal force and 
contraction space of soil.

In the process of one cycle, the width of crack 
has showed a trend of increase with the decrease of 
the moisture content. And in the process of multi-
ple cycles, the average width of the eventually sta-
bilized crack showed a trend of decrease with the 
increase of cycling times. And the more cycles, the 
less number of fractures which width more than 
5 mm, what’s more, the average width of fracture 
for the first time cycle is the largest. It is obvious 
that crack width has close relationship with the 
area and the length of the crack.

4 FISSURE PARAFFIN WAX MODEL

So far, there are several crack observation methods 
such as photographic technique, sketch method, 
conductivity method, CT method and ultrasonic 
method. Photographic technique and sketch 
method called direct observations of fracture, the 
operation is simple but greatly influenced by arti-
ficial factors and can only be observed in a crack 
in the two-dimensional plane [2]. This experiment 
solid paraffin wax with sand bath, and then pour-
ing liquid paraffin to the expansive soil after dry-
wet circulations (as shown in Fig. 7).

Separating the expansive soil and paraffin wax 
crack model after waiting for a certain period of 
time that paraffin wax fully solidified, than we can 

Figure 6. The eventually crack area ratio and length 
after five times dry-wet circulation. Figure 7. Original fracture of expansive soil.
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fine fissures. Fracture thickness has a tendency of 
becoming narrower from top to the bottom, look-
ing like a “V” glyph.

Comparing four dry-wet circulation models, the 
crack block number of the second test article is 
significantly more than the first, which illustrates 
that the more cycles, the more fractures. The main 
fracture number accounts for the vast majority of 
the total number of fractures. (There is a greater dif-
ference between the data of model 1 and model 2; 
the main reason is not stirring well when making 
model of expansive soil). The average width of 
twelve randomly selected typical cracks at the bot-
tom of the model was measured.

Small crack width is less than 1.5 mm, the aver-
age width of the main fracture usually between 
1.5∼5.0 mm. It is obvious that the average width 
of main fractures is bigger than secondary frac-
tures (small crack). We can saw cracks in the three-
dimensional space form more intuitively, and the 
fracture internal structural is clearer through fis-
sure paraffin model. Crack width decreases from 
the soil surface to the bottom (looks like “V” 
glyph). Crack is not always perpendicular to the 
surface of soil; some cracks even grow sideways; 
some fractures surface appear on a curved surface 
and generate new fractures in the fracture sur-
face, which illustrates the internal structure, stress 
state, non-uniform shrinkage properties of expan-
sive soil. The generation of crack also has certain 
order which indirectly illustrates the in homogene-
ity of internal moisture content of soil that proved 
the correctness of the test results.

5 CONCLUSION AND PROSPECT

In the process of one dry-wet circulation, the 
production and development of expansive soil 
crack is roughly divided into three stages: crack 
not puberty, crack development, and crack stop 
development.

Fractures’ influence on expansive soil depends 
mainly on the strength of expansive soil. Cracks 
damaged the integrity of the soil and changed the 
stress state of the soil internal structures. Dry-wet 
circulation even exacerbated the impacts that form 
a vicious circle. These bad properties of expansive 
soil caused much trouble in practical engineering, 
which is also a headache. Therefore, the impor-
tance of studying the crack of expansive soil, the 
necessity, and urgency is self-evident. Research in 
the future on expansive soil should be divided into 
two directions: one is to study from the angle of the 
micro analysis of the internal structure of expan-
sive soil or its physical and chemical biology and 
the other is from the macroscopic angle to improve 
bad properties of expansive soil itself  to meet the 

Figure 8. The process of irrigation wax test.

Figure 9. The details of fissure paraffin wax model.

get the three-dimensional expansive soil fracture 
paraffin model.

Crack model appears grid and spread around, 
divided the whole model into several blocks in 
different size. Most fractures are arrived at the 
bottom of the test plate except a few cracks still 
not. The fractures that arrived at the bottom are 
coarser and longer. Most of these are connected 
together and belong to the main crack. The frac-
tures that have not arrived at the bottom are finer 
and shorter, and most of the fine fissures are not 
connected to the main crack on both ends of the 
crack, which belong to secondary fractures. Crack 
is not always distributed vertically; there are some 
that bend from top to bottom, and the fissure walls 
are uneven. Some fractures have bifurcation phe-
nomenon at the bottom, formatting two or more 
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needs of the project. This experiment was carried 
out on expansive soil using dry-wet circulation by 
simulation to research and analyze expansive soil 
fissures’ “generate—development—healing” char-
acteristics of the cycle for the further research of 
expansive soil foundation.
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Finite element analysis of reinforced soil retaining wall
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ABSTRACT: The deformation and bearing capacity mechanism is important for the engineering design 
of reinforced soil retaining wall. Adopting embed modeling for the interaction between the reinforced bar 
and the soil, the elasto-plastic finite element method is proposed to analyze the behavior of reinforced 
soil retaining wall. The simulated results are in good accordance with the experimental test data. The 
plastic region in the retaining wall coincides with the Rankin assumption. The reinforced bar resistance in 
the retaining wall greatly improves the limit bearing capacity.

Keywords: bearing capacity; reinforced soil retaining wall; finite element analysis

model of the reinforced soil retaining wall is mod-
eled, as shown in Figure 1. The two-dimensional 
reduced integration solid element C2D4R is used to 
model the soil. The bottom boundary condition is 
restrained in x, y directions. The side boundary is 
restrained in x direction. The Mohr-Coulomb yield 
criterion is used to model the soil behavior. The elas-
tic model is used to model the pile. The calculation 
region is taken as 20 times the pile radius in the lon-
gitudinal direction. The reinforced rib is assumed to 
be contact with soil. The embedded option is used to 
model full contact between reinforced rib and sand.

2.2 Boundary and loading

The side view of the reinforced rib distribution is 
shown in Figure 2. As it can be seen from the figure, 
the length of the reinforced rib varies in depth. The 
longer reinforced rib is used in the upper region 
while the shorter reinforced rib is used in the lower 
region.

1 INTRODUCTION

The application of reinforced earth retaining wall 
has gained great popularity in hydraulic engineer-
ing, civil engineering, and transportation construc-
tion engineering. The finite element method is 
a versatile tool to analyze the complex structural 
mechanical characteristics. The finite element anal-
ysis has been performed to examine the behavior of 
reinforced earth retaining wall since 1970’s. Most of 
the research results were based on nonlinear elastic 
or simple elasto-plastic model. Liu Huabei [1] used 
an elasto-plastic model with bounding surface to 
investigate the geogrid reinforced soil retaining wall. 
Based on the wedge failure mode of the reinforced 
soil retaining wall, Lv Wenliang, Yanshuwang and 
Liu Run [2] used the Mohr-Coulomb material to 
model the soil and used the ideal plastic spring to 
model the reinforced bar. The numerical analysis 
proved that the method was effective and accurate 
to understand the behavior of the retaining wall.

In the paper, the finite element model for the 
reinforced soil retaining wall is developed using 
ABAQUS. The embed option is used to model the 
interaction between the reinforced bar and the soil. 
Nonlinear geometric analysis is used to analyze the 
problem. The plastic zone of the soil is investigated 
to model the bearing capacity mechanism. Also, 
the deformation behavior of the retaining wall fac-
ing is examined.

2 FINITE ELEMENT MODELLING 
USING ABAQUS

2.1 Finite element model

Considering the symmetry of structure, soil, and 
loading condition, the plain strain finite element Figure 1. Finite element model.
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The boundary condition for the finite element 
analysis is shown in Figure 3. The bottom of the 
retaining wall is restrained in x and y directions. 
The right side of the retaining wall is restrained in 
y direction.

In geotechnical analysis, the geostatic analysis 
is performed firstly to establish the initial stress 
condition corresponding to the establishment 
of the reinforced soil retaining wall construction. 
In the geostatic analysis, gravity loading is applied 
to the soil region while the initial stress is defined 
in equilibrium with gravity. Then the loading on 
the top of the retaining wall is applied in the load-
ing step, as shown in Figure 4.

3 FINITE ELEMENT ANALYSIS

The Mohr-Coulomb model is used to model the 
sand with cohesion c 0 KPa and friction angle 35°

The computed Q-s curve is shown in Figure 2. 
As shown in Figure 2, the computed uplift bearing 
capacity is about 1180 KN, which is close to the 
experimental value of 1100 KN.

The computed soil displacement and soil ver-
tical stress is shown in Figure 5 and Figure 6, 
respectively.

The soil yield zone and the plastic distribution is 
shown in Figure 7 and Figure 8, respectively.

As shown in Figure 7 and Figure 8, the plas-
tic region limit is like the log-spiral curve starting 
from the top of the retaining wall to the bottom of 
the reinforced rib. When the plastic limit forms, the 
global failure will occur.

Figure 2. Side view of the reinforced rib (unit: mm).

Figure 3. Boundary condition.

Figure 4. The applied loading.

Figure 5. Vertical displacement distribution.

Figure 6. Total displacement distribution.
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The computed face horizontal displacement 
distribution along retaining wall depth is shown 
in Figure 9. It can be seen from Figure 9 that the 
plastic region in the retaining wall coincides with 
the Rankin assumption. The reinforced bar resist-
ance in the retaining wall greatly improves the limit 
bearing capacity.

4 CONCLUSIONS

The numerical analysis is performed to investi-
gate the deformation behavior of reinforced soil 
retaining wall. The plastic region limit is like the 
log-spiral curve starting from the top of the retain-
ing wall to the bottom reinforced rib. The plastic 
region in the retaining wall coincides with the 
Rankin assumption. The reinforced bar resistance 
in the retaining wall greatly improves the limit 
bearing capacity.
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Figure 8. Plasticity distribution.

Figure 7. Mises stress distribution.

Figure 9. Distribution of face displacement along 
retaining wall depth.
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ABSTRACT: Soil salinization is one hot issue of numerous interdisciplinary research which involved 
soil science, environmental science, and geotechnical engineering. Scientific understanding of water-salt 
migration model and mechanism in soil has great significance for solving soil salinity in agricultural 
engineering and preventing subgrade salinization in subgrade engineering. Widely accepted at home and 
abroad; agricultural engineering water migration model (capillarity force hypothesis, film water migra-
tion hypothesis, crystallization force hypothesis and adsorption-film capillarity); migration mode of ion 
in saline soil (seepage flow migration, diffusive migration and seepage-diffusive migration); and water-
heat, water-salt, water-heat-salt migration model, and mechanism in soil are introduced. And also the 
research progress in the area of road engineering is introduced. Principle, similarities and differences, 
advantages and disadvantages, and applicability and application status of correlation model are analyzed 
and evaluated.

Keywords: soil; salinization; migration mechanism; model

migration and redistribution that is water migra-
tion with the effect of temperature gradient. Water 
migration changes the original water distribution 
in soil and produces uneven distribution of spatial 
position of soil framework-water-crystal. Physical 
and mechanical properties of soil are changed. The 
theory is suitable for fine saline soil. (3) Crystal-
lization force hypothesis: In the cooling progress 
of soil, solubility of the cold end is lower and 
more crystal precipitated. Due to the precipitation 
absorbs 10 crystal water moleculars, water content 
of the end with more precipitation decreases which 
causes hydraulic gradient and water transfers from 
the end with higher water content to the lower. 
(4) Adsorption-film capillarity: water molecules 
and salt molecules transfer from point more active 
and with thicker hydration film to the point more 
stable and with thinner hydration film. Under nat-
ural conditions, the migration of water depends on 
comprehensive effect of mechanics, physics, and 
physical chemistry. Each hypothesis mentioned 
above can represent water migration motive power 
only at certain conditions.

The migration of ions in saline soil at present 
research is considered as mainly three types: 
(1) Seepage flow migration: salt transfers as water 
in seepage flow. (2) Diffusive migration: salt trans-
fers with the effect of gravity and temperature 
gradient. (3) Seepage-diffusive migration: At cool-
ing process, salt transfers with the mixing effect of 
seepage flow and diffusive.

1 INTRODUCTION

Yield in arid and semiarid area are affected by 
soil salinization, especially with the increase of 
the population in the world, there is an unprec-
edented pressure for maintaining grain yield. For 
our country (China), farmland salinization makes 
great population and less arable land contradic-
tion fierce. In addition, in arid and semiarid area, 
secondary salinization of subgrade soil leads 
to pavement disease and reduces performance 
of pavement. Therefore, research on water-salt 
migration model and salt accumulation mecha-
nism in soil and subgrade have great significance 
for solving soil salinity in agricultural engineering 
and preventing subgrade salinization in subgrade 
engineering.

2 WATER-SALT MIGRATION MODEL

Water-salt migration is a complicated process. 
From classic literature data motive power hypoth-
esis, which is suitable for water migration in saline 
soil include following types: (1) capillarity force 
hypothesis: water transfers to the cold end along 
the fractures and void in soil with the capillarity 
force. This theory is suitable for the soil with larger 
water content. (2) Film water migration hypothesis: 
Coupling effect of temperature field and water 
field as cooling progress is the reason for water 
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3 THE MECHANISM OF SOIL 
WATER AND SALT MOVEMENT 
IN AGRICULTURE ENGINEERING

3.1 The mechanism of soil water 
and salt movement

The theory of Soil Water and Salt Movement 
originated from Darcy’s law, and the equation of 
the advent of solid heat conduction provides the 
basis for soil solute transport. Since Buckingham 
(1907) introduced the concept of energy into soil 
water, Richards (1931)[1] described the operation of 
the unsaturated soil water by using partial differ-
ential equation, established the basic equation for 
water flow in porous media, then the quantitative 
research of the soil moisture began. Because of 
the salt movement and the soil moisture migration 
occurred at the same time, as a result, the soil sol-
ute migration equation is developed by soil mois-
ture equation. The common of these equations is 
that they all analyze the soil water and salt move-
ment with dynamics views, material, and energy 
balance principle.

The initial research took isothermal conditions 
as assumptions, and mostly only considered gravity 
potential and matric potential in water, salt convec-
tion and dispersion interaction, and rarely involved 
other interactions between water and salt, such as 
the effects of salt concentration gradient on mois-
ture migration, in fact, the salt concentration has an 
important role on soil water movement. In unsatu-
rated soil, especially the heavy clay, the osmotic 
potential of the soil is an important driver of soil 
water movement. Many experiments and simula-
tion results show that the water-holding capacity 
of the soil is greatly influenced by soil temperature; 
the water temperature effect of the surface tension 
is one of the main reasons for this impact. In the 
mathematical simulation of soil water movement, 
if  the temperature effects of the soil hydraulic 
properties are ignored, it will produce large predic-
tion error. Therefore, since the 1950s, the soil water 
movement equation in non-isothermal conditions 
to be taken seriously and developed, in which it 
mainly started from the temperature effect of soil 
hydraulic properties.

In the Middle and Late 1970s, the mechanism 
studies of water and salt movement began to pay 
attention to the actual situation in the complex 
field, for example, for the way of soil water and 
salt movement with good structure, it not only 
considered the convection and diffusion, also con-
sidered the movable and immobile water, macro-
pore flow, preferential flow and pipe flow, etc. and 
set up a two-area model of the soil water and salt 
migration. In two-region model, Van Genuchten 
considered the solute in the pore between movable 

water and immobile water can transport between 
two region, and considered the effect of moving 
and immobile water and influenced each other, 
which is more practical. It can be used to describe 
the migration of salts in the soil column, and the 
solute migration under the adsorption condition.

Melsen (1985) introduced the theory of soil spa-
tial variability, put forward theories and method 
about how to determine the average of soil parame-
ters, the variance and correlation scale. Afterwards, 
many scholars had set up random logarithmic con-
vection model which includes random convection 
diffusion model, obtained the probability distribu-
tion function of solute transport speed, and the 
average concentration distribution. This model is 
suitable for the research of unsaturated soil solute 
migration in the wild field, which has better results, 
but it lacks of the measured data validation, still 
needs further improvement.

The domestic and foreign researchers have done 
a lot of work about Movement Law of Water and 
Salt under the condition of evaporation. Recent 
research demonstrates that plastic film mulch-
ing has the role of increasing temperature, keep 
moisture, water saving, and salt restraint. Through 
the study of farmland soil water and salt migra-
tion under the condition of mulching, aimed at to 
provide theoretical basis and technical guidance 
for observing in the field, developing and improv-
ing in saline-alkali land and film hole irrigation 
technology.

3.2 Soil moisture, heat and salt 
coupling transport model

Soil moisture, heat and salt coupling transport 
models built up on the basis of moisture isother-
mal model. LA Richards (1931) applied continuity 
theorem to Darcy flow equation and used a con-
tinuous flow equation instead of the instantaneous 
flow equation to study unsaturated flow in soil, 
which is known as the basic equation of soil water 
movement—isotherm equation. Klute (1952) 
changed L.A. Richards’ isothermal equation into 
non-isothermal diffusion flow equation and then a 
lot of researchers used the equation to determine 
the diffusion rate of the liquid under the action of 
the temperature difference. Two types of coupling 
numerical model, the model based on mass-energy 
balance and linear equations on the basis of irre-
versible thermodynamics, are developed.

Philip & De Vries[2] (1957), De Vries (1958) pro-
posed the migration of water vapor thermal cou-
pling theory on the basis of the establishment of 
the mass and energy balance and built soil liquid 
and gas two-phase flow of water sports model 
under the influence of precipitation and elevation 
gradient. Their hydrothermal coupled equation is 
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a function in which water content and temperature 
is unknown. Due to the change in temperature can 
cause a phase change of soil water, such as under 
freeze-thaw conditions, the liquid and solid state 
water make mutual conversion and in the evapora-
tion, liquid water change into gaseous water, etc. 
It is more realistic to use soil water potential and 
temperature as an unknown function of the equa-
tion to indicate the soil moisture and heat conser-
vation process. Milly[3] etc. (1982, 1984) improved 
the mode of Philip (1957). Milly[4] used the matric 
potential gradient instead of moisture gradient to 
make the modified model applicable to heteroge-
neity soil. They thought that model can well in 
line with the actual situation in the complex soil 
environment and parameters of equations can be 
obtained from theoretical or empirical equations. 
Based on Philip (1957) model, Nassar[5] etc. (1989, 
1992) used moisture, heat and salt transport equa-
tions (that is Darcy, Fourier, Fick’s law) and con-
tinuity equation to establish moisture, heat and 
solute three coupling shift model and studied 
moisture, heat and solute simultaneous transport 
in closed soil column affected by the temperature 
gradient.

Thermodynamic model was first proposed in 
1985. It created expressions and equations about 
corresponding free energy and dissipated energy of 
multi-phase medium on the basis of mass conser-
vation, energy conservation and entropy inequal-
ity about three-phase medium including soil, ice. 
water in frozen soil micro unit. Suction of void 
was caused by a soil frost heave, moisture and heat 
transfer and water freeze in the thermodynamic 
model and it is not required to determine the 
relationship between the water content and nega-
tive temperature. Clausilus-Clapeyron equation 
was introduced to seek soil water potential in the 
process of model derivation. Generally, this type 
of model is only applicable to a limited freezing 
temperatures range in the soil. For the low nega-
tive temperature, the applicability of this model 
has not yet been verified.

Flerchinger & Saxton (1989) set up SHAV 
model to simulate the transmission among water 
content, heat and the flux of the solute during the 
process of soil freezing and thawing. Flerchinger & 
 Hanson (1989) used SHAW model to simulate fro-
zen depth of soil, snow layer, and soil temperature 
in the ranch under three different climatic condi-
tions in America. Nassar & Horton etc. (2000) 
used SHAW model to study the transmission 
among water, heat, and the solute in saline and 
non-saline soil of closed soil columns and analyze 
the temperature distribution of two soils. Besides, 
both observed value and predicted value of the 
water distribution of the non-solute soil showed 
that water aggregate to 40 cm in soil and frozen 

depth in this type of soil is about 45–65 cm. There 
is no obvious migration of solute in saline soil and 
slight water decrease at 20 cm. Compared with 
non-saline soil, solute concentration decreased the 
freezing temperature.

4 PROSPECT

In summary, there are more research on the uni-
lateral combination of water and salt or water and 
heat in the study of soil water, heat, salt migration, 
especially, more achievements in the agricultural 
engineering, while the research on relationships 
and interactions between soil moisture, heat, and 
salt migration are a little. For the salinization of 
subgrade soil in road engineering, it is some dif-
ferent from agricultural engineering because of the 
effect of road coverage. Therefore, on the basis of 
referring to migration law on natural soil water, 
heat, and salt. We urgently need to research the law 
of water and salt movement deeply and system-
atically under the conditions of the road surface 
coverage to reveal salt accumulation mechanism in 
highway engineering.
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Application of strain softening model to numerical analysis of deep 
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ABSTRACT: According to the incremental theory, the expression of plastic parameter of strain-
 softening model was deduced in this paper. Based on the In line fish language of FLAC3D, the program 
which is used to compute the safety factor of surrounding rock was compiled. At the same time, two 
experiments about uniaxial numerical were designed to compare and analyze Mohr-Coulomb elastic-
plastic model and strain softening model, finding the differences of the stress–strain law of the rock under 
different constitutive conditions. Numerical simulation of a deep buried roadway in an iron mine is car-
ried out as the engineering background. The law of displacement, plastic area distribution of surround-
ing rock under different constitutive were analyzed, and the surrounding rock stability under different 
constitutive model were evaluated.

Keywords: deep tunnel; surrounding rock softening; numerical analysis; safety factor

rock, which is caused by the change of the param-
eters of surrounding rock [9–11].

To solve this problem, this paper carried out a 
comparative study by using the strain softening 
model and Mohr-Coulomb elastic-plastic model 
which are carried by FLAC3D, analyzed the sur-
rounding rock in two different constitutions under 
the mechanical response and displacement of dif-
ferent state, and evaluated the stability of surround-
ing rock under different constitutive relations. The 
findings of the study have some significant guiding 
for engineering practice.

2 STUDY ON STRAIN SOFTENING 
MODEL

In FLAC3D, the stage of elastic strain of softening 
model and Mohr-Coulomb elastic-plastic model 
are exactly identical [12]. The difference between 
the two models is that after the plastic yield, in 
the strain softening model with the increasing of 
plastic strain, material cohesion, internal friction 
angle, dilatancy angle, tensile strength will decay. 
In the process of application, the user can cus-
tomize these material parameters as a function of 
plastic strain, the tri-linear softening law is used 
more common (Fig. 1). Strain softening model 
in each time step increases the hardening param-
eter to calculate the total plastic shear strain and 
tensile strain, thus making consistent the material 
 properties and the material function which the 
users define. The strain softening model of yield 

1 INTRODUCTION

With the rapid development of underground engi-
neering in our country, more and more under-
ground engineering safety problems occur and 
need to be solved. The problem of deep engineer-
ing rock mechanics is one of research directions 
to be studied, intensively. During the process of 
excavating the tunnel, due to the deep engineering 
is in high stress conditions the stress in rock will 
be distributed again. And it will cause concentra-
tion phenomenon by the surrounding roadway, as 
well as surrounding rock deformation. However, 
the deformation is often non-linear, and it when 
reaches a certain degree, it will cause the failure of 
surrounding rock.

Research shows that during the excavation of 
deep buried rock, due to the continuous expansion 
of micro crack in the rock, strength parameters in 
the nonlinear phase will obviously decrease, which 
is called rock softening phenomenon [1–4]. When 
the rock stress reached peak strength, as the defor-
mation continues to increase, the material degra-
dation phenomenon becomes more obvious. Many 
scholars work at numerical simulation and strain 
softening theory in order to establish the constitu-
tive relationship, which can reflect the rock non-
linear mechanical response [5–8]. The rock strain 
softening problem has been paid much attention for 
the engineering field. However, in Mohr- Coulomb 
elastic-plastic model, when the parameters of the 
material are presented as constant value, they often 
can not reflect the softening effect of deep buried 
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function, flow rule, stress correction are compat-
ible with Mohr-Coulomb model.

From Figure 1, before reaching the yield point, 
only the elastic strain exists, there is:

ε ε eεε  (1)

After reaching the yield point, the strain is 
equivalent to the sum of elastic strain and plastic 
strain, where:

ε ε ε= +ε eεε pεε  (2)

The plastic strain is divided into plastic shear 
strain and the plastic tensile strain, where:

ε ε εp pεε s pεε t+ε pεε s  (3)

Then formula (2) can be transformed to:

ε ε ε εeεε + +ε psεε ptεε  (4)

2.1 Elastic law

The expression of Hooke’s law and the main form 
of stress strain form are expressed as following.

Δ Δ

Δ Δ

Δ Δ

σ ε α

σ ε α

σ ε

1 1σ ασ 1 2ε αε

2 1σ α 2 2ε α

3 1σ ασ 3εε
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 (5)

2.2 The yield function and potential function

In FLAC3D, the function of shear strain softening 
model, there is,

Fs N c N= σ ϕ ϕc N1 3σ σσ 2− Nσ3σσ  (6)

In the formula Nϕ
ϕ
ϕ= 1

1
+
−

sin
sin , where c = cohesion 

force, ϕ = angle of internal friction, σ1 = the first 
principal stress, σ3 = the third principal stress.

The tensile yield function as following 
description.

F t
t = σ σt 3σσ  (7)

Shear plastic potential function is based on the 
non-associated flow rule, while the tensile plastic 
potential function is based on the associated flow 
rule.

The shear plastic potential function, there is,

gs N= σ σ ϕ1 3σ σσ σ  (8)

The tensile plastic potential function, where:

gt = −σ3σσ  (9)

2.3 Plastic correction

When the shear failure, there exists orthogonal 
flow rule:

Δε λ
σiεε pεε sλλ

s

iσ
g∂

∂
 (10)

The tensile failure flow rule:

Δε λ
σiεε pεε tλλ

t

iσ
g∂

∂
 (11)

λs, λt are plastic parameters.
To expand formula (10) and (11), there exists:
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Putting the formula (12) into the incremental 
elastic law (5) can be obtained as below.

Shear failure stress correction are:
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 (14)

Figure 1. Stress-strain relation of strain-soft model.
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Among Nψ
ψ
ψ= +

−
1
1

sin
sin

, ψ = dilatancy angle. The 
superscript N, I are represented the unit of new 
and old state of stress.

Combining formula (14) with (6) by method of 
substitution:

[ ( )] [ ( )]λ α α λψ ψ(α φ

φ

1 1(αα 2αα ψ )] [ α α
2 0φ2

λ λN N)] [ (α α ψ(α)] [ψ )] [ 1α αα αα α N
c N

(α [

φ+ 2 (15)

Then the solution is:

λ
ψ ψ φ
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− N
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 (16)

Similarly, putting the type (13) into the incre-
mental elastic law (5) leads to tensile failure stress 
correction:,
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Substitute equation (17) into equation, there is

σ σ λ αtσ −σ =3 1σσ λ αα 0I tλλ  (18)

The solution is:

λ
α

tλλ
tIf

=
1αα

 (19)

3 ENGINEERING APPLICATION

3.1 Project overview

Xiaoguangzhuang Iron Mine is one of the three 
iron mine beds which spread in half  round in the 
plunging end of mine arc anticline in Laiwu Graben 
Basin, belonging to high temperature hydrother-
mal contact Metasomatic skarn Magnetite deposit 
generated by the invasion of Diorite magma into 
Ordovician limestone. The strike of the orebody is 
NE17o, and the dip of the orebody is NW73o. The 
buried depth of orebody ranges from 420 to 100 m, 
the length along the strike is 2150 m, and the thick-
ness of the orebody is 25 to 50 m, up to 80 meters 
in some parts. The average grade stands at 46.42%. 
The ore is moderately stable, with the roof of ore-
body made of tertiary-conglomerates and clayey 
sandstone and the floor mainly made of altered 
diorite which is extremely unstable. There are 
relatively more interlayers which are mainly made 

of diorite-porphyrite and serpentinized marble, 
while conglomerate, clayey sandstone and horn-
stone constitute the easy-collapse wall rocks near 
the orebody which have poor stability, loose struc-
ture and well-developed cleavage fracture.

3.2 The related parameters and the calculation 
model

A deep buried scraper tunnel was selected for the 
numerical analysis. The net cross section of the main 
roadway is 2.0 m wide, 2.5 meters high and the top 
is a circular arc shape, arc radius is 1.8 m. The size 
of the roadway both vertical and horizontal are 
about 10 m, the longitudinal is 2 m and the buried 
depth is 1000 meters. The roadway cross-section is 
shown in Figure 2. Mohr-Coulomb elastic-plastic 
model and strain softening model are adopted, 
respectively, in the following paper to analyze and 
evaluate the displacement, plastic zone distribution 
and safety factor of surrounding rock.

1. The parameters of the rock
The analysis adopts a kind of rock material. The 
numerical model of the surrounding rock param-
eters is shown in Table 1.

2. Calculation model
The calculation model and mesh size as shown 
in Figure 2 and Figure 3.

Calculating model of node is divided into 
5327, and 4344 units.

3. Geostress stress conditions
The model is applied gravity stress in vertical direc-
tion, while the horizontal stress field is applied 
with lateral pressure coefficient.  According to the 
results of geostress measurement, the horizontal 
stress is greater than the vertical stress, horizontal 
and vertical stress ratio is about 2.

Figure 2. Cross section of tunnel (unit:m).
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3.3 Analysis of displacement of surrounding rock

Horizontal displacement to the right is positive, 
negative to the left. Vertical displacement to the 
upward is positive, downward is negative.  Vertical 
displacement of surrounding rock calculation 
results, as shown in Figures 4(a) and (b).

From analysis of Figure 4, in strain softening 
model the calculation of the maximum vertical 
displacement is 45 mm, while in Mohr-Coulomb 
elastic-plastic model the maximum vertical dis-
placement of calculation is about 5 mm. The cal-
culation results of vertical displacement in strain 
softening model is obviously greater than Mohr-
Coulomb elastic-plastic.

The calculation results of horizontal displacement 
of surrounding rock are shown in Figures 5 (a), (b).

From the analysis of Figure 5, in strain soften-
ing model the calculation of maximum horizontal 
displacement is about 20 mm, while the maxi-
mum value of horizontal displacement calculated 
by Mohr-Coulomb elastic-plastic model is about 
10 mm. Two models of roadway under the hori-
zontal deformation are basically symmetrical, the 
results of horizontal displacement in strain soften-
ing model was significantly larger than the Mohr-
Coulomb elastic-plastic model.

Analyzing Figures 4 and 5 comprehensive, the 
overall trend of the calculated displacement of 
surrounding rock of two models is identity, but 
the calculated results of displacement in strain 

 softening model is obviously greater than the 
Mohr-Coulomb elastic-plastic model. In the strain 
softening model, the deformation of rock soften-
ing was reflected obviously.

3.4 Analysis of surrounding rock plastic zone

The distribution of plastic zone of surrounding 
rock i s shown in Figure 6 (a), (b).

Table 1. Mechanical parameter of surrounding rock numerical model.

Modulus 
of elasticity/
GPa

Poisson’s 
ratio

Cohesion/
MPa

Internal 
friction 
angle/(°)

Density/
(Kg/m3)

Tensile 
strength/
MPa

1.2 0.22 2.0 42 2500 0.5

Figure 3. Computation model of tunnel.

Figure 4. Horizontal displacement of surrounding rock 
(unit:mm).
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Figure 5. Vertical displacement of surrounding rock 
mass sample (unit: mm).

From Figures 6 (a), (b) can be seen, in the cal-
culation of elastic-plastic model the plastic zone is 
mainly distributed in the vault and spandrel, the 
thickness of plastic zone is 0.5 ∼ 1 m. While in 
strain softening model the plastic zone is mainly 
distributed in the vault, spandrel and the bottom 
of arch, the plastic zone extended to the entire 
area of the side wall on both sides. The distribu-
tion range of plastic zone is wider than the elastic-
plastic model, and the distribution depth is deeper 
than the elastic-plastic model. The thickness of 
plastic zone is about 1.5 ∼ 2.5 m.

3.5 Stability analysis of surrounding rock

According to the calculation results of stress, 
Mohr-Coulomb yield criterion is applied to calcu-
late the safety factor of surrounding rock [13–14].

Figure 6. Plastic zone distribution of surrounding rock.

Based on the In line fish language of FLAC3D, 
the point safety factor of calculating program is 
compiled. The calculated safety factor of differ-
ent constitutive models, as shown in Figure 7 (a) 
and (b).

Two conclusions can be drew From Figures 7 (a) 
and (b):

1. The point safety factor is calculated by strain 
softening model is smaller than that of elastic-
plastic model.

2. The unstable region of the surrounding rock, 
which is calculated by Strain softening model 
is larger than Mohr-Coulomb elastic- plastic 
model. For deep engineering, comparing and 
analyzing strain softening model and ideal 
elastic-plastic constitutive model, the results 
show that, when ignoring the strength  softening 
characteristic it will partial to unsafe for engi-
neering. When the strain softening model is 
adopted the stress and deformation of surround-
ing rock can be reflected more reasonable.
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4 CONCLUSIONS

1. In the process of deep buried tunnel excavation, 
the strength parameters of surrounding rock 
will be decreased continuously, which is caused 
by stress concentration and redistribution in 
rock micro crack expansion. In the numerical 
calculation process of deep buried tunnel, if  the 
classic Mohr-Coulomb model was adopted, the 
mechanical characteristics of surrounding rock 
will not be able to response the change.

2. The results of the total deformation of sur-
rounding rock that calculated by using the 
strain softening model is larger than adopting 
the elastic-plastic model, and have the greater 
scope of excavation disturbance. The central 
tendency of plastic zone of surrounding rock 
which is calculated by strain softening model 
and Mohr-Coulomb model are basically same, 
but its distribution range and thickness would 
be wider and deeper.

3. When the elastic-plastic model is adopted to calcu-
late the excavation of deep buried tunnel  stability 

Figure 7. Safety factor of surrounding rock.

problem, the results are conservative. However, 
it cannot reflect the true state of rock mechanics 
and displacement. The strain softening model is 
recommended to the simulation analysis of deep 
engineering, in order to evaluate the deformation 
and support strength of rock mass accurately.
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ABSTRACT: Rock samples of different sizes have different uniaxial compressive strengths. In this study, 
based on actual project, we process samples of different sizes and measure their uniaxial compressive 
strength. Contrastive analysis shows that uniaxial compressive strength decreases with the increase of 
 sample size. Through fitting, we get the relation formula between uniaxial compressive strength and size 
effect. When side length of sample is 30 mm, the uniaxial compressive strength is close to the standard 
strength defined in the code. In actual project, if  sample size can not meet the required finish size of the code 
due to limitation of project conditions, we can process 30 mm samples, measure its uniaxial compressive 
strength, and then calculate the compressive strength of standard samples using the formula.

Keywords: size effect; cube sample; uniaxial compressive strength

mineral composition, stratification, fracture 
direction, etc; (2) test conditions, such as sample 
processing method, shape, size, load rate, etc.

Sample state includes shape, size, and height-di-
ameter ratio. The influences of the three factors 
on test result are called size effect. The applica-
tion of standard samples can eliminate influence 
of samples with different states, and thus facilitate 
the comparison of test results. In actual project, 
influenced by various factors, samples are of dif-
ferent sizes, so some samples can not be proc-
essed into standard sized samples. To get rock 
compressive strength, we need to modify samples 
with non-standard sizes. In this way, we can get 
the compressive strength of their corresponding 
standard samples.

2 ENGINEERING BACKGROUND

In this study, we process samples of various sizes for 
compressive strength test. By analyzing test results, 
we explore the law of rock compressive strength at 
different rock sizes, and provide evidence for the 
relation between compressive strength and rock 
size.

1 INTRODUCTION

Rocks are the product of earth formation and crus-
tal activity. With wide existence in the nature, rocks 
are often used as building foundation,  building 
materials or surrounding rock. In  geotechnical 
engineering investigation design, the carrying 
capacity of bedrock, stability of rock slope, stress 
distribution, stabilization, and deformation of sur-
rounding rocks in underground chamber (tunnel, 
etc) excavation are all closely related to physical 
and mechanical property of rocks. Rock uniaxial 
compressive strength test mainly focuses on the 
ultimate load per unit area borne by regular-shaped 
rock samples (e.g. cylindrical sample of building 
foundation, cubic sample of bridge engineering, or 
samples of both shapes in pavement engineering), 
when compression failure is caused by axial com-
pressive force without lateral confinement. That is 
to say, the ratio between ultimate load and the sec-
tion area perpendicular to loading direction under 
sample failure is an important parameter to reflect 
the physical and mechanical property of rocks.

Factors influencing rock compressive strength 
can be classified into two aspects: (1) rock condi-
tions, such as diagenesis model, weathering degree, 
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2.1 Petrological characteristics

The samples, gray, are collected from moderately 
weathered limestone in the exploration field of an 
expressway in Yunnan Province. The main com-
ponent is calcite, with other components less than 
5%. Dense and hard in texture, the rocks have 
developed fractures, and most of the fractures 
are closed. Rock cores are mostly long-column in 
shape, and knot length is generally 15 ∼ 30 cm. The 
rocks distribute extensively in the field, and consti-
tute the major rock of the field.

2.2 Processing of samples

Test Methods of Rock for Highway Engineering 
(JTGE41-2005) (TMRHE) and Standard for Test 
Methods of Engineering Rock Mass (GB/T50266-
1999) (STMERM) defines that: Stones and rocks 
used in pavement engineering should adopt 
 cylinder or cube samples. The diameter/side length 
and height should be 50 mm ± 2 mm.

For this test, we adopt cube samples, with 
6 samples as a group. As our purpose is to study 
the influence of  rock size effect, so we process 
samples of  other sizes except for samples with 
conventional sizes. All the samples are cubic, 
with sizes of  30 mm ± 2 mm, 70 mm ± 2 mm and 

100 mm ± 2 mm. As limestone particles are fine 
and small, the sample sizes meet the  requirement 
of  “diameter of  compressive strength test 
samples should be 10 times larger than the 
 maximum particle diameter of  the rock” defined 
in TMRHE and STMERM. To avoid influence 
of  chemical blasting on rock property, samples 
are excavated with manpower from the pit, and 
then moved indoor for processing. Samples of 
the same size (n = 12) are divided into 2 groups: 
air-dried group and water-saturated group. Elec-
tronic drying cabinet is used for air drying, with 
the temperature controlled between 100°C ± 5°C 
and drying time of  8 h. Free water absorption is 
used for water-saturation, with absorption time 
of  48 h.

2.3 Test method

The samples are put on 200 t–500 t press machine 
and exerted with longitudinal load (axial direction) 
under no lateral confinement. To be specific, put 
the samples at the center of bearing plate of the 
press machine. Adjust the bearing plate to make 
sure the samples receive even stress. Exert load 
at a rate of 0.5–1 MPa/s until the samples are 
damaged.

Table 1. Strengths of rocks with different side length.

Figure 1. Relation between side length and strength of cube limestone rock.
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Table 2. Point load test value of weathered rocks.

Table 3. Point load test value of water-saturated rocks.

2.4 Test result analysis

For the 4 rock groups of  different side lengths, 
the average saturated water absorption is 0.44%. 
 Longitudinal wave velocity is 4.8 ∼ 5.6 km/s, 
and the average value is 5.3 km/s. The dynamic 
poisson ratio is 0.22. The Table 1 and Figure 1 
present the result of  uniaxial compressive 
strength test.

From the Table 1 and Figure 1 shows above, 
we can lean with side length at 30 mm, the sof-
tening coefficients of rocks in the same group are 
of remarkable difference; With side length at 100 
mm, due to rock sample’s own limitation, uniform-
ity is worse. For cube limestone rock samples, the 
strength of rocks with 30 mm side length is closest 
to that of rocks with standard 50 mm side length. 
Compressive strength takes on a descending trend 
with the increase of side length.

To better measure the true-value of  compres-
sive strength of  rocks in the sampling location, 
we also collect relatively intact rocks for point 
load test. The Tables 2 and 3 set forth the test 
result.

From the Tables 2 and 3, we can lean that the 
strength value calculated from the point load test 
result is basically identical with the strength value 
of standard samples. This shows that sample 
processing and test result are safe and reliable.

3 CONCLUSION

We conduct contrastive analysis to various-sized 
samples and fit out the relation between rock 
uniaxial compressive strength and size effect, and 
derive a new non linear formula:

Y e( . . / / ln )8 6− 7x−x/

The samples for the formula above are collected 
from limestone. Considering differences of regions 
and rock properties please modify the formula 
through experiment or relevant experience when 
you use it.
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Displacement response of buildings under debris flow impact load
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ABSTRACT: This paper presents the work on investigating the damage buildings including burying 
and collapse under debris flow, on the basis of investigation in Sanyan Valley. The impact load of debris 
flow is simplified into triangular impulse load, rectangular impulse load and spike impulse load, through 
theoretical derivation, the results show that: when the ratio of impulse duration to natural vibration 
period of building β is less than 0.15, for spike impulse load, the displacement response ratio Rmax is much 
larger than 2, especially when the β is less than 0.02. While β is more than 0.15, for all of three impulse 
load, Rmax is less than or equal to 2, the maximum displacement amplitude vmax only depends on the mag-
nitude of impulse load, thus it is recommended to set the displacement response ratio Rmax = 2 to estimate 
the maximum impact load, which could provide reference for future engineering design.

Keywords: debris flow; building in town; impulse load; displacement response ratio

different from the actual situation.  Model exper-
iment: Zhang et al. (2006) tested the wall of  brick-
concrete structure. The experiment could simulate 
the actual situation, but there is only a piece of 
walls which neglect the integrity of  structure, so 
they can not completely reflect the real damage 
under debris flow.

This paper is organized as follow: Section 2 
analyzes the damage characteristics of buildings in 
debris flow prone areas on the basis of investiga-
tion in Sanyan Valley. In Section 3, taking trian-
gular impulse load, rectangular impulse load and 
spike impulse load as debris flow impact load, the 
dynamic response of buildings is derived. And the 
maximum impact load of buildings is estimated by 
a numerical example. The paper will be concluded 
in Section 4.

2 DAMAGE CHARACTERISTICS 
OF BUILDINGS

Sanyan Valley is situated on the left of Bailongjiang 
River, north of Zhouqu County. The whole valley 
looks like “funnel”, which consists of Dayan ditch 
and Xiaoyan ditch. In August 7, 2010, Sanyan val-
ley basin suffered from heavy rainfall, causing large 
debris flow disaster. This debris flow is reported to 
be viscous mud-flow (Hu et al. 2010).

The buildings in Sanyan Valley show two kinds 
of failure modes:  Burying. Burying (Fig. 1) refers 
to the debris flow going into the building interior, 
and the building is basically intact but lose its 
function. In nature, the buildings damage caused 

1 INTRODUCTION

Debris flow is a complex multiphase fluid with 
huge energy when it happens, which may cause 
severe damage to nearby buildings, especially in 
some mountainous areas. Due to natural condi-
tions and economy, structural styles of buildings 
in mountainous areas are simple, which are unable 
to effectively resist the impact of debris flow. In 
August 2010, a severe debris flow ruined more than 
5500 houses in Zhouqu, Gansu Province, China 
and the Yueyuan Village was almost completely 
buried (Yu et al. 2010). In July 2013, a debris flow 
destroyed more than 90% houses in Qipangou 
gully, Sichuan Province, China (Yang et al. 2014). 
It has drawn much attention in the past few dec-
ades due to the large number of disasters.

In China, some research on the impact load of 
debris flow have been carried out:  Investigation: 
Hu et al. (2012) surveyed the Zhouqu severe debris 
flow, and summarized buildings damage charac-
teristics and suggested some measures to reduce 
damage. Zeng et al. (2014) derived some static cal-
culation formula, on the basis of  98 building sam-
ples in Qipan gully.  Numerical simulation: Liu 
(2013) simulated the damage of masonry structure 
under the debris flow by LS-DYNA software and 
proposed some measures from the perspective of 
failure mechanism and energy. Di (2012) simulated 
the displacement of a second-floor frame structure 
under the impact of  debris flow and contrasted 
different conditions. Due to the complexity of 
debris flow component, and the randomness of  its 
impact loading, numerical simulation is certainly 
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by debris flow is the process of energy conversion. 
When the impact energy of debris flow is higher 
than deformation energy of building, building will 
show impact damage. Oppositely, the buildings will 
not damage but its function may lose.  Collapse. 

Collapse includes overturning collapse and verti-
cal collapse according to the final collapse mode. 
Overturning collapse (Fig. 2) is due to the weak-
ness of the lateral stiffness, leading to large defor-
mation with the gravity of the two order effect. 
Vertical collapse (Fig. 3) is defined as the damage 
of main load-bearing components and unable to 
resist the weight of building. Actually, both two 
models appear in many collapse buildings.

3 THE DYNAMIC RESPONSE 
OF BUILDING UNDER DEBRIS 
FLOW IMPACT LOAD

3.1 Introduction

Impact load is not only the main factor of build-
ing damage, but also the important parameter 
of dynamic response and the debris flow control 
project design. Wu (1990) generally summarizes 
the impact load into three types: zigzag impulse 
(Fig. 4), rectangular impulse (Fig. 5) and spike 
impulse (Fig. 6). In order to obtain the dynamic 
response of buildings under impact load, the 
hypothesis is established: 1) The buildings in town 
are always one floor, so it can be simplified to be 
a single degree of freedom. 2) As the duration of 
impulse load is short, and the damping effect on 
the structural response is small, so this effect can 
be neglected.

Based on the above assumptions, the displace-
ment response of building under impact load is 
derived from Duhamel integral:

x
m

P t
t

( )t ( ) i (( )d−t= P∫
1

0∫∫ω
)s τ τ)d)

 
(1)

where x(t) is the displacement response of building; 
m is the mass of building; ω is natural vibration 

Figure 1. Burying of frame structure.

Figure 2. Global overturning of masonry structure.

Figure 3. Partial collapse of masonry structure.
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frequency of building; t is the time of impulse 
load; P(τ) is impulse load.

3.2 Dynamic response of buildings 
under rectangular impulse loads

The mathematical expression of rectangular 
impulse load is given by:

P t t
t t( )t ,= ≤{ 0 0P tP t, ≤

00
 

(2)

where P0 is impulse load, t0 is duration of impulse 
load. As shown in Figure 7.

when 0 ≤ t ≤ t0,

x
m

P t
t

( )t si (( )dP= ∫
1

0PPPP
0∫∫ω

τt( ))−t τ
 

(3)

Integration by fraction, the displacement of 
building can be calculated as follow:

x
P

m
( )t ( cos( )t )= (0PP

2ω 2 tt
 

(4)

when t > t0,

x
m

P t
t

( )t si (( )dP= ∫
1

0PPPP
0∫∫

0

ω
τt( ))−t τ

 
(5)

Integration by fraction, the displacement of 
building can be calculated as follow:

x
P

m
t

P
m

t

( )t sin( )si ( )t

cos( )(cos( )t( )t )

=

−t+ cos( )t

0PP
2 0

0PP
2 0 1

ω 2 ωtt)s ( tt

ω 2 ωt)(cos(tt tt
 

(6)

Figure 4. Zigzag impulse.

Figure 5. Rectangular impulse.

Figure 6. Spike impulse.

Figure 7. Rectangular impulse load.
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The ratio of response (Clough, 1981) is defined 
as the ratio of dynamic displacement to displace-
ment causing by static load, as shown in Eq. (7), 
which is a measurement of dynamic load:

R( ) ( ) ( )
/

x(
x

x(
P k/st

≡ =
( )

0PP  
(7)

where xst is the displacement of structure under 
static load, k is stiffness of structure.

Set α β =β ( / )T//0 0β =β ( , where T is natural vibra-
tion period of building. The ratio of response is

R( )t
(

sin( )cos=
1 (− (

2
 cos 1≤β α)),)),

παβ π)s) i ()s) in(αα β π)) cos(+ 2π αβ ))ππ ( )((
cos(2

πβ ))
παβ α),ααβ ))− cos(2παβ ),αα

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩ 1>α

 (8)

Taking β and R(t) as horizontal coordinate 
and longitudinal coordinate, respectively, and α 
is ranged from 0.1 to 1.9 with 0.2 as increasing 
step, Figure 8 can be obtained. From this figure, it 
shows that: under rectangular impulse load, when 
β < 0.17, Rmax < 1; while for any value of α and β, 
Rmax ≤ 2.

3.3 Dynamic response of buildings 
under triangle impulse loads

The mathematical expression of triangle impulse 
load is given by:

P P t t
t t( )t ,= ≤0 0PP 0

00
(1  )t t/t0t t/t ,{{

 
(9)

as shown in Figure 9.

when 0 ≤ t ≤ t0,

x
m

P
t

t
t

( )t sin ( )d= −P
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠∫

1 10PPPP
00∫∫ω
τ τt(( ))− τ

 
(10)

Similarly, integration by fraction, the displace-
ment of buildings can be calculated as follow:

x
P

m
t
t t

t( )t sin( ) c ( )t= − + tsin(
⎛
⎝⎜
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⎝⎝
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ω 2 tttt
ωt) cos( tttt

 
(11)

when t > t0,
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m
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t

t
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(12)

Integration by fraction, the displacement of 
buildings can be calculated as follow:
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Set α β =β ( / )T//0 0β =β ( , the ratio of response is
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 (14)

Taking β and R(t) as horizontal coordinate 
and longitudinal coordinate, respectively, and 

Figure 8. Displacement response of building under rec-
tangular impulse load.

Figure 9. Triangle impulse load.
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α is ranged from 0.1 to 1.9 with 0.2 as increasing 
step, Figure 10 can be obtained. From this figure, 
it shows that: under triangle impulse load, when 
β < 0.37, Rmax < 1; while for any value of α and β, 
Rmax ≤ 1.704.

3.4 Dynamic response of buildings 
under spike impulse load

The mathematical expression of spike impulse load 
is given by:

P
P t t t t

t t( )t
/t

( /t t )=
≤0 0P tP t/t 0

0t t0 t), 2t/ ) ≤tt/t t ) ≤t ≤t), 0

,

0 ,      t t

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩ 2 0  

(15)

as shown in Figure 11.

when 0 ≤ t ≤ t0,

x
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P
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t
t

( )t sin ( )dP sin= ∫
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0PPPP
00∫∫ω
τ τt(( ))−t(( τ
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Similarly, integration by fraction, the displace-
ment of building can be calculated as follow:
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m
t
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when t0 < t < 2t0,
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Integration by fraction, the displacement of 
building can be calculated as follow:
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when t > 2t0,
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Integration by fraction, the displacement of 
building can be calculated as follow:

x
P

m t
t( )t (sin( ) ( ) ( )t in( )= (sin(

−
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t ωtt)tt s (3
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Set α β =β ( / )T//0 0β =β ( , the ratio of response is.

when α < 1,

R( ) sin( )t
πβ

))1
2  

(22)

when 1< α < 2,
Figure 10. Displacement response of building under 
triangle impulse load.

Figure 11. Spike impulse load.
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when α > 2,
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Taking β and R(t) as horizontal coordinate and 
longitudinal coordinate, respectively, β is ranged 
from 0.01 to 0.15 with 0.01 as increasing step and 
α is ranged from 0.1 to 3.9 with 0.2 as increasing 
step, Figure 12 can be obtained. From this figure, 
it shows that: under spike impulse load, when 
β < 0.15, Rmax > 2; Furthermore, with decreasing of 
β, Rmax is larger, especially β < 0.02, Rmax > 5.

Meanwhile, taking β and R(t) as horizontal 
coordinate and longitudinal coordinate, respec-
tively, β is ranged from 0.15 to 3 with 0.2 and α 
is ranged from 0.1 to 3.9 with 0.2 as increasing 
step, Figure 13 can be obtained. From this figure, 
it shows that: under spike impulse load, when β > 
0.15, Rmax < 2, Furthermore, when β > 1, Rmax < 1.

Based on the above observation, it is found 
that for rectangular impulse load, triangular 
impulse load and spike impulse load, displace-
ment response of structure is related to α, β. When 
β < 0.15, for rectangular impulse load and trian-
gular impulse load, the ratio of response Rmax ≤ 2, 
for spike impulse load, the ratio of response Rmax 
becomes very large. While β > 0.15, for all of the 
three impulse load, the ratio of response Rmax ≤ 2. Thus the maximum impact load on buildings can 

be predicted.

3.5 Illustrative example

A building located in debris flow prone area 
is simulated as shown in Figure 11. The total 
weight of building is all focused on the beam, i.e., 
G = 2 × 106 N while the total stiffness of building 
k = 2 × 108 N/m. Assume the displacement is lim-
ited to 5 mm. Based on the above discussion the 
maximum impact load on building can be calcu-
lated when, (1) t0 = 0.03 s, (2) t0 = 0.3 s.

The natural frequency of building can be given by

ω = =
k

M
31 6. rad s/dd

with the period of T = 2π/ω = 0.2 s.
The ratio of response Rmax can be obtained as

Figure 12. Displacement response of building under 
spike impulse load.

Figure 13. Displacement response of building under 
spike impulse load.

Figure 14. A sketch of building.
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1. β =  t0/T  = 0.15
When triangle impulse load is applied on build-
ing, Rmax = 0.46
When rectangular impulse load is applied on 
building, Rmax = 0.91
When spike impulse load is applied on building, 
Rmax = 1.71

2. β =  t0/T  = 1.5
When triangle impulse load is applied on build-
ing, Rmax = 1.69
When rectangular pulse load is applied on build-
ing, Rmax = 2
When spike impulse load is applied on building, 
Rmax = 1.1575
c. Calculate the maximum impact load on build-
ing according to:
vmax = Rmax ⋅ P0/k

Thus

1. when β = 0.15, Rmax = 1.71
P0 = vmax ⋅ k/Rmax = 584 kN

2. when β = 1.5, Rmax = 2
P0 = vmax ⋅ k/Rmax = 500 kN

From the result of illustrative example, it shows 
that: when β > 0.15, the ratio of response Rmax ≤ 2, 
the maximum displacement amplitude vmax depends 
on the magnitude of the pulse load. For engineer-
ing design, it is suggested to select Rmax = 2 to esti-
mate the maximum impact load.

4 CONCLUSIONS

Based on field investigation, this paper analyzes 
the damage characteristics of buildings under 
debris flow, and displacement response of build-
ings under impact load is also discussed. The fol-
lowing conclusions are obtained:

1. Displacement response of structure is only related 
to α, β under impact load. When the impact load 
is simplified into a triangular impulse load or rec-
tangular impulse load, the ratio of response Rmax 
is less than or equal to 2, when it is simplified 
into a spike impulse load, the ratio of response 
Rmax is very large if β is less than 0.15. Thus it is 
very important to select a suitable impulse load, 
which may affect the result.

2. For the impact load of  debris flow, when β is 
large than 0.15, the ratio of  response Rmax is 
less than or equal to 2, the maximum displace-
ment amplitude vmax only depends on the mag-
nitude of  impulse load. For engineering design, 
it is suggested to select Rmax = 2 to estimate the 
maximum impact load, which buildings can 
resist.

3. For spike impulse load, when β is less than 0.15, 
the ratio of response Rmax especially large. Thus 
it is recommended to control the natural vibra-
tion period of structure, which can reduce the 
ratio of response.
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Displacement analytic solution of a deep elliptical tunnel in a 
transversely isotropic rock mass considering the shear stress effect
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ABSTRACT: Sedimentary rocks with a layered structure account for two-thirds of the global land 
area, and this proportion is 77.3% in China. Many metamorphic rocks also have significant features of 
layered structure, so there are a large number of stability problems about layered rock mass in mining 
 engineering. Layered rock mass is generally considered to be transversely isotropic solid in mechanics. 
Based on the complex variable expression of displacement components of transverse isotropy, the dis-
placement analytical solution of a deep elliptical tunnel in a transversely isotropic rock mass considering 
the shear stress effect is derived by the conformal mapping method.

Keywords: shear stress; transversely isotropic; elliptical tunnel; displacement; analytical solution

deep elliptical tunnel in a transversely isotropic 
rock mass considering the shear stress effect.

2 PROBLEM DESCRIPTION

The following assumptions are made for the model 
used in this paper:

(1) the surrounding rock is continuous, homo-
geneous, linear elastic and transversely isotropic, 
and the displacement and strain are small; (2) the 
cross-section of the tunnel is elliptical and paral-
lel to the isotropic plane, the length of the long 
and short axis is, respectively, 2a and 2b; (3) the 
length of the tunnel is much larger than the size of 
the cross-section, so the plane strain condition is 

1 INTRODUCTION

The displacement about deep tunnels is often 
of interest to the geotechnical engineers and to 
be studied. There exist many elliptical tunnels in 
mining and rock engineering. In order to analyze 
the stability of elliptical tunnels and research the 
maintenance measures, it is significant to get the 
accurate stress and displacement solutions.

Muskhelishvili (1953) gave the stress and dis-
placement distribution of an elliptic tunnel on an 
infinite plane under tensile, compressive and shear 
stress conditions, respectively. Cai (2008) obtained 
the stress and displacement analytic formulae by 
using the conformal mapping method.

In the above literature, the surrounding rock 
was regarded as isotropic. Due to the complexity 
of rock anisotropy, there were only a few papers 
on the displacement analytic solution of a tunnel 
in anisotropic rock mass. Lekhnitskii (1981) gave 
the displacement analytic solution of a circular 
silo in a transversely isotropic rock mass under 
the axisymmetric ground stress condition. Zhang 
(2010, 2012) derived the displacement analytic 
solutions for tunnels with an arbitrary and ellip-
tical cross-section in two unequal normal stresses, 
and also gave the complex variable expression of 
displacement components of transverse isotropy, 
which helps to obtain the displacement analytic 
solution of complex tunnels. However, the dis-
placement solution may become more complex 
when the shear stress effect is considered in a trans-
versely isotropic rock mass.

Based on the above research, this paper attempts 
to derive the displacement analytic solution of a Figure 1. Model of a deep elliptic tunnel.
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4 THE COMPLEX VARIABLE 
EXPRESSION OF DISPLACEMENT 
COMPONENTS OF TRANSVERSE 
ISOTROPY

Zhang (2010) proved that when the stress bound-
ary condition is only applied, the complex variable 
expression of stress function and stress compo-
nents of transverse isotropy is the same as that of 
isotropy. However, the complex variable expression 
of displacement components is unequal because of 
the difference in physics equations. Furthermore, 
he also obtained the complex variable expression 
of displacement components of transverse isot-
ropy under plane strain condition as follows:

u iv
E E E

z=iv − ′
′

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
−

+
′ +⎡⎣⎡⎡ ⎤⎦⎤⎤

3 4− 12

1 1E
z⎡⎣⎡⎡ 1

μ μ′′4 ϕ11
μ ϕ ψ′ +1 1( )zz ( )z ( )z

 (3)

where ϕ1ϕϕ ( )  and ψ1ψψ ( )  are both analytic functions.

5 DISPLACEMENT ANALYTIC 
SOLUTION OF A DEEP ELLIPTICAL 
TUNNEL IN A TRANSVERSELY 
ISOTROPIC ROCK MASS

The conformal mapping method should be used 
in the solving process. Assuming that the mapping 
 function that transforms the region exterior of a tun-
nel in the z-plane onto the exterior of a unit circle 
in the ζ-plane is z = ω(ζ) (Fig. 3), all formulae with 
the independent variable z should be transformed 
into that with the independent variable ζ. In order to 
establish the appropriate transformation relations, the 
following symbols should be adopted (Lv, 2007):
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ψ ζ ψ ψ ω ζ

ζ ϕ ϕ ζ
ω

)ϕ ζϕ ζ ( ) [ωω )]ζζ
)ψ ζψ ζ ( ) [ωω )]ζζ

(ζζ ( ) )ζζ
(

= ϕ
= ψ

′ϕϕ =
ϕϕ

′ωω

1 1ϕ ϕϕ ϕϕϕ
1 1ψ ψψ ψψψ

1ϕϕΦ ((
ζζ

ζ ψ ψ ζ
ω ζ

)ζζζζ

(ζζ ( ) )ζζ
)ζζ

Ψ (( ′ψψ =
ψψ
ωω

⎫

⎬

⎪
⎫⎫

⎪
⎪⎪

⎪
⎬⎬
⎪⎪

⎭

⎪
⎬⎬

⎪
⎪⎪

⎪
⎭⎭
⎪⎪
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 (4)

Figure 2. Model of a transversely isotropic solid.
Figure 3. Conformal mapping of a region exterior to a 
tunnel onto the exterior of a unit circle.

used; (4) the tunnel is deep; (5) the initial stress in 
the ground is idealized as a normal stress p, which 
acts in the vertical direction, and a normal stress q, 
which acts in the horizontal direction, and a shear 
stress τ; (6) compared with the initial stress, the 
rock weight is small and is ignored in the deduc-
tion. Figure 1 shows an ideal model of a deep ellip-
tical tunnel in a transversely isotropic rock mass.

3 PHYSICS EQUATIONS OF 
TRANSVERSE ISOTROPY

A model of a transversely isotropic solid is shown in 
Figure 2, in which the xoy-plane and oz is regarded, 
respectively, as the isotropic plane and symmetry 
axis. The generalized Hooke’s law equations for 
transverse isotropy are as follows (Ding, 2006):
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where the parameter Sij is related to the elastic 
 constants as follows:

S
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 (2)

where E, μ  and G are, respectively, the elastic mod-
ulus, the Poisson ratio and the shear modulus in 
the isotropic plane, and E′, μ′ and G′ are those in 
the direction normal to the isotropic plane.
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Substituting Equation (9) into Equation (7) yields
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There are no physical parameters (e.g. E, μ, E′ and 
μ′) in fk(ζ), but only the function of coordinates. It is 
assumed that the inverse function of fk(ζ) is Fk(Z), 
which is also only the function of coordinates. The u 
and v in Equation (10) are displacement components 
in rectangular coordinates, but the radial displace-
ment component ur is easy to measure in practice, 
which can be expressed by u and v as follows:

u ur = ucos iθ θ+ sv+ in  (12)

Substituting u and v of  Equation (10) into Equa-
tion (12), and replacing fkff ( )ζ ))  with FkFF ( )z , yields 
the radial displacement component as follows:
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Based on Equation (3) and Equation (4), the 
displacement components in the ζ-plane becomes
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For the stress boundary condition shown in 
Figure 1, ϕ ζ )ϕ ζϕ ζ  and ψ ζ )ψ ζψ ζ  can be written as follows 
(Zhang, 2001):
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where ϕ ζ0ϕϕ )ζζ  and ψ ζ0ψψ )ζζ  are analytic in the exterior 
of the unit circle.

The displacement field consists of two parts 
(Cai, 2002). One is represented by the p q+ /qq )/ ω ζ(( )) 
and (( / ) ) ( )p q// i−/ )q//// τ ) () (ζ )), which is caused by the 
initial stress field and takes place before tunnel 
excavation; the other is represented by ϕ ζ0ϕϕ )ζζ  and 
ψ ζ0ψψ )ζζ , which is caused by tunnel excavation. The 
latter one is measurable and should be obtained. 
Eliminating p q+ /qq )ω ζ(( )) and (( / ) ) ( ),p q// i−/ )q//// τ ) () (ζ ))  
the displacement components caused by tunnel 
excavation can be written as follows:
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The mapping function that transforms the region 
exterior of an elliptical tunnel in the z-plane onto the 
exterior of a unit circle in the ζ-plane is as follows:
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Based on Equation (8), ϕ ζ0ϕϕ )ζζ  and ψ ζ0ψψ )ζζ  can be 
expressed as follows:
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Equation (13) is the displacement analytic solu-
tion of a deep elliptical tunnel in a transversely iso-
tropic rock mass considering the shear stress effect. 
When shear stress is not considered, namely τ = 0, 
Equation (13) reduces to the displacement analytic 
solution with two unequal normal stresses (Zhang, 
2012). In case of ′E E′ =  and ′μ μ′′ = , Equation (13) 
reduces to the displacement analytic solution in 
a transversely isotropic rock mass (Zhang, 2001). 
They verify the truth of the derivation.

Particularly, for a circle tunnel, in which 
a b r=b  (where r is the radius), f1 6ff )ζ ζf6ff (f6ff )) can 
be expressed as follows:
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Accordingly, F z1 6FF ( )zz ~ (F6FF ) should be expressed 
as follows:
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Substituting Equation (15) into Equation 
(13) and noting that z reiθ , we get the displace-
ment analytic solution for a deep circle tunnel as 
follows:
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6 CONCLUSIONS

1. In this paper, the radial displacement ana-
lytic solution for a deep elliptical tunnel in a 

 transversely isotropic rock mass considering 
the shear stress effect is obtained based on the 
complex variable expression of displacement 
components for transverse isotropy by using the 
conformal mapping method.

2. Although the cross-section is assumed to be 
parallel to the isotropic plane in the deduction, 
the displacement analytic solution indicates that 
the radial displacement of the surrounding rock 
is related not only to the elastic modulus and 
the Poisson ratio in the isotropic plane, but also 
to that in the direction normal to the isotropic 
plane.

3. The cross-section is assumed to be parallel 
to the isotropic plane in the deduction in this 
paper. Further research can be carried out on 
the problems that the cross-section intersects 
the isotropic plane.
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ABSTRACT: In order to obtain the effect rules of subway tunnel construction accidents on adjacent 
buildings, the material point method was employed to build a simplified model of subway tunnel construc-
tion accidents. The deformation and failure patterns of surrounding soils were studied.  Furthermore, the 
mechanical properties and deformation characteristics of the adjacent masonry building under different 
locations, different embedded depths of tunnel and different degrees of damaged tunnel segment were 
discussed. As a result, the scope and intensity of the affected area are proposed.

Keywords: subway tunnel; material point method; masonry building; construction accidents; numerical 
simulation

2 NUMERICAL ANALYSIS OF SUBWAY 
TUNNEL DESTRUCTION

2.1 Computing model

In order to achieve the precise analysis of  the 
deformation of adjacent buildings, a fine model of 
the building is shown in Figure 1(a). The building 
is a typical masonry structure, such as historical 
buildings. To simplify the calculation, the length 
in the y direction is 1 m, and the width and height 
of  the building are 12 m and 8 m, respectively. The 
lengths of each layer and each truss are both 4 m, 
and the opening sizes of  doors and windows are 
both 2.0 m × 2.0 m. In the model, the inside diam-
eter of  the shield tunnel is 2.7 m, and its outside 
diameter is 3 m. The lining structure of the shield 
tunnel is composed of three A-type segments, 
namely two B-type segments and one K-type seg-
ment, of  which A, B, K are the standard block, 
adjacent block and capped block, respectively. 
As shown in Figure 1(b), the central angle of 
the capped block is 20°, and the central angle of 
the adjacent block and the standard block are 
both 68°.

For simplicity, the soil layer is assumed to 
be a single homogeneous soft clay in the model. 
 Meanwhile, the segment, masonry building and 
soil are simulated based on the Drucker-Prager 
model. All of the parameters are listed in Table 1.

The model simulated the practical construction 
process and then dynamically analyzed the effect 

1 INTRODUCTION

With the rapid process of  urbanization, subway 
construction scale is expanding in China. During 
the construction process, subway projects (sub-
way tunnel, foundation pit and connected aisle) 
in the high water-level soft soil area are exposed 
to high risks. Both in China and abroad, there 
are plenty of  construction accidents, such as the 
tunnel collapsed accident of  Guangzhou Metro 
Line 3, the foundation pit collapsed accident of 
Hangzhou, and the connected aisle collapsed acci-
dent of  Germany subway tunnel. Accordingly, all 
of  these accidents have a certain effect on adjacent 
buildings.

Due to the large deformation of soils occur-
ring in the subway tunnel construction accidents, 
if  the finite element method was applied to build 
the model, the mesh distortion would ultimately 
lead to the termination of the calculation. To 
overcome this problem, the material point method 
was employed in an innovative way, as it can avoid 
mesh distortion problems and suitably analyze 
large deformation of the subway tunnel.

In this study, a simplified model of subway tun-
nel construction accidents is built based on the 
material point method. Through controlling vari-
ables of location of adjacent building, the embed-
ded depth of the tunnel and the damage degree 
of the segment, the effect rules of subway tunnel 
construction accidents on adjacent buildings are 
proposed.
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Table 1. Physical and mechanical parameters of materials.

Material 
type

Elastic
modulus
E/(MPa)

Poisson’s 
ratio
μ

Density
(kg/m3)

Angle of 
internal friction 
Φ/(°)

Cohesive 
force 
C/(kPa)

Dilation 
angle 
(°)

Soft clay 7.5 0.49 1600  0  15 0
Tunnel segment 3.55 × 104 0.2 2600 60 550 0
Masonry building 220 0.2 2000 30 100 0

Figure 1. Network diagram of the model.

of tunnel excavation on adjacent buildings, which 
are as follows:

a. The number of material points and material 
types are counted.

b. Background grid is divided, where the mesh size 
is x (0,100), y (0,1), z (0,100), and the unit is m.

c. Boundary conditions are constrained.
d. Physical mechanical parameters are assigned to 

segment, soil, and the building.
e. Geometric models of the tunnel and adjacent 

building are built, and the parameters of the 
building location, embedded depth of tunnel, and 
degree of damaged tunnel segment are controlled 
to simulate different types of tunnel construction 
accidents. For example, the adjacent blocks and 
capped block are broken (segment partially bro-
ken), and the model is shown in Figure 1(c).

f. Initial stress is balanced.

2.2 Failure patterns under different distances 
that the adjacent masonry building 
from the tunnel

In the model, equivalent plastic strain is calcu-
lated based on the distortion energy theory (the 
fourth strength theory). This theory considers 
that when the distortional energy density stored 
in unit body (vd) is approximated to the uniax-
ial tensile yield distortion energy density (vds), 
the material enters the plastic yield. As shown in 
Figure 2, when the segment is whole broken, the 
masonry building that is right above the tunnel 
will produce a plastic deformation zone toward 
the bottom along two sides of  the corner. The 
plastic deformation region that is in two corners 
of  the building and in the tunnel is integrated into 
a whole, forming a huge symmetric shear failure 
area. With the masonry building away from the 
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tunnel, the building inclines towards the side that 
is away from the tunnel, and the tilt increases and 
then decreases gradually.

2.3 Failure patterns under different embedded 
depths of the tunnel

Figure 3 shows the impact of tunnel destruction 
on surrounding soils that may be related to embed-
ded depths of the tunnel, and the affected region 
is a semicircular area with a radius that is equal 
to the embedded depth of the tunnel. As shown in 
 Figure 4, after the destruction of the tunnel, there 
is a plastic deformation zone around it. Influenced 
by the stress field, as the embedded depth of the 
tunnel decreases, the plastic deformation zone 
extends to the ground.

2.4 Failure patterns under different degrees 
of damaged tunnel segment

Subway tunnel accidents include failure of the un-
supported section, failure of the tunnel heading, 
and failure of the both. To simplify the calcula-
tions, the simulation analysis is only for the case of 
un-supported section failure. As shown in  Figure 5, 
the affected area of lateral displacement is small 
for segment whole broken, while it is large for the 
segment partially broken. It may be due to the soil 
right above the tunnel that partially collapses when 
the segment is partially broken, causing both sides 
of soil to be swarmed into the tunnel. In contrast, 
when the segment is whole broken, the soil beneath 
the tunnel rebounds, which reduces soil deforma-
tion on both sides.

Figure 2. Equivalent plastic strain cloud diagram under different distances from the tunnel.

Figure 3. Vertical settlement cloud diagram under different embedded depths of the tunnel.

Figure 4. Equivalent plastic strain cloud diagram under different embedded depths of the tunnel.
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Figure 5. Lateral displacement cloud diagram under different degrees of damaged tunnel segment (left: segment 
whole broken; right: segment partially broken).

Figure 6. Vertical settlement scatter diagram under different distances from the tunnel (from the left to the right, the 
distance is 0 m, 10 m, 20 m, respectively).

3 ANALYSIS OF DEFORMATION OF 
THE ADJACENT MASONRY BUILDING

3.1 Deformation of the adjacent masonry 
building at different distances from the tunnel

Assumed that the embedded depth of tunnel is 
10 m and the segment is whole broken, the verti-
cal settlement of the adjacent masonry building is 
obtained by recording the key points on the roof 
and floor (x = 0 m, 4 m, 8 m, 12 m). As could be 
seen from Figure 6, when D = 0 m (D represents 
the distance between the left side of the building 
and the point right above the tunnel), tension strain 
appears on the central of the building, while com-
pression deformation exists on the both sides of it. 
With the D increasing, the whole settlement of the 
building decreases, indicating that the extent of 
damage to the building reduces. As the D increases 
from 0 to 20, an uneven sedimentation of the 
building emerges immediately and then decreases 
gradually.

3.2 Deformation of the adjacent masonry building 
with different embedded depths of the tunnel

As could be seen from Figure 7, with the embedded 
depth of the damaged subway tunnel increasing, the 

transverse compression value of the adjacent build-
ing within the affected area decreases, indicating 
that the degree of damage to the building reduces. 
The whole settlement of the building also reduces 
from 1.3 m to 0.7 m, which is in agreement with 
the expansion of the plastic deformation zone pro-
duced by the damaged tunnel shown in Figure 4.

3.3 Deformation of the adjacent masonry 
building with different degrees 
of the damaged tunnel segment

By recording the key points on the left side and 
right sides of the wall (z = 0 m, 4 m, 8 m), the lateral 
displacement (xdis) of adjacent masonry build-
ing was investigated. As shown in Figure 8, when 
the segment is partially broken, a tensile failure 
appears on the first floor of the masonry building, 
while almost no lateral displacement appears on 
the second floor. When the segment is whole bro-
ken, monolithic translation to the right side (the 
side away from the tunnel) and tiny transverse com-
pression appear on the first floor, while almost no 
lateral displacement appears on the second floor. 
In contrast, the segment partially broken evidently 
leads to a greater lateral displacement of the adja-
cent masonry building.
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4 CONCLUSIONS

In conclusion, as buildings get closer to the tunnel, 
the deformation caused by the damaged tunnel is 
larger. Correspondingly, the damage of buildings 
is greater. The obviously affected area may be a 
semicircular area with the radius of the embed-
ded depth above the damaged tunnel, and with 
the embedded depth decreasing, the deformation 
of the building within the affected area increases. 
The segment partially broken leads to the partial 
collapse of the soil above the tunnel, which will 
enlarge the affected area of the lateral displace-
ment. Whereas the segment whole broken mainly 
causes vertical settlement to the surrounding soils 
and buildings, and the affected area of the lateral 
displacement is smaller.

Figure 7. Vertical settlement scatter diagram under different embedded depths of the tunnel (left: 10 m; right: 20 m).

Figure 8. Lateral displacement scatter diagram under different degrees of damaged tunnel segment (left: segment 
partially broken; right: segment whole broken).
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Experimental study on properties of zeolite powder concrete 
under the hot and humid environment
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Southwest Jiaotong University, Chengdu, Sichuan, China

ABSTRACT: With the tunnel construction gradually growing deep in direction, problems caused by 
high geothermal heat damage becomes increasingly prominent. High geothermal occurred mainly in two 
forms: dry heat and the hot and humid. Under these 2 conditions, the strength of concrete can be affected. 
Using zeolite powder as admixture is a viable way to improve the mechanical properties. But it remains 
unknown whether it performs better in hot and humid condition or dry heat. So we set 5 groups of experi-
ments to determine the mechanical properties of zeolite powder concrete. Throughout the date we find 
that dry heat condition can cause a significant loss of zeolite powder concrete. But in hot and humid con-
ditions, cement and zeolite powder can be fully hydrated, and calcium hydroxide active silica and zeolite 
powder contained in an alumina produced with cement hydration reaction to form secondary hydration, 
increasing the content of gelled material, thereby increasing the strength of the concrete. So that similar to 
the zeolite powder concrete and fly ash concrete, dry heat intensity decreases, and significantly increased 
strength under hot and humid conditions, it is more suitable for steam curing.

Keywords: zeolite powder concrete; hot and damp condition; mechanical properties; secondary hydration

whether it relates to the normal functioning of shot 
crete tunnel lining role. [1]

The trial will focus on the mechanical properties 
of concrete zeolite powder at a relatively humid 
and dry heat harm environment.

Zeolite is a natural zeolite rock as raw material, 
crushing, grinding into powder materials.  Zeolite 
powder contains large amounts of SiO2 and Al2O3, 
silica fume after its pozzolanic activity. Its activity 
is better than fly ash and slag after volcanic ash 
silica fume. In addition to the active effect, Zeo-
lite powder also has a special porous structure, 
pore zeolite adsorption of water can also be in the 
conservation of hydration to further promote the 
growth of strength. [2]

Therefore, this project tests these problems by 
simulating the thermal effects of different design 
than the preservation of the environment, mechan-
ical testing, and other means of concrete mix, the 
mechanical properties of concrete with different 
contents of zeolite powder, thermal properties of 
concrete in hot condition to provide some guid-
ance to improve the properties of concrete.

1.2 Zeolite powder

Zeolite is a natural zeolite rock from the ground. 
Zeolite rock is volcanic ash after an aluminosilicate 
mineral natural calcine, will have a certain amount 

1 INTRODUCTION

1.1 Background

The project comes from the topics of National 
Natural Science Foundation: <thermal properties 
of concrete harm Tunnels> (51008253).

When the tunnel construction gradually grows 
deeper in direction, problems caused by high 
geothermal heat damage becomes increasingly 
 prominent. High geothermal occurred mainly in 
two forms: dry heat and the hot and humid.

Dry heat is the heat inside the geological strata 
in geological formations where there will be better 
spread through the rock tunnel surface. The hot 
and humid occurs in a high degree of development 
of rock crushing fracture zone, the underground 
water is easier to enrichment, which form hot 
springs. Injection concrete’s performance differs 
in construction process parameters and physical 
mechanical properties contrast with normal tem-
perature condition. High-temperature and high-
temperature could lead sprayed concrete action to 
increased strength retraction system volume stabil-
ity deteriorates and adhesion rock heavy losses and 
other issues. When the tunnel faced with thermal 
damage, it also faced erosion of sulfate and chlo-
ride. Coupling factors that could cause the ejection 
durability of concrete faced with great challenges, 
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of active silica and alumina. The color is white 
(Fig. 1) Zeolite powder having a large internal sur-
face area and an open structure, the fineness of 
0.08 mm sieve <5%, an average particle diameter 
of 5. O ∼ 6.5 μm.

The chemical composition is shown in Table 1. [3]
It contains most of all the major elements and 

trace elements the aquatic animal growth needs, 
all these elements exist in ionic form easily used by 
aquatic animals. Therefore, aquaculture is the most 
commonly used zeolite powder. [4] Zeolite rock series 
has more than 30 varieties and ash zeolite and mor-
denite are commonly used as admixture of concrete. 
The micro structure is shown in  Figure 2. [4]

2 THE EXPERIMENT DESIGN

2.1 Dividing groups

In order to distinguish the performance of fly ash 
concrete and the zeolite powder concrete, we set 
5 groups of experiments. Concrete blocks from 
each group will be cared in three different condi-
tions: Hot water, dryer, and normal maintenance, 
and will be put into two kinds of mechanical test.

Every block is made into one unified size of 
100 mm*100 mm*100 mm and will be cared for 
four weeks. The strength level of concrete is 
C30. [5]

To distinguish the blocks from three different 
conditions, we name the blocks cared in hot water 
with a word S in the end of its name. So as the 
ones from dryer with G, and normal condition 
with BZ.

After naming the groups, we determined the 
percentage of cement and other materials of each 
group. The detail is shown as follows.

2.2 The experimental group

2.2.1 Group 1 (100% cement){1,2}
2.2.2 Group 2 (70% cement + 30% zeolite){3,4}
2.2.3 Group 3 (70% cement + 30% fly ash){5,6}
2.2.4 Group 4 (60% cement + 20% zeolite + 

10% silicon ash) {7,8}
2.2.5 Group 5 (65% cement + 20% zeolite + 

5% silicon ash) {9,10}
The number in these groups means whether the 
block will be tested in which way, the tensile split-
ting experiment or compressive experiment. Those 
with uneven number will be tested in compressive 
experiments, and others will be tested in tensile 
splitting experiment.

Each group has 3 blocks for the compressive 
experiment, and another 3 blocks for splitting the 

Figure 1. Zeolite powder.

Table 1. Chemical composition of zeolite powder.

SiO2 AL2O3 Fe2O3 TiO2 CaO MgO K2O
Ignition 
loss

62.87 13.46 1.35 0.11 2.71 2.38 2.78 12.80

Figure 2. Micro structure.
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compressive experiments. The actual data after the 
test are shown in Table 2.

The blocks just made and names are shown in 
Figure 3.

2.3 The experiment data (MPa)

Table 2. Experiment data.

1 2 3 AVA

1BZ 37.993 37.888 38.478 38.11966667
1G 34.338 34.652 36.187 35.059
1S 29.875 32.842 28.982 30.56633333
2BZ 5.95 4.35 5.19 5.163333333
2G 4.96 4.96 4.56 4.826666667
2S 5.02 5.39 5.39 5.266666667
3BZ 27.858 28.166 29.042 28.35533333
3G 22.434 22.132 22.249 22.27166667
3S 32.645 31.802 30.109 31.51866667
4BZ 3.066 2.516 2.385 2.655666667
4G 1.267 2.063 2.785 2.038333333
4S 2.657 2.977 3.012 2.882
5BZ 34.561 34.617 32.865 34.01433333
5G 13.152 19.763 20.378 17.76433333
5S 40.159 37.783 35.167 37.703
6BZ 2.573 2.662 2.875 2.703333333
6G 2.151 2.537 2.666 2.451333333
6S 4.016 4.117 4.303 4.145333333
7BZ 23.286 22.137 23.546 22.98966667
7G 17.446 16.896 17.233 17.19166667
7S 37.62 33.75 37.281 36.217
8BZ 2.883 2.874 2.799 2.852
8G 0.988 0.83 0.9 0.906
8S 3.957 3.84 3.906 3.901
9BZ 28.217 29.096 29.437 28.91666667
9G 11.988 16.025 15.845 14.61933333
9S 29.245 29.006 29.437 29.22933333
10BZ 2.882 2.945 2.706 2.844333333
10G 1.794 1.682 1.915 1.797
10S 4.461 4.358 4.236 4.351666667

Figure 3. Name the blocks.

3 ANALYZE AND CONCLUSION

As we can see in Table 2, both the compressive 
properties and tensile splitting properties of con-
crete mixed with zeolite or fly ash cured in water 
tank is clearly higher than those cured under nor-
mal condition. But it comes to the same. Similarly, 
the zeolite powder concrete in hot and humid con-
ditions exhibits mechanical properties of fly ash 
concrete, namely a significant reduction of break-
ing strength in dry heat conditions, and fracture 
strength under hot and humid conditions increase, 
which indicates that the dry and hot conditions on 
the zeolite powder concrete strength development 
is detrimental to the development and humid strip 
of concrete strength advantageous zeolite powder.

So we get the conclusion: Although the zeolite 
powder has a porous absorbent structure, but in 
the development of concrete strength under dry 
and hot conditions, the moisture in the concrete 
cement and zeolite powder is insufficient to sup-
port the completion of their hydration, that is, 
under these conditions, a portion of the water in 
the concrete cement hydration role, but zeolite 
powder lacks water and hydration cannot com-
pletely occur, resulting in incomplete gray concrete 
hydration which causes less gelled substance. In 
this case, early strength of concrete developed rap-
idly, due to lack of water, affects the development 
of late strength of concrete.

But in hot and humid conditions, water is 
abundant, cement and zeolite powder can be fully 
hydrated, and calcium hydroxide active silica and 
zeolite powder contained in an alumina produced 
with cement hydration reaction to form second-
ary hydration, increasing the content of gelled 
material, thereby increasing the strength of the 
concrete. So that, similar to the zeolite powder 
concrete and fly ash concrete, dry heat intensity 
decreases, and significantly its strength increases 
under hot and humid conditions; it is more suit-
able for steam curing.
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ABSTRACT: Soil unloading caused by excavation will inevitably lead to the change of displacement 
and stress field, and this threatens the security of the subway at the bottom or side. Researches focus on 
vertical rebound deformation rules of existing tunnels under excavation and the reinforcement methods, 
and quantitative displacement calculation is also needed. Considering the soil plastic flow and ground-
water buoyancy, the causes of foundation pit uplift are summarized. In addition, the study method of 
foundation pit excavation influence on existing tunnels can be summed up using theoretical calculation 
method, field measurement analysis method, numerical simulation, empirical formula method, and the 
centrifugal test. Finally, some problems which need to be further probed are presented.

Keywords: excavation of foundation pit; the existing tunnel; foundation pit uplift; study methods; defor-
mation rules

(3) irreversible soil deformation formed by plas-
tic flow because of the existing weak layer in pit 
bottom; (4) uplift of soil caused by groundwater 
buoyancy and seepage flow; and (5) deformation 
due to the secondary release of cumulative stress 
from surrounding buildings during excavation. 
Moreover, the degree of resilience is also relevant 
to geological conditions, unloading volume, size 
of the pit, exposure time, sequence of excavation 
and equipment conditions, and so on. By analyz-
ing these factors, the deformation mechanism of 
foundation pit uplift will be further understood.

3 RESEARCH STATUS

Issues related to this research focus on the following 
aspects domestically and abroad: (1) the variation 
of both the deformation and force of the exist-
ing tunnels during the construction of foundation 
works; (2) the influence factors and range of the 
tunnel deformation, and the prediction methods 
of the maximum tunnel uplift value; (3) the effect 
degree of different construction conditions on the 

1 INTRODUCTION

With the vigorous development of infrastructure, 
while the urban construction is growing on the 
ground, the underground construction is gradually 
expanding. The excavation of foundation pit will 
have an adverse impact on existing tunnels situ-
ated at the bottom or side, so this is related to the 
safe operation of subway tunnel. For the founda-
tion pit located in the city center, the protection of 
surrounding pipelines and structures is becoming a 
controlling factor in the design and construction, 
so the impact of excavation on the tunnel should 
be controlled within the permissible range.

2 CAUSES OF FOUNDATION PIT UPLIFT

Foundation pit uplift is generally considered to be 
primarily caused by several factors: (1) rebound 
deformation produced by soil excavation; (2) due 
to soil pressure, the deformation of retaining 
wall below the basement is toward the center of 
the pit, and that shoves the soil in pit to uplift; 
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tunnel, and then to get the best design and con-
struction scheme; and (4) the impact of foundation 
pit dewatering.

4 RESEARCH METHODS

Surrounding the influence of excavation on exist-
ing tunnels, many scholars have done a lot of works 
using a variety of methods, including theoretical 
calculation method, field measurement analysis 
method, numerical simulation, empirical formula 
method, and the centrifugal test.

4.1 Theoretical calculation method

Zhang Zhiguo proposed the two-stage method for 
analyzing effects on adjacent metro tunnels due to 
foundation pit excavation. Firstly, the additional 
stress due to adjacent foundation pit excavation 
is calculated. Secondly, the governing differential 
equation is built based on Winkler model. Then the 
differential equation is deduced to the finite element 
equation by the Galerkin method. Furthermore, the 
parametric analysis of existing tunnels is carried out, 
including the different depths and distance from the 
excavation site, the different geologic conditions, 
and the different outer diameters of the tunnel.

A simple two-stage method for estimating 
the longitudinal deformation of existing tun-
nels caused by adjacent excavation in soft soils is 
presented. In the first stage, the Loganathan and 
Poulos analytical solution is used to estimate the 
free-soil settlement induced by adjacent tunneling. 
The additional stress due to adjacent foundation 
pits excavation is calculated based on the Mindlin 
solutions. In the second stage, existing tunnels are 
considered as beams with infinite length based on 
the Winkler foundation model. The free-soil set-
tlement or additional stress is then imposed on the 
existing tunnels. Displacements and internal forces 
of the existing tunnels are obtained.

Assuming that the tunnel deformation agrees 
with the soil displacement, the theory of residual 
stress and stress path method are used to build a 
predictive calculation model of tunnel deforma-
tion considered excavation, and it was applied to 
Shanghai square excavation under which the two 
existing tunnels lie. Meanwhile, using Boussinesq 
equation, soil resilience value s due to excavation 
can be calculated:

s
E

bp=
−1 2

0
μ22

ωbb

b is the width of rectangular load or the diam-
eter of circular load; is the rebound influence coef-
ficient of center point; E is the elastic modulus of 

soil and usually replaced by deformation modulus; 
p0 is uniform load on foundation surface; and μ is 
Poisson’s ratio of soil.

Considering the equivalent stiffness of tunnel, 
excavation unloading and foundation reinforce-
ment, deformation mechanisms are conducted on 
tunnel uplift due to mixing-piles driving above. 
Based on data from the East Road Underpass 
Project, a method to calculate the vertical dis-
placement of tunnels using the Winkler model was 
derived, and the calculation is carried out. The 
result was compared with the measured data. It is 
indicated that effects of above foundation pit rein-
forcement on the vertical displacement of tunnels 
are considerable.

4.2 Field measurement analysis method

Through the arrangement of the measuring point, 
field monitoring is widely used in the study. The 
information of construction process can be 
acquired in time, and monitoring results can also 
be used to evaluate the security situation of the 
tunnel.

Combined with the field monitoring date from 
East Road Underpass Project in Shanghai, the 
influence of foundation pit excavation on adja-
cent tunnels is analyzed, and it shows that: with 
soil rebound the subway tunnel uplifts like a nor-
mal distribution curve, and the maximum point 
approaches the center of excavation; in quite a 
long period of time after the excavation, the soil 
in pit continues the trend of rebound, but rebound 
deformation is limited because of the upper load; 
some factors are remarkable to the displacement 
of the tunnel including the exposure time of exca-
vation and the distance between tunnel axis and 
foundation pit, and the tunnel uplift presents a 
nonlinear increase with the increase of exposure 
time and excavation volume.

The horizontal and vertical displacement of the 
tunnel and the chordwise deformation of tunnel 
lining were measured in Shanghai Square excava-
tion adjacent to tunnel. The results show the tun-
nel produces lateral displacement to foundation pit 
direction when deep excavation adjacent to tunnel, 
and the section of tunnel produces a lateral ellipse 
shaped deformation; the construction of concrete 
cushion timely can effectively control the further 
development of lateral tunnel displacement, and 
only after the completion of the foundation slab 
the displacement of the tunnel achieves stability; 
and grouting rectification in the outside of the tun-
nel can promptly correct the lateral displacement 
of subway tunnel, but the comprehensive effect is 
not very satisfactory.

Field measurement analysis can monitor the tun-
nel deformation in real time, and the data is reliable 
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and can provide guidance for the construction. 
However, most monitoring is for the vertical and 
horizontal displacement of the tunnel at present. 
Due to a limited number of measuring points there 
are less monitoring dates from convergence defor-
mation of tunnel, soil pressure and pore water 
pressure.

4.3 Numerical simulation

Compared with the field measurement analysis 
method, numerical simulation has the following 
advantages: (1) it can simulate the variation of 
tunnel deformation and stress state with pit rein-
forcement and excavation process; (2) through 
simulation to compare different effects of  pit 
reinforcement measures on existing tunnel, and 
then to get the optimization scheme; and (3) by 
changing the parameters to study the influence 
extent of  tunnel uplift by different factors. But 
some certain deviations are presented leading to 
the difference between calculated value and meas-
ured results, including parameter selection, mesh 
generation and unreasonable assumptions, and 
simplification.

4.4 Empirical formula method

Based on measured dates from the Dongfang Road 
Underpass Project, the analysis shows that the 
maximum vertical uplift value of tunnel S increases 
with an increase in excavation width B, and their 
relation is a hyperbolic curve. The formula is:

eA B×A1AAA 2A /

A1AA 712 614= −. . /1246e t//

A t2A 8 6 5242−t. /t91 1t .

A1 is the extreme coefficient. A2 is the spatial 
sensitivity coefficient. t is the exposure time of 
excavation. The formula can simply estimate the 
maximum uplift value at any time of excavation 
and in any excavation width. The disadvantage is 
the formula is obtained only by the one project, 
so its reliability is difficult to guarantee, meanwhile 
the value of the exposure time of excavation is dif-
ficult to acquire.

4.5 The centrifugal test

With a case of the excavation of Century Metrop-
olis in Shanghai, centrifugal model tests are used 
to study the deformation of the retaining walls and 
tunnel structures. The studies show that test results 
conform to the actual project and can relatively 
reflect the practical situation. Excavating large 

part of the pit firstly is more reasonable to control 
the deformation of the retaining walls and tunnel 
structures.

5 CONCLUSIONS

The protection of the underground environment is 
becoming the controlling factor in urban areas, and 
the design of foundation pit engineering has grad-
ually changed from the stability control to defor-
mation control. According to the research status, 
there are several shortage as follows: (1) There is 
only the qualitative explanation to the impact of 
the stiffness and insertion depth of retaining struc-
ture on foundation pit deformation, and shortage 
of a complete theoretical formula to quantitatively 
calculate; (2) During the construction the size of 
excavation area and the excavation depth of each 
step are ordinarily based on experience, so meas-
ures should be taken to optimize the parameters 
of foundation pit excavation; and (3) Studies on 
the influence of tunnel mainly concentrate on the 
period of excavation construction, however the 
long-term tracking studies are few, so subsequent 
related studies should be strengthen.

In general, the current study on this aspect isn’t 
mature completely. Most researches are based on 
single project and lack of systems analysis; there-
fore, monitoring and analysis should be strength-
ened during foundation pit reinforcement and 
excavation to accumulate practical experiences for 
further theoretical analysis.
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ABSTRACT: For the issue of foundation pit excavation on adjacent tunnels, numerical simulation soft-
ware is applied to dynamically simulate the excavation and reinforcement process. The interaction of 
foundation pit and existing tunnels in four different relative positions is analyzed, including the tunnel 
under the foundation pit, the tunnel beside the foundation pit, the tunnel between the foundation pits and 
the foundation pit between the tunnels. Based on the simulation results, the effectiveness of soil reinforce-
ment in passive zone, heap loading, and anti-floating pile is presented by comparative evaluation and the 
optimized excavation sequences are probed. Moreover, the superiorities and the deficiencies of numerical 
methods are introduced emphatically.
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tunnel deformation and stress state with pit rein-
forcement and excavation process; (2) Through 
simulation to compare different effects of pit rein-
forcement measures on existing tunnel, and then to 
get the optimization scheme; (3) By changing the 
parameters to study the extent of different factors 
on tunnel uplift; and (4) The simulation is low-cost 
and can be repeatable.

2 NUMERICAL SIMULATION OF THE 
RELATIVE POSITIONS

2.1 The tunnel under the foundation pit

Based on the Xiqing Road Tunnel crossing over the 
existing tunnel boxes of the Tianjin Metro Line, 
the simulation models of the actual construction 
process and four other calculation conditions are 
built by using ABAQUS, as shown in Table 1.

The effectiveness of the soil reinforcement along-
side the existing tunnel is prominent by compari-
son especially to reduce the different deformations 
between the two adjacent boxes of deformation 
joint. The increase of the different reinforcement 
parameters can reduce the uplift of the track in the 
tunnel and the different deformations between the 

1 INTRODUCTION

In recent years, with the construction of the sub-
way, the area along with the subway has been the 
flourishing region, and more and more construc-
tion projects are located on the subway tunnel or 
the side. Excavation will have an impact on the sta-
bility of the existing subway. The essential reason 
is the soil stress redistribution caused by surround-
ing excavation, which leads to a series of mechani-
cal change. Therefore, it is essential to control the 
impact of the excavation pit on the subway tunnel 
within the allowable range.

Surrounding the influence of excavation on 
existing tunnels, many scholars have done a lot of 
works using numerical simulation methods. As a 
kind of mechanical state analysis tool, numerical 
simulation is a more effective means to solve the 
problem of geotechnical engineering and has been 
accepted by academia and engineering field widely. 
It is more and more applied in the stability analy-
sis of rock and soil mass, geotechnical engineer-
ing design, and optimization of the construction 
process.

Numerical simulation method has the follow-
ing advantages: (1) It can simulate the variation of 
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two adjacent boxes of deformation joint, but the 
reinforcement effect decreases with increase of the 
parameters, and it exists within a reasonable scope 
of the reinforcement.

To investigate the influence of the construction 
of the underground passage on the East Yan’an 
Road Tunnel in Shanghai and to evaluate the effec-
tiveness of two protective measures, the numerical 
analysis of four different conditions is performed 
using the finite element code PLAXIS-GID, as 
shown in Table 2.

The results indicate that when excavating the 
bottom, the underlying tunnel uplifts in a range of 
about six times of the width of the pit. Each sec-
tion of the tunnel produces a vertical egg-shaped 
plane deformation. The maximum of tunnel’s 
curvature appears where the tunnel uplifts most. 
Unlike the above conclusion from the excavation 
of the Xiqing Road Tunnel in Tianjin, the result 
presents here that surcharge by heap loading is 
more effective to reduce the tunnel’s curvature.

2.2 The tunnel beside the foundation pit

Based on the dates from the excavation of Dan-
ing Commercial Center in Shanghai, 3D FEM 
method is used to analyze the environmental effect 
due to excavation, and the modified Cambridge 
model was used to simulate soils. The results show 
that horizontal and vertical displacement of the 
tunnel gradually increases with the excavation of 
the basin edge in the side of subway, and then it 
reaches its maximum at the end of the excavation. 
The interval excavation in tunnel side can limit the 
deformation of retaining structures.

The numerical models of six different conditions 
are built to analyze the reinforcement effect of dif-
ferent widths and depths in foundation pit for the 
background of the excavation of the Pacific Plaza 
in Shanghai. The simulation results show that with 
the increase of the width and depth of the rein-
forced region, horizontal and vertical displacement 
of the tunnel decreases slightly, but some areas of 
which are flat or slightly uplifted. Passive zone 
reinforcement can slow down the tunnel settlement 
deformation, but simultaneously it shows that its 

effect on horizontal displacement is greater than 
the vertical.

Pipeline protections are analyzed by numerical 
simulation to simulate three kinds of conditions, 
including passive zone reinforcement in pit, and 
reinforcement under and beside the pipelines. It 
turns out that the most effective method of con-
trolling the displacement of underground pipelines 
is passive zone reinforcement. The closer the dis-
tance of the pit and the lateral reinforced struc-
ture is, generally the better the effect is. Grouting 
reinforcement under the pipelines can effectively 
control the vertical displacement of underground 
pipelines, but it has a lesser impact on the control 
of horizontal displacement. The bottom grout-
ing reinforcement was not applied to prevent the 
deformation of the subway tunnel, and it needs 
further study to see if  grouting reinforcement itself  
can cause the tunnel uplift.

2.3 The tunnel between the foundation pits

According to the practice of deep excavation 
adjacent to subway tunnel in Guangzhou, Midas/
GTS is used to establish a 3D numerical model 
to analyze the interactive impact on the crossing 
tunnel caused by three kinds of different excava-
tion sequences of the adjacent deep excavations on 
both sides of the tunnel. The calculation condition 
and the plane position are shown in Table 3 and 
Figure 1.

The result shows that the excavation and the 
support construction should be synchronous and 
symmetrical to control the horizontal displace-
ment of the tunnel when excavating on both sides 
of the tunnel, but it is not suitable for controlling 
the vertical displacement of the tunnel. Partitioned 
excavation should be adopted to control the single 
unloading volume along the tunnel.

With a case in Lujiazui Financial District of 
Shanghai, a numerical simulation is conducted to 
analyze the influence of various factors, including 
the excavation sequence, installation of resistance 
piles, and relationship between tunnel and retain-
ing wall of excavation. Plane position is as shown 
in Figure 2.

Table 1. The calculation condition.

Calculation 
condition name

Soil reinforcement on both 
side of existing tunnel box

“Protection hoop” of anti-floating 
piles and foundation slab

Heap loading on 
the foundation slab

Model 1 N N N
Model 2 Y N N
Model 3 N Y N
Model 4 N Y Y
Actual construction Y Y Y
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Table 2. The calculation condition.

Calculation 
condition name Model 1 Model 2 Model 3 Model 4

Protective 
measures

Nothing Soil reinforcement Heap loading Soil reinforcement 
and heap loading

Table 3. The calculation condition table.

Calculation 
condition name Model 1 Model 2 Model 3

Excavation 
sequences

Symmetrical excavation 
of A1 pit and A2 pit

First excavation of A1 
pit and then A2 pit

First excavation of A2 
pit and then A1 pit

Figure 1. Plane position diagram.

Figure 2. Plane position diagram.

It proves that when the excavation of founda-
tion pit is divided into the small parts near the tun-
nel and the large parts in the distance, the method 
can isolate the impact on tunnels due to the excava-
tion of the large parts. The displacement of  tunnel 

is mainly caused by the small excavation near the 
tunnel, and this method also can reduce tunnels 
uplift. The asymmetric excavation reduces the 
single unloading volume, but it can cause the lat-
eral displacement of tunnels. Resistance piles con-
nected with underground continuous wall of the 
tunnel in rigid connection can effectively control 
the vertical displacement of the tunnel.

2.4 The foundation pit between the tunnels

Based on the excavation of Yajule International 
Plaza in Shanghai, the analysis of the deep foun-
dation pit adjacent to tunnel on both sides is con-
ducted. Plane position is as shown in Figure 3. 
With the support of multifarious construction 
technology including underground continuous 
wall, soil reinforcement with high-pressure rotary 
jet grouting pile in pit, well point dewatering, sym-
metrical excavation, and limited interval concrete 

Figure 3. Plane position diagram.
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pouring, each step of construction completes suc-
cessfully, so it is proved that the scheme is safe and 
economical.

3 CONCLUSIONS

For numerical simulation analysis: (1) Parameter 
selection and mesh generation have a great effect 
on calculation results; (2) Assumptions and sim-
plification must be done for complex project, so it 
can not truly simulate completely; (3) The impact 
of construction technique on tunnel cannot rea-
sonably simulate, such as trench construction of 
underground continuous wall and dynamic real-
time tracing of grouting reinforcement. Therefore, 
some certain deviations are presented leading to 
the difference between calculated value and meas-
ured results.

Due to the complexity of the practical problems 
in geotechnical engineering, separately using a 
numerical method for the analysis of the engineer-
ing problems is not enough, therefore, the numeri-
cal analysis method of fluid-solid coupling analysis 
can be utilized fully in order to achieve the most 
effective analysis results. But in the meantime, geo-
technical engineering materials is a complicated 
geological material with the feature of heterogene-
ity, anisotropy, and discontinuity, which presents 
the mechanical properties of nonlinear and inelas-
tic. Therefore, the idea and method of numerical 
simulation should be improved to provide a high 
use value for practical engineering.

ACKNOWLEDGMENTS

The work is supported by Science Technology 
Department of Zhejiang Province (2013C31041), 
Zhejiang Provincial Department of Housing and 
Urban-Rural Development (2014Z099), Teacher 
Fund of Zhejiang University City College (J-15017) 
and Student Research Program of  Zhejiang 
 University City College (XZ2015524070).

REFERENCES

Chen, J.J., Wang, J.H., Du, Y., Wen, S.L. & Xiang, G.W. 
2011. Movement of the shallow operating tunnel due 
to adjacent deep excavation on both sides.  Chinese 
Journal of Underground Space and Engineering 7(6): 
1163–1167.

Ding, T.H., Ding, H.G., He, G.J. & Wang, H.J. 2008. 
Construction technology for building deep foundation 
pit adjacent to subway tunnel on both sides. Building 
Construction 30(7): 511–514.

Hou, X.Y., Liu, G.B. & Huang, Y.X. 2000. Several 
views on the development of urban foundation work. 
 Construction Technology 29(1): 5–7.

Huang, H.W., Huang, X., Schweiger, F.H. 2012. 
 Numerical analysis of the influence of deep excava-
tion on underneath existing road tunnel. China Civil 
Engineering Journal 45(3): 182–189.

Ji, M.J. & Liu, G.B. 2001. Prediction method of displace-
ment due to excavation. Journal of Tongji University 
29(5): 531–535.

Jia, J. & Xie, X.L. 2008. Deformation and control meas-
ures of deep and large foundation pits in Shanghai soft 
clay area. Chinese Journal of Geotechnical  Engineering 
30(Supp.): 376–380.

Li, D.Y., Gong, X.N. & Zhang, T.Q. 2001. Numerical 
simulation of the buried pipelines protection adjacent 
to deep excavation. Chinese Journal of Geotechnical 
Engineering 23(6): 736–740.

Wang, Q. 2011. Field and numerical analysis of a deep 
foundation in sensitive environment. China Civil 
 Engineering Journal 44(Supp.): 98–101.

Wang, W.D., Shen, J., Weng, Q.P. & Wu, J.B. 2006. 
 Analysis and countermeasures of influence of excava-
tion on adjacent tunnels. Chinese Journal of Geotech-
nical Engineering 28(Supp.): 1340–1345.

Wang, W.D., Wu, J.B. & Weng, Q.P. 2004. Numerical 
modeling of affection of foundation pit excavation 
on metro tunnel. Rock and Soil Mechanics 25(Supp.): 
251–255.

Wu, S.Y., Yang, X.P. & Liu, T.J. 2012. Analysis of influ-
ence on deformation of adjacent subway tunnel due 
to bilateral deep excavations. Chinese Journal of Rock 
Mechanics and Engineering 5(S1): 3452–3458.

Yao, W.H., Liao, X.G., Ma, H.L. & Wei, G. 2013. Review 
of the impact of foundation pit excavation passing 
below existing shield tunnel. Municipal Engineering 
Technology 31(2): 105–110.

Yao, Y.M., Zhou, S.H., Sun, W. & Chen, X.L. 2004. 
Calculation and an analysis of influence of bottom 
strengthening on deformation of foundation pit for 
parallel transition station. Underground Space 24(1): 
7–10.

Zhang, Z.G., Zhang, X.D. & Wang, W.D. 2007. 
 Numerical modeling analysis on deformation effect of 
metro Tunnels due to adjacent excavation of founda-
tion pit. Journal of Wuhan University of Technology 
29(11): 93–97.

Zheng, G., Liu, Q.C., Deng, X. & Zhang, L.M. 2012. 
Field measurement and analysis of effect of excava-
tion on existing tunnel boxes of underlying metro 
tunnel in operating. Rock and Soil Mechanics 33(4): 
1109–1116.

ICCAHE15_Book.indb   414ICCAHE15_Book.indb   414 11/17/2015   6:29:30 AM11/17/2015   6:29:30 AM

  



415

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Study on deformation control of the existing tunnels under foundation 
pit excavation

H.F. Xu, W.G. Liu & G.M. Zhao
Zhejiang Xinsheng Group Co. Ltd., Hangzhou, China

Y. Cui & S.M. Zhang
Department of Civil Engineering, Zhejiang University City College, Hangzhou, China
School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan, China

ABSTRACT: In order to limit the impact of the excavation on tunnels within the allowable range, the 
construction must be controlled strictly. The deformation rules of tunnels are summarized during the 
foundation pit reinforcement and excavation. In addition, the application of time–space effect, piling 
sequence, foundation pit dewatering, and passive zone reinforcement of foundation pit are analyzed in 
detail and also the combined application of temporary diaphragm wall and divisional excavation is intro-
duced emphatically. Finally, the practice proved that all these measures can be successful to control the 
further deformation and have a reference value for the similar design and construction.

Keywords: foundation pit uplift; deformation control; time–space effect; passive zone reinforcement; 
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of support, and pouring concrete bottom plate in 
time.

2.2 Reasonable excavation method

At present, there are a variety of excavation 
 methods such as excavation in strips and section, 
excavation in layers, basin excavation, island exca-
vation, and so on. The excavation of Shanghai 
Daning Commercial Center is divided into ten dis-
tricts, where the each excavation performed step by 
step. First, slope excavating to the base and pour-
ing the foundation slab, after the foundation slab 
reaches the design intensity, the next earthwork 
construction can conduct. The district in the range 
of 50 m around the tunnel is left for excavation 
finally, and set plain stage of slope with a certain 
width. The final excavation of surrounding slope 
in tunnel side is conducted in strips and the length 
of the strip limits within 20 m to control the defor-
mation of retaining structure.

2.3 Concrete pouring timely and heap loading

Fully considering the space-time effect, for reducing 
the exposure time of soil in pit, concrete pouring of 
the underground structure timely and adding early 
strength agent to the concrete is effective. Using the 
prepared sand bag for heap loading on the founda-
tion slab which has reached a certain intensity can 

1 INTRODUCTION

Because of the importance of the subway tunnels, a 
strict requirement is needed for the deformation of 
their own and adjacent foundation pits. For Shang-
hai subway, the horizontal displacement of retain-
ing wall of level-one foundation pit is required to 
be less than 0.14%H (H is the excavation depth). 
Moreover, it has the explicit requirements for con-
struction projects in the protected areas of metro: 
The value of absolute settlement and horizontal 
displacement is not more than 20 mm; the radius 
of curvature of the tunnel deformation is more 
than 15000 m; relative bending is not more than 
1/2500; vibration peak velocity caused by piling 
and explosion is not more than 2.5 cm/s.

2 DEFORMATION CONTROL MEASURES

2.1 Reducing exposure time of excavation

The pit bottom bounce capacity is affected by time 
factor. After excavation without support, the uplift 
value of the pit increases with an increase in expo-
sure time, so it promotes the uplift deformation of 
tunnel under the foundation pit. Therefore, during 
excavation, the adverse effects of exposure time 
should be considered, and some measures should 
be taken including overbreak control, installation 

ICCAHE15_Book.indb   415ICCAHE15_Book.indb   415 11/17/2015   6:29:32 AM11/17/2015   6:29:32 AM



416

offset the lifting deformation, and the heap capac-
ity should be dynamically adjusted to guarantee 
the structure safety based on the monitoring data.

2.4 Increasing stiffness and insertion depth 
of retaining structure

The insertion depth of retaining structure and the 
load around foundation pit are the determinant 
for the stability coefficient of resisting upheaval, 
which affects the upheaval value of foundation 
pit. With the decrease of insertion depth of retain-
ing structure and the increase of the load around 
foundation pit, the upheaval value of foundation 
pit becomes large, and it presents a non-linear 
relationship.

Soil mixing wall is adopted as the retaining 
structure of the foundation pit of new Jingqiao 
Square in Shanghai. It is Φ850 mm@600 mm soil-
cement mixed piles by triaxial stirring machine and 
also the I-beam of H700 × 300 inserts the mixing 
piles. It forms the compound retaining structure 
and sealing structure. Moreover, the insertions of 
I-beam are more intensive in the critical parts to 
improve the fender piles lateral stiffness and reduce 
horizontal deformation of retaining structures.

Based on the construction technology of the 
two-time reinforcement outside the deep excava-
tion adopted in the station of Shanghai metro 
line 7 Jing’an temple, underground obstacle as the 
barrier against the displacement transfer induced 
by deep excavation is presented for the first time. 
Before the construction of diaphragm wall, the 
reinforcement with SMW should be finished in 
outside row of the foundation pit for the first time, 
and when it reaches the intensity the construction 
of diaphragm wall can be conducted. After that, 
jet grouting pile is adopted to reinforce the soil 
between the diaphragm wall and the reinforcement 
of SMW for the second time, as shown in Figure 1. 

The practice has proved that compared with the 
surrounding natural soil, the underground rein-
forcement structure as the large-stiffness barrier 
has the effect of obstructing displacement.

2.5 Foundation pit dewatering

Foundation pit dewatering is an effective and eco-
nomical measure in foundation reinforcement. 
Based on the CheKung Temple interchange project 
of Shenzhen Metro, two-dimension finite element 
software Plaxis is used to establish the model of 
plane strain to analyze the impact of dewatering 
on tunnel uplift deformation. Analysis shows that 
the step of the greatest influence on existing tun-
nel deformation is foundation pit dewatering in 
the strong water permeability strata like Shenzhen 
region. Foundation pit dewatering can control the 
upheaval of underneath tunnel, but it is an adverse 
factor for controlling the horizontal deformation. 
Therefore, the displacement values of the under-
neath tunnel in different orientations should be 
considered to take the reasonable dewatering 
measures.

2.6 Passive zone reinforcement

Mixing piles commonly are used to reduce the tun-
nel deformation within the scope of excavation. 
First of all, foundation reinforcement can increase 
internal friction angle ϕ, cohesive force c and elastic 
modulus of soil, and as a consequence the coeffi-
cient of subgrade reaction increases. Second, rein-
forcement body forms a space plate system with 
great integrality, and under the soil compaction 
effect of piles the constraint on tunnels increases. 
The arrangement form of passive zone reinforce-
ment in pit can take many forms, including grid 
type reinforcement and full pit reinforcement.

2.6.1 Grid type reinforcement
High-pressure rotary jet grouting pile and deep 
mixing pile are employed in passive zone reinforce-
ment of Shanghai Square as shown in Figure 2. 
Reinforcement thickness is 5 m, and the grille 
width is 1.2 m at 5.8 m intervals; the two gratings 
on both sides of the tunnel are 2.2 m in width and 
11.5 m in thickness. In addition, to reduce the dis-
turbance above the reinforced plane, high-pressure 
rotary jet grouting pile and deep mixing pile are 
continued grouting above the reinforced plane with 
the drill pipe lifting.

2.6.2 Full pit reinforcement and anti-floating pile
Full pit reinforcement with cement-soil mix-
ing piles are used in the project of Xiqing Road 
Tunnel crossing over the existing tunnel boxes of 
the  Tianjin Metro Line 1, as shown in Figure 3. Figure 1. The reinforcement scheme.
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Based on the practice of the East Road Underpass 
Project in Shanghai, optimal piling sequence is 
firstly using cement–soil mixing piles to reinforce 
the soil above the tunnel, and then reinforce the 
soil near the tunnel as a barrier structure. After 
reaching the basic intensity, piling can gradually 
continue away from the tunnel for the dissipation 
of pore water pressure.

2.8 Reinforcement and rectification 
with two-shot grouting

Two-shot grouting reinforcement can be used to 
adjust the curvature and horizontal displacement 
of the tunnel if  necessary. In the aforementioned 
project of Xiqing Road Tunnel in Tianjin, due to 
the small distance of the newly built tunnel floor 
from the existing tunnel boxes, the mixing pile 
reinforcement on the boxes is infeasible. Therefore, 
the two-shot grouting reinforcement is adopted to 
combine the existing tunnel boxes with the sur-
rounding reinforced structure in the range of 0.5 m 
surrounding the tunnel, as shown in Figure 3.

Analogously, in the project of the East Road 
Underpass in Shanghai, before the construction of 
anti-floating pile on both sides of the tunnel, the 
two-shot grouting is used to reinforce the soil on 
upper half  circle of the tunnel, and grouting thick-
ness is 1 m, as shown in Figure 4.

2.9 Temporary diaphragm wall inside 
foundation pit

According to the practice of deep excavation of 
Shanghai Wheelock Square adjacent to Shanghai 
Metro Line 2, the simulation of the excavation 
method is conducted. A temporary diaphragm wall 
is located 7.5–12.5 m to the northern diaphragm 
wall, so the large foundation pit is divided into the 
north and south foundation pit, as cross-section of 
retaining structure is shown in Figure 5. First, the 
excavation of the south pit (the large foundation 
pit far from the subway) is executed and heaping 

Figure 2. The foundation pit soil reinforcement scheme.

Figure 3. Reinforcement along both sides of tunnel 
boxes.

Because the distance of the newly-built tunnel 
floor from the existing tunnel boxes is only 0.3 m, 
the pit reinforcement is only carried out on both 
side of the existing tunnel boxes with cement-soil 
mixing piles, meanwhile, anti-floating piles are also 
set on both sides. When the effective connection of 
anti-floating piles and the newly built tunnel floor 
is finished, a “protection hoop” is built around the 
existing tunnel boxes to limit the deformation.

2.7 Optimizing piling sequence

After the partial dissipation of pore water pressure, 
controlling the number of continuous piling is the 
effective method to control the tunnel uplift. For 
using barrier effect of pile driving itself, reasonable 
arrangement of piling sequence is a economical 
and practical method. Due to piling to one direc-
tion, the front soil will continue to accumulate the 
outward and upward displacement, piling sequence 
largely determines the direction of compaction. 
When piling away from or paralleled to the tunnel, 
the tunnel displacement is small, and it turns out 
just the opposite when piling towards the tunnel. Figure 4. Cross-section of foundation reinforcement.
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loading on the foundation slab stabilizes the settle-
ment deformation of tunnels, and then the north 
pit is excavated. Divisional construction can nar-
row the exposure range of excavation near the side 
of subway tunnel, and reduce the adverse effect of 
the whole excavation on subway tunnel.

2.10 Construction monitoring

The foundation pit excavation surrounding tun-
nels is a high-risk project, so the monitoring is very 
important for the operating metro tunnel and the 
surrounding environment. During excavation and 
reinforcement, based on the monitoring data the 
next deformation can be forecasted by using theoret-
ical and numerical analysis tools. It is convenient to 
grasp the tunnel deformation, estimate the cause of 
the tunnel deformation and guide the construction.

3 CONCLUDING REMARKS

The protection of the underground environment is 
becoming the controlling factor in urban area, and 
the design of foundation pit engineering has also 
gradually changed from the stability control to defor-
mation control. In summary, with the development 
of city construction in our country, the effects of 
foundation pit excavation and the related measures 
of controlling deformation will be paid much atten-
tion, and more effective and economic construction 
plan will be used to ensure the safety of the project.
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ABSTRACT: From the perspective of improving the safety construction control level, we are applying 
the SHEL model to evaluate safety of the subway construction project in order to establish evaluation index 
system. We are using the BP neural network to establish the subway construction safety evaluation model 
due to the nonlinear relationship between the elements in the system. By performing research on multiple 
projects, using MATLAB software to training and testing the model, the empirical study shows that the 
evaluation model of the safety of subway construction project can give a more accurate  rating. This model 
provides a scientific and effective evaluation method for the safety subway construction.

Keywords: metro construction; safety evaluation; SHEL; BP neural network

2 SAFETY RISK INDEX SYSTEM

Elwyn Edwards in 1972 first proposed the SHEL 
model (Zhou et al., 2014), in which, the “Liveware” 
in the security work is at the specific system inter-
face. This interface including Liveware—Software, 
Liveware—Hardware, Liveware—Environment, 
and Liveware—Liveware four links. In this coupling 
model, the “Liveware” is in the key position, the 
connection of the zigzag reflects the fragile relation-
ship between the four nodes. The model has a good 
simulation of the key link in the construction envi-
ronment, and has a general guidance for the safety 
construction, the details are shown in Figure 1.

1 INTRODUCTION

At present, the metro construction has entered a 
stage of rapid development, in view of the charac-
teristics like large scale construction,  complex tech-
nology and catastrophic accidents of the project, 
early intervention and evaluation of  construction 
safety has become increasingly  important. 
 According to W.H. Heinrich survey found that the 
cause of the accidents 88% were due to people’s 
unsafe  behaviors, 10% attributed to the unsafe 
state of object, 2% due to force majeure factors. 
The focus of prevention should be put on the con-
trol of people’s unsafe behavior in the  engineering 
(Qian, 2012). To reduce the metro construction 
safety risk, we need to start from people that is 
the most active factor in the engineering evaluate 
safety control.

For the metro construction safety evaluation, 
many scholars both at home and abroad adopt the 
method that figure out reasons from the results to 
put forward safety control index evaluation sys-
tem. But Elwyn Edwards (Wang, 2010) established 
a people-centered elements of security model that 
make the index system of metro construction 
safety be sorted out from the origin of risk. In 
view of the above reasons, this paper based on the 
SHEL model, according to system decomposition 
and data analysis of metro construction process 
and the nonlinear relationship of each factor in 
the metro project, introduced BP neural network 
to evaluate the metro construction safety risk. In 
hope to provide a reference for the safety evalua-
tion of metro construction projects. Figure 1. The SHEL model.
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In the metro engineering construction:

1. L: It refers to all the factors that affect the 
construction safety in metro projects and have 
a direct contact with engineering personnel. 
As an organism who has subjective conscious-
ness, people’s behavior are limited by their own 
abilities and the objective project environment. 
Liveware generally includes the metro construc-
tion crew, material engineer,  inspector, meas-
urement engineer, technician, safety officer, 
mechanical operation team, design engineer, 
project manager and other related personnel in 
the system.

2. L-S: It refers to the degree of compliance with 
the work system, method in  technical specifica-
tions and operation process for metro construc-
tion workers. If  people free from the software 
interface or the interface is not scientific, it will 
increase the risk of accidents, and safety ratings 
downgrade.

3. L-H: It refers to the adaptive relationship 
between the metro construction personnel and 
physical factors. It would be a security risk dur-
ing subsequent construction if  operator can’t 
correctly use system, material and advanced 
large equipment in the project.

4. L-E: It refers to the impact of the external envi-
ronment on staff, including the construction 
environment, the meteorological environment, 
the company culture etc.

5. L-L: It refers to the collaborative relationship 
between underground engineering staff, is also 
the link that is most prone to errors in the sys-
tem, reflecting in communication, technology 
level, cultural quality, etc.

The establishment of the metro construction 
safety evaluation index system based on the safety 
management’s principles of integrity, unity and 
operability, considering the whole production 
safety activities process (Tian et al., 2011), com-
bining with the literature (Ding et al., 2011) and 
the investigation of construction site workers and 
experts. The details are shown in Figure 2.

3 METRO CONSTRUCTION SAFETY 
EVALUATION MODEL

3.1 The BP neural network theory

BP neural network is an intelligent algorithm to 
mimic the human brain, it has a strong ability of 
imitation and association, due to a number of artifi-
cial neuron similar to natural nerve cells. Compared 
with the widely researched methods of fuzzy theory 
analysis, the BP neural network has a strong supe-
riority between various factors about nonlinear 
causality in the evaluation of metro construction. 
It usually consists of three layers of neurons and its 
topology structure as shown in Figure 3.

3.2 Establish the evaluation model

1. index processing
In order to meet the requirements of the imple-
mentation of the BP neural network, we need 

Figure 2. A typical structure of neural network. Figure 3. The evaluation index system.
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to normalize index of different metrics datum, 
and convert it into a dimensionless index on [0, 
1]. For qualitative indicators, we adopt expert 
scoring method and divide the indexes into five 
levels, that can be made of very poor, poor, gen-
eral, good, excellent level. Specific definitions 
are shown in Table 1 (Li et al., 2014). We proc-
ess the positive quantitative indicators with the 
formula (1) and process the negative quantita-
tive indicators with the  formula (2).

y =
x x−

x x−
min

max mx in

 (1)

y =
x x−

x x−
max

max mx in

 (2)

where y = processing after the index value and 
x = practical index value.

2. determine the output layer
The number of output layer neurons should 
be determined according to the system needs, 
the results of the model evaluation are the 

safety of metro construction. Therefore, it can 
be described by a real number of continuous 
changes in [0, 1]. The output data can be con-
verted into five qualitative index with very poor 
(0.1), poor (0.3), general (0.5), good (0.7) and 
excellent (0.9) level.

3. determine the hidden layer
There is not a definite theory to guide the hid-
den layer number, its selection is more flex-
ible. If  the node number is too little, network 
approximation effect is poor and it is not easy 
to convergence. Increasing the number of 
nodes can improve the approximation effect of 
existing discrete point sets, but the increased 
number of nodes inevitably leads to slow down 
the speed of training and make the calculated 
curve too flat (Chen et al., 2012). Generally, to 
best minimize the hidden layer number should 
follow that the output results should close to 
the simulation sample and meet the accuracy 
requirement. Therefore, many scholars use 
empirical formula (3) to determine the number 
of hidden layer.

n n m ay = +n +  (3)

where ny = the number of hidden layer neurons; 
n = the number of input layer neurons; m = the 
number of output layer neurons; and a is con-
stant between 1 to 10.

Through experiment comparison, when the 
number of hidden layer neurons is 14, the speed 

Table 1. Qualitative indicators rating.

Grades
Very
poor Poor General Good Excellent

Index
value

[0,0.3] (0.3,0.5] (0.5,0.7] (0.7,0.9] (0.9,1]

Table 2. Training and testing sample data.

Index S1 S2 S3 S4 S5 H1 H2 H3 H4 E1 E2 E3 E4 E5 E6 L1 L2 L3 L4 L5

 1 0.6 0.5 0.6 0.65 0.7 0.7 0.7 0.6 0.5 0.6 0.4 0.7 0.8 0.7 0.5 0.6 0.4 0.6 0.5 0.5
 2 0.8 0.9 0.8 0.85 0.9 0.8 0.8 0.8 0.7 0.9 0.87 0.8 0.7 0.7 0.8 0.7 0.9 0.8 0.8 0.8
 3 0.6 0.6 0.5 0.7 0.9 0.7 0.6 0.7 0.8 0.7 0.8 0.6 0.6 0.5 0.4 0.5 0.6 0.8 0.5 0.4
 4 0.7 0.4 0.6 0.8 0.7 0.7 0.8 0.6 0.6 0.65 0.78 0.6 0.4 0.6 0.5 0.7 0.7 0.4 0.6 0.8
 5 0.7 0.4 0.7 0.55 0.5 0.8 0.4 0.5 0.4 0.55 0.55 0.7 0.4 0.7 0.8 0.8 0.6 0.5 0.8 0.6
 6 0.8 0.5 0.8 0.55 0.7 0.6 0.6 0.6 0.6 0.8 0.9 0.8 0.5 0.8 0.7 0.6 0.5 0.6 0.7 0.8
 7 0.7 0.6 0.6 0.6 0.8 0.8 0.5 0.4 0.8 0.7 0.5 0.6 0.6 0.8 0.8 0.5 0.6 0.5 0.8 0.6
 8 0.6 0.8 0.5 0.5 0.9 0.8 0.5 0.8 0.5 0.8 0.65 0.6 0.9 0.7 0.6 0.8 0.4 0.8 0.6 0.7
 9 0.5 0.7 0.7 0.7 0.6 0.7 0.7 0.6 0.6 0.65 0.45 0.7 0.7 0.6 0.7 0.6 0.6 0.7 0.7 0.5
10 0.8 0.8 0.5 0.6 0.7 0.7 0.5 0.5 0.8 0.6 0.6 0.5 0.8 0.5 0.8 0.8 0.5 0.6 0.5 0.6
11 0.8 0.8 0.7 0.9 0.9 0.8 0.7 0.8 0.7 0.9 0.9 0.6 0.8 0.7 0.7 0.7 0.6 0.7 0.8 0.8
12 0.4 0.9 0.4 0.6 0.8 0.6 0.4 0.6 0.8 0.88 0.8 0.4 0.9 0.4 0.6 0.6 0.5 0.7 0.8 0.8
13 0.5 0.4 0.6 0.75 0.7 0.8 0.8 0.8 0.6 0.7 0.85 0.6 0.5 0.6 0.4 0.5 0.8 0.5 0.7 0.7
14 0.5 0.5 0.4 0.54 0.5 0.5 0.6 0.5 0.5 0.6 0.45 0.4 0.5 0.8 0.7 0.6 0.8 0.5 0.5 0.5
15 0.5 0.6 0.5 0.8 0.7 0.8 0.5 0.7 0.6 0.7 0.75 0.5 0.6 0.7 0.8 0.6 0.6 0.6 0.6 0.8
16 0.6 0.8 0.8 0.5 0.7 0.9 0.4 0.8 0.6 0.85 0.65 0.8 0.8 0.4 0.7 0.4 0.4 0.8 0.5 0.7
17 0.5 0.8 0.9 0.8 0.9 0.8 0.8 0.8 0.6 0.9 0.5 0.9 0.8 0.8 0.8 0.8 0.8 0.6 0.8 0.6
18 0.5 0.7 0.7 0.6 0.6 0.6 0.6 0.9 0.8 0.5 0.5 0.7 0.7 0.6 0.7 0.8 0.7 0.8 0.7 0.6
19 0.8 0.8 0.8 0.92 0.9 0.8 0.7 0.9 0.8 0.9 0.86 0.7 0.8 0.7 0.6 0.6 0.5 0.8 0.6 0.8
20 0.7 0.9 0.7 0.88 0.7 0.9 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.6 0.7 0.8 0.7
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of training is fast, the fitting degree of the test 
sample is good, and the error is smaller.

4. build neural network
NEWFF function is adopted to establish the 
feed forward network, the two layers of transfer 
function select the TANSIG that is a nonlinear 
hyperbolic tangent sigmoid function, training 
function selects the TRAINGD that the weights 
and threshold drop along the negative gradient 
direction of network performance function, the 
maximum number of training is 50000 epochs, 
learning step size is 0.1, the minimum mean 
square error is 0.00001, the layers of neural net-
work is 3 and the rest of the parameters select 
system default values of the kit, in this paper.

4 EXAMPLE ANALYSIS

4.1 Select Sample and network training

Chosen samples should follow the principle of 
typicality, authenticity and objectivity, we received 
20 representative sets of data, and make surveys 
through Shanghai, Qingdao, Guangzhou and other 
metro construction projects, such as in Table 2. 
Through comprehensive assessments from multi-
ple experts and third parties to obtain the expected 
output data, among which the previous 15 sets 
are used as training samples, the later 5 sets as the 
simulation test samples. The neural network whose 
mean squared error is not more than 0.00001 meet 
the requirements after 30274 times training. As 
shown in Figure 4.

4.2 The simulation test

The simulation test tests trained neural network 
through the later 5 sets (16–20) datum as test sam-
ple. The error between the actual output and the 
expected output is small by comparison, among 

which the biggest error is 0.0407, the minimum 
error is 0.0002, all details are shown in Table 3. 
The above datum show that the results of  the 
metro construction project safety evaluation con-
form to the practicality, and it is effect and feasi-
bility, thus the model can be promoted for using.

5 CONCLUSIONS

1. This paper teases out the important factors from 
factors that affecting the safety of metro con-
struction by using the idea of people-centered 
in SHEL model and build the index system of 
metro construction safety, quantitative process-
ing method is given.

2. With the relationship of complex nonlinearity 
between the various influencing factors and 
final results taken into account, the paper estab-
lishes the metro construction safety evaluation 
model based on BP neural network. We found 
the model output can achieve the desired stand-
ard and the test results are in consistent with the 
actual situation by the training and simulation 
of samples. The process of evaluation is simple, 
feasible and the results are accurate after the 
model training.

3. The evaluation model need to collect a large 
number of datum as the training and testing 
samples during the initial period, after the com-
pletion of network training the corresponding 
security rating can be easily realized by input 
the relevant parameter values. Further, evalua-
tion method has certain reference significance 
to relevant enterprises and institutions in metro 
construction safety control, with its simple proc-
ess and strong feasibility. By further improve-
ment it can be extended to other areas in safety 
control and evaluation.
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Influence of box culvert construction on running metro shield tunnel
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ABSTRACT: This paper is based on a culvert construction method on the highway, above metro tun-
nels, and the loading and geological condition that sets up a three-dimensional numerical analysis mod-
eled to analyze the influence of the culvert excavation construction. Studies show when it was digging 
or backfilling, the largest horizontal and vertical displacement appeared on the metro tunnel. The total 
maximum displacement was 1.84 mm, which was less than the subway protection requirements of the 
total displacement control values (8 mm). At the same time, the maximum displacement of tunnel rail was 
1.37 mm, which was less than the value of the early warning system for metro rail deformation and control 
values (4 mm) that it would not affect the normal operation of the subway. That is to say, the construction 
measures, therefore, will not endanger the bottom of the box culvert construction of metro tunnel struc-
ture safety, the engineering experience can be provided as a reference for similar projects.

Keywords: box culvert; shield tunnel; MIDAS/GTS; displacement; bending moment

culvert  excavation deformation characteristics and 
the internal force distribution is very important. 
Therefore, reasonable selection control is below the 
deformation of metro tunnel design and construc-
tion process, to ensure the normal use of the 
subway tunnel, which must be solved [5]. Due to 
foundation pit excavation boundary construction, 
such as box culvert, being complex, it is difficult 
go to through the analytical method to analyze the 
excavation impacts of metro tunnel. The numerical 
method provides a powerful tool for solving this 
problem [6].

Based on a box culvert construction in a high-
way above a certain operating metro tunnel, using 
the method of numerical simulation to analyze the 
whole process, evaluated the excavation unload-
ing effect on both the deformation of metro tun-
nel and rail below. The results can be reference for 
similar projects.

2 PROJECT INTRODUCTION AND 
CONSTRUCTION SITUATION

2.1 Project introduction

The project locates in Liwan district of Guangzhou. 
It is an urban arterial road, which has a design 
speed of 60 km/h, planning for the urban express-
way. This project main content for 7 new reinforce 
box culverts, 3 overpasses, an across river bridge. 
In this paper, the No. 3 box culvert construction 
and operating impacting the metro tunnels would 
be analyzed and the conclusions and suggestions 

1 INTRODUCTION

With the speeding up of  the national economy 
development and the increase of  the urban traf-
fic pressure, more and more metro are being con-
structed, the scale of  operations and mileage raise 
rapidly. Most subway lines locate in the center 
of  big city that much more construction projects 
will excavate near metro tunnels or stations. It 
will inevitably affect the subway structure so the 
protection of  the subway tunnel and station is 
put forward severe challenges. From the situa-
tion of  the current study, however, because of  the 
complexity of  the working condition, diversity 
of  the construction methods, there is not a com-
paratively accurate theoretical analytical solu-
tion [1]. Most projects, before the construction, 
use numerical simulation methods to estimate the 
displacement of  subway tunnel or station. How 
can better simulate the excavation influence on 
metro tunnel, there is a lot of  research published 
for simulating the excavation influence on metro 
tunnel [2–4].

Box culvert can be defined as a long and nar-
row type of foundation pit. The excavation will 
influence the stability of the existing subway 
below. Its most essential reason is caused by box 
culvert of excavation unloading of surrounding 
rock stress state redistribution again, resulting in 
a series of mechanical behavior changes. Tunnel 
deformation of existing subway tunnel surround-
ing may be caused by the load changes that grasp 
the existing subway tunnel in the process of box 
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were proposed. The relationship between box cul-
vert and tunnel is shown in Figure 1.

This box culvert excavation length was 80.6 m, 
height was 3.8 m, south end of  it crosses above the 
north of  metro tunnel, end in the bi- directional 
tunnel. Slope excavation was 1:1, considering on 
the bottom of  the box culvert in fill when the 
excavation depth of  4.9 m. At the bottom of  the 
box culvert with tunnel, the vertical net top edge 
distance is 6.1 m. Due to excavation at the bot-
tom of  the box culvert in filling, the excavation 
bottom distance at the top of  the outer edge of 
vertical interval was only 5.0 m.

2.2 Construction condition

Due to the spatial location of the box culvert is 
near subway shield tunnel and the mechanics char-
acteristic of narrow excavation. It accords section 
excavation, timely backfill, less digging above tun-
nel. Based on this principle, the whole box culvert 
construction is in accordance with the following 
steps.

3 THREE-DIMENSIONAL NUMERICAL 
ANALYSIS OF THE IMPACT BY NO. 3 
BOX CULVERT CONSTRUCTION ON 
THE TUNNELS

3.1 Establish model

According to the geotechnical engineering inves-
tigation report, select the number 3 box culvert 
neighboring H3ZK1 drilling geological data as a 
basis for calculating model of soil. The soil param-
eters of the calculation model main bases on it, the 
missing part of the soil parameters refers to the 
“Foundation pit supporting technology regulations 
in Guangzhou area” and engineering experience. 
The specific parameters are shown in Table 2.

In addition, the calculation model mechanical 
parameters of tunnel, the culvert, and the origi-
nal old box culvert structure are shown in Table 3. 
With considering the subway segment assembling 
results in the decrease of overall stiffness, com-
bined with field investigation and related domestic 
subway engineering experience, the selected seg-
ment level corresponding to the elastic modulus 
of concrete on the basis of the original value may 
reduce to 80%.

Figure 2. Construction condition.

Figure 1. Location relationship between No. 3 box cul-
vert and metro tunnels.

Table 1. Construction condition of the culvert.

Construction 
condition Characteristics

1 According to the steel sheet pile 
supporting structure, the excavation 
section of box culvert, layered with 
steel support excavation to the pit

2 Section of box culvert and backfill, 
the excavation section of box 
culvert, layered with steel support 
excavation to the pit

3 Section on the box culvert and backfill, 
the excavation section of box 
culvert, layered with steel support 
excavation to the pit

4 Section of box culvert and backfill, the 
demolition of the old southern box 
cover board for new box cover plate
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According to the spatial location relations and 
the construction characteristics, using numeri-
cal analysis software MIDAS GTS, to establish a 
three-dimensional finite element numerical calcu-
lation model is shown in Figure 3.

In terms of material model, soil model is the 
Moore—coulomb constitutive model and interval 
box culvert structure is the linear elastic model. In 
terms of load, it considers the weight and over-
loading during construction of the ground and 
road operation load. Z direction displacement 
is restrained, boundary conditions, forward and 
back of Y direction is restrained, left and right of 
X direction is restrained. Simulation for the real 
number three new box culvert construction and 
operation process of subway line below the influ-
ence of structure, calculation model fully considers 
the various working conditions during the con-
struction period and operation period. Specific see 
Table 4.

3.2 Results analyze

Table 5 shows the box culvert in construction 
and operating period of different construction 
conditions and a horizontal displacement DXY, 
vertical displacement DZ and the maximum total 
displacement DXYZ. Figure 4 (1)—(4) respec-
tively shows the box culvert in construction and 
operating period that the shield tunnel structure 

Table 2. Soil mechanics parameters.

Soil layer
Weight 
(kN/m3)

Modulus of 
elasticity (MPa)

Poisson’s 
ratio

Angle of internal 
friction (°)

Cohesion 
(kPa)

Grain filling 1-2 19 11 0.36 10  10
Muddy sand 2-3 19 18 0.35 22   5
Silty clay 3-1 20 22.5 0.34 10  20
Silty clay 4-2 19.9 30 0.32 20  20
Full-weathering silty 

mudstone 5-1
19.8 33.5 0.32 16  38

Moderately weathering 
silty mudstone 5-2s

23 1700 0.30 33 400

Intense weathering silty 
mudstone 5-2

23 300 0.30 32   4

Filling under the culvert 20 100 0.30 32 100

Table 3. Structural mechanics parameters.

Section
Material 
grade

Weight 
(kN/m3)

Modulus of 
elasticity (MPa)

Poisson’s 
ratio Notes

Tunnel segment C50 25 2.76 × 104 0.2 Reduce 80%
No. 3 new culvert C35 25 3.15 × 104 0.2
Old culvert C20 25 2.55 × 104 0.2
Pavement structure layer C20 25 2.55 × 104 0.2

Figure 3. Calculation model.
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Table 4. Construction condition of the model.

Construction 
condition Characteristic

1 Establish strata, weight of in-situ stress 
analysis (excluding displacement)

2 According to the steel sheet pile 
supporting structure, the excavation 
section of box culvert, layered with 
steel support excavation to the pit

3 Section of box culvert and backfill, the 
excavation section of box culvert, 
layered with steel support excavation 
to the pit

4 Section on the box culvert and back-
fill, the excavation section of box 
culvert, layered with steel support 
excavation to the pit

5 According to the steel sheet pile 
supporting structure, the excavation 
section of box culvert, layered with 
steel support excavation to the pit

6 Section of box culvert and backfill, the 
demolition of the old southern box 
cover board for new box cover plate

7 The road into a permanent operation

Figure 4. Total displacement DXYZ distribution of 
tunnels during culvert constructions.

Table 5. Maximum displacement values of different 
construction condition.

Construction 
condition

Horizontal 
displacement 
DXY (mm)

Vertical 
displacement 
DZ (mm)

Overall 
displacement 
DXYZ (mm)

1 1.03 +1.22 1.41
2 1.08 +1.04 1.44
3 1.13 +1.63 1.84
4 1.09 +1.05 1.46

Note: +/− means uplift/settlement of values DZ of verti-
cal displacement.

in  different working conditions of the overall 
 displacement DXYZ distribution nephogram.

This section will analyze the deformation 
situation of the metro tunnel during the culvert 
construction and operating. On the new track 
location, set up a series of nodes to extract the 
deformation data of the orbit. Picture below is for 
the two-way operation line of the four tracks; the 
maximum total displacement of track and the total 
displacement curve when the steps in different con-
ditions (because the first two conditions became 
zero, the working condition of the two data is not 
provided).

As the calculation results,

1. When No. 1 and 3 box culvert were during exca-
vation construction and construction backfill, 

the maximum horizontal value of a tunnel of 
metro line was 1.13 mm, maximum vertical 
displacement value was + 1.63 mm (elevation), 
the overall displacement of a maximum was 
1.84 mm, less than the total displacement con-
trol values (8 mm). That is to say the No. 3 box 
culvert in construction period impacted slightly 
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on the tunnels, significantly less than the total 
displacement control values, less than a quarter 
of the control values.

2. In the condition of completing No. 3 box cul-
vert construction and restoring the road after 
operation, the maximum horizontal value of 
tunnels was 0.26 mm, maximum vertical dis-
placement was 0.42 mm (elevation), the over-
all displacement of a maximum was 0.44 mm 
that early stage of the box culvert construction 
caused by the uplift substantially reduce the set-
tlement of become tiny. Therefore, there is also 
small effect.

3. When No. 3 box culvert construction and the 
avenue was put into operation, the maximum 
displacement value of the orbit was 1.37 mm, 
less than the value of early warning system for 
the deformation of metro rail and the control 
values that it may not affect the normal opera-
tion of the subway.

4 CONCLUSION

This paper established a three-dimensional numer-
ical analysis model of the project, specific analysis 
conclusion is as follows.

The influence causes by the project mainly 
includes: Old No. 3 box culvert would be disman-
tled, the steel sheet pile support or put at the bot-
tom of the slope excavation to the bottom of the in 
filling culvert elevation and new on both sides of 
box culvert structure casting and backfilling effect 
on tunnel beneath the rapidness. The impact of 

road on the tunnels during construction and road 
surface treatment.

The construction measures proposed in this 
paper, No. 3 box culvert construction and the con-
struction of Guangfo metro tunnel excavation is 
less affected which significantly less than the total 
displacement control values, less than a quarter of 
the controlled variable; and track the maximum 
displacement value was 1.37 mm, less than the 
value of the early warning system for metro rail 
deformation and control values.

No. 3 box culvert construction will not endan-
ger the Guangfo metro tunnel structure safety and 
normal operation of the subway.
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Quasi-static cyclic loading test and simulation of precast segmental 
bridge columns with a circular section
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ABSTRACT: Precast segmental bridge column is an important part in accelerated bridge construction. 
Two unbonded prestressing segmental bridge columns and one monolithic reference column were 
fabricated and tested under a quasi-static cyclic loading. The first segmental column has only an unbonded 
prestressing tendon through segment joints. The second segmental column has an unbonded prestressing 
tendon as well as bonded energy dissipation bars to connect all segments together. The test results show 
that both segmental columns survived the cyclic loading at the end of the 7% drift level with no longitudinal 
reinforcement fracture, but only minor cracks were observed at column toes. Energy dissipation bars 
greatly enhanced the lateral strength and energy dissipation ability of the segmental column. Unbonded 
prestressing tendon plus energy dissipation bars reinforcement scheme was a good choice for moderate- to 
high-seismicity area segmented bridge column configurations.

Keywords: segmental column; cyclic loading; seismic response; unbonded prestressing tendon; energy 
dissipation

unbonded Concrete-Filled Tube (CFT) PSBCs; 
among which, one contained energy-dissipating 
devices at the base to increase the hysteretic energy. 
Ou et al. (2010) investigated the seismic perform-
ance of PSBC with high-performance ED bars and 
conventional mild steel ED bars, and found that 
the unbonded length in the ED bar can reduce the 
stress concentration and increase its fatigue life. 
More recently, some innovative techniques started 
to be employed in PSBCs, such as external replacea-
ble dissipaters (Marriott et al. 2009), concrete-filled 
fiber-reinforced polymer tubes (ElGawady et al. 
2010), Shape Memory Alloy (SMA) bars (Roh and 
Reinhorn 2010), fiber-reinforced concrete/cement 
composite (Trono et al. 2004), embedded elasto-
meric pads (Motaref et al. 2014), and shear resist-
ant connectors (Kim et al. 2010).

In this paper, the quasi-static cyclic loading test 
of two PSBCs and one monolithic column results 
were introduced, then fiber beam-column model 
was used to simulate the test results, and both the 
results were analyzed and compared.

2 SPECIMEN DESIGN

Two PSBCs and one monolithic reference column 
were cast for the cyclic loading test. Figure 1 shows 

1 INTRODUCTION

As an important part of Accelerated Bridge 
Construction (ABC), precast segmental bridge 
construction can improve site constructability, 
total project delivery time, material quality and 
product durability, and work-zone safety for the 
traveling public and contractor personnel (Culmo 
2011). Starting in 2008, Caltrans initiated a practice 
development and implementation for ABC. The 
main task of this project was to develop stand-
ards, guidelines, and key policies for implement-
ing the structure design for Accelerated Bridge 
Construction (ABCAC 2008).

Precast Segmental Bridge Columns (PSBC) 
have bonded or unbonded post-tensioned strands, 
and/or bonded mild steel bars through segment 
joints. Many researchers have conducted model 
tests, finite simulation and analytical modeling of 
seismic behavior of PSBCs. Hewes and Priestley 
(2002) conducted a cyclic loading test of four 
PSBCs with steel jackets in the plastic end. A simple 
analytical model was proposed to predict the pusho-
ver curve of the test. Yamashita and Sanders (2002) 
carried out a shake table test of unbonded tendon 
PSBC with a hollow section. A two-dimensional 
finite element model was used for pushover para-
metric analyses. Chou and Chen (2006) tested two 
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the configuration of  three specimens. All three 
specimens have the same footing and load-
ing block dimensions. The footing dimension is 
1500 mm by 1000 mm by 600 mm. The loading 
block is 500 mm cube. The monolithic specimen, 
first segmental specimen with only an unbonded 
tendon, and the second segmental specimen with 
an unbonded tendon plus Energy Dissipation 
(ED) bars are abbreviated as MRC, UPC and 
UPCE, respectively. The columns of  MRC, UPC 
and UPCE have the same diameter of  350 mm, 
and the total height of  1600 mm, with a cubic 
compressive strength of  44 MPa. The columns of 
UPC and UPCE are divided into four segments, 
each having a height of  400 mm. The nominal 
column height of  three specimens is 1850 mm, 
measured from the column base to the center 
of  the loading block. MRC uses 10 D12-mm 
deformed bars as longitudinal reinforcement with 
a yield stress of  491 MPa. UPC uses 3 D12.7-mm 
unbonded strands as longitudinal reinforcement 
with a yield stress of  1672 MPa. UPCE uses 

3 D12.7-mm unbonded strands plus 6 D12-mm 
bonded ED bars as longitudinal reinforcement. 
The ED bar yield stress is 301 MPa. Segmental 
columns use 6 D12-mm deformed bars as longi-
tudinal reinforcement inside the segments with a 
yield stress of  491 MPa to position spirals. The 
spiral stirrups used in three specimens are D7 mm 
deformed bar with a yield stress of  575 MPa. The 
spiral stirrups have a layer space of  50 mm and 
80 mm for the base 400 mm in depth and other 
places of  column, respectively. MRC has no axial 
force exerted. The axial forces of  UPC and UPCE 
are provided by the prestressing load of  tendons, 
which are 252 kN for both specimens, and the 
corresponding axial load ratio is 0.075.

3 LOADING PROTOCOL

The quasi-static cyclic loading is displacement 
controlled. The displacement levels of loading are: 
0.1%, 0.2%, 0.3%, 0.5%, 0.75%, 1.0%, 1.5%, 2.0%, 
2.5%, 3.0%, 3.5%, 4.0%, 4.5%, 5.0%, 6%, and 7%. 
Each displacement level repeated twice to observe 
the damage pattern and to incorporate the fatigue 
effect to reinforcement.

4 QUASI-STATIC CYCLIC LOADING TEST

The three specimens, shown in Figure 1, were 
loaded under the preceding cyclic displace-
ment protocols, respectively. Force-displacement 
responses were monitored with an actuator data 
acquisition system. Reinforcement and concrete 
strain were monitored by strain gauges. The test 
results are discussed in the subsequent section.

5 CYCLIC LOADING SIMULATION 
USING FIBER MODEL

5.1 Global response

The cyclic loading tests were modeled with Open-
Sees (OS) software (Mazzoni et al. 2007). The 
concrete column was modeled with a fiber beam-
column element. Bonded ED bars were modeled 
with fibers inside the concrete section. Unbonded 
prestressing tendons were modeled with the truss 
element. The initial stress was considered in the 
tendon material model. Concrete was modeled 
with concrete01 material in OS. ED bar and ten-
don were modeled with steel02 material in OS. 
Reinforcement steel inside the segment was not 
explicitly modeled. The confinement or reinforce-
ment was considered through enhancing the com-
pressive strength of the core concrete.

Figure 1. Test specimens (a) MRC, (b) UPC and UPCE.

ICCAHE15_Book.indb   434ICCAHE15_Book.indb   434 11/17/2015   6:29:47 AM11/17/2015   6:29:47 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-89&iName=master.img-000.jpg&w=170&h=317


435

Figure 2 (a), (b) and (c) shows the lateral force 
versus drift test results and fiber model simulation 
results. MRC experienced longitudinal reinforce-
ment fracture during the first cycle of 7% drift. UPC 
and UPCE had no reinforcement fracture at the 
end of the 7% drift. The results were compared at 
the end of the 6% drift. The lateral forces of MRC, 
UPC and UPCE were 29.39 kN, 32.46 kN, and 
51.57 kN, respectively. The asymmetric of lateral 
force response in the positive and negative directions 
in UPC and UPCE was caused by the eccentric of 
prestressing tendon at the top of the loading block 
to the center of the column base section (Hewes and 
Priestley 2002). The fiber model gave a good predic-
tion for lateral force responses of MRC and UPCE. 

Figure 2. Lateral force-displacement comparison 
(a) MRC, (b) UPC, (c) UPCE.

However, the unloading paths of UPC by the fiber 
model showed big discrepancies with the test results. 
This reveals the characteristics of OS software, 
which has a good precision in modeling mild steel 
reinforcement concrete cyclic responses, but has a 
bad precision in modeling unbonded prestressing 
reinforcement concrete cyclic responses. In the 6% 
drift cycle, the residual drifts of MRC, UPC, and 
UPE were 3.42%, 0.18% and 0.75%, respectively.

5.2 Stiffness, damping and energy

Figure 3 (a) shows the effective stiffness results from 
the test and simulation. The suffixes “T” and “M” 

Figure 3. Stiffness, damping and energy comparison: 
(a) effective stiffness; (b) equivalent viscous damping; 
(c) accumulated energy dissipation.
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mean test and model, respectively. MRC and UPC 
have a similar effective stiffness, while UPCE has a 
higher effective stiffness due to the added bonded 
ED bar compared with UPC. The fiber model gave 
a good approximation of effective stiffness for the 
three specimens. Figure 3 (b) shows the equivalent 
viscous damping of specimens as well as by fiber 
model simulations. MRC has a damping ratio 
between 10% and 20% for most of the drift levels. 
UPC and UPCE have damping ratios near 5% and 
8%, respectively. The fiber model normally pre-
dicted the damping ratio of MRC and UPCE with 
a higher precision. Figure 3 (c) shows the accumu-
lated energy dissipation of specimens. UPCE has 
approximately the same energy dissipation ability 
as MRC. UPC has the lowest energy dissipation as 
the column can only dissipate energy through pre-
stressing tendon yielding and concrete minor crack-
ing at critical joints. The fiber model gives a poor 
prediction for UPC for the reasons stated above.

6 CONCLUSIONS

Two segmental bridge columns and one monolithic 
column cyclic loading test and simulation are pre-
sented. The following conclusions can be derived 
on the basis of the results of the specimen test.

1. At the 6% drift, MRC and UPC have relatively 
lower lateral forces, and UPCE has the high-
est lateral force. The residual drifts of MRC, 
UPC, and UPCE are 3.42%, 0.18% and 0.75%, 
respectively.

2. MRC and UPC have a relatively lower effec-
tive stiffness, and UPCE has a highest effective 
stiffness.

3. MRC has a higher damping ratio ranging from 
10% to 20%; UPCE has a moderate damping 
ratio of nearly 8%; UPC has a lower damping 
ratio about 5%.

4. MRC and UPCE have a similar energy dissipa-
tion ability; UPC has a lower energy dissipation 
ability.

From the test results conducted in this paper, 
UPCE is suggested to be used in moderate to high-
seismicity areas; MRC and UPC are suggested to 
be used in low-seismicity areas.
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A hysteretic model for Precast Segmental Bridge Columns 
with unbonded posttensioned tendons
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ABSTRACT: A hysteretic model for Precast Segmental Bridge Column with unbonded posttensioned 
tendons was formed and validated through quasi-static cyclic specimen loading test. The model was capa-
ble of predicting the lateral force-displacement hysteretic response with high precision. The peak orient-
ing assumption of post-yielding branches in hysteretic responses was more appropriate to the segmental 
columns with ED bars than those with only unbonded tendons. Earthquake history responses were also 
calculated using the proposed hysteretic model, and good correlation was found with quasi-static test 
results.

Keywords: hysteretic model; segmental column; unbonded tendon; cyclic test; earthquake response

 Christopoulos et al. (2002) proposed a flag shape 
hysteretic model for posttensioned energy dissipat-
ing connections of precast frame structures. Ou et al. 
(2007) developed a peak oriented hysteretic model for 
PSBC based on experimental observation results.

In this contribution, a hysteretic model revised 
from literature (Ou et al. 2007) was developed and 
was used to model the PSBC quasi-static cyclic 
loading test, and history responses under ground 
motion excitation.

2 HYSTERETIC MODEL

The lateral force—displacement hysteretic model 
for Single Degree of Freedom System (SDOF) 
used in this contribution was shown in Figure 1. 
The first loading path was designated as path (1), 
which has fixed yielding point “A”. The elastic 
loading stiffness is ke. The post-yielding stiffness is 
kp. The unloading stiffness ku is in relation with his-
tory peak displacement Δm and yield displacement 
Δy, as shown in Eq. (1).

k ku ek kk y

m

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

Δ
Δ

γ

 (1)

where γ = coefficient, which is assumed to be con-
stant for particular hysteretic model. The  unloading 

1 INTRODUCTION

Self-centering unbonded Precast Segmental Bridge 
Columns (PSBC) are seismic resilient structures 
(Hewes & Priestley 2002), which can relieve the 
imparted earthquake loading through rocking of 
segment-segment joints, and keep the column with 
minor damage during the earthquake. As an impor-
tant part of accelerated bridge construction scheme, 
PSBC provides several benefits to contractors 
and owners, including reduced traffic disruption, 
improved work zone safety, reduced environmental 
impact, improved constructability, increased qual-
ity and lower life cycle cost (Hieber et al. 2005). The 
lateral force-drift response of PSBC reveals flag-
shape with essentially little residual drift at the end 
of earthquake excitation (Yamashita & Sanders 
2009). Unlike the conventional steel reinforced con-
crete bridge columns, few shake table test results are 
available for PSBC, also simple and accurate hyster-
etic models are still lacking.

In previous studies by researchers, various self-
centering systems have been developed, including 
unbonded posttensioned tendon (Yamashita & 
Sanders 2009, Ou et al. 2010), self-centering braces 
(Christopoulos et al. 2008), shape memory alloy 
(Roh & Reinhorn 2010) and elastomeric rubber 
pad (Motaref et al. 2014). Hewes (2002) used ideal 
flag shape hysteretic model to calculate the seis-
mic response of unbonded posttensioned PSBCs. 
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Figure 1. Hysteretic models for PSBC.

Figure 2. SDOF system.

transition point is “C”, and the unloading path is 
ultimately directed to point “D” on elastic loading 
path.

The reloading path is directed to previous peak 
point “B” from elastic loading path point “E”. 
Then the loading path reloads with stiffness kp till 
reaching peak point “F”. The unloading path has a 
transition “G” when intersects with the extending 
line of “D” and “C”. After that, the unloading is 
directed to “E”. In Figure 1, point “D” has a dis-
placement of Δ0 and point “E” has a displacement 
of Δ1 on the elastic loading path.

The negative direction has same loading path 
definitions with those in positive direction, 
hence the critical points were not illustrated in 
Figure 1.

3 IMPLEMENTATION IN SDOF 
EQUATION OF MOTION

The equation of motion of damped SDOF system 
shown in Figure 2 can be written as,

mx cx f x t x tg�� �f�( )t ( )t( ) (x( ),) ( )t ) (mxg�� )+cx )t  (2)

where m = mass; c = the damping coefficient; 
f = nonlinear spring force; x(t), �x( )t , and ��x( )t  = 
relative displacement, relative velocity and rela-
tive acceleration of  SDOF system to ground, 
respectively; ��xg ( )t  = absolute acceleration of 
ground. f = loading history dependent (posi-
tion and direction), so f is function of  relative 
displacement and relative velocity. In Figure 2, 
wheels on the SDOF system has no friction force 

with the boundary ground, xg(t) is absolute dis-
placement of  ground.

Assume the damping force is small and effects 
can be eliminated in the reaction force, then 
f x t x(x ), ( )t )�  in Equation 1 can be looked as the 
reaction force shown in Figure 1. The relative 
displacement x( )t  in Eq. (2) can be solved with 
average acceleration method with input ground 
motion acceleration ��xg ( )t , mass m, damping coef-
ficient c, and nonlinear spring force f x t x(x ), ( )t )�  
determined.

4 CYCLIC LOADING TEST MODELING

Two 1/4 scale segmental column specimens were 
fabricated and tested under cyclic reversal loading 
in laboratory. The columns had circular section 
with diameter of 350 mm. The column height was 
1850 mm measured from column base to center 
of loading block. The column was composed with 
four 400 mm depth segments. Concrete cubic com-
pressive strength was 44 MPa. First specimen PSC 
uses 3D12.7-mm unbonded strands as longitudi-
nal reinforcement. Second specimen PSCE uses 
3D12.7-mm unbonded strands plus 6 D12-mm 
bonded Energy Dissipation (ED) bars as longitu-
dinal reinforcement. Prestressing strands had yield 
stress of 1672 MPa. ED bar had yield stress of 
301 MPa. The effective prestressing force in PSC 
and PSCE are both 252 kN.

The parameters to define the hysteretic model 
in Figure 1 were identified from test lateral force-
displacement curves as shown in Table 1. The 
comparison between the test results and hysteretic 
model modeling results were shown in Figure 3. 
The modeling had very high precision with test 
data, though some discrepancies existed in the 
post-yielding branches.
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by the earthquake with a moment of  magnitude 
of  6.9. The distance of  the record stations to the 
nearest fault rupture was 14.5 km. Figure 4 (a) 
shows the scaled ground motion  acceleration his-
tory. Figure 4 (b) shows the response spectra com-
parison between design and the scaled ground 
motion. Figure 5 shows the history responses 
of  specimen SPC and SPCE under the selected 
ground motion excitation. The hysteretic model 
gave good prediction to envelope curve of  speci-
mens. The detailed hysteretic rules need more 
specimen tests validation under different loading 
protocols.

Table 1. Parameters identified from cyclic test.

Specimen ke (kN/mm) kp (kN/mm) Δy (mm) Δ0 (mm) Δ1 (mm) γ

SPC 2.22 0.063  9.45 7.37 2.90 0.235
SPCE 2.41 0.032 16.95 5.83 0.68 0.370

Figure 3. Quasi-static cyclic test modeling. Figure 4. Selected ground motion input.

5 HISTORY RESPONSE MODELING

The design response spectra used for define 
the ground motion intensity was taken from 
AASHTO with a 7 percent exceedance in 75 years 
(1000 year return period) (AASHTO 2011). The 
acceleration response spectra was scaled with 
period scale factor of  ST = SLS  = 2.0, where 
SL = the geometry scale factor. One typical his-
tory ground motion (Loma Prieta 1989 47125 
Capitola 090 deg) was selected from PEER 
strong motion database. The ground motions 
were recorded on soil type C, and were  generated 
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6 CONCLUSIONS

A hysteretic model for unbonded posttensioned 
segmental columns was first validated through 
quasi-static cyclic loading tests, then was used for 
earthquake history response calculations. The fol-
lowing conclusions can be reached within the stud-
ies of this contribution.

1. The hysteretic model generally gave good pre-
diction to quasi-static cyclic loading test lateral 
force-displacement cyclic responses. The hys-
teretic rules of peak orienting used in defining 
the model was more appropriate for segmen-
tal columns with ED bars than those only has 
unbonded prestressing tendons.

2. The envelope responses of specimens under 
ground motion were in accordance with cyclic 
loading test results, although the exact hyster-
etic rules need different loading path cyclic test 
validation in the future research work.
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The effect of convex friction distribution on the seismic performance 
of friction systems
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ABSTRACT: When the bearings were destroyed by the earthquake, a rough friction surface would 
be formed while the surrounding contact surface was smooth. The isolation condition of the damaged 
bearings, namely a convex friction distribution, was considered. By taking a friction-based isolation system 
as the study object, the effect of the convex distribution of friction coefficient on the structural isolation 
performance under different ground motions was analyzed by utilizing a compiled computer program. 
The results show that the convex distribution of friction coefficient almost always makes the structural 
maximum acceleration the largest and obviously increases the structural maximum relative displacement 
and the structural residual displacement. In general, it is unfavorable to the isolation system. Therefore, 
the convex distribution of friction coefficient should be avoided in the actual projects.

Keywords: bridge; isolation; friction; bearing; horizontal earthquake

with a less friction coefficient. Therefore, a natural 
isolation system with a convex distribution of fric-
tion coefficient is formed.

The objective of this paper is to investigate a fric-
tion isolation system and artificially interfere with 
the uneven distribution of friction coefficient to be 
convex, i.e. the friction coefficient in the center of 
the seismic isolation device is the largest one, and 
it gradually decreases along the surrounding path. 
Utilizing a numerical analysis method, we ana-
lyze the impact of the convex distribution of fric-
tion coefficient on the seismic performance under 
different ground motions.

2 CALCULATION PROCESS

2.1 Structure model

The study object of this paper, i.e. a friction iso-
lation system, is shown in Figure 1. In order to 
analyze the effect of the ‘convex’ distribution of 
friction coefficient on the seismic isolation per-
formance in detail, this paper divides the friction 
coefficient and the earthquake input into several 
groups, and then obtains many combination cases.

As demonstrated in related studies, the isolated 
structure can be built as a rigid body since the stiff-
ness of the isolation device is far less than that of 
the structure (Wei et al. 2014). So, in this paper, the 
superstructure is temporarily simplified to a rigid 
body. The superstructure mass is set to be 300 t.

1 INTRODUCTION

As to effectively isolate horizontal earthquake, sev-
eral researchers have paid attention to the new iso-
lation method based on friction. In order to avoid 
a five-floor RC frame structure building’s earth-
quake damage subjected to soft soil earthquake 
in Mexico, Flores designed rolling ball devices. 
Ou et al. (2010) and Lee et al. (2010) designed a 
two-layer roller isolation device for use in high-
way bridges. Jangid (1998, 2000) first considered 
that elliptical rolling rods are more effective than 
rolling rods in reducing the seismic response of 
the structure, and then he considered that roll-
ing rods with re-centering device also have an 
effective isolation performance. Guerreiro et al. 
(2007) invented a rolling-ball isolation system to 
protect light structures or other devices. Harvey & 
Gavin (2014) carried out a mathematical model 
and experimental validation for double rolling iso-
lation systems, and the effects of the initial con-
ditions, the mass of the isolated object, and the 
amplitude and period of the disturbance on the 
system’s performance were assessed. As for some 
bridges, the bearings are often first destroyed by 
the earthquake. Although some designers consid-
ered that the destruction of bearings would protect 
other components of bridges from seismic damage, 
it lacks rigorous analysis. The stochastic damage 
of bearing will form a rough contact surface (Wei 
et al. 2015), i.e. a large friction coefficient exists. 
However, other contact surfaces are very smooth 
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For the convex friction distribution, the friction 
coefficient in the center of the isolation device is 
the largest one, which is assumed to be 0.03, and 
it gradually decreases along the surrounding path 
whose decrement ratios are assumed to be 0, 0.005, 
0.010, 0.015, 0.020, 0.025 and 0.030, respectively.

2.2 Earthquake input

As shown in Figure 2, for each elastic response 
spectrum for the soil profiles I, II, III, and IV in 
Chinese criteria (JTJ 004-89), one accelerogram is 
generated by the Simqke procedure as the ground 
motion input of the structural model.

2.3 Calculation cases

For each case of the 6 friction distributions, each 
accelerogram in Section 2.2 is input as the ground 
motion, whose Peak Ground Accelerations (PGA) 
are adjusted to be 0.2, 0.4, 0.6 and 0.8 g, respectively. 
Hence, 112 cases are generated for further calcula-
tion utilizing a computer program (Wei et al. 2013).

In the following sections, only classical and 
common results are discussed in a detailed man-
ner due to space limitations, while other results are 
considered but not listed.

3 STRUCTURAL ACCELERATION

Structural acceleration is considered for the iso-
lated structure, as it directly indicates whether 
the earthquake will destroy the structure or not. 
Therefore, this section analyzes on the structural 
maximum acceleration.

Figure 3 shows the influence of the variabil-
ity slopes of friction coefficient on the structural 
maximum acceleration for all cases in Section 2.3. 
As the slopes of friction coefficient variability 
increase, the maximum acceleration applied to the 
structure remains constant.

As for the isolation system based on friction, 
the acceleration that the ground motion trans-
mits to the superstructure is μg. For the case of 
the “convex” friction distribution, although μ var-
ies regularly along with the position of friction 
surface, the maximum μ appears at the original 
location of the structure. Thus, as soon as the 
structure starts moving under the earthquake, the 
acceleration reaches the peak point and gradu-
ally reduces as the structure moves away from the 
original location.

Therefore, for the case of the convex friction dis-
tribution, the maximum acceleration value depends 
on the friction coefficient value of the structural 
original location, and has no relation with the dec-
rement ratio of the convex friction distribution or 
the earthquake situation.

The analysis results show that as the soil profiles 
and PGA of earthquake increase, the structural 
maximum acceleration remains constant, and the 
corresponding figures are omitted herein.

Figure 1. Structure model.

Figure 2. Four types of response spectrum.

Figure 3. Effect of the decrement ratio of the convex fric-
tion distribution on the structural maximum acceleration.
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4 STRUCTURAL RELATIVE 
DISPLACEMENT

4.1 The influence of the friction coefficient

For the isolation system, the structural relative dis-
placement indicates whether the structure would 
leave away from its foundation, and whether the 
structure would collide with other things. This sec-
tion and the following sections analyze the maxi-
mum relative displacement.

Figure 4 shows the influence of the decre-
ment ratio of the convex friction distribution 
on the structural maximum relative displacement 
in the cases with soil profile III. On the whole, as 
the decrement ratio of the convex friction distri-
bution increases, the structural maximum relative 
displacement increases gradually. The increasing 
trend is more significant when the PGA is larger.

In Figure 1, as for the cases of the convex friction 
distribution, when the ground velocity ve is larger 
than the structural velocity vs, the structural accel-
eration μg makes the structure have the tendency 
of moving forward, and there are two possibilities:

1. If  the moving structure is on the left of its origin 
position, it means that the friction coefficient 
μg on the contact surface is decreasing, and the 
reduction of the structural acceleration μg is 
conductive to increasing the structural relative 
displacement.

2. If the moving structure is on the right of its origin 
position, it means that the friction coefficient μg 
on the contact surface is increasing, and the incre-
ment of the structural acceleration μg is conductive 
to increasing the structural relative displacement.

When the ground velocity ve is smaller than the 
structural velocity vs, the similar rules can be drawn. 

In a word, the convex friction distribution is 
conductive to increasing the structural relative 
displacement.

4.2 The influence of earthquake

Figures 5 and 6 show the influence of the site type 
of soil profile and PGA on the structural maximum 
relative displacement in the cases with the decre-
ment ratio 0.01 of the convex friction distribution.

In Figure 5, when the earthquake soil profile 
number increases, the structural maximum rela-
tive replacement also increases gradually. As for the 
larger PGA, this incremental trend is more evident.

In Figure 6, the structural maximum rela-
tive displacement increases with the PGA. 

Figure 4. Effect of the decrement ratio of the convex 
friction distribution on the structural maximum relative 
displacement with soil profile III.

Figure 5. Effect of the site type of soil profile on the 
structural maximum relative displacement with the dec-
rement ratio 0.01 of the convex friction distribution.

Figure 6. Effect of the PGA on the structural maximum 
relative displacement with the decrement ratio 0.01 of the 
convex friction distribution.
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This incremental trend is more evident when the 
soil profile number increases.

A larger site type of soil profile or PGA means a 
larger absolute displacement of the ground motion, 
while the structural acceleration μg generated by 
the friction force μmg is a limited value. Thus, a 
larger site type of soil profile or PGA means a 
larger structural maximum relative displacement.

5 STRUCTURAL RESIDUAL 
DISPLACEMENT

5.1 The influence of the friction coefficient

The structural residual displacement should also 
be considered for the isolated structure, as it relates 
to the repair after the earthquake. Therefore, this 
section and the following sections analyze on the 
structural residual displacement.

Figure 7 shows the influence of the decrement 
ratio of the convex friction distribution on the 
structural residual displacement in the cases with 
soil profile III. The figure shows that the structural 
residual displacement is large.

As for the cases of the convex friction distribu-
tion in Figure 1, the structural motion direction 
after the ground motion just stops moving will 
influence the structural residual displacement:

1. If  the structure moves away from the origin 
position, it indicates that the friction coeffi-
cient μ on the contact surface decreases, which 
benefits on increasing the structural residual 
displacement.

2. Otherwise, it indicates that the friction coeffi-
cient μ on the contact surface increases, which 
also benefits on increasing the structural resid-
ual displacement.

Hence, the convex friction distribution 
outwardly increases the structural residual 
displacement.

However, as the structural residual displace-
ment is just a special relative displacement when 
the structure stops moving, its value is naturally 
affected by that of the structural relative displace-
ment. From the analysis in Sections 4.1 and 4.2, 
the influence factors on the structural relative 
displacement are so complicated that they have 
a sophisticated impact on the structural residual 
displacement.

Moreover, no matter in which direction the 
structure relatively moves to the original posi-
tion, the existence of  friction prevents the struc-
ture from moving. At this moment, the value of 
the friction coefficient is closely related to that 
of  the structural relative displacement just as the 
ground stops moving. It may lead to the cases as 
follows:

1. If  the structure moves away from the original 
position, and when the relative displacement 
is relatively large, the friction coefficient will 
be so small that it just faintly prevents the 
structure from moving away from the original 
position. However, as the relative displace-
ment is relatively small, the friction coefficient 
will be large enough to effectively prevent the 
structure from moving away from the original 
position.

2. If  the structure moves towards the original 
position, and when the relative displacement 
is relatively large, the friction coefficient will 
be large enough to effectively prevent the 
structure from moving towards the original 
position. However, as the relative displace-
ment is relatively small, the friction coefficient 
will be so small that it just faintly prevents the 
structure from moving towards the original 
position.

Based on the comprehensive effect of the above-
mentioned influence factors, the convex friction 
distribution may increase or decrease the struc-
tural residual displacement.

5.2 The influence of earthquake

Figures 8 and 9 show the influence of the site type 
of soil profile and PGA on the structural residual 
displacement in the cases with the decrement ratio 
0.01 of the convex friction distribution.

In Figure 8, as the site type of soil profile 
becomes larger, the structural residual displace-
ment first remains constant, and then increases.

In Figure 9, as the PGA increases, there is no 
obvious change rule. However, the structural resid-
ual displacement is large.

Figure 7. Effect of the decrement ratio of the convex 
friction distribution on the structural residual displace-
ment with soil profile III.
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Figure 9. Effect of the PGA on the structural maximum 
relative displacement with the decrement ratio 0.01 of the 
convex friction distribution.

Figure 8. Effect of the site type of soil profile on the 
structural maximum relative displacement with the dec-
rement ratio 0.01 of the convex friction distribution.

6 CONCLUSIONS

The convex distribution of friction coefficient 
almost always makes the structural maximum 
acceleration the largest and obviously increases the 
structural maximum relative displacement and the 
structural residual displacement. In general, it is 
unfavorable to the isolation system. Therefore, the 
convex distribution of friction coefficient should 
be avoided in the actual projects.
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Seismic performance of the convex-friction and damper systems

B. Wei, T.H. Yang, X.D. Yu, P. Wang & L.Z. Jiang
School of Civil Engineering, Central South University, Changsha, China
National Engineering Laboratory for High Speed Railway Construction, Changsha, China

ABSTRACT: As for a bridge with damper, a friction and damper isolation system was formed after the 
fixed bearings were sheared off  during an earthquake. And the spatial distribution of friction coefficient 
was convex due to the smooth surface around the roughly damaged bearings. By taking a friction and 
damper isolation system as the study object, this paper analyzes the impact of the convex distribution 
of friction coefficient on the structural isolation performance under different ground motions through a 
compiled computer program. The results show that the convex distribution of friction coefficient increases 
the structural maximum relative displacement and residual displacement. Although those responses can 
be weakened by the damper, the convex distribution of friction coefficient should be avoided in the actual 
projects.

Keywords: bridge; bearing; damper; friction; horizontal earthquake

 reduction, and the peak acceleration amplitude was 
decreased by about 50–90%. Nanda et al (2012) in 
India considered that the base isolation in the form 
of Pure Friction (P-F), among all other isolation 
methods developed so far, was the simplest one, 
which could be easily applied to low cost brick 
masonry buildings. Furthermore, the P-F isolation 
is one of the best alternatives for reducing earth-
quake energy transmission to superstructure dur-
ing strong earthquake.

Although the friction isolation device avoids 
seismic damages caused in structure, the induced 
displacement may be very large and difficult to 
control. Therefore, restoring devices, such as 
springs and dampers, are usually used to avoid 
excessive relative displacement and reduce the 
structural residual displacement. As for some 
bridges, the springs, such as the fixed bearings, are 
often firstly destroyed by the earthquake. Although 
some designers considered that the destruction 
of bearings would protect other components of 
bridges from seismic damage, it is lack of rigor-
ous analysis. The stochastic damage of bearing 
will form a rough contact surface (Wei et al. 2015), 
namely a large friction coefficient exists. However, 
other contact surfaces are very smooth with a less 
friction coefficient. Therefore, a natural isolation 
system with a convex distribution of friction coef-
ficient is formed. Combined with the damper, a 
convex-friction and damper system is obtained.

The objective of this paper is to investigate a fric-
tion and damper system and artificially interfere 
the uneven distribution of friction coefficient to 

1 INTRODUCTION

In 2014, many researchers have investigated the 
new friction-based isolation methods with the aim 
to get optimum seismic isolation performance. 
Harvey & Gavin (2014) carried out a mathemati-
cal model and experimental validation for double 
rolling isolation systems, and the effects of the 
initial conditions, the mass of the isolated object, 
and the amplitude and period of the disturbance 
on the system’s performance were assessed. As for 
Harvey et al (2014), a simplified model presented 
in their paper was applicable to RISs with any 
potential energy function, was amenable to both 
lightly- and heavily-damped RISs, and was vali-
dated through the successful prediction of peak 
responses for a wide range of disturbance frequen-
cies and intensities. Ismail & Casas (2014) investi-
gated the Near-Fault (NF) seismic performance of 
a novel isolation system, referred to as the Roll-N-
Cage (RNC) isolator, considering the cable-stayed 
Bill Emerson Memorial Bridge in Missouri, which 
showed that the RNC isolator was a convenient 
isolation system in protecting cable-stayed bridges 
against NF earthquakes. Wang et al (2014) stud-
ied the sloped multi-roller isolation devices for 
seismic protection of equipment and facilities and 
obtained an excellent in-plane seismic isolation 
performance.

And before 2014, these similar friction-based 
isolation devices were also paid attention by sev-
eral famous researchers. In Japan, Kurita et al 
(2011) developed a new device for seismic response 
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be convex, i.e. the friction coefficient in the center 
of the seismic isolation device is the largest one, 
and it gradually decreases along the around path. 
Utilizing a numerical analysis method analyzes the 
impact of the convex distribution of friction coef-
ficient on the seismic performance under different 
ground motions.

2 CALCULATION PROCESS

2.1 Structure model

In order to analyze the effect of the ‘convex’ distri-
bution of friction coefficient on the seismic isola-
tion performance in detail, this paper divides the 
friction coefficient, the damping constant and the 
earthquake input into several groups, and then 
obtains many combination cases.

As demonstrated in the related studies, for the iso-
lation structure, the structure is built as a rigid body 
since the stiffness of the isolation device is far less 
than that of the structure (Wei et al. 2014). So in the 
computer program, the superstructure is temporarily 
simplified to a rigid body. The superstructure mass is 
set to be 300t and the damping constants adopt 100, 
200, 300, 400 and 500 kN⋅s/m, respectively.

For the ‘convex’ distribution of friction coef-
ficient, the friction coefficient in the center of 
the seismic isolation device is the largest one 
which is assumed to be 0.030, and it decreases 
gradually along the around path whose decrement 
ratios are assumed to be 0, 0.005, 0.010, 0.015, 
0.020, 0.025 and 0.030, respectively. They are the 
main analysis objects in this paper.

2.2 Earthquake input

As shown in Figure 2, for each elastic response 
spectrum for the soil profile I, II, III, and IV in 
Chinese criteria (JTJ 004-89), one accelerogram is 
generated by Simqke procedure to be the ground 
motion input of the structural model.

2.3 Calculation cases

35 cases are obtained by combining 5 damping 
constants and 7 friction coefficients.

As for each case, each accelerogram in 
 Section 2.2 is input as the ground motion, whose 
Peak Ground Accelerations (PGA) are adjusted to 
be 0.2, 0.4, 0.6 and 0.8 g, respectively. Thus, 560 
cases are generated for the further calculation.

Then each case is calculated by the computer 
program (Wei et al. 2013).

3 STRUCTURAL ACCELERATION

3.1 The influence of friction coefficient

The structural acceleration is concerned for the 
isolated structure, as it directly indicates whether 
the earthquake will destroy the structure or not. 
Therefore, this section analyzes on the structural 
maximum acceleration.

Figure 3 shows the effect of the decrement ratio 
of convex friction distribution on the structural 
maximum acceleration. On the whole, as the decre-
ment ratio of convex friction distribution increases, 
the structural maximum acceleration gradually 
decreases with some fluctuations. When the PGA 
is larger, the decreasing trend is more significant.

3.2 The influence of damping constant

Figure 4 shows the effect of the damping con-
stant on the structural maximum acceleration. 
As the damping constant increases, the structural 
maximum acceleration gradually increases. When 
the PGA is larger, the increasing trend is more 
significant.

As demonstrated in the related researches, with 
regard to the general isolation structures, e.g. lead 
rubber bearing, as the structural period is close Figure 1. Structure model.

Figure 2. Four types of response spectrum.
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isolation layer eventually increases the structural 
acceleration.

3.3 The influence of earthquake

Figures 5 and 6 show the effect of the site type of 
soil profile and the PGA on the structural maxi-
mum acceleration. As the site type of soil profile or 
the PGA is larger, the structural maximum accel-
eration gradually increases.

Figure 3. Effect of the decrement ratio of convex fric-
tion distribution on the structural maximum acceleration 
with soil profile IV and damping constant 100 kN⋅s/m.

Figure 4. Effect of the damping constant on the struc-
tural maximum acceleration with soil profile IV and dec-
rement ratio 0.03 of convex friction distribution.

to the seismic predominant period, increasing the 
damping constant of  the isolation layer reduces 
the structural acceleration. As the structural 
period is much larger than the seismic predomi-
nant period, increasing the damping constant 
of  isolation layer promotes a larger structural 
acceleration. The friction and damper isolation 
system doesn’t have a fixed structural period, so 
it is approximately considered that the structural 
period is much larger than the seismic predomi-
nant period. And logically, just as illustrated in 
Figure 4, increasing the damping constant of  the 

Figure 5. Effect of the soil profile on the structural 
 maximum acceleration with damping constant 100 kN⋅s/m 
and decrement ratio 0.03 of convex friction distribution.

Figure 6. Effect of the PGA on the structural maximum 
acceleration with damping constant 100 kN⋅s/m and dec-
rement ratio 0.03 of convex friction distribution.
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4 STRUCTURAL RELATIVE 
DISPLACEMENT

4.1 The influence of friction coefficient

The structural relative displacement should be also 
concerned for the isolated structure, as it indicates 
if  the superstructure will leave away from its foun-
dation, and if  the structure will collide with other 
things. Therefore, this section analyzes on the 
structural maximum relative displacement.

Figure 7 shows the effect of the decrement ratio 
of convex friction distribution on the structural 
maximum relative displacement. In general, as the 
decrement ratio of convex friction distribution 
increases, the structural maximum relative dis-
placement gradually increases. When the PGA is 
larger, the increasing trend is more significant.

The convex friction distribution is conducive 
to increasing the structural relative displacement. 
Furthermore, as analyzed above, when the decre-
ment ratio of convex friction distribution is larger, 
the structural maximum relative displacement 
increases as well.

4.2 The influence of damping constant

Figure 8 shows the effect of the damping constant 
on the structural maximum relative displacement. 
In general, as the damping constant increases, the 
structural maximum relative displacement gradu-
ally decreases. When the PGA is larger, the decreas-
ing trend is more significant.

As the damper limits the structural relative veloc-
ity, it reduces the structural relative  displacement. 
And as the damping constant is larger, this effect 
will be more significant.

Figure 7. Effect of the decrement ratio of convex fric-
tion distribution on the structural maximum relative 
displacement with soil profile IV and damping constant 
100 kN⋅s/m.

Figure 8. Effect of the damping constant on the struc-
tural maximum relative displacement with soil profile IV 
and decrement ratio 0.03 of convex friction distribution.

Figure 9. Effect of the soil profile on the structural 
maximum relative displacement with damping constant 
100 kN⋅s/m and decrement ratio 0.03 of convex friction 
distribution.

4.3 The influence of earthquake

Figures 9 and 10 show the effect of the site type of 
soil profile and the PGA on the structural maxi-
mum relative displacement. In general, as the site 
type of soil profile or the PGA is larger, the struc-
tural maximum relative displacement increases 
gradually.

A larger site type of soil profile or PGA means 
a larger absolute displacement of the ground 
motion while the structural acceleration μg gener-
ated by the friction force μmg is a limited value. 
Therefore, a larger site type of soil profile or 
PGA means a larger structural maximum rela-
tive displacement. As the damper is conducive to 
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reducing the  structural relative displacement, the 
increment of the site type of soil profile or PGA 
will not significantly increase the structural relative 
displacement.

5 STRUCTURAL RESIDUAL 
DISPLACEMENT

The structural residual displacement is noted for 
the isolated structure, as it relates to the repair 
after earthquake. Therefore, this section analyzes 
on the structural residual displacement.

The results show that the convex friction distribu-
tion increases the structural residual displacement 
sometimes. The other three parameters, including 
the damping constant, the site type of soil profile 
and the PGA, have no obvious influence on the 
structural residual displacement. And the corre-
sponding figures are not presented herein.

6 CONCLUSIONS

The convex distribution of friction coefficient 
increases the structural maximum relative displace-
ment and residual displacement. Although those 
responses can be weakened by the damper, the 
convex distribution of friction coefficient should 
be avoided in the actual projects.
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Quasi-static finite element analysis of a precast concrete frame shear 
wall structure
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ABSTRACT: In order to research the overall seismic performance of a precast concrete frame shear 
wall structure, a three-floor three-span concrete frame shear wall is built as the calculation model. This 
paper, respectively, calculates the precast structure and cast-in-place structure under low cyclic loading 
using general finite element software ABAQUS, and makes comparison between the two structure models 
in hysteresis curves, deformation and energy dissipation performance. The analysis results show that the 
bearing capacity of the cast-in-place structure is more than that of the precast structure. In the stiffness 
degradation process, the lateral stiffness of the cast-in-place structure is greater than that of the precast 
structure. Compared with the cast-in-place structure, energy consumption of the precast structure is lower 
in late loading, while the ductility of the precast structure is better in the loading. Failure modes of the 
precast structure are different from the cast-in-place structure, some structural measures should be taken 
to guarantee safety in design.

Keywords: precast structure; frame shear wall; quasi static

nonlinear problem[9]. However, it is necessary to 
choose the parameters for verification to establish 
the precast model and to ensure the accuracy and 
applicability of the parameters used.

The validation of the model proposed in this 
article is shown in Figure 1. Model structure 
size, reinforcement conditions, boundary condi-
tions and loading of the SW1 specimen have been 
reported in the literature[10].

Concrete constitutive model for the selection of 
ABAQUS finite element software comes with the 
plastic damage model of concrete, concrete uniax-
ial compression, tensile stress-strain curve values, 
reported in appendix C in Design of Concrete 

1 INTRODUCTION

With the introduction of green, environmental-
friendly, energy-saving building, the state vigor-
ously promotes the “building industrialization, 
housing industry”. The study and application of 
prefabricated concrete structure has become a hot 
issue.

There have been numerous studies carried out 
abroad on the fabricated structure[1∼3]. Research 
and practice of precast concrete structures at home 
mainly concentrated on the prefabricated shear 
wall structure[4,5], mainly for residential construc-
tion. Prefabricated frame structure research[6∼8] 
is aimed at the multi-layer structure. By using 
ABAQUS finite element software, this paper, 
respectively, analyzes the precast structure and the 
cast-in-place structure of a three-floor three-span 
concrete frame shear wall under low cyclic loading, 
and draws a difference between bearing capacity, 
stiffness, ductility and energy dissipation. So, we 
can give reference conclusions for further studies.

2 MODEL VALIDATION

ABAQUS is a powerful finite element software, 
which can analyze complex solid and structural 
mechanics problems, simulate a very large and 
complex numerical model, and deal with a highly Figure 1. Validation of the finite element model.
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Structures (GB50010-2010). At the same time, 
we introduce damage factors and stiffness coef-
ficient of restitution, which has been referred to 
in the papers of Nie Jianguo[11] and Zhang Jin[12]. 
Reinforcement constitutive selects the bilinear kin-
ematic hardening model, considering the influence 
of the Bauschinger effect, and the strengthening 
modulus takes the value of 0.01Es.

The horizontal force-displacement skeleton curve 
of the finite element model under low cycle recip-
rocating loading and SW1 horizontal force-dis-
placement skeleton curve were compared, as shown 
in Figure 2. The maximum error is less than 10%, 
indicating that the parameters of numerical simula-
tion are selected accurately and can be applied to the 
analysis of the frame shear wall model in this paper.

3 OVERVIEW OF THE FRAME SHEAR 
WALL MODEL

3.1 Specimen size and reinforcement

One structure is a three-floor three-span cast-in-
place concrete frame shear wall structure (hence-
forth referred to as the cast-in-place structure), and 
the other is a three-floor three-span precast frame 
shear wall structure (henceforth referred to as the 
precast structure). Shear walls are decorated in the 
side span whose span is 2.1 m, and another two 
span is 3.3 m, each storey is 2.4 m high. Section 
dimensions of the column are 400 mm × 400 mm, 

Figure 2. Comparison between the curve of the finite 
element calculation and the curve of the experiment 
skeleton.

Figure 3. Arrangement of the model structure.

while the beam is 200 mm × 400 mm, and the thick-
ness of the shear wall is 200 mm. C30 concrete is 
used, steel bar of beams, columns, and walls adopt 
HRB400, stirrups using HPB300. Reinforcement 
of shear walls is the double two-way C10@200. 
Model structure layout and beams, columns sec-
tional reinforcement are shown in Figure 3 and 
Figure 4.

3.2 Split form of the precast model

Split form of the actual structure model is shown 
in Figure 5. Beams, columns and walls are precast, 
while the concrete of the joint core is cast. There 
is a latter pouring belt between walls and columns. 
In order to simplify the model, the contact surface 
is established between the precast components and 
cast nodes, so are shear walls and the beams on 
its upper part. The finite element analysis model is 
shown in Figure 6, where the dark solid line section 
is the position that defines the contact surface.

3.3 The selection of the material constitutive 
relation

Cast-in-place structure and precast structure select 
the material constitutive relation whose validation 
has been verified in this paper, and which can be 
used in the finite element simulation analysis.

3.4 Establishment of the finite element model

Both the analysis model of concrete and steel bar 
select measured values, reference [10], [13], [14]. 
Concrete unit adopts the C3D8R reduced integral 
unit and reinforced unit adopts the T3D2 truss 
unit, using the embedded relationship between the 
steel and concrete[15]. We consider mutual friction 
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the joints of  the beams, columns on each shear 
wall side. Loading from the shear wall side to the 
side of  the frame column is defined as the posi-
tive load, and vice versa for the negative load. 
Curves of  displacement loading are shown in 
Figure 7.

Figure 4. Reinforcement of beams and columns.

Figure 6. Disassembling of finite element analysis.

Figure 5. Disassembling of the actual structure. Figure 7. Curves of displacement loading.

at the contact surface between the splices, obtain-
ing a normal and tangential effect.

The axial compression ratio of  the column is 
0.4. Using the displacement load, the horizontal 
load applied displacement on three layers at the 
same time, and the loading points are located in 
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4 FINITE ELEMENT ANALYSIS

4.1 ABAQUS stress analysis

For the precast structure, its yield first appeared 
in the longitudinal reinforcement in the shear wall, 
which assembled with beams together, and then the 
horizontal reinforcement of the shear wall yield. 
This is followed by the longitudinal reinforcement 
of the edge component of the shear wall yield, and 
the longitudinal reinforcement of each layer of the 
beam end yield. The last one is the longitudinal rein-
forcement of roots of the framework of the column 
yielding, stirrups yielding. There are differences 
between the precast structure and the cast-in-place 
structure observed from the failure mode. Necessary 
measures should be taken to ensure the safety for 
the failure mode of the precast structure in design.

von Mises stress at yield of concrete, and steel 
bar of the cast-in-place structure and the precast 
structure are shown in Figure 8 and Figure 9, 
respectively.

4.2 Hysteresis curve

The top load-displacement curves of the cast-in-
place structure and the precast structure are shown 
in Figures 10 and 11. There are differences observed 
between the precast structure and the cast-in-place 
structure. The difference is that the surrounded 
area in the hysteretic curve of the precast struc-
ture is less than that of the cast structure, indicat-
ing that each hysteresis loop energy consumption 
of the precast structure is slightly lower than that 
of the cast structure. However, two hysteresis 
curves are relatively full, and there is no obvious 
“pinch shrinkage” phenomenon. This is because 
this article uses a separate modeling of ABAQUS, 
taking the embedded relationship between steel 
and concrete into account. The degree of free-
dom of embedded and embedding regions is fully 
constrained[16], namely the bond and slip between 
steel and concrete are not consider completely. So, 
there is no obvious pinch effect, which is different 
from the actual structure hysteretic loading curve.

4.3 Analysis of capacity, ductility and 
deformation capacity

Displacement ductility coefficient, top limit dis-
placement, yield displacement and corresponding 
yield and limit load of the precast structure and 
the cast-in-place structure of finite element analy-
sis are listed in Table 1.

Displacement ductility coefficient of the speci-
mens is the ratio of ultimate displacement to yield 

Figure 8. von Mises stress of concrete and rebar in the 
precast structure.
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displacement, i.e. μ = Δ Δu yΔ . As can be seen from 
the table, the displacement ductility of the precast 
structure is superior to that of the cast structure. 
Yield load, peak load and ultimate load of the 
cast-in-place structure are higher than those of the 
precast structure.

4.4 The stiffness degradation curve

To describe that the trends stiffness varies with 
displacement, the overall stiffness parameter is 
introduced. The overall stiffness of the specimen 
is the ratio of horizontal force to top displace-
ment. Overall stiffness curves of the cast-in-place 
structure and the precast structure are shown in 
Figure 12.

By comparing the curve of overall stiffness degra-
dation, we can see that the initial stiffness of the cast-
in-place structure is greater than that of the precast 
structure, and in the process of loading, the stiffness 

Figure 9. von Mises stress of concrete and rebar in the 
cast-in-place structure.

Figure 10. Top load-displacement curve of the cast-in-
place structure.

Figure 11. Top load-displacement curve of the precast 
structure.
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Table 1. Load and displacement of feature points and displacement ductility factor.

Structure
Direction 
of load

Yield load 
(kN) Δy (mm)

Peak load 
(kN) Δm (mm)

Ultimate 
load (kN) Δu (mm) μ

Cast-in-place 
structure

Positive 954.074 14.134 1283.58 39.260 1091.043 79.384 5.62
Negative 837.959 10.061 1199.07 39.588 1161.400 72.156 7.17

Precast 
structure

Positive 817.269 12.308 1134.87 50.923  964.640 77.030 6.26
Negative 636.788 10.063 1086.54 51.064 1015.960 74.810 7.43

Figure 12. The overall stiffness contrast.

Figure 13. Comparison of energy consumption.

loop with origin software. Energy consumption of 
the cast-in-place and the precast structure is shown 
in Figure 13.

We can see that in late loading, each loading 
cycle’s energy consumption of the precast struc-
ture is lower than that of the cast-in-place struc-
ture. The reason is that the precast structure uses 
frictional contact at the junction, and there is 
mutual slip. Without considering the slip of steel 
in the process of simulation, the actual energy con-
sumption is smaller, as shown in Figure 13.

5 CONCLUSION

1. Only considering the impact of the contact face, 
failure mode of the precast structure is different 
with the cast-in-place structure. Steel yielding of 
the precast structure first appeared in the longi-
tudinal reinforcement of the shear wall, and then 
the horizontal reinforcement of the shear wall 
yield. This is followed by the longitudinal rein-
forcement of the edge component of the shear 
wall yield, and longitudinal reinforcement of 
each layer of the beam end yield. The last is the 
longitudinal reinforcement of roots of the frame-
work of the column yielding, stirrups yielding.

2. The bearing capacity of the precast structure is 
lower than that of the cast-in-place structure. 
However, displacement ductility of the precast 
structure is better than that of the cast structure.

3. Lateral stiffness of the precast structure is smaller 
than that of the cast-in-place structure in early 
loading. Stiffness of the cast-in-place and pre-
cast structure is reduced with loading, but the 
stiffness of the cast-in-place structure is always 
greater than that of the precast structure.
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ABSTRACT: The time-averaged shear-wave velocity to a certain depth is an important parameter, 
which is used in seismic building codes and the Ground Motion Prediction Equation (GMPE). However, 
the main distinction is the different calculating depths. The relations between the shear-wave velocity to 
the depth less than 30 m VSZ and that to the depth 30 m VS30, developed by profiles in California and 
Japan, are verified by the data in China. The shear-wave velocity structures to shallow depths (<10 m) are 
found to be similar between California and Japan, through comparing the shear-wave velocity structure 
and the variation gradient of velocity. The velocity profiles obtained from the borehole measurements in 
California, Japan and China are adopted. The implication is that the sites in Japan are stiffer than the 
ones in California. The variation of the shear-wave velocity structure and the gradient variation of veloc-
ity are greater in the database of China. Surface sediments, soil physical properties and other factors are 
significantly different in these three regions. Therefore, it is not appropriate to estimate VS30 from VSZ in 
China by the regression models from the databases of California and Japan.

Keywords: VS30; VSZ; relation

a depth Z < 30 m VSZ can be calculated by using 
Equation (1):

V
Z
Z
V

SZVV
iZ

SiVVi

n=

=
∑

1

 (1)

where Zi is the thickness of the ith soil layer in the 
calculating depth Z (m); VSi is the shear-wave veloc-
ity of the ith soil layer (m/s); and n is the number 
of soil layers.

The time-averaged shear-wave velocity to 30 m 
(VS30) has a number of applications in the field 
of engineering seismology. Some researchers have 
attempted to establish the relationship between 
VS30 and the average shear-wave velocity VSZ to the 
depth Z (Z = 5 m∼29 m), especially in California 
and Japan with rich borehole data. Boore (2004b) 
established the log-linear model between VS30 and 
VSZ using shear-wave velocities to the depths not 
less than 30 m, based on 135 California borehole 
data. Kanno et al. (2006) obtained a VS20-VS30 rela-
tion by KiK-net borehole data to the depth, and it 
can be used to extend VS20 in the K-NET stations 

1 INTRODUCTION

The time-averaged shear-wave velocity VS is a cru-
cial factor in classifying sites in seismic codes (e.g., 
Dbry et al., 2000; BSSC, 2001; Eurocode 8, 2004 
et al.). There are various calculating depths of  VS 
in different seismic codes of  different countries, 
caused by construction cost, engineering tech-
nology, built environment and other factors. The 
average shear-wave velocity to a depth of  30 m, 
VS30, is used in the National Earthquake Haz-
ards Reduction Program (NEHRP 2009). Seismic 
ground motion parameter zonation map of Japan 
(2009) states that the calculating depths of  the 
average shear-wave velocity are to the soil layer 
with a shear wave velocity more than 400 m/s. In 
the code for seismic design of  building of  China 
(2010), a smaller value between the overlaying 
depth (the surface to the soil layer with the shear-
wave velocity greater than 500 m/s) and 20 m is 
used. The calculating depth is usually less than 
30 m. Even in the USA, the calculating depth does 
not extend to 30 m, restricted by site conditions 
in some cases. The average shear-wave velocity to 
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to VS30. Cadet & Duval (2009) proposed the linear 
regressions of the logarithmic values of VS5, VS10 
and VS20 with VS30, which agree with those proposed 
by Boore (2004b), and applied to some European 
borehole data, whose standard deviation is smaller. 
Thus, Cadet & Duval (2009) concluded that the rela-
tions from the KiK-net database were adaptable to 
those from the non-Japanese data available for their 
study. Boore (2011) considered that the correlation 
for Z < 30 m that was proposed by Boore (2004b) 
is unfit to Japanese data by comparing the shear-
wave structure and the variation gradient of veloc-
ity from Japan, California, Turkey and Europe, and 
proposed the logarithmic quadratic polynomial 
model of VSZ with VS30 by KiK-net data.

The 134 borehole data in California, 606 bore-
hole data from KiK-net stations, used in this paper, 
are similar to those proposed by Cadet & Duval 
(2009) and Boore (2011). The 577 borehole data in 
China to a depth more than 30 m are used to dis-
cuss the suitability of empirical relations, developed 
by data from California and KiK-net stations.

2 THE COMPARISON OF THE REGIONAL 
DATABASE

The 134 borehole data in California, 606 borehole 
data from KiK-net stations and 577 borehole data 
in China to a depth more than 30 m are used and 
divided into 12 groups by the interval of 100 m/s, to 
compare the structures of these databases. The his-
togram of the proportion of each group is shown 
in Figure 1 to depths of 5 m, 10 m, 20 m and 30 m.

As shown in Figure 1, to a shallow depth (< 10 m), 
the shear-wave velocity structures of California 
and Japan are similar; to a deep depth (>10 m), the 
shear-wave velocity structures are different. There 
is a great difference between the Chinese data and 
those from California and Japan.

The correlation coefficients of VSZ with VS30 from 
5 m to 29 m are calculated for these three sets, respec-
tively, as listed in Table 1 and shown in Figure 2.

From Table 1 and Figure 2, we can see that the 
correlation coefficient increases with depth, the 
change in curve slopes from California is similar to 
that from Japan. However, the increase in the curve 
slope from Japan is faster than that from California, 
which indicates that the gradient change in the sites 
in Japan is greater than that in California, and that 
the near-surface soil layer of the former is stiffer 
than that of the latter. These curves are significantly 
different from the curve from China, which demon-
strates that the statistical relations from the data of 
Japan and California are unfit to Chinese sites.

Cadet & Duval (2009) argued that the statistical 
relation from KiK-net data could be used for some 
non-Japanese sites. Both this model and the models 

Figure 1. Proportion of 12 shear-wave velocity groups 
to the depths of 5 m, 10 m, 20 m and 30 m.
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of Boore (2004b) and Boore (2011) are employed 
to estimate VS30 by VSZ, which are compared with 
the VS30 from borehole measurements. Mean values 
and standard deviations are shown in Figure 3.

From Figure 3, it can be seen that the standard 
deviations of Japan and California are similar, and 
their mean values are different obviously. The mean 
values and standard deviations of Chinese data are 
greater than those of Japan and  California. The 
mean value from Europe is close to that from Cali-
fornia; however, the difference in the standard devi-
ations of Europe and California is great. It indicates 

Table 1. Correlation coefficients of VS30 with VSZ 
from 5 m to 29 m.

Z (m) China California Japan

 5 0.820702 0.72433 0.793655
 6 0.845255 0.780795 0.818373
 7 0.864416 0.810846 0.843068
 8 0.880919 0.839230 0.862222
 9 0.895630 0.869309 0.881443
10 0.909287 0.891879 0.896636
11 0.920957 0.909929 0.911586
12 0.929920 0.923964 0.923676
13 0.936473 0.936407 0.934597
14 0.941941 0.947557 0.943742
15 0.947583 0.956571 0.952365
16 0.952804 0.964397 0.959526
17 0.957300 0.970143 0.967692
18 0.961178 0.975362 0.973761
19 0.964677 0.979756 0.979209
20 0.967408 0.983397 0.983539
21 0.969801 0.986994 0.987379
22 0.971605 0.989895 0.990468
23 0.972928 0.992512 0.993027
24 0.973919 0.994671 0.995046
25 0.974620 0.996388 0.996697
26 0.975098 0.997819 0.997942
27 0.975382 0. 998851 0.998894
28 0.975546 0.999513 0.999526
29 0.975830 0.999883 0.999886

Figure 2. Correlation coefficient with depth.

Figure 3(a). Mean values and standard deviations of 
the residuals between the estimated values (Boore model, 
2004b) and the borehole measured values.

Figure 3(b). Mean values and standard deviations 
of the residuals between the estimated values (Cadet & 
DuvaL model, 2009) and the borehole measured values.
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that the statistical relation using the data of Japan 
and California is unfit to China, and that the statis-
tical regression method has regional characteristics.

3 CONCLUSION

Three databases, including 134 borehole data in 
California, 606 borehole data from KiK-net stations 
from Cadet & Duval (2009) and Boore (2011), and 
577 borehole data in China to a depth more than 
30 m, are used to discuss the suitability of empiri-
cal relations, developed by data from California and 
KiK-net stations. The histogram of the proportion 
of each shear-wave velocity group to the depths 
of 5 m, 10 m, 20 m and 30 m and the correlation 
coefficients of VS30 with VSZ (Z = 5 m∼29 m) shows 
that the site conditions of Japan and California are 
similar, but the sites in Japan are stiffer than those 
in California, and that of China is obviously dif-
ferent from those of the other two countries. So, 
the statistical relation using the data of Japan and 
California is unsuitable for China.

Three statistical models are adopted to estimate 
VS30 from VSZ. The mean values and standard 
deviations of the residuals between the estimated 
 values and the borehole measured values show a 
great difference among these three databases. It 
can be inferred that the statistical regression results 
are regional, and it is not fit to the Chinese data.
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Structural dynamic anti-seismic performance analysis on the main 
machine hall in conventional island of Tianwan nuclear power 
station unit 5, 6

Yu-hao Jin, Jie Zhao & Gui-xuan Wang
Dalian University R&D Center of the Civil Engineering Technology, Dalian, China

ABSTRACT: Development of nuclear power has great significance to energy saving and optimizing 
energy structure in China and, therefore, much attention has been paid to the safety of nuclear power 
buildings. However, the research of the building’s seismic performance is not enough at present. On the 
basis of the existing research, this paper used SAP2000 and ANSYS for elastic analysis and elastic-plastic 
deformation analysis of a severe earthquake on one main workshop in conventional island (pusho-
ver analysis), which analyzed the periods, modes and floor displacement angle among layers of main 
structure component, protracted capacity spectrum-demand spectrum curve and got a more complete 
dynamic response of structures from elasticity to elastic-plastic phase. Under a more severe earthquake, 
the response spectrum analysis and time—history analysis indicated that the structural seismic perform-
ance was good. Periods and vibration modes of the structure and the interlayer displacement angle of the 
elastic stage met the specification requirements. Under the strong seismic action, the static elastoplastic 
pushover analysis showed that the performance point that was obtained by the intersection of the demand 
spectrum curve and capacity spectrum curve appeared early, and was in the elastic range of the power 
spectrum, and structural seismic performance met the specification requirements. The analysis process 
for the anti-seismic performance analysis of main plant building in a normal island and other major con-
struction projects has a certain reference and practical value.

Keywords: conventional island; anti-seismic performance; elastic analysis; elastic-plastic deformation 
analysis; pushover analysis

Wu tao[3] conducted an experimental study on the 
seismic behavior of  RC bent structure of  a large-
scale power plant. These studies have to a certain 
degree demonstrated the seismic performance of 
this type of buildings and drew some conclusions, 
but lacked elastic-plastic deformation analysis[4]. 
Zhang qin[5] carried out a performance-based 
seismic design of nuclear plant, which is a trend 
for earthquake-resistant design. But this design 
has not been widely used because some problems 
still need to be studied and improved. The current 
specification[6][7] also lacks of relevant provisions 
of seismic design for the conventional island of 
nuclear power.

Therefore, using the structural analysis software 
SPA2000 and ANSYS, we carry out an analysis on 
the seismic performance of the conventional island 
of Tianwan Nuclear Power Station Unit 5, 6 to 
study on the deformation characteristics of the 
main plant system in the elastic stage and the plas-
tic stage, and to discuss the stress of the conven-
tional island under different earthquake scenarios. 
Thus, we provide the necessary basis to further 

1 INTRODUCTION

Nuclear power has become an important energy 
for human use, and is an important part of  the 
electric power industry. Its economic and social 
benefits are very significant. In recent years, safety 
accidents of  nuclear power buildings have occurred 
many times (e.g., Chelo Bailey, Fukushima nuclear 
power plant), which not only caused serious eco-
nomic losses, but also had a great influence on 
the society and the human mind. So, the safety 
of nuclear power building becomes the focus of 
attention. At present, the domestic and foreign 
research on the seismic performance of the conven-
tional island nuclear power plant is not sufficient, 
and research still remains in the analysis of  seis-
mic performance of thermal power plant, which 
obtained some research results. For example, Liu 
zhiqing[1] studied on the seismic behavior of  the 
frame bent hybrid structure of  SRC columns—RC 
shear walls for the main building of thermal power 
plants. Shan liang[2] used the PKPM to research on 
the seismic performance of thermal power plant. 
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study on the seismic performance of the conven-
tional island of nuclear power plant.

2 SEISMIC ANALYSIS METHODS 
OF STRUCTURE

Seismic analysis methods of structure include 
response spectrum analysis and time history 
 analysis. The response spectrum analysis[8] is based 
on the modal decomposition response spectrum 
theory. This is only a common calculation method 
of structural dynamic response that is limited 
to the linear elastic structure under earthquake 
action. The first step is to use the reciprocal theo-
rem (Betty theorem) to get the modal orthogonality 
so that we can break the vibration partial differen-
tial equations of multiple degrees of freedom into 
ordinary differential equations of the single degree 
of freedom system, which can achieve the displace-
ment response of structure solution.

Time history analysis[9] is a kind of advanced 
analysis method in seismic analysis of structures, 
including linear elastic time history analysis and 
elastic-plastic time history analysis. The elastic-
plastic time history analysis can be divided into 
static elastic-plastic time history analysis and 
 elastic-plastic time history analysis. Dynamic 
elastic-plastic time history analysis inputs the 
earthquake acceleration data into the structure. 
According to the structural dynamic equations, 
we can solve the seismic response of structures 
by the numerical method. However, this method 
often needs more time and energy. The pushover 
method[10] is plastic static analysis under monot-
onic loading, which applies lateral force to the 
analysis model in some way of simulating seismic 
horizontal inertia force that gradually increases. 
If  the structure fractures or yields, changing the 
stiffness parameters makes the structure reach a 
predetermined state. The horizontal load distribu-
tion form is as follows: bottom shear, first mode of 
structure, and modal decomposition of response 
spectrum[11]. Time history analysis is generally used 
only for important buildings and very complex 
buildings.

3 PROJECT OVERVIEW

In this paper, the conventional island of Tianwan 
Nuclear Power Station Unit 5,6 is taken as the 
research object. The workshop is 108 m long and 
the total span is 59 m. The structure of distribution 
is as follows. The cast-in-place reinforced concrete 
frame structure is composed of a steam room and 
an auxiliary room, the vertical axis (A,B,C) uses a 
frame structure; ±0.000 m and 8.500 m platforms 

of the steam room are the cast-in-place reinforced 
concrete structure, so the gable is less than 8 meters. 
The gable near the island sets the main steam pipe 
swinging proof structure, and the anti-rejection 
structure adopts the shear wall structure.

This structure is a semi-basement structure. 
 Seismic grade is class one and the structure 
arrangement is very irregular. The load varies and 
the distribution of quality is very uneven. The 
effect of nuclear power equipment in the main 
building for structural seismic performance cannot 
be ignored[12]. In addition to the elastic analysis of 
the structure, plastic deformation analysis under 
the rare earthquake is also needed. According 
to the drawings and load data of the conventional 
island, SAP2000 and ANSYS are used for elastic 
analysis and elastic-plastic deformation analysis.

4 THE MAIN BUILDING MODEL

4.1 Input conditions

The design of load conditions of this project is as 
follows: (1) constant load, mainly the weight of the 
structure; (2) process load, including pipeline lifting, 
weight of equipment, maintenance of crane load; 
(3) crane load from four directions; (5) earthquake, 
considering torsional effect; (6) whipping loads of 
the main steam pipeline and main water supply 
pipeline; and (7) floor live loads and roof live load.

The seismic fortification intensity is 7 degrees 
and of the third earthquake group. The earthquake 
acceleration is 0.10 g and the site category is the 
second. The surface design ground motion param-
eters are listed in Table 1.

4.2 The main building model

During the establishment of the SAP2000 model, 
the beam-column element is imitated by the truss 
element. The node is rigid and the floor is the 
elastic shell element. Steel structure beams are 
all articulated and the concrete side wall around 
the main building is applied to the soil pressure; 
Eccentric setting is for all surface elements and 
beam elements, considering the actual elevation of 
the structure.

Table 1. The surface design ground motion parameters.

Earthquake 
level

Peak 
acceleration 
(cm/s2) αmax Tg

Damping 
ratio

Frequent  35 0.08 0.45 0.05
Rare 220 0.50 0.45 0.05
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In the ANSYS analysis model of three-
 dimensional calculation, roof truss structure is 
simulated by link8. Beam189 is used to show 
the beam-column component. Shell99 is used to 
simulate all the surface shell elements. The three-
 dimensional model of the structure is shown in 
Figure 1 and Figure 2.

5 A SEISMIC ANALYSIS OF THE MAIN 
BUILDING STRUCTURE

5.1 Period and mode of vibration

In a given design ground motion, Table 2 lists the 
vibration period of the main plant structure. It 
can be seen that the first natural vibration period 
T1 and the second natural vibration period T2 
of the structure calculated by using the SAP2000 
and ANSYS models are dominated by  translation. 
The natural vibration period T3 reverses, and 

Table 2. Structure natural vibration periods of the main 
machine hall in the conventional island.

Item

Period

SAP2000 ANSYS

Natural vibration period of structure
T1 1.082 1.091
T2 0.998 1.052
T3 0.891 0.905
T4 0.849 0.544
T5 0.464 0.492
T6 0.458 0.484
T7 0.419 0.458
T8 0.407 0.402
T9 0.396 0.389
T10 0.393 0.388
Torsional/translational T3/T1 = 0.82 T3/T1 = 0.83

Figure 1. SPA2000 model.

Figure 2. ANSYS model.

Table 3. Computing mode number and quality of 
modal participation factor.

Item

Period

SAP2000 ANSYS

Number of 
modes

Number of 
modes

Calculation of the number of modes and mode 
participation mass ratio

X 80 97% 80 99%
Y 80 98% 80 99%

T3/T1 is less than 0.9, meeting the “Technical 
specification for concrete structures of tall build-
ing” requirements.

The effect of higher modes of the seismic design 
of the building structure cannot be ignored. When 
the base shear and top displacement error is less 
than 5%, the cumulative mass participation ratio 
should be greater than 90% stipulated by the 
“Technical specification for concrete structures of 
tall building”. Table 3 gives the calculation of the 
number of modes and mode participation mass 
ratio. It can be seen from the table that up to 80 
order vibration mode, the modal mass coefficient 
reaches 90%, meeting the requirements of the 
specification.

Vibration is the relative displacement of each 
particle when the free vibration occurs in the struc-
ture, which could be used to determine whether the 
structure system layout is reasonable or not. The 
first three modes of the structure are as follows: 
1 translation, 2 translation, and 3 reverse. If  the 
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torsional mode is premature, it is unfavorable to 
the seismic behavior of the building.

5.2 The elastic layer displacement angle 
under frequent earthquake

Under the influence of wind load and earthquake, 
the interlayer displacement angle of the main plant 
structure can meet the requirements of the specifi-
cation (1/550). The interlayer displacement angle 
of the structure is given in Table 4.

5.3 The overall stability of structures in the 
elastic stage under frequent earthquake

The calculation results show that each layer frame 
ratio of stiffness to weight is greater than 10, which 
meets the standard requirements for the overall 
stability. When the ratio of stiffness to weight is 
greater than 20, it is unnecessary to consider the 
two-order effect. The ratio of stiffness to weight is 
given in Table 5.

5.4 The elastic-plastic deformation analysis 
under the rare earthquake

The seismic grade of the main building struc-
ture in this project is level 1, and the structure is 
 irregular. The elastic-plastic deformation analysis 

Table 5. The ratio of rigidity-to-gravity computing of 
the structure.

Item SAP2000 ANSYS

Total quality of structures (t) 35984.5

The overall stability of structures
X
Ratio of stiffness to weight 156 142

83.6 78.4
192 183

Y
Ratio of stiffness to weight 232 211

104 95
128 105

Table 6. Interlayer displacement angle of 
strong seismic action.

Layer 
number

Interlayer 
displacement 
angle in X

Interlayer 
displacement 
angle in Y

1 1/1257 1/1223
2 1/464 1/548
3 1/535 1/242

Table 4. Interlayer displacement angle of the structure.

Item SAP2000 ANSYS

The interlayer displacement
X
Small earthquake 1/1527 1/1324
Wind 1/2629 1/2245

Y
Small earthquake 1/1412 1/1207
Wind 1/5780 1/5321

under the rare earthquake should be conducted 
after the elastic analysis. The pushover analysis in 
the structural model is built in SAP2000 (Pushover 
Analysis).

In the architecture of SAP2000, the specific 
 reinforcement of beams and columns is made 
according to the reinforcement scheme to design 
the specific parameters of the plastic hinge. 
Moment rotation curve relationship of double sec-
tion beams is worked out by the section size and 
reinforcement arrangement in the section designer, 
and then input the number to joint design param-
eters, the analysis results of which are as follows. 
From the spectrum-demand spectrum curve to 
capacity in the X axis and the spectrum-demand 
spectrum curve capacity in the Y axis[13], it can be 
known that the performance point appears earlier 
and is in the elastic range capacity spectrum, which 
indicates that the structure has a good seismic 
performance of reserves and meets the standard 
requirements of fortification.

From the performance point of the structure, 
we can obtain vertex displacement corresponding 
to the structure according to formula (1), which 
can reflect the deformation structure under the 
rare earthquake:

S
XdS topo

topo
=

Δ
γ 1 1XtoX poγγ ,

 (1)

According to the specification, we calculate the 
structure angle of floor displacement and test the 
structure to satisfy the deformation requirement of 
large earthquakes. The performance point of the 
interlayer displacement angle is given in Table 6.

It can be seen from Table 6 that the maximum 
drift angle is 1/242, which meets the specifications 
of  the reinforced concrete frame structure elastic-
plastic displacement angle limit of  1/50 require-
ments under the rare earthquake. At the same 
time, the calculated maximum displacement of 
the top layer is 0.112 m, which is far less than the 
1/50 × 33 = 0.66 m vertex lateral displacement limit, 
meeting the requirements of  the specification.

After the determination of the structure that 
meets the earthquake deformation, the judgment 
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of weak structural layer can be made based on the 
distribution of the structural components of the 
plastic hinge. Observation of performance point 
hinge[14] is shown in Figures 3 and 4.

Figure 5 shows the hinge state graph. In the 
pushover analysis in X, framework beams and 
columns located in the performance of point are 
still in the A-B elastic stage, with no plastic hinge. 
In the pushover analysis in Y, the plastic hinge 
appeared in the end of the beam located in the per-
formance of the main points, where the structure 
is in the elastic yielding stage, at the point B on 
the hinge state graph. Hinge is in beam ends that 
meet the seismic code “strong column and weak 
beam”  seismic design concept in the structure. So, 
it satisfies the requirements of the local deforma-
tion component requirements.

6 CONCLUSION

Using the SAP2000 and ANSYS models, we carry 
out the analysis on the main building structure 
in Tianwan Nuclear Power Station Unit 5 and 6, 
obtaining the structural dynamic response under 
different effects of earthquake. We then compared 
the elastic response under frequent earthquake and 
time history analysis, and conducted plastic defor-
mation analysis under severe earthquake. On this 
basis, the results showed that:

1. Under the frequent earthquake, response spec-
trum analysis and time history analysis show 
that the structural seismic performance is good. 
The cycle and vibration mode of the structure 
and the elastic layer displacement angle can 
meet the requirements of the specification.

2. The pushover analysis under the rare earth-
quake shows that the performance point that is 
from the intersection of the demand spectrum 
and the response spectrum appears earlier. The 
seismic performance of the structure can meet 
the requirements of the specification.

3. Hinge is in the beam ends, which meets the 
seismic code “strong column and weak beam” 
seismic design concept in the structure. So, it 
satisfies the requirements of the local deforma-
tion requirements.
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Behavior of steel double-channel built-up chords of special staggered 
truss steel frames structure under reversed cyclic bending

H.D. Ran & W.L. Liang
School of Civil Engineering of Xi’an University of Architecture and Technology, Xi’an, China

ABSTRACT: Finite element results from the tests of eight cantilever double-channel built-up members 
under reversed cyclic bending are presented. The main parameters investigated were stitch spacing, lateral 
bracing spacing, depth-thickness ratio of web and setting stiffeners. The moment-drift hysteretic loops, 
skeleton curves, the moment and drift values for different loading stages and seismic behavior index were 
obtained. According to these curves, the failure characteristic, ductility, and energy dissipation capacity 
of this type of structure were analyzed in this paper. The results indicate that the cantilever double-
 channel built-up members have good hysteretic behaviors. The reduction in stitch spacing can prevent 
lateral-torsional buckling of individual elements. A thicker web improves the bearing capacity. The stiffen-
ers limit the buckling of web and flange, as well as improve hysteric energy of the member.

Keywords: cantilever double-channel built-up members; reversed cyclic bending; hysteretic behavior; 
finite element

Element Package ABAQUS to detect in detail 
the local and global behavior of the base connec-
tion. The finite elements used for the discretiza-
tion are brick-type solids with 8 nodes (C3D8R). 
The channels, gussets and stitch plates were made 
of Q235, while modulus of elasticity Es = 2.06 × 
105 MPa, Passion’s ratio ν = 0.3, and yielding 
strength σy = 235 MPa. Material constitutive rela-
tion obeyed the ideal elastic-plastic material.

3 DESIGN OF SPECIMENS

The cantilever specimens would represent the 
chord member between the end of the special stag-
gered truss steel frames structure (fixed end in test 
specimen) and midspan point of inflection of the 
special staggered truss steel frames structure (free 
end in test specimen) (Fig. 1). The load P in term 
of displacement acted on 200 mm below the free 
end. There were restraint about x, y and z direction 
on the ends of grade beam, as well as x direction 
on the loading point.

This paper consisted of testing of eight can-
tilever double-channel built-up members under 
reversed cyclic bending. Each specimen consisted 
of a gusset plate, and a double-channel built-up 
member made of either 2-C25a or 2-C25c sections. 
Figure 2 were the layout and geometrical sizes of 
specimens. There was no provisions about double-
channel built-up members under bending on code 
for design of steel structures [4] (GB50017-2003). 

1 INTRODUCTION

As economic, efficient, the staggered truss frame 
system was a line with the development direction of 
Chinese steel buildings [1–2]. Because of the advan-
tages, domestic and foreign scholars have done 
a lot of research. The results indicate that com-
posite staggered truss frame steel structure under 
reversed cyclic bending, the developing sequence 
of plastic hinges was truss web members→truss 
chords→column [3], which was adverse to the seis-
mic performance of structure. This paper proposed 
a method to promoted performance of the compos-
ite staggered truss frame, that is, chords were used 
as special segments to dissipate energy by yielding, 
and other members of structure remain elastic. This 
method improved the overall seismic performance 
of structures. With its rational use of material, high 
stiffness and well preventing lateral-torsional, steel 
built-up members were often used in earthquake-
resistant structures or chord members in special 
truss girders. As the less study about double-chan-
nel built-up members’ flexural performance, the 
research on double-channel built-up members 
under reversed cyclic bending has important practi-
cal significance in the hysteretic behavior.

2 MODEL OVERVIEW

A three-dimensional finite element model of the 
tested system has been developed via the Finite 
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Specimens 1–4 consisted of a 2-C25a built-up 
member, while the distance of stitch spacing was 
40i, 30i, 20i, 10i, respectively. Where i was the 
individuals’ radius of gyration to weak axis. The 
four elements are designed such that buckling of 
the entire brace occurs prior to buckling of the 

Figure 1. Location of specimens and plastic hinge.

Figure 2. Layout and geometrical sizes of specimens.

Figure 3. Displacement history.

 individual  members. Specimen 5 consisted of a 
2-C25c built-up member, while the distance of stitch 
spacing was 10i. It was setting stiffeners between 
the first stitch and 30 mm above the gusset plate. 
The distance of stiffeners was 50 mm.  Specimen 6 
was “identical” to  Specimen 5, expect for a reduced 
stiffener spacing of 40 mm, which could prevent 
local buckling of web and flange.  Specimen 7 fea-
tured the same details as in  Specimen 6, but was 
changed C25a. Based on specimen 6, specimen 8 
set restraint about x direction on the first stitch. 
That could ensure the stable of members to study 
variations of depth-thickness ratio on member’s 
behavior. The lateral bracing on specimen 8 met 
the chapter 8.5.5 on Code for seismic design of 
buildings [5] (GB50011-2010).

The method of cyclic displacement loading was 
based on specification of testing methods for earth-
quake resistant building [6] (JGJ 101-96) (Fig. 3).

4 TEST RESULTS

The displacement was the horizontal displace-
ment of loading direction. Conveniently, Rotation 
(rad) = displacement (mm)/1200 (mm).

Yielding of the channels in Specimen 1 was 
noticed at early stages of the test (about 4.25 mm) 
and spread over approximately 100 mm above 
the gusset plate during the later loading cycles. 
 Lateral–torsional buckling of the individual chan-
nels was first noticed during the 3Δy cycles. This 
lateral-torsional buckling became severe during the 
cycles at 10Δy cycles, which ultimately led to the 
termination of the test. Specimen 2 showed a very 
similar response compared to Specimen 1 with a 
short stitch spacing of 20i, but for yielding drift of 
8.51 mm. Specimen 3 showed no deterioration of 
strength up to 8.72 mm. At 4Δy stage, slight local 
buckling in the channel web was observed, and fail-
ure due to lateral–torsional buckling of individu-
als occurred during the 10Δy (Fig. 4). A reduced 
center-to-center stitch spacing of 224 mm (10i) was 
provided in Specimen 4. Yielding in the channels 
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Figure 4. Lateral–torsional buckling of individuals.

Figure 5. Local buckling of web.

of Specimen 4 was first noticed at approximately 
8.75 mm and spread over 100 mm above the gus-
set plate during 17.5 mm cycles. It had higher 
bearing capacity and hysteric energy compared to 
Specimen 3. For the cycle to 96.25 mm (11Δy), the 
maximum moment of specimen 4 dropped to 86% 
of extreme moment. For the cycle to 100 mm, the 
maximum moment dropped to 85% of extreme 
moment, while flange and web severe buckling 
(Fig. 5). The reason for dropped bearing moment 

was local buckling of flange and web. FEM and 
analysis indicated that the individuals could act as a 
member to bear load for the stitch spacing of 10i.

Yielding of the channels in Specimen 5 was 
noticed at early stages of the test (about 9.87 mm). 
Slightly buckling of flange was first noticed at 
7Δy, while severely at 9Δy (Fig. 6). For the cycle to 
100 mm, the maximum moment dropped to 97% of 
extreme moment, while reached the target rotation 
0.08 rad, terminated. Yielding of the channels in 
Specimen 5 was 10.8 mm. The maximum moment 
dropped to 97% of extreme moment at 100 mm. 
That indicated that stiffeners spacing of 40 mm 
could ensure local stability. Yielding of the chan-
nels in Specimen 7 and Specimen 8 was 9.76 mm, 
11.1 mm, respectively.

5 ANALYSIS OF TEST RESULTS

5.1 Moment-drift hysteretic loops

The moment-drift hysteretic loops of Specimens 
1–4 were shown in Figure 7a–d. In the elastic 
stage, overall deformation was small in the early 
loading, with linear relationship of moment ver-
sus drift and a small residual deformation after 
unloading. The hysteresis loop was not obvious 
in this cyclic. In the elastic-plastic stage, with the 
increase of horizontal load, the area of hysteresis 
loop was increasing and the moment reached to 
maximum after yielding of the channels. The hys-
teresis loop was larger on the later loading. For 
the Specimens 1–3, carrying capacity dropped and 
hysteresis loop had rheostriction when rotation 

Figure 6. Local buckling of flange.
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Figure 7. Moment-drift hysteretic loops.

Figure 8. Moment—drift skeleton curves.

exceeded 0.03 rad. The reason was lateral torsional 
buckling of individuals which resulted in losing 
carrying capacity, severely local buckling of flange 
and web.  Specimen 4 enhanced the connection of 
individuals with the stitch spacing of 10i. Carrying 
capacity dropped when rotation exceeded 0.04 rad. 
The reason was local buckling of flange and web. 
Comparing to Specimen 1–3, Specimen 4 had a 
better plastic deformation and energy dissipation 
capacity and full hysteresis loop.

The moment-drift hysteretic loops of Specimens 
5–8 were shown in Figure 7e–h. The hysteretic loops 
of four Specimens was similar in the elastic stage. 
The shape of hysteretic loops of four Specimens 
showed fusiform and was very full in later load-
ing. When rotation exceeded 0.03 rad, the flange of 
Specimen 5 appeared slightly buckling. Compared 
to Specimen 5, the area of hysteresis loop of Speci-
men 6 slightly increased. Specimen 7 with fuller 
hysteresis loop to Specimen 4, which indicated set 
stiffeners prevented local buckling of flange and 
web. Compared to 7, the area of hysteresis loop of 
Specimen 6 was bigger. The area of hysteresis loop of 
Specimen 8 slightly increased to 6. Until  completion 

of the loading, here was buckling of individuals and 
local buckling of web and flange.

5.2 Moment-drift skeleton curves, carrying 
capacity, ductility

The moment-drift skeleton curves of eight Speci-
mens was shown Figure 8. From this figure, 
moment and drift in various loading stage can be 
calculated, as shown in Table 1. It was concluded 
the yielding point and extreme point shown ascend-
ant trend. Compared to 3, the yielding moment of 
Specimen 4 improved to about 1.9% and yielding 
drift to 3.0%, while extreme point exhibited an 
almost identical. Which indicated  Specimen 4 had 
a good ductility. The yielding and extreme moment 
of Specimen 7 was higher than Specimen 4. The 
yielding moment and drift improved to 2.8%, 
11.5%, respectively. The extreme moment and 
drift improved to 6.9%, 178%, respectively. It was 
increased ductility of member by set stiffeners, 
which prevented local buckling of flange and web. 
The yielding and extreme moment of Specimen 6 
was higher than Specimen 5. The yielding moment 
and drift improved to 1%, 9.4%, respectively. The 
extreme moment and drift improved to 1.4%, 
9.4%, respectively. Which indicated the behavior 
of member slightly changed when reduced stiffen-
ers spacing to 40 mm. The yielding and extreme 
moment of Specimen 8 approximately equaled to 
Specimen 6, but ductility increased. Specimen 8 
with lateral bracing reduced effective length of out-
of-plane improved behavior of member.  Ductility 
factor also listed in the Table 1.

5.3 Energy-dissipating capacity

Figure 9 was the energy dissipation of eight 
specimens. As the big initial stiffness, speci-
mens dissipated little energy and the loops of 
energy dissipation was gentle in the elastic stage. 
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Table 1. Characteristic moment and drift.

Specimen My (kN ⋅ m) θy (rad (%)) Mu (kN ⋅ m) θu (rad (%)) μ

1 159.87 0.703  68.03 1.4167 2
2 160.35 0.7092 168.67 2.1275 3
3 161.98 0.7267 169.27 1.4533 2
4 164.16 0.7292 169.32 1.4583 2
5 200.21 0.8225 212.47 3.2900 4
6 202.09 0.000 215.41 3.6000 4
7 168.71 0.8133 181.00 4.0667 5
8 202.88 0.9250 215.40 4.6250 5

Figure 9. Energy dissipation of specimens.

After yielding drift, the area of hysteretic loop of 
every specimens increased by yielding to dissipate. 
The equivalent viscous damping coefficient (he) of 
eight specimens grow fast which indicated energy-
dissipating capacity increased with development of 
plastic. At late load, every specimen showed good 
energy-dissipating capacity, with he to 0.522, 0.524, 
0.527, 0.530, 0.565, 0.551, 0.547, 0.559, respectively. 
On the whole, a thicker web improved the carrying 
capacity, energy-dissipating capacity and he. The 
specimen with stiffeners, which prevented local 
buckling of flange and web, relied on yielding to 
dissipate energy. As no buckling of member, lat-
eral bracing on plastic hinge slightly increased the 
behavior of dissipating energy. All the results indi-
cated specimen 8 had the best hysteretic behavior.

6 SUMMARY AND CONCLUSIONS

1. The hysteretic loops of cantilever double-channel 
built-up members was full, whose shape was 
fusiform, indicated strong energy-dissipating 
capacity. It could be used as the chords of spe-
cial staggered truss steel frames structure.

2. For the double-channel built-up members 
under reversed cyclic bending, the stitch spac-
ing was advised 10i. i was the individuals’ radius 
of gyration to weak axis.

3. The specimen with stiffeners prevented local 
buckling of flange and web and increased car-
rying and energy-dissipating capacity. But the 
limit of stiffeners spacing was still a question.

4. Lateral bracing on plastic hinge slightly 
increased the behavior of member.
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Seismic influences on high-speed elevators in Super-High-Rise buildings

I. Torguet & W. Lu
Research Institute of Structural Engineering and Disaster Reduction of Tongji University, Shanghai, China

ABSTRACT: In the last few years, we have experienced an advent of Super-High Rise Buildings all 
around the globe, aiming to become iconic landmarks not only in height, but also in uniqueness and com-
plexity of their structure. Along with the SHR buildings, new requirements have to be dealt to ensure their 
serviceability and safety, especially, when they are more vulnerable to get damaged: during an earthquake 
event. In essence, this study aims at first to provide guidelines for the analysis of the dynamic behav-
ior of such structures, taking as example the Shanghai Tower and, furthermore, seeks to implement the 
behavior of the elevators in the overall response of the structures, to see how they interact between them. 
The research introduces the concept of the elevator’s velocity in conjunction with the dynamic behavior 
analysis, implementing several configurations to determine the responses and relationships between the 
structure and the non-structural element.

Keywords: Super-High-Rise buildings; high-speed elevators; modal analysis; dynamic behavior; enve-
lopes of excitation; acceleration spectrum; elevator velocity

1.2 Super-High-Rise Buildings in China

China has experienced, in the last few decades, a 
rapid economic growth that continues up to date. 
As a consequence, China has seen a huge increase 
in the needs of urbanization and renewal of facili-
ties, mainly focused on the big cities spread across 
the country.

Regarding the High-Rise Building field, Main-
land China’s boom in such kind of construction 
started in the 1990s, bearing in mind the fact that in 
places such as Hong Kong, some Super-Tall build-
ings were already constructed. Owing to the wide 
variety of social requirement for commercial or 
aesthetic purposes, the limited availability of land, 
and the preference for centralized services, the height 
of tall buildings had to grow taller, and the configu-
ration as well as structural system, in consequence, 
has become more and more complex in recent years.

Nowadays, China has some of the tallest build-
ings in the world, and is aiming to construct even 
taller buildings than the ones already existing.

A key issue that must be fully understood in 
relation with SHR Buildings in China is their 
seismic safety, due to the fact that most of the 
buildings having been completed or being under 
construction are located in earthquake prone 
areas.  Furthermore, a large amount of SHR build-
ings are located in the east coastal area of China, 
where the effects on structures by wind actions are 
significantly important.

1 INTRODUCTION

1.1 Change of paradigm in Super-High-Rise 
Buildings

Even though Super-High-Rise Buildings (SHR) 
have historically been located mainly in the US, in 
the past years there has been a shift of momentum, 
resulting in the Asian and Middle East countries 
being in the frontline of this kind of structure’s 
development (Lu, 2011a).

Starting with the Petronas Twin Towers in 
Kuala Lumpur in 1998 and also with Taipei 101 
in Taiwan in 2004 (Fan, 2009), this shift not only 
represents a geographically transition, but also 
a change in approach of  SHR building’s design. 
Now there is no further desire on an international 
style building, but rather a landmark to exhibit a 
design that avails itself  of  the country historical 
elements. The Jin Mao Tower in Shanghai, resem-
bling an Asian Pagoda, or the Burj Khalifa in 
Dubai, currently the world’s tallest building, which 
recalls some of  the Islamic Art, are clear examples 
of  such to reflect the culture of  the country where 
they stand.

As a direct result of this change of paradigm, the 
SHR are becoming more and more complex struc-
tures, with upcoming requirements that cannot be 
assured by regular code complying techniques, and 
need further investigation and development (Jiang, 
2011).
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Regarding all the possible threats, it is mandatory 
to attract researchers and investigation institutes in 
order to develop more reliable code provisions and 
design methods to deal with such threats. There is a 
need to undergo seismic dynamic analysis, such as 
the one aimed in this paper, to give further insight 
in such important matter.

2 SEISMIC BEHAVIOR OF SHANGHAI 
TOWER

2.1 Overview of the structure

As third tower in the trio of SuperTall buildings 
at the heart of Shanghai’s Lujiazui Finance and 
Trade Zone, the Shanghai Tower is meant to repre-
sent a new way of thinking in SHR buildings (Xia, 
2010). Placed in close proximity to Jin Mao Tower 
and Word Financial Center, the new tower rise 
high above the skyline and presumably become a 
symbol of the economic strength of China.

The Shanghai Tower will be a multi-functional 
office building, with a total height of 632 m and 
121 storeys, filled with a unique mix of restaurants, 
shops, hotels, and offices spaced throughout the 
building. In addition, it will provide SHR build-
ings a new insight in how to improve the sustain-
ability of such kind of structures, with the concept 
of vertical cities, wrapping the whole building in 
public spaces and sky gardens.

2.2 Shanghai Tower’s model

The Shanghai Tower is a state-of-art structure, 
with some of the newest constructing techniques 
and element’s performance. As a result, numerous 
studies are at the moment working on reliable and 
precise computational models to determine the 
responses of this structure (Lu, 2011b). The key 
insight that differs most of the models and the one 
that we are presenting relies on the approach. In 
some of the other researches, Finite Element Mod-
els have been conducted to simulate the Shanghai 
Tower, with more or less precision (Zhou, 2013). 
The problem is that these FE models consist on, 
as a piece of example, 19973 elements, 45418 shell 
elements, and 14376 solid elements, resulting in 
extremely complicated designs, only enabled by 
powerful software and great deal of computational 
process. Due to the complexity explained above, 
and aiming to find a simpler version, the structure 
model will be reduced into a set of lumped masses, 
which bundle the different elements’ characteristics 
(Lu, 2014).

As a matter of fact, we know that the Shanghai’s 
Tower program is organized into eight vertical 
zones, each with 12 to 15 floors, covering a  different 

type of facility, but having a similar layout. Taking 
that into consideration, we have created our model 
lumping the elements in each zone, solving the 
need of an easy tool for understanding and prop-
erly collecting the responses of structures.

Once stated the approach for our model, several 
assumptions in terms of stiffness, mass, and damp-
ing have to be noted. In terms of the stiffness, the 
elements with the most contribution to the Shang-
hai Tower’s stiffness are the core-tube, the super-
columns and the outriggers with their belt truss. In 
this sense, it is assumed that the overall stiffness of 
the lumped mass is the sum of the stiffness of each 
structural element for a given zone (Carpinteri, 
2013). Therefore, we will have stiffness for each 
floor separately. What’s more, the stiffness depends 
on the direction along the axis desired, and for the 
purpose of our study we will select the one’s from 
the X direction to undergo the dynamic analysis.

Regarding the mass of the structure, we will 
assume the same behavior as in the stiffness, having 
an overall lumped mass for each zone of the Shang-
hai Tower. Moreover, effective masses depending 
on the direction along the axis desired are taken 
into the analysis.

Finally, the damping will remain constant 
through all the building and, according to the lat-
est regulation in Design Codes, precisely in the 
Section 5.3.4 of the Specification for the Design of 
Steel-Concrete Hybrid Structures in tall buildings 
(CECE230:2008), will have a value of 4%. If  there 
is a need to vary that number in order to meet the 
requirements, it will be done during the computa-
tional process.

The data collected to model the Shanghai Tower 
is to be found in Table 1.

With the information collected, a modal anal-
ysis was carried out, in order to determine the 

Figure 1. Shanghai Tower Model. Approach of layout.
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dynamic properties of  the structure, such as the 
natural frequencies. It is crucial to know the fre-
quencies and, therefore the periods, because they 
are the ones at which the structure will naturally 
resonate (Meera, 2013). In an event of  an earth-
quake, it is imperative that the building’s natural 
period does not match the period of the seismic 
action, or it will resonate and experience damage 
due to severe oscillations. The natural periods of 
our model, from the first to the eighth mode, are 
shown in Table 2.

Besides the values for the periods, the UX, UY, 
and RZ show the modal participation of each 
mode. As a matter of fact, modes 1, 3, and 6 are 
primarily the ones with greatest significance along 
the X direction. They will be the most contribu-
tors to the response of our model in the desired 
direction.

Hence, the mode shapes are generated. A mode 
shape of an oscillating system is the pattern of 
motion that will experience an object when all the 
parts of it move sinusoidally, with the same fre-
quency and with a fixed phase relation. Using the 
commercial software ETABS, the modal shapes 
are drawn as shown in Figures 2 and 3.

2.3 Earthquake wave selection

According to the Chinese code “Code for Seismic 
Design of Buildings,” the earthquakes, in terms 
of Peak Ground Acceleration (PGA), are catego-
rized as: Minor or Frequently occurred, when their 
PGA is 0.035g, Basic or Moderate when the PGA 
is 0.1g, and Strong or Rare when the earthquake 
has a PGA of 0.25 or above.

In our analysis, we have chosen the Basic or 
Moderate earthquake type to be our ground 
motion input. The reason is that, even though it 
is a quite severe excitation, buildings have to deal 
with the deformations and remain operational 
once the event is over (Tenozhi, 2013). As a mat-
ter of fact, if  we were to set our standards to the 

Strong or Rare earthquake, we could easily fall 
into over dimensioning our building. The require-
ments in terms of dynamic behavior are tougher, 
and the probability of such excitation happening 
is unlikely.

Table 1. Overall data for the zones in Shanghai Tower 
Model.

Zone
Mass
(kN/g)

Kx
(kN/mm)

Ky
(kN/mm)

8 71656.3 172.09 177.47
7 59396.9 240.82 247.67
6 68695.8 372.62 374.90
5 82736.3 536.99 543.42
4 93246.8 877.36 878.11
3 108921.4 1295.76 1325.18
2 121295.4 2494.52 2658.71
1 68652.6 16215.13 17309.65

Table 2. Modes of vibration of Shanghai Tower.

Mode Period(s) UX UY RZ

1 9.49 44.18 0.00 0.00
2 9.35 0.00 43.83 0.00
3 2.20 22.73 0.00 0.00
4 2.16 0.00 22.83 0.00
5 1.44 0.00 0.00 53.30
6 0.88 10.54 0.00 0.00
7 0.86 0.00 10.64 0.00
8 0.71 0.00 0.00 20.32

Figure 2. Mode shapes of vibration from 1–4.

Figure 3. Mode shapes of vibration from 5–8.
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In addition to the categorization of type of 
earthquake, the Code also states that if  a dynamic 
analysis is conducted, one must use at least seven 
different earthquake records. In that way, the Code 
enables us to find an average response of the struc-
ture throughout the comparison of the different 
responses achieved. Furthermore, as long as our 
model is set in the elastic range of deformation, the 
results with different earthquakes but with same 
peak ground motion can be compared directly. If  
it were a non-linear approach, such assumption 
would not be correct (Lee, 2002).

In our study, we have chosen as earthquake 
records the following: Mexx, L725, S790x, SHW3, 
El Centro NS, L604, and USx, having all of them 
a PGA of 0.1g. To show how the data from the 
earthquake records is treated we present Figure 4, 
extracted from Mexx earthquake, which displays 
the Time History of this ground motion.

2.4 Seismic behavior. Elastic response

The study undertakes a behavioral analysis of the 
model, using as input the excitations events above, 
with the goal of obtaining the time domain history 
of the response, in terms of displacement, veloc-
ity, and acceleration. Furthermore, we have also 
extracted from the results the interstory drifts of 
the floors due to such excitations.

The displacement of our model due to the set 
of earthquakes is of vital importance. In essence, 
what we obtain is the history of the deformation 
from static position of our structure. With a quick 
look at the data, we are not only able to determine 
the absolute values of displacement, but also the 
shapes that the structure will take when excited. 
Knowing the possible shapes of a structure will 
enable us to determine the serviceability and safety 
of the structure in an event of excitation.

The InterStory Drift gives us insight in the 
relative displacement between consecutive floors 
(Rofooei, 2012). In this sense, it is of great value 
because it helps us understand the actions and 
reactions that the floors have to manage due the 
motion of the others. In a particular way, to ensure 
the correct functioning of an elevator within the 
structure, there is a need to study the progres-
sion of the InterStory Dirfts along the height of 
the structure. Any abrupt change in displacement 
between floors could damage the whole eleva-
tor machinery and represent a dramatic scenario 
(Yang, 2010). Therefore, we are keen on taking a 
closer look into the Drifts.

Acceleration is perhaps the most important fac-
tor when studying the behavioral dynamic analy-
sis of a structure. This is due to the fact that it is 
closely related to the inertial effects of the struc-
ture due to the excitation, and it is an effective 
approach to deal with the frequencies that excite 
the structure (Miranda, 2005). When we examine 
the accelerations of a building, separately occur-
ring in each floor, we are able to determine the 
frequencies that will contribute the most to the 
motion of that floor.

What’s more, a study along the height of the 
structure showcases the relationships between 
floor’s acceleration and, thus, the shape of the 
acceleration path. This aspect will be broadly used 
afterwards, in order to create the envelopes of 
excitation.

Once the dynamic analysis is done, the data is 
collected and compiled to further processing and 
treatment. With all the extracted data, an average 
response is developed. Taking into consideration 
that all the analysis is on the elastic range and that 
the values obtained are all dependent to a 0.1g of 
PGA earthquake, the comparison between them is 
feasible, computing the mean values.

As a result of that, the research obtains aver-
age maximum figures, again in terms of displace-
ment, interstory drift, velocity, and acceleration. Figure 4. Mexx earthquake in time history.

Table 3. Average earthquake response. Overall 
maximums.

Floors
Displacement 
(m)

InterStory 
Drift (m)

Velocity
(m/s)

Acceleration 
(m/s2)

8 0.938 0.312 0.924 2.366
7 0.658 0.255 0.573 2.386
6 0.464 0.183 0.603 2.272
5 0.324 0.136 0.474 2.010
4 0.203 0.099 0.349 1.911
3 0.109 0.069 0.257 1.909
2 0.041 0.035 0.137 1.685
1 0.007 0.007 0.028 0.764
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That would be the expected values for a 0.1g earth-
quake. It is truly important for us because it gives 
an insight of what response would give our struc-
ture back in a random earthquake.

In this sense, we have knowledge of up to what 
value our structure has answer back due to the 
excitation. In other words, we are now capable to 
give a value of the threshold of response for each 
variable (displacement, interstory drift and so on), 
for any given floor.

Hence, we introduce the concept of Envelope 
of Excitation to our analysis. An envelope of 
excitation is the compilation, along the height of 
the structure, of the maximum values achieved in 
each floor. It gives us a frame, a restriction, to the 
response of the building, because it is composed 
of all the limits obtained. In a way, it is conceptual 
due to the fact that all maximum responses do not 
necessarily happen at the same time and, therefore, 
the response path is not likely to occur as we see it. 
However, it is of vital significance because, in a sin-
gle graph, we can judge the possible deformation 
and reaction scenarios in our building.

Lastly, we are able to generate an average earth-
quake envelope, represented in Figure 5. The 
average earthquake envelope will represent the 
expected path and dynamic behavior for any given 
basic or moderate earthquake as stated in the Code 
for Seismic Design of Buildings.

With such envelopes, we are able to underline 
several important issues regarding the variables 
used. The displacement of the expected earthquake 
response follows with great similarity the first mode 
of vibration of the structure. In consequence, we 
are able to assume that the most contributors to 
the dynamic behavior of Shanghai Tower are the 
first mode of vibration, with a natural period of 
9.49 s. The InterStory Drift also follows a similar 
path, stressing the assumption above.

The velocity of the Shanghai Tower under a 0.1g 
earthquake follows an approximately linear path, 
giving sense to an increase of the floors along the 
height. As we can see in the graph, at the seventh 

floor there is a slight change in velocity, due to the 
way of motion of the structure itself.

The acceleration obtained follows a fairly 
straight line when deals with the upper floors, as 
expected. The lower floors, and specially the first 
floor, have a behavior that relates to the high fre-
quencies of excitation.

Numerous studies undergone before in the 
Shanghai Tower (Lu, 2011) give a factor of k = 3 
as multiplication of the response in terms of accel-
eration. In our case, if  we linearize our model enve-
lope, we will get to a k = 2.5. Our results, pretty 
close to the ones from previous research, give 
strength to our analysis and ensure that our overall 
dynamic study is a good approach.

3 SEISMIC ACTIONS OF HIGH-SPEED 
ELEVATORS

3.1 Overview. Analyzing the phenomenon

Since the invention of the safety elevator by Otis in 
1852, there has been a need to ensure the service-
ability and safety for the passengers in an elevator 
for any given circumstance. However, as long as the 
buildings where those elevators were implemented 
were not tall enough to fall into damage due to 
large oscillations in response, not much research 
was focused in that field.

In fact, the major shift in the elevator perform-
ance analysis would come after a series of dam-
aging earthquakes in the United States. First in 
Alaska earthquake in 1964 and, after that, in San 
Fernando earthquake in 1971, the damage in the 
elevators was so significant that forced the compe-
tent organizations to look for better elevator seis-
mic capacity (Anshell, 2008). From that moment 
on, people began to realize the seriousness of the 
matter and started to propose improvements and 
renewed techniques in order to overcome such 
undesired reactions in the non-structural elements.

Not with standing, research work was still 
scarce and much of it was mainly related to the 
counterweight dynamical behavior (Mirabdollah, 
2012). From that time, many data was obtained 
by computer-based simulators that enable to see 
the behavior of the ropes and counterweight, but 
lacked accuracy. The problem was that the damage 
assessments, as their name indicated, were issued 
once the earthquake had already occurred, so it 
was unable to provide provisions for the mainte-
nance and inspection, but rather to determine ways 
of dealing after such event.

In the experimental side, the most common 
practice is to work close to the elevator companies 
that have deployed the elevator mechanisms in the 
area of the earthquake event (Yao, 2007). In other Figure 5. Average earthquake envelopes of excitation.
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words, once an earthquake happens in a certain 
region, it is a must to convey a series of inspections 
to the damaged sites in order to get as much infor-
mation about the performance as possible. As long 
as, presumably, there are more than one elevator 
companies in the area affected, the survey will have 
to be conducted by all of them at the same time. 
Hence, there will be a need to organize it via a gov-
ernment committee, who will unite the struggle of 
all parties affected in obtaining the response data.

In a way, there is still a long way to go in the 
seismic performance analysis of elevators. Nowa-
days, many new researchers are taking into closer 
examination the actions on elevators, aiming to 
develop techniques and computer-based models 
to guide the requirements these non-structural 
elements need to deal with in events of excitation 
(Arrassate, 2014).

3.2 Usage of the envelopes

In our previous dynamic analysis for the Shang-
hai Tower, we have ended up with a compilation 
of envelopes for an expected given earthquake of 
0.1g, in terms of displacement, interstory drift, 
velocity and acceleration. At this stage appears 
the concept of envelope excitation. Used mainly 
in Nuclear Power Plants and other complex struc-
tures, the envelope excitation represents a quite 
intuitive restriction for the behavior of a structure. 
In its essence, its aims to show that, to model one 
structure to deal with a set of inputs, it needs to be 
able to deal with the most significant, and there-
fore, the most damaging of the responses due to 
that excitation.

As a matter of fact, the structure will experience 
the biggest response when subjected to an artifi-
cial sinusoidal wave with amplitude the maximum 
value of the variable in the response desired. But 
the problem now is that when we use a sinusoi-
dal wave, we need to input amplitude and a fre-
quency. In our case, we need as frequency the one 
that excites each floor, because it is the one that 
contributes to achieve the greatest response for 
a given zone. To do so, Fourier Transformations 
are carried out, deriving into a frequency domain 
analysis.

Therefore, we have undergone the envelope exci-
tation analysis on the four variables (displacement, 
velocity, interstory drift and acceleration). The 
variables are differently treated due to the specific 
needs for each of them.

3.3 Overall Maximum Input

In this case, we have generated a single sinusoidal 
wave, with the information regarding the maxi-
mum response of the variable desired (in terms of 

amplitude and frequency). As stated before, if  our 
structure is able to deal with the inputs that excite 
its most significant response, then it is able to deal 
for the rest of inputs below that one. For the Over-
all Maximum Input, we have chosen the displace-
ment and the velocity.

First, we proceed with the Displacement 
response. As we can see in the envelope in  Figure 5, 
we experience the greatest deflection in the eighth 
floor, achieving a maximum value of 0.938 m. That 
is going to be our threshold, our envelope of exci-
tation value. Hence, we run through all the earth-
quake records responses of displacement for the 
eighth floor. Meaning, we have chosen, for exam-
ple, the Mexx earthquake, have taken the response 
in displacement of the eighth floor for that earth-
quake, and extracted the frequency. The same 
procedure will be carried out for each earthquake, 
finding in the end the frequencies that drive into 
that response for an expected earthquake.

The data collected is shown in Table 4.
Once we have the data, we are able to generate 

the sinusoidal wave. Using as amplitude the maxi-
mum displacement of the eighth floor, the outcome 
can be obtained by using the average frequency (as 
seen in Equation 1), or it can be an integral for the 
input, using as boundaries the maximum and min-
imum frequencies obtained (as in Equation 2).

d ( )t. s8 i
 

(1)

d dwdd( )wt∫∫0∫∫ 1038

0 1282
. s938 i

.

.
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Regarding the velocity variable, we have under-
taken in the same way that we have done with the 
displacement. In the velocity case, the maximum 
velocity is also located in the eighth floor, with an 
absolute value of 0.924 m/s.

Thus, the presentation of both the data col-
lected and the waves generated is provided in the 
same format in Table 5, and Equations 3–4.

Table 4. Frequencies to excite the Top Floor 
Displacement.

Earthquake
Frequency for Top Floor
Displacement (Hz)

ElCentroNS 0.1068
L604 0.1068
L725 0.1282
MEXX 0.1068
S790X 0.1038
SHW3 0.1068
USX 0.1038
Average 0.1090
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3.4 Floor-by-floor Input

In this case we aimed to obtain a sinusoidal wave 
for each floor of the Shanghai Tower for a given 
variable. In this new scenario, we want to gather 
the frequencies for all the floors, throughout the 
seven earthquakes. This means that, in the end, 
we will have eight frequencies, one per each floor, 
times seven due to the earthquakes. What’s more, 
we are able to find average values for each floor, so 
that we will know what frequencies make the larg-
est responses per floor.

The InterStory Drift follows a similar path that 
the one from displacement. In a way, as long as the 
displacements go increasing along the height of 
the building, so it does the drift between them.

Once we have undergone the analysis for all 
floors and earthquakes, we are able to gather them 
in a single table, as presented in Table 6. The table 
also contains the data from the average values for 
each floor.

Furthermore, to present the data obtained in a 
prescriptive way, we have created a graph, where it 
is plotted together the path achieved with the aver-
age frequencies throughout the InterStory Drfit 
values, and the tolerances for each floor drift, 
extracted from the maximum and minimum values 
in the seven earthquake records responses.

In essence, we have a tool that tells us in an 
easy visual way not only what are going to be the 
expected drifts for any given frequency, but also 
the boundary tolerances inherent to it due to the 
stochastic nature of an earthquake input.

Figure 6 is the figure explained above. In it, the 
thick horizontal lines represent the different floors 
InterStory Drift with the range of frequencies from 
maximum to minimum values. The thin continuous 

line represents the path of the average InterStory 
Drift and their inherent mean frequency.

A graph of this kind is significally helpful for 
elevator manufacturing companies, because when 
design and mount an elevator, can benefit from 
this graph, as it is an easily understood tool to 
determine for any given floor, what is the range in 
input that the elevator will have to deal with. In 
other words, for an elevator to properly function, it 
will need to be able to deal with all the frequencies 
expressed in the graph for that floor (Villaverde, 
2004).

In terms of the acceleration, the research is con-
ducted in the same way as in the InterStory Drift, 
collecting the frequencies for each floor through-
out the seven earthquake records. The data of the 
mean values, extracted from the analysis, is shown 
in the Table 7.

Moreover, once again we have created the plot 
combining both mean frequencies and tolerance 
frequency ranges, which is presented in Figure 7, 
located in the next page.

Table 6. Frequencies to excite the Top Floor 
Displacement.

Earthquake
Frequency for Top Floor
Velocity (Hz)

ElCentroNS 0.1068
L604 0.1068
L725 0.4486
MEXX 0.1068
S790X 0.1038
SHW3 0.1068
USX 0.4578
Average 0.2053

Table 5. Frequencies to excite the InterStory Drift.

Floor
InterStory 
Drift (m)

Frequency for 
Drift (Hz)

8 0.312 0.205
7 0.255 0.109
6 0.183 0.109
5 0.136 0.109
4 0.099 0.109
3 0.069 0.205
2 0.035 0.205
1 0.007 0.205

Figure 6. InterStory Drift frequency spectrum.
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This graph has the same explanation that the 
one about InterStory Drift, seen previously. It gives 
us information about the ranges in frequency that 
an element will experience in each floor. With this 
information, we can determine the restrictions that 
an elevator should abide in order to properly func-
tion during an average event of excitation.

From the data extracted, we can see that there 
are two differentiated parts in our graph. From 
0.455 Hz up to 1.537 Hz, that represents the floors 
ranging from 2 to 8, the slope is really steep, having 
not much of a change in frequency. However, if  we 
take a closer look into the floors 1 and 2, the fre-
quencies have a much broader range, driving from 
1.537 Hz to 10.015 Hz. In consequence, it can be 
stated that in the Shanghai Tower there are two dif-
ferentiated areas, and the threshold is the second 
floor (at approximately 140 m from ground level). 
The range of frequencies being much bigger than 
the above floors is due to the significance in contri-
bution of the higher frequencies in the acceleration 
at the lower parts. This lower parts excitation was 

already noted when dealing with the envelope of 
acceleration in the SHR building section, where we 
noted a shifting inwards in the path. Therefore, it 
makes total sense the shape that this graph takes 
and, hence, it is a great tool for setting the require-
ments for the elevator’s behavior.

3.5 Seismic actions of high-speed elevators: 
The velocity issue

All the information regarding the elevator analysis 
has been undergone with a static elevator, aiming 
to determine the reactions of it due to the excita-
tion event. But we want to understand what impact 
will have to the elevator the fact that is moving, 
and, at last instance, how the velocity of the eleva-
tor itself  will affect the response. Beforehand, we 
realize that there has to be a change in the behavior 
due to the speed at which the elevator moves along 
the tower. Therefore, what we aim is to stress is the 
variations in frequency range, due to the speed at 
which the elevator travels. In a way, the research 
is relying on the areas enclosed between the range 
of frequencies for a given floor and the graph of 
frequencies-accelerations.

In order to see the variations, 10 m/s and 20 m/s 
velocities have been selected. The reason is that 
10 m/s is the current top speed for most of the 
SHR Buildings nowadays, whereas 20 m/s has been 
theorized as mechanically feasible, even though it 
hasn’t actually been mounted on a SHR Building.

Nevertheless, as stated before, in our graphs 
there are two separated areas: below second floor 
and above second floor. Therefore, the study 
underlines these two cases and, afterwards, drives 
some conclusions.

3.5.1 Case 1. Cabinet under the second floor
Prior to the analysis, an artificial earthquake sce-
nario has been created, with PGA of 0.1g, a natural 
frequency of 5 Hz and time duration of 7 seconds. 
This earthquake is the one used to determine the 
reactions due to the speed.

The domain of the frequency-acceleration 
graph for the first two floors is quite large. As a 
matter of fact, an elevator that starts in the bottom 
will first experience a frequency input equivalent to 
the one from the ground motion, then achieve fre-
quencies up to 12 Hz in the first floor, and finally 
get to the 1.5 Hz value. As a result of such dispar-
ity, the behavior of the elevator within that height 
will be highly affected by the rate of change of the 
frequency. Let’s see what happens in the event of 
excitation explained above, taking as starting point 
the ground floor.

With a 10 m/s cabinet, during the seven seconds 
of the earthquake, the elevator will reach the first 
floor. Regarding the frequencies that the elevator 

Table 7. Frequencies to excite the acceleration.

Floor Acceleration (m/s2)
Frequency for 
Drift (Hz)

8 2.366 0.455
7 2.386 0.699
6 2.272 0.790
5 2.010 0.895
4 1.910 0.669
3 1.909 0.884
2 1.685 1.537
1 0.764 10.015

Figure 7. Acceleration frequency spectrum.
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will have to deal with, those are going to be rang-
ing from the initial frequency of 5 Hz, given by the 
earthquake, up to approximately 10 Hz. In other 
words, will suffer frequencies enclosed in the inter-
val from 5 to 10 Hz.

Nevertheless, doubling the velocity, during the 
seven seconds that lasts the earthquake, the cabinet 
will reach the second floor (the threshold of 140 
m). As a result of such increase in speed, the eleva-
tor will not only need to deal with the frequencies 
ranging from 5 to 12 Hz, but also with the frequen-
cies from the first floor to the second. Those are 
ranging from 1,5 Hz to 12 Hz approximately.

As a consequence, if  we were intending to design 
a suitable elevator to this scenario, we will have to 
bear in mind that in such event of ground motion, 
our elevator would have to be able to meet from 5 to 
10 Hz in frequency requirements to be fully opera-
tional for a 10 m/s cabinet, while we would need to 
improve the requirements for the 20 m/s case. The 
improvement would provide a wider range of fre-
quencies in order to deal with the overall response. 
Therefore, we are able to state that if  the cabinet is 
located between ground floor and second floor, it 
will experience much different responses according 
to the velocity of the elevator itself.

To illustrate the range of frequencies affected 
by each case scenario, Figure 8 is presented below. 
In the graph, the enclosed area of horizontal lines 
is the one for 10 m/s cabinet, whereas the vertical 
lines represent the 20 m/s case.

3.5.2 Case 2. Cabinet above the second floor
The second case is when the elevator is moving 
along the height compressed between the second 
to the eighth floor. At this point, the graph of 

frequencies is much steeper, tending to a vertical 
shape.

As a result of that, there is not a big dispar-
ity among the frequencies, as long as they are all 
located in the range from 0.1038 Hz to 1.537 Hz. 
What’s more, the new scenario contains more floors 
to be studied and, in consequence, we have treated 
it with a longer earthquake. In this case, the artifi-
cial earthquake has a PGA of 0.1g, a natural fre-
quency of 5 Hz and time duration of 21 seconds.

With a 10 m/s cabinet, starting at the second 
floor, the elevator during the 21 seconds of earth-
quake will travel up to the fifth floor. During its 
journey, it will start getting as input 1,537 Hz, and 
by the time it gets to the top will be experiencing 
an average frequency of 0.895 Hz. From an engi-
neering point of view, they behave similarly due to 
the fact that both of them are located in the low 
frequencies spectrum. As a matter of fact, even 
though the elevator travel during a quite long time, 
the change in frequency is not much significant. 
This will help greatly the manufacturers to design 
the elevators, as long as the requirements for the 
frequency do not vary much.

With a greater velocity, achieved by the 20 m/s 
cabinet, the elevator during the earthquake will 
travel from second floor to eighth floor. In this new 
scenario, the elevator will face a shift from 1.537 to 
0.455 Hz, representing a similar range to the one 
obtained at 10 m/s. The key issue in that zone of 
the Shanghai Tower, the structure is mainly excited 
by the first three modes of vibration; the little dis-
crepancies that might arise in the frequency range 
are not significant enough.

In consequence of the lack of remarkable dispar-
ity in the frequency, in this section of the  building 

Figure 8. Acceleration frequencies depending on the 
velocity of the cabinet under the second floor.

Figure 9. Acceleration frequencies depending the veloc-
ity of the cabinet above the second floor.
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an increase in velocity is not decisive enough for a 
drastic change in the requirements.

As a direct result of our analysis, we might state 
that the elevator company in charge of the design-
ing of the elevator will be able to use mostly the 
same provisions as the ones used for the regular 
speed of 10 m/s after the second floor.

4 CONCLUSIONS

This research, underlining the needs for this kind 
of study and according to the current situation 
in SHR Buildings, has provided the guidelines to 
determine not only the dynamic behavior, but also 
the implementation of non-structural elements to 
the analysis.

Using as example the iconic Shanghai Tower, 
the study has set the bases for a complete dynamic 
analysis of the structure, providing a computer-
based model to compile the linear behavior of the 
building. We have been able to, in a simple and 
visual way, create a good approach to the actual 
response of the structure due to any given 0.1g of 
PGA earthquake.

One of the advantages of using our model is 
the simplicity inherent in it. The model is based 
in the mass-spring-damper system, having lumped 
masses that combine the different features of the 
structure. As a result, our model is no longer an 
over-complicated finite element method structure, 
with huge mesh and thousands of shells and ele-
ments involved, but rather an intuitive idea of the 
big picture that is the Shanghai Tower. Moreover, 
the analysis makes a step forward into the usual 
calculations in events of earthquake excitation, 
which are mainly based on post-earthquake dam-
age control scenarios. Whereas, applying the rules 
from the Design Codes of China, we have obtained 
the average response for any given earthquake that 
abides certain characteristics. Therefore, it is a 
trustworthy data for the expected behavior to be 
used not only for future studies in the structure 
itself, but also in the construction of new struc-
tures. An average response path will further help 
researchers to know what are the thresholds and 
possible outcomes to expect in any earthquake.

In terms of the dynamic analysis, the results 
point out the following key issues:
1. The Displacement of the Shanghai Tower fol-

lows a similar path as the one from the first 
natural mode of vibration of the structure. In 
that sense, we are able to state that our model 
validates the idea that the most important con-
tributor to Shanghai Tower’s Displacement 
behavior is his first mode, with a 9.49s natural 
period.

The Acceleration of the Shanghai Tower, 
according to our model, is mainly affected by 
the second and third modes of vibration, with 
the frequencies of those as the most damaging 
to the structure. Such fact complies with most 
of the guidelines provided by the High-Rise 
building construction companies, where it is 
stated that such frequencies are the most sig-
nificant in the dynamic behavior.

The course taken generates, thanks to the infor-
mation of the dynamic behavior of the Shanghai 
Tower, a set of guidelines of what an elevator 
should be able to deal with in order to operate. 
So to speak, we have given the threshold of per-
formance for elevators to cope if  they want to 
remain in a serviceable state while an earthquake 
is happening.

Using the frequencies that excite our structure 
the most, both in the overall maximum input 
method and the floor-by-floor method, we have 
obtained an easy target for the performance of 
the elevator. As we have seen in the study, most of 
the times we are not only needing the average value 
obtained by the mean of the seven earthquakes, but 
we are rather interested in compiling all of them.

Another key issue of our study is the envelope 
excitation idea. In our perception, such method 
can be a genuinely new and plausible tool for 
implementing the frequencies obtained into the 
structural analysis of the whole structure.

Regarding the velocity issue, derived from the 
advent of High-Speed Elevators, we can conclude 
that, in terms of the Shanghai Tower behavior:

1. Elevator under the second floor. The range of 
frequencies that the elevator will have to deal 
with along the height is really wide, ranging 
from 1.5 Hz up to 12 Hz. As a result of that 
large range, the velocity becomes a crucial fac-
tor. This is because for a given earthquake with 
specific time duration, the velocity will deter-
mine the change in height and, therefore, the 
ranges will vary.

2. Elevator above the second floor. As long as the 
graph in this section of the structure gets more 
steep, the frequencies do not vary that much, 
staying mostly in the range of the first three 
modes of vibration. As a result, the velocity will 
not play a role as important as the one below 
the second floor. Despite the changes in veloc-
ity that will carry different frequency require-
ments, those will be minimized due to the 
vertical shape and, at last, will be treated almost 
indistinctively.

Despite the remarkable achievements car-
ried out by this research, it faces the problem of 
experimental data. Real testing would definitely be 
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needed to validate the conclusions that arise from 
the theoretical treatment of the data. Without a 
testing part, the results lack of physical backing 
and can only be served as guidelines for posterior 
studies.

As a consequence of this, the next step in the 
study would be to build up a real model of an eleva-
tor installation in a Shaking Table Laboratory and 
put into test our theoretical model. In the labora-
tory, then, researchers would carry out sets of exci-
tation events to the elevator specimen, and check 
out the responses. The outcomes of such testing 
experimentation would validate or not our model, 
and would definitely provide a deeper understand-
ing of the behavior of this kind of elements.

To summarize, our study represents the first 
steps of a complex and lasting endeavor, which 
will seek to provide the direct correlation between 
the non-structural elements and the structures in 
which they are implemented. In essence, as the 
need of further research will become a high prior-
ity due to the current construction requirements, 
studies such as the one we have presented will serve 
as a pragmatic tool to help set the bases of them, as 
well as provide knowledge into many other future 
developments in dynamic behavior analysis.
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Comparison of deep soil deposit seismic response with three basement 
models

X.B. Peng & W.L. Yang
Earthquake Administration of Jiangsu Province, Nanjing, China

ABSTRACT: To the deep soil deposit, that the shear velocity is less 500 m/s while the burial depth is 
100 m, the present methods in China dealing with the basement in seismic response estimation are dis-
cussed. Based on theoretical analysis and engineering case, 3 basement models (linear extrapolation, soft 
interlayer assumption and stiff  basement) are created. The relative soil nonlinear parameters are provided 
by experiments and the models’ dynamic response under different seismic intensity is calculated by 1D 
equivalent linearization routine. The PGA and response spectra in ground surface of those models are 
compared and the results show that the stiff  basement model do not underestimate the seismic risk, while 
it is easy to build. The stiff  model is recommended in engineering application.

Keywords: deep soil deposit; basement; seismic response; PGA; response spectra

employ in soil seismic response computation. The 
second method needs some typical reference data, 
which are not always existing or collectible. The 
tendency of velocity increasing along the depth is 
assumed to be same in third method. The assump-
tion may be proper in some cases, but there are also 
some cases in which the velocity increase slowly or 
decrease in certain depth range.

The input basement can affect site seismic 
response in varying degrees for different soil veloc-
ity structures (Lou, M.L. et al. 2006, Shi, C.H. et al. 
2009). In general, the soil characteristics in deep 
range have less significant effect to the ground sur-
face seismic response of deep deposit site (Chen, 
G.X. & Chen, J.H. 2005) for the velocity is rela-
tively high, such as greater than 400 m/s, and the 
nonlinearity is relatively weak. On the other hand, 
for the energy-dissipation of deep soil, the velocity 
extrapolation and small impendence ratio between 
the basement and the adjacent soil layer may 
underestimate the seismic response.

In this paper, based on a true engineering case, 
the seismic responses in the ground surface of a site 
under 3 basement model assumptions with 3 bore-
holes (zk1, zk2 and zk3), whose shear velocity are 
just about 450 m/s at 100m in depth, are studied.

2 DATA AND METHOD

The soil profile and in situ shear velocity of a true 
engineering site with 3 boreholes, whose depth is 
100 m, are presented in Figure 1. The figures show the 

1 INTRODUCTION

Special and systematic seismic risk evaluation is 
legally required for important engineering projects 
in China. The seismic response of engineering site 
is a key part in determining the final earthquake 
affecting coefficient, which is named design ground 
motion parameters. Previous researches have 
showed that the peak and spectrum are strongly 
affected by the site’s soil characteristics (Hartzell, S. 
et al. 2004, Li, X. J. 2013). The soil characteristics 
are quantified by soil profiles, shear wave velocity, 
static and dynamic parameters, which are acquired 
by drilling, in situ tests and laboratory experiments. 
At present, the depth of drilling for seismic risk 
evaluation is not required to exceed 100m for most 
of engineering projects, according to the technical 
specification. However, in some areas with deep soft 
soil deposit, the shear wave velocity is apparently 
less than 500 m/s, which is the minimum require-
ment in the specification, in the depth range (Lu, S. 
D. 2005). In this situation, the basement for the site 
seismic response is required to special study.

Under the circumstances, there are 3 methods 
to determine the basement: (1) choosing the obvi-
ous velocity jumping interface, (2) using the soil 
comparison and empirical equation to estimate 
velocity, (3) linear or nonlinear extrapolating 
velocity (Hong, H.C. et al. 2013). The first method 
needs deeper drilling and testing. Although some 
 velocity tomography technologies may reflect the 
inhomogeneity (Fan, X.P. et al. 2011, 2013), they 
do not have enough resolution and reliability to 
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soil is stratified and the velocity is very close at same 
depth of the 3 boreholes. The borehole is divided 
into 21 layers and each layer’s depth is 10 m less. As 
the Figure 1 shows, it’s difficult to predict what kind 
of soil will be in deeper zones. The characteristics 
of shear velocity are: (1) the tendency of the veloc-
ity along the depth is increasing, where the rate of 
increase is higher in 0–40m and gentler below 40 m, 
(2) controlled by the soil properties, there are rela-
tively low velocity layers at different depth.

For the shear velocity of the boreholes is 500 m/s 
less, the choice of the basement needs to be con-
sidered when computing the seismic response. 
According to the geophysical prospecting and col-
lecting information, we infer that the bed rock is 
about 300 m beneath the ground surface and there 
are not severe soft layers between 100m and 300m 
in depth. However, these data are not exact and 
complete enough to build a reliable model. So, for 
the sake of simplicity and engineering application, 
we propose 3 basement models to deal with the 
uncertainty of the deeper soil.

The soil seismic response is calculated by 1D equiv-
alent linearization routine. The static and dynamic 
soil parameters are determined by experiments. 
For the degree of soil nonlinear strength reduction 
is different according to the earthquake intensity, 
we consider 3 levels of input strong motion, nam-
ing small earthquake, middle earthquake, and large 
earthquake, whose peak  accelerations are 32.0 cm/s2, 
144.0 cm/s2 and 280.0 cm/s2. The response spectra 

of the input are shown in Figure 2. The accelera-
tion time series are artificially synthesized with the 
 spectra, and one of it is shown in Figure 3. To elimi-
nate the effect of input, 12 acceleration time series 
are employed for each calculation.

3 BASEMENT MODELS

3.1 Linear extrapolation model

According to the rising tendency of  shear veloc-
ity with depth, we employ the data  during the 
depth range of  60∼100 m to linear fit the  equation 
between the shear velocity and the burial depth. 
The linearly dependent coefficient is 0.868. 
The  fitting result is shown in Figure 4 and the 
equation is:

Vs = 2.4010 D + 216.9733 (1)

where, Vs is shear velocity and D is burial depth.
Following the equation, we extrapolate the 

shear velocity to 500 m/s with D being 118 m. 
Then the deeper zone below 118 m is treated 
as the basement, which is stiff. This model is 
named M1.

Figure 2. Response spectra of input strong motions.

Figure 3. Example of acceleration time series.

Figure 1. Profile and shear velocity of deep soil deposit.
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Table 1. Comparison of 3 models’ PGA in ground surface.

Model

Small earthquake Middle earthquake Large earthquake

zk1 zk2 zk3 zk1 zk2 zk3 zk1 zk2 zk3

M1 47.1 46.8 47.5 161.4 163.3 163.8 296.6 309.8 319.2
M2 46.8 46.8 46.8 160.2 161.6 161.7 289.1 301.7 308.7
M3 47.2 47.4 47.2 164.9 167.5 168.0 304.5 317.3 327.8

Figure 4. Linear fitting of wave velocity with burial 
depth.

Figure 5. Comparison of 3 models’ response spectra in 
ground surface.

3.2 Soft interlayer assumption model

Based on the M1, the velocity during 100–106m 
is replaced by a soft interlayer with velocity being 
400 m/s, while the other part remains unchanged. 
This model is named M2.

3.3 Stiff basement model

For the lack of the wdeeper soil information and 
shear velocity data, a stiff  basement with shear 
velocity being 500 m/s is assumed just beneath 
100 m. This model is named M3.

4 RESULTS ANALYSIS

To eliminate the uncertainty, the mean of PGA 
and response spectra in ground surface excited by 
the 12 input motions is used in following analysis.

4.1 PGA

The mean PGA under 3 levels of input strong 
motion is listed in Table 1. There are several points 
we can infer from the table:

1. Controlled by the similar soil structure and 
shear velocity, the PGA of the 3 boreholes 
with same basement is close to each other. The 
maximum relative error is 1.5%, 1.9% and 7.5% 
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under small earthquake, middle earthquake, and 
large earthquake, correspondingly. The more 
apparent error under large earthquake implies 
that PGA is more sensitive to soil properties, 
especially nonlinear parameters under strong 
input motion. It is consistent with the fact that 
it is more difficult to predict the PGA in near-
fault area, where the bedrock motion is usually 
stronger.

2. Generally, the sort of the PGA among the 
3-basement model is M2  M1  M3, which 
means the soft interlayer assumption reduces 
the response while the stiff  basement enhances 
it. However, maximum relative error for  different 
basement model is 1.5%, 3.5%, and 5.8% under 
small earthquake, middle earthquake, and large 
earthquake, correspondingly.

4.2 Response spectra

For the response spectra of the 3 boreholes is very 
close, the mean response spectra of the 3 base-
ment model under 3 levels of input strong motion 
is displayed in Figure 5. The figures show that the 
results from M3 are slightly larger in short period 
range, while all the curves are almost overlapping 
after about 1s. Although as assumed soft interlayer 
is put into M2, it does not lead to apparent length-
ening of characteristic period, which is one of the 
important design ground motion parameters. So, it 
is confirmed that the variation of velocity in deep 
part have no significant effect on ground surface 
seismic response.

5 CONCLUSION

1. Based on the true engineering case, the different 
basement assumptions have no significant effect 
on ground surface seismic response for deep soil 
deposit. In general, the stiff  basement does not 
underestimate the seismic effect.

2. For the sake of simplicity and safety, the stiff  
basement can be used for the situation where 

the shear velocity is less than 500m/s for deep 
soil deposit. The optimized choice of basement 
shear velocity should be studied further.
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ABSTRACT: A novel approach was proposed for determining the threshold Chloride Level (CTL) of 
rebar (HRB400). The Z, which is the resistance value when the frequency is 1 Hz, was extracted from the 
Electrochemical Impedance Spectroscopy (EIS) data. In a plot of the change in Z1 Hz with [Cl−], the Z1 Hz 
value was observed to shift sharply when the [Cl−] was at the CTL. The EIS method has a wide application 
rage and is highly sensitive compared with the potential method and current method. The Simulated con-
crete Pore Solutions (SPSs) were composed of 0.6 mol/L KOH, 0.2 mol/L NaOH and 0.001 mol/L Ca(OH)2. 
The carbonation process of concrete was simulated by adjusting the pH value using NaHCO3. The pen-
etration of chloride was simulated by adding NaCl. The influence of the pH on the CTL of HRB400 was 
significant and non-linear. The temperature had a relatively high impact on the CTL of HRB400.

Keywords: concrete reinforcement; Threshold Chloride Level (CTL); Open Circuit Potential (OCP); 
Electrochemical Impedance Spectroscopy (EIS); rebar (HRB400)

Tuutti[3] suggested that, from the point of  view 
of  reinforcement corrosion, the service life of  a 
concrete structure could be subdivided into an 
incubation period (t1) and a propagation period 
(t2) (Fig. 1).

1 INTRODUCTION

Steel-reinforced concrete, a major engineering 
structural material, is widely used in civil engi-
neering applications such as roads, bridges and 
harbors. However, the corrosion of steel bar inevi-
tably results in severe damage to reinforced con-
crete structures in two ways[1]. Firstly, it reduces 
the cross-sectional area of the steel bar. Secondly, 
it produces more corrosion products than the 
steel itself. Such an increase causes tensile stress in 
the concrete, leading to cracking and, eventually, 
structural failure.

It is well known that the steel reinforcement 
in concrete is normally in a passive state against 
corrosion due to a thin iron oxide layer that is 
formed on the steel surface and remains stable in 
the highly alkaline environment of  the concrete[2]. 
However, this passive state can be inhibited by 
the destruction of  the passive film by aggressive 
ions (chlorides, sulfates) or by acidification of  the 
environment near the rebar (carbonation). Corro-
sion of  the reinforcing steel is the natural result 
of  chloride penetration in reinforced concrete. 

Figure 1. Schematic sketch of the steel corrosion 
sequence in concrete[3].
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A. The incubation period (t1) corresponds to the 
chloride penetration within the porous materials 
and chloride ion accumulation in the vicinity of 
the rebar. The duration of this period depends 
on the concrete cover and the chloride concen-
tration required to start the corrosion process.

B. The propagation period (t2) corresponds to the 
stage when the chloride ions depassivate the 
reinforcing steel surface, leading to the develop-
ment of corrosion and, at term, to the local ruin 
of the structure.

Chloride-induced corrosion of reinforced steel 
bar (rebar) is one of the major causes of premature 
degradation of reinforced concrete and consequent 
structure collapse[4]. The importance of chloride ions 
in the corrosion of steel in concrete has led to the 
concept of a Chloride Threshold Level (CTL). The 
CTL can be defined as the content of chloride at a 
given steel depth that is necessary to sustain local pas-
sive film breakdown and hence initiate the corrosion 
process[5]. Knowledge of the CTL for the corrosion 
of a steel reinforcement is essential for predicting 
the durability and service life of reinforced concrete 
contaminated with chloride ions. Consequently, 
numerous investigations[6–8] have been devoted to 
identifying the threshold value. Half-cell potential 
(Open Circuit Potential, OCP) measurements for 
determining rebar corrosion initiation have been 
standardized[9]. Another nondestructive technique, 
Linear Polarization Resistance (LPR), has also been 
used to characterize corrosion initiation and propa-
gation according to a defined criterion value of the 
corrosion current density, icorr, or the abrupt varia-
tion of icorr[10]. Among the various electrochemical 
methods widely developed in the literature, Electro-
chemical Impedance Spectroscopy (EIS) seems to 
be the most reliable technique for monitoring the 
corrosion process in reinforced concrete[11–12]. This 
method, contrary to the stationary techniques (e.g., 
the anodic polarization method), allows the charac-
terization, in a nondestructive way, of both the dif-
fusion of aggressive species within the cement-based 
materials and the kinetics of the electrochemical 
reactions that occur on the steel electrode surface.

In this paper, we propose an EIS method to iden-
tify the CTL. The advantages of the EIS method 

were compared with the OCP and LPR methods. 
The CTL, represented with [Cl−], for pre-rusted 
bars at four different pHs and three temperature 
SPSs was investigated using the EIS technique.

2 EXPERIMENT

2.1 Specimen preparation

Thread steel bar (HRB400) specimens were pre-
pared for this study. The specimen types were 
cut into 30 mm lengths from black steel rebar of 
12 mm nominal diameter. The unexposed faces 
were sealed with epoxy resin. Before exposure, the 
as-received surfaces were mechanically polished 
using 400, 800 and 1200 emery papers and lubri-
cated using distilled water. The polished samples 
were cleaned with acetone, washed with distilled 
water, dried in air and stored over a desiccant. The 
average area of the exposed rebar surfaces was 
1.1 ± 0.02 cm2.

2.2 Experimental setup

A 1 L glass container was used as a test cell in 
this study. Four types of  Simulated concrete Pore 
Solutions (SPSs) were selected as pore water solu-
tions. The chemical compositions of the SPSs are 
presented in Table 1[13]. The lower pH (SPS1) solu-
tion was intended to present pore water within a 
carbonated concrete environment. Approximately 
0.8 L of SPS was used in each glass container, and 
the pH was monitored throughout the experiment. 
Because the deviation results were less than 0.1, the 
effects on the experimental results induced by pH 
fluctuations were ignored. The chloride concentra-
tions in the SPSs were adjusted stepwise by add-
ing reagent-grade NaCl crystals. For the chloride 
adjusting process, approximately 100 mL of solu-
tion was extracted with a syringe from the test cell. 
After the NaCl crystals completely dissolved, the 
extracted solution was poured back into the cell[10]. 
A magnetic stirring bar was placed at the bottom 
of each container and was set to rotate at the low-
est rate to continuously and homogeneously mix 
the solution throughout the experiment,  including 

Table 1. Chemical compositions and nominal pH values of fresh simulated pore 
solutions.

Composition pH
NaOH 
(mol/L)

KOH 
(mol/L)

Ca(OH)2 
(mol/L) NaHCO3

SPSs1  9.6 0.6 0.2 0.001 Proper
SPSs2 10.6 0.6 0.2 0.001 Proper
SPSs3 11.6 0.6 0.2 0.001 Proper
SPSs4 12.6 0.6 0.2 0.001 Proper
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the period when the electrochemical measure-
ments (see below) were conducted. The ambient 
temperature was held at 25 ± 2 °C, 35 ± °C and 
45 ± 2 °C. To reduce carbonation, all of  the cells 
were covered except during the NaCl crystal addi-
tion and pH monitoring. At the beginning of the 
experiment, the specimens were immersed in the 
designated SPSs for 3 days for  preconditioning. 
Subsequently, chloride was adjusted, and the 
interval for the stepwise chloride increment was 
approximately 2 days.

2.3 Electrochemical measurements

To assess the corrosion conditions of steel bars, 
electrochemical measurements were carried out. 
The rebar was used as the working electrode, a 
platinum net was used as the counter electrode, 
and a Saturated Calomel Electrode (SCE) was 
used as the reference electrode. During the course 
of the experiment, the rebar electrode was always 
immersed in the SPSs. For the open circuit potential 
measurement, the linear polarization measurement 
and the electrochemical impedance spectroscopy 
measurement, the Autolab Aut84458 Advanced 
Potentiostat/Galvanostat/FRA system was used. 
The linear polarization scan was carried out 
between −15 mV and +15 mV with respect to the 
rest potential (Ecorr). The potential was applied at 
a rate of 0.0167 mV/s. Electrochemical Impedance 
Spectroscopy (EIS) was measured with a sinusoi-
dal potential excitation of 15 mV amplitude in the 
frequency range from 100 KHz to 10 mHz at the 
corrosion potential.

3 RESULTS AND DISCUSSION

3.1 Comparison of the methods 
for determining the CTL

3.1.1 Determination of the CTL for the corrosion 
of rebar in the ph 9.6 spss at 25°C

Figure 2 shows the evolution of the OCP and cor-
rosion potential (Ecorr) of HRB400 rebars with 
[Cl−] increment in the pH 9.6 SPSs at 25°C. The 
solid shapes and the shaded area are the upper and 
lower boundaries of a dramatic shift in the OCP 
and Ecorr, implying the initiation of corrosion of 
the rebar in the corresponding [Cl−] range. To be 
conservative, the [Cl−] value at the middle of the 
shaded area was considered the threshold value in 
this study. For the pH 9.6 SPSs at 25°C, prior to 
reaching the threshold value, the OCP and Ecorr 
were more positive than −240 mV vs. SCE, and the 
values remained in a relatively stable trend. After 
the [Cl−] exceeded the threshold value, the OCP and 
Ecorr shifted negatively by more than 600 mV.

The values for the corrosion potentials and 
corrosion current densities (icorr) were estimated 
from the intersection of the anodic and cathodic 
Tafel lines. Figure 3 presents the icorr variation of 
the HRB400 bar as a function of the [Cl−] step-
wise increment variation in the pH 9.6 SPSs at 
25°C. For all of the SPSs and all of the stepwise 
[Cl−] additions, the icorr fluctuations ranged from 
1 × 10−4 to 3 × 10−2 mA/cm2. After the [Cl−] reached 
the threshold value, sharp icorr fluctuations were 
apparent.

EIS is a powerful technique for obtaining 
detailed knowledge of the conductive anode sys-
tem. EIS provides information on a number of 
parameters, such as the presence of surface films, 
interfacial reactions and mass-transfer phenomena. 
Figure 4 shows the EIS data for the HRB400 bars, 
which were immersed in the pH 9.6 SPSs with dif-
ferent [Cl−] at 25°C. The plots could be divided into 
two parts in the [−1, 1] range of log f, and the CTL 
could be distinctly determined. The Z, which is the 
resistance value when log f  equals 0 (frequency is 
1 Hz), was extracted from the EIS data. A plot of 
the change in Z1 Hz with [Cl−] was drawn, as shown 
in Figure 5. The value of Z1 Hz sharply shifted, 
implying damage of the passive film by chloride 
ions. The [Cl−] was at the CTL when the Z1 Hz value 
sharply shifted. The CTL could be easily deter-
mined using the potential, current and resistance 
methods; however, the resistance method is more 
sensitive than the others.

3.1.2 Determination of the CTL for the corrosion 
of rebar in the ph 10.6 spss at 25°C

Figures 6–8 show the evolution of OCP, Ecorr, 
icorr and Z1 Hz of the HRB400 rebars with [Cl−] 
increment in the pH 10.6 SPSs at 25°C. The CTL 
could be easily determined using the current and 

Figure 2. The influence of the [Cl−] on the OCP and 
Ecorr of HRB400 in the pH 9.6 SPSs at 25°C.
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resistance methods but not the potential method. 
Of the available methods for determining the CTL, 
the new resistance method was more sensitive and 
had a wider application range than the others. The 
resistance method allows the characterization, 

in a nondestructive way, of both the diffusion of 
aggressive species within the cement-based mate-
rials and the kinetics of the electrochemical reac-
tions that occur on the steel electrode surface. In 
this paper, the CTL was determined using the new 
resistance method.

Figure 3. The influence of the [Cl−] on the icorr of 
HRB400 in the pH 9.6 SPSs at 25°C.

Figure 4. The EIS of HRB400 in the pH 9.6 SPSs with 
different [Cl−] at 25°C.

Figure 5. The influence of the [Cl−] on the Z1 Hz of 
HRB400 in the pH 9.6 SPSs at 25°C.

Figure 8. The influence of the [Cl−] on the Z1 Hz of 
HRB400 in the pH 10.6 SPSs at 25°C.

Figure 7. The influence of the [Cl−] on the icorr of 
HRB400 in the pH 10.6 SPSs at 25°C.

Figure 6. The influence of the [Cl−] on the OCP and 
Ecorr in the pH 10.6 SPSs at 25°C.
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4 CONCLUSIONS

According to the experimental results and discus-
sion presented above, the following conclusions 
could be drawn:

1. The EIS method was proposed to identify the 
CTL: The Z, which is the resistance value when 
the frequency is 1 Hz, was extracted from the EIS 
data. In a plot of the change in Z1 Hz with [Cl−], a 
sharp shift in the Z1 Hz value was observed when 
the [Cl−] was the CTL. The resistance method 
is more sensitive and has a wider application 
range than the other methods.

2. The carbonation of reinforced concrete was 
simulated by decreasing the pH. The influence 
of the pH on the CTL of HRB400 was sig-
nificant and non-linear. Therefore, carbonation 
had a very large and complicated influence on 
the CTL. In addition, the ambient temperature 
had a relatively high impact on the CTL of 
HRB400.
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ABSTRACT: The concentrations of dissolved oxygen, pH value and the other chemical factors, dra-
matically change in the thermocline of the tropical oceans. There is superior influence of the temperature 
and the dissolved oxygen concentration upon the corrosion of pipeline steel in the thermocline. With the 
decreasing of temperature and increasing of dissolved oxygen, the OCP of pipeline steel in the thermo-
cline of tropical oceans rises. With the decreasing of temperature and dissolved oxygen, the Ecorr drops 
down and Icorr enlarges. If  the pipeline steel is placed through the thermocline, the corrosion would occur 
that caused by the temperature difference and the oxygen concentration difference. The influence of the 
oxygen concentration on the corrosion was of significance.

Keywords: corrosion; thermocline; dissolved oxygen; temperature; tropical oceans

of  dissolved oxygen, pH value and the other 
chemical factors, dramatically change in the 
thermocline[4]. The temperature, dissolved oxy-
gen and pH value are important factors of  metal 
corrosion. The corrosion behavior of  metal mate-
rial that subjected to a tropical marine atmos-
phere environment was investigated[5–7]. The 
corrosion behavior of  metal material was studied 
in tropical seawater[8–10]. The effect of  the sea mud 
on erosion–corrosion behaviors was studied[11,12]. 
However, very few studies have been dedicated 
to the corrosion of  metal material in the thermo-
cline of  ocean.

In this study, we use the sea water of the South 
China Sea as based electrolyte. By adjusting the 
temperature and dissolved oxygen, the upper and 
underlying water of thermocline were simulated. 
The corrosion of the pipeline steel was studied in 
the ocean thermocline. It is important for indus-
trial and scientific research.

2 EXPERIMENTAL

2.1 Electrode and solutions

Test specimens were made of pipeline steel 
(X70), with a chemical composition (wt%) 
C 0.061%, Si 0.24%, Mn 1.53%, P 0.011%, S 
0.009% and Fe balance. Specimens were cut into 

1 INTRODUCTION

The thermocline is a thin but distinct layer in a 
large body of  fluid (e.g. water, such as an ocean 
or lake, or air, such as an atmosphere) in which 
temperature changes more rapidly with depth 
than it does in the layers above or below[1, 2]. In 
the ocean, the thermocline may be thought of  as 
an invisible blanket which separates the upper 
mixed layer from the calm deep water below. The 
thermocline exists all year in the tropical oceans 
and subtropical oceans[3]. The concentrations 

Figure 1. Annual mean vertical ocean profile from 
0–300 m along 160°E in the Western Tropical Pacific. 
Colors represent temperature (°C) [13].
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10 mm × 10 mm × 3 mm coupons. The unexposed 
faces were sealed with epoxy resin with an exposed 
area of 1.0 cm2. Before exposure, the samples were 
mechanically polished using 400, 800 and 1200 
emery papers and lubricated using distilled water. 
The polished samples were cleaned with acetone, 
washed using distilled water, dried in air and stored 
over a desiccant.

The test solution used for the investigation was 
seawater collected from Zhanjiang Bay, Guang-
dong, China. The upper water of thermocline was 
prepared by adjusting the temperature of the basic 
test solution, the underlying water of thermocline 
was prepared by adjusting the temperature and 
adding Na2SO3 (0.001 mol/dm3 concentration) for 
controlling the dissolved oxygen of the basic test 
solution.

2.2 Electrochemical measurements

Electrochemical measurements were performed 
on a three electrode cell through an AUTOLAB 
(aut84458) electrochemical measurement  system. 
Pipeline steel was used as working electrode, 
a platinum net as counter electrode, and a Saturated 
Calomel Electrode (SCE) as reference electrode. 
Prior to electrochemical measurements, the electrode 
was immersed in the test solution for at least 1 h until 
a steady-state corrosion potential was reached[14].

The Linear Polarization (LP) was performed 
using a potentiostat/galvanostat (AUTOLAB 
aut84458). The linear polarization curve was meas-
ured by potential scanning from −800 to +500 mV 
vs. corrosion potential at a sweep rate of 1 mV/s.

The corrosion tests of pipeline steel caused by 
the difference of oxygen concentration and tem-
perature were performed using the Electrochemi-
cal Noise (ECN) method. For this work we used 
an AUTOLAB potentiostat and the NOVA1.10, 
specific software for electrochemical noise studies. 

The electrode assembly consisted of two work-
ing electrodes of pipeline steel and a Saturated 
Calomel Reference (SCE) electrode (VSCE = 0.244 
VENH). This disposition allows the simultaneous 
measurement of galvanic potential and galvanic 
current (Fig. 2)[15].

3 RESULTS AND DISCUSSION

3.1 Open Circuit Potential (OCP) of pipeline 
steel in the thermocline

The OCPs of pipeline steel were measured for 
1 hour in the four kinds of electrolyte (A 303 K 
seawater; B 303 K seawater + SO3

2-; C 288 K seawa-
ter; D 288 K seawater + SO3

2-) (Fig. 3). The 303 K 
seawater corresponds to the upper water of the 
tropical oceans thermocline which saturated with 
dissolved oxygen. The 288 K seawater + SO3

2− cor-
respond to the underlying water which is low con-
centration of dissolved oxygen. The OCP raises in 
the cold seawater towards more positive value, on 
the contrary, the OCP drops down due to the low 
concentration of dissolved oxygen. The difference 
between the maximum value and minimum value 
of OCP was about 200 mV, which was a strong 
power to the corrosion of pipeline steel if  it was 
placed in the upper and underlying seawater of 
thermocline.

3.2 The corrosion of the pipeline steel that is 
placed in the different areas of thermocline

The corrosion of  the pipeline steel, which is 
placed in the thermocline, was measured by 
using LP measurements in the four kinds of 
electrolyte. Figure 4 represents the linear polari-
zation curves of  pipeline steel in the different 
layer of  thermocline. From the figure, it can be 

Figure 2. Standard “Salt-Bridge” arrangement for elec-
trochemical noise measurement.

Figure 3. The OCPs were measured for pipeline steel in: 
(A: 303 K seawater; B: 303 K seawater+ SO3

2−; C: 288 K 
seawater; D: 288 K seawater+ SO3

2-).
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seen that the corrosion potential (Ecorr) values in 
the low- temperature seawater and in the pres-
ence of  reductant are shifted to negative direc-
tion, the anodic current densities obtained in the 
low-temperature seawater and in the presence 
of  reductant are higher than that of  in the high-
temperature seawater and the absence of  reduct-
ant, the cathodic current densities obtained in the 
high-temperature seawater are higher than that of 
in the low-temperature seawater, no differences of 
the cathodic current densities were found in the 
absence or presence of  reductant.

The values for the corrosion potentials and 
corrosion current densities were estimated from 
the intersection of the anodic and cathodic Tafel 
lines[8]. The corresponding corrosion potentials 
(Ecorr), corrosion current density (Icorr), anodic 
Tafel slopes (ba) and cathodic Tafel slopes (bc) are 
listed in Table 1. From results obtained, it can be 
concluded that:

• The values of corrosion current density (Icorr) 
increase with the decreasing of temperature 
and dissolved oxygen. The values of corrosion 
potentials (Ecorr) decreased with the decreasing 
of temperature and dissolved oxygen.

• The rate of anodic reaction controls the rate of 
the corrosion process in the high-temperature 
seawater. The rate of cathodic reaction controls 
the rate of the corrosion process in the low-tem-
perature seawater.

• The corrosion current increases obviously after 
sodium sulfite is added in high-temperature sea-
water and low-temperature seawater. It is clear 
that the reducing of dissolved oxygen in seawa-
ter causes the markedly increase of in the corro-
sion rate.

3.3 The corrosion of the pipeline steel that 
is placed through the thermocline

The corrosion of the pipeline steel, which is placed 
through the thermocline, was measured by using 
the electrochemical noise method and using the 
experimental devices as Figure 2. Figure 5 shows 
the experimental ECN data for pipeline steel. The 
pipeline steel was placed in the high-temperature 
seawater (303 K) and in the low-temperature seawa-
ter (288 K), the potential difference between them 
is always negative and the current (IHigh-DO) caused 
by the temperature difference varies from 0 nA to 
5 nA. The potential difference is the power of the 
corrosion caused by the temperature difference. The 
pipeline steel was placed in the high-temperature 
seawater (303 K) and in the low-temperature sea-
water added reductant (288 K+ SO3

2-), the potential 
difference between them is always negative, but the 
absolute values of potential difference are decreased. 
The current (ILow-DO) caused by the temperature dif-
ference and the oxygen concentration difference var-
ies from 0 nA to 50 nA. The mean of ILow-DO enlarges 
about 10 times compared with the IHigh-DO.

4 CONCLUSIONS

There is superior influence of the temperature 
and the dissolved oxygen concentration upon 

Figure 4. Potentiodynamic polarization curves for 
pipeline steel in the four kinds of electrolyte: (A: 303 K 
seawater; B: 303 K seawater + SO3

2-; C: 288 K seawater; 
D: 288 K seawater + SO3

2−).

Table 1. Electrochemical parameters: corrosion poten-
tial (Ecorr), corrosion current density (icorr), and Tafel 
slopes (ba and bc) of pipeline steel in seawater.

Condition

Potentiodynamic polarization

Ecorr 
(mV)

icorr 
(μAcm−2)

ba 
(mVdec−1)

bc 
(mVdec−1)

303 K −800  3.304 234.64 98.93
303 K+

Na2SO3

−854  7.369 537.24 90.03

288 K −912 16.14 109.40 667.5
288 K+ 

Na2SO3

−948 45.09 134.15 1050

Figure 5. ECN data in the time for pipeline steel that 
was placed through the thermocline: a potential around 
0 V, b current.
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the corrosion of pipeline steel in the thermocline 
of tropical oceans. With the decreasing of tem-
perature and increasing of dissolved oxygen, the 
OCP of pipeline steel in the thermocline of tropi-
cal oceans rises. With the decreasing of tempera-
ture and dissolved oxygen, the Ecorr drops down 
and Icorr enlarges. If  the pipeline steel is placed 
through the thermocline, the corrosion would occur 
that caused by the temperature difference and the 
oxygen concentration difference. The influence of 
the oxygen concentration on the corrosion was of 
significance.
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ABSTRACT: In this paper, the typhoon hindcasted model and third-generation wave model SWAN 
are coupled to simulate the typhoon wave. First, the gradient wind field of “KeLuoSha” was simulated 
with the Fujita-Takahashi Typhoon hindcasted model. Then, ambient wind and gradient wind are used 
to computed the typhoon field. In addition, three stations are chosen to validate the wind velocity of the 
model. Finally, typhoon wave is simulated with the SWAN model, and the wave parameters of the model 
are validated well with buoyed parameters. The result shows that the typhoon hindcasted model coupled 
with the wave model can simulate the typhoon wave precisely.

Keywords: typhoon simulation; typhoon wave; wave simulation

simulate the gradient wind field, which is described 
below[5].

As 0 ≤ r < 2R, the wind velocity can be com-
puted as follows:
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As 2R≤ r < ∞, the typhoon velocity in the x and 
y direction can be described as follows:
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1 INTRODUCTION

Typhoon plays an important role in ocean and 
coastal engineering. It causes huge losses in China 
every year. In order to study the typhoon, a lot of 
work has been done by researchers[1–6]. Currently, 
there are two ways to simulate the typhoon field. 
One is through the weather model such as the 
WRF and MM5 model, another way is by using 
the typhoon parameters model. In this paper, the 
Fujita-Takahashi typhoon parameter model and 
the wave model SWAN are coupled to simulate the 
typhoon field and the wave field. First, the NECP-
reanalyzed wind field data are interpolated to meet 
the accuracy of time and space. Then, the Fujita-
Takahashi parameter model is used to calculate 
the gradient wind field of the typhoon. Then, the 
typhoon field is composed and validated well with 
measured parameters. Finally, the third-generation 
wave model SWAN is used to simulate the wave 
field induced by the typhoon. The result shows 
that the typhoon parameters model coupled with 
the SWAN model can simulate the typhoon wave 
accurately.

2 MODEL THEORY AND PARAMETER 
SETTING

2.1 Typhoon parameters model 
of Fujita-Takahashi

The typhoon field can be decomposed into the 
gradient wind field and the ambient wind field. 
The Fujita-Takahashi Typhoon model are used to 
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where C1 and C2 are the empirical coefficient; r is 
the distance from the center of typhoon to the cal-
culated point; f is the Coriolis coefficient; and Wx, 
Wy are the wind velocity in the x and y direction, 
respectively.

2.2 Wave model of SWAN

The third-generation wave model SWAN is based 
on the balance of energy spectrum, in the coor-
dinate of Cartesian, which can be described as 
follows[6]:
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where N is the action density; cx, cy are the speed 
of the wave group in the x and y direction, respec-
tively; and cσ, cθ are the frequency and direction of 
the speed, respectively.

2.3 Parameter setting

In the typhoon wind field gradient field of the 
model, the typhoon center movement speed and 
the typhoon center typhoon related data, such 
as maximum wind speed and air pressure can be 
obtained from the typhoon yearbook. The typhoon 
wind field space step length is 0.05 ° * 0.05 °, time 
step of 1 hour, the time span for September 29, 
2007 to October 16, 2007. The north and south 
direction space spans 14.5 ° N–41.5 ° N, east-west 
118.5 ° E–138.5 ° E. The typhoon field environ-
ment wind field is mainly adopted to analyze the 
NECP wind field. Its space and time step is longer, 
in order to meet the accuracy requirement of the 
typhoon wind field, on the linear interpolation. 
For obtaining the typhoon wind field, the propor-
tion of weight, and with the longer the distance the 
distances from the center of the typhoon, the gra-
dient wind place much proportion of the smaller.

In the wind and waves in the process of simu-
lation, the calculation of the wave model range 
is shown in Figure 1: the northwest boundary of 
Yantai to Dalian, the northeast border for South 
Korea to Japan, and south near the boundary for 
the Philippines. In order to better fit the complex 

coastline, the model adopted in an  unstructured 
grid. Calculation, initial conditions with the 
method of the cold start, driving stress for the 
typhoon wind field, considering the nonlinear 
interaction between waves in the process of simu-
lation, white hat losses, the bottom friction and 
physical phenomena such as wave breaking wave 
spectrum using Jonswap spectrum, strengthen 
the spectral peak factor of 3.3, spectrum for 0.05 
1 Hz, which is divided into 30, the direction will be 
divided into the 36, computing time step for 5 min, 
output time step for 30 min.

3 MODEL VERIFICATION 
AND ANALYSIS

3.1 Verification of the typhoon wind field

Typhoon wind field can be obtained by the gra-
dient wind farm and environmental wind farm. 
Currently, the parameter model of typhoon gra-
dient wind farm is developed. This paper selects 
the internationally popular Fujita-Takahashi for-
mula to calculate the typhoon gradient wind farm. 
Since the model belongs to the theoretical pres-
sure model, the calculated wind field is  circular. 
The characteristics of wind speed distribution are 
as follows: the speed of the typhoon wind field 
center is 0m/s, with the distance from the center 
of typhoon being much far, the wind speed shows 
an increased trend and then a decreased one. The 
wind speed reaches the maximum in the vicinity 
of typhoon maximum radius. Figure 2 shows the 

Figure 1. The depth of computational domain in the 
wave model.
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distribution of the typhoon wind speed field at 
some point. The red circles represent the location 
of typhoon. We can see that relative to the whole 
computational domain, the influence of typhoon 
is relatively small, in five times the radius maxi-
mum wind speed, the typhoon influence is rela-
tively large, while beyond five times, the radius of 
the maximum wind speed influencing the typhoon 
is very small.

Whether the typhoon wind speed simulation is 
accurate or not has an important influence on the 
accuracy of the simulation of the wave. In order 
to verify the accuracy of typhoon wind speed, this 
paper selects three stations near the typhoon path 
to validate the wind speed. These three stations 
are Hualian buoy (121.63°E, 24.03°N), Kueishan 
Island buoy (121.93°E, 25.85°N) and Suao buoy 
(121.88°E, 24.63°N). The simulation of the wind 
speed value is compared with the observation value, 
and the results are shown in Figure 2–Figure 5. 

Figure 2. The distribution of wind velocity of the 
typhoon.

Figure 3. The comparison of wind velocity of the 
model measured in HuaLian.

Figure 4. The comparison of wind velocity of the 
model measured in Guishan.

Figure 5. The comparison of wind velocity of the 
model measured in Suao.

We can see that the simulation value and the obser-
vation value of wind speed fit very well for these 
three stations. Not only the change in the trend 
is consistent, but also the size is similar. It shows 
that the typhoon parameter model can simulate 
the typhoon process very well, and the precision 
is higher, so it provides a reliable basis for the later 
period to simulate wave field accurately.

3.2 Verification and analysis of typhoon waves

Typhoon waves can cause great harm to engineer-
ing every year. Many engineering problems are 
directly or indirectly related to typhoon waves, such 
as the design wave elements problems in engineer-
ing, sudden silttion problem caused by typhoon, 
security issues caused by the effect of waves on 
building structures and the local scour problem 
of the bottom of buildings under the waves, so it 
has an important engineering significance for the 
accurate simulation of typhoon waves. Whether 
the typhoon wave simulation is accurate or not 
mainly depends on the accuracy of bathymet-
ric and precision of the driving wind field. After 
the previous wind speed verification, we can see 
that the wind speed has reached a high accuracy. 
Typhoon is generally formed in deep sea, so water 
depth has a relatively small effect on it. In order to 
verify the reliability of the simulation results of the 
model, this paper compares the simulation results 
with the observed value of three wave floating sta-
tions, and the results of the comparison are shown 
in Figure 6–Figure 8. Figure 6 shows the results of 
the comparison of the simulated and observed val-
ues of Hualian floating station height and period. 
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During the typhoon process, the maximum wave 
height for Hualian station reached 11m, and the 
maximum average period reached 13s. The wave 
heights and periods have a similar change in trend, 
both of them first become larger and then gradu-
ally decrease. Figure 7 shows the results of the 
comparison of the simulated and observed values 
of height and period for Kameyama station, with 
the maximum wave height reaching 15m and the 
maximum average period reaching 12s. Figure 8 
shows the results of the comparison of the simu-
lated and observed values of height and period 
for SuAo station. As can be seen from the graph, 
only the wave heights and periods have a similar 

change in trend but the size is similar. When the 
typhoon passed, the maximum wave height of this 
station reached 12m, the maximum average period 
reached 12s. On the whole, the typhoon wave 
model has a high precision simulation result. The 
simulation accuracy of the Kameyama station is 
lower than that of the Hualian station and SuAo 
station. Generally, the simulation accuracy of the 
wave period is higher than the wave height at these 
three stations. Although the wave simulation has 

Figure 6. The comparison of wave parameters of the 
model measured in Hualian.

Figure 7. The comparison of wave parameters of the 
model measured in Guishan.

Figure 8. The comparison of wave parameters of the 
model measured in Suao.

Figure 9. The distribution of wave height as typhoon 
develops.

Figure 10. The distribution of wave height as typhoon 
grows up.
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accurately, so it has a practical significance in 
engineering.
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a high precision, there are also some error. This is 
mainly due to the accuracy of the wind field data 
and depth data.

In order to study the distribution of  the wave 
field at different times, Figure 9 and Figure 10 
show the distribution of  typhoon waves at two 
different times. Figure 9 shows the distribution 
of  the wave field in the typhoon development 
process, with the maximum wave height reaching 
about 9m. Figure 10 shows the distribution of  the 
wave field after the typhoon has grown, with the 
maximum wave height reaching about 15m. From 
the two graphs, we can see that the overall trend 
of  the distribution of  wave height is that the wind 
speed is relatively large when close to the center 
of  typhoon, and the wave height decreases when 
the distance from the center of  the typhoon is 
much far.

4 CONCLUSION

Through the above research, we can find that using 
the Fujita-Takahashi model of typhoon parame-
ters coupled with the third-generation wave model 
SWAN is a good solution to solve the simulation 
problem. The overall trend of the distribution of 
typhoon waves is that the wind speed is relatively 
large when close to the center of typhoon, and the 
wave height decreases when the distance from the 
center of the typhoon is much far. The coupled 
model can simulate the typhoon waves  relatively 
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Model study on the sediment dynamics in the Bohai Sea
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ABSTRACT: A surface wave and 3-dimensional current interaction model is coupled to a Suspended 
Particulate Matter (SPM) transport model to reproduce the sediment dynamics in the Bohai Sea (BS). 
Both simulations and observations show that the highest SPM concentration appears in the mouth of the 
Yellow River. In addition, both the Laizhou and Bohai bays are characterized by the high level of riverine 
sediments due to the evolution of the river plume under the predominant southeasterly wind in the flood 
season, and the high level of SPM in the Laiodong Bay can be ascribed to the joint effects of the riverine 
inputs from the Liaohe River and the strong tidal currents that erode the bottom sediments into the water 
column. The least SPM concentration appears in the central basin. Since the central basin is characterized 
by strong wave-induced mixing and weak tidal mixing, it can be suggested that wind waves may play a 
minor role in the local sediment dynamics in summer.

Keywords: numerical model; water mixing; SPM transport; Bohai Sea

2 MODEL DESCRIPTION

2.1 Equation of the sediment dynamics

The feature and application of the surface wave 
and three-dimensional current interaction model 
has been introduced elsewhere (Liu et al., 2013). 
Using the same model design as the hydrodynamic 
model, the three-dimensional equation of the sedi-
ment dynamics can be written as follows:
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 (1)

where C is the SPM concentration; AH and KH are 
the horizontal and vertical diffusivities, which are 
calculated from the Smagorinski scheme and the 
MY turbulence closure model, respectively; SC is 
the riverine load of SPM (gs−1).  

In this study, the sediment flux via atmospheric 
deposition is assumed to be null. The sediment ero-
sion and deposition are highlighted since the ver-
tical mass exchange between the sea bed and the 
bottom layer of seawater is important. As a conse-
quence, the vertical boundary conditions on the sea 
surface and bottom can be expressed as follows:

1 INTRODUCTION

The transport of Suspended Particulate Matter 
(SPM) in coastal seas plays an important role in 
many oceanic processes, not only in marine geol-
ogy but also in marine ecology. Therefore, this 
topic attracts more attention of oceanographers 
with different disciplines. For example, the SPM 
transport is tightly correlated with light intensity 
in the water column, and the latter is one of the 
dominating parameters in ecological modeling. 
Thus, it can be suggested that to develop a robust 
SPM transport model that reflects the local sedi-
ment dynamics is imperative to reproduce a better 
marine ecosystem.

The SPM transport in the Bohai Sea (BS) is 
mainly governed by the tidal currents and wind 
waves. In previous studies, the wave or current 
simulations were carried out independently, that is, 
wave features were reproduced using the wave mod-
els, and the currents were simulated using the ocean 
circulation model (Yang et al., 2005; Liu et al., 
2005; Liu, 2011). More often than not, the wave-
current interaction is seldom put together in a sin-
gle numerical model. In this paper, a surface wave 
and three-dimensional current interaction model 
was developed to simulate the key hydrodynamics 
in the BS, and further coupled to a sediment trans-
port model to examine how these physical processes 
govern the sediment dynamics in the BS.
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where Fero and Fdep represent the flux of sediment 
resuspension and deposition, respectively. Follow-
ing Einstein and Krone (Arndt et al., 2007), these 
terms can be, respectively, expressed as follows:

F p e C
F p w C

erFF o ep ro c kC b

dep swe kbC m

⎧
⎨
⎧⎧
⎩
⎨⎨

⋅ e
⋅wdeFF pe 1

 (3)

where Ckbm1 is the SPM concentration in the bot-
tom layer of seawater; and Ckb = ρb(1 − φ) is the 
concentration of total solids in the sediment, in 
which ρb = 2650 kgm−3 is the sediment density and 
the sediment porosity is assumed to be φ = 0.7; 
ec = 5.5 × 10−4 is the erosion constant; and ws is the 
SPM settling velocity. In addition, according to the 
Stokes’ law that assumes a spherical particle shape, 
the following formula can be used:

w
gd

s =
1

18

2

ρν
( )ρ ρsρρ

 (4)

where ρs and ρ are the densities of SPM and seawa-
ters, and their values are assumed to be 1760 and 
1025 kg m−3, respectively; the fluid kinetic viscosity 
is assumed to be v = 5.5 × 10−6 m2 s−1; and d is the 
averaged grain diameter.

From Figure 1, we can see that the BS sediment 
consists of a heterogeneous mix of the river-derived 
mud and the fine-to-coarse marine sand. Therefore, 
the simulation of the SPM transport processes 
must account for these heterogeneities. In the model 
design, Arndt’s method is adopted. It means that 
the SPM size class Ci (i indicates clay mud, silt mud, 
coarse silt, fine or coarse sand, respectively) is char-
acterized by a specific flux change due to the ero-
sion and deposition, so an unique particle diameter 

and a continuous Gaussian grain size distribution 
are used. This distribution is totally characterized 
by the averaged grain diameter d and its standard 
deviation δd2, which are given as follows:
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where di indicates the representative particle diam-
eter in the individual size classes Ci.

Due to the erosion and deposition processes, d 
experiences the temporal evolution as a response to 
the variation in the composition of SPM. For instance, 
the resuspension of the coarse sediments leads to an 
increase in d, while the higher settling velocity of 
the coarser grains and their preferential deposition 
results in a decrease of the averaged grain size.

Equation (3) shows that the mass exchange 
between seawater and sea floor mainly depends 
on the solid concentration in the bottom layer of 
the water column as well as that in the  bottom 
sediments. Therefore, by adapting the depth-
mean formula of Wirtz and Eckhardt (1996) to 
the present three-dimensional sediment dynamic 
model, the time-dependent variance in the average 
grain diameter of suspended sediment d and 
 bottom sediment db due to erosion and deposition 
processes can be approximated as follows:
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where pero and pdep represent the possibilities for 
sediment erosion and deposition, respectively, and 
can be formulated as follows:
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where the bottom shear stress τb = ρub |ub|, in which 
ub is the bottom friction velocity; and τcrd is the crit-
ical shear stress for erosion and deposition, which 
can be given as follows:

Figure 1. Sediment type distribution in the BS and two 
major rivers: Yellow River and Liaohe River.
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τ ρ θcrττ d ρ( )ρ ρρ−ρb bρρ ρρ−ρ crθ dd  (8)

where θcrd is the critical mobility parameter, and is 
given by the following empirical formulations:
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where d* is a non-dimensional particle parameter, 
and can be written as follows:

d
g

dbd*dd
/

=
( )b⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

)bb −
ρν 2νν

1 3/

 (10)

2.2 External forcings and data sources

The model is driven by true forcings, considering 
tides, wind currents and waves, as well as the river 
discharges. Eight major tides, namely M2, S2, N2, 
K2, K1, O1, P1 and Q1, are superimposed on the 
southeastern open lateral boundary to simulate tidal 
wave propagations. The wind field is derived from 
14 coastal meteorological stations around the BS 
by means of interpolation and extrapolation. The 
monthly mean river runoff and riverine sediment 
load data have been provided by Zhang et al. (2004). 
Because the input of freshwater and river-borne sed-
iments mainly concentrates in the flood season, we 
would like to focus our interests on this situation.

3 SIMULATIONS

3.1 Key physical process

The key hydrodynamics is investigated using a sur-
face wave and three-dimensional current interaction 
model. It is found that the semi-diurnal tides are domi-
nant in the BS, and the wind-induced surface currents 
are conducive to the offshore transport of the river-
ine materials. The significant wind wave height is also 
reproduced, which shows the large value in the central 
basin and the wave heights reduce towards the shal-
low bays. Such knowledge is crucial for better under-
standing the sediment dynamics in the BS. Detailed 
 descriptions of  simulated tides, wind currents and 
waves have been provided by Liu et al. (2013).

3.2 SPM transport characters

Figure 2 shows the simulated and observed depth-
mean sediment distribution in the BS. Observations 
show that the highest level of SPM appears in the 
mouth of the Yellow River, and the Bohai bay is 

also characterized by the high concentration of 
SPM. Comparatively, the SPM concentration in the 
central basin is small. Compared with the observa-
tion, the simulation also reflects the same situation. 
According to the model results, the highest level of 
SPM in the YR estuary is induced by the riverine 
sediments from the YR. Driven by the southeasterly 
winds, the river plume of the YR extends northeast-
wards and enters the central basin. Since the large 
amounts of riverine sediments have settled down 
around the mouth of the YR due to gravity, the con-
centrations of riverine SPM in the mouth of the YR 

Figure 2. (a) Observed, (b) simulated SPM concentra-
tions (gm−3), and (c) SPM distribution from the Terra-
MODIS image on June 4, 2004.
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plume decrease significantly. It is one of the reasons 
why the central basin seems to be clearer than three 
bays. The alongshore currents may be responsible to 
carry the riverine sediments into the Bohai Bay.

Although the in situ investigations for the 
 Liaodong Bay are not available for us to check the 
model results, a satellite image taken on June 4, 2004 
can be used as an alternative. Driven by the south-
easterly wind, the river plume of the Liaohe River 
(LR) is confined to the end of the Liaodong Bay, 
so the riverine sediments from the LR concentrate 
there and form a patch of SPM. Besides the river-
induced SPM patch, the regions around the head-
land of Liaodong Peninsula and Changxing Isle are 
also characterized by the high level of SPM. These 
regions are relatively far from the river mouth, hence 
there must be different mechanisms responsible for 
the high sediment concentrations. In order to inves-
tigate what is the governing mechanism, two numer-
ical experiments are carried out: in experiment one, 
we run the coupled model with all specified external 
forcings, except the mean wind field; in experiment 
two, we rebuild the model design but omit the tidal 
impact purposely. The model results show that the 
SPM patches far from the estuaries are more prob-
ably induced by strong tidal currents. As indicated 
by Lin et al. (2011), the wave-induced mixing mainly 
functions in the upper layer of the water column; 
if the wind field is not strong enough or the water 
is relatively deep, the wind wave-induced mixing 
is hard to reach the sea floor to disturb the sedi-
ments. The long-term averaged wind field in sum-
mer is generally no more than 5 ms−1, so it can be 
suggested that wind waves may play a subordinate 
role in sediment dynamics in the BS. Both observa-
tions and simulations show that the central basin is 
characterized by strong wind-wave forces and the 
least SPM concentration, which also suggests the 
minor role that wind waves play in the local sedi-
ment dynamics. Comparing the simulations with 
the satellite image, it can be found that the funda-
mental distribution features of SPM are reproduced 
by the coupled model, though some discrepancies 
also exist in the meantime. For instance, the obser-
vation shows an evident patch of SPM with high 
concentration in the southern part of Laizhou, but 
it is not captured by our model. Since only the mean 
wind field is used in this study, implying that some 
extreme climate or intermittent northerly and west-
erly winds are smoothed out, the simulated clear 
waters in the southern part of the Laizhou Bay can 
be imagined. Of course, there are still other causes 
responsible for the differences between simulations 
and observations, among which the relatively coarse 
description of the erosion and deposition processes 
may be a key one, due to the fact that the involved 
parameters are either taken from literature or from 
very rough estimations. Overall, the model results 

show a general structure that is similar to that visu-
alized in the satellite image.

4 CONCLUSIONS

A coupled physical and sediment dynamic model is 
used to reproduce the SPM transport in the BS. It is 
found that the tidal current plays the major role, espe-
cially in eroding sediments, whereas the effect of the 
wind wave is relatively small due to the weak mean 
wind field in summer months (flood season). It should 
be pointed out that the SPM transport in a shelf sea 
is determined by a large number of complicated proc-
esses, and at present, the dynamics concerning the 
SPM transport are far from fully understood. In this 
sense, there are many efforts that should be done to 
improve the present research. In the near future, the 
key processes such as beach erosion, bio-turbulence 
or bio-stabilization function in the local sediment 
dynamics need to be investigated, and the quantifi-
cation of these processes should be highlighted.
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Three-dimensional numerical simulation of the tidal flat and channel 
during flood tide

Zengxiang Jiao, Xinzhou Zhang, Xiping Dou, Yun Pan & Lei Ding
Nanjing Hydraulic Research Institute Key Laboratory of Port, Waterway and Sedimentation Engineering of the 
Ministry of Transport, Nanjing, China

ABSTRACT: In this paper, the flow pattern between the channel and tidal flat with free surface flow 
was simulated using a numerical model analyzed by Fluent. The cross-section is divided into the main 
channel, the tidal-flat adjacent channel, and the tidal flat and bank. It obtained the distribution of trans-
verse velocity during the flood tide. The water surface profile was obtained by using the Volume Function 
Method (VOF) method. During the flood, the velocity of the main channel landward decreased and 
transverse velocity increased. The velocity of the main channel seaward increased during the ebb by the 
influence of runoff and tidal. The transverse velocity decreased from the area of the near wall to the zone 
of tidal-flat adjacent channel.

Keywords: numerical simulation; cross section; volume function method

approach, the interface is tracked by introducing 
the volume fraction for the i phase.

Water phase:

∂
∂

+ ∇ ⋅ ⋅ =
α αw

t
(v w) 0

 
(1)

where αw is the volume fraction of water. Only 
such transport equation needs to be solved since 
the volume fraction of the other phase can be 
inferred from the constraint αa = 1 − αw, where 
αa is the volume fraction of air. The FVM is used 
to solve the above equation and relies on the flow 
domain being divided into a grid consisting of a 
large number of cells. In each cell, if  it contains 
only water, then αw = 1, if  none, αw = 0 for each cell 
that spans the interface between the air and water, 
with 0 < αw < 1. Thus, it can be assumed that the 
surface is on the volume fraction of 0.5.

2.3 Equations and calculation methods

Fluent computation fluid dynamic code was used 
for 3D numerical modeling. Numerical modeling 
involves the solution of the Navier-Stokes equa-
tions, which are based on the assumption of con-
servation of mass and momentum within a moving 
fluid. The conservation of mass is described by the 
differential equation:

∂
∂

+ ∇ =
t

( ) ( )vρ ρ+ ∇ ⋅)) ( vv
�

0
 

(2)

1 INTRODUCTION

More recent work has addressed the hydrodynamic 
between the tidal flat and channel in an estuary[1]. 
During the flood, water diverges from the deep 
channel to the tidal flat and ebbs converge to from 
the tidal-flat to the channel[2]. Chanyan Li[3] identi-
fied that the lateral velocity was influenced by the 
following parameters: the ratio of depth about 
the tidal and channel; the ratio of tidal level and 
the average of depth; the ratio of the length wave 
and estuary. The VOF method has an advantage to 
treat the free surface. Wang Xuejun[4] analyzed the 
problem of wave flume by using this method. Li 
Zhiqin[5] obtained the distribution of flow velocity 
around the groyne field with this method.

2 NUMERICAL MODEL AND METHODS

2.1 Numerical model

This experiment was conducted in a flume with 
dimensions of 16 m wide, 10 m deep and about 
20 m long. While the channel was 6 m wide and 
10 m deep, the tidal flat was 5 m wide, 2 m deep at 
one side. In order to simulate the free surface level, 
there must be 3 m depth air on the free surface.

2.2 VOF model

To represent the sharp interface between the air 
and water, the VOF method was used. In this 
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where �v  is the flow rate and ρ is the fluid density.
The momentum equation can be described as 

follows:

∂
∂

+∇ ∇ −∇⋅ ∇ +∇ +
t

p= −∇ g F+T( ) ( )vv [ )]ρ ρ+∇+∇⋅)vv ( vv μ ρ∇ +∇ +v v+∇ T( )]� �
∇) ( � �

∇ ∇ ∇) ��T )]
�

 (3)

here, P is the pressure; �v  is the velocity; g is the 
gravity; μ = μ0 + μt, where μ0 is the viscosity of 
the fluid and μt is the turbulent viscosity; and F

��yy
 is 

the body force.
Turbulence model can be obtained using the 

standard model. The k − ε model, which was pro-
posed by Launer in 1972, is used widely as follows:

μ ρ εμtμμ C
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where k is the turbulent kinetic energy; ε is the tur-
bulent dissipation rate; Cμ, σk, σε Cε1, Cε2 are con-
stant in this study, taking the value of 0.09, 1.00, 
1.30, 1.45, and 1.92.

Boundary conditions are shown in Figure 1. The 
river discharge is 28 L/s upstream, and at 20 m, 
the wave boundary, where wavelength is 2 m, the 

amplitude was 0.4 m high. To estimate the effect 
of the wall on the flow, the empirical wall function, 
known as the standard wall function, was used.

3 CALCULATION RESULTS

In X = 10 section, we choose four lines, namely 1# 
(y = 0), 2# (y = 3), 3# (y = 5), and 4# (y = 7.5), to 
find the velocity distribution from the bottom to 
the surface.

Transverse circulation with the interaction of 
river discharge and tide will occur during the flood. 
Velocity along the axial direction in the channel 
reaches to 0.56 m/s at the depth of −4 m, and the 
surface flow to the seawards, and the bottom flow 
to the landwards. The velocity along the axial direc-
tion on the tidal-flat adjacent channel varied from 
0.2 to 0.2 m/s, and on the tidal and bank water flow 
to the landwards, and the channel velocity is greater 
than the tidal flat, as shown in Figure 3.

As shown in Figure 4, the channel transverse 
velocity is near 0 m/s during the flood. It reached 
0.5 m/s on the surface at the tidal-flat adjacent 
channel as with the tidal flat. And it decreased from 
the tidal flat to the bank along the cross-section. 
Water flows from the channel to the tidal flat.

As shown in Figure 5, the surface water in the 
channel flows to the seawards, and the bottom flows 
to the landwards. The maximum velocity is at 10 m 
along the channel. The channel velocity increases 
compared with the tidal flat velocity during the 
flood, and the gradient on the tidal-flat adjacent 
channel is greatest. This means that momentum 
exchanges from the channel to the tidal flat.

Velocity along the axial direction in the channel 
reaches to 0.65 m/s at the depth of −0 m, and the 
surface flows towards the landwards. The veloc-
ity along the axial direction on the tidal-flat adja-
cent channel decreases, and on the tidal and bank 
water flows to the seawards, the channel velocity Figure 1. Initial velocity of flume.

Figure 2. Initial surface level.
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is greater than the tidal-flat velocity, as shown in 
Figure 7.

As shown in Figure 8, the transverse veloc-
ity from the tidal to the channel decreases across 
the section. On the tidal flat, the surface velocity 

reaches to 0.16 m/s, with 0.12 m/s at bottom. On 
the tidal-flat adjacent the channel, it varies from 
0.08 to 0.02 m/s to the channel.

As shown in Figure 9, the surface water in chan-
nel flows to the seaward, and the bottom flows to 
the landward. The maximum velocity occurs at 10 m 

Figure 3. Velocity along the axial direction.

Figure 4. Transverse velocity.

Figure 5. Distribution of velocity on the vertical 
coordinate.

Figure 6. Distribution of velocity on the horizontal 
coordinate.

Figure 7. Velocity along the axial direction.

Figure 8. Transverse velocity.

ICCAHE15_Book.indb   517ICCAHE15_Book.indb   517 11/17/2015   6:30:45 AM11/17/2015   6:30:45 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-006.jpg&w=178&h=136
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-006.jpg&w=178&h=136
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-006.jpg&w=178&h=136
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-009.jpg&w=180&h=135
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-009.jpg&w=180&h=135
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-009.jpg&w=180&h=135
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-012.jpg&w=180&h=130
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-012.jpg&w=180&h=130
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-012.jpg&w=180&h=130
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-015.jpg&w=170&h=124
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-015.jpg&w=170&h=124
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-015.jpg&w=170&h=124
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-018.jpg&w=170&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-018.jpg&w=170&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-018.jpg&w=170&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-021.jpg&w=170&h=127
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-021.jpg&w=170&h=127
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-104&iName=master.img-021.jpg&w=170&h=127


518

along the channel. The channel velocity increases 
compared with the tidal-flat velocity during the 
flood, and the gradient on the tidal-flat adjacent 
channel is greatest. This means that momentum 
exchanges from the channel to the tidal flat.

4 CONCLUSIONS

In this paper, the flow pattern between the channel 
and tidal flat during flood was studied using a 3-D 

numerical hydraulic model. The k − ε turbulence 
model with the VOF method was used to simulate 
a fully three-dimensional flow. In the channel and 
tidal flat during the initial flood tide, the velocity 
along the channel increased compared with that 
along the tidal flat. The transverse velocity reached 
the peak on the tidal-flat adjacent the channel, and 
decreased from the tidal-flat to the bank. At the 
end of the flood tide, the velocity decreased along 
the channel flow to the landward, the transverse 
velocity decreased from the tidal flat to the chan-
nel, and the flow from the tidal to the channel.
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Figure 9. Velocity on the vertical coordinate.

Figure 10. Velocity on the horizontal coordinate.
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Numerical modeling of regional hydrodynamic and seabed 
morphological effects from the construction of artificial 
islands in Danzhou, Hainan

S.H. Zuo, B. Li & Z. Zhang
Key Laboratory of Engineering Sediment of Ministry of Communications, Tianjin Research Institute 
of Water Transport Engineering, Tianjin, China

ABSTRACT: Haihua Island is a large artificial island in Danzhou, Hainan. The construction of Haihua 
Island changes the hydrodynamic environment of Yangpu’s sea area, and further affects its morphological 
change. A 2-D numerical model combining the effects of tides and waves was set up to study the regional 
hydrodynamic and seabed morphological effects from the construction of Haihua Island in the Yangpu’s 
sea area of Hainan. Verification and validation were carried out against the measured data. Details were 
given about the variations of nearshore hydrodynamic characteristics of the Yangpu Bay with the con-
struction of artificial island engineering. In addition, the influence on the seabed, with the transportation 
of sediment considered, was computed. The outcomes of this study lay a foundation for the feasibility 
analysis of Haihua Island’s exploitation.

Keywords: Haihua Island; tidal currents; sediment; mathematical model; Yangpu Bay

The minimum area of the five artificial islands is 
about 0.146 km2, and the maximum area is about 
3.811 km2, and the distance among the islands 
is about 48 m–196 m. Haihua Island is mainly 
located in Yangpu shallows (Fig. 1) with the depth 
less than 2 m.

Haihua Island belongs to a large-scale reclama-
tion project, and the project implementation causes 
hydrodynamic environment changes in Yangpu 
waters and adjacent area, and further affects the 
seabed morphological change. With the develop-
ment of theories about numerical simulation and 
the improvement of computational facilities, two-
dimensional (2D) mathematical models have been 
widely used in the solution of many real-life engi-
neering problems involving hydrodynamic and 
sediment transport by tidal currents and waves (Li, 
2006a, 2006b; Zuo, 2009). A 2-D numerical model 
is used to simulate the effects of hydrodynamic 
and seabed morphological change caused by the 
project in this paper.

2 GENERAL SITUATION OF THE STUDY 
REGION

The tide is irregular diurnal with the mean tidal 
range 1.91 m in Yangpu waters, and the tidal flow 
has a reciprocating flow with a slight rotation. 

1 INTRODUCTION

The artificial island project of Haihua Island 
is located in the Yangpu waters in Danzhou of 
Hainan Province, China (Fig. 1). The project 
intends to adopt the form of an offshore artifi-
cial island with planning five artificial islands, and 
bridges among the islands and between the island 
on both sides and the land. The area of artificial 
islands is 7.53 km2 and the coastline is 39.44 km. 

Figure 1. Location of Haihua Island in Hainan, the 
depth of Yangpu waters and hydrological stations.
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The measured surface flow velocity is about 
0.82 m/s, and the maximum current velocity is 
0.3–0.5 m/s with reversing directions of SW-NE 
near the project area. The annual average wave 
height is 0.8 m in the Dongfang Station located 
near the project. The Suspended Sediment Con-
centration (SSC) is low with the average value of 
0.02–0.03 kg/m3. The tidal passage of the Yangpu 
Bay is a curved deep channel with the length of 
8.2 km, the width of 600 m and the depth of 
10 m-20 m. The deepest depth is above 24 m, and 
the shallowest depth is about 5 m in the sandbar 
area, and the length of the depth less than 8.5 m 
is about 3.5 km. The seabed around the Yangpu 
Bay is mainly silty clay, and the sea bed nearby the 
Haihua Island is relatively coarse, and the median 
size is from 0.05 m to 0.9 mm (Wang, 2006; Zuo, 
2010).

3 NUMERICAL MODEL

3.1 2D tidal current model under the function 
of waves

The continuity equation is as follows:

∂
∂
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where z = water level, the distance between the free 
surface and the base level; h = water depth, the 
distance between the free surface and the seabed, 
h = z + z0; z0 = seabed surface elevation, the dis-
tance between the base level and the seabed sur-
face; u, v are the horizontal velocity components 
in the x and y directions, respectively; f  = Coriolis 
parameter; g = gravity acceleration, g = 9.81 m/s2; 
ρ = water density; τsx, τsy are components of wind 
stress τs in the x and y directions, respectively; τbx, 
τby are components of bottom shear stress τ b with 
interactions of wave and tidal current in the x and 
y directions, respectively; λ = horizontal eddy vis-
cosity coefficient; Δ = + = ( )+∂
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3.2 2D model of suspended sediment transport 
under the function of waves and currents

3.2.1 General equation
Because sediment transport produced by tidal 
current velocity is larger than natural diffusion 
of the sediment, sediment yield of suspending 
can be ignored, and the two-dimensional suspend 
sediment transport equation under the function of 
waves and currents can be written as follows:
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where α  can be expressed in the following form:
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3.2.2 Seabed deformation equations 
due to suspended sediment
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where γ sγ  is the dry unit volume weight of bed bot-
tom sediment particles; and z0 is the depth from 
the undisturbed sea level to the sea floor.

3.3 Solution conditions

3.3.1 Initial conditions
Initial conditions are related to the initial distri-
butions of surface elevation, velocity and sedi-
ment concentration. As shown in Equation (14), 
ζ0 0ζζ ( , )0y  is the tidal level when t = t0; u y0 0y t(xx , )t0t  
and v y0 0y t(xx , )t0t  are the tidal velocity along the x and 
y directions, respectively, when t = t0; and S y0 0SS y t(xx , )t0t  
is the sediment concentration when t = t0:
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In this paper, the initial tidal level is taken as 
the mean tidal level and the initial tidal velocity 
is taken as zero on the computational boundary. 
The initial sediment concentration can be obtained 
from interpolation of the measured values.

3.3.2 Boundary conditions
There are four open sea boundaries in the model. 
The tidal levels control them. The sediment 
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 concentrations at the open boundaries are obtained 
from the nearest survey point.

3.3.3 Computational area and the grids
According to the characteristic of the study area, 
unstructured grids are applied to fit the bounda-
ries of the estuary and the harbor project because 
the grids can be used in irregular geometries and 
the elements may have arbitrary sizes in regions 
of interest. The simulated study area is about 
1848 km2. The east-west length of the simulated 
study area is 56 km and the north-south width is 
33 km. Overall, 45869 nodes are included in the 
model. The spatial steps are between 30 and 600 m, 
and the smaller grids are used in the harbor project 
region.

Using the project boundary and topography 
data of 2011, the actions of tidal currents and wind 
waves are simulated in the model. The movement 
of both tidal currents and suspended sediment is 
simulated. The results of calibration of velocity, 
direction, sediment concentration, and variation 
of the seabed are given.

3.3.4 Selection of parameters
The Manning roughness coefficient, n, is estimated 
to range from 0.010 to 0.025. According to the 
model calibration, the coefficient is adjusted to the 
landform change. According to the characteristics 
of the bed sediment, the Yangpu waterway sea 
area belongs to the class of a muddy coast. The dry 
unit volume weight of seabed sediment particles, 
γ sγ , is 750 kg/m3; the specific weight of water, γ , is 
1000 kg/m3. The settling velocity, ωsω , is related to 
many factors, such as sediment particle size, sedi-
ment concentration, salinity, and temperature.

4 MODEL CALIBRATION

Using the data of July 2011, the computational 
results for the water-surface elevation, velocity, 
flow direction and suspended sediment concentra-
tion are found to be in good agreement with the 
field data. Owing to space limitations, only parts of 
the results are shown in this paper (Fig. 2–Fig. 4).

Figure 2. Calibration results for the tidal level.

Figure 3. Calibration of current velocity and direction.

Figure 4. Calibration of suspended sediment 
concentration.

According to the seabed deposition and erosion 
in the Yangpu Bay measured from 2006 to 2007, 
the seabed deformation is calibrated in detail. So, 
the model would be combined with the simulations 
of flow motion, sediment transportation and bed-
form reworking.

5 HYDRODYNAMIC AND SEABED 
MORPHOLOGICAL IMPACT ANALYSIS

5.1 Change of tidal currents after the project

After the implementation of the project, the over-
all trend of tidal current in the whole sea area is 
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Figure 5. The change of tidal current velocity 
(+ increase; − decrease).

Figure 6. Seabed change during different weather 
conditions. (a: three years after the project in nor-
mal weather conditions; b: strong wind weather 
conditions).

not change, the current is still reversing current 
with the direction of NE-SW in the deep channel 
of Yangpu Bay. The local current is forced to the 
waterway.

Figure 5 shows the change of tidal current 
velocity. The artificial islands project makes the 
local flow velocity increase by 10% or 0.02 m/s. The 
maximum velocity has increased by about 0.05 m/s 
in the Yangpu Port Channel.

5.2 Seabed evolution after the project

It can be seen from Figure 6 that the seabed change 
is from −0.12 m to 0.48 m during 3 years after the 
implementation of the project in normal weather 
conditions. As can be seen in Figure 5, the flow 
velocity increases with about 0.02–0.05 m/s in 
the south of Xiaochantan. Therefore, the seabed 
erodes in both the south of Xiaochantan and the 
Haihua Island. The seabed around the Haihua 
Island is mainly deposited due to the reduction of 
the flow velocity.

According to the calculations, the seabed change 
is from −0.03 m to 0.15 m for 24 hours during the 
strong wind weather condition.

6 CONCLUSIONS

Haihua Island belongs to a large-scale reclama-
tion project. The construction of Haihua Island 
changes the hydrodynamic environment of Yang-
pu’s sea area, and further affects its morphologi-
cal change. A 2-D numerical model combining the 
effects of tides and waves was set up to study the 
regional hydrodynamic and seabed morphological 
effects from the construction of Haihua Island in 
the Yangpu’s sea area of Hainan.

The validity of the model is verified by the 
observation data obtained in July 2011 including 
the tidal flow and suspended sediment concentra-
tion in the vicinity of the sea area. The verification 
of the calculation shows that the calculated values 
are in good agreement with the measured data. The 
field of tidal currents, suspended sediment concen-
tration and the deformation of seabed can be suc-
cessfully simulated. Using the numerical model, a 
case study was applied to research the effects from 
the construction of Haihua Island.

The results show that: (1) the construction 
of Haihua Island makes the local flow velocity 
increase; (2) within 3 years, the waters between 
Haihua Island and Xiaochanjiao are eroded with 
the value from 0.03 m to 0.12 m due to the veloc-
ity increase in the area; the bed level deposits with 
the value from 0.06 m to 0.18 m in the south area 
of the Yangpu channel (i.e. the South Shoal); the 
waterways between the islands are deposited with 
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the value from 0.06 m to 0.30 m; (3) the seabed 
are deposited in the surrounding sea area of the 
Haihua Island by the SW wave of 50-year return 
period, and the deposited rate is 0.05–0.15 m/d.
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3D numerical simulation of local scour around regulating structures 
in tidal reaches
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ABSTRACT: The flow and sediment transport, and local scour characteristics around the regulating 
structures in tidal reach were analyzed. Tidal reach regulating structures near the three- dimensional 
characteristics of  water and sediment movement and local scour analyses were two-dimensional 
and three-dimensional turbulent sediment mathematical models developed for the next tide heights 
near velocity distribution role, local erosion processes, erosion and scour depth morphology that 
were simulated. It was pointed out that although the two-dimensional mathematical model of 
sediment can obtain a more accurate scour hole depth, it cannot obtain the right shape and scour 
erosion position.

Keywords: regulating structures; local scour; 3D characteristics; numerical simulation

2 3D CHARACTERISTICS OF LOCAL 
SCOUR AROUND REGULATING 
STRUCTURES

Local scour renovation process nearby a regulating 
structure is a very complex three-dimensional phe-
nomenon, including the strong three- dimensional 
nature of the flow movement and sediment 
transport. It is generally believed that after setting 
piers, groins and other hydraulic structures in the 
river, artificially increasing the flow resistance will 
form the upstream backwater, which will change 
the original velocity field and pressure field in front 
of structure formation pressure gradient, accom-
panied by the increase in the rate of water flow 
to generate a three-dimensional separation that 
occurs on the side of the boundary layer structure, 
resulting in a series of swirls. Horseshoe vortex for-
mation including the scour edge flow downstream 
side of the vertical vortex structures generated as 
a result of the separation boundary velocity gra-
dient formation, as well as the downstream move-
ment of wake vortices. Many scholars have used 
the prototype observation, model test and numeri-
cal simulation, different methods and means of 
local scour to conduct a comprehensive study of 
the phenomenon, widely believed by local scour 
spur dike whirlpool, dive flow, increasing the flow 
rate per unit width of spur dike and other factors 

1 INTRODUCTION

With the accelerated development along the 
coast and the river, the tidal channel and coastal 
estuary have been vigorously trained. In the reg-
ulations, a groin is a commonly used hydraulic 
structure. When the groin is used for river regu-
lation, the best embedding depth should be first 
designed so as to ensure the safety of  the groin. 
This is because a larger scour pit is always formed 
at the groin head, endangering its own safety and 
restricting the effectiveness of  groin works. The 
flow and sediment movement near the groin are 
the typical three-dimensional problem. Especially 
at the tidal river reaches, the tidal movement is 
characterized as tidal unsteady reciprocating 
flow at estuaries, and the hydrodynamic condi-
tions and sediment movement show periodical 
changes, so that this problem becomes more 
complex. Therefore, it is of  far-reaching impor-
tance for the construction and protection of  nav-
igation channels to conduct research on the local 
water flow and the law of  sediment movement 
near hydraulic structures like groins at the tidal 
reaches and to predict the formation of  the maxi-
mum scour depth of  local scour. In this paper, a 
three-dimensional numerical model is established 
to simulate the local scour of  groins at the tidal 
reaches.
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resulting from the combined effects. In summary, 
the formation of the scour hole is mainly caused 
by changes in the local water flow and sediment 
conditions.

3 2D AND 3D NUMERICAL SIMULATION 
OF LOCAL SCOUR AROUND 
REGULATING STRUCTURES

3.1 Simulation reach

The reach to simulate is generalized from the North 
Passage at the Yangtze River Estuary (Fig. 1). The 
generalized reach is about 10 km long, and its lon-
gitudinal gradient is designed with reference to 
0.027% of the actual longitudinal gradient of the 
North Passage at the Yangtze River estuary. Two 
guide levees not crossing water are arranged on 
the southern and northern sides respectively. The 
reach between guide levees is about 6 km long and 
about 2 km wide, and the outlet is a widened sec-
tion, which is 3 km at its widest point. The bottom 
elevation of the channel between the guide levees 
is −10 m and the bottom width is 160 m, while the 
side slope of the channel is 150 km. The bottom 
centerline of the channel is about 1.3 km away from 
the north guide levee and about 0.7 km away from 
the south one. The bottom elevation of both sides 
of the channel is generalized as −6 m (Fig. 2). A pair 
of groins is arranged in the guide levees (Fig. 3). 
The long groin is about 660 m long, while the short 

groin is about 270 m long. Both types of groin are 
non-submerged and vertical to the guide levee.

Under the action of tidal flow and unidirectional 
flow, the local scour processes of a pair of groins 
(only the south groin S1 and the north groin N1) at 
the generalized river reaches are separately studied 
through the numerical model, and four points A∼D 
are set at the head of the groin to specifically observe 
the changes of scour depth at four points (Fig. 3).

3.2 Model establishment

The turbulent movement of incompressible vis-
cous fluid can generally be described by the Rey-
nolds Equation:
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where ui is the component of time average velocity 
in the direction i; Xi is the mass force; v is the coef-
ficient of kinematic viscosity; ρ is the fluid den-
sity; −ρu uρρ i ju′ ′u  is the Reynolds stress; and p is the 
pressure.

As an unclosed equation, the Reynolds equa-
tion contains the Reynolds stress. It needs to be 
closed by a turbulent model. Currently, the most 
widely used equations are k and ε equations raised 
by Launder and Spalding (1974):
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Figure 1. Arrangement diagram of guide levees and 
groins under the deep water channel regulation works at 
the Yangtze River Estuary.

Figure 2. Cross-section drawing of the generalized reach.

Figure 3. Arrangement of groins Deepwater Channel 
Regulation Project and observation points.
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The three-dimensional suspended sediment 
transport equation can be expressed as follows:

∂
∂

+
∂
∂

+
∂
∂

+
∂
∂

=
∂

∂
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠
⎞⎞
⎠⎠

+
∂
∂

∂
∂

⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
∂

S
t

u
S
x

v
S
y

w
S
z x∂

S
x y⎠⎠⎠ ∂

S
ysx syε ε

⎝⎝
⎞⎞
⎠⎠⎟
⎞⎞
⎠⎠

+
⎛
⎝⎝⎜
⎛⎛
⎝⎝sx s

∂∂
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞⎞
⎠⎠⎟
⎞⎞
⎠⎠

+
∂

∂z
S
z

S
zsz
sε

⎝⎝ s
ωs

 (5)

where S is the sediment concentration; ωsω  is the 
settling velocity of sediment grains; εsε  is the sedi-
ment diffusion coefficient; and σ sσ  is the Schmidt 
number with a value range of 0.5∼1.0. Based on 
the suspended sediment transport equation, the 
bottom boundary condition for the suspended 
sediment movement is given by

ω ν
σsω tν

sσ b bs
s
z

D Eb b+
∂
∂

= Db  (6)

where Db is the deposition flux on the riverbed 
interface and Eb is the uptrend flux of the sedi-
ment on this interface. According to the conserva-
tive flux, the equation for the riverbed deformation 
caused by the suspended sediment is as follows:

− ′
∂
∂

= −γ ′′
η

sγ s
b bt

D E+b b+  (7)

where ′γ ′′sγ  is the dry density of the sediment; ηs  is 
the thickness of silt or scour caused by the sus-
pended sediment; and E Db bE D  is the net flux on the 
sediment interface.

The bottom sediment transport equation is as 
follows:
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where NbNN  is the amount of the bed load sediment in 
a unit volume; and ub  and vb  are the flow velocity 
at the calculation points near the bottom grid. The 
riverbed deformation caused by the bed load can 
be expressed as follows:

γ η β0γ ∂
∂

= β ∗bη
S bββ b bt
wb( )− ∗

b b−Nb Nb  (9)

There is a great difference between local scour 
and general scour. Through the study of local scour, 

many scholars have discovered that local scour is 
produced when the velocity of approach does not 
reach the incipient velocity of general scour. Dou 
Xibing (1997) gained a new formula for the critical 
incipient velocity of local scour by taking into con-
sideration the action of vertical water flow during 
the local scour. This new equation is as follows:
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where B is an undetermined coefficient. This equa-
tion takes into consideration the action of vertical 
flow velocity in addition to the impact of the slope 
and repose angle, which can be used to calculate 
the critical incipient velocity of the sediment at the 
time of the occurrence of local scour.

3.3 Local scour process

Figure 4 and Figure 5 show the simulation results 
of the local scour processes of the N1 and S1 groin 
heads.

Figure 4. Local scour processes around groin N1.

Figure 5. Local scour processes around groin S1.

ICCAHE15_Book.indb   527ICCAHE15_Book.indb   527 11/17/2015   6:30:55 AM11/17/2015   6:30:55 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-007.jpg&w=189&h=121
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-007.jpg&w=189&h=121
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-007.jpg&w=189&h=121
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-010.jpg&w=189&h=116
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-010.jpg&w=189&h=116


528

According to the calculated results, the scour 
depth increasing trend of the groin heads under 
the action of tide is consistent with the measured 
results. The local scour depth of 3D is slightly 
deeper than that of 2D. The main reason is that 
the vertical velocity of flow around regulating 
structures takes a key role in the three-dimensional 
calculation for the critical starting velocity of the 
sediment.

3.4 Local scour shape

Figure 6 shows the numerical simulation results of 
the local scour shape of 2D and 3D. The maximum 
local scour positions of 2D and 3D are located at 
the groin head similarly, but the position of the 
three-dimensional calculation of the maximum 
scour is farther from the mainstream area and 
close to the main water area. The distribution of 
sediment erosion and deposition zone is also sig-
nificantly different from the two-dimensional cal-
culation results.

4 COMPARATIVE ANALYSIS OF 
TWO-DIMENSIONAL AND THREE-
DIMENSIONAL CALCULATION 
RESULTS

The flow line around the groin near the bed bot-
tom of 2D and 3D is shown in Figure 7. The flow 
becomes a kind of jet-flow and deviates to the 
transverse direction before the upstream face of 
the groin in 3D lowest level flow, and then bypasses 
the groins and joins back in the recirculation zone 
quickly.

Figure 8 shows the velocity distribution of the 
YZ plane before the upstream face of the groin 
calculated by the 3D model. As can be seen in the 
figure, the transverse velocity suddenly increases 
before the upstream cross-section of the groin, 
where the transverse velocity is much closer to the 

bottom. This is the reason that the flow deviates to 
the transverse direction before the upstream face 
of the groin in the 3D model.

5 CONCLUSION

1. The erosion around the groin is different because 
the flow structure is different from the 2D and 
3D simulation results. Three-dimensional model 
simulates the groins area near the bottom of the 
velocity distribution more accurately. Although 
the two-dimensional mathematical model for 
the sediment can obtain a more accurate scour 
hole depth, it cannot obtain the right shape and 
scour erosion position.

2. The velocity distribution between the surface 
and bottom is different from each other. The 
sediment erosion and deposition are determined 
by the velocity and the concentration of the 
sediment near the bottom. Theoretically, a more 
realistic calculation not only results in the size of 
the largest scour depth with the measured data 

Figure 6. Local scour shape comparison of 2D and 3D.

Figure 7. The flow line around the groin near the bed 
bottom.

Figure 8. The velocity distribution before the upstream 
face of the groin calculated by the 3D model (Y-Z 
profile).

ICCAHE15_Book.indb   528ICCAHE15_Book.indb   528 11/17/2015   6:30:57 AM11/17/2015   6:30:57 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-012.jpg&w=189&h=116
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-012.jpg&w=189&h=116
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-014.jpg&w=189&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-014.jpg&w=189&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-014.jpg&w=189&h=131
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-017.jpg&w=189&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-106&iName=master.img-017.jpg&w=189&h=106


529

agreeing well, but also provides a more reason-
able results with respect to the form of erosion 
than the two-dimensional mathematical model.

3. The results illustrate that groins local scour 
problem is a typical three-dimensional problem, 
so we must adopt a three-dimensional model 
that can be more accurate and provide a reason-
able size and scope of erosion simulation.
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ABSTRACT: Siltation in the rivers downstream of floodgates has become a serious problem in China, 
making the discharge capacity of rivers to decrease obviously and threatening the flood control in upper 
rivers. Tidal wave deformation is one conclusive dynamic factor leading to siltation downstream of flood-
gates in estuaries. The hydrodynamic characteristics of tidal wave deformation are different with differ-
ent river lengths downstream of floodgates, so the fluvial processes and morphology characteristics are 
also different. A 2D numerical model is established to simulate the tidal wave deformation and sediment 
deposition with river of different lengths downstream the floodgate. The length of the river downstream 
of floodgates influences sediment deposition obviously. On this basis, several conclusions are obtained in 
this paper, which can provide some theoretical basis for the prediction and analysis of the siltation char-
acteristics in the lower reach caused by floodgates with different lengths in estuaries.

Keywords: sedimentation downstream tidal gates; length of irrigation channel; physical model; numerical 
model

downstream sluice. Then, many scholars have 
studied the silting mechanism and basically agreed 
with the conclusion that tidal wave deformation 
is one conclusive dynamic factor causing siltation 
downstream of floodgates. Tidal wave deforma-
tion and reflection usually occur under the influ-
ence of river morphologic resistance when it comes 
into the estuary, which will be more evident in the 
estuaries where floodgates have been built. Tidal 
wave will be reflected fully by the floodgate, and 
tidal wave properties change from a progressive 
wave to a standing wave, with a significant phase 
difference between the hydrographs of flow veloc-
ity and tidal level. Besides, the high tidal level rises 
while the low tidal level goes down, and the dura-
tion of flood tide is shortened and the mean depth 
of flood tide decreases, while that of ebb tide goes 
opposite. Therefore, the flow velocity of flood tide 
increases and that of ebb tide decreases, respec-
tively. Sediment transport capacity of flood tide 
is enhanced relative to that of ebb tide due to the 
change in hydrodynamic characteristics, so that the 
sediment, which is carried into the river by flood 
tide, cannot be taken back to the estuary by ebb 
tide, and then deposited in the lower reach down-
stream the floodgate.

1 INTRODUCTION

In order to defend against tides for the develop-
ment of agricultural production, lots of sluices 
have been built in the coastal areas of China since 
1950s, with the number of about 300 at present. 
Siltation in the rivers downstream of floodgates is 
a very serious problem in China. According to sta-
tistics, among the 58 sluices with the drainage flow 
of over 100 m3/s in Jiangsu Province, 5 are almost 
silted up, 15 are in severe siltation and the other 38 
are relatively less silted. Besides, in the 35 estuaries 
with sluice constructed in the Haihe River basin, 
22 are in serious siltation, where the upper and 
lower reaches are universally silted, causing the 
river drainage capacity to reduce by 60%. Siltation 
in the rivers downstream of floodgates makes the 
discharge capacity of rivers to decrease obviously 
and threatens the flood control in upper rivers, and 
influences the agricultural production. Therefore, 
it is vital to perform research on siltation down-
stream of floodgates.

Study on siltation downstream of floodgates in 
China began with the research on the Sheyang estu-
ary by G.R. Dou, showing that tidal wave deforma-
tion was the main factor leading to  sedimentation 
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2 NUMERICAL MODEL 
AND VERIFICATION

2.1 Simulation schemes

To study how the length of the approach channel 
at the downstream of the floodgate influences the 
sediment deposition, a 2D numerical tidal cur-
rent and sediment transport model is built based 
on the prototype of the floodgate in the estuary 
of the Sheyang River. The actual morphology of 
the estuary of the Sheyang River is simplified and 
applied as the open sea condition of the model. 
The open boundary of the model is about 6.5 km 
from the estuary, near the −7 m contour. In addi-
tion, the area covered by the model between its 
south and north boundaries is about 7.2 km wide 
(Fig. 1). In the model, the approach channel was 
simplified into a 77 km-long and 660 m-wide com-
pound channel. The bottom of the inner passage 
of the approach channel is about 220 m wide, with 
its elevation at −4.0 m. The side slope of the pas-
sage is 1:8, and the bottom elevation of the point 
bar is about 3.0 m.

The hydrodynamic boundary condition of the 
model is designed on the basis of the actual con-
dition in the estuary of the Sheyang River. The 
high tidal level is at 4.05 m and the low tidal level 
is at 1.8 m (Fig. 2). The hydrodynamic boundary 
condition of the open sea remains unchanged in 
the study; however, we hypothesize various lock 
sites of the floodgates and different lengths of the 
approach channel so as to study how the sediment 
deposition at the downstream of the floodgate is 
influenced accordingly.

2.2 Numerical model establishment

The continuity equation, momentum equation of 
tidal current and sediment transport equation in 
the numerical model are discretized using FVM 
(Finite Volume Method) as follows:
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River bed evolution can be calculated by the fol-
lowing formula:

γ η αω0γ ∂
∂

= αωs

t
( )ωωωω S S− SS  (5)

Incipient motion estimate formula of  cohe-
sive sediment and sediment transport capacity 
of  tidal currents and waves are key parameters 
in the numerical model of  tide and sediment 
transport. Dou (1999) analyzes the group char-
acteristics and the movement characteristics of 
cohesive sediment, and deduced a calculation 
formula for starting velocity including the bulk 
density effect, according to the effect of  cohe-
sive force between fine particles, water depth and 
bulk density:Figure 1. Domain of the model boundary.

Figure 2. Design curve of the tide on the outer 
boundary.
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where k′ is the coefficient (k′ = 0.26 for impending 
motion, k′ = 0.32 for little motion, k′ = 0.41 for 
general motion); Δ is the roughness height of the 
bed surface (Δ = 1 mm for d ≤ 0.5 mm, Δ = 2d for 
d > 0.5 mm), Δ* = 20 mm; and ρSρ  and ρ  are the 
density of sediment particles and that of water, 
respectively, γ 0γ  and γ 0γ *

pp
 are the dry volume weight 

and the stable dry volume weight of the sediment 
on the bed surface; ε0ε  is the synthetic parameter of 
cohesive force whose value is related to the physical 
and chemical properties of the particle materials, 
and also to the organic content and siltation envi-
ronment for cohesive soil, with ε0ε  = 1.75 cm3/s2 for 
natural sediment; and δ is the parameter of water 
film thickness, with δ = 2.31 × 10−5 cm.

Luo (1997) deduced a calculation formula for 
sediment transport and carrying capacity for dif-
ferent wet densities of fluid mud, with an overall 
verification of the calculation formula being made, 
and satisfactory results were obtained, showing 
that the calculation formula can be used as the 
practical formula for the study of engineering-
 related sediment problems:
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where γ w is the wet density of fluid mud; γ  is the 
density of water; γ sγ  is the density of sediment; V 
is the water velocity under the common action of 
tidal currents and waves; and D is the water depth.

2.3 Numerical model verification

The corresponding boundary conditions of the 
model are controlled by tidal levels. The upstream 
of the model is the floodgate, and it is treated as the 
closing boundary. In addition, the moving bound-
ary method is used to discriminate the land area 
from the water area. The orthogonal curved grid is 
used in the model with the grid size ranging between 
50 m and 200 m, and the time step is 2 seconds.

The numerical model was verified by the data 
of  the physical model, for which the tidal level is 
shown in Figure 2, and the length of  the irriga-
tion channel is 12.5 km. The verification of  the 
tidal level (Z1) and the current velocity (V1) in 
the estuary are shown in Figure 3 and Figure 4, 
respectively, and deposition depth along the 

Figure 3. Verification of tidal level.

Figure 4. Verification of flow velocity.

Figure 5. Deposition depth along the distance.

distance is shown in Figure 5. The results indi-
cate that the model can simulate the process of 
deposition and accord with the physical model, 
and that the accuracy of  the numerical model is 
satisfactory.

3 EFFECT OF IRRIGATION CHANNEL 
LENGTH ON DEPOSITION 
DOWNSTREAM THE TIDE GATE

The distribution of the average deposition depth 
downstream tide gate along the irrigation channel 
with different lengths under the action of spring 
tidal condition is shown in Figure 6, where the 
simulation time is about 180 days.
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The result shows that the deposition is affected 
by length of irrigation seriously in the same hydro-
dynamic boundary condition. All the three condi-
tions showed that the depth of silting decreases 
from the tide gate to the estuary. The velocity of 
the short irrigation is greater than that of the long 
one, so the silting increases greatly. In the long irri-
gation channel, the sediment transport a long time 
to the tide gate, the silting increases slowly. The 
depth profile appears triangle to the estuary.

The rate of deposition is decreased linearly with 
time under three irrigation channel conditions. The 
more the length of the irrigation, the smaller the 
ratio of silting, and the slower the decay of the ratio. 
Total river silting is the longest irrigation channel.

4 CONCLUSION

This paper proposed a 2D tidal current and sedi-
ment numerical model to simulate the process of 
deposition downstream the tide gate, and analyzed 

the different irrigation channels that affected the 
silting, and the results showed that:

1. The deposition was affected by the length of 
irrigation seriously in the same hydrodynamic 
boundary condition. All the three conditions 
showed that the depth of silting decreased from 
the tide gate to the estuary.

2. The velocity of the short irrigation was 
greater than that of the long one, so the silting 
increased greatly. This would shorten the irriga-
tion channel to reduce the total river siltation 
and was propitious to maintain the depth of the 
channel.
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Application of ecological revetment in Lianshen waterway regulation 
project
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ABSTRACT: As a new revetment technique, ecological revetment has become a trend of waterway 
regulation. On the basis of ecological revetment classification, the schemes of LianShen waterway regula-
tion project are analyzed according to local natural conditions, and then used for ecological revetment. 
It may serve as a reference for other waterway regulation projects.
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 original slope. Half-ecological revetments are 
mainly applied in waterways, which have narrow 
 sections and large construction areas. The ecosys-
tem of half-ecological revetment reflects in second-
ary revetment, which is above normal water level. 
Common types of half-ecological are ecological 
bag revetment, self-embedded revetment, box-type 
revetment etc.

3 ECOLOGICAL REVETMENT SCHEMES 
OF LIANSHEN WATERWAY

Lianshen waterway flows through two different 
sections between the town and village. According 
to using conditions and geological environment, 
different types of ecological revetments are used in 
Lianshen waterway regulation.

3.1 Town section

Vertical-type revetments occupy less area, which is 
suitable for the waterway. It does not easily expand 
or demolish and is also economical. Most of the 
towns that Lianshen waterway flows through are 
advanced regions. Therefore, vertical-type revet-
ments are adopted for saving land, reducing 
demolition and costs. Town section schemes for 
ecological revetment of Lianshen waterway adopt 
ecological bag revetment, box-type revetment, and 
self-embedded revetment.

1. Ecological bag revetment
Ecological bags have filter function, which not 
only prevent loss of filler, but also realize normal 
moisture communication in the soil. Ecological 
bag can provide plenty of moisture and let the 
plant grow through the bag body. The roots 

1 INTRODUCTION

With the development of society and economy, 
people have started paying more attention to 
waterway ecology. Therefore the concept of eco-
logical revetment for reinforcement was proposed. 
Because land limitation restricted the waterway, a 
reasonable structure and other measures should 
be adopted to reduce land acquisition. Lianshen 
waterway is located in the Yangtze river region, 
which flows through most of the developed regions 
and play a positive role in promoting economy of 
Jiangsu province.

2 TYPES OF ECOLOGICAL REVETMENT

According to practical situation of Jiangsu prov-
ince, ecological revetment has been promoted in 
Grand Canal, Yanhe waterway regulation etc. and 
obtained better results. Summarizing the applica-
tion of ecological revetment in Jiangsu province can 
be divided into three categories: whole- ecological 
revetment, half-of ecological revetment and part-
ecological revetment.

There are two types of  complete ecological 
revetment: the first is to keep original ecosystem 
which means repairing or reinforce only a part 
of  slope; the second is using less hard cover and 
more vegetation on slope. Complete ecological 
revetments are mainly applied in waterways that 
have wide sections or more bottomland. Common 
types of  whole-ecological revetment are vegeta-
tion revetment, reed revetment, timber pile revet-
ment etc.

Half-ecological revetment uses part of hard 
cover, keeping the rest of the ecosystem on 
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pass into soil of the engineering foundation, like 
countless anchors which stable bag bodies. Fur-
ther, the permanent stability slope is achieved 
and greatly reduces the maintenance cost.

2. Box-type revetment
The advantage of box-type structure lies in 
saving loss of concrete material, and the cavity 
reserved along length direction could fill with 
non-fine concrete, stone etc. This kind of revet-
ment has an effective to waste soil, and a low 
project cost. In addition, structure of box-type 
revetment is simple and the stress condition 
is good, and overturning resistance moment 
improves because of friction force between con-
crete and wall.

3. Self-embedded revetment
In this method, blocks between lumps of self-
embedded revetment without mortar and other 
consolidation measures are used, which have 
characteristics of good stability, fast construc-
tion, low cost, adaption to soft ground etc. 
By optimizing self-embedded structure, self-
 embedded green revetment is generated. This 
kind of structure consists of embedded block, 
plastic stick, filter, and soil, whre wall surface 
and body could be planted. When applied in 
water environment, underwater structure could 
have aquatic plants and provide survival space 
for fish, giving a better interpretation of eco-
logical revetment.

Figure 2. Box-type revetment.

Figure 3. Self-embedded revetment.

Figure 4. Vegetation revetment.

Figure 1. Ecological bag revetment.

3.2 Rural section

Relative to sloping ecological revetment, vertical 
ecological revetments are slight deficiency in water 
permeability and hydrophilic. Then sloping eco-
logical revetments could be used in widely section 
or of waterway.

Vegetation revetment technology includes 
planting submerged plants, floating-leaved plants, 
emerging plant and hygrophyte from the foot to 
the top of slope, which shapes into multi-level 
ecological protection. The principles of vegeta-
tion revetment stabling slope are vegetation water 
culvert and soil conservation; both take ecological 
function and landscape function into account.

4 APPLICABILITY OF ECOLOGICAL 
REVETMENT

Because of resistance and durability is weakness 
under the influence of water flow and ship wave, 
so vegetation revetment is mainly applied to water-
way which river is wide or original condition is 
better. Ecological bag revetment has advantages as 
economic price and high plant coverage, which is 
applicable to land shortage and poor soil condi-
tions. Box-type revetment has advantages as saving 
materials and low cost, which is applicable to land 
shortage and poor soil conditions. Self-embedded 
revetment has advantages as quick construction 
and high durability, which is applicable to land 
shortage and poor soil conditions.
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5 CONCLUSIONS

1. Ecological revetment is the development trend 
of revetment construction because of scour 
prevention and beautifying the environment. 
Attention should be paid to popularizing it and 
applying ecology revetment if  the desired engi-
neering effects are achieved and conditions are 
permissible.

2. The application of ecology revetment should 
follow the requirement of hydrodynamic and 
surround environment, selection of a reason-
able ecological revetment type, and paying 
attention to the joint using with hard revetment 
engineering.
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Numerical simulation analysis of the pressure-dispersed anchor 
cantilever retaining wall’s effect mechanism

C. Wang
School of Mechanical Engineering, USTB, Beijing, China

C. Li, X.G. Song, H.B. Zhang & Q.Y. Meng
School of Civil Engineering, Shandong University, Jinan, China

ABSTRACT: Based on practical engineering, the pressure-dispersed anchor cantilever retaining wall’s 
effect mechanism was calculated by the FLAC3D program. Through the simulation test, the soil stress, 
anchor axial force, stress and horizontal displacement of this new type of retaining wall were analyzed, 
and conclusions were obtained as follows. (1) The upper and lower soil of the anchor plate was in the 
state of shear and compression, the influence scope was about 1.5 times the anchor plate width on both 
sides of the plane of the anchor plate, and the shear stress of soil on both sides of the anchor plate was in 
the opposite direction. (2) The longer the length of the anchor cable, the smaller the horizontal displace-
ments in the operation period and the greater the axial force. (3) When the horizontal displacement of 
the crown was smallest in the operating period, the horizontal displacement of the bottom slab was the 
largest. The displacement changed linearly along the wall height, and the horizontal displacement of the 
whole wall decreased after being prestressed. (4) The horizontal stress of the upper wall was comparatively 
less, the horizontal stress of the bottom slab was largest, and the stress concentration appeared in the posi-
tion of the anchor, which became more distinct after being prestressed.

Keywords: pressure-dispersed; retaining wall; FLAC3D; effect mechanism

bearing capacity of a pressure-dispersed anchored 
cantilever retaining wall. Wang (2011) carried out 
the design and calculation of the structural theory 
of a pressure-dispersed anchor retaining wall, and 
through some methods such as field monitoring 
and finite element analysis, the mechanical prop-
erties of this type of retaining wall were analyzed 
under the situation of construction, operation and 
earthquake, which has deepened the understand-
ing of this new type retaining wall.

Based on the above research and the substantial 
project of the pressure-dispersed anchor cantilever 
retaining wall on QingLin expressway, this paper 
established a finite difference numerical model by 
FLAC3D, and conducted the simulation analysis 
of this new type of retaining wall.

2 NUMERICAL CALCULATION MODEL

2.1 Fundamental assumption of the model

To truly reflect the mechanical and deforma-
tion characteristics of  the retaining wall in the 
engineering and to study the effect mechanism 
of the retaining wall conveniently, the following 

1 INTRODUCTION

Pressure-dispersed anchored cantilever retain-
ing wall consists of the cantilever retaining wall, 
the pressure dispersed anchor rod (rope) and the 
anchor plate. This type of retaining wall com-
bines the advantages of cantilever, anchor plate 
and anchor rod retaining wall, and the pressure-
 dispersion characteristic of pressure-dispersed 
anchor rope. It is a new type of retaining wall 
developed in recent years, which improves the over-
all stability by inflicting prestress to the anchor and 
has a remarkable effect on high filled embankment 
slope reinforcement. Currently, studies of this type 
of retaining wall are few. Xue (2013) analyzed the 
mechanical characteristic of pressure-dispersed 
anchor retaining wall consolidated high filled 
embankment during the construction process. 
Song (2014) studied the earth pressure distribution 
regularity of pressure-dispersed anchor retaining 
wall. Wu (2014) analyzed the earth pressure distri-
bution regularity, mechanical characteristic during 
the construction period and the operation period 
of a pressure-dispersed anchor retaining wall, and 
the major controlling factors that influenced the 
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assumptions were made to the numerical calcula-
tion model:

1. There is no longitudinal deformation that occurs 
along the way of the model;

2. The surface and base materials of the road 
are elastic, between which the deformation is 
successive and no slippage or separation will 
occur;

3. The material of the retaining wall is elastic and 
there may be slippage or separation among the 
retaining wall, filling earth behind and founda-
tion soil.

4. Subgrade filling construction is completed in 
one time, and equal prestress is inflicted to each 
bundle of the anchor cable.

2.2 Model building

In the actual project, a cluster of pressure-dispersed 
anchors were installed on the retaining wall longi-
tudinally at the interval of 4 m, so the longitudinal 
size of the model along the road is 3 m. Because the 
subgrade filler soil is laminar and isotropic, and 
the model is a typical axisymmetric problem whose 
axis of symmetry is the center line of the road, 
half  of the actual engineering were taken to ana-
lyze when modeling, setting the upper surface of 
the model free and the others fixedly constrained. 
Model groups include the subgrade, the founda-
tion, the cantilever retaining wall, and the gravel 
replacement cushion rubber, and the model size is 
30 m * 4 m * 19 m (length * width * height), the 
grid size is 0.3∼0.5 m, the total number of units is 
24224, and the calculation ignores the influence of 
groundwater. The grid division of the calculation 
model is shown in Figure 1.

FLAC3D contains multiple structural elements 
to simulate the beam, anchor cable, pile, shell, 
geogrid, and lining; among which, shell as the finite 

element with identical thickness can be regarded 
as an isotropic linear elastic material without a 
failure limit, and cable as the linear element with 
a uniform section composed of 2 node yields in 
the tensile and compressive sides, and fails in the 
resistance of bending moment. According to the 
basic assumption and the related research of this 
paper, the shell element was adopted to simulate 
the subgrade surface, base and anchor plate, and 
the cable element was employed to simulate the 
pressure-dispersed anchor. The model structure 
unit (marked red) is shown in Figure 2.

The size of the anchor plate in the model is 
1 m * 0.6 m * 0.3 m (length * width *height), and 
the length of the anchor cable is 8 m, 11 m, 14 m 
and 17 m, with one end of the anchor cable being 
connected to the anchor plate and the other end 
connected to the cantilever retaining wall.

In the numerical calculation, there are two main 
methods to inflict prestress to the anchor cable, 
namely the command “Sel node apply force” and 
the command “Sel cable pretension”. Command 
one is used to inflict prestress load directly to the 
element node, equivalent to exerting the concen-
trated load, which is usually used to simulate the 
influencing process of inflicting prestress to the 
cable on the working condition and reinforcement 
mechanism; Command two is used to inflict pre-
stress to each anchor cable, of which each micro 
portion has the equal stress, before the numerical 
calculation. This command suits for the situation 
that the outside anchor head is locked after inflict-
ing prestress to the anchor cable.

Based on the assumption of this article, this 
passage adopts command two to inflict prestress to 
the anchor cable, the stress value inflicted to each 
bundle of the anchor cable is 80 kN.

Because of the significant stiffness difference 
among the cantilever retaining wall, gravel replace-
ment cushion rubber and soil layer, slippage and 

Figure 1. The grid division of the calculation model. Figure 2. Model structure unit (marked in red).
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separation may occur on the actual contact surface. 
For this purpose, this paper established FLAC3D 
contact area, to better simulate the slippage and 
separation on the contact surface.

In order to compare with the influence of pre-
stress on the pressure-dispersed anchor cantilever 
retaining wall, this paper additionally established 
the anchor cable calculation model without 
prestress. The only difference is the anchor cable 
prestress value before the unprestressed anchor 
cable model calculation, which can be null or not, 
while the rest of the parameters, boundary condi-
tions and calculation methods are all the same.

2.3 Model parameters

Mohr-Coulomb is chosen as the constitutive model, 
while for the calculations of soil and gravel replace-
ment cushion rubber, the constitutive model of the 
cantilever retaining wall is considered as the elastic 
model. Model parameters can be obtained accord-
ing to the field survey and indoor experiment. 
Computational mechanics parameter summary is 
given in Table 1.

3 CALCULATION RESULTS 
AND ANALYSIS

Calculation process was carried out in accordance 
with the actual construction, namely establishing 
the model of the cantilever retaining wall on the 
weight self-balancing foundation. 80 kN prestress 
was inflicted to each anchor cable and subgrade fill-
ing construction should be completed in one time, 
and then the numerical calculation of the retaining 
wall during operation periods can be conducted.

3.1 Stress analysis of soil mass

Anchor cable is unbonded type, and anchoring 
force is mainly provided by the soil around the 
anchor plate. To analyze the stress state of soils 
surrounding the anchor plate, shear stress nepho-
gram (Fig. 3) and its local amplification figure 

(Fig. 4), the principal stress nephogram of soil 
(Fig. 5) and its local amplification figure (Fig. 6) 
were extracted.

Figure 3 and Figure 4 shows that the soil around 
the anchor plate is affected by the shearing action, 
and the sheared soil is mainly distributed in the 
upper and lower anchor plate, and 1.5 m to both 
sides of the plane of the anchor plate, i.e. the main 
shear influence scope was about 1.5 times the 
anchor plate width on both sides of the plane of 
the anchor plate. Besides, the shear stress of the 
soil on both sides of the anchor plate was in the 
opposite direction.

Figure 5 and Figure 6 show that the soil around 
the anchor plate is in the state of compression, the 
areas of which mainly locate in the upper anchor 

Figure 3. Sxy shear stress nephogram.

Figure 4. Sxy shear stress nephogram local amplifica-
tion figure.

Table 1. Computational mechanics parameter.

Material
Density
(kg ⋅ m−3)

Bulk modulus
(K/MPa)

Shear modulus
(G/MPa)

Cohesion
(c/kPa)

Angle
(ϕ/°)

Subgrade 1950 8.46e1 3.91e1 41 37
Foundation 1800 3.33e1 1.54e1 15 13
Retaining wall 2550 2.17e4 1e4 ** **
Cushion rubber 1840 3.33e2 1.54e2 0 40
Pavement 2550 ** ** ** **
Anchor plate 2550 ** ** ** **
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plate, while less in the lower soil. The soil under 
pressure distributes on both sides of the anchor 
plate, about a 1.5 m range, roughly equal to the 
distribution of the sheared soil.

Figure 3 and Figure 5 show that the soil around 
the anchor plates is influenced by shear stress and 
compressive stress, the values of which are approx-
imately constant in the soil, showing that the dis-
tribution of the pressure subjected to the anchor 
plate is approximately identical; in other words, the 
pressure is dispersed evenly.

3.2 Axial force analysis of the anchor cable

After being inflicted prestress, the anchor cable 
will be affected by the tension from the cantilever 
retaining wall in the operation period, which is sim-
ilar to the process of all-tension after each bundle 
of the anchor cable is tensioned. So, the axial force 
is bound to increase. To analyze the change rule 
of the anchor axial force, each computed result of 
the anchor axial force in the operating period was 
extracted, as shown in Table 2.

From Table 2, it can be seen that the shorter 
the anchor cable, the smaller the axial force in the 
operating period, which is different from the previ-
ous axial force distribution law of unit under equal 
stress tension[9]. Therefore, this paper extracts the 
displacement vector graph of each anchor plate 

element and anchor cable element, as shown in 
Figure 7. As shown in Figure 7, the displacement 
vector of the shorter anchor is in the ramp below 
direction and its horizontal displacement compo-
nent is bigger; nevertheless, the displacement vec-
tor of the longer anchor is approximately in the 
downward direction and its horizontal displace-
ment component is smaller. Consequently, when 
the cantilever retaining wall is in integral tension, 
the elongation per unit length of the longer anchor 
cable is bigger and the elongation per unit length 
of the shorter anchor cable is smaller, which mani-
fests that the longer the anchor cable, the larger the 
axial force increment of anchor cable in the operat-
ing period, accordingly the larger the axial force.

3.3 Horizontal displacement and stress analysis 
of the anchor cantilever retaining wall

Through the establishment of the unprestressed 
anchor cable calculation model, the influence of 
prestress on stress and horizontal displacement of 
the cantilever retaining wall was obtained in this 
paper, as shown in Figure 8 and Figure 9.

As shown in Figure 8, the horizontal displace-
ment on the top of the cantilever retaining wall 
is the smallest and the horizontal displacement 
of the bottom slab is the largest, and the dis-
placement changes linearly along the wall height 
and reaches the maximum on the bottom slab. 
 Compared with the retaining wall anchor cable 
without prestress, the horizontal displacement of 
the whole wall decreases after inflicting prestress 
to the anchor cable, and the maximum horizontal 
displacement reduced from 17.78 mm to 17.1 mm. 
Thus, we can clearly draw the conclusion that the 
infliction of prestress can restrict the lateral sliding 
of the retaining wall to a certain extent.

As shown in Figure 9, the horizontal stress of 
the upper wall is smaller and the bottom slab is the 
largest. This explains the reason why the horizontal 

Figure 5. Sxx principal stress nephogram of the soil.

Figure 6. Sxx principal stress nephogram local ampli-
fication figure.

Table 2. Axial force of the anchor cable during the 
operating period.

Anchor plate Axial force/kN

Interval 8 m 11 m 14 m 17 m

3 m 80.44 82.03 83.54 85.05

Figure 7. The displacement vector graph of structure 
units.
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displacement distribution is larger at the upper 
part, while less at the bottom slab. These two sets 
of curves show the stress concentration phenom-
enon at the 2.4 m height, which is exactly the posi-
tion of pressure-dispersed anchor cable layouts. 
Pressure-dispersed anchor cable make the stress 
concentration phenomenon emerge at this position 
and after inflicting prestress, the stress concentra-
tion phenomenon is more obvious, in which the 
peak value increases from 35.02 kPa to 383.8 kPa. 
While the excessive stress concentration is harm-
ful to the wall mechanic characteristic; therefore, 
reinforcement treatment should be applied to this 
area of the retaining wall when designing and 
construction.

4 CONCLUSIONS

1. Upper and lower soil around the anchor plate 
of the pressure-dispersed anchor cantilever 
retaining wall was in the state of shear and com-
pression, the influential area of which is 1.5 m 
to both sides in the plane of the anchor plate, 

i.e. the influential scope was about 1.5 times the 
anchor plate width on both sides of the plane 
of the anchor plate, and the shear stresses of 
the soil on both sides of the anchor plate are in 
the opposite direction.

2. The longer the length of the anchor cable, the 
smaller the horizontal displacements in the 
operation period, and thus the greater the axial 
force.

3. When the horizontal displacement of the wall 
crown is smallest in the operating period, the 
horizontal displacement of the bottom slab is 
the largest. The displacement increased lin-
early along the wall height and the horizontal 
displacement of the whole wall decreased after 
being prestressed.

4. The horizontal stress of the upper wall is com-
paratively less and the horizontal stress of the 
bottom slab is the largest. The stress concen-
tration appears in the position of the anchor, 
which is more severe after being prestressed. 
Such excessive stress concentration is harmful 
to the wall mechanic characteristic. Therefore, 
reinforcement treatment should be applied to 
this area of the retaining wall during designing 
and construction.
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Simulations of transit priority under multi-flow conditions
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ABSTRACT: Transit priority is a fundamental support for improving buses’ level of service. The most 
common way to ensure the buses to run fluently is to equip roads with bus lines. Besides, buses can get 
signal priority in some cases. To evaluate the effects of transit priority on the entire intersection under 
different traffic flows, the Shuanglong-Jiyin Intersection was taken as a case. According to the simulations 
results, hybrid transit priority together with bus line and signal priority can cut down 60% of intersection 
delay, but transit priority should be considered when the intersection is under heavy traffic pressure.

Keywords: transit priority; bus line; signal control; microscopic simulation; traffic flow sensitivity

was  simulated in the microscopic simulation tool, 
VISSIM. Three scenarios was designed, which are the 
current scenario, the bue line only scenario and the 
bus line with signal priority scenario. Each scenario 
has 10 flow rates reformed from the observed data.

2 DATA

The study is based on the case of the Shuanglong 
Road—Jiyin Road Intersection. The Shuanglong 
Road is an arterial road which stretches from south 
to north. It has all together 8 lanes, with the bus 
going straight through the road. The Jiyin Road 
is a secondary main road in Nanjing, China, and 

1 INTRODUCTION

The transit priority has numerous intensions since 
the development of nearly six decades (Yagar, S. 
1993, Ji, Y.J. et al. 2005, Arasan, V.T. & Vedagiri, P. 
2010). The most direct and operable to help the 
transit system operate efficiently is to give more 
right-of-way to buses. Generally, two main parts 
of transit priority in the right-of-way are exclusive 
bus lines in the space level and the signal prior-
ity in time level (Sunkari, S.R. et al. 1995). More 
and more cities are establishing their bus lines, 
and signal priority has been applied in some cases, 
although it’s not as popular as the former strategy. 
Thus, it may be interesting to explore the effects of 
different kinds of transit priority strategies under 
different conditions.

According to early researches, the exclusive 
bus lines can improve the safety and pollution 
of transit system, as well as increasing the travel 
speed of buses by more than 10% (Zargari, S.A. & 
Khan, A.M. 1998). Signal priority can promote the 
buses to operate more smoothly in the intersection 
(Li, J. et al. 2012, Shen, F. & Yang, X.G. 2009). Ma 
and Yang (Ma, W.J. & Yang, X.G. 2006) tried three 
signal strategies by simulation, consequently, the 
delay of buses might drop sharply and meanwhile, 
it could interrupt automobiles to different extents.

However, few early studies can combine the 
spatial and temporal transit priority together and 
most the simulations focused on the original traffic 
flow rate, therefore, the effects of transit priority 
can’t be evaluate in a relevant wide range, and the 
references for building up transit priority might be 
unscientific owing to the lack of experiments.

To explore the performances of buses and auto-
mobiles under different priority strategies and 
traffic flow rates. Shuanglong-Jiyin Intersection 

Figure 1. The canalization of Shuanglong-Jiyin 
Intersection.
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it crosses with the Shuanglong Road vertically. To 
verify the effectiveness of the priority for buses, the 
study puts a bus line on the outer side of the inter-
section. The intersection’s original and reformed 
canalizations are showed in Figure 1 and Figure 2. 
The traffic volumes of the intersection are acquired 
through video tapes on the morning peak period in 
a work day. The statistics are shown in Table 1.

3 SIMULATIONS

3.1 Building the simulation scenarios

The microscopic simulation software VISSIM is 
used in the study. To verify the influence on the 
intersection if  giving the priority to buses, the study 
researches on three different simulation scenarios: 
the original one, the one with the bus line only and 
the one that applies the bus line and the signal pri-
ority at the same time.

Scenario 1: The original scenario, which is com-
pletely the same with the real conditions.

Scenario 2: The road with the bus lane. The bus 
lane is placed at the sides of Shunanglong road, 

as shown in Figure 2. The signal timing, however, 
is still in accordance with the field statistics.

Scenario 3: Use the bus line and the signal prior-
ity at the same time. Add a bus arrival detection 
which uses the “green time starting early and 
cutting off  late” method to give buses the prior-
ity in the signal timing. The detailed method is 
explained as follows.

3.2 Signal priority for buses

The bus arrival detection is placed about 80 meters 
before the stop line. Once the detector is activated, 
it immediately judges whether the phase for buses 
is green light or not. If  the signal is green, then 
nothing has to be changed, otherwise, the time 
difference between the activated time to the begin-
ning and end of the pass phase for buses should 
be compared. If  the time difference to the phase 
beginning is shorter, then the pass phase for buses 
will start 10 seconds earlier. Contrarily, the phase 
end will extend for extra 10 seconds. The process is 
illustrated in Figures 3 and 4.

In order to find out the influence that bus prior-
ity will bring to the intersection on different sce-
narios, the study uses 10 different volumes for each 
scenario. New volumes are acquired by multiply-
ing the original volume with 60%–105%, and the 
interval is 5%.

4 ANALYSIS AND DISCUSSIONS

Delay is often used as an index in evaluating the 
efficiency of travelling. The study tests on 10 dif-
ferent volumes through 3 scenarios. The results are 
shown in Figure 5.

From the figures above, we can draw the con-
clusion that the delay of buses is relatively stable 

Figure 2. The canalization with bus lines.

Table 1. Traffic flows of Shuanglong-Jiyin Intersection 
(pcu/h).

Entrance South North East West

Left  188  178 136 135
Straight 1654 1637 812 831
Right  180  199  90  96

Figure 3. Extend the green time for buses.

Figure 4. Compress the green time for the former phase.
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no matter what the scenario is. The bus line could 
decrease delay for about 10%. Together with sig-
nal priority, the delay could drop significantly for 
more than 50%. Thus, the priority for buses, espe-
cially the integrated one involves time and space, 
will bring huge augment in the efficiency of travel-
ling of buses.

However, as an arterial road, the Shuanglong 
Road doesn’t get benefits. The priority for buses 
means less road resources for social vehicles, and 
thus the delay of social vehicles increases, espe-
cially when the volume grows bigger than 90% of 
the original one. Under that circumstance, there 
will be severe congestions on the intersection, and 
thus this condition is inappropriate for the pri-
ority for buses. What’s more, it’s noticeable that 
some social vehicles which share the same phase 
with buses also get benefits if  the buses have signal 
priority. That can explain why the delay of social 
vehicles in Scenario 3 is much smaller than that in 
Scenario 2.

Bus priority has some negative influences 
on the traffic capacity of  secondary main road. 
Because when the signal controllers accept the 
priority applications of  buses, more green time 
will be provided for the phase for buses and social 

traffic sharing the same phase with them, which 
also results in lower probability and higher delay 
for vehicles travelling on the secondary road to 
pass the intersection. The signal priority increases 
its delay further. Even though the volume is 90% 
of  the original one, bus priority will still trigger 
the collapse of  social vehicle system. The last dia-
gram in Figure 5 illustrates that when the volume 
in intersection is close to its saturation point, 
the bus priority affects the passage of  social 
vehicles greatly.

5 CONCLUSION

The bus priority is an unavoidable trend for the 
development of the public transit. The hybrid 
temporal and spatial priority for buses can boost 
buses’ efficiency of travelling remarkably, but its 
application should be considered carefully accord-
ing to the real conditions, as what we want to 
achieve is that we can operate the whole transpor-
tation system with as few congestions as possible, 
the bus priority shouldn’t ignore the social traffic 
who run on the road recently. Also, the most effi-
cient bus priority happens under the condition that 

Figure 5. Delays of simulation results.
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local automobiles don’t have the ability to fulfill 
the roads.

This passage is based on the case study of the 
Shuanglong Road and Jiyin Road Intersection, 
tested the sensitivity under different volume con-
ditions by the microscopic simulation software 
on three different scenarios: the original one, the 
bus line only one and the bus line plus signal pri-
ority one. The study shows that, in this case, the 
hybrid temporal and spatial priority for buses can 
decrease the delay of buses for more than 60%, but 
it affects the efficiency of social vehicles. So when 
the volume of intersection is close to its satura-
tion point, the application of bus priority should 
be further considered. Besides this, finding out a 
priority method that can handle the contradiction 
between buses and social vehicles, and generalizing 
it into all traffic webs, is definitely a key point in 
future studies.
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Shanshan Ji, Yaxun Yang & Gao Gong
Highway Institute in Chang’an University, Xian’an, Shanxi, China

ABSTRACT: This paper mainly focuses on the analysis of the stress state of long span steel orthotropic 
plate and highlights the influence of the structure of bridge deck on the mechanical characteristics of the 
bridge pavement. Also, it uses Ansys to simulate that condition. At the same time, aiming to solve the 
diseases, we could try to find answers from the structure of the bridge deck and materials.

Keywords: orthotropic plate diseases; materials; bridge pavement

than the ordinary cement concrete pavement. 
Thus, under the external force, they will produce a 
lot of shear stress between layers, and correspond-
ing higher interlayer adhesion requirements. From 
the whole of the structure, the steel box girder is 
an excellent main beam structure. However, due 
to the special quality of its structure, steel deck 
pavement has often some diseases occurring on 
it. Similarly, the destruction of the adhesive layer 
between the pavement and the steel greatly reduces 
the composite action, and even may accelerate the 
destruction of pavement. The reasons for the rut 
include heavy traffic, channelization of traffic and 
the nature of pavement materials. But at the same 
time, we should also take into account the effect 
of the orthotropic bridge deck structure on force 
of the bridge deck pavement.

3 SOLUTIONS

In view of the above analysis of the causes of dis-
ease, we can solve this problem from two aspects. 
First, orthotropic deck plate is an excellent form 
of bridge structure; however, it is not researched 
deeply at the present stage and the stress state lacks 
clarity, which may lead to some unforeseen prob-
lems when designing. Therefore, strengthening the 
research to find a reasonable form, or giving a rea-
sonable reference range of design parameters, has 
a great significance in guiding the designer. At the 
same time, asphalt concrete has been used for a long 
period, and has the advantage such as comfortable 
driving. But it also has its own shortcomings. And 
asphalt concrete may be not the best combination 
with steel bridge, so we can try to find a new alter-
native material.

1 INTRODUCTION

With the development of  road transport, rapid 
development has been made in bridge construc-
tion technology. Bridges of  sleek and  innovative 
structure at medium-size continue to emerge 
across the country. Deck as an important compo-
nent of  the overall structure of  the bridge, its qual-
ity and durability directly affect safety, comfort of 
driving, durability, and investment benefits dur-
ing operation. But over the years many of  China’s 
new long-span bridges (e.g. the Jiangyin Yangtze 
River Bridge, the Runyang Yangtze River Bridge) 
in deck paving of  steel bridge, they have suffered 
various degrees of  damage, seriously affecting 
the driving comfort and durability of  steel girder. 
And these long-span bridges as a transportation 
hub, repairing them would bring a great deal 
of  disturbance to the community, and costing a 
large sum of money. So, the study of  the causes 
of  large-span bridge deck pavement damage has 
a great value, also guiding us to find a solution to 
this problem.

2 ANALYSIS OF CAUSES FOR DEFECTS

Bridge deck gets damaged for many reasons, 
including all aspects of design, construction, the 
environment of operations, and conservation. The 
design of deck pavement is unreasonable, or con-
struction technology and construction organiza-
tion are not comprehensive, over-weight vehicle 
traffic overload, untimely conservation, which are 
the main causes of such diseases. With complicated 
geometry and large flexibility, the stress state of 
orthotropic steel panel pavement is more complex 
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3.1 The impact of performance of the orthotropic 
steel bridge deck on bridge deck pavement

To investigate this question, we use a finite ele-
ment software, Ansys, to simulate a long-span steel 
bridge deck in China. The simulation uses a simpli-
fied model. The basic model of structure is shown 
in Figure 3. By simplifying the structure, we can 
save a large amount of calculation, which is very 
convenient for the designer to simulate the deck of 
the bridge. During FEA simulation, we use shell181 
element to mesh the structure and control the size 
of element at 10 mm. Due to stress concentration 
of wheel load, it is necessary to refine the grid, 
whose Young’s modulus is equal to 210000 MPa 
and Poisson’s ratio is equal to 0.25. Model sizes 
involved in the argument are listed in Table 1.

At the same time, we need to simplify the wheel 
load. The wheel load is distributed on double rectan-
gles, as shown in Figure 1. There are two load rec-
tangular areas, with the width set to 200 mm and the 
length converted according to the load size. When 
the length is translated into approximately 250 mm, 
the weight of the rear axle is about 14 ton. A square 
load is used to adapt the shape of the element. The dis-
tributed load size is 0.7 Mpa, as shown in Figure 2.

In order to find the most unfavorable load posi-
tion, we need to create the FEA model, and put the 
load on the designated place and then get the most 
unfavorable position. First, we need to select some 
position, as shown in Figure 4.

We need to check the lateral loads on different 
locations and find the maximum value. Also, we 
need to arrange the position of the vehicle load in 
the longitudinal direction.

In the process of loading to the model, by com-
paring, we can find out the most unfavorable load 
position, observing the distribution regularity 
of stress and strain under the double-deck wheel 
load.

As can be seen from the figure, the force of 
orthotropic bridge deck is very complex, and under 
the wheel load, the maximum tensile strain occurs 
in combination of ribs with the bridge deck, reach-
ing its maximum value of 549 με.

This can easily lead to fatigue cracking of the 
deck pavement under repeated loads and vehicles 
that cause pavement slip off  due to insufficient 

Figure 2. Wheel load diagram (Unit: mm).

Figure 1. Diagram of the basic model structure size.

Figure 3. Simplified model of orthotropic bridge deck 
in Ansys.

Figure 4. Lateral position of vehicle load.

Table 1. Parameters of the structure.

Thickness of 
the roof

12 U-shaped rib 
height

280

Diaphragm 
distance

3200 U-shaped rib 
width

300

U-shaped rib 
spacing

600 U-shaped rib 
thickness

6

Note: Unit in mm.
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capacity shear of the adhesive layer. This is also the 
main reason for the destruction of the bridge deck 
early. The main reason of crack is the complex of 
bridge deck and severe traffic environment, which 
are prone to make pavement produce fatigue crack-
ing, such as steel bridge, asphalt pavement deck 
supported by steel deck acted by the vehicle load 
will produce deformation leading to longitudinal 
stiffeners, transverse bulkhead or transverse stiff-
eners, clapboard, stiffening girder webs and other 
components and welded steel deck at a high-stress 
area. Moreover, it would produce a greater nega-
tive moment in the pavement at the position that 
tensile stress or tensile strain concentration area of 
at the surface of the pavement at these locations. 
Crack appeared first on the surface of the pave-
ment, and then gradually developed to the under-
side. In the longitudinal stiffeners, the surface of 
deck pavement the main beam web will appear lon-
gitudinal cracks, transverse cracks at the surface of 
the deck pavement, transverse bulkhead or trans-
verse stiffeners and at the intersection of the trans-
verse bulkhead and stiffeners, pavement surface 
prone to develop into a network of cracks. With 
pavement cracking and slip, some steel panels will 
be further damaged. Since this disease is caused by 
the characteristics of orthotropic plate structural, 
we can adjust some parameters structure to con-
trol the maximum value of positive strain reason-
ably. With foreign scholars having used the finite 
element method, by 8-node isoparametric element 
analysis of space with a roof deck stiffener, obtain-
ing the position of the vehicle loading on the deck 
pavement surface where transverse tensile stress 
achieved maximum, we can, from the viewpoint 
of tensile failure, get the suggested values, such as 
spacing between stiffeners, beams and thickness of 
steel plate. For example, the width of the U-shaped 
rib should be not more than 350 mm. The rec-
ommended parameters have better guidance for 
design.

Figure 5. Transverse strain.

Figure 6. Maximum value of transverse tensile strain.

Table 2. Regular of changing opening width.

Opening width 
(mm)

Max value of transverse 
tensile strain (με)

300  549
400  706
500 1020

3.1.1 Effect of opening width of U-shaped rib 
on orthotropic plate

We still use the same FEA model, just changing the 
opening width of U-shape and watch the change 
of transverse tensile strain values. As shown in 
Figure 6, it is the result of the situation where the 
width is equal to 0.5. From the picture, we can get 
the maximum value of transverse tensile strain (i.e. 
1020 με). We can build other model in the same 
way, and list the result on Table 2.

From the table and Figure 7, we can get the con-
clusion that with the increasing opening width of 
U-shaped ribs, the maximum value gets larger. So, 
when we design the size of the ribs, we should con-
trol the size during the suitable range. Last but not 
least, we also can research the effect of the thick-
ness of deck and space of the diaphragm.

3.2 Finding a new bridge deck 
replacement material

Asphalt is certainly not the best material for long-
span steel bridge deck. Temperature properties of 
bituminous materials are poor, and prone to crack-
ing in winter, to soften in summer and higher thermal 
efficiency of steel structures and combined with the 
complex mechanical characteristics of orthotropic, 
so it is easy for bridge pavement made of asphalt 
concrete deck to catch crack. Asphalt concrete is dif-
ficult to overcome the shortcomings of its own.

Ultra High Toughness Cementitious Composite 
(UHTCC) is a good choice. UHTCC came out not 
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long ago, but researchers carried out many studies, 
and research results also show us the strengths of 
the material. It is sure that all the RC members inev-
itably crack, and cracks conventionally from con-
crete structures usually are above one millimeter. 
It can also be seen from these advantages that 
UHTCC is more suitable to work with orthotropic 
plate than asphalt concrete. First, UHTCC in direct 
tension and strain can best be stabilized at 3%, and 
sometimes as high as 6%, hundreds of times that of 
ordinary concrete, 10∼20 times that of yield strain 
of the steel bar. At the same time, when it reaches 
the ultimate tensile strain, crack corresponds to 
no more than 100 μm, which are difficult to detect 
with the naked eye. Self-heal refers that the mate-
rial has ability to repair cracks without any outside 
intervention. Crack self-healing can reduce the width 
of the fractures, so that the durability and mechani-
cal properties of materials can be improved, which is 
important to the security of structure and extending 
the useful life of infrastructure. Meanwhile, UTCC 
is a new kind of material with a high-performance 
fiber-reinforced cementitious composites. Because 
it has performance of multiple cracking and excel-
lent controllability of the crack width, it has a more 
excellent self-healing properties. At the same time, 
we can find the strength of the UHTCC by compar-
ing the experiment with normal concrete. The result 
is shown in Figure 8.

It is clear that UHTCC has higher carrying 
capacity and better deformability than normal 
concrete, which is important for the material used 
as pavement, especially suffering largely repeated 
vehicle load. Obviously, if  we use this material, we 
need not worry about cracks due to exceeding the 
maximum tensile strain, and even at the ultimate 
tensile strain, its protective effect on the bridge 
deck still exists. Furthermore, the temperature lin-
ear expansion coefficient of UHTCC and steel is 
closer, so the two can work better.

3.3 Conclusions

From the above analysis, we can get that there are 
two main reasons of the damage of the bridge 
pavement especially for a long span bridge. First, 
the special structure of the orthotropic plate can 
produce complex stress and strain state, being 
prone to crack. Second, we notice the inherent 
weakness of the asphalt. According to these main 
reasons, we find different methods to overcome 
the diseases of the pavement. Controlling the size 
of the U-shaped ribs, thickness of plate and find-
ing new alternative materials is a good way. Thus, 
UHTCC is a good choice.
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Figure 8. Bending test of high strength concrete.

Figure 7. The effect of the opening width of the rib.
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The research on the internal force effect of different vertical curves 
on a curved box girder bridge
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ABSTRACT: Using the stimulated structure MIDAS Civil to conduct the calculation with REM mod-
eling, this paper analyzes the internal force of the curved girder bridge whose radius of curvature is 
R = 200 m. Under the condition of the unaltered span and radius of curvature, this paper investigates 
the effect of the internal force variation of the continuous curved box girder bridge that is influenced by 
permanent load and moving load with different vertical curves.

Keywords: curved girder bridge; vertical curves; internal force variation

are set in the top and bottom of supports. In the 
bottom of each support, a general support con-
straint (constrain of D-all) via elastic connection 
(general) is simulated (which means the strength 
of supports). Finally, the top of the support and 
girder are connected in a rigid manner.

A curved of the box girder bridge is modeled 
with Midas. Here, its radius of curvature is 200 m, 
and longitudinal gradient varies from 0 degrees 
to 6 degrees (where the alpha is changed from 
0 degrees to 6 degrees). Then, they are analyzed and 
contrasted between several box girder bridges with 
the same span but different longitudinal gradients.

3 FINITE ELEMENT MODEL

The main girder is modeled by 3-Dimension. 
A fixed boundary condition is set in the bottom 
of the bridge pier. Its longitudinal gradient varies 
from 0 degrees to 6 degrees gradually. In this model 
of continuous bridge piers, the whole bridge is 
divided into 149 nodes and 76 unites, and the main 
girder nodes occupy from 1 to 77 and unite to take 
1 to 76 around them. The X, Y, Z axes are created 

1 INTRODUCTION

With the rapid development of scientific tech-
nology and economy, nowadays, the quality of 
the construction of highway bridges has become 
critical increasingly. Compared with the traditional 
bridges that suffer the impact of terrain, surface 
features and floor space, curved bridges are widely 
applied to the modern highways as well as urban 
overpasses, with their numbers also increasing 
every year. The requirements for the highways and 
their bridges are not only to ensure the rational-
ity and the networked characteristic, but also to 
enhance the line grade for accelerating the speed, 
improving security and comfort. In recent years, 
curved bridges have attracted much attention from 
China’s national engineering, and are increasingly 
applied to the highways and urban overpasses.

The operating function of curved bridges mainly 
depends on the curvature. When vertical load works 
on the bridge, the bending moment and torque of 
the curved bridge will come into contact simulta-
neously and interact with each other, complicating 
the mechanical analysis of curved bridges. When 
the centrifugal force of the live load works on the 
curved bridge, the lateral bending moment and 
torque of the curved bridge will appear, complicat-
ing the stress of the curved bridge as well. Therefore, 
it is very useful and necessary to determine the prin-
ciples of designing and the methods of calculating.

2 PROJECT OVERVIEW

In this section, a straight girder bridge with a span 
of 36 m + 60 m + 36 m is considered. Many nodes Figure 1. Curved continuous box girder bridge.
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across the centerline in one side of the girder and 
extended to the other side, as shown in Figure 2.

4 ANALYSIS RESULT OF THE 
FINITE ELEMENT MODEL

For the curved girder is a symmetrical structure, 
the analysis result is worked out in the force of per-
manent loads and pre-stressing strain force. Units 
2, 21, 39, 57, and 76 are considered for analysis.

4.1 In the work of permanent load

At different longitudinal gradients, the axial force, 
torque, bending moment Y, and bending moment 
Z are shown in Figures 3 to 6.

In the force of self-gravity, the curved girder with 
0 degrees of longitudinal gradient operates with 
little axial force and bending moment in the Z axis, 
which can be ignored. When the longitudinal gra-
dient grows with gradient per degree, the axial 
force, torque, and bending moment of the Z axis of 
the girder increase gradually. The maximum axial 
force in the middle of the span is 1911 KN, which 
is close to the theoretical force. The torque and 
bending moment that developed by self-gravity are 
steady with the change in the longitudinal gradi-
ent. And the anti-banding moment of the girder 
around the support is in a large force, and the 
maximum anti-banding moment is 122591 KN ⋅ m, 
which is also is close to the theoretical result.

Comparing between axial force, torque, and 
bending moment created by self-gravity, it can be 
seen around the sheet. With the increasing longi-
tudinal gradient, axial force increases at a rate of 
32%, torque decreases at a rate of 8.7%, the bending 
moment in the Y axis has no change, the bend-
ing moment in the Z axis increases obviously at 
a rate of 370%, which has a maximum bending 
moment of 3133 KN ⋅ m when the longitudinal 
gradient is 6 degrees.

4.2 In the work of moving load

At different longitudinal gradients, the axial force, 
torque, bending moment Y, and bending moment 
Z are showed in Figures 7 to 10.

Under the moving load, the radius of the 200 m 
curved bridge’s axial force increases gradually as the 

Figure 2. Finite element model.

Figure 3. Permanent load-axial force.

Figure 4. Permanent load-torque.

Figure 5. Permanent load-bending moment (−y).

Figure 6. Permanent load-bending moment (−z).

ICCAHE15_Book.indb   556ICCAHE15_Book.indb   556 11/17/2015   6:31:17 AM11/17/2015   6:31:17 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-002.jpg&w=186&h=61
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-003.jpg&w=170&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-003.jpg&w=170&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-003.jpg&w=170&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-006.jpg&w=170&h=104
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-006.jpg&w=170&h=104
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-008.jpg&w=170&h=102
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-008.jpg&w=170&h=102
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-010.jpg&w=170&h=116
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-010.jpg&w=170&h=116
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-113&iName=master.img-010.jpg&w=170&h=116


557

slope increases and the change is obvious, but their 
values are not within reasonable limits. The slope 
of the zero curved bridge in the z-direction bend-
ing moment is small, which can be approximated 
to zero. As the slope increases, the corresponding 
torque, axial force, and bending moment in the 
z direction increase gradually. The middle span axial 
force is maximum 2036 kN, which does not differ 
significantly with theoretical result. The torque 
and bending moment developed by self-gravity are 
steady with the change in the longitudinal gradient. 

And the anti-banding moment of the girder around 
the support is in a large force, and the maximum 
anti-banding moment is 120752 KN ⋅ m, which is 
also close to the theoretical result.

Under the moving load, as the slope increases, 
the axial force increases by 20%. However, the 
torque is reduced relevantly, but its values differ 
little. In the Y and Z directions, bending moment 
increases by 10%, but it is still in the same order 
of magnitude, which can be ignored in actual 
projects.

Table 1. Permanent load.

Increase in 
the rate of 
gradient

Increase in the 
rate of axial 
force (%)

Increase in 
the rate of 
torque (%)

Increase in the 
rate of bending 
moment (−y) (%)

Increase in the 
rate of bending 
moment (−z) (%)

0° 0.00  0.0000 0.0000  0.00000
1° 0.49 −0.0077 0.0019 07.3241
2° 0.32 −0.0254 0.0047 13.9291
3° 0.31 −0.0456 0.0075 19.2497
4° 0.42 −0.1072 0.0151 30.2424
5° 0.28 −0.1465 0.0191 34.3855
6° 0.15 −0.1888 0.0231 37.3724

Figure 7. Moving load-axial force.

Figure 8. Moving load-torque.

Figure 9. Moving load-bending moment (−y).

Figure 10. Moving load-bending moment (−z).
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5 CONCLUSION

Base on the internal force data by varying the lon-
gitudinal gradient in a symmetric curved girder, 
conclusion can be drawn. Designing a main 
curved girder spanning less than 60 meters can be 
followed by that. In self-gravity, there is a steady 
bending moment in the Y axis, so the method of 
strengthening could be done in the same was as 
the normal horizontal girder. However, an obvi-
ously increasing bending moment in the Z axis 
must be taken care when the longitudinal gradi-
ent is changed. The torque decreases by 8.7% at 
the lift longitudinal gradient, which is due to the 
complex interaction between the bending moment 
and torsion, so this should not be ignored while 
designing.
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Table 2. Moving load.

Increase in 
the rate of 
gradient

Increase in the 
rate of axial 
force (%)

Increase in 
the rate of 
torque (%)

Increase in the 
rate of bending 
moment (−y)(%)

Increase in the 
rate of bending 
moment (−z)(%)

0° 0.0000  0.0000 0.0000 0.00000
1° 0.4700 −0.0613 0.1267 0.6209
2° 0.4500 −0.0016 0.0010 0.1687
3° 0.1257 −0.0016 0.1103 0.0755
4° 0.1819 −0.0673 0.1272 0.1868
5° 0.1233 −0.0044 0.0019 0.0940
6° 0.2400 −0.0053 0.0021 0.0722
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ABSTRACT: With day turning to night and summer to winter, the girder in the bridge would be length-
ened or shortened. This is a normal phenomenon in every object. However, the curved girder bridge has a 
dissymmetric structure, supported shearing force, bending moment and torsion in the same node, which 
would stretch in an abnormal way when the temperature is changed. In this paper, using Midas Civil app 
after the theoretical analysis of thermodynamics, the displacement of the beam end is simulated in this 
finite element analysis software with the altering radius of the road centerline. By comparing these data 
of displacement with central angle in the equal radius of the girder, which work at the same temperature 
condition, the result shows that the connection between the displacement and central angle becomes 
approximate when considering in a small angle at the center. In addition, it would be a useful reference 
when installing the expansion joint.

Keywords: curved girder bridge; displacement of beam end

girder bridge is taken into consideration. Within 
Midas Civil app and building several curved girder 
bridges, the displacement of the beam end is col-
lected and analyzed, and then the results are dis-
cussed, which can be a reference to the installation 
of the expansion joint.

2 BASE OF THE MODEL

2.1 Origin of the analysis model

In this paper, a model is sampled from a city’s over-
pass curved girder bridge, whose radius of circular 
curve is 400 meters. It is a continuous curved box 
girder bridge, whose cross span combination is 
36 meters in side span and 60 meters in main span, 
adding up to 132 meters. The schematic diagram 
of this curved girder bridge is shown in Figure 1.

The cross-section of this curved girder bridge is 
a variable cross-section with a concrete single box 
beam. Its cross-section of two typical sections and 
the longitudinal section is shown in Figure 2.

The body of the prestressed box girder is made 
of C55 concrete in JTG D62-2004, which could 
support 55Mpa in axial compressive experiments. 
The prestressed steel strand is arranged in the same 
direction with a center line of the curved girder 

1 INTRODUCTION

1.1 Current circumstance

With a growing pace of economic increasing, the 
requirements of traffic are gradually rigorous when 
the ground area is limited. Overpass has been the 
new design method in these several decades. On 
the one hand, bridge is built in a limited space. On 
the other hand, curved girder bridge is a significant 
element in the crossroad design. Nowadays, curved 
girder bridge takes an enlarged part in crossroads 
in order to satisfy the smooth line for an easy driv-
ing condition.

1.2 Research in this paper

Each bridge works in a normal environment, in 
which the temperature alters throughout day and 
night, and season cycle. Thermal expansion and 
contraction is easy to grasp in straight line girders, 
but it is uncertain in curved girder bridges. Because 
of the dissymmetry in the curved girder bridge, its 
deformation is complicated, including the impact 
of supported shearing force, bending moment and 
torsion, when the temperature changes around the 
girder. In this research, displacement of the beam 
end caused by temperature stress in the curved 
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bridge. It can endure 1860 Mpa in the tensile test, 
and is settled at a low relaxation level. A basin rub-
ber support is installed between the curved girder 
and the bridge pier.

2.2 Model simplification

In this research, the curved girder bridge is made 
of C55 concrete, and linked with other beams 
through the expansion joint. Then, one pier con-
nects the box girder with two fixed basin rubber 
supports; in the other pier, there are two movable 
basin rubber supports that connect with the box 
girder. So, it can be suggested that the whole con-
crete box girder bridge acts as an unconstrained 
body and free to deformation in the direction of 
the central line.

From Figure 3, it can be seen that two vectors �a  
and 

�
b  are the displacement of the beam end. The �a  

side is near to the fixed supports, and 
�
b  side is near 

to the movable supports.

3 CONCEPT OF THERMODYNAMICS

3.1 Linear expansion coefficient

Based on the above discussion, the factor that 
should be taken into consideration is deformation 
of the whole concrete box girder, especially the dis-
placement of the beam ends. Also, the discussion 
ignores the influence of deformation of prestressed 
steel strand because of its ratio of reinforcement 
that takes a low-section occupation and can be 
negligible.

We then take the linear expansion coefficient 
into consideration. The concrete is so complicated 
and disordered that its exact parameters cannot be 
located. It is known that the linear expansion coef-
ficient of concrete is αc C= °−1 1× 0 5/  at the tem-
perature between 0°C and 100°C.

This means that when the temperature of the 
concrete is increased or decreased per 1°C, the rate 
of the dilatation-magnification ratio is 1 10 5−  
square the whole length of the concrete body. The 
calculating formula is as follows:

αc
tl lt

l t
= 0ll

0ll
 (1)

where l0ll  is the length of the original structure; ltll  is 
the length of the structure after deformation; and 
Δt is the temperature difference between the origi-
nal structure and after deformation.

So, the calculating formula (1) can be transposed 
to be other formulation as follows:

l ltl ll ll ( )tc+lllll c  (2)

3.2 Temperature setting

On the basis of statistical data, a typical value of 
temperature is set at 40°C at fluctuating tempera-
ture in total. It is means that an original box girder 
works in a normal environment in which the tem-
perature increases or decreases less than 20°C.

3.3 Extension in the linear model

According to formulation (2), the length of expan-
sion can be calculated. The original engineering 
model can be modified into a theoretical straight 
box girder bridge, and the cross span of the whole 
box girder bridge is 132 meters, which is 36 meters 
in two side spans and 60 meters in main span. By 
substituting 132 meters into l0ll , 20°C into Δt in 
formulation (2), αc  will be equal to 1 10 5 °10 5/ C . 

Figure 1. A schematic diagram of the origin curved 
girder bridge.

Figure 2. A longitudinal section and two typical cross-
sections.

Figure 3. A planar graph about the curved girder.
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Then, the main girder extension can be calculated 
as follows:

l m C mtll ×m × × °( )−1 1+ 10 20 132 02645

The difference in length compared with the orig-
inal one is 0.0264 meters, which is 26.4 millimeters 
in total.

4 MODEL ESTABLISHMENT

4.1 Circle curve of the girder bridge

This research analyzes the beam end displacement 
between different curve radii of box girders. In the 
real engineering practice, the radius of the circu-
lar curved girder bridge is 400 meters and cross-
 section is 132 meters in length.

Thus, by comparison, there are 7 different curve 
radii of the box girder to be established and simu-
lated. The radii of the circle curve of each girder 
are 200 meters, 250 meters, 300 meters, 350 meters, 
400 meters, 450 meters and 500 meters.

The main girder beam is simulated by a three-
dimensional model. In the setting of the section 
material characteristic value, the material charac-
teristic of the concrete is C55 in accordance with 
the JTG04 (RC) standard, and prestressed rein-
forcement is Strand1860 in accordance with the 
JTG04 (S) standard.

4.2 Support between the girder and the pier

This box girder bridge is a structure that consists 
of  two piers with three spans. Each pier has two 
supports that connect with the main girder. In 
these finite element models, only two supports in 
a same pier are fixed support, another two sup-
ports in the other pier is a movable support along 
the central line. The schematic diagram is shown 
in Figure 3.

Thus, we establish nodes in the top and bottom 
of supports in each pier to simulate the actual box 
girder bridge. Under the bottom of the girder that 
is located above one pier is a rigid connection. And 
on the top of the pier and under the support is a 
general support with constraint.

4.3 Central angle of the girder bridge

The above-discussed model differs only in curve 
radius, which is set as 200 meters, 250 meters, 
300 meters, 350 meters, 400 meters, 450 meters and 
500 meters. Thus, the central angle can be calcu-
lated according to the following formula:

β =
l
R
0ll  (3)

where β is the central angle of the curved girder 
bridge (unit: rad); l0ll  is the total span of the curved 
girder bridge, with l0ll L equal to 132 meters; and R 
is the curve radius of the curved girder bridge.

Table 1 summarizes the calculating result for 
each girder bridge.

5 OPERATION AND DATA

After the setting of all bridges, we start to operate 
the analysis. Each model is operated independently. 
When the operation analysis is finished, we click 
the beam ending node, and check the  displacement 
of the two ends of the girder. The below table 
presents the displacement of each beam end of 
each girder bridge model. According to the for-
mula for the calculation of displacement angle,

cosγ =
� �

� �
a b⋅
�

a b
�  (4)

where �a  is the displacement of one side of the 
beam end that is near the fixed support; the 

�
b  is 

the displacement of the beam end that is far from 
the fixed support; and γ  is the angle between the 
displacement directions of �a  and 

�gg
b .

According to the Midas Civil app, DxD  is the dis-
placement component in the X  axis, and DyD  is the 
displacement component in the Y  axis, D Dx yD Dy  is 
the modules of vectors �a  and 

�
b . The angle part 

is the angle between the vectors, which is �a  or 
�
b , 

and Y  axis. The relative angle is the angle between �a  and 
�
b , which, in these tables, is an acute angle. 

After running and analysis in the Midas Civil app, 
we search the result of the displacement of the side 
node. Then the angle between the two displacement 
directions of each beam end can be calculated, as 
given in Tables 2–8.

6 ANALYSIS AND CONCLUSION

6.1 Analysis

The whole extension length of the curved girder 
bridge is added up with a  and 

�
b , which is the dig-

ital of D Dx yD D  in the table on the 5 sections, and the 

Table 1. Central angle of the girder at each radius.

Radius (meters) 200 250 300 350

Central angle (rad) 0.660 0.528 0.440 0.377

Radius (meters) 400 450 500

Central angle (rad) 0.330 0.293 0.264
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Table 2. The displacement and angle data of the 200-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle
�
b 18.523 6.371 19.588 0.331 0.662
�
a  6.949 2.384  7.346 0.331

Table 3. The displacement and angle data of the 250-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.676 2.976 19.900 0.150 0.541
�
a  7.441 3.065  8.047 0.391

Table 4. The displacement and angle data of the 300-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.544 2.056 19.652 0.105 0.384
�
a  7.369 2.114  7.666 0.279

Table 5. The displacement and angle data of the 350-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.467 1.506 19.525 0.077 0.385
�
a  7.326 1.547  7.488 0.208

Table 6. The displacement and angle data of the 400-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.035 1.428 19.088 0.075 0.234
�
a  7.228 1.149  7.249 0.159

Table 7. The displacement and angle data of the 450-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.384 0.908 19.405 0.047 0.174
�
a  7.280 0.931  7.339 0.127

Table 8. The displacement and angle data of the 500-
meter curved girder bridge.

Dx Dy DxDy Angle Relative angle

b 19.360 0.729 19.374 0.038 0.140
�
a  7.267 0.747  7.305 0.102

Table 9. The comparison of total extension length.

Radius (m) 200 250 300 350

Practical 
result (mm)

26.934 27.947 27.318 27.013

Radius (m) 400 450 500
Theoretical 
result

Practical 
result (mm)

26.337 26.744 26.679 26.4

Table 10. The comparison between the relative angle 
and the central angle.

Radius (m) 200 250 300 350

Relative angle (rad) 0.662 0.541 0.384 0.385
Central angle (rad) 0.660 0.528 0.440 0.377

Radius 400 450 500

Relative angle 0.234 0.174 0.140
Central angle 0.330 0.293 0.264

method is added D Dx yD D  of  �a  and D Dx yD D  of  
�
b , as 

listed in Table 9.
Mathematically, the central angle is equal to the 

angle between the normal directions of the two 
beam ends. Thus, we take the simulation results 
and the theoretical result of the central angle, as 
given in Table 10.

By comparing the result of the data, some con-
clusion can be drawn.

In the model of the short radius, which is a large 
central angle, the angle between the  extension 

 displacements of the two side beam ends is larger 
than that of the long radius. As the radius increased, 
and the central angle decreased, the angle between 
the two beam ends also decreased.

Except the two curved girder bridges with the 
shortest radius in this discussion, others are not 
approximated to its own central angle, also with 
a tendency that the angle increasing between the 
two side beam ends becomes more deviated from 
its own central angle.

The direction of  displacement of  the beam 
end that is near the fixed support is larger than 
that of  the other side that is near the movable 
supports.
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By calculating the extension of each side beam 
end in one curved girder bridge, the theoretical dis-
placement can be expressed as follows:

�
a m m mm×m =36 0 00 2 7 25( )C1 1× 0 2×− 0 C°C5 .m 7
�
b m

m mm
( ) ×

= m0 0192 19 2

5( )C°1 1× 0 2×− 05

. .m0192

By comparing with the data given in Table 9, it 
is clear that the practical displacement is very close 
to the theoretical result.

Also, the data given in the table that represent 
the whole extension displacement of each curved 
girder bridge show that the result is close to the 
theoretical calculation.

6.2 Conclusion

From the analysis of the results, some conclusion 
can be drawn as follows:

In the curved girder bridge with a short radius, 
the extension displacement could be considered to 
be along the same line of the road line.

When installing the expansion joint, it can use a 
one-way expansion joint, which is more costly than 
the other type. And the allowance displacement of 
the expansion joint could be decided by the length 
of the whole girder bridge.
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Shear-lag effect in a prestressed continuous rigid frame bridge

Xun Wu, Hui Li & Xin Yuan
Department of Bridge Engineering, Tongji University, Shanghai, China

ABSTRACT: Continuous rigid frame bridge is one of the main forms of long-span bridges. The shear-
lag effect of the box girder should be taken into consideration when designing a continuous rigid frame 
bridge. In this paper, a three-span prestressed concrete continuous rigid frame bridge is taken as the 
example. The finite element method is used to analyze the shear-lag effect of each critical section under 
the action of structure weight and the interaction of structure weight and prestressing action. The results 
show that under the action of structure weight, the shear-lag coefficient is small. The shear-lag effect var-
ies under the interaction of structure weight and prestressing action.

Keywords: continuous rigid frame bridge; shear-lag effect; finite element method; prestressing action

σ−S—the average normal stress obtained by the 
integration of normal stress along the transverse 
floor of the box girder.

For a large bridge, dead load plays a main role. 
Therefore, the study of the shear-lag effect under 
dead load makes great significance. The action of 
structure weight and the interaction of structure 
weight and prestressing action are analyzed.

2 SHEAR-LAG EFFECT UNDER THE 
ACTION OF STRUCTURE WEIGHT

Shear-lag coefficient defined in this paper is 
applied to analyze the shear-lag effect in the 
top and bottom flange of  the main section. 
The main sections are section of  closure seg-
ment of  side spans, 1/4 side span, consolidation 

1 INTRODUCTION

Since the continuous rigid frame bridge has many 
advantages, it has become one of the main form of 
long-span bridges. Existence of the shear-lag effect 
of the box girder makes stress obtained through 
theory to be smaller. Shear-lag coefficient is com-
monly used to estimate the value of the shear-lag 
effect. In this paper, a three-span continuous rigid 
frame bridge (65 + 110 + 65 m) is analyzed. The 
finite element method is used to analyze the shear-
lag effect of each critical section under the action 
of structure weight and prestressing force, respec-
tively. The conclusion can be applied in the design 
and review of other similar bridges.

Shear-lag coefficient is commonly used to esti-
mate the value of the shear-lag effect. In this paper, 
the shear-lag coefficient is defined as follows:

λ σ
σ

= maσ x

sσ

σmax—the maximum normal stress;

Figure 1. Finite element model of the bridge. Figure 2. Finite element model of the section.
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 segment of  pier and beam and closure segment 
of  middle span.

2.1 Shear-lag effect on the section 
of closure segment of side spans

For the closure segment of  side spans, the shear-
lag effect is not obvious. The maximum shear-lag 

coefficient of  the top slab is 1.025, while the mini-
mum is 0.966. For the bottom slab, the maximum 
shear-lag coefficient is 1.024, and the minimum 
is 0.992.

2.2 Shear-lag effect on the section 
of 1/4 side span

The shear-lag effect is not obvious at 1/4 L. The 
maximum shear-lag coefficient of the top slab is 

Figure 3. Shear-lag coefficient of the top slab.

Figure 4. Shear-lag coefficient of the bottom slab.

Figure 5. Shear-lag coefficient of the top slab.

Figure 6. Shear-lag coefficient of the bottom slab.

Figure 7. Shear-lag coefficient of the top slab.

Figure 8. Shear-lag coefficient of the bottom slab.
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1.011, while the minimum is 0.984. For the bottom 
slab, the maximum shear-lag coefficient is 1.005 
and the minimum is 0.996.

2.3 Shear-lag effect on the section 
of consolidation segment of the pier 
and the beam

The shear-lag effect is obvious, especially the maxi-
mum shear-lag coefficient of the bottom slab is 
1.167. In actual engineering, attention should be 
paid to such region. The maximum shear-lag coef-
ficient of the top slab is 1.023, while the minimum 
is 0.984. For the bottom slab, the maximum shear-
lag coefficient is 1.167 and the minimum is 0.902. 
Compared with the top slab, the shear-lag effect of 
the bottom slab is more obvious, due to the exist-
ence of the thin-wall piers and cross beam.

2.4 Shear-lag effect on the section of closure 
segment of the middle span

The maximum shear-lag coefficient of the top slab 
is 1.025, while the minimum is 0.971. For the bot-
tom slab, the maximum coefficient is 1.055 and the 
minimum is 0.973.

It is concluded that for a large span continuous 
rigid frame bridge, under the action of structure 
weight, the shear-lag effect is not obvious. Due to 
the external force, the shear-lag effect of the region 
in piers is apparent. More accurate research should 
be done to ensure safety.

3 SHEAR-LAG EFFECT UNDER THE 
INTERACTION OF STRUCTURE 
WEIGHT AND PRESTRESSING ACTION

Considering the interaction of structure weight 
and prestressing action, the shear-lag coefficients 
are obtained, which are compared with those under 
the action of only structure weight.

For the top slab near the closure segment of side 
spans, since the internal force distribution of the 
structure changes due to prestressing steels, a nega-
tive shear-lag effect occurs. For the bottom slab, the 
shear-lag coefficient does not change very much.

Figure 9. Shear-lag coefficient of the top slab.

Figure 10. Shear-lag coefficient of the bottom slab.

Figure 11. Shear-lag coefficient of the top slab in the 
closure segment of side spans.

Figure 12. Shear-lag coefficient of the top slab in the 
1/4 side span.
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For the top slab of the other three sections, the 
shear-lag coefficient reaches its peak over the web, 
because the prestressing steels are mainly concen-
trated in the region over the web. Besides, due to 
the effect of prestressing, the original tensile stress 

region with an obvious shear-lag effect becomes 
compressive, which is good for the safety of the 
structure.

4 CONCLUSION

1. For the prestressed concrete continuous rigid 
frame bridge, under the action of structure 
weight, the shear-lag effect is not obvious. Due 
to the external force, the shear-lag effect of the 
region in piers is apparent.

2. When under the interaction of structure weight 
and prestressing action, the shear-lag coeffi-
cients vary to some extent, compared with those 
under the action of only structure weight. The 
effect of prestressing makes the original tensile 
stress region with an obvious shear-lag effect to 
become compressive, which can make a contri-
bution to the safety of the structure.
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Figure 13. Shear-lag coefficient of the top slab in the 
pier center.

Figure 14. Shear-lag coefficient of the top slab in the 
closure segment of the middle span.
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ABSTRACT: Large-scale planning of tram has begun in many cities of China. While the design and 
construction technology lacks of profound study. In this paper, 3D finite element model was built to 
simulate the practice condition. Then the temperature field distribution was calculated. On this basis, the 
most unfavorable condition of load and temperature coupling effect, load in the center of the slab at 1.5 to 
2 pm, was selected. Different values of roadbed slab thickness, support layer thickness, contact condition 
of roadbed slab and support layer, roadbed slab modulus, modulus of support layer and resilient modulus 
of subgrade were selected to calculate the stress and deflection of roadbed, which provides the design and 
construction with very important reference values.

Keywords: monolithic roadbed; coupling effect; load and temperature; 3D finite element

and steel bar, mechanic behavior under the load 
and temperature coupling effect and wheel-rail 
contact were not taken into consideration.

In this paper, monolithic roadbed slabs thick-
ness, support layer thickness, contact condition of 
pavement and base, and the strength of monolithic 
roadbed, support layer and subgrade were ana-
lyzed in different conditions of temperature and 
load. 3D finite element model was used to calculate 
the effect of those factors on mechanic behavior of 
monolithic roadbed slabs.

2 TEMPERATURE EFFECT THEORY 
AND PARAMETER SETTING

2.1 Structure surface radiation effect parameter

Boundary conditions of tram monolithic roadbed 
were limited by the two methods blow:

1. The third boundary condition
The relation of heat flow via the cement surface, 
surface temperature (T), air temperature (Ta) 
and daily radiation is:

1 INTRODUCTION

Temperature has a great influence on tram mono-
lithic roadbed. Rheda, Züblin and Bögl calculated 
the warping stress and buckling stability of mono-
lithic roadbed under the action of deadweight 
and temperature gradient[1] [2] [3]. In Japan, many 
researchers analyze the hydration heat, daily and 
seasonal temperature difference and thermal stress 
using 2D finite element model[4]. And several post-
graduates in South West Jiaotong University tested 
the effect of slab temperature stress on structure 
design[5] [6] [7], then built the calculation method of 
bottom slab temperature stress[8] [9].

In the field of temperature stress calculation of 
highway cement concrete pavement, a lot of research 
and tests were explored and implemented[10] [11], 
from 1920s to now, until AASHO proposed the 
pavement design method by observation data of 
test road.

While, whether the monolithic roadbed or high-
way, the relation between temperature and load 
was established on the foundation of Winkler 
ground. And the contact condition of concrete 
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Table 1. Materials parameters of calculation model.

Parameters
Conductivity 
[W/(m ⋅ °C)]

Specific heat 
[J/(kg ⋅ °C)]

Density 
[kg/m3] Emissivity

Film coefficient 
[W/(m2 ⋅ K)]

Monolithic roadbed  2.54 988 2500 0.94 13
Support layer  1.0 817 2000 / /
Subgrade  1.2 879 1870 / /
Steel 34.9 520 7800 / /

Figure 1. Temperature time history curve of roadbed 
slab.

Figure 2. Calculation results of temperature field of 
monolithic roadbed slab.

−
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∂
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where β is the total heat release coefficient of 
structure surface, considering heat exchange 
of convection and radiation; Ta is the air tem-
perature in the place without illumination; αs is 
the daily radiation heat absorption coefficient 
of structure surface; and S is the radiation 
intensity.

2. The fourth boundary condition
When two kinds of solid have a good contact, 
the temperature and heat flow on the interface 
are continuous. Then the boundary condition is:
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If  the contact is not good, the temperature 
is discontinuous. Then, the concept of thermal 
resistance is introduced. A hypothesis of igno-
rance of heat in the contact gap is built, and heat 
flow balance is maintained Then, the boundary 
condition is:

λ

λ λ

1λλ 1
2 1

1λλ 1
2λλ 2

1∂
∂

=

∂
∂

∂
∂

⎧

⎨
⎪
⎧⎧
⎪
⎨⎨
⎪⎪

⎩
⎪
⎨⎨

⎪⎩⎩
⎪⎪

T1

n R
T1

n
T2

n

cR
( )2 1T T2 1−2

 (3)

where Rc is the thermal resistance caused by bad 
contact.

The contact of monolithic roadbed slabs is 
related to the fourth boundary condition.
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2.2 Radiation intensity

Solar energy is transferred to earth in the form of 
electromagnetic waves. Solar constant is the energy 
per unit area and time from sun when the distance 
between the sun and earth is the average value, 
which can be expressed by “J0”. The latest observ-
ing value of J0 is 1367W/m2. While the distance is 
changing every day, the daily correction coefficient 
(ξ) is introduced. The equation of J can be cor-
rected to:

J J n J=J + ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎡

⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎦⎦

ξJJJ
π

0JJ0JJ n=J ⎝⎝⎝ ⎠⎠⎠⎣⎢⎣⎣
+

⎦⎦⎦
1 0 0 034 2

365
+ cos

 
(4)

where n is the data number in a year. January 1 is the 
first day; ξ is the correction coefficient considering 
the elliptic orbit of earth revolving around the sun.

2.3 Material thermodynamic parameters

The material thermodynamic parameters used in 
the calculation of finite element model are given 
in Table 1.

Stefan-Boltzmann constant is 5.775 × 10–4 

W ⋅ m−2 ⋅ K4, absolute zero temperature is −273°C.

2.4 Temperature field and stress calculation

First, setting up the thermal resistance in the inter-
layer of roadbed slab, steel rail, support layer, and 
subgrade to simulate the effect of heat conduction. 
Then setting heat flux and heat transfer coefficient 
for the top of roadbed slab to calculate the tran-
sient heat conduction under the solar radiation.

As it is shown in Figure 2, the highest tempera-
ture can reach to 62°C, the largest difference value 
in temperature is 18 °C. Importing the results to 
the calculation model of temperature effect to get 
the temperature stress relatively.

From Figure 3, we can see the highest tempera-
ture stress to be 2.135MPa. So the most unfavora-
ble conditions of load and temperature coupling 
effect are load in slab end at 5.5 to 6 am and load 
in the middle of the slab at 1.5 to 2 pm.

3 CALCULATION AND ANALYSIS 
OF MECHANICAL BEHAVIOR OF 
LOAD IN THE MIDDLE WITH THE 
TEMPERATURE EFFECT ON ROADBED

3.1 Influence of structure combination

3.1.1 Roadbed slab thickness
5 kinds of thickness were selected to analyze with 
the values of 20, 22, 24, 26, and 28 cm. Then, 
assuming the value of interlayer contact is 0.9. 
 Calculating 5 times with different thickness and 
remaining other parameter settings the same.

The results are shown in Table 2. And varia-
tion of  horizontal tensile stress on the slab  bottom 

Figure 3. Calculation results of temperature stress of 
roadbed slab.

Table 2. Results of mechanical response of the mono-
lithic roadbed slabs in different slab thickness.

Slab 
thickness/
cm

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

20 2.174 0.929 50.363 1.524
22 1.967 0.948 49.418 1.505
24 1.746 0.964 48.328 1.484
26 1.527 0.960 47.161 1.458
28 1.313 0.941 45.901 1.435

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

20 3.422 0.414 46.788 1.490
22 3.463 0.469 45.807 1.466
24 3.475 0.548 44.449 1.440
26 3.460 0.627 43.308 1.413
28 3.422 0.704 41.019 1.391
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(σdy), deflections on the top surface of  slab (Dd) 
and pressure stress (σsz) and deflections on the 
subgrade top (Dss) with changing depths were 
shown in it.

As shown in these tables and figures:

1. In the cross-section, the stress distribution 
shapes as “M” and the concentration appear in 
wheelpath. The largest stress is in the bottom 
of wheel when thickness is 20cm with the value 
of 2.174MPa. It decreases to 1.313MPa with 
the increase in thickness. And the deflection 
changes a little in the same slab thickness.

2. In the cross-section, stress on the top of sub-
grade presents the shape of “M” with the 
same slab thickness. The difference in cross-
section is significant, and the smallest value 
only accounted for 41% of the largest one, 
which reached 50.363kPa with the deflection of 
1.524mm when thickness is 20cm.

3. In the vertical section, the stress concentration 
appears in the bottom of rail load. The maxi-
mum value is 3.422MPa when the thickness is 
20cm, which means vertical effect is more obvi-
ous. Besides, increasing thickness leading to a 
larger temperature difference in vertical section 
makes a larger temperature deformation.

4. In axial direction of slabs, stress on the top of 
subgrade present the shape of “M” with the 
same slab thickness. The stress value decreased 
to 12% of former one when the thickness 
increases from 20cm to 28cm.

3.1.2 Support layer thickness
5 kinds of thickness were selected to analyze with 
the values of 12, 14, 16, 18 and 20cm. Then assum-
ing the value of interlayer contact is 0.9. Calculat-
ing 5 times with different thickness and remaining 
other parameter settings the same.

The results were shown in Table 3.

1. In the cross-section, the stress concentration 
appears in wheelpath. The largest stress is in the 
bottom of the wheel when thickness is 12cm with 
the value of 1.63MPa. It decreases to 1.584MPa 
with the increase in thickness. And the deflec-
tion changes a little in the same slab thickness.

2. In the cross-section, stress on the top of sub-
grade presents the shape of “M” with the same 
support layer thickness. The difference in cross-
section is significant, and the smallest value only 
accounts for 33% of the largest one. The deflec-
tion of subgrade changes a little with a shape of 
inverted “V”.

3. In the vertical section, the stress concentration 
appears in the bottom of rail load. The maxi-
mum value is 3.515MPa when the thickness 
is 12cm, which means vertical effect is more 
obvious. Besides, deflection distributed as a 

“W”. The maximum values in the load center is 
0.258mm and that of in the end is 0.6mm. when 
thickness increased to 20cm, the values changed 
to 0.255mm and 0.635mm respectively.

4. In axial direction of slabs, stress on the top of 
subgrade present the shape of “M” with the 
same slab thickness. The stress value decreased 
8% of the former one and the subgrade deflec-
tion increases 4% when the thickness increased 
from 12cm to 20cm.

3.1.3 Contact condition of roadbed slab 
and support layer

5 kinds of friction coefficient were selected to ana-
lyze with the values of 0.2, 0.6, 0.9, 1.2 and 1.5. 
Calculating 5 times with different friction coeffi-
cient and remaining other parameter settings the 
same. The results were shown in Table 4.

1. In the cross-section, when friction coefficient 
increases, tensile stress increases appreciably, 
while Dd and Ds decrease a little.

2. In the vertical section, when friction coefficient 
increases, σdy and σsz decrease a little, while Dd 
and Ds increase appreciably.

3.2 Influence of material parameters

3.2.1 Roadbed slab modulus
5 kinds of modulus were selected to analyze with 
the values of 30, 35, 40, 45 and 50GPa. Then 
assuming the value of interlayer contact is 0.9. 
Calculating 5 times with different modulus and 

Table 3. Results of mechanical response of the mono-
lithic roadbed slabs in different support layer thickness.

Support layer 
thickness/
cm

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

12 1.630 0.732 46.603 1.442
14 1.645 0.783 47.642 1.466
16 1.612 0.785 46.719 1.474
18 1.606 0.787 45.796 1.482
20 1.584 0.786 44.799 1.483

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

12 3.515 0.600 44.901 1.393
14 3.483 0.579 44.251 1.420
16 3.462 0.596 43.265 1.431
18 3.431 0.613 42.278 1.442
20 3.399 0.635 41.227 1.446
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2. In the cross-section, stress on the top of sub-
grade present the shape of “M” with the same 
modulus. The difference in cross-section was sig-
nificant, and the smallest value only accounted 
for 40% of the largest one. The deflection 
of subgrade changed a little with a shape of 
inverted “V”.

3. In the vertical section, the stress concentration 
appears in the bottom of rail load. The maxi-
mum value is 4.102MPa when the modulus is 
50GPa. And it decreases to 2.798MPa when 
modulus decreases to 30GPa. Besides, the maxi-
mum value in the load center is 0.349mm and 
that of it in the end is 1.457mm. When thick-
ness increases to 50GPa, the values change to 
0.18mm and 1.404mm respectively.

4. In axial direction of slabs, stress on the top 
of subgrade presents the shape of “M” with 
the same modulus. The stress value decreases 
9% of former one and the subgrade deflection 
increases 4% when the modulus increases from 
30GPa to 50GPa.

3.2.2 Modulus of support layer
5 kinds of modulus were selected to analyze 
with the values of 6, 9, 12, 15 and 18GPa. Then 
assuming the value of interlayer contact is 0.9. 
 Calculating 5 times with different modulus and 
remaining other parameter settings the same. The 
results were shown in Table 6.

1. In the cross-section, the stress concentration of 
tensile appears in wheelpath. The largest stress is 
in the bottom of wheel when modulus is 6GPa 

Table 4. Results of mechanical response of the mono-
lithic roadbed slabs in different contact conditions.

Friction 
coefficient

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

0.2 1.613 0.984 41.535 1.475
0.6 1.626 0.973 44.996 1.472
0.9 1.636 0.964 47.714 1.471
1.2 1.645 0.955 50.036 1.470
1.5 1.656 0.946 52.059 1.471

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

0.2 3.502 0.565 44.942 1.427
0.6 3.483 0.578 43.840 1.426
0.9 3.471 0.588 43.796 1.426
1.2 3.461 0.596 43.949 1.426
1.5 3.453 0.604 43.891 1.427

Table 5. Results of mechanical response of the mono-
lithic roadbed slabs in different modulus of roadbed slab.

Friction 
coefficient

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

0.2 1.613 0.984 41.535 1.475
0.6 1.626 0.973 44.996 1.472
0.9 1.636 0.964 47.714 1.471
1.2 1.645 0.955 50.036 1.470
1.5 1.656 0.946 52.059 1.471

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

0.2 3.502 0.565 44.942 1.427
0.6 3.483 0.578 43.840 1.426
0.9 3.471 0.588 43.796 1.426
1.2 3.461 0.596 43.949 1.426
1.5 3.453 0.604 43.891 1.427

remaining other parameter settings the same. The 
results were shown in Table 5.

1. In the cross-section, the stress concentration of 
tensile appears in wheelpath. The largest stress is 
in the bottom of wheel when modulus is 50GPa 
with the value of 2.049MPa. It decreases to 
1.728MPa with the decrease in modulus. And the 
deflection changes a little in the same modulus.

Table 6. Results of mechanical response of the mono-
lithic roadbed slabs in different modulus of support layer.

Modulus 
of support 
layer/GPa

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

 6 1.674 0.969 47.745 1.478
 9 1.654 0.966 47.720 1.476
12 1.636 0.964 47.714 1.471
15 1.619 0.961 47.695 1.467
18 1.602 0.959 47.675 1.462

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

 6 3.512 0.579 44.192 1.431
 9 3.491 0.583 43.888 1.429
12 3.471 0.588 43.796 1.426
15 3.452 0.591 43.709 1.424
18 3.433 0.595 43.709 1.420
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with the value of 1.674MPa. It decreases with the 
increase in modulus. And the deflection changes 
a little in the same support layer modulus.

2. In the cross-section, stress on the top of sub-
grade presents the shape of “M” with the same 
modulus. The difference in cross-section is sig-
nificant, and the smallest value only accounts 
for 33% of the largest one. The deflection of 
subgrade changes a little with the shape of 
inverted “V”.

3. In the vertical section, the stress concentration 
appears in the bottom of rail load. The maxi-
mum value is 3.512MPa when the modulus 
is 6GPa. And it decreases to 3.433MPa when 
modulus increases to 18GPa. Besides, the maxi-
mum value in the load center is 0.268mm and 
that of it in the end is 1.431mm. When thick-
ness increases to 18GPa, the values change to 
0.25mm and 1.420mm respectively.

4. In axial direction of slabs, stress on top of 
subgrade presents the shape of “M” with the 
same modulus. The stress value decreased 1% 
of former one and the subgrade deflection 
decreases 1% when the modulus increases from 
6GPa to 18GPa.

3.2.3 Resilient modulus of subgrade
5 kinds of resilient modulus of subgrade were 
selected to analyze with the values of 30, 45, 60, 75 
and 90MPa. Then assuming the value of interlayer 
contact is 0.9. Calculating 5 times with different 
modulus and remaining other parameter settings 
the same. The results were shown in Table 7.

1. In the cross-section, the stress concentration of 
tensile appears in wheelpath. The largest stress 
is in the bottom of wheel when modulus is 
30MPa with the value of 1.33MPa. It increases 
with the increase in modulus. And the deflec-
tion changes a little in the same resilient modu-
lus of subgrade.

2. In the cross-section, stress on the top of sub-
grade present the shape of “M” with the same 
modulus. The difference in cross-section is sig-
nificant, and the smallest value only accounts 
for 48% of the largest one. When subgrade 
modulus is 90MPa, the stress reaches to the 
maximum value of 65.747kPa and the deflec-
tion is 0.878mm.

3. In the vertical section, the stress concentration 
appears in the bottom of rail load. The maxi-
mum value is 3.638MPa when the modulus is 
30MPa. And it decreases to 3.364MPa when 
modulus increases to 90MPa. Besides, the maxi-
mum value in the load center is 1.033mm and 
that of it in the end is 1.457mm. When thick-
ness increased to 90MPa, the values change to 
0.25mm and −0.014mm respectively.

Table 7. Results of mechanical response of the mono-
lithic roadbed slabs in different resilient modulus of 
subgrade.

Resilient 
modulus of 
subgrade/
GPa

Extreme value of mechanical response

Cross-section

σdy/MPa Dd/mm σsz/kPa Dss/mm

30 1.330 1.884 28.448 3.112
45 1.500 1.293 38.378 2.036
60 1.636 0.964 47.714 1.471
75 1.751 0.747 56.822 1.119
90 1.849 0.591 65.747 0.878

Vertical section

σdy/MPa Dd/mm σsz/kPa Dss/mm

30 3.638 1.457 25.889 3.058
45 3.546 0.886 34.477 1.986
60 3.471 0.588 43.796 1.426
75 3.411 0.401 52.737 1.079
90 3.364 0.272 61.762 0.842

4. In axial direction of slabs, stress on the top 
of subgrade present the shape of “M” with 
the same modulus. The stress value increases 
139% of former one and the subgrade deflec-
tion decreased 73% when the modulus increases 
from 30MPa to 90MPa.

4 CONCLUSION

3D finite element model was found to calculate 
the temperature field distribution of roadbed slab. 
Then different loads were imposed to slab center 
in the condition of largest positive temperature 
difference and to slab end in largest negative tem-
perature difference. According to the calculation 
results, many influencing factors were analyzed 
contrastingly. Several conclusions are as follows:

1. The largest positive temperature difference 
reaches at 1.5 to 2 pm. And the largest negative 
temperature difference reaches at 5.5 to 6 am. The 
highest temperature is 62°C, and the largest tem-
perature difference of slab is 18°C. The highest 
temperature stress of roadbed slab is 2.135MPa.

2. In the coupling effect of central load and tem-
perature, slab thickness has a limited influence 
on the mechanical response. And the effect 
of support layer thickness is similar to slab. 
Interlayer contact condition has a great effect 
on stress and deflection. Subgrade modulus is 
important for improving the deflection of slab. 
The stress value increases by 139% of former 

ICCAHE15_Book.indb   574ICCAHE15_Book.indb   574 11/17/2015   6:31:35 AM11/17/2015   6:31:35 AM

  



575

one and the subgrade deflection decreases by 
73% when the modulus increases from 30MPa 
to 90MPa.

3. Warping stress is larger in condition of load in 
center than that of load in the end. When sub-
grade modulus is 90MPa, the stress can reach 
101.216kPa. And warping stress is affected 
directly by joint width, which is the key of road-
bed slab design.
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ABSTRACT: Shear strength of some subgrade soils in seasonal frozen area was tested using the quick 
direct test method. To process the test data, multistage grouping variance analysis was utilized. It is shown 
that the significance of influence factors of subgrade shear strength is in attenuation sequence: water con-
tent, normal stress, and degree of compaction. Based on the field observation of subgrade humidity dur-
ing spring-thawing period, analysis of subgrade stress and the regression relation between water content, 
cohesion and friction angle, the maximum value of safety for each layer was calculated. The calculation 
indicates that the most dangerous part of subgrade is the last-thawing layer, and overload can extend the 
boundary of shear failure region. The research reveals the shear failure mechanism of highway subgrade 
in seasonal frozen area during spring-thawing period.

Keywords: spring-thawing period; seasonal frozen area; highway subgrade; shear failure

and failure mechanism on subgrade soils in sea-
sonal frozen area in order to provide sufficient sup-
port to diseases treatment.

Considering that the subgrade in the northeast 
part of our country mainly consists of clayey soil 
and this paper focuses on the shear failure due 

1 INTRODUCTION

Frost heaving accompanied with frost boiling and 
thawing settlements are the main diseases of sea-
sonal frozen area. Usually, frost heaving occurs in 
winter while the latter two diseases come out in the 
following spring. Since former studies[1][2][3] showed 
that during the circulation above, the resilient 
module of subgrade reaches two extreme points, 
including the maximum value in frost heaving and 
minimum value in thawing settlement, with the 
changing of moisture, it is chosen to be the evaluat-
ing indicator of treatment on freeze-thaw diseases.

According to field researches, it can be found 
that shear failure of subgrade during spring-thaw-
ing period, usually resulting in the overall lateral 
slippage of subgrade together with subsidence of 
pavement (shown in Fig. 1), is closely connected 
with shear strength of subgrade. Therefore, it is 
necessary to make deep analysis on shear strength 

Figure 1. Pavement settlement and crack.
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to drainage barrier in short term during spring-
 thawing period, quick direct shear test is chosen.

As shear strength of subgrade is mainly affected 
by water content, compactness and normal stress 
of soil, different ways including indoor tests on 
shear strength of soil specimens under different 
working conditions, field investigations of mois-
ture on typical roads in Jilin Province and theoreti-
cal calculations of stress level in each layer of the 
road structures are taken to collect enough infor-
mation. Based on the results, this paper gives the 
detailed function of the three factors above and 
explains the shear failure mechanism of subgrade.

2 INDOOR QUICK DIRECT SHEAR TEST

2.1 Test material

1. Sample. According to the investigations on 
freeze-thaw diseases in Jilin, Road S106 (Provin-
cial Road) is chosen to study for its bad situation. 
Typical soil samples are taken on the location of 
K108+60, right side of Changling-Changchun 
section. After grain size test and compaction 
test, these samples are defined as low liquid limit 
clay, with secondary freeze-thaw sensitivity, and 
the optimum water content (wop), saturated water 
content (wsat) under two compactness (92%, 
96%) are 14.2%, 20.6%, and 18.4%.

2. Test Design. Considering the effect of both 
compactness (w, %) and normal stress (p, kPa) 
on shear strength, water contents are chosen as 
wop-3%, wop, 0.85wsat, wsat, 1.15wsat and compact-
ness levels are 92% and 96% (a range of 92∼98% 
is suggested in Highway engineering design and 
construction technology for antifreeze  but the 
final value is determined for the consideration 
of operability). Since normal stress in actual 
working area of subgrade ranges from 10 kpa 
to 50 kpa, gradient values of 12.5 kPa, 25 kPa, 
37.5 kPa, 50 kPa, 62.5 kPa are chosen.

2.2 Test method

After taking both the current specification on direct 
shear test and actual state of soils in seasonal frozen 
area into consideration, quick shear test is carried 
out with the help of test instrument (Model SDJ-II) 

manufactured by Ningxi soil instrument co., LTD in 
Nanjing.

1. Sample Preparing. Prepare Standard specimen 
with size of 10 cm × 20 cm, then Cut each speci-
men into 5 cylinders and modify them to proper 
height (the upper edge of sampler) with ring 
sampler coated by Vaseline.

2. Data Collection. Different rules are applied to 
record the data according to the condition: take 
the reading of dial gage when the failure happen 
in the early stage while write down the reading 
at the relative displacement of 6 mm in shear 
container if  no failure occurred at last. Figure 
out the shear strength of specimen according to 
the calculation method in the specification.

2.3 Error control

A total of 50 working conditions, each containing 
3 parallel specimens, are simulated with different 
water content, compactness and normal stress. 
The error between target water content and tested 
water content is within 1% as shown in Table 1. 
The error between target compactness and tested 
compactness is also within 1%, while error of par-
allel specimens is within 5%.

3 RESULT ANALYSIS

3.1 Water content

Plot the results in a figure, with the horizontal and 
vertical coordinates representing the water content 
and shear strength, and fit the trend lines (Seen in 
Fig. 2).

From Figure 2 conclusions can be drawn as fol-
lows: (1) At the same level of normal stress and 
compactness, the shear strength decreases signifi-
cantly with water content increasing. (2) At the 
compactness of 92%, these trend lines show an 
inverted “S” shape(shown in Fig. 2. a) with inflec-
tion points appear near w = 17%. The declining 
rate of shear strength goes down with water con-
tent decreasing where w < 17% while it rises with 
water content decreasing where w > 17%, which 
indicates that the sensitivity of shear strength 
reaches a highest value at w < 17%. (3) At the com-
pactness of 96%, these trend lines are similar to 

Table 1. Error control results of water contents.

Compactness 92% 96%

Target water content (%) 11.2 14.2 17.5 20.6 22.7 11.2 14.2 17.5 18.4 20.3
Tested water content (%) 11.12 14.28 17.62 20.47 22.54 11.28 14.3 17.62 18.53 20.44
Error (%) 0.71 0.56 0.69 0.63 0.70 0.71 0.70 0.69 0.71 0.69
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Figure 2. Shear strength vs water content at different 
compaction degree.

exponential function lines. The sensitivity of shear 
strength goes down with water content increasing 
and it tends to be a stable figure near wsat.

3.2 Compactness

Compare the shear strength at different compact-
ness while keeping the rest factors the same. The 
results illustrated in Figure 3 at compactness of 
92% and 96%.

It can be concluded that as the shear strength 
rises with compactness increasing under the water 
content of  5. The sensitivity of  shear strength 
towards compactness is analyzed through the way 
of  difference comparison. The results show that: 
at wop and 0.85 wsat, the shear strength is slightly 
affected by compactness with changes from 
3∼5 kPa; while at the other three water content 
it is obviously affected by compactness, which 
means the sensitivity of  shear strength reach the 
minimum value at wop and heavily increases away 
from wop. Figure 3. (Continued).

3.3 Significance analysis

Orthogonal design and variance analysis are taken 
in this paper to verify the significance of the fol-
lowing three factors: water content (A), normal 
stress (B) and compactness (C). The results of vari-
ance analysis are listed in Table 2.
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Seen from Table 2, F0.99(1,2) = 98.5, F0.95(1,2) = 
18.5. To compare with F in Table 2, when α = 0.05, 
all of the three factor A, B, C have a significant 
effect on the shear strength, and the degree of influ-
ence can be ranked as below: A > B > C.  However, 
the interaction of every two factors has no signifi-
cant influence on the shear strength.

4 ANALYSIS ON SHEAR FAILURE

4.1 Humidity during spring-thawing period

The spring season frozen area of  subgrade thaw-
ing period in general every year 3, April, Accord-

Table 2. Result of variance analysis water content see of 
96%e y subgrade subgrade shear strength.

Variance
Square 
sum Freedom

Mean 
square F Significance

A 1291.33 1 1291.33 672.71 **
B 410.23 1 410.23 213.71 **
A × B 20.91 1 20.91 10.89
C 72.14 1 72.14 37.58 *
C × A 20.91 1 20.91 10.89
Errors 3.83 2 1.92
Sum 1830.05 7

Figure 4. Subgrade humidity distribution during 
Spring-thawing Period.

Table 3. Parameters for pavement structure analyses of 
S106.

Name
Thickness/
mm

Modulus/
MPa

Poisson 
ratio

Pavement 18 1200 0.3
Base 32 1600 0.3
Subgrade   30 0.35

Figure 3. Shear strength vs compaction degree at differ-
ent water content.

ing to the researches on S106 in Jilin province 
in April 2012, the distribution of  subgrade 
humidity in the vertical direction is illustrated in 
Figure 9. Serious pavement diseases are found in 
positions 1 and 2.

Viewing the changes as a whole, moisture in 
these two points reflect the characteristics of the 
subgrade humidity distribution in seasonal fro-
zen spring-thawing period: the humidity of soil 
is relatively high and it has even been saturated in 
the depth of 1.5 m∼2 m due to the complex inner 
and outer water migration in freezing process[8]. 
The reasoning is also proved by the core sampling 
which shows that with the melt of frozen layer, 
water in upper and lower layers will migrate to this 
layer. Combining with the gravity, the subgrade 
humidity will remain at a high level within a period 
of time in the depth of 1.5 m∼2 m in result to cause 
shear failure.

4.2 Stress analysis during spring-thawing period

BISAR is used to calculate the theoretical value of 
shear stress. Table 3 gives the parameters.

Considering about the overload in actual traf-
fic condition and taking the standard axle load 
and overload (2 times the standard axle load) into 
account, the maximum (σ1) and minimum (σ3) 
principal stress can be calculated and shown in 
Figure 5.

Friction angle and cohesive force are obtained 
by direct shear test of subgrade soil under differ-
ent moisture contents. Take the most unfavorable 
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Figure 5. Calculated value of stresses in different layers 
of subgrade.

Figure 7. Calculation of subgrade stress in different 
traffic loads.

situation into consideration and make regression 
analysis at compactness at 92%, the cohesion and 
friction angle of the regression equation towards 
the water content are obtained (1) (2):

c = 317.91e−0.186W, R2 = 0.9622 (1)

ϕ = −1.7545w + 55.405, R2 = 0.9562 (2)

Take measured moisture content into these two 
equations to obtain c, ϕ. Calculate the minimum 
principal stress by using maximum principal stress 
under equilibrium condition:

σ3 = σ1tan2 (45° – ϕ/2) – 2ctan (45° – 2/ϕ) (3)

According to the formula (3), compare the cal-
culated minimum principal stress σ3 and theoreti-
cal value of minimum principal stress σ1, shown in 
Figure 6.

The shear failure only happens when the calcu-
lated value of  minimum principal stress is larger 
than the theoretical value. The potential failure 
in the subgrade can then be figured out by the 

Figure 6. Checking of the limit equilibrium method.

checking calculation for each layer, shown in 
Figure 7.

From Figure 7 it can be known that: (1) under 
the condition of standard axle loads, the minimum 
principal stress value of these two points are both 
less than the theoretical value, which means shear 
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failure will not occur in all of the layer in subgrade. 
However, there is still a potential shear failure in 
the depth of 2 m∼2.5 m with the melt of frozen 
layer. (2) under the condition of overloads, the 
minimum principal stress value at point 1 is larger 
than the theoretical value and will lead to shear 
failure. Besides, with the melt of frozen layer in the 
depth of 1.5 m∼2 m, the value of c and ϕ may con-
tinue to decrease with the increasing water  content 
and broken layer will move toward the final melt-
ing layers.

5 CONCLUSION

1. The three main factors affecting the shear 
strength of subgrade are water content, com-
pactness and normal stress of soil. Besides, the 
water content has a maximum influence while 
compactness has a minimum one.

2. Based on the analysis of shear stress in the 
subgrade, the most unfavorable layer for shear 
failure is near the melted layer and has a close 
connection with frozen depth during frost heav-
ing period. The checking calculations also show 
that there is a possible shear failure in a large 
range under overload situation.
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The study progress of performance reliability of rolling bearings 
for urban rail
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ABSTRACT: With the rapid development of  urban rail and traffic engineering, growing attention 
has been paid to the study of  the performance and reliability of  rolling bearings to ensure safe and 
reliable operation of  urban rail. In most cases, the reliability distribution functions are usually a puzzle 
or the parameters in a known distribution function are unknown. Therefore, the performance reliability 
prediction and evaluation have become a key problem urgently to be solved for urban vehicles. For this 
end, the grey bootstrap forecasting method for the reliability of  zero-failure data with poor informa-
tion, the bootstrap chaotic forecasting method for the lifetime and reliability, the bootstrap weighted-
norm method and dynamic bayesian significant test method of  rolling bearings are summarized in this 
paper.

Keywords: subway vehicles; rolling bearing; poor information; reliability

2 RESEARCHES ON PERFORMANCE 
RELIABILITY OF ROLLING BEARING 
BASED ON POOR INFORMATION

2.1 Forecasting methods for lifetime and 
reliability of rolling bearings along 
with the performance data

A forecasting method for lifetime and reliability 
of bearing products along with the performance 
data, viz. bootstrap chaotic forecasting method 
is proposed by Xia [6], which fuses the principle 
of bootstrap method and five chaotic predicting 
methods. And the five chaotic methods are the 
adding-weight zero-rank local-region method, 
the adding-weight one-rank local-region method, 
the one-rank local-region method, the improved 
adding-weight one-rank local-region method and 
the maximum Lyapunov exponent method. It only 
depends on current operational information of the 
obtained product performances, without any prior 
information of performance variation over time 
and any prior information of the performance life 
probability distribution function.

The predicting procedures of the method are 
summarized as follows:

1. Set an evaluating indicator of the rolling bearing 
performance during the bearing running or 
testing.

2. Obtain a time series of the product performance 
through a measurement system, thus the time 
series of the current operation information are 
formed.

1 INTRODUCTION

In order to predict different kinds of  rolling 
bearing faults of  subway vehicles, methods of 
fault prediction methodology based on poor 
information are put forward. The fault prediction 
method has high application value in the subway 
operation process. As the key component of  high 
speed subway vehicles, the performance and reli-
ability of  rolling bearing is well worth studying for 
the regular running and safety [1–2]. Therefore, it 
is very significant for urban rail and traffic engi-
neering to study on the performance reliability of 
rolling bearings.

Poor information means incomplete informa-
tion, such as in system analysis, a known probabil-
ity distribution with a small sample, an unknown 
probability distribution with only a few data, 
trends without any priori information, etc. The 
introduction of information-poor system theory 
to the assessment of performance and reliability of 
modern bearings will greatly prompt the develop-
ment of the design theory of rolling bearings and 
relevant subjects [3–5].

So far, researches on the prediction and evalu-
ation of  the performance and reliability of  rolling 
bearings along with poor information have made 
some progress. This paper mainly reviewed the 
prediction of  the reliability of  zero-failure data 
and that of  the reliability variation process 
along with performance data, and the reliabil-
ity evaluation with failure data under a given 
distribution.
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3. Apply phase space reconstruction to the time 
series of the current operation information, 
then many space points are acquired.

4. Five time series of the future operation infor-
mation of the rolling bearing are predicted by 
the five chaotic forecasting methods.

5. Work out the five runtime data which reach 
the evaluating indicators by use of the five time 
series of the future operation information.

6. Obtain a large amount of generated data by an 
equiprobable resampling with replacement from 
the five runtime data.

7. Deduce the runtime probability density func-
tion, and then establish the estimated runtime 
reliability function with the performance data, 
finally finish the prediction of the reliability 
of the rolling bearing performance variation 
process with poor information.

2.2 Reliability evaluation of zero-failure data 
with poor information

Fusing the advantages of the bootstrap method [7] 
and the grey prediction GM(1,1) [8], along with 
an empirical failure probability function, Xia has 
proposed the grey bootstrap forecasting method 
for the reliability of zero-failure data, which is not 
only suitable for rolling bearings but also applica-
ble to the reliability analysis of other products.

The specific steps of the method are described 
as follows: During the lifetime experiment or the 
service period of a product, detect the zero-failure 
time of individuals and the number of these data, 
thus obtaining the zero-failure data of product 
individuals; Obtain a large amount of generated 
data by an equiprobable resampling with replace-
ment from the zero-failure data collected; Predict 
a mass of zero-failure data of the population with 
the generated data, thus obtaining the distribution 
function of the zero-failure data of the population; 
Construct the failure probability function of the 
population via the number of the zero-failure data 
of individuals and the distribution function of the 
zero-failure data of the population; Get the reli-
ability function of the population with the popula-
tion failure probability function, thus completing 
the evaluation of the product lifetime and reliabil-
ity with zero-failure data.

A new calculation model of reliability with zero-
failure data is proposed by Xia. Let the reliability 
coefficient be c, and then construct P, the failure 
probability function of the population, in the light 
of m, the number of the zero-failure data of prod-
uct individuals, and F, the distribution function of 
the zero-failure data of the population.

P P
c

m
( )x = ( )F 1)F +

 (1)

R, the reliability function of the population is 
obtained by the failure probability function of the 
population as follows:

R R pR( )xx 1  (2)

In this method, it is worth noticing that the 
selections of parameters m and c in Eq. (1) are vital 
to the calculated result of reliability R in Eq. (2). 
The grey prediction GM(1,1) in the grey system 
theory and the bootstrap method require the mini-
mum value of m to be 4, which can help to improve 
the reliability of the prediction. c is an empirical 
reliability coefficient, which has an impact on 
the calculated results of R. An example is taken 
to illustrate the effect of c, and the results are as 
shown in Figure 1. It can be seen that reliability 
R decreases as coefficient c increases. Therefore, 
we have to select the values of m and c reasonably 
according to the engineering practices.

2.3 The reliability calculation of given 
distribution

The bootstrap weighted-norm method is proposed 
by Xia [9], which Fusing the principle of the boot-
strap method and the norm criterions, to evaluate 
of the optimal confidential interval of the reliabil-
ity with three-parameter Weibull distribution.

The specific steps of the method are described 
as follows:

1. Based on the difference between empirical value 
and theoretical value of reliability, and six norm 
criterions, the optimal parameters information 
vector of  Weibull distribution are constructed.

2. The generated parameters information vector is 
obtained by the bootstrap resampling from the 
optimal parameters information vector.

3. The probability density function of parameters 
is simulated by the generated parameters infor-
mation vector.

Figure 1. Relation of reliability R with empirical reli-
ability coefficient c.
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4. Under the given confidence level, the estimated 
true value of parameters and their confidence 
intervals are figured out, and thus the estimated 
true value function of reliability and its optimal 
confidence interval function are established.

In the method the reason why six different norm 
criterions (minimum 1-norm criterion, minimum 
2-norm criterion, the minimum—norm criterion, min-
imum weighted 1-norm criterion, minimum weighted 
2-norm criterion and minimum  weighted—norm cri-
terion) are employed to estimate the parameters is 
that the useful information of different sides can be 
revealed by different criterions. Different side infor-
mation can reflect different properties of param-
eters, therefore, the more the criterions are, the more 
comprehensive the parameters properties gained can 
be, which is conducive to the establishment of the 
parameter probability density function and the accu-
rate estimation of reliability parameters, and finally 
to achieving the accurate evaluation of reliability.

3 STUDIES ON HYPOTHESIS TESTING 
AND IDENTIFICATION METHOD OF 
POOR INFORMATION PROCESS OF 
ROLLING BEARING PERFORMANCE

3.1 Dynamic bayesian significant test method 
for performance variation information 
of rolling bearing

Based on maximum entropy principle and self-help 
method, dynamic bayesian significance test method 
is put forward, which can be used to solve the prob-
lem of performance variation information of roll-
ing bearing under the condition of unknown priori 
information of probability distribution and trend 
priori knowledge. Period of time series of rolling 
bearing performances is obtained by regular sam-
pling. The time origin moments can be obtained 
by bootstrap method and the time probability den-
sity function can be established through principle 
of maximum entropy. Based on the reference time 
series, the posteriori probability density function is 
established and coincidence degree is defined. Under 
a given significance level, the dynamic Bayesian sig-
nificance test of the performance variation informa-
tion of rolling bearing is carried out with the aid of 
coincidence degree. The experimental results show 
that the dynamic Bayesian significance test method 
can effectively test the performance variation infor-
mation of rolling bearing under unknown probabil-
ity distribution and trend of prior information.

3.2 Case study and discussions

Taking vibration variation of rolling bearing caused 
by wear as an example. The experimental data of 

vibration acceleration (unit: m/s2) are studied to test 
the wear process of bearing. Every five days for one 
times to get the data and a total of 10 days of data 
is obtained. The daily first 4000 data are selected 
as the research object, so each bearing has 40000 
original vibration data during the whole experiment 
process (a total of 10 time units, each time unit has 
4000 data). As shown in Figure 2 and Figure 3.

From Figure 2 and Figure 3, it can be seen that 
in the dynamic measurement of rolling bearing 
vibration, some fluctuation and variation is very 
complex and the probability distribution and trend 
are unascertained.

Bootstrap method is used for 10 data segment 
in the first time unit, that is to say each segment 
of 400 data and 500000 times bootstrap samplings 
are conducted respectively. Then in combination 
with bayesian statistics, the posterior probability 
density function of the prior sample is constructed 
and mathematical expectation and variance can 
be calculated, which decides to choose in which 
period of prior information as the prior sample. 
The results as shown in Table 1.

From Table 1, the fourth segment data in the first 
time unit is selected as reference time series, because 
of its minimal variance. 500000 times bootstrap sam-
plings proceed by using bootstrap method on other 
9 time units (a total of 90 data segment). Through 
bayesian statistics, the posterior probability density 
function is constructed and mathematical expecta-
tion, variance ratio and coincidence degree can be 
calculated. As shown in Figure 4–6.

It can be seen the wear process and vibration per-
formance variation process as follows. The initial 

Figure 2. Vibration experimental data of rolling bearing 
(the first 5 days).

Figure 3. Vibration experimental data of rolling bear-
ing (the last 5 days).
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4 CONCLUSIONS

The bootstrap chaotic forecasting method for the 
reliability along with performance data, the grey 
bootstrap forecasting method for the reliability of 
zero-failure data and the bootstrap weighted-norm 
method for the reliability of rolling bearing per-
formance lifetime with failure data summarized in 
this paper are able to well forecast and evaluate the 
performance reliability of rolling bearings with poor 
information. Bayesian significant test method will 
help us detect early the hidden danger of degrada-
tion and failure of the product performance. During 
the rolling bearing performance experiment or its 
operating period, these methods can help to achieve 
the real-time prediction and evaluation for informa-
tion of lifetime and reliability of rolling bearing per-
formances, and detect the performance degradation 
and failure risks in time, thus avoiding the occur-
rences of serious accidents for urban vehicles.
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Table 1. Selection of reference time series.

Prior 
sample

Current 
sample

Mathematical 
expectation Variance × 10−5

First First −0.003  5.8993
Second Second −0.0045 16.294
Third Third −0.0056  3.7922
Fourth Fourth −0.0054  1.4836
Fifth Fifth −0.0048  2.4824
Sixth Sixth −0.0012  8.7588
Seventh Seventh −0.0070  9.4744
Eighth Eighth −0.0024 43.029
Ninth Ninth 5.2393e-004 31.533
Tenth Tenth −0.0035 22.149

Figure 4. Mathematical expectation of the time 
sequence.

Figure 5. Variance ratio of the time sequence.

Figure 6. Coincidence degree of the time sequence.

wear increases gradually and the vibration perform-
ance variation is progressively significant; vibration 
performance variation of the transition from initial 
wear to normal wear is not significant; vibration per-
formance variation is not significant from the normal 
wear. The above analysis shows that the proposed 
method can accurately test the significance in the 
process of rolling bearing performance variation.
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ABSTRACT: For airport surface operation under the control of A-SMGCS (Advanced Surface Move-
ment Guidance and Control System), an approach on aircraft taxiing trajectories update is proposed to 
tackle the efficiency and safety degrades caused by surface uncertain events. Firstly, partly taxiing trajec-
tories update strategy is adopted and Time Window Constrained Petri Net (TWCPN) is used to model 
local surface operation process affected by uncertain events. Secondly, time window computation rules for 
TWCPN model are provided to get the simplified local sub-model, also aircrafts taxi conflict conditions 
are derived from the sub-model. Thirdly, aircrafts taxiing trajectories update is fulfilled with the purpose 
of minimizing taxi cost. Finally, the proposed taxi trajectories update approach is validated through case 
study.

Keywords: air traffic control; airport; taxiing trajectories; A-SMGCS

focus on the first two stages[12]. In this paper, we 
mainly report our research on the third stage about 
taxiing trajectories update.

2 PROBLEM DESCRIPTION

The transportation system of airport surface is 
divided into typical operation units, such as taxi-
way intersection units and line segment units. 
According to 4-Dimensional aircraft trajectory 
based operation concept, aircraft occupy units in 
a specified time window deriving from taxiing tra-
jectories. However, the disturbance introducing by 

1 INTRODUCTION

Advanced Surface Movement Guidance and Con-
trol System (A-SMGCS) is the most advanced 
airport surface control system in the world[1]. 4-Di-
mensional aircraft trajectory based operation is one 
of basic concepts in A-SMGCS, which incorporates 
algorithms to generate aircraft taxiing trajectories, 
including a series of well-spaced target points and 
the required time of arrival. However, surface uncer-
tain events could bring disturbance for aircraft taxi-
ing and lead to conformance error[2].

Traditionally, taxi conformance and trajectories 
update mainly depends on air traffic controller’s 
eye inspection and VHF talk, which can not handle 
large traffic volume. Past research provide taxiing 
trajectories at every designed period of time[3–6].It 
is possible for updating taxiing trajectories in real 
time with information from A-SMGCS surveil-
lance module[7–10]. Wang proposed taxiing trajecto-
ries update for airport surface operation, however, 
the conformance monitor and taxiing trajectories 
update are not integrated in a proper mechanism. 
TANG provided a three-stage aircraft taxiing 
trajectories scheduling strategy, including initial 
taxiing trajectories planning, taxiing trajectories 
assignment and update[11]. In stage of initial taxi-
ing trajectories planning, trajectories are provided 
for arrival and departure flight once flight plans 
are transmitted to A-SMGCS. In stage of taxiing 
trajectories assignment, trajectories are provided 
before aircrafts taxi. In stage of taxiing trajectories 
update, trajectories are provided once conform-
ance errors are detected. Past research is mainly 

Figure 1. Aircraft taxiing process on part of airport 
surface.
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surface uncertain events from pilots manipulation 
or taxiway condition could lead to conformance 
error or even surface conflict.

For surface demonstrated in Figure 1, assume 
aircraft a1, a2, a3 taxi through unit (p3, p5, p6, p7, p8), 
(p3, p4), (p5, p6, p7, p8), respectively. For taxiing process 
of a1 on taxiing trajectories segment, which include 
p3, p5, p6, p7 and p8, can not be stopped by stop bar 
lights (the segment is called continuous taxiing seg-
ment in this paper). Thus, when a1 has to be post-
poned to occupy unit p1 caused by some reasons, it 
will lead to conflict among flights occupy the same 
unit in future, such as a1 and a2 in p1, or a1 and a3 in 
one of the unit p5, p6, p7, and p8. Considering surface 
operation safety and efficiency, aircraft taxiing proc-
ess needs to be monitored and taxiing trajectories 
update need to be conducted in real time. Usually, 
A-SMGCS is implemented in large and busy air-
port, it is impossible to fulfill aircraft taxiing trajec-
tories update without precise mathematical mode 
and algorithm. We provide approach for it.

3 AIRCRAFT TAXIING TRAJECTORIES 
UPDATE MECHANISM DESIGN

In past, aircraft taxiing trajectories update is inves-
tigated through Operational Research (OR) model 
of  airport surface in an up-down methodology. 
However, this kind of  model can not be resolved 
in real time for its complexity. We propose taxi-
ing trajectories update mechanism, in which the 
optimization and feed-back are integrated. And 
also, the monitored surface uncertain events are 
the main driver of  aircrafts taxiing trajectories 
update.

Basically, two kinds of events will bring to 
the update of aircraft taxiing trajectories. One is 
the ending of aircraft occupy taxiway unit. The 
other is the disturbance occurring as a result of 
 uncertain events. The update process caused by the 

former is called routine taxiing trajectories update 
and the latter is called non-routine taxiing trajecto-
ries update. A-SMGCS taxiing trajectories update 
mechanism is provided as described in Figure 2, 
which include aircraft taxiing process module 
needed to be guided and controlled by pilots and 
navigation aids on surface, affected by outer con-
ditions and aircraft performance; aircraft taxiing 
state monitor module and the local surface opera-
tion modeling module which depict the surface 
operation process in a mathematical method; algo-
rithms for the routine and non-routine taxiing tra-
jectories update. The new taxiing trajectories are 
transmitted to aircrafts on surface, until the next 
update event occurring.

4 LOCAL SURFACE OPERATION 
PROCESS MODELLING

Definition 1 Time window constrained Petri 
net (TWCPN) model for surface operation is a 
structure

TWCPN = {P, T, I, O, M0, δ}

P = {p1,p2, …, pn} is finite set of place; 
T = T1∪T2 is finite set of transition; T1 represents 

block transitions “|” which describe aircraft move-
ments that can be stropped by stop bar; T2 repre-
sents line transitions “|” which describe aircraft 
movements that can not be stropped by stop bar;

I(O) is the input (output) function of TWCPN;
M0 is the initial discrete marking of TWCPN;
δ: P→W specifies the time window associated to 

places, which is derived from aircraft taxiing trajec-
tories, representing aircraft taxiing plan on surface.

For taxiing process of aircraft a, current con-
tinuous taxiing segment is denoted by ra, the 
remaining taxiing segment of aircraft a is denoted 
by la, and the next continuous taxiing segment is 
denoted by rarr

*.

Figure 2. Aircraft taxiing trajectories update mechanism for A-SMGCS.
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If there exist same unit in continuous taxiing 
segment of different aircrafts, the segment is called 
correlated segment. The generation rules of a local 
surface sub-model from TWCPN are as follows:

Rule 1:

P P P

P P l P P l

l F l F r

a aPP aPP

a aPP a a jl

j al arr

′ ′P ″ ′′′

′ ″

= ∪PaPP ′P ∪

∪PP

∪FF

,

)a(llal ( )rarr ; (P PaPP″ = ),

( )lalal (
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(P ),(P
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Rule 2:

T t p T p
T T T

a′ t{ |t{ |tt , }p PaPP∈ ,
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( )t ∩
∪1 2TT TT∪

Rule 3: I O′ ′( ) (II ), (O′O , ) ( , )p t, p t,p p, p t,) O(I p
Rule 4: Ψ′ Ψ( ) ( )p pΨ) (
According to Rule 1, places of the remaining 

taxiing segment, of the next taxiing segment, of the 
correlated segment, ones in the last taxiing segment 
are constituted into places in local surface sub-
model, and the markings of sub-model are the same 
as TWCPN; According to Rule 2, the output transi-
tions of places determined by Rule1 are constituted 
into transitions in local sub-model; According to 
Rule 3, the input and output function of local sub-
model is the same as the origin function of TWCPN; 
According to Rule 4, current taxiing trajectories of 
aircraft remaining as before in TWCPN.

Example 1: The operation scenario for 
part of taxiway system is demonstrated in 
Figure 1. Assume taxiing trajectories of aircraft a1 is 
r t t t t t t1 1r tr t1

1tt
2

1tt
3

1tt
4

1tt
5

1tt
66(1 ) ..., and it is postponed to occupy 

current unit, thus the local sub-model of aircraft a1 
can be established by rules proposed above.

Firstly, for current taxiing segment (r1) of air-
craft a1, unit represented by Place p1 is one of the 
units in its remaining taxiing segment l1 in r1; Place 
p3,p5,p6,p7,p8 are units of the next continuous taxiing 
segment r1rr

*
pp
 of aircraft a1; According to Rule 1, we 

get P P l P1P PP1 1 1′ ( )l1ll )1 ( )r1rr( )1
*∪  = {p1,p3,p5,p6,p7,p8}. Secondly, 

for l1 and correlated segments of r1rr
* which is denoted 

by F ( )r*
1rr = {l2,l3}, units represented by Place p3 and 

p5 are of the units in segment of l2, units represented 
by Place p5,p6,p7,p8 are of the units in segment of l3. 
Thus, we get P P l P1 2P PP 3″ ( )l2ll ( )l3ll∪  = {p3,p4,p5,p6,p7,p8}. 
Thirdly, Place p2 (or p9) is one of units for previous 
continuous taxiing segment of aircraft a2 (or a3). 
Finally, transitions, time window for place can be 
determined by Rule 2∼4. The local sub-model for 
aircraft a1 is demonstrated in Figure 3.

5 AIRCRAFT TAXI CONFLICT 
PREDICTION ON LOCAL 
PART OF SURFACE

Definition 2 Currently Correlated Areas (CCA) 
is segment which is related to the current con-
tinuous taxiing segment of  one aircraft, and 
places in the corresponding local sub-model are 
denoted by

CCACC p P l P l l F la iP i alp{ |p{ |p (lal ( )lil , l Fil F∈ )};∪

Next Correlated Area (NCA) is segment which 
is related to the next continuous taxiing segment, 
and places in the corresponding sub-model can be 
denoted by

NCACC p P P ra jP j arrp{ |p{ |p (rarr ( )l jl , l Fjl F∈ )}.* *P l l) (l (l F

Definition 3 Transition t∈T1 which meets condi-
tion t( )p ⊆ CCA (or t( )p ⊆ NCA) is defined as the 
input transition of current correlated area (or the 
next correlated area).

Definition 4 Time window for aircraft occupy-
ing taxiing unit is represented as w p ta

p i
a at,pp [ ,ti a ]}o . 

Of which, i at  is the time for aircraft a entering unit 
p (taxiway intersection or line segment); otat  is the 
time for aircraft a leaving unit p.

If  units corresponding to place p pi jp ∈ CCA 
(or p pi jp ∈ NCA) will be occupied by aircrafts at 
the same time, there exists taxi conflict among air-
crafts. In order to analyze the conflict, we propose 
computation rule denoted by ad.

For time window w1 = {p1, ]τ,1 2,ττ, }, w2 = {p2, 
[ , ]τ,3 4,τ, }, the ad computation can be fulfilled in fol-
lowing rules:

Rule 1: ad w H( ,w ) { ,[ , ]}1 2w, 1 4,τ1, , of which, 
H = {p1, p2}, τ τ1 3τ ττ 2τ≤ ≤τ3ττ ;

Rule 2: ad w H( ,w ) { ,[ , ] [ , ]}1 2w, 1 2, 3 4,τ1, τ, 4,∪ , of  
which, H = {p1,p2}, τ τ2 3τ ττ τ< .

Figure 3. Sub-model of aircraft a1 in Figure 1.
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The local sub-model for aircraft a can be simpli-
fied using above rules, and the derived simplified 
model is demonstrated in Figure 4.

For continuous taxiing segments of aircraft a 
in local sub-model, Place sets in the resulted sim-
plified model in Figure 4 is denoted by aH  and 
HaH ′. For clearly, we call it model a. Similarly, for 
aircrafts a1,a2, …, am (an , … ak), their continuous 
taxiing segments in local sub-model can be simpli-
fied, and we call them model a1, a2, …, am (an , … 
ak), respectively,

Surface units corresponding to Place sets 
H i ma iH , (HiH , ... )1 2  are formed into current corre-
lated area. Surface units corresponding to Place 
sets H j n n ka jH ′, (H jH , ,n ... )n n, n , are formed into 
next correlated area. If  aircraft a entering the taxi-
ing segment is delayed Δτ  by some reasons, the 
conflict judgment conditions for local part of sur-
face operation are as following:

Condition 1: condition for conflict in CCA
If  aircraft a entering taxi segment correspond-

ing to model HaH  at τ0τ , aircraft a1, a2, …, am enter-
ing taxi segment corresponding to HiH  at τ iτ , there 
exists conflict in CCA between aircraft a and ai  
using following conditions:

 H Hi aH H∩ ≠ Φ ;
 [ , | | , | |]τ,0 0,τ, + +| | ≠|],+|a i| ] [τ τ] [| τ τ] [+| i i||| Φ[ | |]τ[ ≠| |],τ[ |τ[Δ ]τ ]]τ ]]τ ] |∩ , of  which, 
| |i  represents duration of time window 
w i mi , ,i , ..., .= 1 2,

Condition 2: condition for conflict in NCA
If  aircraft a entering taxi segment corre-

sponding to model HaH ′ at τ τ0 0τ ττ ′ = +τ0τ +| |a Δ , 
aircraft an , … ak entering segment correspond-
ing to H jH  at τ jτ , there exists conflict in local cor-
related area for aircraft a and ai using following 
conditions:

 H Hj aH H∩ ′ ≠ Φ;
 [ j | |] [ , | |]τ,jj ,0 0, τ, ′+ | |] [τ ≠, w||] [τ ,a j|] [τ|] [τ|] [τ j j| w|∩ Φ , of  which, 
| |j  represents the duration of time window 
w j n kj ,j n , ..., .= +n nn 1

6 AIRCRAFT TAXIING TRAJECTORIES 
UPDATE

In local sub-model corresponding to part of sur-
face, the taxiing trajectories set is denoted by Wo. 
For correlated areas where exists taxi conflict, the 
input transition of its sub-model can be used to 
generate sequence ε  and formed into set X.

The generation rules of sequence ε  are as fol-
lows:  transition enabled by token represented 
VIP flight shall be arranged in priority;  transi-
tion enabled by token represented arrival flight 
shall be arranged in priority.

The taxiing cost for flights which will occupy 
the correlated are is set as optimization target:

min ( )
ε ∈X

f W( , ,ε τ, oWW

The computation method is as follows:
Firstly, for transition sequence ε = t t tn1 2t tt ... , 

the firing time βiβ n( ,i ..., )2  can be determined 
according to taxiing trajectories WoWW  in this local 
area; If  the flight denoted by token which enabling 
the transition t1 meet some uncertain events, the 
firing time β1ββ  can be adjusted by adding Δτ .

And then, time for aircrafts occupy correlated 
areas can be computed by following steps:

 Time for aircraft leave the correlated area can 
be determined by τ β μ1 1τ βτ 1μμ+β1ββ , of  which, β1ββ  is the 
time for transition firing, μ1μμ  is the duration air-
craft occupying the area.

 For transition t ni ( ,i , ..., )3,  in sequence 
ε , we can determine its firing time by 
β τ βi iβ τβ i′ββ − , }βiβ1

 and duration μiμ  for aircraft 
occupy this correlated area. And also, time of 
aircraft leaving this correlated area can be deter-
mined by τ β μi iτ βτ iμ+βiβ ′

Finally, the taxiing cost for aircrafts can be 
determined by

f W f f)WoWW = f1 2f ff fff

In which, taxiing cost of aircraft taxiing through 
the correlated area is

f ci tc
i

1ff ∑∑ μ

ct  is aircraft taxi cost in unit time.
Taxiing delayed cost of aircraft before entering 

this correlated area

f pd i i
i

2 1f pf d i i×pdpd∑ max{ , }0τ βi i−

pd  is aircraft taxi delay cost in unit time.
Figure 4. Simplified model for local sub-model of air-
craft a.
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7 CASE STUDY

Aircraft taxiing trajectories update in Figure 1 is 
analyzed, considering one of aircrafts is delayed. 
The assigned taxiing trajectories for aircraft a1, a2, 
a3 are listed in Table 1, and the taxiing priority of 
a1 is higher than a2 and a3.

Take the operation data of A320 as an exam-
ple, the taxi cost of unit time ct  = 84 Yuan/min, 
and delayed cost of unit time pd = 178 Yuan/min. 
If  aircraft a1 is postponed to occupy unit p1 by 
50 seconds detected from surveillance module in 
A-SMGCS, the time occupying next segment will 
also be delayed 50 seconds. The local surface area 
affected by delay of aircraft a1 is analyzed and taxi-
ing trajectories of aircraft through this area can be 
updated in the following steps:

Firstly, the local surface operation sub-model 
when aircraft a1 is delayed can be represented in 
Figure 3.

Then, the sub-model can be fatherly simplified 
by analyzing aircrafts in this local surface, and the 
resulted model is demonstrated in Figure 5.

w
H p p p p

a a
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1a 1 1

1 3p 5 6p 7 8p

1 19 37 50

′ ′ ′ ″

′
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τ3,3
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′ ″
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Operation units corresponding to Place sets 
H H Ha aH aH2Ha 3′ ,2HaH  are formed into the next correlated 
area. According to conflict judgment conditions 
H Ha aH 2HaH′ ∩ ≠ Φ  and [ , ] [ , ]τ, τ1 1, ττ, 2 2,ττ ,′ ″ ′ ″∩ ≠ Φ , there 
exists conflict in this area between aircraft a1 and 
a2. Similarly, there exists conflict between aircraft 
a1 and a3 in this area.

Finally, taxiing trajectories can be updated for 
aircrafts in this area using method proposed in 

Table 1. Time window for aircrafts taxiing trajectories in Figure 1.

Figure 5. Taxiing model for aircrafts in Figure 3 and its simplified model.

Table 2. Updated time window of taxiing trajectories for aircrafts.
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this paper. The firing sequence for input transi-
tion of next correlated area can be determined as 
X t t t t t> < >{ ,t , ,t > , ,t }1tt

1
2
1

3
1

1tt
1

3
1

2
1  according to taxiing 

priority relation among aircrafts. For transition 
sequence < >t t t1t

1
2
1

3
1,,t2 , when aircraft taxi through the 

correlated area, the following results can be reached: 
taxiing time for aircraft a1 is 60 s (u1 = 60 s), and the 
delayed time is 0 second; taxiing time for aircraft a2 
is 20 s (u2 = 20 s), and the delayed time is 38 s; taxiing 
time for aircraft a3 is 50 s (u3 = 50 s), and the delayed 
time is 30 s; Taxiing cost for aircrafts through this 
local surface f1ff  = 182yuan, while taxiing delay cost 
for aircrafts through this local surface f2ff = 201yuan; 
and the overall taxiing cost is 383yuan.

Similarly, for sequence < >t t t1t
1

3
1
yy

2
1,,t3 , the overall 

taxiing cost is 472yuan.
Thus, by comparison, aircraft a1, a2, a3 should tax-

iing through the area according to the arrangement 
corresponding to sequence t t t1t

1
2
1

3
1,,t2 , updated tax-

iing trajectories are demonstrated in Table 2.

8 CONCLUSION

Aircraft taxiing trajectories update approach is 
proposed for surface operation under the control 
of A-SMGCS. The trajectories update is driven by 
real time information from surveillance module of 
A-SMGCS, combining optimization and feedback 
mechanism; Rules generating local sub-model 
from TWCPN model are provided, and conflict 
judgment conditions are proposed for aircrafts on 
surface corresponding to the sub-model. Taxiing 
trajectories update is fulfilled with the minimiza-
tion of overall taxiing cost of aircrafts on the cor-
responding local surface.

For 4D trajectory based surface operation 
under the control of A-SMGCS, the taxiing con-
formance monitor and taxiing trajectories update 
method for aircrafts on entire surface need to be 
investigated in future.
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Performance analysis of prestressed concrete T-beam structure after fire

Qi-feng Wang
Research Institute of Highway Ministry of Transport, Haidian District, Beijing, China

ABSTRACT: Combined with an engineering example of prestressed concrete T-beam, and based on 
the parameters investigated, such as appearance characteristics of the T-beam, compressive strength of 
concrete and fire temperature, structure section loss, reduction parameters of concrete and reinforcement 
mechanics performance are presumed. Moreover, through current state structural analysis, the structural 
performance of this prestressed concrete T-beam bridge is evaluated. Then some maintenance suggestions 
and construction methods are presented, which could provide important reference for rapid evaluation of 
mechanical behavior and maintenance and strengthening of the same type of bridges after fire.

Keywords: after fire; prestressed concrete; T-beam; mechanical performance

is 16.8 m, the upper structure is prestressed con-
crete T-beam, and the clearance is about 4 m. The 
T-beam suffered from fire for about 2 hours due to 
the flammable construction (wood) materials piled 
under side span; therefore, the end of T-beam was 
badly damaged. In order to evaluate the effect of 
fire on the structure mechanics performance and 
determine maintenance method rapidly and accu-
rately, the investigation of section loss, the test of 
concrete compressive strength, and presumption 
of fire temperature were carried out, and the anal-
ysis of structure performance was provided based 
on the reduction parameters.

3 FIRE SITUATION INTRODUCTION

The fire lasted about 110 minutes due to the 
wooden building materials temporarily stacked 
under the bridge. To get the fire under control, 
fire hoses sprayed water on the surface of T-beam. 
The strip and flake of concrete appeared immedi-
ately after spraying water on the surface area of 
T-beam.

4 INVESTIGATIONS OF APPEARANCE 
CHARACTERISTICS

The fire covered 22 pieces of T-beam, including 
17 pieces of which local area color changed obvi-
ously and the rest were all blackened, moreover, 
15 pieces of which web and flange plate local area 
concrete presented serious phenomenon of strip-
ping and bare bar. The typical damage situation of 
T-beam suffered from is shown in the Figure 1.

1 INTRODUCTION

In recent years, the bridges damaged due to the 
fire happened frequently in China. The mechanical 
properties of the structure were damaged under dif-
ferent degrees; at the same time, it caused huge eco-
nomic loss. Usually, the mechanical properties of 
prestressed concrete structure material will change 
due to the physical and chemical changes in con-
crete and reinforcement caused by fire. As a result, 
significant change will happen in the mechanical 
behavior of structure [1]. After the fire, fire sprin-
klers are often used. However, the high tempera-
ture of concrete and reinforcement suffer from fire 
cooled sharply by the water which will result in 
large areas of concrete stripping, spalling, and bare 
bar phenomenon [2]. There may even be cracks dis-
tributed along the reinforcement. According to the 
relevant research results, the methods used in eval-
uation of the performance of prestressed concrete 
structure after fire can be load test [3], theoretical 
calculation analysis [4], or calculation, and an anal-
ysis can be adopted based on detection and load 
test [5]. Combined with an engineering example of 
prestressed concrete T-beam, an effective way of 
rapid evaluation through calculation and analysis is 
provided in this paper, which is based on the inves-
tigation of section loss, the test of compressive 
strength test, the presumption of fire temperature, 
and the calculation of reduction parameters.

2 PROJECT OVERVIEW

A combination of bridge span is 27.3 m + 10 × 
33.0 m + 33.0 m, total length is 390.4 m, full width 
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5 CONCRETE COMPRESSIVE STRENGTH

The compressive strength of the regions in T-beam 
which were damaged obviously was tested, and the 
specimens were obtained by core drilling method. 
The measured concrete compressive strength of 
T-beam are between 17.0 and 17.0 MPa, the com-
pressive strength of concrete in the surface of 
T-beam decreased significantly, the compressive 
strength test results are shown in Table 1.

6 FIRE TEMPERATURE AND THE 
PRESUMPTION OF SECTION LOSS

According to requirements of Assessment stand-
ard of existing build structures after fire (CECS 
252:2009) [6], combined with appearance investi-
gation, color change, concrete stripping condition 
and hand hammer knock test: the surface tempera-
ture of the region that color changes obviously was 
700°C∼ 800°C, the depth that was influenced by the 
high temperature is about 4 cm in the side of the 
web, and 6 cm at the bottom of the web. Despite 
of surface layer, the internal temperature of con-
crete did not exceed 300°C. The surface burning 
temperature at bottom of T-beam flange plate was 
greater than 500°C, the temperature of other parts 
of flange plate was below 200°C.

7 STRUCTURE CALCULATION 
AND ANALYSIS

7.1 Calculation model

1. According to the original design data and pre-
sumption results of section loss, the reduction 

Figure 1. The typical damage situation of T-beam.

Figure 2. T-beam calculation models for different stages.

Table 1. The compressive strength.

of geometric cross section is carried out for the 
calculation model, therefore, considering 6 cm 
of the concrete at the bottom of T-beam and 
4 cm of web are failure. Calculation models are 
shown in Figure 2.

2. The compressive strength, elastic modulus, 
prestressed reinforced concrete bond strength 
are selected according to the concrete com-
pressive strength test results and Assessment 
standard of existing build structures after fire 
(CECS 252:2009). And the reduction factors 
are determined based on that the concrete inter-
nal fire temperature is 300°C, so the reduction 
factor of concrete elastic modulus is 0.75, bond 
strength between prestressed reinforcement and 
concrete is 0.90, concrete compressive strength 
is 0.70. The key calculation parameter values 
are shown in Table 2.

3. The reduction range of the cross section and cal-
culating parameters mentioned above is 0∼12 m 
from the end of the beam, and cross section and 
calculation parameters of other beam segments 
used are in accordance with the original design 
values.

7.2 Strength checking of normal section

The calculation analysis results show that normal 
section strength of 12–13 units of T-beam after fire 
cannot meet the application requirements, while 
the rest of the section satisfy the requirements, the 
calculation results of the key section before and 
after fire are shown in Table 3.

7.3 Strength checking of oblique section

The calculation analysis results show that the sec-
tion size of 0.7∼6.7 m of T-beam after fire cannot 
meet the shear strength requirements, while others 
all satisfy the requirements. The strength calcula-
tion results of key oblique section before fire under 
typical load combination are shown in Table 4; 
moreover, the strength calculation results of key 
oblique section before fire under typical load com-
bination are shown in Table 5.
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without live load, but cannot satisfy the require-
ments of the construction stage. It indicates that 
the structure is safe under the closed traffic condi-
tion; however, it will be unsafe in the later mainte-
nance construction, the calculation results of key 
cross section are shown in Table 6.

8 CONCLUSIONS

By analyzing the structure performance, the fol-
lowing comments about mechanics properties of 
the T-beam can be made:

1. The normal section strength, oblique section 
strength, and the stress of normal service con-
dition of the T-beam before fire all satisfy the 
design requirements.

2. When the T-beam after fire is under the live 
load, the normal section strength of prestressed 
concrete T-beam around mid-span cannot 
meet the application requirements, and the 
oblique section shear capacity from the end of 
the beam to L/4 cannot meet the application 
requirements.

3. When the T-beam after fire is without the effect 
of live load, the cross section stress state from 
the end of the beam to L/2 cannot satisfy the 
requirements of construction stage.

The following proposals for repairs and main-
tenance are provided according to the analysis of 
structure mechanics performance:

1. The normal section bending resistance and 
oblique section shear capability can be restored 
by means of enhancing the section, however, 
the stress state cannot be restored, and the com-
pressive stress of effective section of T-beam 
after fire will always remain larger.

2. There might be some security risks to do the 
construction maintenance work on the bridge, 
while it is safer when using under bridge con-
struction methods.

3. The mechanical properties of concrete and 
reinforced will be significantly reduced after 
fire, therefore, the regular observation of key 
position of the T-beam after the maintenance 
should be strengthened.

Table 2. The key calculation parameter values.

Table 3. The calculation results of the key section 
before and after fire.

Table 4. The strength calculation results of key oblique 
section before fire.

Table 5. The strength calculation results of key oblique 
section after fire.

7.4 Analysis of normal service condition

The stress state calculation and analysis results 
of T-beam which is constructed without live load 
(closed traffic) show that due to the section dam-
age reduction, the compressive stress at the edge 
of T-beam 8–13 units can meet the requirements 

Table 6. The accumulated stress state of normal section 
without live load (closed traffic).
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Cross tensioned and Reinforced Concrete composite pavements 
application in heavy traffic
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ABSTRACT: The composite pavements associated with up Cross Tensioned Concrete (CTC) slabs and 
lower Reinforced Concrete (RC) slabs, isolated by Asphaltic Sand Mixture (ASM) layer, were proposed to 
suit the heavy traffic, based on Xiu-Shui line traffic surveys. The up CTC slabs could bear part axle load 
and total temperature stress, and ensure the pavements continuous. The lower RC slabs only could bear 
part over axle load and no temperature gradient stress. The up CTC slabs stress elements fatigue strength 
is higher than the plain concrete as without lateral compression, or the RC with passive lateral compres-
sion, for the up CTCP slab elements in triaxial compression state by the cross tension. The axle load is 
beard by lower RC slabs and up CTPC slabs according to their section bending stiffness ratio.

Keywords: heavy traffic; cross tensioned pre-stress concrete pavements; concrete fatigue; temperature 
gradient stress

and does not directly take advantage of  the 
high compressive strength of  concrete. The 
RBPT increases the flexural-tensile strength 
by introducing cross tension in the concrete 
slabs. The fundamental formula for the design of 
CTCP is:

t p t F Lσ t σ t σ+ ≥pσ + +Fσ FΔσ  (1)

where σt = concrete allowable flexural-tensile 
stress; σp = RBPT compressive stress in con-
crete; σΔt = temperature gradient curling stress; 
σF = ASM friction stress; and σL = traffic load-
ing stress in the CTC slabs. As the ASM iso-
lated layer, there is only part axle loading fatigue 
stress, no temperature gradient stress in lower RC 
slabs.

bpr rfrγ σ⋅ ≤bprσ b  (2)

r bp rfrγ σ⋅ ≤bpσ b ,m  (3)

where γr = reliability coefficient; σbpr = axle load-
ing fatigue stress of lower RC slabs; fr = concrete 
flexural strength standard values; σbp, m = max axle 
loading stress of lower RC slabs.

1 INTRODUCTION

Cross Tensioned Concrete Pavements (CTCP) could 
eliminate joints and cracks, by applying an external 
force with the Retard-Bonded Tendons (RBPT) 
(ACI325.7R-88). CTCP had better drive quality 
too, for the absence of transverse joints (Mustaque 
Hossain, et al. 2003), it was developed in china, dur-
ing the past five years (Dong-sheng Zhang and Na 
Li, 2011). Cross Tensioned and Reinforced Con-
crete Pavements (CTRCP) also increased the load 
capacity of the pavements as shown in Figure 1. 
This double-slabs design technique can bear more 
traffic loading stress, but less temperature gradi-
ent stress than equivalent thick PCCP, CRCP and 
CTCP. The RBPT is applied through an un-bonded 
strand to a bearing plate attached to the end of 
the strand at first, then changed to bonded as the 
epoxy adhesives solidified. This paper discusses 
only RBPT procedures (I. Tsiafis et al. 2012).

2 FUNDAMENTAL DESIGN CONCEPTS

CTCP design uses the flexural-tensile strength of 
concrete as the strength parameter of  concrete 
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3 AXLE LOADING STRESS ANALYSIS

Axle loading stresses of CTRCP slabs were cal-
culated by double-elastic-deck theory (JTG D40-
2011):

σ σprσ r f c pσ sk k k
 

(4)

where σpr = axle loading fatigue stress at the most 
adverse position of  up CTC slabs; kr = stress 
reduction factor of  considering joint load trans-
fer; kf = fatigue stress coefficient considering 
cumulative fatigue load stress in design refer-
ence period; kc = composite coefficient consid-
ering deference between theory of  computation 
and engineering practice as well as dynamic 
load; σps = max loading stress on up CTC slabs 
at the most adverse position, by standard axle 
load.

σ σbprσσ f c bpsσk k
 

(5)

where σbpr = axle loading fatigue stress at the most 
adverse position of lower RC slabs; σbps = max load-
ing stress on lower RC slabs at the most adverse 
position.

The up CTC and lower RC slabs nearly each share 
half  heavy traffic load stress; this is the CTRCP 
key advantage in over axle loading traffic.

4 TEMPERATURE STRESS 
OF UP CTC SLABS

Temperature gradient stress of up CTC slabs were 
calculated by gradient stress theory (JTG D40-
2011):

σ σΔ Δσ σt t tk ,m  
(6)

where σΔt = temperature gradient fatigue stress 
of up CTC slabs; σΔt,m = max temperature gradi-
ent stress along the longitude of up CTC slabs. 
kt = temperature fatigue coefficient of up CTC 
slabs.

5 FRICTION OF UP CTC 
SLABS WITH ASM

The up CTC slabs would move on the ASM isola-
tion layers for the principle of expand on heating 

Figure 1. CTRCP structures and stresses.

ICCAHE15_Book.indb   598ICCAHE15_Book.indb   598 11/17/2015   6:31:59 AM11/17/2015   6:31:59 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-121&iName=master.img-000.jpg&w=316&h=267


599

and contract on cooling. There were frictions 
between the slabs and ASM layers, the maximum 
at the middle of up CTC slabs.

σ Fσ L
=

μγ LL
2  

(7)

where μ = friction coefficient of up CTC slabs with 
ASM layers; γ = density of concrete.

6 PRESTRESS OF UP CTC SLABS

Assume that the compress by the tension in the 
up CTC slabs was uniform distribution; the com-
press of concrete stress element could be calculated 
from:

σ 2σ p
s p

c

App

h sc
=

( )σ σcoσσ n lσ osll s

⋅s sinα  
(8)

3p
p

c

A
h s

σ 3 α
=

( )con losll sσ σcon l

⋅ ⋅s cos  
(9)

where σ2p, σ3p = pre-compressive stress on the CTC 
elements by the cross tension along the 2 and 3 
directions; σcon = control tension stress value of 
tendon; σloss = loss of prestress during construction 
stage; Ap = section area of prestress; α = intersec-
tion angle of tendon and road longitudinal direc-
tion; s = tendon spacing along road longitudinal 
direction.

7 GROUND CONTACT PRESS

Ground contact presses were the vertical main 
stress of up CTC slabs element; it could be calcu-
lated from (Meng 2007):

A ps +ps= ±200 15200 7000  (10)

p
P
A
sPP

=
2  

(11)

where A = ground contract area; ±7000 = devia-
tion range for 95% guarantee rate, “-” was rec-
ommended considering overload in Chinese; 
p = ground contact press.

8 CASE

The pavements structures, materials parameters, 
and stress calculated results of Xiu-Shui heavy 
traffic line were list in Table 1, 2 and 3. The con-
crete triaxial compression experimental investiga-
tion (Cao 2005) concluded as:

max . . log ( . )S R(= − =2 305 0 1056 0.
 

(12)

While: N = 20 Million Smax = 1.53. It could be 
concluded that the concrete fatigue strength was 
increased to 1.05 times max static strength by the 
0.07 fc lateral pressures, which equal to 1.6 times 
plain concrete as without lateral compression, 
under the same fatigue life.

Table 1. Pavement structure.

L (m) b (m) hc (m) ha (m) hb (m) h1 (m) h2 (m) h3 (m) s (m) α (°)

100 6 0.18 0.01 0.18 0.2 0.2 0.2 0.4 45

Table 2. Materials parameter.

fr
(MPa)

Ec,b
(GPa)

νb,c
(/)

αc
(/°C) μ

Φ
(mm)

σcon
(MPa)

E1
(GPa)

E2
(GPa)

E3
(GPa)

E0
(GPa)

Kn
(GPa/m)

5 27.6 0.15 1.0 × 10–5 0.15 15.2 1860 2.4 2.2 0.5 0.08 3

Table 3. Stress.

Lower RC (MPa) Up CTCP (MPa)

σps σp,m σpr σbps σbp,m σbpr σ2p σ3p σtr σΔt,m σF P Pm

−0.94 −3.05 −2.67 −0.89 −2.89 −2.9 1.64 1.64 −0.73 −1.63 −0.625 2 4.47
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9 CONCLUSIONS

On the theory of concrete fatigue strength signifi-
cantly enhanced by cross tension and laboratory 
fatigue test data, the CTRCP were introduced 
into the heavy traffic. By the double-elastic-deck 
theory, the temperature gradient stress, part axle 
loading stress, friction, ground contract press, lat-
eral prestress of up CTC slabs element, and part 
axle loading stress of lower RC slabs were deeply 
analyzed.

On the up analysis, the CTRCP could bear 
20 million times standard axle load (100 KN), and 
over axle load (350 KN) combine with max temper-
ature stress of 50 years recurrence interval simulta-
neously. The most advantage of this CTRCP could 
keep 100 m continuous without transverse joints.

The up CTC slabs stress elements fatigue 
strength is higher than the plain concrete as with-
out lateral compression, or the RC with passive 
lateral compression, for the up CTC slabs elements 
in triaxial compression state by the distribute cross 
tension. The over axle load is beard by lower RC 
slabs and up CTPC slabs according to their section 
bending stiffness ratio.
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Study on reinforcement effect of modified epoxy resins by repeated 
loading

Li Zhao
Highway Administration of Lanzhou, China

Dingbang Wei
Highway Maintenance Technology Research Institute of Gansu, China

ABSTRACT: Hollow bridge hinge joint is one of the main damage forms of Gansu, China. Modified 
epoxy resin was used to reinforce hinge joints under traffic. A pulse load on reinforced composite trabecu-
lar was adopted and the stress and strain characteristics were analyzed. It was found that the composite 
trabecular after reinforcement has a good overall performance, and the performance was more excellent 
when reinforcement by high-strength mortar.

Keywords: bridge hinge joints; modified epoxy resin; reinforced under traffic; repeated loading

1.2 How to repair

The conventional reinforcement method of hollow 
hinge joint required to clear the entire bridge deck. 
Although it is a good solution to solve the dam-
age, but because of the bridge clearance process 
requires up to one month or even more, so a great 
deal of traffic pressure was faced. Therefore, a new 
reinforcement method without disrupting traffic 
was needed.

Grouting at the bottom of the hinge joint, and 
spraying polymer modified motar the reifocement 
can be achieved without traffic break off. A modi-
fied epoxy resin, which has a fast-curing charac-
teristics, was used to bond a composite trabecular, 
simulating the vehicle load by using of pulse load. 
Stress and strain date was collected to evaluate the 
effect of the technique.

2 EXPERIMENT

2.1 Material

1. Modified epoxy resin
Prepared in laboratory and the performance 
parameters were shown in Table 1.

2. Polymer modified mortar
Prepared in laboratory and the performance 
parameters were shown in Table 2.

2.2 Sample preparation

To be reinforced mortar specimens with dimen-
sions of 20 × 25 × 280 mm, which cured in room 

1 INTRODUCTION

1.1 Bridge disease

Concrete hollow plank has been widely used 
in highway bridge engineering because of light 
weight, good structural performance and can be 
prefabricated. Since 1970s, many hollow plank 
bridges were constructed. However, a large pro-
portion of these bridges’ hinge joint were damaged 
due to environmental factors, increased road traf-
fic or unreasonable design and construction, which 
leads to weakening of the overall carrying capac-
ity of bridges and culverts, and in extreme cases, 
hollow plate may also rupture and causing safety 
problems, as shown in Figure 1.

Figure 1. Hollow hinge joint of one bridge in China.
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3 RESULT AND ANALYSIS

3.1 Effects of different loads on modified 
epoxy curing effect

The modified epoxy resin used to reinforcement 
under traffic should have a good workability and 
rapid curing characteristics. Viscosity of the resin 
was tested during the curing process by Brookfield 
rotational viscometer using a Brookfield rotational 
viscometer as shown in Figure 3.

Figure 3 shows that, the viscosity of epoxy A 
and B are almost no change within 90 minutes. 
However, after 120 minutes, the viscosity rise 
quickly and generate heat significantly, indicating 
that fast curing occurs during this time. Compared 
to the sample A, B shows a more obvious mutation 
point.

Different strain (1%, 5%, 7.5%, 10%, 20%) was 
loaded to test the curing process of modified epoxy 
resin, for exploring the effect of load.

The complex viscosity of the modified epoxy 
resin, rise up with curing time. From the character-
istic of these five curves, we can see that the curing 
process was affected by continuous strain. When 
the loaded strain rise from 1% to 5%, the final 
complex viscosity decrease from 1 × 106 Pa ⋅ s to 
0.2 × 106 Pa ⋅ s; when the loaded strain rise from 5% 
to 20%, the final complex viscosity decrease from 
0.2 × 106 Pa ⋅ s to 0.2 × 105 Pa ⋅ s.

3.2 Resin reinforced experimental results

Using single trabecular simulate undamaged 
bridge, unbonded double trabeculars simulate 
damaged bridge which is reinforced by modified 
epoxy resin A or B. Flexural strength and defor-
mation were measured as shown in Figure 5.

From Figure 5 it can be seen that, the flexture 
strength of single trabecular is 7.8 MPa compared 
to 3.0 MPa of unbonded double trabeculars, 

Table 1. Performance of modified epoxy resin.

Test Condition Standard Result

Application time (min) 25°C 70
Initial viscosity (mPa ⋅ s) 25°C 142
Unconstrained linear 

shrinkage (%)
23 ± 2°C 

(7 days)
0.14

Flexural strength 
(MPa)

23 ± 2°C 
(7 days)

72

Compressive strength 
(MPa)

23 ± 2°C 
(7 days)

61

Steel-concrete tensile 
bonding strength 
(MPa)

23 ± 2°C 
(7 days)

5.5

Table 2. Performance of polymer modified mortar.

Test Standard Result

Setting time/min Initial 40
Final 50

Flow (%) 0 mins 0
30 mins 0

Compressive 
strength (MPa)

2 hour 23.3
24 hour 45.8
3 day 55.8
28 day 81.6

Flexural 
strength (MPa)

2 hour 6.8
24 hour 10.6
3 day 11.7
28 day 13.6

Bond strength/MPa 24 hour 2.5
28 day 3.5

Expansion/% 28 day −0.05

Figure 2. Experiment instruments: (a) shear rheometer; 
(b) universal testing machine.

regimen for seven days, get a compressive strength 
of 52 MPa. 1 mm gap was surrounded by two 
motar blocks, in which modified expoxy resin was 
poured. Then the prepared samples were cured in 
laboratory and to be tested.

2.3 Repeated loading test

1. The shear rheometer controlled by strain was 
adopted to study on the curing process of modi-
fied epoxy resin, the control strain levels were 
1%, 5%, 7.5%, 10%, 20%.

2. The repeated load test was carried out by IPC 
Company UTM-100 universal testing machine 
to evaluate the reinforcement effect. 20 KPa 
stress was used, loading 0.1 s, unloading 0.9 s, 
10,000 times. Test apparatus shown in Figure 2.

Modified epoxy resin curing rapidly with time, 
during the curing process, certain frequency load on 
the composite trabecular to simulated the traffic.

ICCAHE15_Book.indb   602ICCAHE15_Book.indb   602 11/17/2015   6:32:03 AM11/17/2015   6:32:03 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-122&iName=master.img-003.jpg&w=184&h=122
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-122&iName=master.img-003.jpg&w=184&h=122


603

Compared to “damaged” bridge, the flexture 
strength of specimen reinforced by resin A increased 
from 3.0 MPa to 4.7 MPa, resin B increased from 
3.0 MPa to 8.0 MPa; The deformation/cycle of 
specimen reinforced by resin A decreased from 
1.1 mm to 0.7 mm, resin B decreased from 1.1 mm 
to 0.45 mm; The flexture elasticity modulous of 
specimen reinforced by resin A increased from 
2.0GPa to 2.5GPa, resin B increased from 2.0GPa 
to 6.5GPa; since it is safe to say that modified 
epoxy resin B have a good reinforcement effect.

3.3 The impact of interference on the effect 
of resin reinforcing process

To simulate the effect on the reinforcement under 
continuous load, a 20 KPa,1 Hz stress applied on 
the specimen for 1 hour and 2.5 hours, another 
comparative specimen was set up without load. 
Flexible strength and deformation of all the speci-
mens were collected after 24 hours. The results 
were shown in Figure 6.

As seen in Figure 6, the flexible strength of the 
three specimen under 1 hour loading, 2.5 hour load-
ing and without loading were 4.42 MPa, 4.15 MPa 
and 4.75 MPa respectively, with a decrease of 6% 
and 12% after loading. Meanwhile, the deformance 
increase 9% and 15.6%, deformance/cycle increase 
1% and 6.8% respectively.

3.4 Micro-analysis of bonding interface

Specimens after fracture were observed and it was 
found that the fracture surface of specimen rein-
forced by resin B is relatively smooth as shown in 
Figure 7.

The fracture surface of specimen reinforced by 
resin B was observed by SEM, and the picture was 
shown in Figure 8. It was found that there was a 
good bond of modified epoxy resin and mortar, 

Figure 3. Viscosity of two types of epoxy during the 
curing process.

Figure 4. Complex viscosity with time of modified 
epoxy resin under different level strain.

Figure 5. Test results of 4 kinds of samples.

whereas flexture elasticity modulous 10GPa to 
2GPa.

Modified epoxy resin A and B was used to 
reinforce the double trabecular, it was found that 
the mechanical properties of the specimen got a 
improved largely after 24 hours. Resin B had a bet-
ter performance than A.

Figure 6. Impact on reinforcement under different 
loading time.
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without obvious gap; because of better perme-
ability, the resin penetrate deeper in mortar, and 
form a good mechanical interlocking and chemical 
bonds, improving bond strength.

4 CONCLUSION

1. Viscosity test result by Brookfield viscometer 
indicates that there is a mutation point in the 

Figure 7. Fracture surface of the specimen (a): specimen 
reinforced by resin A; (b): specimen reinforced by resin B.

Figure 8. SEM picture of the fracture surface.

curing process of the modified epoxy resin. And 
the dynamic shear rheometer test result shows 
that there is some effect on the curing process 
with the load strain over 5%.

2. Resin B has a better mechanical performance 
on trabecular reinforcement.

3. The continuous load during the curing process 
makes the strength of the trabecular specimen 
decrease 6∼12%, deformation increase 9∼15.6%, 
compared to the specimen without load; the 
result was acceptable.

4. A good bond was found by SEM between mod-
ified epoxy resin and motar.
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Safety evaluation of long and steep slope based on BP neural network

Juan Zhang, Jun Chen & Xiaowei Li
Xi’an University of Architecture and Technology, Xi’an, China

ABSTRACT: Evaluating the safety of long and steep slope is essential in identifying the potential road 
safety hazard, which could result in casualties and property losses. In this paper, a BP neural network was 
built by using neural network toolkit in “Matlab,” 11 long and steep slopes are used in calibrating and 
validating the network. The high level of predictability provided that the application of BP neural net-
work model to road safety evaluation of long and steep slope is feasible, and evaluation results coincide 
with the actual situation.

Keywords: long and steep slope; safety evaluation; BP neural network

experienced and this evaluation experience then 
become the criterion for solving future problems 
with similar situations. Further, analysis would 
only require input of corresponding attribute val-
ues. System will automatically assign weights of the 
evaluation index according to the sample training 
using the validated model, and adjust weight auto-
matically within the network’s iteration, which can 
ensure an objectives’ evaluation[2]. Thus, the data 
of the road that selected as learning sample is reli-
able; the BP neural network is a good and feasible 
method of road safety evaluation.

2.2 BP algorithm

The principle of BP algorithm’s is that suppose the 
number of learning sample is n, the sample input 
is X1, X2, …., Xn, the corresponding output is T1, 
T2, …, Tn; The training algorithm will adjust the 
connection value and the threshold value according 
to the error between network outputs Y1, Y2, …, 
Yn and the T1, T2, …, Tn, until the error between 
Yi and Ti achieves the stipulated precision.

There are twice runs in the learning process. One 
is forward pass calculation where information of 
samples is passed into input-layer, through hidden-
layer, output-layer, the error between the ideal 
output Ti and the algorithm output signal Yi were 
then calculated; the other is the reverse pass calcu-
lation, information is passed from the output-layer 
to input-layer, modify the value iteratively accord-
ing to the error between Ti and Yi. Figure 1 shows 
the neural network construction. Neural network 
toolbox of “Matlab” has a practical package based 
on the algorithm; the calculation for road safety 
evaluation in this paper is carried out based on the 
package[2].

1 INTRODUCTION

Compared to other slope, long and steep slope has 
the characteristics of long slope, steep gradient, and 
bad horizontal alignment. Traffic accident statistics 
show that long and steep slopes appear a series of 
segments where accidents are facile to happen; even 
a lot of accidents are serious accident, causing seri-
ous casualties and economic losses. The safety of 
long and steep slope becomes the focus of the whole 
society, many university and scientific research units 
begin to study the safety of long and steep slope. 
Road safety evaluation of a specific road traffic 
system is the use of qualitative or quantitative way 
to objectively describe system’s security features[1]. 
The core is to obtain an objective description about 
existing road safety status and conclude factors 
that may affect traffic safety, evaluate how much 
the factors constraint, and provide opinions for the 
improvement of road safety. In this paper, BP neu-
ral network was used to evaluate the safety of long 
and steep slope with alignment Parameters as input 
layer and accident data as output layer.

2 BP NEURAL NETWORK

2.1 Features of BP neural network

Back-Propagation Network (BP network) is a 
nonlinear differentiable function weight training 
multi-layer network. Its strong nonlinear mapping 
ability automate the correlation of known data 
and, hence, obtain the underlying logic in a super-
vised learning neural network; attributes of input 
samples and the desired output value were first 
input into the network for interaction. The output-
ting connection weights of neurons are knowledge, 
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2.3 Evaluation steps

Matlab based on neural network toolkit of “Mat-
lab” for assessment includes the following steps:

  I.  Determine evaluation objects
         II.  Establish evaluation index system

The status of the evaluation objects can be 
indicated by a series of evaluation index, each 
index reflects the status of the evaluation object 
from different side, which determines the nodes 
of input-layer, hidden-layer, and output-layer, 
and formed the BP neural network.

III.  Select learning samples with the evaluation 
index, provide them for BP neural network to 
train and learn, in order to get a well-trained 
BP neural network model.

   IV.  Determine the validity of the BP neural net-
work evaluation model using another set of 
actual data.

              V.  Use the model to evaluate objects.

3 BP TRAINING MODEL FOR ROAD 
SAFETY EVALUATION

3.1 Selection of evaluation indexes

Long and steep slope, mostly in mountain area, 
has the characteristics of long slope, steep gradient 
and bad horizontal alignment, based on the above 
characteristics and the research results of relevant 
research literature[3], this paper choose curve radius, 
easement curve length, curve length, difference in 
gradients, slope length, vertical curve radius, and 
vertical curve length as evaluation indexes.

3.2 Training model

The performance of the neural network is closely 
related to the selected samples; a good training 
sample set should not only pay attention to the 
sample size, but also pay attention to the quality 
of the sample. That means the sample should be 
representative. The training results can response to 

its inherent law better with larger sample size. But 
when the sample size reaches a certain degree, with 
the increase of sample size, the precision of the 
network becomes very hard to improve, and the 
information capacity of network will surge. In this 
paper, on the basis of collecting data of road align-
ment and accident data, the number of input and 
output layer neurons, the training samples is deter-
mined for 11. The 11 training samples should be 
representative as for as possible, so that the train-
ing results can better response the relationship of 
geometric parameters, accident number and t 
he accident consequences. Table 1 is the geomet-
ric parameters of the samples, namely, the input 
layer for safety evaluation indexes; Table 2 is the 
corresponding accident indicators of the samples, 
namely the output layer for target value.

3.3 Sample data normalization processing

To improve the learning speed of the network nor-
malized processing of input signal, can make the 
means of all the samples’ input signal close to 0 
or relative to their mean square error is small. In 
addition, the incentive function of BP neural net-
work is sigmoid function, the values the function 
of are between 0 and 1, the last node output of the 
network is also between 0 and 1, for this reason 
the output of the sample also need normalized. 
Usually, normalized processing adopt premnmx 
statements; its specific syntax format is: [Pn, minp 
maxp, Tn, mint, maxt] = premnmx (P, T); P is the 
original input and T is the output data; Minp is the 
minimum value of P and maxp is the maximum 
value of P; mint is the minimum value of T and 
maxt is the maximum value of P.

Normalized processing the geometric param-
eters and accident data of samples, the code is as 
follows:

P = [650 600 135 128 117 106 98.9 95.2 80.6 73.3 
62.3;

0 0 104.54 99.586 46.5 84.724 79.77 77.293 
67.385 62.431 55;

194 130 32.5 39.5 92.155 60.5 67.6 71.1 85.1 92.1 
103;

2.2 0.3 3.412 3 1.8 2.709 3.1 2.8 0.7 0 3.5;
640 500 340 180 230 460 300 330 230 650 230;
929.22 912.72 855.94 850.54 817.68 815.48 

781.12 770.1 735.96 0 632.86;
140 150 154 206 226 186 178 202 200 0 150]
T = [0 1 0 1 0 0 1 1 0 1 3 0;
1 4 1 4 15 8 6 7 8 9 5;
2 5 7 16 15 15 16 3 7 5 10;
1 0 0 1 0 1 0 0 3 2 1]
for i = 1:7;
P(i,:) = (0.8*p(i,:)-min(p(i,:)))/(max(p(i,:))-

min(p(i,:))+0.1);

Figure 1. BP neural network construction.
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Table 1. Geometric parameters of the samples.

Sample no. 1 2 3 4 5 6 7 8 9 10 11

Curve radius (m) 650 600 135 128 117 106 98.9 95.2 80.6 73.3 62.3
Easement curve length (m) 0 0 104.45 99.586 46.5 84.724 79.77 77.293 67.385 62.431 55
Curve length (m) 194 130 32.5 39.5 92.155 60.5 67.6 71.1 85.1 92.1 103
Difference in gradients (%) 2.2 0.3 3.412 3 1.8 2.709 3.1 2.8 0.7 0 3.5
Slope length (m) 640 500 340 180 230 460 300 330 230 650 230
Vertical curve radius (m) 929.22 912.72 855.94 850.94 827.68 815.48 781.12 770.1 735.96 0 632.86
Vertical curve length (m) 140 150 154 206 226 186 178 202 200 0 150

Table 2. Accident indicators of the samples.

Extra serious 
accident

Major 
accident

Ordinary 
accident

Minor 
accident

 1 0  1  2 1
 2 1  4  5 0
 3 0  1  7 0
 4 1  4 16 1
 5 0 15 15 0
 6 1  8 15 1
 7 1  6 16 0
 8 0  7  3 0
 9 1  8  7 3
10 3  9  5 2
11 0  5 10 1

end;
for i = 1:4;
T(i,:) = (0.8*t(i,:)-min(t(i,:)))/(max(t(i,:))-

min(t(i,:))+0.1);
end;

After the normalization processing, sample data 
can be normalized to the interval between [0.1, 0.9].

3.4 Determine the number of hidden layer 
neurons

The neurons number of hidden-layer has a direct 
relationship, the neurons number of input-layer 
and output-layer. In this training model, input-
layer has 7 neurons, Output-layer with 4 neurons, 
the neurons number of hidden-layer can be deter-
mined step by step based on the number of neu-
rons of input-layer and output-layer. There is few 
neurons number of hidden-layer, the error will be 
relatively large; contrary, over conservative number 
of neurons selected will result in long learning time 
while the error is not necessarily the best. It might 
cause tolerance, and the sample, which not hap-
pened previously, can not be recognized.

The following formula is the reference formula 
which is used to determine the optimal neurons 
number of hidden layer.

n n m a1 = +n +

where, n1 is neurons number of hidden-layer,
n is neurons number of input-layer,
m is neurons number of output-layer,
a is constant ∈ [1, 10].

From the above formula, the approximate neu-
rons number of hidden-layer is about 14. Hence 
the neurons number of hidden-layer is set to be 
between 10 and 20, in order to determine when 
the network is more efficient and the output error 
is relatively small. Comparison of the training 
error and results, a reasonable neurons number of 
hidden-layer will be determined.

3.5 BP network of the MATLAB program

BP network in MATLAB software mainly call the 
corresponding function. The main algorithm pro-
cedure of training samples is as follows:

P = [650 600 135 128 117 106 98.9 95.2 80.6 73.3 
62.3;

0 0 104.54 99.586 46.5 84.724 79.77 77.293 
67.385 62.431 55;

194 130 32.5 39.5 92.155 60.5 67.6 71.1 85.1 92.1 
103;

2.2 0.3 3.412 3 1.8 2.709 3.1 2.8 0.7 0 3.5;
640 500 340 180 230 460 300 330 230 650 230;
929.22 912.72 855.94 850.54 817.68 815.48 

781.12 770.1 735.96 0 632.86;
140 150 154 206 226 186 178 202 200 0 150]
T = [0 1 0 1 0 0 1 1 0 1 3 0;
1 4 1 4 15 8 6 7 8 9 5;
2 5 7 16 15 15 16 3 7 5 10;
1 0 0 1 0 1 0 0 3 2 1]
for i = 1:7;
P(i,:) = (0.8*p(i,:)-min(p(i,:)))/(max(p(i,:))-

min(p(i,:))+0.1);
end
for i = 1:4;
T(i,:) = (0.8*t(i,:)-min(t(i,:)))/(max(t(i,:))-

min(t(i,:))+0.1);
end
res = 1:11
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S1 = 10:20
for i = 1:11
net = newff([S1(i) 2],{'tansig','logsig'},'traingdx');
net.trainParam.epochs = 1000;
net.trainParam.goal = 0.001;
net = train(net,P,T);
y = sim(net, P);
error = y-T;
res(i) = norm(error);
end

Table 3 is the training error with the number of 
hidden layer neurons for 11–20.

Table 3 shows that function approximation 
effect is best with the hidden layer neurons for 15; 
its training error is minimum. So, the number of 
hidden layer neurons was set to 15. Thus, the neu-
ral network was determined, and the training result 
with training error of 0.048 is quite good.

4 MODEL VALIDATION

In order to determine the effectiveness of the pro-
posed neural network model, a section of a long 
and steep slope was selected as a validated sample. 
Table 4 is the geometric parameters of the section.

The code for normalized processing of the geo-
metric parameters, are as follows:

P = [340 100 336 0.3 505.6 912.72 150]
for i = 1:7;
P(i,:) = (0.8*p(i,:)-min(p(i,:)))/(max(p(i,:))-

min(p(i,:))+0.1);
end

The trained BP neural network was used to eval-
uate the validated sample. The evaluation result 
was anti-normalized and rounded to the nearest 
integer, the following data was the evaluation acci-
dent number of the validated sample.

Y = [0 0 2 1]

The above result show that the number of acci-
dents of validated sample by model evaluation is: 0 

extra serious accident, 0 major accidents, 2 general 
accidents, and 1 minor accident. The result is fully 
consistent with the actual accident numbers. The 
evaluation accident number and the actual acci-
dent numbers also show that the validated sample 
should belong to safer roads.

5 CONCLUSION

Using the established BP neural network model 
for safety evaluation of long and steep slope is 
feasible with curve radius, easement curve length, 
curve length, difference in gradients, slope length, 
vertical curve radius, and vertical curve length as 
evaluation indexes. Evaluation results have a good 
coincide with the actual data. The evaluation pro-
vides valuable insight on potential road’s safety 
condition in the planning stage of an infrastruc-
ture project. Necessary counter measures can be 
incorporated into actual roadway construction to 
ensure high level of safety.
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Table 3. Number of hidden layer neurons and training 
error.

Neuronal number 11 12 13 14 15

Training error 0.366 0.346 0.354 0.341 0.048
Neuronal number 16 17 18 19 20
Training error 0.364 0.371 0.378 0.386 0.392

Table 4. Parameters of validated sample.

Curve radius (m) 340
Easement curve length (m) 100
Curve length (m) 336
Difference in gradients (%) 0.3
Slope length (m) 505.9
Vertical curve radius (m) 912.72
Vertical curve length (m) 150
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Safety audit of continuous downhill in Ma-Chao expressway
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ABSTRACT: Based on Ma Chao highway, safety audit methods of Continuous downhill are sum-
marized in this paper. Continuous long downhill of Ma Chao highway are analyzed and evaluated com-
prehensively from the aspects including the truck brake temperature, linear combination of horizontal 
and vertical design, and structure angle settings. Security countermeasures and recommendations are 
proposed to improve the traffic engineering designing and guarantee the operational safety.

Keywords: highway; traffic safety; continuous downhill; safety audit

2 SAFETY AUDIT METHODS 
OF CONTINUOUS DOWNHILL

2.1 Safety audit methods based on brake 
temperature of heavy-duty trucks

The truck has potential energy when it starts going 
downhill, and in the process of going down some 
part of potential energy is absorbed by the engine, 
while some part is dissipated by resistance act-
ing, or converts into kinetic energy. Because of 
performance degradation, the brake system can 
not absorb all of the energy which is converted by 
potential energy. The excess will convert to kinetic 
energy increment, and truck running speed will 
continue to increase. In this case, the brake system 
component temperature will continue to rise which 
lead that speed can not be controlled. The above is 
basic theory of truck brake temperature prediction 
model (Wu 2008, Liao 2007).

Considering that a unified and recognized truck 
brake temperature model does not exist in the coun-
try, this paper use GSRS model to evaluate contin-
uous downhill safety which is established based on 
theoretical analysis and experiments in the United 
States at 1980s. Safety audit techniques are based on 
truck brake temperature, which are further used as 
the key technical indicators. Research shows that: 
under normal circumstances, when the brake tem-
perature does not exceed 200°C, the braking force 
of the vehicle will not attenuate significantly; When 
the brake temperature reaches 400–600°C, the 
braking force decreases, which can only reach 25% 
of normal temperature (100°C or less); When the 

1 INTRODUCTION

Restricted by topography conditions, geological 
conditions and other investment factors, highways 
in mountain area usually use continuous downhill 
to overcome dispersion which leads to a higher 
risk of operational safety, especially for heavy-
duty trucks under the condition of overloading. 
Domestic road industry applications show that 
traffic safety audit is important to eliminate secu-
rity risks and improve highway safety level. “High-
way Engineering Technical Standards” (JTG 
B01-2014), which was implemented at January 1, 
2015 has the requirements that highway and class I 
road should use reasonable average longitudinal 
gradient with a demonstration. Domestic scholars 
have researched more about continuous downhill 
safety audit. For example Truck Escape Ramp 
(TER) position research based on brake tempera-
ture analysis by Dong Ou (2014), mountain high-
way safety audit criteria research based on the 
average longitudinal by Huang Lin (2014), safety 
audit indicators and assessment System research 
by Weiyuan Peng (2013), Xin Guo (2014) estab-
lishes a Truck Escape Ramp (TER) evaluation 
Index System of continuous downhill consider-
ing braking bed length, aggregate depth, line of 
sight conditions, the brake bed slope, aggregate 
type, tip protection, angle and other factors. This 
paper summarizes research findings of continu-
ous downhill, proposes safety methods, evalu-
ates safety of continuous downhill on Ma Zhao 
highway and tells security countermeasures and 
recommendations.
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brake reaches 600°C, the braking force may drop 
to zero approximately.  Generally, when the brake 
pads temperature rises to 200°C, the truck brak-
ing performance begin to be affected; when the 
temperature exceeds 260°C, the truck may have a 
brake failure. Therefore, 260°C is defined as critical 
temperature of the brake pads performance. Truck 
Escape Ramp (TER) is considered to set when the 
brake pads temperature exceeds to 260°C.

2.2 Truck safety audit technology 
based on downhill risk index

SETRA (research institute in French) determines 
risk deciding conditions of longitudinal sections by 
two methods: performance analysis of heavy vehicles 
on the longitudinal section; vehicle accidents Statis-
tical Analysis occurred on longitudinal sections.

SETRA counted representative sections on 
22 highways. The results [7] show that it is very suit-
able to use the average longitudinal gradient and 
slope length as a variable for researching the risk 
of driving the vehicle. When d ⋅ p < 130 (d: the total 
longitudinal gradient length; m: average slope, %), 
excessive risk will not occur; When d ⋅ p ≥ 130 and 
p ≥ 3%, the accident rate on longitudinal gradient 
sections will begin to increase with d ⋅ p increasing. 
When p < 3%, there is no risk.

According to the research results, the risk of 
the truck on the downhill section can be evaluated. 
The risk index model has two parameters including the 
average longitudinal gradient and slope length. First, 
calculate the average longitudinal gradient, if the 
average longitudinal gradient is less than 3%, with-
out next calculation. If more than 3%, calculated 
risk index. Second, determine the risk index values, 
if more than 130, it is necessary to focus on security 
facility design of continuous downhill section.

Considering the different performance and 
other aspects of domestic and foreign vehicles, the 
evaluation results is as a reference but not risk deci-
sion basis of the truck on the downhill section.

2.3 Safety audit technology based 
on operating speed

According to the observation results of the oper-
ating speed on the typical continuous downhill 
section, considering the factors such as the aver-
age longitudinal gradient, cumulative slope length, 
radius of curvature, operating speed prediction 
model (Liao 2012) of the continuous downhill sec-
tion is as follows:
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where Vcar—operating speed of cars (V85%, km/h); 
Vtruck—operating speed of trucks (V85%, km/h); 
grade—average longitudinal gradient to the top of 
the hill (%, with the absolute value of longitudi-
nal gradient); len—cumulative slope length to the 
top of the hill (km); radi—Reciprocal of curvature 
radius (1/km), the value of the straight line is 0.

The safety audit method of continuous downhill 
section based on operating speed is mainly refer-
ring to “Guidelines for Safety Audit of Highway”. 
Evaluating operating speed coordination is based 
on calculating the difference between the predicted 
operating speeds on adjacent section.  Evaluating 
the coordination of design speed and operating 
speed is based on calculating the difference between 
them on the same section of the road. The evalua-
tion standard is shown in Table 1.

3 CONTINUOUS DOWNHILL 
SAFETY AUDIT OF MA CHAO 
HIGHWAY AND COUNTERMEASURE

According to the design files, Ma Chao highway 
continuous long downhill information is as shown 
in Table 2.

3.1 Downhill risk assessment

According to downhill risk assessment method pro-
posed by SETRA, all average longitudinal gradient 
of continuous downhill on Ma Chao highway are 
no more than −3%. So the operating risk of the 4 
continuous downhill sections is low. The average 

Table 1. Safety audit standard based on operating speed 
on continuous downhill section.

Safety 
level Index Description

Well | Δv85 | < 10 km/h Operating speed 
coordination is well.

Medium | Δv85 | ∈ [10, 20] Operating speed 
coordination is 
acceptable. The technical 
indicators should be 
adjusted if  conditions 
permit, which makes

Poor | Δv85 | > 20 km/h Operating speed 
coordination is bad. 
Adjust the level and the 
vertical design.
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longitudinal gradient of ZK47 + 860∼ZK23 + 600 
and ZK22 + 270∼ZK0 + 200 exceed −2.5%, and the 
cumulative slope length exceed 20 km, so it is nec-
essary to analyze the brake temperature and geo-
metric design further.

3.2 Truck brake temperature evaluation

The evaluated vehicle is a 55 tons truck, and the 
default of speed on downhill is 60 km/h. Brake fail-
ure temperature is 290°C. The result of the brake 
temperature analysis is as shown in Figure 1.

The truck has a brake temperature close to 
290°C when running on the downhill. It is reason-
able that Truck Escape Ramp (TER) is arranged at 
K22+40 in the design files.

3.3 Combination of horizontal 
and vertical design evaluation g

Through the analysis of horizontal and vertical 
alignment, the alignment of ZK47 + 860∼ZK23 + 
600 is not well. For example the S curves of com-
posed of horizontal curves with radius as 820 m, 
851.6 m, and 804 m, and the longitudinal gradi-
ents are −2.7%, −3.9%, −2.0%, and −2.8%. From 
this, we can see that the radiuses are low, and the 
longitudinal gradients are high, which causes that 
driving safety risk is relatively high.

So we suggest: 1, enhancing sight guidance of 
S curve; 2, ensuring roadside and central horizon; 
3, setting the speed-down markings and proposed 
speed sign; 4, setting speed capture facility, etc.

3.4 Structure setting evaluation

The structures of ZK47 + 860∼ZK23 + 600 con-
tinuous downhill are intensive, and there are less 
roadbed, more bridges and tunnels. Such as K30 + 
531∼K24 + 067, are “bridge + tunnel + bridge”, and 
the longitudinal gradients are mostly above 2.5%, 
even the maximum longitudinal gradient is −3.9%. 
This slope section is located close to the bottom of S 
curve, which is not conducive to driving safety.

Bridge and tunnel sections do not have con-
ditions to set Truck Escape Ramp (TER), so 

we suggest: 1, taking compulsory deceleration 
 measures; 2, enhancing sight guidance of bridge 
and tunnel sections; 3, ensuring a smooth transi-
tion of light between inside and outside the tunnel 
entrance; 4, improving traffic signs; 5, improving 
the anti collision degree of bridge barrier, etc.

3.5 Other suggestions

According to the analysis results of typical acci-
dent case on continuous downhill, the reasons of 
the accidents are mainly human factors. Some 
truck drivers are illegal, speeding, overloading, or 
fatigue driving for economic benefits. Therefore, in 
addition to take passive protection measures, it is 
more important to strengthen traffic control and 
raise the level of law enforcement after opening 
and operation, especially, overloading.

We suggest: 1, prohibiting vehicles with a total 
weight of more than 55 tons going into a con-
tinuous downhill; 2, strengthening the control of 
dangerous goods transport vehicles; 3, improving 
the drivers’ safety awareness; 4, playing the role 
of safety facilities; 5, checking the truck to ensure 

Table 2. Ma Chao expressway continuous long down-
hill information.

Section
Gradient 
(%)

Slope 
length 
(m)

Relative 
altitude 
(m)

ZK68 + 260∼ZK57 + 470 −1.95 10790 210.09
ZK55 + 760∼ZK51 + 300 −1.75  4460  78.17
ZK47 + 860∼ZK23 + 600 −2.57 24260 623.045
ZK22 + 270∼ZK0 + 200 −2.6 22470 584.825

Figure 1. The result of the brake temperature analysis.

Figure 2. Infrared temperature measurement of truck 
wheels.
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the brake performance before continuous downhill 
section; 6, forbidding the vehicle to exceed the 
speed limit and monitoring speed by detection sys-
tem; 7, installing weather monitoring station and 
early warning ice, and other bad weather; 8, install-
ing brake safety warning system for trucks, such as 
infrared imaging sensor, as shown in Figure 2.

4 CONCLUSIONS

On the basis of Ma Chao highway, the safety audit 
methods for the continuous downhill section are 
summarized, and the continuous downhill sec-
tion of the Ma Chao highway is evaluated. For the 
characteristics of the project, the safety improve-
ment suggestions are proposed to improve the traf-
fic engineering design, and ensure the safety level 
of continuous downhill section after operation. 
Meanwhile, it also provides a reference for the 
safety improvement and safety audit of the con-
tinuous downhill section of the highway.
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Reynolds-number effects on static force coefficients of ∏-shape bridge 
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ABSTRACT: To study the Reynolds-number effects on static force coefficients of a typical ∏-Shape 
bridge section with wind fairing, both wind tunnel tests and computational fluid dynamics method are 
performed. Three different types of deck sections are studied to evaluate the influence of handrails and 
wind curtain on Reynolds-number effects. 2D CFD simulations are carried out respectively to visualize 
the flow pattern around deck sections and reveal the mechanism on static coefficient Reynolds-number 
effects. The conclusions are: (i) Drag coefficient and lift coefficient of ∏-Shape bridge with faring and 
moderate height handrails are sensitive to Re number (ii) The results of ∏-Shape bridge with tall wind 
curtain are not affected by Re number significantly (iii) Drag and lift coefficient obtained from low Re is 
conservative.

Keywords: ∏-Shape deck section, wind fairing, wind curtain, bluff  body, lift coefficients, drag coefficients, 
moment coefficients

girder cross section is different. Flow visualization 
is used to analyze different flow field at different 
Re region. Schewe [2] also reviewed several experi-
ments results in different Re numbers, the author 
concluded that 2-D sections that behaved as a bluff  
or streamlined body depended on Re number and 
slender bodies with sharp-edged cross-sections may 
also suffer from pronounced Reynolds-number 
effects. Matsuda [3] measured steady and unsteady 
aerodynamic force coefficients in Reynolds number 
region from 1.1 × 104 to 1.5 × 106 of central-slotted 
bridge deck. The author concluded that conven-
tional wind tunnel test results in the low Reynolds 
number region are conservative for wind resistant-
design of bridge decks. Liu [4] and Li [5] studied 
streamlined and bluff bridge deck Reynolds-number 
effects using wind tunnel test, but with out handrails 
and air-curtain. Li [6] studied Re number effects of 
two different bridge decks, however, the numerical 
results did not agree with experimental results.

In the present research, to study the Reynolds-
number effects on static force coefficients of a 
typical ∏-Shape bridge section with wind fairing, 
both wind tunnel tests and computational fluid 
dynamics method are performed. Three different 
types of cross sections are studied to evaluate 
the influence of handrails and wind curtain on 
Reynolds-number effects. 2D CFD simulations are 
carried out respectively to visualize the flow pattern 
around deck section and reveal the mechanism on 
static force coefficient Reynolds-number effects.

1 INTRODUCTION

A common assumption in wind engineering is that 
flow around bluff body with sharp corners is inde-
pendent of Reynolds number, so that drag coef-
ficients, lift coefficients and moment coefficients 
conducted in wind tunnel tests can be directly applied 
to prototype structure calculation. This is appli-
cable for some truly bluff bodies in some specific 
 Reynolds-number ranges. In general, flow around 
bluff bodies is independent of Reynolds-number, 
but for streamlined structures, flow pattern is quite 
sensitive with Reynolds-number. In this paper, 
we provide the results of research on Reynolds-
number effects on steady force coefficients of typical 
∏-shape bridge section with wind fairings. ∏-Shape 
bridge section can be viewed as bluff body but for 
long span bridges, this kind of shape section usually 
suffers from serious aerodynamic problems such as 
flutter and vortex induced vibration. Therefore, it is 
likely to add wind fairing on both side of ∏-Shape 
section to improve aerodynamic stability. This kind 
of section can not be viewed as streamlined body 
any longer, and it is different from ∏-Shape section.

Many research projects into Reynolds number 
effects and aerodynamic stability have been  carried 
out recently, but they mostly involved stream-
lined sections with no handrails or wind curtain. 
Schewe [1] conducted wind tunnel testing of Great 
Belt East Bridge in a pressurized wind tunnel. 
 Strouhal number at high and low Re for bridge 
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2 STUDY METHODS AND MODALS

2.1 Description of deck sections

∏-Shape bridge section is widely used in bridge 
engineering recently especially for long span 
bridge. Compared with closed deck section, this 
kind of opening section is economic and reason-
able for sustainable force. Three kinds of ∏-Shape 
bridge sections are studied in this paper as shown 
in  Figure 1. All the three sections include wind 
fairing as a countermeasure in order to reduce VIV 
and flutter problems.

2.2 Section model test in wind tunnel

A scaled sectional model bridge was built and 
tested in TJ-1 boundary layer wind tunnel of 
Tongji University. The rigid model, 1.47 m long, 
0.58 m wide, and 0.058 m deep, is made of two 
steel cores, providing the stiffness, and a plywood 
skin to reproduce girder’s aerodynamic shapes.

The model is mounted fixedly in the tunnel floor 
(see Fig. 2), with a force balance installed in the 
bottom of model. The output from the balance can 
be used to measure the lift and drag forces acting 
on the model when incoming air flows past it.

An air velocity range is set from 2.3 m/s to 
8.6 m/s, to obtain a series of  Reynolds number. 
By measuring the lift and drag forces under each 
air velocity, we can check the Reynolds number 
effects on the aerodynamic characteristics of  the 
model.

2.3 CFD calculation setup

The 2D computational domain is a circle with the 
bridge girder placed in the center (see Fig. 3). 
The size of sectional model in the wind tunnel is 
applied in the size of bridge girder in the numerical 
simulation. A coarse mesh is adopted to deal with 
the area far field from the central wall, with a fine 
mesh to deal with the near-wall district (see Fig. 4). 
The overall grids can be added up to 420,000.

Figure 1. Three deck sections.

Figure 2. Experimental setup in the wind tunnel.

Figure 3. Overall mesh of computational domain.

Figure 4. Near-wall mesh.
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The left side of the outer boundary is set as 
velocity inlet, and the right side is set as pres-
sure outlet. The velocity magnitude of inlet is 
set the same with experimental values, from 2 to 
8 m/s. Thus the Reynolds number varies from 
0.9 × 104∼3.5 × 104

RANS approach is undertaken to provide 
steady-state solutions of the flow field and SST 
k-omega modal is used to consider the turbulence 
model.

3 RESULTS

3.1 Drag coefficients of wind tunnel test

The definitions of the steady aerodynamic 
force coefficients in this research are listed as 
follows:

C
F

U H

C
F

U B

C
M

U B

DC DFF

LC LFF

= 2

2

2 2B

( )1 2/

=
( )1 2/

=
( )1 2/

ρ

ρ

ρMCC

 (1)

where CD, CL, CM are the drag, lift and pitching 
moment coefficients, respectively. ρ is the air den-
sity, U is the wind speed, B is the deck width, H is 
the deck height.

Figure 5 shows the results of drag coefficients 
in case of different Reynolds number for three 
deck sections. The results of Section B are greatly 
affected by the Reynolds number. As Reynolds 
number increases, drag coefficient of Section B 
decreases from 2.2 to 1.15, and stay constant when 
Re number is greater than 3E4. On the contrast, 

drag coefficients of Section A and Section C are 
independent of Re number.

3.2 Flow characteristic of CFD calculation

In Figure 6, X-velocity contour is presented of 
three sections at the Re = 9 × 103. Flow separation 
occurs at the downside opening part of Section A 
(Fig. 6a). And on the upside surface, there exists 
a thin boundary layer due to lack of handrails. 
So in this situation, flow always separates at some 
constant regions and Re number effects are not 
that significant for the flow pattern. For section C 
( Fig. 6c), wind curtain disturbed upside flow and 
the turbulent boundary layer of upper deck is 
quite thick, therefore this kind of section behave 
like a quasi-bluff  body. For Section B (Fig. 6b), 
compared with Figure 6d which shows the same 
section under Re = 3.5 × 104, it shows that in the 
near wake region, velocity of higher Re number 
is smaller than that of lower Re number, thus the 
pressure of wake is bigger, leading to smaller drag 
coefficient.

Figure 5. Drag coefficients as a function of Re number. Figure 6. X-velocity counter map.
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3.3 Lift and moment coefficient characteristic

Figure 7 shows lift coefficients as a function of Re 
number for three deck sections. It can be concluded 
that with barriers placed on the upside surface, the 
lift coefficient decreases. The reason is that the 
existence of barriers on the upside surface makes 
air velocity lower, so the local pressure is relatively 
bigger on the upside, thus the total vertical force is 
stronger downward.

Again, lift coefficients of Section B are greatly 
affected by Re number, due to the same reason as 
drag coefficient.

Because the downside surface of three deck 
sections tend to be almost the same, difference 
between upside surfaces cause different results of 
Re number effects. Figure 8 shows the detailed 
flow velocity contour behind upwind handrails. 
Boundary layer thickness of lower Re flow field 
is thicker and flow is much smoother under the 
higher Re number. It shows that, the existence of 

handrails causes the Re number effects, because it 
causes flow disturbance on the upside surface.

From Figure 9, it can be concluded that moment 
coefficients of all three sections are not sensitive to 
Re number.

Frequency analysis of lift time-history for Sec-
tion B and C is also done. And it shows that the 
main frequency of flow movement is independent 
of Re number.

4 CONCLUSIONS

i. Drag coefficient and lift coefficient of ∏-Shape 
bridge with faring and moderate height hand-
rails are sensitive to Re number.

ii. The results of ∏-shape bridge with tall wind cur-
tain are not affected by Re number significantly.

iii. Drag and lift coefficients obtained from low Re 
is conservative.

Figure 7. Lift coefficients as a function of Re number.

Figure 8. Local X-velocity counter map.

Figure 9. Moment coefficients as a function of Re 
number.

Figure 10. Frequency analysis of lift time-history.
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Study on performance of cold recycling mixture with emulsified asphalt 
or foamed asphalt
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ABSTRACT: The technology of asphalt pavement cold recycling, which can reuse the old asphalt mix-
ture, raise resource utilization ratio and protect ecological environment, accords with the strategic policy 
of developing recycle economy and realizing sustainable development in our country. This paper investi-
gates two typical cold recycling mixtures and contrastive studies pavement performance by high tempera-
ture stability, water stability, low temperature anti-cracking and water permeability performance between 
emulsified asphalt and foamed asphalt. The research shows that two types of cold recycling mixtures all 
satisfy the standard of hot-mix asphalt mixture except low temperature anti-cracking ability. And the cold 
recycling mixture can be used in the road engineering as the asphalt under layer.

Keywords: cold recycling mixture; emulsified asphalt; foamed asphalt; pavement performance

(for foamed asphalt) and emulsified asphalt. The 
test results of the raw material as follows.

1. RAP
Conduct water content and sieve test on the 
Recycle Asphalt Pavement (RAP) material, 
conduct tests on the former asphalt material 
extracted from RAP. The test results of the raw 
material in Table 1.

2. Asphalt
The foamed asphalt in the project adopts 70# 
A-class asphalt. The test results of the raw 
material in Table 2.

The basic process of foaming asphalt is as 
follows. When cold water (environment tem-
perature) contacts with high temperature 
asphalt (above 140°C), it will set off a chain 
reaction here. The heated asphalt and water 
drop exchanges their energy. The water drop is 
heated to 100°C. The asphalt cools down at the 

1 INTRODUCTION

The asphalt pavement constructed in the 1980s 
in our country early is entering into rehabilita-
tion period, which produces a large amount of 
reclaimed asphalt mixture. The technology of 
asphalt pavement rehabilitation, which can reuse 
the old asphalt mixture, raise resource utilization 
ratio and protect ecological environment, accords 
with the strategic policy of developing recycle 
economy and realizing sustainable development 
in our country. So the study of the cold recycling 
technology has important practical significance.

Studies of cold recycling mixture mainly focus on 
the material mixture design and conventional strength 
currently. Less comparative study is conducted 
between emulsified asphalt and foam asphalt of 
cold-recycling mixture. The only comparative study 
is conducted in the 1980s, whose emulsified asphalt 
and foam asphalt material had a big difference 
from today’s material, which has little applicability.

Through a lot of laboratory experiments, the 
paper aims to systematically study high temperature 
stability, water stability, and low temperature anti-
cracking of the cold recycling mixture with emulsified 
asphalt and also compared with foamed asphalt.

2 RAW MATERIAL AND GRADUATION

2.1 Raw material

As needed, the raw material in this arti-
cle includes aggregate, RAP, cement, asphalt 

Table 1. Test results of RAP.

Material Subject Unit Results

RAP Water content % 1.2
Asphalt content % 4.8

Asphalt in RAP Penetration (25°C, 
5 s, 100 g)

0.1 mm 48

Ductility (15°C) cm 14.8
Softening point 

(ring and ball 
method)

°C 51.8
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same time. The transferred heat exceeds the steam 
latent heat, which leads to volume expansion and 
steam generation. When the steam in expansion 
chamber pushes in asphalt continuous phase, a 
large number of vesical steams shoot up from the 
nozzle. The compressed steam expands which 
makes the cooled-off asphalt forms thin film. It 
relies on the thin film’s surface tension wraps the 
bubble entirely. During expansion process, the 
asphalt film generates surface tension to resist 
steam pressure until reaching an equilibrium 
state. Because of the low thermal conductivity of 
asphalt and water, the equilibrium state can last 
only a few numbers of seconds. A large number of 
bubbles from the foaming process exist at certain 
metas Table levels, which is easily fall through.

Test the matrix asphalt through foaming 
experiment, the test results of the raw material 
in Table 3.

From the foaming experiment, the foaming 
temperature is 160°C, and 1% of the foaming 
water consumption is satisfied.

3. Emulsified asphalt
The project adopts slowly splitting emulsified 
asphalt with smaller needle penetration. The 
test results of the raw material in Table 4.

4. Cement
Join a small number of cement in the 
cold-recycling to enhance its early strength. 
Adopt Portland cement in the cement. The test 
results of the raw material in Table 5.

2.2 Gradation design

Design the granular composition to satisfy the 
scope of emulsified asphalt’s and foamed asphalt’s 
granular composition. The test results of the raw 
material in Table 6.

2.3 Mix proportion design

According to the normal method, conduct a 
moisture-density test with compound mineral 
aggregate, to ensure the best moisture content. 
Though the Marshall’s test to make sure the opti-
mal asphalt content of mixture. The test results of 
the raw material in Table 7.

Table 5. Test results of Portland cement.

Subject Unit
Portland 
cement Specifications

Setting time
Initial setting time min 135 �45
Final setting time min 210 �600
Stability mm 1.0 �5.0
Strength
Breaking strength 

after 3 days
MPa 2.9 �2.5

Compressive strength 
after 3 days

MPa 15.2 �10.0

Table 2. Test results of asphalt.

Subject Unit Results Specifications

Penetration (25°C, 
5 s, 100 g)

0.1 mm 77 60∼80

Ductility (15°C) cm >150 >100
Softening point (ring 

and ball method)
°C 55 >46

Figure 1. Asphalt foaming principle.

Table 3. Test results of asphalt foaming performance.

Foaming 
temperature Subject

Mixing moisture 
content

1.0% 1.5% 2.0%

150°C Expansion (multiple) 12 16 18
Half-life (s) 9.4 8.2 7.6

160°C Expansion (multiple) 18 22 24
Half-life (s) 12 10 8

170°C Expansion (multiple) 17 20 24
Half-life (s) 9 8.6 7.4

Table 4. Test results of emulsified asphalt.

Subject Unit
Emulsified 
asphalt Specifications

Residue after evaporation
Residue content % 63.50 �62
Penetration (25°C, 

5 s, 100 g)
0.1 mm 65.4 50∼300

Ductility (15°C) cm 78 40
Storage stability
1 day % 0.6 �1
5 days % 3.4 �5
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3 PAVEMENT PERFORMANCE ANALYSES

3.1 High temperature stability performance

The high temperature stability performance 
of asphalt pavement mainly reflects by rutting 
resistance. Because of the heave traffic, heave 
loading, and track disease are more and more seri-
ous, it is very import to study the high temperature 
stability performance of cold recycling mixture. 
The test results are in Table 8.

According to the test results.
Two types of cold recycling mixtures all satisfy 

the standard of hot-mix asphalt mixture greater 
than 1000 dynamic stability.

The high-temperature stability of emulsified 
asphalt mixture is stronger than foamed asphalt. 
Dynamic stability of emulsified asphalt mixture is 
1.09 times of those with foamed asphalt.

Looking from the data analysis of track deep-
ness, the deformation rate of emulsified asphalt 
mixture is much lower than foamed asphalt. 

Track deepness of emulsified mixture is 0.94 mm 
less than those with foamed asphalt.

3.2 Water stability performance

In order to examine the water stability perform-
ance of cold recycling mixture, using Marshall’s 
vestigial stability and cycle of freezing and thawing 
separation experiment to test water stability per-
formance of the mixture.

According to the test results.
Two types of cold recycling mixtures all satisfy the 

standard of hot-mix asphalt mixture greater than 
80% immersion residual stability and 75% TSR.

The immersion residual stability of two types 
of cold recycling mixtures has little difference with 
each other.

The freeze thawing and splitting strength ratio 
of emulsified asphalt mixture is stronger than 
foamed asphalt.

3.3 Low temperature anti-cracking ability

Conducting an experiment of flexural strength and 
breaking strain to check out the low temperature 
anti-cracking ability of cold recycling mixture. 
The test temperature is −10°C and loading rate is 
50 mm/min.

According to the test results.
Two types of cold recycling mixtures all unsat-

isfied the standard of hot-mix asphalt mixture 
greater than 2000 failure strain.

The low temperature failure strain of two types 
of mixtures has little difference with each other.

The reason is, compared with hot-mix asphalt 
mixture, the freeze thawing’s mechanical property 
is lower and asphalt content is lesser. The cohesive-
ness of aggregate cannot reach the hot stirring’s 
result, which speeds the producing of low temper-
ature crack and minify the destructed deflection. 
All this has an influence on bituminous mixture’s 
breaking strain.

Table 6. Aggregate passing percentage and gradation 
design.

Mesh 
size 
(mm)

Passing percentage of each mesh (%)

Emulsified asphalt Foamed asphalt

Gradation 
design

Gradation 
range

Gradation 
design

Gradation 
range

26.5 100 100 100.0 100
19 92.5 90∼100  95.0 90∼100
9.5 71.7 60∼80  80.1 60∼85
4.75 37.7 35∼65  46.2 35∼65
2.36 24.2 20∼50  31.8 30∼55
0.3 8.6 3∼21  13.6 10∼20
0.075 5.6 2∼8   8.4 6∼20

Table 7. Results of cold recycling mixture Marshall test 
in optimal asphalt content.

Mixture type
Emulsified 
asphalt

Foamed 
asphalt Specifications

Mixing moisture 
content (%)

 4.3  7.2 /

Optimal asphalt 
content (%)

 2.2  2.5 /

Specific gravity  2.242  2.213 /
Volume of air 

voids (%)
 9.2 11.6 9–14

Indirect tensile 
strength (MPa)

 0.74  0.69 �0.5

Water immersion 
indirect tensile 
strength (MPa)

 0.66  0.59 �0.5

TSR (%) 89.2 85.5 �75

Table 8. Results of cold recycling mixture high tem-
perature performance test.

Mixture 
type

Emulsified 
asphalt

Foamed 
asphalt

The depth of wheel rut after 60 mins (mm)
1 3.257 4.504
2 3.164 3.754
3 3.354 4.324
Average 3.258 4.194
Dynamic stability, DS (time/mm)
1 1527 1201
2 1341 1546
3 2012 1728
Average 1627 1492
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Emulsified asphalt and foamed asphalt cold 
recycling mixture have well water stability, which 
meets the standard of hot-mix asphalt mixture. The 
reducing range of the mixture’s splitting strength 
becomes lesser after cycle of freezing and thawing.

The low temperature anti-cracking ability of 
emulsified asphalt and foamed asphalt is worse than 
hot-mix asphalt mixture. From the low temperature 
trabecula bending test, there is a little difference of 
two types of mixture’s failure strain, which doesn’t 
meet the standard of hot-mix asphalt mixture.

Emulsified asphalt and foamed asphalt cold recy-
cling mixture have well closely knit. From water pene-
tration test, the water-seepage of two kinds of recycle 
mixture meets the standard of hot-mix asphalt.

Emulsified asphalt and foamed asphalt cold recy-
cling mixture meets the design base requirements of 
the asphalt pavement. At the same time, it satisfied 
the performance requirement of the asphalt under 
layer, which applies to the construction of highway.
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Table 9. Results of cold recycling mixture water stabil-
ity performance test.

Mixture type
Emulsified 
asphalt

Foamed 
asphalt

Marshall stability, MS (KN)  9.48  8.69
Immerses the 48 h stability, 

MS1 (KN)
 7.81  7.03

Immersion residual stability, 
MS0 (%)

82.4 80.9

Has not carried on the thaw-
freeze cycle, RT1 (MPa)

 0.538  0.503

Carried on the thaw-freeze 
cycle, RT2 (MPa)

 0.435  0.381

TSR (%) 80.9 75.7

Table 10. Results of cold recycling mixture low tem-
perature performance test.

Mixture type
Emulsified 
asphalt

Foamed 
asphalt

Maximum load (N) 1025 868
Cross amount of 

deflection (mm)
0.289 0.307

Intensity of anti-pulls 
curved (MPa)

4.4 3.7

Breaking strain (με) 1778 1890
Bending stiffness 

modulus (MPa)
2475 1958

Table 11. Results of cold recycling mixture water per-
meability coefficient test.

Mixture type
Emulsified 
asphalt

Foamed 
asphalt

Water permeability 
coefficient (mL/min)

26 35

3.4 Water permeability

Conduct the water permeability coefficient experi-
ment to check out cold recycling mixture.

According to the test results.
Two types of cold recycling mixtures all satisfy 

the standard of hot-mix asphalt mixture water per-
meability coefficient less than 120 mL/min.

4 CONCLUSIONS

Emulsified asphalt and foamed asphalt cold recy-
cling mixture have well high temperature stability, 
which meets the standard of hot-mix asphalt. The 
high temperature stability of emulsified asphalt is 
better than foamed asphalt. Its dynamic stability is 
1.60 times of foamed asphalt.
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Analysis of safety criterion on track irregularities of heavy 
haul railway under 30t axle load

H.F. Zhang & S.L. Lian
Key Laboratory of Road and Traffic Engineering of the Ministry of Education, Tongji University, Shanghai, 
China

ABSTRACT: Track geometry irregularity is an important excitation source for the train vibration and 
dynamic response between wheel and rail, which is directly related to the train safety and stability. When 
the axle load is up to 30t, track irregularity has a significant effect on the train safety and dynamic 
force between wheel and rail. The paper establishes the 30t axle load vehicle-track coupling model with 
Simpack multi-body dynamic simulation software to analyze the dynamic response of the vehicle and 
dynamic response between wheel and rail. The simulation sample of track irregularity in a time domain 
is achieved through track irregularity spectrum, and taking the coexistence of detrimental wavelengths 
into account. The estimated safety limits of vertical, alignment, longitudinal, and gauge track irregularity 
are compared with the limits calculated under the excitation of single harmonic wave. The results show 
that the estimated method in this paper can take into account the irregularity containing a wide range 
of wavelength compared with the single harmonic waves as an input, and the estimated limits value are 
higher than the limits calculated by single harmonic waves.

Keywords: heavy haul railway; track irregularity; dynamic response; safety limits

 wavelength is not comprehensive. So, when calcu-
lating the limits of irregularity, it needs to consider 
the influence of various wavelengths. This paper 
regards the time domain waveform calculated by 
track irregularity spectrum as excitation to simulate 
the relation between system dynamic response and 
amplitude of detrimental wavelengths, and then 
estimate the safety limits of track irregularity.

2 TRACK IRREGULARITY ESTIMATED 
METHOD

2.1 Track irregularity simulation

The simulation sample of track irregularity in 
time domain is achieved through track irregular-
ity Power Spectrum Density (PSD), based on the 
Blackman-Turkey period gram method. According 
to the theory, the equation of PSD and frequency 
spectrum is shown in Eq. (1).

X S

SN SN f

rk k kS

r kNN xS

( )k = ( )( ) ( )k

S= NN ( )f k ff

ξNrNN kξ Xk X ( )kk =

kξ ffff  (1)

where Nr is the sampling number, ξk is a sequence 
with independent phase, X(k) is the frequency 

1 INTRODUCTION

Track geometry irregularity is an important exci-
tation source for the train vibration and dynamic 
response between wheel and rail, and also directly 
related to the train safety and stability. Since the 
21st, in order to improve the single transport vol-
ume, the axle load of haul railway has improved to 
30t. And the track regularity is deterioration with 
the increased axle load. To ensure the train safety 
and stability, it is necessary to limit the irregular-
ity within a certain range. Countries like America, 
Japan, Germany, etc., have safe limit standard of 
track irregularity. Chinese academy of railway sci-
ences obtain the track irregularity safety criterion 
of existing railway by field text, setting the 10 m 
wavelength single harmonic wave in the test line. Cai 
Chengbiao et al. (1995) estimated the limits based 
on the theory of vehicle-track coupling dynamics 
and simulate various types of track irregularity.

All above research regard detrimental wave-
lengths as an ideal single sine or cosine func-
tion, which calculating the corresponding system 
dynamic response by controlling its amplitude, 
and then estimate the limits of irregularity. But 
the actual railway contains many kinds of wave-
length irregularity, which have different influences 
on vehicle-track system, only consider a single 
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spectrum of track irregularity, Sk(k) is the track 
irregularity Power Spectrum Density (PSD), and 
Δf is the sampling interval in frequency domain.

The track irregularity sample in time domain 
is described in Eq. (2), which is achieved by the 
inverse Fourier transform of X(k).

x
N

X expx
j kn
Nk

N
( )n ( )k= ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠=

∑1 2
X k

N
)k ⎛⎛⎛∑

1

kk  (2)

To control the amplitude of detrimental wave-
lengths, introduce a variable x(t) as shown in 
Eq. (3) which is a sine function with stochastic pri-
mary phase. The x(t) is the track irregularity with 
the wavelength of λ0.

x A
v

t( )t si +t= Asin
⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2
0

π
λ00

φ
⎞

 (3)

where A is the half  maximum and φ is the random 
variables uniformly distributed on [0, 2π].

Since x(t) is a second-order stationary process, 
its power spectral density estimation can use the 
Blackman-Turkey period gram method. The x(t)’s 
power spectral density function is shown in Eq. (4).

SxS
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d

A

( ))) cos cos τd

π

∞

∞

( )ω τ ( )ωτ

= π { }δ δδ ( )ω ωω + δ ( )ω+ω

−

+

∫
2

2
δ)ω + δ (ω ω+ω

2

2
 (4)

As the fact that, the track irregularity spectrum 
is one side, so convert Eq. (4) to the one-side form 
as shown in Eq. (5).

S AxS ( ) ( )πA) δ ω((πππA δ (ππ2
0  (5)

where ω = 2πv/λ, ω0 = 2πv/λ0, Sx(ω) is the Power 
Spectral Density (PSD).

The PSD of detrimental wavelengths is described 
in Eq. (5). With Eq. (5), the track irregularity spec-
trum can be described by a piecewise function. 
When the ω = ω0 = 2πv/λ, the spectrum use Eq. (5) 
and the other frequency is still calculated by the 
track irregularity spectrum as shown in Eq. (6). By 
the A in the piecewise function, the amplitude can 
be controlled to simulating the dynamic response 
excited by the detrimental wavelengths, so the 
safety limits can be obtained.
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As a result in the vehicle-rail coupling dynamic 
(Zhai Wanming 2007), 10 m wavelength is the detri-
mental wavelengths of the freight car and the heavy 
haul railway maintenance departments also use the 
10 m wavelength method of chord measuring for 
track irregularity maintenance. So 10 m wavelength 
vertical, alignment, longitudinal, and gauge track 
irregularity are used to estimating the safety limits. 
In case of Chinese heavy haul railways track irregu-
larity and field test taken by Xu Lei et al. (2013), the 
amplitude is not more than 20 mm, so choosing the 
US 5-grade spectrum for track irregularity time-
domain simulation.  Figure 1 shows the simulation 
results by the method above, which detrimental 
wavelengths is 10 m and amplitude is 10 mm.

2.2 Vehicle-rail model and calculation parameters

Based on the theory and parameters of freight car, 
the analysis model is established by Simpack multi-
body dynamic simulation software. Rail material is 
U75 in China’s railway, and the simulation speeds 
are 80,100,120 km/h.

2.3 Assessment criteria

To assess the safety and stability, six criteria 
indexes can be used: derailment coefficient (Q/P), 
wheel unloading rate (ΔP/P ), vertical (P) and lat-
eral wheel-rail force (Q), vertical (az) and lateral 
(ay) vehicle acceleration, and the value of them 
are shown as followed defined by GB/T 5599-1985 
Railway Vehicle-Specification for Evaluation the 
Dynamic Performance and Accreditation Test.

Q/P ≤ 0.8, ΔP / .P 6. 5, P ≤ 250, Q ≤ 0.4PW 
(PW Static wheel load), az ≤ 0.7 g, av ≤ 0.5 g.

3 RESULTS AND DISCUSSIONS

Figures 2–4 show the dynamic responses excited 
by the track irregularity. Since the irregularity has 
an effect on different types of vehicle-rail dynamic 
response, the figures only show the main response 

Figure 1. Track irregularity in time-domain.
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Figure 2. Dynamic responses excited by vertical 
irregularity.

Figure 3. Dynamic responses excited by alignment 
irregularity.

Figure 4. Dynamic responses excited by longitudinal 
irregularity.

controlling the vehicle running safety and  stability. 
And according to Luo Lin (1990), since gauge 
irregularity has a smaller influence on dynamic 
response, the limit of gauge irregularity is con-
trolled by geometrical dimensions. The dynamic 
response results are less than the assessment crite-
ria by the maximum and minimum gauge irregu-
larity +24 mm/−12 mm as an input.

It can be seen from Figure 2. to Figure 4. that 
dynamic responses increase linearly as the ampli-
tude of track irregularity increase. It has a higher 
requirement as the vehicle speed increase from 80 
to 120 km/h. According to practical speed of the 
heavy haul railway, choose the dynamic responses 
under 80 km/h to estimate the safety criterion. 
Track irregularity limit under 80 km/h are shown 
in the Table 1.

Table 1. Track irregularity limit.

Irregularity Assessment criteria
Amplitude/
mm

Vertical Vehicle acceleration 22
Alignment Derailment coefficient and 

Lateral wheel-rail force
7

Longitudinal Wheel unloading rate 20
Gauge Geometrical dimensions +24/−12
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Figure 5 shows that the limits results calculated 
by the method of this paper and under the excita-
tion of single harmonic waves. It can be seen that 
the limit by this paper are more than the single har-
monic waves method. The effect is caused by failing 
to consider other wavelengths of track irregularity, 
when use the single harmonic waves for estimation. 
The method of this paper controls the amplitude 
of the detrimental wavelengths during the simula-
tion of the track irregularity PSD, which contain a 
wide range of wavelengths.

4 CONCLUSION

Track geometry irregularity has an effect on the 
dynamic response of vehicles and rail and also 
directly related to the train safety and  stability. 
This paper based on the vehicle-rail coupling 
dynamics, estimate safety limits of vertical, align-
ment, longitudinal, and gauge track irregularity 
and taking the coexistence of detrimental wave-
lengths into account. Compared with the limits 
calculated by single harmonic waves, the estimated 

track irregularity limits are generally more than 
them. This method provides a new approach for 
the acquisition of the theoretical track irregularity 
limits through dynamic simulation. But this paper 
is aimed at 30 t axle load vehicles, the vehicle type 
is unitary, the speed also to have certain restriction, 
and for different vehicle types, its irregularity safety 
limits still need according to the actual situation.
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Analysis of rail thermal effect due to wheel-rail rolling contact 
in heavy-haul railway

S.J. Gu, X.W. Yang & S.L. Lian
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ABSTRACT: Thermal damage caused by wheel-rail contact is one of the main failure modes of wheel-rail 
system in heavy-haul railway. When a heavy haul train is running, the adhesion and slip of wheel-rail con-
tact will lead to wheel-rail temperature rise which can reduce the adhesion between the wheel-rail and also 
can lead to the cracks, scratches, and stripping damage on the surface of the wheel-rail. First, a wheel set 
axial slice projection method is used to calculate wheel-rail rigid contact point; then, a virtual penetration 
method and Kalker’s FASTSIM Program are used to calculate wheel/rail contact stress, which can better 
reflect the real wheel-rail contact status; and then, a moving heat source is used to simulate the movement 
of the wheel on the rail; finally, the rail thermal effect is calculated. A wheel-rail contact thermal effects 
analysis program is compiled using Matlab software. The temperature field was analyzed on the basis of 
wheel-set lateral displacement, wheel speed, and the creepage of wheel-rail. The results show that the tem-
perature of rail surface is high on the condition of wheel-rail rolling contact, and the material parameters 
changes along with the temperature changes should be considered when calculating wheel-rail thermal 
contact coupling.

Keywords: heavy haul railway; wheel-rail contact; thermal effect; temperature rise

finite element method has been used to solve the 
wheel-rail temperature rise to increase the credibil-
ity of  the engineering (Johan Ahistrom & Birger 
Karlsson 2002, Ji Huai-zhong et al. 2005, T.C. 
Kennedy et al. 2006, Qi Wanming et al. 2010, Li 
Wei et al. 2010, Wang Wei et al. 2012, Xiao Qian 
et al. 2013).

For the wheel-rail contact thermal problems 
caused by rolling contact, the current study is 
rare. In this paper, a wheelset axial slice projection 
method (Yan Juanmao 1983) is used to calculate 
wheel-rail rigid contact point; and then, a virtual 
penetration method (Piotrowski, J. & Kik, W. 
2008) and Kalker’s FASTSIM Program (Kalker, J.J. 
1982) is used to calculate wheel/rail contact stress 
and distribution of adhesion and slip zone; finally, 
the rail thermal effect is calculated.

2 THERMAL ANALYSIS

2.1 Wheel-rail relative slip velocity

According to virtual penetration method and 
Kalker’s FASTSIM Program, the contact normal 
and creep stress can be calculated. When the creep 
force less than the limit, consider this element is in 
adhesion zone, otherwise in slip zone, and all the 

1 INTRODUCTION

In railway transport industry, there are many prob-
lems urgently needed to be solved, such as, ther-
mal damage caused by wheel-rail contact is one 
of the main failure mode of wheel-rail system in 
heavy-haul railway. When a heavy haul train is run-
ning, the adhesion and slip of wheel-rail contact 
will lead to wheel-rail temperature rise which can 
reduce the adhesion between the wheel-rail (Pei 
Youfu et al. 1996), and also can lead to the cracks, 
scratches, and stripping damage on the surface of 
the wheel-rail contact.

Many scholars have done lots of  research on the 
wheel-rail friction temperature rise and thermal 
stress. Blok (1937) and Jaeger (1942) have made 
initiative research on sliding body heat conduction. 
Researching on the wheel-rail friction temperature 
rise, many scholars have done much mainly based 
on Laplace transform method and Green func-
tion method (K. Knothe & S. Liebelt 1995, F.D. 
Fiseher et al. 2003, Gu Shaojie et al. 2015). In 
those research, moving heat source method to sim-
ulate the slip and the distribution of contact pres-
sure between the wheel-rail is Hertz contact ellipse 
and the heat source is transient static heat source. 
Generally, the wheel-rail contact is not ellipti-
cal contact. With the development of computer, 
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process need to be modified by Cullen theorem. 
Based on the above, the distribution of adhe-
sion and slip zone can be calculated, as shown in 
Figure 1.

The relative velocity (slip velocity) for steady-
state rolling and linear elasticity is defined accord-
ing to Eq. (1) (Kalker, J.J. 1990)
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where Vvehicle is the vehicle speed (m/s), ξ1 the longi-
tudinal creepage, ξ2 the lateral creepage, ξ3 the spin 
creepage, u the elastic displacement, and x, y the 
cartesian coordinates of the contact ellipse.

However, the “elastic slip” term in Eq. (1) is not 
possible to calculate with FASTSIM and is thus 
neglected in this simulation. Since the rigid slip 
term is usually much larger, it is not a severe limita-
tion to neglect the elastic part.

2.2 Thermal conduction analysis

When the relative slip between the wheel/rail, the 
surface of wheel/rail will generate a lot of friction 
heat, the expressions of heat flow density is as 
follows:

q y p x y vslipv( ,x ) (p , )yμ pp  (2)

where q(x, y) is heat flow density q(J/m2 ⋅ s), μ the 
coefficient of friction, p(x, y) contact stress and vslip 
the slip velocity.

The classic thermal conduction equation is as 
follow (Caralaw, H.S & Jaeger, J.C. 1980)

∂
∂
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 (3)

where θ is temperature rise (°C) and κ thermal dif-
fusivity (m2/s).

κ
ρ

=
k
cρρ P

 (4)

where k thermal conductivity [W/(m ⋅ K)], ρ density 
and cP thermal capacities [J/(g ⋅ K)].

3 TEXT CASE

In the present analysis, the CHN 75 kg/m rails 
and LM-type wheel-set profiles of China freight 
car (as shown in Fig. 2) are selected to calculate 
wheel-rail contact stress under different wheel-set 
lateral displacement (Yw), and applied to the elas-
tic half-space model, to calculate rail surface ther-
mal effect on the basis of wheel speed (Vvehicle ) and 
the creepage of wheel-rail (ξ). The wheel velocity 
respectively take 1 km/h, 2 km/h, 5 km/h, 10 km/h, 
20 km/h, 30 km/h, 40 km/h, 50 km/h, 60 km/h, 
80 km/h, 100 km/h, and 120 km/h; and the creep-
age respectively take 0.001, 0.002, 0.003, 0.004, and 
0.005 (the lateral, longitudinal and spin creepage 
are the same). The material parameters of rail are 
in Table 1.

Figure 1. The distribution of adhesion and slip zone. Figure 2. The profiles of wheel and rail.
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4 RESULTS

Figure 3 shows that, under the condition of ξ is 
0.005, the rail surface temperature change rule 
with the change of Vvehicle and Yw. In the Figure, 
for the accumulation of heat at a low Vvehicle, the 
rail temperature is increased. With the increased 
of wheel-set lateral displacement, the rail sur-
face temperature has a process of first decreas-
ing and then increasing. When Yw is 3 mm, the 
rail surface temperature is relatively small, for the 
wheel-rail is matched, so the contact stress and heat 
flow density is small. And when Yw is 9.18 mm, the 
wheel-rail occur two-points contact, the contact 
stress and heat flow density is large, so the rail sur-
face temperature is relatively large.

Figure 4a, 4b respectively show that, under the 
condition of Yw is 0 mm and 9.18 mm, the rail surface 
temperature change rule with the change of Vvehicle 
and ξ. We can see from the figure, with the increased 
of ξ, the rail surface temperature is increased, this is 
due to the area of slip zone and relative slip veloc-
ity is increased with the increased of ξ, in this case, 
the heat flow density is increased, so the rail surface 
temperature correspondingly increased.

Figure 5 shows that the distribution of  adhe-
sion and slip status, heat flow density and rail 
surface temperature rise, on the conditions of 
Yw = 0 mm ξ = 0.003, Vvehicle = 5 km/h. Figure 5a 
shows the contact patch adhesion and slip sta-
tus, the red zone represent the slip zone, the blue 
is adhesion zone which don’t produce heat flow. 
Figure 5b shows the contact patch heat flow den-
sity, we can get from this figure is that all the heat 
come from slip zone. Figure 5c shows the rail sur-
face temperature rise, the maximum temperature 
rise is 51°C.

Figure 6 shows that the distribution of adhesion 
and slip status, heat flow density and rail surface 
temperature rise, on the conditions of Yw = 9.18 mm 
ξ = 0.003, Vvehicle = 5 km/h. The value of this condi-
tion is larger than the condition of above (as shown 
in Fig. 5.), due to the condition occur two-point 
contact, the contact stress and relative slip veloc-
ity is more large, so the rail surface temperature is 
large, the maximum temperature rise is 211°C.

Figure 3. The rail surface temperature change rule with 
the change of Vvehicle and Yw.

Table 1. Material parameters.

Parameters Value

Specific heat capacity c/(J ⋅ kg−1 ⋅ K−1) 470
Thermal conductivity k/(W ⋅ m−1 ⋅ K−1) 41
Density ρ/(kg ⋅ m−3) 7790
Poisson’s ratio ν 0.3
Young’s modulus E/(N ⋅ m−2) 2.07 × 1011

Environmental temperature T0/°C 20

Figure 4. The rail surface temperature change rule with 
the change of Vvehicle and ξ.
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Figure 5. The wheel-rail contact thermal status. Figure 6. The wheel-rail contact thermal status.
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5 CONCLUSION

The temperature of rail surface is high on the con-
dition of wheel-rail rolling contact, and the mate-
rial parameters changed along with the temperature 
changes should be considered when calculated 
wheel-rail thermal contact coupling. The influ-
ence of Vvehicle and ξ on rail surface temperature rise 
is obvious. With the increased of ξ and the decreased 
of Vvehicle, the rail surface temperature is increased. 
When wheel-rail occur two-point contact, the rail 
surface temperature rise is larger than one-point 
contact. The results can provide a support for the 
further research on cracks, scratches, and stripping 
damage on the surface of the wheel-rail.
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ABSTRACT: In order to find out a reasonable finished bridge state of triple pylon self-anchored cable-
stayed suspension bridge, a neoteric bridge style, the method to determine the finished bridge state of 
composed system bridge with unsymmetrical spans was studied, and the iteration method of geometric 
shapes and internal forces of spatial cables, hangers and stayed-cable was presented. The geometric non-
linear finite element model was set up. The unstrained lengths and stiffness matrix were revised continu-
ally until the nodes. Displacements met the precision requirement in the processing of nonlinear iteration 
calculation. Then the finished bridge state of the whole bridge was determined. With this method, the fin-
ished bridge state that meets the design requirement of self-anchored suspension bridge and the geometric 
shapes and internal forces of cables, hangers, and stayed-cable. An example proves that the method is valid 
and feasible for engineering requirement and determining the finished bridge state of spatial cable-stayed 
self-anchored suspension continuous composed system bridge.

Keywords: bridge engineering; cable-stayed self-anchored suspension continuous composed system 
bridge; main cable shape; segmental catenary method

long, through the influence matrix method, and 
the theory of geometric nonlinear iteration, which 
determine it into a state of the bridge. Using the 
method of a suspension—suspension cooperative 
system bridge is calculated, linear and completed 
in accordance with the actual requirements.

2 THE BRIDGE DESIGN CONDITION

2.1 Self-anchored suspension 
bridge completion state

The method of linear suspension bridge main 
cable into a bridge mainly adopts parabolic 
method, based on the catenary clues yuan of 
recursive method, virtual beam method, etc. Par-
abolic method is simple, but the precision is not 
high, suitable for preliminary design of suspen-
sion bridge, the Catenary method with high preci-
sion. Back cable force calculation of main basis of 
stiffening girder section of gravity and the second 
phase of constant load, Point by vice tower back 
the moment balance between the centroid can con-
clude main cable tower of the vice of horizontal 
force H and vertical force V. Set up the structure of 
the whole bridge along horizontal uniform weight 
and the sum total of live load for q:

The side span of main cable horizontal compo-
nent H is:

1 INTRODUCTION

Suspension bridge and cable-stayed bridge is the 
first choice for large-span bridge form. Most of the 
suspension bridge is given priority to with anchor 
block, which needs to be huge and expensive 
anchorage to resist the powerful tension of main 
cable. Self-anchored suspension bridge main cable 
anchorage on the stiffening girder avoid building 
anchorage, and can also provide stiffening girder 
with pretested [1]. For cable-stayed bridges, sus-
pension bridges show their shortcomings and the 
insufficiency, which already cannot completely 
meet their requirements. So self-anchored cable-
stayed suspension bridge rises at the historic 
moment [2]. It embodies the advantages of both, 
and is made up for the inadequacy. In the process 
of the design of the bridge, the tower and form of 
beam section size is determined, its load is made 
up of main girder, a bridge tower, and the share of 
the stay cables, reasonably determine the ratio of 
each component to share is very important. So the 
design of the bridge cable system is to determine 
the reasonable first into the bridge state, namely the 
reasonable state of linear and internal force, and 
suspension—suspension cooperative system bridge 
is a kind of new bridge, its bridge state research is 
less. This paper is conducted through calculation 
of the segmental catenary theory stress free cable 
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Among them: λ = f
L

—rise-span ratio of the 
side span; L—Side span; f—Side span rise.

Rise-span ratio λ is calculated by type (1). 
 Considering the actual situation, into the bridge 
main cable by load for main cable arc length uni-
formly distributed along the main cable gravity 
and delivering the sling concentration (unit weight 
of stiffening girder and the second phase of dead 
load). So the suspension bridge main cable force 
schema can be simplified as along the arc length 
under uniformly distributed load with concentrated 
force of the flexible cable, The lifting point between 
the main cable shape of acceptor line weight of cat-
enary [3–5]. The main cable can be seen as more 
paragraphs that differentiate by the lifting point the 
combination of catenary, as shown in Figure 1.

For any period i of  suspension cable, the equa-
tion for:
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H H

V q P H
i

n

iPP
i

n
1 2H HH H

1VV
1 1i

2 2 1 1q + HHH

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩ =1 i

∑ ∑sis θ θH2 1 11tH2 1HH an
 

(4)

And satisfy the compatibility conditions: 
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Type: si—The i section of long, 
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And in the concentrated load point between par-
agraphs satisfy the force equilibrium condition:

Hy Hy P
H h cl a P

i x l i x iPP

i il a i iPP
i ill i

′ ′H + =− =Hy i

aia
1 0 ,

[ (sh ) ]shai− ,
 (5)

Among them, Pi as the focus; L and h, respec-
tively, as the main line at the ends of the horizon-
tal distance and elevation difference, Computing 
needs to give certain initial value, iteration to get 
precise linear.

2.2 Cable-stayed bridge finished bridge state

Bridges at home and abroad experts put forward a 
lot of dead load cable force of cable-stayed bridge 
calculation method, which has rigid support con-
tinuous beam method, zero displacement method, 
the method of internal force balance, specify stress 
method, and other methods [6]. The cable force 
optimization method has limitations, it is difficult 
to obtain satisfactory results; this paper presents a 
method of comprehensive:

1. Deciding initial dead state using minimum 
bending energy method
The cable and the axial stiffness of  beam and 
column is increased to large enough, so to 
get in the main girder and the tower bending 
moment are relatively small, the target is basi-
cally uniform state into a bridge. This state into 
a bridge, one of the few to cable force may be 
very unreasonable, main girder and the tower 
bending moment small also is not reasonable. 
Therefore, this state is not the ultimate goal as 
a bridge, but is adjusted into a state of  bridge 
foundation.

2. By adjusting cable force influence matrix 
method was obtained by minimum bending 
energy method and tower into the state of the 
bridge girder bending moment and rationaliza-
tion [8–9]

[ ]{ } { }A]{ } {  (6)

Type: [A]—Influence matrix; {ΔT}—Cable 
force adjustment quantity; {ΔR}—The amount 
of control target to adjust.
Using least squares solution [7], work out, you 

can get the adjusted control target:

A{ }R { }R + { }TRR [ ]A  (7)Figure 1. Main cable force analysis.
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Type: {R}—After the adjustment control target; 
{R0}—Before the adjustment of control target; [A], 
{ΔT}—Same as above.

3 ACCURATE EQUILIBRIUM ANALYSIS

Cable-stayed suspension bridge width 555 m, its a 
composite system of tower bridge. Including the 
main tower system segment and the anchor cable 
suspension system. Combination of main span is: 
25 m + 90 m + 2 × 25 m = 162.5 m +90 m + 90 
m. Based on the special finite element program 
MIDAS/Civil to tower suspension—since the 
anchor cable cooperation system bridge for 3 d 
modeling.

Due to the bridge tower of vice about asym-
metric structure, main cable tension and back 
sola force will produce unbalanced moment to 
Kentucky vice tower under the action of dead 
load. So, its must control the bending moment in 
a certain range to ensure the safety of the tower 
of vice. According to this principle, to determine 
main cable tension stiffening girder and derrick 
undertake weight ratio. Nonlinear finite element 
equilibrium iteration calculation, determine the 
reasonable state into a bridge. stiffening girder 
maximum bending moment for −159137 KN.M, 
the maximum axial force −115519 KN, stiffening 
girder maximum bending moment for −159137 
KN.M, and the maximum axial force −323872 KN. 
In the bridge condition, the stiffening girder inter-
nal force as shown in Figures 2–3, inclined boom 
internal forces are shown in Table 1.

Back into the bridge condition cable force are 
shown in Table 2.

From Table 2 shows, back into the bridge con-
dition basic cable force between 6200 KN and 
6600 KN, cable force was homogeneous. Into a 
state of suspension bridge cable force are shown 
in Table 3.

From Table 3, into a state of  suspension bridge 
cable force is divided into two parts, the unit 

Figure 2. Main cable into the bridge and empty cable 
shape.

Figure 3. Stiffening beam axial force and bending 
moment diagram.

Table 1. Inclined boom internal force (kN).

Serial number Beam end Cable end

2000 1093.83 1092.20
2001 580.30 578.34
2002 250.50 248.18
2003 704.93 703.99
2004 492.08 491.16
2005 401.92 400.72
2006 404.30 403.12
2007 348.49 347.01
2008 479.43 477.96
2009 340.81 339.02
2010 429.10 427.33
2011 357.00 354.87
2012 425.41 423.30
2013 355.23 352.75
2014 454.78 452.31
2015 377.70 374.83
2016 405.77 402.92
2017 456.66 453.38
2018 540.39 537.12
2019 426.29 422.56
2020 283.90 280.00
2021 409.64 405.25
2022 474.82 470.28
/ / /

Table 2. Back cable internal force (KN).

Serial number Beam end Cable end

4000 6200.92 6174.71
4001 6427.63 6399.69
4002 6577.23 6547.15
4003 6495.44 6463.64
4004 6602.32 6568.27
/ / /

3000–3007 of  suspension cable force between 
6000–7800 KN, 3008–3010 of  suspension cable 
force between 3500–3800 KN, conform to the 
requirements of  the design of  long-span cable-
stayed bridge.
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4 CONCLUSION

1. This paper uses the three towers self-anchored 
cable-stayed suspension bridge cooperation 
system bridge stress analysis. First segmental 
catenary method is used to iterative calculation, 
its reasonable linear, recycling limited displace-
ment theory of derrick and stiffening girder 
internal force calculation, a further iteration, 
the geometric main cable stress free cable long, 
finally, got into a reasonable bridge state.

2. The research proposed for vice towers on both 
sides of the asymmetric into the bridge linear 
and internal force of the iterative calculation 
method, by this method can quickly find the 
bridge balance. Into the state of the bridge finite 
element model is established for the nonlinear 
iterative calculation to determine the whole 
bridge structure into a state of the bridge.
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 Variable Dampers. Engineering Structures. 2003.

Table 3. The internal cable (kN).

Serial number Beam end Cable end

3000 7834.37 7777.24
3001 7796.13 7740.92
3002 7831.15 7777.88
3003 7575.63 7524.31
3004 7624.95 7575.58
3005 7423.14 7375.74
3006 6071.87 6030.68
3007 5944.91 5905.25
3008 3781.60 3759.34
3009 3679.48 3658.20
3010 3564.63 3544.50
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ABSTRACT: In this paper, mesoscale convective systems and lightning phenomenon surrounding the 
Poyang Lake region were analyzed with mesoscale convective systems and lightning monitoring data in 
2006–2008, to reveal the law of the influence of the Poyang Lake on the mesoscale convective system and its 
concomitant phenomena of lightning. The results showed (1) the characteristics of the temporal distribu-
tion of lightning activities in the Poyang Lake region: lightning activities were mainly in the late spring to 
early autumn, mostly in summer, while the frequency of lightning activities was mainly at 12:00–22:00, in 
particular, focusing at 13:00–19:00. Lightning incidence trend around the Poyang Lake area was in accord-
ance with that in Jiangxi Province. The difference was that the Jiangxi lightning frequency changed greatly 
in the afternoon, and the lightning frequency around the Poyang Lake area distributed symmetrically, with 
obvious change. The reasons may be attributed to the difference in the underlying surface, as a result of 
which the land surface-underlying surface was very different (such as forests, mountains or hills), while the 
water surface-underlying surface was relatively homogeneous. (2) The spatial distribution characteristics of 
lightning activities around the Poyang Lake region: within 12:00–14:00, lightning occurred mainly in the 
West Bank region of the lake, followed by the central area of the Eastern bank region, within 14:00–20:00, 
occurred mainly in the southern area of the Lake. Such distribution patterns may be related to the topog-
raphy distribution of the Poyang Lake and the local circulation of lake-land wind. In addition, they may be 
closely related to the moving path of mesoscale convective weather systems. (3) When the mesoscale convec-
tive system moved to the Poyang Lake, the moving speed slowed down. This was due to the surface heating 
by solar radiation during the day, with terrestrial heating up being much faster than that of the lake surface. 
Compared with land, the Poyang Lake was a cold source. Because of heat expansion, the land-based air 
group went up and converged, under the action of the horizontal pressure gradient force, the air flew over 
the lake from the sky over land, then sank to the lake, and finally, flew over the land from the lake surface, 
forming a local thermal circulation. (4) There was a good positive correlation between lightning frequency in 
the Poyang Lake area and the lake monthly evaporation. The vigorous times during which the latent heat of 
the lake releases was also the frequent times of convective clouds and their adjoint lightning activities. This 
was due to the release of the lake latent heat, which affected the energy balance of convective clouds trans-
ited and water vapor balance, by the exchange between energy and water vapor, to promote the development 
of strong convective clouds, the intensity and frequency of lightning activities exacerbated indirectly. (5) The 
vertical perturbation of the Poyang Lake area on the mesoscale convective weather systems transited led to 
instability of its energy and produced severe weather, such as thunder and strong convection.

Keywords: transiting convective systems; lightning; Poyang Lake; influence analysis

is located in the northern part of Jiangxi Province 
(the southern bank of the Yangtze River). The ter-
rain is shown in Figure 1, where the north region is 
the entrance of the Yangtze Rive, which is narrow. 
The south region is the lake's main body, which is 

1 INTRODUCTION

1.1 Study area

The studied area in this paper was the Poyang Lake 
(28°22′∼29°45′N, 115°47′∼116°45′E). Poyang Lake 
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broad. According to the satellite remote sensing 
measurement, the largest area of the lake in a large 
water period was 5100 km2.

1.2 Data source

The data used in this paper were provided by the 
Jiangxi Provincial Institute of  Meteorological 
Science from 2006 to 2008 on lightning location 
system data and image data from the observa-
tion data of  Poyang Lake meteorological satel-
lite Fengyun Fy2-c. The heat flux data used were 
calculated by Min Qian (2006) through the water 
surface evaporation climatology model of  experi-
mental data.

2 SEASONAL AND TIME OF ANNULUS 
POYANG LAKE CONVECTIVE CLOUDS 
AND LIGHTNING OCCURRENCE

The monthly distribution of Jiangxi ground light-
ning (Fig. 2 Y-label used the logarithmic coordinate) 
showed that the Jiangxi Province was a thunder-
storm area. Thunderstorms occurred mainly from 
July to August. The second was from April to May 
and September. In January and December, light-
ning appeared rarely. The thunderstorm activity 
frequently occurring time (Fig. 3 Y-label used the 
logarithmic coordinate) was mainly concentrated 
from 12:00 to 22:00, especially from 13:00 to 19:00, 
there appeared more thunderstorms. Ring thunder 
occurred in the Poyang Lake region, which was in 
line with the trend of Jiangxi. The difference was 
that Jiangxi lightning frequency changed greatly in 
the afternoon, and the lightning frequency around 
the Poyang Lake area distributed symmetrically, 
with no obvious change. The reason for this can be 
attributed to the difference in the underlying surface, 
as a result of which the land surface-underlying sur-
face was very different (e.g. forests, mountains or 

hills), while the water surface-underlying surface is 
relatively homogeneous.

3 SPATIAL DISTRIBUTION 
OF THE RING POYANG LAKE

Through analyzing the data on the average number 
of lightning (2006–2008), it showed that around 
the Poyang Lake during the afternoon (12:00–
14:00) lightning mainly occurred in the west coast 
region of the lake (Figs. 4a and 4b shading). The 
second occurred in the central region of the area. 
While during 14:00–20:00, it occurred mainly in 
the south region (Figs. 5a, 5b, 6a and 6b shading).

Such distribution patterns may be related to the 
topography distribution of the Poyang Lake and 
the local circulation of lake-land wind. In addition, 
they may be closely related to the moving path of 
mesoscale convective weather systems. For example, 

Figure 1. Geography location of the Poyang Lake by 
satellite remote sensing.

Figure 2. Monthly distribution of the lightning fre-
quency in 2006–2008.

Figure 3. Daily variation of the lightning frequency in 
2006–2008.
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in June 24–27, 2006 and in June 24–25, 2007, the 
strong convective weather occurred with a strong 
thunder process (Fig. 7a and Fig. 7b shaded part).

4 THE LATENT HEAT RELEASE OF 
THE POYANG LAKE INFLUENCE 
NEAR CONVECTIVE CLOUD AND 
LIGHTNING

The method used herein was that of Qian Min 
(2006): through the water evaporation, the clima-
tology model can be calculated as follows:

E = 2.33 B × (1–f × r) exp (0.06782T) (1)

where E is the monthly average water evapora-
tion (MM); B is the number of  days per month 
(28, 29, 30, 31); R is the monthly average relative 
humidity; and T is the monthly average tempera-
ture (°C).

Based on the calculation, the result is shown in 
Figure 8 (the unit in the Y-label is mm). Compared 
with Figure 3, we can see that there is a positive 
correlation between the average monthly number 
of lightning ring at the Poyang Lake and the 
monthly average evaporation. From July to Sep-
tember, it was the most large evaporation, espe-
cially in August. Correspondingly, it was also the 
most frequent lightning activity period. In other 
words, the latent heat release active period of the 
lake was also the activity period of lightning and 
the convective cloud. This was because the release 
of latent heat for the lake water body affected the 
transit energy balance of the convective cloud and 
moisture. Through the exchange of energy and 
water vapor, it prompted strong convective cloud 
development. This indirectly contributed to the 
intensity and frequency of lightning activity.

5 CONCLUSIONS

From the above discussion, the following conclu-
sions can be made:

(1) The characteristics of the temporal distri-
bution of lightning activities in the Poyang Lake 
region: lightning activities were mainly in the late 
spring to early autumn, mostly in summer, while 
the frequency of lightning activities was mainly at 
12:00–22:00, in particular, focusing at 13:00–19:00. 
Lightning incidence trend around the Poyang Lake 
area was in accordance with that in Jiangxi Prov-
ince. The difference was that the Jiangxi lightning 

Figure 4a. Lightning distribution at 12:00–13:00.
Figure 4b. Lightning distribution at 13:00–14:00.

Figure 5a. Lightning distribution at 14:00–15:00.
Figure 5b. Lightning distribution at 15:00–16:00.

Figure 6a. Lightning distribution at 16:00–17:00.
Figure 6b. Lightning distribution at 17:00–18:00.

Figure 7a. Lightning distribution in June 24–27, 2006.
Figure 7b. Lightning distribution in June 24, 2007.

Figure 8. Mean monthly evaporation at the Poyang 
Lake in 1955–2004.
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frequency changed greatly in the afternoon, and 
the lightning frequency around the Poyang Lake 
area distributed symmetrically, with no obvious 
change. The reason for this can be attributed to 
the difference in the underlying surface, as a result 
of which the land surface-underlying surface was 
very different (e.g. forests, mountains or hills), 
while the water surface-underlying surface was rel-
atively homogeneous. (2) The spatial distribution 
characteristics of lightning activities around the 
Poyang Lake region: within 12:00–14:00, lightning 
occurred mainly in the West Bank region of the 
lake, followed by the central area of the Eastern 
bank region, within 14:00–20:00, occurred mainly 
in the southern area of the lake. Such distribution 
patterns may be related to the topography distribu-
tion of the Poyang Lake and the local circulation 
of lake-land wind. In addition, they may be closely 
related to the moving path of mesoscale convective 
weather systems. (3) When mesoscale convec-
tive system moved to the Poyang Lake, the moving 
speed slowed down. This was due to the surface 
heating by solar radiation during the day, with ter-
restrial heating up being much faster than that of 
the lake surface. Compared with land, the Poyang 
Lake was a cold source. Because of heat expan-
sion, the land-based air group went up and con-
verged, under the action of the horizontal pressure 
gradient force, the air flew over the lake from the 
sky over land, then sank to the lake, and finally it 
flew over the land from the lake surface, forming 
a local thermal circulation. (4) There was a good 
positive correlation between lightning frequency in 
the Poyang Lake area and the lake monthly evapo-
ration. The vigorous times during which the latent 
heat of the lake releases were also the frequent 
times of convective clouds and their adjoint light-
ning activities. This was due to the release of the 
lake latent heat, which affected the energy balance 
of convective clouds transited and water vapor 

balance, by the exchange between energy and 
water vapor, to promote the development of strong 
convective clouds, the intensity and frequency of 
lightning activities exacerbated indirectly. (5) The 
vertical perturbation of the Poyang Lake area on 
the mesoscale convective weather systems transited 
led to instability of its energy and produced severe 
weather such as thunder and strong convection.
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ABSTRACT: In this paper, we made an analog computational analysis of the piezometer tube in the 
sections 0 + 225 of a dam. The results demonstrate that the cause of the abnormity lies in the seep-
age failure of the core wall, during which time the fluctuation of the water level in the tube reflects the 
development of seepage failure. Therefore, this research achievement may be used for reference in other 
projects.

Keywords: piezometer tube; abnormity; simulation; cause analysis

Figure 1 shows the stage hydrograph of the 
tube from September 5, 2013 to January 25, 2014. 
As shown in the figure, the change in the water 
level in the tube PT2-1 was extremely abnormal.

Table 1 presents the change in the poten-
tial energy of the tube PT2-1’s position in some 

1 INTRODUCTION

The height of the earth-rock dam with clay core is 
324.50 m. The concrete wave wall of the dam is 1.2 m 
high, 406 m long and 8 m wide, setting up the dam 
crest. The maximum height of the dam is 49.9 m. 
In 2013, the piezometer tube in the sections 0 + 225 
of a dam raised the water levels abnormally. In this 
paper, through value simulated computation and 
abnormality analysis, we provide a theoretical basis 
for reference in other projects [1–3].

2 THE ABNORMAL PROCESS 
OF THE PIEZOMETER TUBE

On September 25, 2013, the water level of the tube 
PT2-1 in sections 0 + 225, which was 295.21 m 
recorded by the auto-measurement, increased 
to 7.88 m compared with the height of 287.33 m 
measured artificially on September 5. At this time, 
the reservoir level basically remained unchanged. 
After that, the water level of the tube fluctuated 
around 295.00 m. On October 6, the water level 
rose to 312.25 m suddenly, i.e., 17.04 m higher than 
the level on September 25. On October 8, it rose to 
313.71 m and then gradually fluctuated in a down-
trend. On October 30, it dropped from 306.21 m 
to 293.70 m suddenly, decreasing by 12.51 m. 
After October 31, it continued to rise slowly, and 
it had increased to 303.95 m with fluctuations until 
January 25, 2014.

Figure 1. The stage hydrograph of the tube, from Sep-
tember 5, 2013 to January 25, 2014.

Table 1. Potential energy changes in the position of the 
tube PT2-1 in some important periods of time.

Date
Upper 
level (m)

Water level in the 
tube PT2-1 (m)

September 5, 2013 317.64 287.33
October 9, 2013 317.99 313.31
October 30, 2013 317.90 293.95
December 12, 2013 317.13 300.07
January 24, 2014 316.53 303.79
February 24, 2014 313.60 304.21
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important periods of time from September 5, 2013 
to February 24, 2014.

From Table 1, it can be seen that the potential 
energy of the tube’s position accounted for only 
10.1% in September 2013, which means that the 
core wall accounted for 89.1% of the head due to 
the great anti-seepage capability of the core wall. 
However, early in October, the potential energy of 
the tube’s position at this point rose from 10.1% 
to 86.3%, indicating that the heart wall accounted 
for merely 13.7% of the head. In other words, the 
anti-seepage capability of the core wall upstream 
was almost lost. In late October, the anti-seepage 
capability of the core wall was recovered abruptly, 
undertaking 70.5% of the head, and then gradu-
ally declined. In late January 2014, the core wall 
accounted for 39.1% of the head only. In general, 
these data suggest that the anti-seepage capability 
of the core wall becomes increasingly weak with 
the development of seepage failure as well as the 
formation of the seepage flow channel.

3 ANALOG COMPUTATION OF THE 
ABNORMAL PIEZOMETER TUBE

Because of the limitation of the calculation theory 
and method, it is difficult to simulate holes, 
penetrating cracks upstream and downstream. 
Considering only the constant destruction of the 
core wall and the increasing permeability coeffi-
cient, back analysis can be carried out based on 
the coefficient of permeability in every zoned part, 
which can be compared with geological prospecting 
achievement for further analysis. Owing to the 
local failure of the core wall, we should adjust the 
permeability coefficient of the core wall to ensure 
that both the first piezometer tube of the dam and 
the foundation reach the observed value.

In the two cases mentioned above, water head 
dissipation of the core wall is limited in the 
upstream side of the piezometer tube, and the head 
is mainly bore by the core wall behind, the tube 
together with the inverted filter. If  the width of 
the core wall behind the tube is 4.5 m, the aver-
age hydraulic slope would be 6.67 and 4.44. The 
permissible hydraulic slope for soil destruction of 
the core wall is 1.28. When the filter protection 
is taken into account, the permissible hydraulic 
slope can be increased 2 to 3 times. However, due 
to the poorly graded soil in the downstream dam 
shell, the filter material in the second layer or the 
transition layer cannot be protected. Worse still, 
once the downstream dam shell cannot protect the 
fine particles in the second reversed filter, the fine 
particles will be lost, resulting in weakened protec-
tion or even the situation when the second layer 
cannot protect the first layer of the filter material 

effectively. Moreover, it led to the decrease or loss 
of protection to fine particles in the core wall by 
the first reversed filter. The fine particles, which 
should be in the core wall, will pass through the 
first and second reversed filters to the dam shell. 
Finally, the function of the filter fails and seepage 
failure takes place in the core wall [4].

4 ANALYSIS OF THE ABNORMAL 
PIEZOMETER TUBE

Level swelling of the tube in the sections 
0 + 225 shows that the anti-seepage function of the 
core wall had weakened largely in the upstream side 
of the tube from early September to early October. 
The sudden drop in the water level in late October 
may be caused by the situation when the seepage-
proofing function of the core wall was partially 
restored owing to the original seepage channels that 
were clogged by the collapsing soil. Afterwards, the 
water level in the tube increased slowly, which dem-
onstrates that the seepage-proofing function of the 
core wall was impaired gradually. During this time, 
the fluctuation of the water level shows the process 
of seepage failure development [5].

According to a comprehensive analysis of the 
construction and geological exploration material, 
the existing construction quality of the core wall 
is too inferior to meet the design requirements; 
the water filling test in the field proved that the 

Figure 2. The water head of the piezometer tube around 
the sections 0 + 225 1 (after seepage failure).

Figure 3. The water head of the piezometer tube around 
the sections 0 + 225 2 (after seepage failure).
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permeability of the core wall did not fulfill the 
design requirements; the core material was poorly 
graded, which lacked intermediate particle size 
and it was easy to make seepage failure with low 
construction quality. Since congenital defects of 
the core wall led to its seepage failure easily, it is 
crucial to protect the filter in the downstream dam 
crest. The material of the first and second reversed 
filters satisfied the requirements of the design as 
well as the standards, but the sand gravel in the 
dam shell downstream was poorly graded, which 
could not prevent the washing away of fine parti-
cles from the second reversed filter material (tran-
sition layer). Furthermore, it led to the loss of fine 
particles in the first layer, which resulted in the 
inefficiency of the filter downstream. Also, under 
the construction of a local dam shell, size segre-
gation may occur, which will cause the disability 
of protecting the second reversed filter due to the 
block concentrating and even the first filter. Finite 
element simulation analysis also confirmed that 
seepage failure did take place in the core wall.

5 CONCLUSION

In brief, this paper provides an analog compu-
tational analysis of  the piezometer tube in the 
sections 0 + 225 of  a dam, the results of  which 
show that the occurrence of  the permeability 
channel in the core wall upstream is the cause 
of  the sudden rise in the tube. The reason for a 
sudden drop in the water level may be attributed 
to the clogging of  the original seepage channels by 
the collapsing soil, and to the partial restoration 
of  the seepage-proofing function of  the core wall. 

After that, the water level in the tube rose slowly, 
indicating that the seepage-proofing function of 
the core wall decreased gradually. In this process, 
the fluctuation of  the water level shows the devel-
opment process of  seepage failure. Therefore, this 
achievement may play a referential role in other 
projects.
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ABSTRACT: Due to the influence of overexploitation of groundwater, from 1972 to 2003, Baotu spring 
was dried up. The reason for the failure to successfully protect the spring for about 40 years is that the 
function of karst water system was not clearly grasped. The evolution trend of the Jinan spring zone 
resource amount is calculated by the equilibrium method, revealing the inferior degeneration of the func-
tion of the karst water system. Recharge locations are determined according to formation, structure, per-
meability, and water quality. A proper recharge amount (290,000 m3/d) is attained by regression analysis. 
Based on the analysis, a three-dimensional groundwater flow numerical model of the Jinan spring area 
is established. Optimizing the layout of exploitation wells and the exploitation amount of the Jinan 
spring area are inverted through the model, including the exploitation of Jixi (in the west of the Jinan 
spring area) increasing by 110,000 m3/d, that of Xijiao (the western suburbs) by 30,000 m3/d and that of 
Dongjiao (the eastern suburbs) by 20,000 m3/d. Conjunctive regulation of surface water and groundwater 
is adopted to restore the function of the groundwater system, being able to achieve flowing constantly of 
Jinan spring all over the year.

Keywords: recharge; optimizing exploitation; numerical simulation; function of resources; karst water; 
protecting spring

Groundwater exploitation in Jinan City from 
1958 to 2014 experienced three stages, namely the 
stage of low exploitation (1958–1969), the stage 
of over-exploitation (1970–2002) and the stage of 
restrictive exploitation (2003–2014) (Wang, M.M., 
2008). During the stage of over exploitation, the 
spring water level rapidly decreased while spring 
flux decayed, resulting in the stoppage of Baotu 
spring flow. In order to realize spring perennial 
gushing, negative measures of restrictive exploita-
tion of groundwater are taken. The negative meas-
ures are that groundwater only accounts for 30% of 
urban citizen water supply, and the inferior Yellow 
River water accounts for 70% of urban water sup-
ply, while a lot of superior groundwater is not uti-
lized rationally. In order to ensure that the spring 
flows normally and citizens are able to use superior 
groundwater, it is very necessary to study optimiz-
ing the exploitation of groundwater in Jinan City.

Jinan karst water system not only functions as 
a resource supply, but also involves in maintaining 
the ecological environment. Spring cutoff means 
destruction of the function of keeping the ecologi-
cal environment, while artificial recharge  combining 

1 INTRODUCTION

Groundwater is the main water source of agriculture, 
industry and urban living, which has an important 
influence on economical development. The soft-
ware of numerical simulation (e.g. Visual modflow, 
GMS, Feflow) plays a significant role in groundwa-
ter management. As for research on groundwater 
numerical simulation, a lot of work such as water 
flow transport model and solute transport model 
has been done worldwide, attaining great achieve-
ments (Qu, W.J., 2014; Liu, Y.P., 2014; Careghini, 
A., 2015; Zhao, C.Y., 2005; Xing, L.T., 2007). 
Research and tests on the study field of ground-
water management show that artificial recharge of 
groundwater is an effective engineering measure to 
adjust and utilize groundwater resources (Wang, 
X.J., 2005). Artificial recharge of groundwater can 
not only lift the groundwater level and reduce land 
subsidence caused by over-exploitation, but also lift 
storage water resources to achieve optimized use of 
groundwater (Zhang, Y., 2014). However, there still 
exist some disadvantages such as recharge amount 
and determination of recharge locations.
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increasing exploitation is to restore the function of 
resource supply of the groundwater system.

Therefore, this article attempts to carry out devel-
oped and utilized research of superior groundwater 
based on artificial recharge. Applying the numerical 
model of visual modflow, the groundwater system 
of the Jinan spring area is simulated to optimize 
the layout of exploitation wells and recharge sites.

2 GEOLOGICAL BACKGROUND

Jinan City is located in the northern edge of the 
central Shandong mountainous region. The ter-
rain of south is higher than that of north (Xu, 
J.X., 2012). From south to north, the main exposed 
formations are Archean Taishan Group (Art), 
Cambrian system of Palaeozoic era, Ordovician, 
Carboniferous and Quaternary strata in the Jinan 
spring area. The south that the limestone exposes is 
the main rainfall recharge zone of the spring area. 
The groundwater flowing to the north is blocked 
by the northern rock of Yanshanian, forming the 
karst large spring (Fig. 1) (Xu, J.X., 2012).

3 ESTIMATION OF THE NUMERICAL 
MODEL

3.1 Conceptualization of the aquifer

Boundary delineation of the model is based on 
hydrogeological conditions and structure, as shown 
in Figure 1. The boundary of the west is the Mashan 
fracture, and that of the east is the Dongwu frac-
ture. The boundaries of the north are Jinan rock 
and formation of Carboniferous-Permian system, 
the south is the surface dividing line of Zhangxia 
and Xuzhuang group of middle Cambrian.

Simulation area is conceptualized for three lay-
ers. The first layer that is unconfined water aquifer 
is mainly the formation of Holocene series and the 
upper Pleistocene series of the Quaternary system. 
Lithology of the aquifer is the formation contain-
ing medium-coarse sand and sand gravel rock. The 
second layer that is leaky formation is the clay layer 
beneath the bottom floor of the unconfined water 
aquifer. The third layer that is confined aquifer is 
the formation of the Zhangxia and Fengshan group 
of Cambrian and Quaternary strata. According to 
drill data, limestone is buried deeply. The depth of 
the model is about 600 m according to developed 
and utilized depth of karst water as well as devel-
opment depth of karst.

According to the hydrogeological prospecting 
data of Jinan spring area, limestone layer mainly 
develops eroding fissure of network. Thus, fissure-
karst aquifer medium is conceptualized for an ani-
sotropic heterogeneous unsteady flow. In a word, 
fissure-karst aquifer system can be conceptualized 
for a confined three-dimensional unsteady flow of 
inhomogeneity and anisotropy.

3.2 Mathematical model building 
and discretization

The groundwater flow system is described by 
partial differential equations as follows on the 
condition that the elastic yield of aquitard is not 
considered (Xing, L.T., 2007).
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In the formula, the symbol is omitted.
Jinan spring area is subdivided into 6,800 cells, 

with each cell being square of  500 m × 500 m. 
Moreover, the number of  cells of  the simula-
tion area is 3382, with the total area being 
845.5 km2 (Fig. 2).

3.3 Identification and calibration of the model

Identification period of model designation is from 
October 1, 2010 to September 30, 2011. The model Figure 1. Geological scheme of the Jinan spring area.

(1)

(2)

(3)

(4)
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 conditions of flow field at the end of the simulat-
ing identification period. The total flow directions 
of the simulating flow yield and the actual flow 
yield are equivalent. The calculation of the hydrau-
lic gradient is close to the real hydraulic gradient, 
and the simulating effect is great.

The matching flow yield (Fig. 6) and the dura-
tion curve (Fig. 7) of the calibration period are 
shown as follows.

The simulating flow field and the actual flow 
field are basically fit, with the total flow direction 
being equivalent (Fig. 6). The simulating model is 
fundamentally up to the precision requirement, 
meeting hydrogeological conditions, and basically 
reflects the hydraulic features of groundwater.

3.4 Reliability analysis of the model

1. Analysis of matching error
Node error statistical table during the stage of 

model calibration is attained by comparing rela-
tive error of the actual and simulating water levels 
(Table 1).

Actual flow field and calculated flow field during 
the stage of identification and calibration are rather 
similar, with error being within the allowable range. 

Figure 3. The distribution of observation points.

Figure 4. The simulating flow yield of the identification 
period.

Figure 5. Simulating curves of the water level of the 
identification period.

Figure 6. Matching flow yield of the calibration period.

Figure 7. Matching curves of the water level of the cali-
bration period.

Table 1. Statistical table of node error during the test-
ing stage.

Error range <2.0 m 2.0∼5.0 m >5.0 m

Node number 79 28 13
Ratio 65.83% 23.33% 10.83%

Figure 2. The graph of the grid subdivision.

calibration period is from October 1, 2011 to 
September 30, 2014. Figure 3 shows the locations 
of simulating observation holes.

The simulating flow yield (Fig. 4) and the dura-
tion curve (Fig. 5) of the identification period are 
shown as follows.

Simulating flow field basically reflects the trend 
and regulation of groundwater flowing from 
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Furthermore, the trend of simulation water level 
and measured water table is relatively close. There-
fore, it is regarded that the identification model and 
the actual hydrogeological model are basically fit.
2. Parameter evaluation

The model parameter value of the total calcu-
lation area is basically fit for data of single well 
pumping test. According to regional hydrogeo-
logical conditions and water abundance of aquifer, 
the simulation area is subdivided and the param-
eter is inverted by the calculation of the model. 
The inverted result is close to the result of the 
pumping test, the difference being about an order 
of magnitude. The hydrogeological parameter and 
subarea gained by the model inversion meet the 
actual hydrogeological conditions. The estimated 
model that the reliability is great can be used for 
prediction.

4 FEASIBILITY ANALYSIS OF RECHARGE

4.1 Necessity of recharge

The area of building region in Jinan City increased 
constantly from 1978 to 2012. The utilization of 
land makes roads harden, directly resulting in the 
decrease of the rainfall seepage recharge amount, 
the sedimentation of river, the recession of per-
meability of the riverbed as well as the reduction 
of the seepage amount of the river. Expansion of 
the city and hardness of the land surface is one of 
the factors that cause the decrease in the spring 
recharge amount.

According to the comparison and analysis of the 
calculation result (Table 2), the recharge resource 
amount decreased by 250,000 m3/d from 1960s to 
current year.

4.2 Groundwater transport conditions

According to the tracer test (Fig. 8), groundwater 
flow field and drilling data, it is concluded that 
groundwater hydrodynamic field characteristics 
of the Jinan karst water system mainly have four 
points. (1) The apparent groundwater velocity is 
different because fractured karst development is 
heterogeneity, the degree of karst development 
differs from different lithologies and different tec-
tonic positions. (2) Groundwater storage space 
is very large because the location of high karst 

 development is mainly the confluence discharge 
area, and karst development shape is given prior-
ity to honeycomb, reticular and holes. (3) Along 
the tectonic fracture zone and influence zone of 
fracture fissure, a good migration pathway of 
groundwater is formed, in which the apparent 
groundwater velocity is fast and the structural belt 
is the ideal source location. (4) Tectonic fracture 
zone is with good hydraulic conductivity, result-
ing in a good hydraulic connection between the 
Zhangxia group and Ordovician limestone, and 
recharging groundwater in Zhangxia limestone has 
an effect on spring protection.

4.3 Determination of recharge amount

The monthly variation of the water level was 
selected to be studied from 2008 to 2012. Monthly 
rainfall (x) is represented as the horizontal 
coordinate and monthly variation of water level 
(y) as the vertical coordinate. A scatter diagram is 
shown in Figure 9. It is not difficult to find a linear 
relation between them. The trend line is matched 
to show their relations. The corresponding equa-
tion is given as follows:

y = 0.0038x − 0.1411 (5)

The multiple correlation coefficient (R2) is 
0.6865.

Linear relation shows that a certain amount of 
rainfall can cause a certain amount of increase in 
the groundwater level. There is a rainfall threshold 
value causing the rise in the groundwater level.

Table 2. Chart of the recharge resource amount unit: 
10,000 m3/d.

Stage 1960s 1970s 1980s Current year

Resource amount 69.49 66.77 55.88 44.24

Figure 8. Time contour of the tracer spread to the peak 
and tracer migration path 1. ; 2. 3

f-O; 3&7. tracer release 
site (Cuima); 4&13. tracer release site (Quanlu); 5. tracer 
test range of Cuima; 6. tracer test range of Quanlu; 8. 
igneous rock range; 9. stagant water area; 11&14. obser-
vation wells; 10&15. time contour of tracer spread to the 
peak; 12. the main direction of groundwater transport.
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The intersection point of the linear equation and 
the x axis is 37.13 mm, which the is rainfall thresh-
old value under the monthly scale. If monthly rain-
fall in the dry season is less than 37.13 mm, recharge 
needs to be done to keep the spring water steady. 
The 37.13 mm rainfall is converted into the recharge 
amount of groundwater, which is 290,000 m3/d. In 
other words, it is necessary to carry out groundwa-
ter recharge in order to keep the spring water table 
steady, and the recharge amount is 290,000 m3/d.

The 37.13 mm rainfall, which is a threshold 
value under the monthly scale, is different from the 
threshold value of the water level increase caused 
by single rainfall.

There are Yellow River water, Yangtze River 
water and local storm water in Jinan. The available 
water sources of recharge are relatively abundant.

4.4 Determination of recharge location

Integration of strata, structure, permeability and 
recharge sources, main recharge locations are 
shown in Figure 11. Making full use of natural 
conditions, groundwater can be recharged by infil-
tration ditch and seepage of river.

5 RESTORATION OF THE 
KARST WATER SYSTEM

According to the case concerning groundwater 
being restrictively exploited in the spring region, 
adopting the condition of present artificial recharge 
(100,000 m3/d), acting measured rainfall as natural 
recharge, the predicting result shows that the water 
level in the annual low water season is less than the 
yellow warning water level of Baotu spring, which 
is 28.15 m. Furthermore, the water level in the dry 
season will be less than the orange warning water 
table, which is 27.6 m in the dry year when the fre-
quency of rainfall is rather low (Fig. 10).

The principle reason is attributed to the decrease 
in the recharge area of rainfall infiltration, result-
ing in the reduction of rainfall recharge of ground-
water. Thus, it is tough for the spring water level to 
be recovered at the historical level. If   groundwater 

exploitation is increased, it is inevitable for the 
spring to stop flowing in the dry season.

Given that the recharge amount is 290,000 m3/d 
that is attained by combining the above research, 
the permeability of recharge location, the recharge 
amount of designation (Table 3) and recharge loca-
tions (Fig. 11) are added to the model. Besides, the 
exploitation is increased in the spring area through 
the model to adjust, and the yellow warning water 

Figure 9. The correlation between variation of spring 
water level and rainfall in the monthly scale.

Figure 10. The forecasting curve of Baotu spring water 
level.

Table 3. The designation value of the recharge 
amount (104 m3/d).

Location Recharge amount

Beisha River 8
Yufu River 14
Fuxing cun-Xiaobaizhung 1.4
Liyang Lake 1
Xinglong 2
Quanlu 0.3
Jiangshuiquan 0.8
Zhongjing 0.8
Mengjia 1

Figure 11. The graph of location of multiple recharge 
and exploitation.
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level that is 28.15 m of urban spring serves as the 
controlling variable (warning water level is set 
by the department of protecting spring based on 
the elevation of spring vent by 26.9 m). Through 
repeated adjustment, the forecasting graph (Fig. 10) 
of the spring water level is gained finally, being 
able to ensure that the spring flows throughout the 
year, and the optimized schemes of exploitation is 
obtained, as shown in Figure 11 and Table 4.

6 SUMMARY

1. The fundamental reason for the stoppage of 
Jinan spring flow is the degradation of resource 
supply function of the karst water system under 
the anthropogenic influence. It is necessary to 
carry out artificial recharge in order to recover 
the spring’s water level.

2. Spring water dynamic is the real-time appear-
ance of profit and loss of the karst water system 
in the Jinan spring region. Regression analysis 
shows that keeping spring flowing under cur-
rent conditions needs to increase the recharge 
amount to 290,000 m3/d.

3. Optimizing the calculation of the numeri-
cal simulation implies that by carrying out 
scientific artificial recharge, the exploitation 
amount in the spring area can be increased by 
170,000 m3/d, which can protect the spring and 
water supply, and recover the natural functions 
of the karst water system.
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Stability analysis of the cracks of the concrete gravity dam 
due to the explosion damage
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ABSTRACT: Many cracks appeared on the upstream face of Huangwo concrete gravity dam built 
in1939 due to bomb explosion during the War in 1945. The cracks are not only harmful to the suitability 
and durability of the dam body, but also cause damage to the dam because of the unstable extension of 
the cracks. To determine the stability of the cracks on the upstream face of the dam, the theory of liner 
elastic fracture mechanics is applied to analyze the cracks. The result shows that the stress intensity factors 
of the crack tips are smaller than the fracture toughness of the concrete, indicating that the cracks remain 
stable. However, the monitoring of the cracks should be strengthened, and the treatment should be taken 
if  the propagation of cracks is observed.

Keywords: concrete gravity dam; crack; explosion; stability; analysis

gravity dam. Dam upstream face is vertical above 
the elevation of 198.70 m, and it has a slope of 
1:0.06 below that elevation. The downstream main 
dam slope is designed as step type with a slope of 
1:0.7, and the main dam crest width is 5.0 m. The 
auxiliary dam is also designed as gravel concrete 

1 INTRODUCTION

Huangwo Reservoir was designed and constructed 
in China in 1939. This reservoir project consists of 
main dam, auxiliary dam, spillway and water duct. 
The main dam of the reservoir is gravel concrete 

Figure 1. Typical cross-sectional view of the main dam.
Figure 2. Typical cross-sectional view of the auxiliary 
dam.
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gravity dam with a vertical upstream face and a 
slope of 1:0.75 for downstream face. The capacity 
of the reservoir is 33.6 × 104 m3 and the dam crest 
elevation is 206.80 m. The maximum reservoir dam 
height is 28.21 m, and the cross-sectional views of 
the main dam and the auxiliary dam are shown in 
Figure 1 and Figure 2.

2 ONSITE OBSERVATION 
OF DAM CRACKS

The onsite checking was conducted on April 20, 
2013, and it was found that cracks appeared on 
the upstream face of the dam. The cracks were 
mainly generated between concrete blocks and on 
the surface of concrete. In addition, the pitch part 
in the dam joints was aging. The locations of the 
cracks are presented in Table 1, and their distribu-
tion is shown in Figure 3. According to the intro-
duction of administration staff  of the reservoir, 
the dam cracks on the right bank was caused by 
the bomb blast in the reservoir area in 1945. The 
existing cracks not only are harmful to the safety, 
applicability and durability of the structure, but 
also induce structure destruction due to the unsta-
ble propagation of cracks. The computation and 
analysis are applied to the dam cracks based on 
the linear elastic fracture mechanics theory in this 
study, in order to understand the stability of cracks 
on the upstream face of the dam.

3 THEORY OF COMPUTATION

The purpose of control and determination of 
crack stability of the structure is to attain the 
Stress Intensity Factor (SIF) at crack tip under dif-
ferent external factors or influences. The facture 
finite element method (Jiang, J.J. & Lu, X.Z. 2005; 
Jiang, H.D. 1992) adopted in this study is an effi-
cient numerical method to solve the crack stability 
problem (Motsonelidze, A. et al. 2010; Jin, C. 2005; 
Das, R. & Cleary, P.W. 2013; Chen, Z.H., et al. 2006; 
Secchi, S. & Schrefler, B.A. 2012; Chahrour, A.H. & 
Ohtsu, M. 1994). The computation has two parts: 
one is to construct the singular element model that 
reflects the singularity, and to compute the SIF, i.e. 
stress intensity factor. The other part is to determine 
the facture criterion based on the material fracture 
property, and to determine the stability and develop 
the pattern of cracks based on the criterion.

Three different basic combinations of facture 
mode can be classified: Type I is the opening, 
Type II is the shearing and Type III is the tearing. 
The stress and displacement at crack tip can be 
expressed as follows:

σ θijσσ ij i i
K
r

f uijf u iθθθθ (i iu K r fi=iu )θθ
 

(1)

where ( , )θ ))  is the polar coordinates with the crack 
vertex as the origin and fijff ( ))) and fiff ( )))  are the 
decided functions for every type of crack.

The cracks on the upstream face of the reservoir 
dam can be decided as Type I, the opening crack, 
based on the onsite observation, and this type of crack 
is also the most common and dangerous crack.

The accuracy of displacement is usually higher 
than the stress in the finite element computation. 
Thus, the analysis was conducted using the stress 
intensity factor, which was computed from the dis-
placement component in the fracture mechanics 
theory (Das, R. & Cleary, P.W. 2013). The equations 
of three-dimensional stress intensity factor derived 
from Williams’ displacement expansion (Jiang, 
J.J. & Lu, X.Z. 2005) can be expressed as follows:
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where E is the modulus of elasticity of the material; μ 
is Poisson’s ratio; and U V Wi iU VV iWW′ ′ ′,iVV  are  displacements at 
node i perpendicular to the crack extended  direction, 

Table 1. Locations of the cracks on the upstream face 
of the dam.

Locations Characteristics of cracks

Joint between 
the main 
dam and 
the auxiliary 
dam

1 crack at dam crest, with a length of 
about 1 m and a width of 2–5 mm

1 crack from dam crest downwards 
2.2 m, inclined, with a length of 4 m 
and a width of 2–10 mm

Right of main 
dam

2 cracks on dam body, vertical, 2.3 m 
and 6.4 m away from the right of the 
main dam, with a width of 2–3 mm

Auxiliary dam 1 crack on dam body, vertical, 11 m 
away from the left of the auxiliary 
dam, with a width of 2–3 mm

Figure 3. Distribution of cracks on the upstream face 
of the dam.
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along the crack shearing direction and along the 
crack tearing direction respectively. ri is defined as 
the distance between the node i and the crack tip.

Normally, the above displacements { , , }V, i
T′ ′V ′  

at node i on crack sides are not the displacements 
{ , , }V, i

T  in the global coordinates. The local 
coordinates x y z′ ′ ′,y  at the crack tip can be built 
up to derive their relationships. The transforming 
relationships between global coordinates and local 
coordinates are shown in Figure 4.
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where l m nj jl m j,jm  (j = 1, 2, 3) are the angle cosine 
between x, y, z and x y z′ ′ ′,y , respectively.

The extrapolation method (Jiang, H.D. 1992) 
is adopted to calculate the stress intensity factor 
based on the complexity of the project. The values 
at tips KI, KII, KIII are determined by extrapolating 
stress intensity at n nodes, which are not singular-
ity elements on crack sides, and the equations are 
given in detail as follows:
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where U V W0 0U VU V 0WW′ ′ ′,0VV  are the displacement components 
at crack tip in local coordinates, and n is the chosen 
extrapolated points.

4 STABILITY ANALYSIS OF CRACKS

4.1 Finite element model

In order to better understand the causation and 
stability of crack, the Finite Element Method 
(FEM) model was established based on the prop-
erties and cracks distribution of the reservoir dam. 
The model satisfies the accuracy requirement 
of the project. Figure 5 shows the finite element 

Figure 4. Transforming relationships between global 
coordinates and local coordinates.

Figure 5. The FEM model for the joint part of the main 
dam and the auxiliary dam.
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4.3 Loadings of operating condition

The normal water level in the reservoir is adopted 
as the operating condition for computation, which 
includes the loadings of self-weight of the dam body, 
the reservoir water pressure and the uplift pressure.

4.4 Crack stability criterion

The stress intensity factor of type KI is analyzed 
because the cracks on the upstream face of the res-
ervoir dam are the opening type cracks.  According 
to the relationships between KI and fracture tough-
ness KIC, the stability criterion of crack can be 
determined as follows:

K K
K K

C

C

Ι ΙK KK K

Ι ΙK KK K
 No propagating crack
             Critical cracaa k
      Propagating crackK K CΙ ΙK KK K

 (8)

where KIC is the fracture toughness of crack type I.
KIC is determined through the experiment. 

 However, the equation from the literature (Jiang, 
H.D. 1992) is adopted in this study due to the lack 
of fracture experimental data of this dam. The 
equation is expressed as follows:

Kc = 0.28 kfc (9)

where fc is the strength of the concrete cube; 
0.28 is the coefficient; and k is adopted as 1.9 for 
mass concrete based on the influence of concrete 
dimension.

The fracture toughness KC = 1.33 MPa m1 2/  
can be obtained using Equation (9) for those typi-
cal cracks on the main dam and the upstream face 
of the joint part of the reservoir main dam and 
auxiliary dam.

4.5 Results and discussion

The normal water level in the reservoir is chosen 
as the operating condition and the depth of crack 
is used by the estimated value. Since the cracks on 
the upstream face of the reservoir dam are opening 
type, the stress intensity factors of two typical cracks 
(one at the joint part of the main dam and the auxil-
iary dam and the other one on the main dam) were 
calculated under the operating  condition. The stress 
intensity factor of crack at the joint part of the main 
dam and the auxiliary dam is 0.467 MPa m 21/  and 
a value of 0.762 MPa m 21/  is for the crack stress 
intensity factor on the main dam.

Therefore, the stress intensity factors of the two 
typical crack tips chosen are both smaller than the 
fracture toughness of mass concrete, with large 
values of safety coefficient. The cracks on the dam 
are at a stable state.

Figure 6. Local FEM model.

Table 2. The model parameters.

Material

Specific 
gravity, 
γ/kN/m3

Modulus 
of elasticity, 
E/ × 1010 Pa

Poisson’s 
ratio, v

Mass concrete 
of the dam

24.00 2.00 0.167

Rocks of 
foundation

22.00 1.00 0.220

model and Figure 6 shows the local refined finite 
element model.

The three-dimensional finite element model 
was constructed for the joint part of the reservoir 
main dam and auxiliary dam, where many cracks 
appeared. The computation domain extended to a 
distance 1.5 times of the dam height from the dam 
body to both upstream and downstream, and 1 time 
of dam height towards the dam base. The meshes 
are generated using isoparametric elements with 
hexahedral eight nodes, and a serious crack on the 
joint part of the reservoir main dam and auxiliary 
dam and a typical crack on the main dam itself  
were considered in the mesh generation. There are 
13,957 elements and 16,616 nodes in total in the 
finite element model. The nodes in crack were set 
with 1/4 of crack side interval in order to compute 
the stress intensity factor at crack tip, and then to 
determine the crack stability.

4.2 Parameters

The model parameters are listed in Table 2.
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5 CONCLUSIONS

Cracks on the upstream face of the reservoir con-
crete gravity dam were caused by the bomb blast 
when Japanese troops retreated. The cracks were 
generated due to damage caused by humans, and 
their unstable propagation would affect the inte-
grated dam safety system. The computation results 
based on the linear elastic fracture mechanics 
theory in this study show that the stress intensity 
factors at typical crack tips are smaller than the 
concrete facture toughness with large values of 
safety coefficient, which indicates that those cracks 
on the dam are at a stable state. However, monitor-
ing for the cracks is still suggested and the treat-
ment must be done quickly if  there is an observed 
propagation of cracks.
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Optimization of irrigation mode with brackish water for winter wheat 
in shallow groundwater areas based on the FEFLOW model

G.B. Pang & Z.H. Xu
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Handun Irrigation Management Bureau of Binzhou City, China

ABSTRACT: The rational development of shallow underground brackish water for agricultural irriga-
tion can not only solve the problem of water shortage, but also descend the underground water level to 
reduce the soil secondary salinization hazards. In this paper, we select the Yellow River Delta as the study 
area, where freshwater is in short supply, groundwater is shallow, and the soil water and salt movement 
are active. In order to investigate the most applicable irrigation schedule with saline water (2–5g/L) for 
winter wheat in the area, a validated Finite Element Subsurface FLOW System (FEFLOW) model was 
used to evaluate the effect of various brackish water irrigation modes on soil moisture, salt balance, crop 
growth and groundwater table. The simulated results indicated that the optimal irrigation schedule of 
winter wheat was that: 1) the key time of irrigation was needed with enough saline water; 2) two times of 
irrigation were needed with saline water mixed with freshwater; 3) three or four times of irrigation were 
needed with alternate of saline water and freshwater. This paper can provide a scientific basis for reason-
able exploitation and sustainable utilization for agricultural water and soil resources in the Yellow River 
Delta.

Keywords: FEFLOW; brackish water; irrigation system; soil salinity; Yellow River Delta

 groundwater flow and contaminant transport, which 
is also widely used in groundwater environment 
numerical simulation, groundwater evaluation and 
management[2–6]. However, the FEFLOW model was 
used to simulate the dynamics of the groundwater 
table and soil salinity migration under different irri-
gation modes, and the simulation of irrigation man-
agement was less. In this paper, we select the Yellow 
River Delta as the study area, where freshwater is 
in short supply, groundwater is shallow, and the soil 
water and salt movement are active. Based on the 
FEFLOW software, the simulation model of water 
flow and solute transport numerical of Wuqi irriga-
tion district was established. Moreover, the model 
was applied to simulate the brackish water irrigation 
scheme of winter wheat, which is helpful to establish 
the appropriate brackish water irrigation mode for 
winter wheat in the Yellow River Delta.

2 MATERIALS AND METHODS

2.1 Overview of the study area

The Wuqi irrigation district is located in the north-
east of Kenli, Dongying city, Shandong province, 
east longitude 118°38′∼118°57′, north latitude 

1 INTRODUCTION

The development of poor quality water (brackish 
water and alkaline water) for irrigation has become 
an important method to solve the shortage of agri-
cultural water resources. In the Yellow River Delta, 
which belongs to the warm temperate semi-humid 
continental monsoon climate zone, the Yellow 
River water is the main water resources in the area, 
accounting for more than 90%, and the agricul-
ture mainly depends on irrigation from the Yellow 
River. In recent years, the Yellow River water has 
decreased, and the agricultural irrigation water is 
facing severe challenges. According to statistics, 
the brackish groundwater resources are rich in the 
area, and the groundwater is shallow, and also eas-
ily exploited[1]. Therefore, the development of poor 
quality water for irrigation has become an impor-
tant method to solve the shortage of agricultural 
water resources in this area.

In the late 1970s, the FEFLOW (Finite element 
subsurface FLOW system) software based on the 
finite element method was exploited by WASY 
water resources planning and Research Institute 
in Germany. The software can be used to simulate 
in a porous medium saturated and unsaturated 
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37°40′∼37°43′, the Yellow River as the boundary 
in west, north, south, and the east to the mois-
ture-proof dam. Climate change of the seasons is 
 obvious, and rainfall mainly concentrated in July 
and August, accounting for 70% of the year. The 
average annual evaporation precipitation ratio is as 
high as 3.22. The coastal saline fluvo aquic soil is 
the main type of soil type in this area. The ground-
water is shallow, mostly between 1.4 and 2.4m, and 
the average salinity is up to 32.4 g/L, thus the sea-
sonal change in the groundwater depth and salinity 
is significant.

2.2 Field sample collection and analysis

The continuous block of a relatively flat terrain 
(about 4.1km long, 1.1 to 1.6 km width, about 
520 hm2) was selected as the study area, and we 
selected three samples from the center of the study 
area, and each point was stratified sampling of 
0∼20 cm, 20∼40 cm, and 40∼60 cm, 60∼80 cm. The 
time is mid-July, late October in 2011, and mid-
January, mid-May, late September in 2013, when 
the soil moisture and salt movement are active, also 
the variation of the groundwater table is obvious.

Soil samples were sieved through a 2mm sieve 
after air-drying, and mixed with water at a 1:5 ratio, 
followed by sucking filtration and leaching extrac-
tion of soil solution. The measurement of the soil 
samples including the cation Ca2+, Mg2+, Na+, K+, 
the anion HCO3

−, CO3
2−, SO4

2−, Cl−, total salt con-
tent, conductivity and pH was made. Among them, 
the pH value was measured by PHSJ-5, conductiv-
ity by the conductivity meter DDS-307, CO3

2- and 
HCO3

− by double indicator titration, Cl− by AgNO3 
titrimetry, SO4

2− by EDTA Indirect Titration, Ca2+ 
and Mg2+ by EDTA complexometric titration, and 
K+ and Na+ by the subtraction method.

3 ESTABLISHMENT AND VERIFICATION 
OF THE MODEL

3.1 Model establishment

According to the hydrological geological condi-
tions of Wuqi irrigation district, non-confined 
aquifer can be divided into two layers: one layer 
of soil for planting; the other layer is saline aqui-
fer. Saline aquifer is set to weak aquifer, and the 
bottom is waterproof floor. The free water surface 
of phreatic aquifer was set as the upper boundary, 
which can accept infiltration recharge, river sup-
plement, and evaporation discharge. Meanwhile, 
the interception of 5m depth was set as the lower 
boundary, which is an impermeable boundary. The 
study area can be generalized as the groundwater 
flow system of non-steady homogeneous, iso-
tropic horizontal direction. Therefore, FEFLOW 

 software was applied to the Wuqi irrigation dis-
trict to conduct the unsaturated and saturated flow 
numerical simulation in the paper.

1. Area partition
The study area was divided into 107052 grids 
by the automatic triangulation principle of 
FEFLOW software, also into 73564 grid nodes 
(Fig. 1). Owing to the study area and land use 
types being single, besides the observation hole 
on the network nodes, there were no local fea-
tures encrypted.

2. Stress period
The simulation period of the numerical model 
from January to December in 2010, a full calen-
dar year, was divided into 12 stress periods, with 
each stress period corresponding to a month. At 
each stress period, the balance items, including 
recharge and discharge input conditions, do not 
change, with January as the initial flow field of 
the model, and December as the terminal flow 
field.

3. The model parameters and input items
 Rainfall infiltration replenishment, calculated 
by the infiltration replenishment coefficient 
method.

Rp = αPe; Pe = βP (1)

where Rp is the quantity of rainfall infiltration 
replenishment, mm; Pe is the effective rainfall, 
mm; α is the coefficient of rainfall infiltration 
replenishment, taken as 0.2; β is the effective 
utilization coefficient, when the rainfall is less 
than 5mm, β is 0, when the rainfall is larger 
than 5mm, β is 0.8; and P is the rainfall.

 The irrigation infiltration replenishment. 
 Irrigation mainly depends on the Yellow 
River, and flooding irrigation is the tradi-
tional irrigation method. The irrigation time 
is from March to April when winter wheat 
is at the reviving stage and jointing stage. 
 Furthermore, autumn irrigation is carried out 

Figure 1. Grid partition graph of Wuqi irrigation 
district.
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during harvest to freezing for salt leaching 
and moisture conservation of soil, usually in 
mid to late November. Referring to previous 
research results, the irrigation replenishment 
coefficient is 0.5.

 Groundwater evapotranspiration is calculated 
by the groundwater evapotranspiration coef-
ficient method as follows:

E = CE0 (2)

where E is the groundwater evapotranspira-
tion of the quaternary pore aquifer; C is the 
groundwater evapotranspiration coefficient 
and E0 is the water surface evaporation.

The soil layer of the area is single, so we 
take the average of various depths as the 
groundwater evapotranspiration coefficient. 
It is ignored when the groundwater depth is 
more than 2.5m. Calculation of the ground-
water evapotranspiration coefficient with dif-
ferent groundwater depths and crops cover 
conditions are presented in Table 1.

 Solute transport parameters
Selecting the total salinity as a typical pollu-
tion ion, all inflow boundaries are given con-
centration values. At the same time, due to 
low salinity of surface water and groundwater 
for irrigation, we deal with the net recharge 
solute concentration in the model. Solute 
transport parameters include the retarda-
tion factor Rf, the decay coefficient λ and the 
hydrodynamic dispersion coefficient D. The 
simulation object is salt, which is composed 
of chemical group that can easily migrate and 
has no porous medium solid phase adsorp-
tion, so Rf is 1 in the model, and there is no 
attenuation in the salt migration process, so 

λ is 0, and the mechanical dispersion is much 
smaller than the mechanical dispersion, so D 
can be ignored.

 Aquifer characteristic parameters
In the model, the aquifer characteristic param-
eters include the permeability coefficient and 
the specific yield, which referred to the existed 
pumping test parameters in the Yellow River 
irrigation district.

3.2 Model verification

1. The simulation of groundwater table
In order to identify the hydrogeological condi-
tions, adjustment is made for the hydrogeologi-
cal parameters, supply and drainage items, and 
fitting the groundwater dynamic process. The 
supplements of the model are rainfall and irri-
gation infiltration replenishment, while ground-
water evapotranspiration and drainage are 
the major discharge parameters. We select the 
groundwater table dynamic process from Janu-
ary to December 2010 as the simulation object 
for the validation of the model (Fig. 2). Accord-
ing to the significance testing of the groundwa-
ter table between the simulated value and the 
observed value, the model has a significant cor-
relation at the level of P = 0.05; therefore, the 
simulation model can fit the hydrogeological 
conditions of the study area.

Table 1. The statistics of the groundwater evapotran-
spiration coefficient.

Month

Depth/m

0.5 1 1.5 2 2.5 Average

September 0.75 0.59 0.56 0.38 0.21 0.5
October 1.1 0.77 0.53 0.17 0.06 0.53
November 0.66 0.56 0.53 0.42 0.29 0.49
December 0.78 0.59 0.42 0.25 0.2 0.45
January 0.78 0.59 0.42 0.25 0.2 0.45
February 0.78 0.59 0.42 0.25 0.2 0.45
March 0.52 0.42 0.31 0.16 0.11 0.3
April 1.74 1.6 1.07 0.51 0.43 1.07
May 1.86 1.98 1.71 1.1 1.08 1.55
June 0.45 0.45 0.44 0.24 0.3 0.38
July 1.28 1.04 1.02 1.09 0.35 0.96
August 1.28 1.04 1.02 1.09 0.35 0.96

Figure 2. Simulation of the groundwater table dynamic 
process.

Figure 3. Simulation of soil moisture and soil salt 
content.
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2. The simulation of solute transport
In the solute model, dynamic terms included 
irrigation infiltration, rainfall infiltration, salt 
exclusion, and groundwater evapotranspira-
tion. Owing to the different concentrations of 
dynamic terms in each period in the area, we 
took the initial leaching concentration of soil 
moisture and salt content of 0–80cm measured 
in July 15, 2011 as the initial term, and the sim-
ulation and identification of the solute model 
in October 30, 2011 (Fig. 3). From the overall 
perspective, the soil moisture and salt content 
values of the simulation are consistent with the 
measured value, and the significance testing 
shows that the simulated and measured values 
are significantly correlated at the P = 0.01 level, 
which suggest that the model is reliable and the 
parameters are reasonable. So, the model can be 
used to simulate the water and salt dynamic of 
long sequence.

4 SIMULATION OF BRACKISH WATER 
IRRIGATION MODE FOR WINTER 
WHEAT

4.1 Proposed irrigation scheme

Generally, there are five technical indices in the for-
mulation of the brackish water irrigation system, 
respectively:  the irrigation water salinity is less 
than 5g/L;  perfect field drainage engineering; 

 each net irrigation is more than 750m3/hm2;  
irrigation frequency is 2 to 3 times;  irrigation 
for wheat after the jointing stage. The investigation 
showed that the existing irrigation mode in Wuqi 
irrigation district can meet the five technical indices.

According to the existing irrigation system for 
winter wheat, combined with the freshwater from 
the Yellow River (salinity is less than 1g/L) and 
local brackish groundwater (salinity is 2 to 5g/L), 
three kinds of irrigation scheme were designed 
(Table 2). Scheme 1 includes seeding to overwinter-
ing irrigation water from the Yellow River, turning 
green to jointing irrigation of local brackish water; 
scheme 2 includes “two freshwater and one saline 
water” (seeding to wintering, jointing to  heading 

stage irrigation water from the Yellow River, reviv-
ing to jointing stage irrigation of local brackish 
water), “one freshwater and two saline water” 
(only in seeding to wintering irrigation water of the 
Yellow River); scheme 3 include “alternative irri-
gation of freshwater and saline water” and “irriga-
tion of freshwater and saline water,  respectively”. 
In addition to scheme 1, jointing stage irrigation 
quota is 1200m3/hm2; the other irrigation quota is 
750 m3/hm2. The solute transport model can simu-
late and forecast the soil salinity of the brackish 
water irrigation system, which can help to deter-
mine the optimal brackish water irrigation mode 
in the research area.

4.2 Analysis of the simulation results

We took the suitable soil salt content (seedling 
stage was 0.2%, from the jointing to filling stage 
was 0.6%) as the reference standard, and the aver-
age soil salt content of 0–80cm layer was simulated 
under different brackish water irrigation modes. 
As shown in Figure 4, the green line (late May) is 
the mature period of winter wheat, and the black 
line (salt content 0.6%) represented the limited soil 
salt content in the winter wheat growth period. As 
can be seen, the soil salt content can maintain a 
suitable growth level in the growth period under 
the irrigation mode of Scheme 1, Scheme 2.1 and 
Scheme 3.1. However, in the brackish water irri-
gation from the wheat jointing to heading stage, 
as carried out in Scheme 2.2 and Scheme 3.2, the 
soil salt content exceeded the crop salt tolerance, 

Figure 4. Soil salinity simulation under saline water 
irrigation.

Table 2. Proposed irrigation scheme for winter wheat.

Irrigation 
scheme

Seeding to 
wintering Reviving stage

Jointing to 
booting

Heading to 
filling

Scheme 1 Freshwater Brackish water
Scheme 2.1 Freshwater Freshwater Brackish water
Scheme 2.2 Freshwater Brackish water Brackish water
Scheme 3.1 Freshwater Brackish water Freshwater Brackish water
Scheme 3.2 Freshwater Freshwater Brackish water Brackish water
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which will lead to winter wheat reduction or death. 
Therefore, it is determined by the winter wheat soil 
salt tolerance that the three irrigation modes are 
conducive to winter wheat growth, including one-
time irrigation filled with brackish water in the 
key stage, irrigation of brackish water mixed with 
freshwater, and alternative irrigation of brackish 
water and freshwater.

5 DISCUSSION AND CONCLUSION

1. Based on the FEFLOW software, the model 
of water flow and solute transport numerical 
of Wuqi irrigation district was established, and 
the model parameters were calibrated and veri-
fied by the experimental data of winter wheat in 
this area. The significance testing showed that 
the simulated and measured values are signifi-
cantly correlated, which suggest that the model 
is reliable and the parameters are reasonable; 
therefore, the model can be used to simulate the 
water and salt dynamic of long sequence in the 
Yellow River Delta.

2. We applied the model to simulate the ground-
water table and soil salt content under differ-
ent brackish water irrigation modes. Three 
irrigation modes are conducive to winter wheat 
growth in this area, including one-time irriga-
tion filled with brackish water in key time, irri-
gation of brackish water mixed with freshwater, 
and alternative irrigation of brackish water and 
freshwater.

3. Freshwater can be saved when brackish water is 
used; however, the soil cannot receive sufficient 
leaching, and the salt will accumulate in the root 
layer after several years, which will cause irre-
versible soil secondary salinization.  Therefore, 
in order to maintain soil fertility, when the 
brackish water irrigation mode is used after 3 to 

5 years, it is necessary to flush the soil by fresh-
water from the Yellow River.
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Seepage analysis of human earth-rock dam during a flood
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ABSTRACT: Human Reservoir encountered the design flood of 100 years return period after operating 
five years on the basis of the dam reinforcement. As a result, the dam operates safely. The seepage field 
evolution of the dam core wall is investigated through analyzing the observational data of seepage behav-
ior for the earth-rock dam during the flood. The anti-seepage effect of the core wall encountering the 
flood is evaluated according to the water level of several typical cross sections of the dam. And the seepage 
behavior for the dam under different loads is analyzed by using finite element numerical computation. The 
results indicate the seepage behavior of the dam is safe. However, several weak links in the seepage safety 
control of the dam are pointed out. The research provides guidance for the safety operation and manage-
ment of such type of reservoir dams during a flood.

Keywords: earth-rock dam; flood; seepage; observational data; finite element analysis

with a precipitation of 255.3 mm on that day. The 
water level of the reservoir increased dramatically. 
The water level was 20.90 m at 14:30 on 26 July, 2010 
and was 21.30 m at 00:30 on 27 July, 2010. Then the 
water level was only 0.67 m away from the design 
flood level (21.97 m). At 02:30 on 27 July, 2010, the 
water level of the reservoir reached the maximum 
value 21.41 m and later returned to the normal. At 
05:10 on 27 July, 2010 the water level was 21.37 m 
and then came back to 20.26 m on 28 July, 2010.

3 THE OBSERVATIONAL DATA 
OF SEEPAGE

3.1 Dam seepage behavior before the flood

The time series of seepage pressure informa-
tion before the flood can be seen in Figure 1 and 
Figure 2.

1. The reservoir water level is the main factor to 
influence the dam seepage pressure. The seep-
age pressure increases with a higher reservoir 
water level and vice versa.

2. From the arrangement of the piezometers, those 
piezometers set up before the core wall have bet-
ter correlation with reservoir water level, and they 
almost change synchronously. For instance, the 
measured piezometer values in U1-1A, U1-2A 
and U1-3A, which set at elevation 15.00 m 
with a spacing of 9.5 m, have high correlation 

1 INTRODUCTION

Human Reservoir (Xiang, Y. & Liu, C.D. 2012) 
locates in the east of Wenling City, China, which 
is a medium reservoir with multiple utilizations: 
mainly for water supply, but also for irrigation, 
hydropower and aquaculture. The design flood 
of the reservoir is a hundred year return period and 
the check flood is a thousand year return period. 
The total reservoir capacity is 3.453 × 107 m3. The 
reservoir project is consisting of the dam, spillway, 
drainage culvert, tunnel and power plant. The 
dam is a loess core dam with a dam crest length of 
206.0 m and the maximum height of 20.60 m. The 
clay core wall crest has an elevation of 23.50 m and 
the width of 3 m. The width is 5 m at the elevation 
of 17.50 m and below that elevation, the upstream 
face of core wall has a slope of 1:2 and the down-
stream face has a slope of 1:1.5. The rest outside 
the core wall of the dam is sandy loam.

2 THE FLOOD

The reservoir dam after the reinforcement in 2005 
has served for many years and met a flood in July, 
2010. The water level in reservoir on 15 May, 2010 
was 20.66 m and the rain started in reservoir area 
from 21 July, 2010. The water level reached 19.97 m 
on 24 July, 2010 while the normal water level was 
20.47 m. Heavy rainfall happened on 26 July, 2010 
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coefficients about 0.90 with the reservoir water 
level (measurements of pressure in three points 
can be seen in Fig. 1). However, the values have 
little variation of those piezometers which set 
close to the dam downstream, indicates a low 
correlation with the water level in reservoir. For 
instance, the measure point U3 has a rough con-
stant value of 8.00 m and U4 has a unchanged 
value of 5.00 m, they are not related to the res-
ervoir water level, which shows the anti-seepage 
system works well for the entire dam.

3.2 Dam seepage behavior during the flood

The precipitation was 255.3 mm on 26 July 2010, 
and at 2:30 on 27 July 2010, the reservoir water 
level reached 21.41 m, which was the highest water 
level in the history. This changing of water level 
can be seen in Table 1.

3.2.1 Reservoir water level
3.2.2 Cross section of 0+070.00 m
The variation of measured piezometer values at 
dam cross section of 0+070.00 m can be read in 
Table 2.

3.2.3 Cross section of 0+110.00 m
The variation of measured seepage behavior at 
the cross section of 0+110.00 m can be seen from 
Table 3.

3.2.4 Cross section of 0+150.00 m
The variation of measured seepage behavior at 
0+150.00 m cross section is shown in Table 4.

As can be seen from the variations of seepage 
behavior inside the core wall (Table 2–Table 4), the 
reservoir water level increased 0.51 m within two 
days (26 July 2010 to 27 July 2010) and reached 
the maximum water level of 21.41 m, which 

Figure 1. Time-series of measured pressure at U1-1A, U1-2A and U1-3A in front of diaphragm wall.

Figure 2. Time-series of measured pressure at U3-1B, U3-2B and U3-3B behind diaphragm wall.

Table 1. Variation of reservoir water level during the flood in July 2010.

Item Time and date Reservoir water level (m) Comment

1 14:30, 26 July, 2010 20.90 m Normal water level: 20.47 m.
Design flood level with a hundred 

year return period: 21.97 m.
Check flood level with a thousand 

year return period: 22.67 m.

2 00:30, 27 July, 2010 21.30 m (0.67 m below the design flood level)
3 02:30, 27 July, 2010 21.41 m (0.56 m below the design flood level)
4 05:10, 27 July, 2010 21.37 m (0.60 m below the design flood level)
5 08:10, 28 July, 2010 20.26 m
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Table 2. Measured piezometer values at 0+070.00 m dam cross section during the flood (units: m).

Item Time and date

Dam body Dam foundation

Before 
core wall

Inside 
core wall

Behind 
core wall

Dam 
heel

Before 
key wall

Behind 
key wall

U1-1A U2-1A U3-1A U4-1A U1-1C U3-1B

1 8:30, 26 July 2010 19.74 14.92 8.67 3.66 11.12 5.54
2 20:20, 26 July 2010 20.23 15.06 8.76 3.87 11.33 5.64
3 0:30, 27 July 2010 20.42 15.22 8.77 3.93 11.43 5.66
4 2:35, 27 July 2010 20.52 15.58 8.78 3.95 11.46 5.65
5 9:10, 27 July 2010 20.62 15.59 8.78 3.99 11.46 5.63
6 15:50, 27 July 2010 20.48 15.59 8.78 3.98 11.44 5.6
7 16:15, 28 July 2010 19.86 15.33 8.74 3.8 11.23 5.54

Table 3. Measured piezometer values at 0+110.00 m dam cross section during the flood (units: m).

Item Time and date

Dam body Dam foundation

Before 
core wall

Inside 
core wall

Before 
core wall

Inside 
core wall

Before 
core wall

Inside 
core wall

U1-2A U2-2A U3-2A U4-2A U1-2C U2-2B

1 8:30, 26 July 2010 19.78 14.08 7.95 4.88 15.78 5.12
2 20:20, 26 July 2010 20.30 13.96 8.14 5.21 16.19 5.16
3 0:30, 27 July 2010 20.47 13.95 8.25 5.32 16.37 5.25
4 2:35, 27 July 2010 20.58 13.96 8.27 5.36 16.40 5.37
5 9:10, 27 July 2010 20.51 14.00 8.13 5.46 16.00 5.28
6 15:50, 27 July 2010 20.53 13.95 8.06 5.49 16.18 5.30
7 16:15, 28 July 2010 19.89 13.95 7.94 5.21 15.88 5.34

Table 4. Measured piezometer values at 0+150.00 m dam cross section during the flood (units: m).

Item Time and date

Dam body Dam foundation

Before 
core wall

Inside 
core wall

Before 
core wall

Inside 
core wall

Before 
core wall

Inside 
core wall

U1-3A U2-3A U3-3A U4-3A U1-3C U3-3B

1 8:30, 26 July 2010 19.73 15.71 7.94 4.19 18.98 5.91
2 20:20, 26 July 2010 20.12 15.73 8.15 4.43 19.48 6.19
3 0:30, 27 July 2010 20.26 15.73 8.24 4.49 19.67 6.33
4 2:35, 27 July 2010 20.35 15.72 8.25 4.49 19.76 6.37
5 9:10, 27 July 2010 20.51 15.72 8.16 4.54 19.66 6.42
6 15:50, 27 July 2010 20.44 15.72 8.25 4.54 19.46 6.69
7 16:15, 28 July 2010 19.93 15.71 8.03 4.43 19.01 6.10

was only 0.41 m below the design flood level 
(21.97 m). The water levels inside the core walls 
of 0+070.00 m, 0+110.00 m and 0+150.00 m cross 
sections increased by 0.61 m, 0.04 m and 0.01 m 
respectively. There was little variation of water 
level behind the core wall, with a difference smaller 

than 0.10 m usually. Under the influence of dia-
phragm wall in dam (Fig. 3 to Fig. 5), the three 
piezometer values at U1-1A, U1-2A and U1-3A, 
which in front of the diaphragm wall, have high 
values and the values are close to reservoir water 
level. However, the piezometer readings reduce 
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a lot after the diaphragm wall. For instance, the 
remain water heads after diaphragm wall are about 
27.49%, 17.46% and 21.45% at dam cross sections 
of 0+070.00 m, 0+110.00 m and 0+150.00 m. The 
anti-seepage effect from the diaphragm wall is sig-
nificant and it works even better in 0+110.00 m 
cross section than any other cross sections.

4 STABILITY ANALYSIS ON SEEPAGE

4.1 Computation domain and 
permeability coefficients

The computation domain is chosen at dam cross 
section 0+110.00 m. The assignments of materi-
als and finite element mesh for the computational 
domain can be seen in Figure 6.

The inversion algorithm (Xu, H. et al. 2013; 
Zhang, H.H. 2014;) is used to calculate param-
eters based on the observed seepage information 
of Human Reservoir dam. The high values of  pie-
zometers at cross section of 0+136.00 m on 27 July 
2010 are selected for computation, with the cor-
responding reservoir water level is 21.41 m. The 
observed data of osmometers from 0+110.00 m 
cross section on that day is used as a reference. The 
measured values of  dam piezometers and osmom-
eters are listed in Table 5. The initial permeability 
coefficients for the dam computational domain are 
obtained from the geological survey information 

and the values of  coefficient are listed in Table 6. 
The computational results and field measurements 
are compared in Table 5 and the permeability coef-
ficients after the adjustment using inverse calcula-
tion are shown in Table 6.

4.2 Numerical simulation for seepage 
behavior during the flood

The simulated operating condition for the dam 
seepage behavior during flood is shown as follow. 
The steady seepage under the design flood level 
21.97 m with the corresponding downstream water 
level.

The finite element model is adopted and shown 
in Figure 6 and the permeability coefficients 
obtained using the inverse calculation (shown in 
Table 6) are applied to the model. Some calculated 
dam seepage parameters during a flood are listed 
in Table 7.

As can be seen from the calculated results 
in Figure 6 and Table 7, the maximum seepage 
gradients in the different sections of  reservoir 
dam during a flood are all smaller than their 
allowed values in gradient. The dam will remain 
safety running without any seepage damage. 
However, due to the limitation of  width in dam 
core wall with a minimum value of  3.0 m, the 
anti- seepage effect is limited in high water level 
and the core wall will not be able to reduce the 

Figure 4. The 0+110.00 m cross sectional saturation line during the flood on 27 July, 2010.

Figure 5. The 0+150.00 m cross sectional saturation line during the flood on 27 July, 2010.

Figure 3. The 0+070.00 m cross sectional saturation line during the flood on 27 July, 2010.
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seepage pressure significantly. Furthermore, 
the permeability coefficient is small in the dam 
downstream sandy loam, which is not good for 
draining the seepage water and thus leads to a 
high value of  saturation line in the downstream 
slope of  dam. Last but not least, the bottom 

elevation of  wave wall constructed using mortar 
rubbles is higher than the crest elevation of  core 
wall in dam, which means the wave wall have no 
close contact with the dam anti-seepage system, 
and this introduces one more potential risk in 
seepage control.

Figure 6. Finite element meshes in the computational domain.

Table 5. The measured piezometer values and inverse calculated results in the computational domain (units: m).

Item Piezometer/osmometer readings

Measure point U1-2A III-1 III-3 U2-3A III-4 III-5 III-6 U3-2A III-7 III-8 U4-2A

Distance away 
from dam axis

−9.5 −7.0  3.0  4.5  8.0 12.0 27.0 33.0 42.0 52.0 86.6

Measured values 20.58 21.45 19.21 15.73 17.39 13.12 10.78  8.27  8.00  6.39 5.49
Calculated values / / / 15.69 / 13.29 10.39  8.84  7.74  6.59 5.71

* Note: The U2–3A piezometer is chosen with higher reading for U2.

Table 6. The inverse calculated permeability coefficients for each materials in the computational domain 
(units: cm/s).

Item Material zone

Initial permeability 
coefficients

Inverse calculated 
permeability coefficients

kx ky kx ky

1  Sandy loam in dam body 1.55 × 10−4 1.55 × 10−4 5.72 × 10−4 8.43 × 10−4

2  Core wall in dam body 7.62 × 10−5 6.34 × 10−5 6.72 × 10−5 4.43 × 10−5

3  Silt clay in foundation 2.58 × 10−6 6.39 × 10−7 2.61 × 10−6 1.37 × 10−6

4  Silt sand gravel in foundation 5.00 × 10−4 5.00 × 10−4 5.00 × 10−4 5.00 × 10−4

5  Silt clay in foundation 8.55 × 10−7 1.28 × 10−7 8.55 × 10−7 1.28 × 10−7

6  Silt sand gravel in foundation 4.50 × 10−4 4.50 × 10−4 4.50 × 10−4 4.50 × 10−4

Figure 7. The dam seepage equipotential lines from numerical simulation during the flood.
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5 CONCLUSIONS

The seepage field evolution of Human reservoir 
dam is investigated through analyzing the observa-
tional data of seepage behavior for the earth-rock 
dam during a flood. And the anti-seepage effect of 
the core wall encountering the flood is evaluated 
according to the water level of several typical cross 
sections of the dam by using finite element numeri-
cal computation. The results indicate the seepage 
behavior of the dam is safe. However, several weak 
links in the seepage safety control of the dam are 
pointed out.
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Review and prospect of urban storm water simulation technology
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ABSTRACT: Urban flood disaster in China is becoming a serious problem caused by the rapid urbani-
zation and global climate change. It has aroused widespread attention from all sectors of society. Urban 
storm water simulation is an important technical support for urban storm water management. In this 
paper, features, applicability and limitations of calculation methods for runoff generation and flow con-
centration, and main urban storm water simulation models are introduced and reviewed. Finally, the 
shortcomings and future challenges in urban storm water simulation research in China are pointed out.

Keywords: urban flood disaster; storm water simulation; GIS

Urban storm water simulation is an impor-
tant technical support for urban storm water 
management. Its stability, accuracy, and efficiency 
is directly related to the effectiveness of urban 
flood control and disaster mitigation. In allusion 
to urban storm flood simulation technology, the 
paper reviewed the research achievement in recent 
years and commented on it. The paper set forth the 
main features, applicability and limitations of vari-
ous simulation technology and different simulation 
models. Finally, the paper pointed out the difficulties 
and challenges China faced in the urban storm water 
simulation research and looked forward to the devel-
opment direction of urban storm water simulation.

2 CALCULATION OF RUNOFF 
GENERATION AND FLOW 
CONCENTRATION

According to long-term observation and research, 
scholars at home and abroad usually conclude 
urban runoff generation and flow concentration 
in three aspects, which include urban storm water 
runoff generation calculation, land surface flow 
concentration calculation and drainage system 
flow concentration calculation. Table 1 shows dif-
ferent aspects of urban storm water calculation.

It is relatively simple to calculate the runoff 
generation in impervious area. It is about equal 
to the precipitation minus the preliminary loss 
of depressions fill hollow, interception by plants 

1 INTRODUCTION

Urbanization is an important sign of development 
of human society. With the change of global cli-
mate and the rapid development of urbanization, 
a series of significant changes happened in the 
natural environment, ecosystems and hydrologi-
cal characteristics of the city area and the nearby 
area. Thus, there are a series of urban hydrologi-
cal problems, which are different from natural river 
basin. These problems can be mainly expressed as 
follows.

1. The increase of impervious area reduced the 
regional storage capacity and the precipita-
tion loss resulted by infiltration. All of above 
let runoff generation happen ahead of time, 
reduce flow concentration detention storage 
time, increased the total amount of runoff and 
heightened the peak flow runoff. Runoff gen-
eration was uneven and behaved scary ups and 
downs along with time. Meanwhile, the speed of 
flow increased so that the content of suspended 
matter and pollutant increased.

2. Urban landscape features are complex, all kinds 
of buildings, streets and squares spread all over 
the place. The constant changes of urban land-
scape made the runoff generation and flow 
concentration mechanism extremely complex. 
Therefore, the calculation of runoff generation 
and flow concentration in urban area is more 
difficult than that in natural river basin.
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and surface evaporation. Depending on differ-
ent starting points, there are a lot of methods to 
calculate runoff generation in flooded area, such 
as runoff coefficient method, infiltration formula 
method, SCS method, etc.

Land runoff confluence calculation includes two 
aspects, hydrological models and hydrodynamic 
models. Hydrological method is easy to calculate, 
but the physical mechanism is not clear yet, so that 
it has great limitation. For instance, the traditional 
reasoning only concerns on peak flow which can’t 
reflect the process of storm water flow; area-time 
method is more difficult when we divide the land 
runoff confluence calculation; unit line method 
teaches a large dependence of the measured data 
and is not easy to calculate flow duration curve; lin-
ear reservoir method does not consider non-linear 
characteristics and the result is not reliability; 

nonlinear reservoir method has relatively high 
computational accuracy. Compared with hydro-
logical method, hydrodynamic method can provide 
more detailed urban storm water surface unsteady 
flow process. However, hydrodynamics models 
need more accurate boundary, parameters (rough-
ness, slope, etc.), initial conditions and boundary 
conditions. Therefore, hydrodynamic method has 
greater difficulty in practical applications.

Drainage system Runoff convergence calculation 
includes hydrological method and hydrodynamic 
method. Hydrological method has many types, such 
as Muskingum method, unit-line method, reservoir 
adjustment algorithm, etc. But these methods are 
simplified methods so that the applicable ranges are 
limited. Hydrodynamic method includes complete 
dynamic wave method, diffusion wave method and 
kinematic wave method. Among these methods, 

Table 1. Urban storm water runoff generation and concentration calculation methods.
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diffusion wave method and kinematic wave method 
are simplifications of the Saint- Venant equations 
on the basis of certain assumptions. We can use 
corresponding methods according to the specific 
circumstances in a practical application. For exam-
ple, we can use kinematic wave method when the 
slope of pipelines and canals is steep or the down-
stream backwater effect is small. When it is required 
to consider a variety of flow patterns coexist, pres-
sure flow, backflow and so on, complete dynamic 
wave equation can be used.

3 URBAN STORM WATER SIMULATION

Study on urban storm water models started ear-
lier overseas. American and European developed 

countries began to develop urban storm water 
model since the sixties of the last century. The 
purpose is to meet the requirement of urban flood 
control and drainage, environmental governance 
and storm water management. There are hundreds 
of urban storm water models so far. Table 2 shows 
some wide-used and typical models.

These models are mainly concentrated in urban 
areas, including both simple conceptual models and 
complex physical models. They also include statisti-
cal analysis models and deterministic models. With 
the expansion of urban area and significant changes 
in global climate, urban hydrologic study should 
not be limited to urban areas. We should consider 
the interaction and interconnection between urban 
area and natural area. Therefore, three is still great 
limitations in the range of the application.

Table 2. Main urban storm water models.
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4 CONCLUSION AND OUTLOOK

In recent years, it has made considerable progress 
in the theory and practice of urban storm water 
models and built a relatively complete model 
framework and technical solutions. Compared with 
foreign mature technology, Chinese urban storm 
water simulation still faces many challenges and 
difficulties and needs to strengthen the research 
work in the following areas.

1. Strengthen the research on urban runoff gen-
eration and flow concentration mechanism. 
Through experiments and model simulation, 
analyzing the rule of urban runoff genera-
tion and flow concentration and responding 
mechanism, especially analyze the influence 
impervious surface distribution made on runoff 
generation and flow concentration.

2. Strengthen the research on urban hydrology 
and hydrodynamic coupling model. Consider 
the ease and speed of hydrological method 
with the accuracy of hydrologic method. 
Through theoretical research, experimental 
analysis and numerical simulation, establish-
ing a fully functional urban storm water mode 
to achieve a whole process simulation of two-
 dimensional coupling, surface groundwater 
coupling and quantity and quality coupling.

3. Build a distributed database of time and space 
for storm water information. Establish and per-
fect urban storm flood monitoring system to 
achieve all-round, multi-angle monitor.

4. Carry out research on multi-source information 
coupling technology, approaching quantitative 
precipitation forecast and data assimilation 
techniques. Get the integration of GIS spatial 
analysis and visualization function. Gradually 
build urban rain flood real-time simulation and 
forecasting warning scientific decision support 
system.
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Analysis on the right abutment stability of Gomal Zam Dam against 
sliding

X.E. Xu & H.Y. Fang
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ABSTRACT: The stability of  the right abutment against sliding is one of the critical issues for the 
Gomal Zam Dam Project due to the existence of Faults F2 and F3. A FEM-LEM approach, which 
combines the Finite Element Method (FEM) and the traditional Limit Equilibrium Method (LEM), 
is adopted to assess the abutment stability. First, the deformations and stresses of  the dam and its 
foundation/abutments are calculated using 3-D FE models. Then, the overall stability of  the right 
abutment is assessed using the LEM based on the results of  FEM stress computations. Since the FE 
model may or may not include the concrete replacement works for the faults, the effects of  the proposed 
treatment measures are evaluated.

Keywords: curved gravity dam; stability against sliding; FEM-LEM approach; Gomal Zam Dam Project

2 GENERAL GEOLOGY

The Gomal Zam Dam was designed to be a curved 
RCC gravity dam, having a maximum dam height 
of 133 m. The dam site is located at the west-wing 
of the short-sleeved fold, where it is carbonatite, 
sandy and clayey shale of the Jurassic System, 
showing a monoclinal structure with localized small 
folds. The general striking of the rock stratum is 
NW320∼350°, and dips southwesterly at an angle 
of 30∼70°. The main geological structures include 
faults, joints/fissures, beddings and bedding shear 
zones, among which Faults F2, F3 and F13 on the 
right bank are of significance to the project.

As shown in Figure 1, Fault F2 generally trends 
NE55°∼70° dipping northwesterly at an angle of 
87°, 0.01∼1.1 m wide, being filled with mylonite, 
breccia and clastic rock, brown colored, argilla-
ceous cemented. Fault F3 strikes NE45° dipping 
northwesterly at an angle of 80°, 0.01∼0.6 m wide, 
being filled with breccia and clastic rock, with 
horizontal slickenside. Fault F13 generally trends 
NW320°∼345° dipping northeasterly at an angle 
of 68°, 0.60 m wide, being filled with mylonite, bre-
ccia, and clayey material, clayey calcium cemented, 
with slickenside.

As shown in Figure 2, joints/fissures are well 
developed in the right abutment, mostly in the 
pattern of 5 joint sets:  NW313°/NE∠54°; 

 NW285°/NE∠76°;  NE42°/SE∠82°;  NE40°/
NW∠75°; and  NE66°/SE∠81°. The openness 
of joints is typically less than 3 mm, mostly filled 
with rock fragments and calcite coating, some with 

1 INTRODUCTION

The Limit Equilibrium Method (LEM) is still 
one of the main methods for assessing the sliding 
stability of dam abutments, and has gained wide 
popularity in practice. Much experience has been 
accumulated, and applicable safety assessment 
criteria have been established. Although LEM is 
simple, it provides no direct information regarding 
deformations of the abutments, and the effects of 
other contributing factors and interaction of the 
dam and the foundation/abutments could hardly 
be realistically considered, which can be ade-
quately considered and modeled in FE. Thus, the 
FEM-LEM approach can make the analysis more 
applicable to the reality, and the result can be easily 
understood and adopted.

In the present study, the basic steps for assess-
ing the sliding stability of  the right abutment 
by using the FEM-LEM approach are as fol-
lows.  Define a sliding block/wedge based on 
the geological conditions in the right abutment. 

 Compute stresses in the dam and its abutments 
by using the FE program ANSYS. It may also 
include or not include the concrete replacement 
works in the right abutment depending on the 
purpose of  the analysis.  Calculate the factor 
of  safety for sliding of  an assumed sliding wedge. 

 Compare the calculated value of  the factor 
of  safety for sliding with the required values 
specified in the relevant code to assess the stabil-
ity of  the assumed sliding wedge and the right 
abutment.
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argillaceous film. A certain number of the joints/
fissures dip at an angle of 10∼30°, but generally 
occur in random form and stretch over a short dis-
tance as observed in adits and excavation pit.

3 FEM MODEL

The Gomal Zam Dam is a curved gravity dam, 
with a downstream slope of  1:0.6 and a base 
thickness of  78 m. The dam along the thick-
ness direction is divided into 8 layers of  element. 

The volume of  the foundation included in the 
FE model to account for the flexibility effects of 
the foundation rock was selected based on the 
experience, the geological conditions at the dam 
site, and the purpose of  the analysis. As shown 
in Figure 3, the foundation range included in the 
FE model is 195 m wide for the left bank, about 
1.5 times of  the dam height, and 271 m wide for 
the right bank, about 2.0 times of  dam height. As 
the sliding stability of  the right abutment in the 
upstream-downstream direction is to be checked, 
and Fault F13 is located near the dam heel and 
therefore weakens the restraint of  upstream rocks 
to the right abutment, the model extends for 183 m 
upstream and 300 m downstream. In the vertical 
direction, 133 m, 1 time of  the dam height, thick-
ness of  the rock beneath the dam foundation is 
included in the FE model.

In the FE model for the computation 
(Figs. 3 and 4), the geometry of the dam and its 
foundation/abutments, major zoning of rocks, 
major faults in the right abutment, such as F2, F3 
and F13, and treatment works for the faults are 
taken into consideration. The origin of the FE grid 
is located at the bottom center of the central canti-
lever, its X axis is parallel to the dam axis with the 
positive direction pointed from the right bank to 
the left bank, its Y axis is perpendicular to the dam 
axis with the positive direction pointed from the 
downstream to the upstream, and its Z axis is ver-
tical with the positive direction pointed upwards. 
The model is composed of 476828-node solid ele-
ments for the dam body and the rocks, 58324-node 
surface to surface contact elements for the major 
faults, slip surfaces and the joints between the arch 
and the concrete thrust blocks.

The bottom face of the model, as shown in 
 Figure 3, is considered to be fixed in the x, y, 

Figure 1. Horizontal section at El.690 m.

Figure 2. Pole diagram of joints.

Figure 3. FE grid for dam and foundation.
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and z directions. And all other ends (left/right ends 
and upstream/downstream ends) are considered to 
be pinned.

4 SELECTION OF FAILURE WEDGE

4.1 Bottom slip surfaces

As disclosed by geological mapping, the major joint 
sets and shear zones at the right abutment are of 
steep angles, and the gentle joints/fissures (dipping 
at an angle of not larger than 30°) only occur in ran-
dom form and stretch over a short distance. They 
are less likely to form potential bottom slip surfaces. 
Meanwhile, based on the results of the FEM stress 
computations, the results of the point safety factor 
method show that the minimum values of the safety 
factor against sliding at El.690 m and 660 m are less 
than the specified value. Thus, the horizontal plane 
cut at El.690 m and 660 m is, respectively, assumed 
as the bottom slip surface, along which the shear 
strength is that of the rock mass.

4.2 Lateral slip surfaces

It is found that two steep faults (labeled F2 and 
F3) and three steep joint sets run sub-parallel to 
the river flow in the right abutment. As the sta-
tistics show, the continuity rate of joints is only 
about 20%, while the extension of Faults F2 and 
F3 can intersect downstream river banks to form 
the exposed or free face. Given the compositions 
and thickness of faulted zones, indicating that the 
shear strength of the jointed rock mass is much 
higher than that of the faults, the potential sliding 
failure can only occur along the weaker Faults F2 
and F3.

5 PHYSICAL AND MECHANICAL 
PARAMETERS

Physical and mechanical parameters of the con-
crete, rock masses and faults are listed in Table 1 
and Table 2.

6 STABILITY ANALYSIS OF THE RIGHT 
ABUTMENT

The basic loads are mainly composed of thermal 
load, dead weight, upstream water pressure, down-
stream water pressure, wave pressure, sediment 
pressure, uplift pressure as well as seismic effect. 
The detailed load combinations are presented in 
Table 3.

The dam structure is simulated as the elastic 
structure, while the foundation rock is simulated as 
the elastic-plastic structure. The ideal elastic-plastic 
in situ structural property is applied for the analysis 
of the foundation rock. The augmented Lagrang-
ian method is applied as the criteria for the nonlin-
ear stress yield analysis of the major faults in the 
abutments and joints in the dam.

The finite element program ANSYS is used to 
compute the deformations and stresses in the dam 
and its foundation/abutments, and analyze the sta-
bility of the right abutment. Based on the results of 
the FEM stress computations, the Factors of Safety 
(FS) against sliding for potential failure wedges at 
natural conditions (i.e. without any replacement 
works, and the shear strength of the lateral slip sur-
face is selected to be equal to that of the fault) are 
calculated using the following equation:

K R S
C A

T
i iC A

iTT
=SR ∑ ∑N fi iN fN f +

∑
/  (1)

where K is the factor of  safety for sliding of  the 
assumed sliding wedge; R is the total resistance 
force acting on the assumed sliding wedge; S is 
the total shear force acting on the assumed sliding 
wedge; Ni is the force acting normal to a sliding 
failure surface of  a sliding wedge; fi is the coef-
ficient of  internal friction of  the material on a 
sliding failure surface; Ci is the cohesive strength 
of  the material on a sliding failure surface; Ai 
is the area of  a sliding failure surface; Ti is the 
shear force acting parallel to the assumed sliding 
direction.

For the calculation of Ni and Ti on a slip sur-
face of an assumed sliding wedge, the computation 
results at the last step are used.

The results are summarized in Table 4.
It can be seen that in the static usual load cases 

(Case 1 and Case 2), the factors of safety against 
sliding for failure wedge with El.690 slip surface 

Figure 4. View of the dam and main faults.
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Table 2. Physical and mechanical parameters for concrete and rock mass.

Material Friction
Cohesion 
(MPa)

Specific heat 
(kJ/kg ⋅ °C)

Heat conductivity 
factor (kJ/m ⋅ h ⋅ °C)

Concrete 1.96 2.67 0.840 6.64
Rock 0.67 0.40 0.840 14.30
F2, F13 0.45 0.08
F3 0.55 0.12
Joints 0.65 0.20

Table 4. Factor of safety against sliding at 
natural conditions.

Bottom slip surface El.660 El.690

Case 1 4.41 1.72
Case 2 4.52 1.69
Case 3 3.10 1.44
Case 4 3.19 1.52
Case 5 5.13 2.64
Case 6 3.39 1.73
Case 7 5.19 3.11

Table 1. Physical and mechanical parameters for concrete and rock mass.

Material
Unit weight 
(kN/m3)

Elastic modulus 
(GPa)

Deformation 
modulus (GPa)

Poisson’s 
ratio

Concrete 24.1 30.0 0.18
Rock 26.0 14.0 7.0 0.30
F2, F13 1.0
F3 1.5

are less than 2.0 (criteria value in EM1110-2-2201), 
which indicates that the stability of the right 
 abutment at its natural conditions, namely no 
treatment measures for F2 and F3 (situation S-2), 
would not meet the code requirement.

Table 3. Loading combinations.

Load cases

Usual Unusual Extreme

1 2 3 4 5 6 7

Dead weight
Water pressure
Uplift
Silt pressure
Temperature drop
Temperature rise
0.1 g (OBE)
0.25 g (MCE)

7 TREATMENT OF FAULTS F2 AND F3

To strengthen the rock mass integrity at the right 
bank abutment and to enhance the overall stabil-
ity of  the right abutment, the concrete replace-
ment method is applied for treatment of  Faults 
F2 and F3.

Treatment works consist of replacement adit 1 
for Fault F3 and replacement adit 2 for Fault F3 at 
EL660 m, replacement adit 3 for F2 at EL690 m, and 
replacement adit 4 for F2 at EL720 m, replacement 
shafts 3 and 4 connecting replacement adits 3 and 4, 
and force-transfer adits along Fault F2 at EL660 m, 
EL690 m and EL720. The lengths of the replace-
ment adits at EL660 m, EL690 m, and EL720 m 
are about 84 m, 50 m and 35 m, respectively, and 
the length of each of the two replacement shafts is 
about 30 m. The cross-sections of the replacement 
adits and shafts are dimensioned in the range of 
3 m∼5 m, which is about the same as the size of the 
elements for their surrounding rocks.

In the FE model for the computation, 2442-node 
beam elements are included for concrete replace-
ment adits, replacement shafts and force-transfer 
adits. An area-weighted equivalent method is used 
to reflect the effect of fault treatment works on the 
increase of shear strength of the faults.

In addition to the concrete replacement works, 
consolidation grouting with a depth of 5 m was 
proposed to be conducted around the replace-
ment adits. Deep hole consolidation grouting 
along Fault F2 was also proposed to be performed 
from replacement adits at EL660 m and EL690 m 
in order to enhance the shear strength and defor-
mation modulus of the fault fractured zone. 
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The maximum grouting pressure was selected at 
3.0 MPa. Contact grouting was proposed for all 
concrete replacement works to ensure the bond 
and hence increase the shear strength between the 
concrete and the surrounding rock.

The FS calculation follows the same  Equation (1), 
and the results are summarized in Table 5, which 

Table 5. Factor of safety against 
sliding with fault-strengthening works.

Bottom slip surface El.660

Case 1 2.60
Case 2 2.68
Case 3 2.57
Case 4 2.67
Case 5 4.42
Case 6 3.01
Case 7 2.20

suggest that the stability against sliding of the right 
abutment with the current fault-strengthening 
works can meet the code requirement, indicating 
the treatment measures are effective and feasible.

8 SUMMARY

Steep Faults F2 and F3 run sub-parallel to the river 
flow in the right abutment of the Gomal Zam Dam 
in such a way that it may form a lateral slip surface. 
A FEM-LEM approach is used to assess the right 
abutment stability against sliding, in which the 
result shows that the safety factor against sliding 
of the wedge combining the bottom slip surface 
at El.690 m and lateral slip surface of Fault F2 
cannot meet the code requirement at natural con-
ditions and can meet the code requirement with 
the current fault-strengthening works, indicating 
that the effects of concrete replacement works for 
Faults F2 and F3 are desired.

ICCAHE15_Book.indb   679ICCAHE15_Book.indb   679 11/17/2015   6:32:55 AM11/17/2015   6:32:55 AM

  



681

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Study on optimum band combination of multi spectral vegetation 
information extraction in Taihu Basin
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ABSTRACT: Based on the Landsat ETM+/TM remote sensing data, ENVI software is employed to 
calculate statistical characteristics of remote sensing image. The Taihu basin is taken as the typical case. 
The statistical characteristics of each band, the band correlation and OIF index are analyzed.  According 
to the data analysis and image comparison, the band combination of TM2, TM4 and TM7 is the opti-
mum band combination for extracting vegetation information, and respectively given a red band, the 
green band and blue band. This band combination has achieved good results in the Taihu Basin vegeta-
tion information extraction.

Keywords: landsat ETM+/TM data; vegetation information extraction; optimal band combination; OIF 
index

River, the south is the Qiantang River, the east is 
the East China Sea, and the west is the Tianmu 
Mountain. The Taihu Basin belongs to subtrop-
ics monsoon climate region with plenty rainfall 
and frequently typhoon. Because of the moderate 
climate and pleasant geographical condition, the 
Taihu Basin contains most of the wealthy metrop-
olis in the north China. The rapid urbanization 
in the Taihu Basin greatly changes the vegetation 
which is one of the decisive factors of runoff, pre-
cipitation infiltration, flood and transpiration. 
Finding the best combination of bands for extract-
ing vegetation information could be useful for 
urbanization management, flood control, ground-
water protection and water resource management.

3 DATA

Five Landsat ETM+/TM RS scenes are spliced 
together to generating the whole RS image of the 
Taihu Basin. These Landsat ETM+/TM RS scenes 
are obtained from http://www.gscloud.cn. Their 
WRS path and starting row numbers are 118/038, 
118/039, 119/038, 119/039 and 120/038, the acqui-
sition dates are 2009/9/19, 2009/7/17, 2010/5/24, 
2010/5/24 and 2009/5/4. All the images are acquired 
in sunny day without cloud, and have been applied 
geometric correction. So these images could be 
used to interpretation directly. The 6th band of 
these images is infrared band which is sensitive to 
the thermal object. The 8th band of these images is 
panchromatic band, and it cannot show the color 

1 INTRODUCTION

The urbanization could greatly change the vegeta-
tion which is one of the most important environ-
mental components and one of the best marks of 
eco- environment. Analysis of the vegetation infor-
mation could be used in urbanization management, 
flood protection, environment protection.  Efficiency 
and accuracy of the extracting the vegetation infor-
mation from the Remote Sensing (RS) data is the key 
and hot point in the field of image processing and 
RS image interpretation (Mei et al. 2001, Guo & Liu 
2012). Artificial Visual Interpretation (AVI) is one 
of the major methods for vegetation information 
extraction. The efficacy of the AVI is depended on 
the image quality which is affected by the image data 
redundancy caused by the admixture of different 
bands of the multi-spectrum image (Ma et al. 2010). 
So extracting the clear image with plenty useful infor-
mation from the RS image is the hard and important 
point for AVI. In this paper, the Taihu Basin in China 
is taken as the typical case for applying AVI in a fast 
urbanization area. By evaluating the different com-
bination of bands of the multi-spectrum image, the 
best combination of bands of vegetation information 
is extracted. The method could enhance the separa-
bility of terrain and reduce image data redundancy.

2 BACKGROUND OF THE TAIHU BASIN

The Taihu Basin locates in the south of the Yangzi 
delta. The north of the Taihu Basin is the Yangzi 
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of the terrain. In this paper, we don’t use the 6th 
and 8th bands to identify the best combination of 
bands for extracting vegetation information.

4 METHOD

The RS image spectrum characteristic analysis 
and the Optimum Index Factor (OIF) are used 
to  identify the optimum band combination for 
extracting the vegetation information in the Taihu 
Basin.

There are many bands in the multi-spectrum RS 
image, and each band could contain information 
of different types of vegetation. So a good band 
combination is the basis to extract the vegetation 
information. Usually, three rules should be fol-
lowed to choose proper band combination (Jiang 
et al. 2002, Wu & Liu 2007). Firstly, band should 
contain more information. Then the relativity 
between different bands should be as small as pos-
sible. Finally, the objective terrain should be identi-
fied easily in the band combination.

Optimum Index Factor method (OIF) proposed 
by Chavez et al. (1982) uses standard deviation of 
three band and coefficient between different band 
to calculate the optimum index factor. The OIF 
could be calculated as the followed equation.

OIFII R
i

i jRR
i=i=

∑ ∑SiSS
1

3

1

3
 (1)

where the Si is the Standard Deviation (SD) of the 
ith band. The Rij is the Correlation Coefficient (CC) 
between band i and band j. The standard deviation 
is bigger, the more information the band has. The 
coefficient between two bands is smaller, the more 
independent these bands are, and the less data 
redundancy is. If  an image contains many bands, 
the correlation matrix should be calculated and 
then each of the OIF combinations of three bands 
should be calculated. The OIF is bigger, the more 
information the band combination could have.

5 ANALYSIS OF BAND COMBINATION

5.1 Information of band

The statistical characteristics could be used to 
evaluate the plenty of band information. We calcu-
late the statistical characteristics of the RS images 
of the Taihu Basin by ENVI. The statistical char-
acteristics of the six bands are shown in Table 1.

The standard deviations of band TM4, TM7, 
and TM5 are bigger than the standard deviations 
of other bands. So the band TM4, TM7, and TM5 
have more information than other band.

Table 1. Statistical characteristic of bands.

Band Min Max Mean SD

TM1 0.071 0.341 0.119 0.018
TM2 0.010 0.767 0.111 0.020
TM3 0.001 0.742 0.093 0.026
TM4 0.025 1.265 0.225 0.060
TM5 0.000 0.548 0.141 0.045
TM7 0.000 0.801 0.094 0.048

Table 2. Correlation matrix of different bands.

Coefficient TM1 TM2 TM3 TM4 TM5 TM7

TM1 1.000 0.943 0.921 −0.201 0.249 0.553
TM2 1.000 0.970 −0.155 0.215 0.475
TM3 1.000 −0.180 0.272 0.539
TM4 1.000 0.666 0.304
TM5 1.000 0.870
TM7 1.000

Table 3. The combinations of chosen bands.

Type I Type II Type III Band combination

TM1 TM5 TM1+TM4+TM5, 
TM1+TM4+TM7

TM2 TM4 TM2+TM4+TM5, 
TM2+TM4+TM7

TM3 TM7 TM3+TM4+TM5, 
TM3+TM4+TM7

5.2 Band correlation

We calculate the correlation matrix of TM1, TM2, 
TM3, TM4, TM5, TM6 and TM7 by ENVI.

The correlation coefficients of TM1, TM2 and 
TM3 are bigger than 0.92. That means the three 
bands have great data redundancy, and cannot be 
used as a combination. We take the three bands as 
type I. The correlation coefficients of band TM4 
and other bands are smaller than 0.67. That means 
the TM4 is independent of the other bands, and it 
can assemble a combination with any band. The 
TM4 is taken as type II. The correlation coeffi-
cients of TM5 and TM7 is bigger than 0.87, so the 
two bands cannot assemble a combination. TM5 
and TM7 are taken as type III. We choose a band 
from each type; the chosen bands can assemble six 
combinations (Table 3).

5.3 Optimum index factor

The OIF of each band combination are shown in 
Table 4.
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5.4 The optimum band combination

Table 4 shows that the first three band combina-
tions have the biggest OIF than other  combinations. 
So the optimum band combination could be one 
of the three combinations. The statistical charac-
teristics of band combination show that the first 
band combination in Table 4 has the smallest cor-
relation and standard deviation. Though the data 
analysis show the first band combination could 
be the optimum combination, we still need use 
the AVI to confirm the judgment. Comparing the 
colorful images generated from the first three band 
combinations, we find the image corresponding to 
the first combination can clearly exhibit the ter-
rain, vegetation, and the urban area. The second 
combination could exhibit large vegetation area, 
but cannot exhibit the tiny vegetation and differ-
entiation between terrain objectives clearly. The 
image corresponding to the third combination is 
darker than the first two images. It is difficult for 
people to interpret information from a dark image. 
Finally, the first band combination is chosen as the 

optimum combination to interpret the vegetation 
information of the Taihu Basin.

6 CONCLUSION

The optimum band combination is very important 
for RS image interpretation. A reliable optimum 
band combination is the basis of correct and accu-
rate artificial visual interpretation. We take the 
Taihu Basin as the typical case. Considering the 
information plenty and data redundancy, we use 

Table 4. The OIF of different band combination.

No. Band combination
Sum 
of SD

Sum 
of CC OIF

1 TM2+TM4+TM7 0.129 0.934 0.138
2 TM3+TM4+TM7 0.135 1.023 0.132
3 TM2+TM4+TM5 0.125 1.036 0.121
4 TM1+TM4+TM7 0.126 1.058 0.119
5 TM3+TM4+TM5 0.131 1.118 0.117
6 TM1+TM4+TM5 0.123 1.115 0.110

Figure 1. TM3 TM2 TM1 combined imaging.

Figure 2. TM1 TM4 TM5 combined imaging.

Figure 3. TM2 TM4 TM7 combined imaging.
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the standard deviation, correlation coefficient, 
and OIF to identify that the optimum band com-
bination is TM2+TM4+TM7. The combination 
can clearly exhibit the terrain, vegetation, and the 
urban area. The method in this paper could be 
very useful for interpreting multi-spectrum image, 
but further study is needed to find out whether the 
method is useful for interpreting high spectrum 
image.
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ABSTRACT: Agricultural water-saving zoning is not only the foundation work of water-saving agricul-
tural development, but also an important basis for the planning and implementation of regional agricul-
tural water-saving program. Dongying city located in the hinterland of the Yellow River Delta was studied, 
and index systems about agricultural water-saving zoning were built in this paper, including administrative 
division, soil types, groundwater mineralization and distribution of river systems. In addition, the method 
of Geographical Information System (GIS) spatial analysis combined with geostatistics was applied to the 
water-saving zoning. Dongying city was divided into 5 major types; meanwhile, reasonable agricultural 
water-saving measures of different regions were proposed to direct the agricultural irrigation and produc-
tion. This can provide a guideline for high efficiency use of water resources and healthy development of 
regional economy.

Keywords: Yellow River Delta; water-saving agriculture; zoning indicators; GIS

on the following aspects: “generalizing similarity, 
distinguishing difference, considering administra-
tive boundaries”, and following four principles 
in detail[4]. The first is the consistency of natural 
elements. It means that climate, topography, geo-
morphology, soil and other natural geographical 
conditions have a certain similarity, and water 
resources conditions are similar. Second, the tar-
gets of water-saving irrigation are consistent. It 
means that the main irrigated crops and water-
saving irrigation measures should be uniform in 
the same area. The third one is the integrity of 
the administrative division. It means that the agri-
cultural water-saving zoning should consider the 
existed administrative boundary. The fourth is the 
relative independence. It means that the division 
results should reflect the characteristics of water-
saving irrigation districts. As part of agricultural 
water conservancy zoning, water-saving irrigation 
zoning has significantly different characteristics to 
other water conservancy measures, which is helpful 
for guiding the development of water-saving irriga-
tion to maintain its relative independence.

3 ZONING INDICATOR

The indicators of agricultural water-saving 
zoning should meet the requirements such as 

1 INTRODUCTION

In recent years, the economic development of 
the Yellow River Delta has increased rapidly. 
Due to the scheduling of the Yellow River Basin, 
the  Yellow River water level has decreased. On the 
one hand, the contradiction between agricultural 
water and industrial water has become more acute. 
On the other hand, the agricultural irrigation water 
efficiency is only 0.45[1]. Thus, the development of 
water-saving agriculture and water-saving technol-
ogy is critical, while the agricultural water-saving 
zoning as a foundation work for water-saving agri-
culture is to be carried out urgently[2]. Therefore, 
the study on the agricultural water-saving irriga-
tion of the Yellow River Delta zoning, proposing 
agricultural water-saving measures and develop-
ment direction, can provide a guideline for agri-
cultural water-saving irrigation planning and 
implementation.

2 DIVISION PRINCIPLE

The formulation of agricultural water-saving zon-
ing can reveal the diversity and consistency in the 
area around the range of agricultural development, 
and provide evidence for agricultural water con-
servation planning. The total principle[3] is based 
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 comprehensiveness, generality and obtaining 
easily[5]. Generally speaking, zoning indicators 
include 4 to 6 indicators, which are selected from 
landform, climate, soil, agricultural structure, type 
of irrigation district and degree of water shortage.

The climate of the Yellow River Delta is simi-
lar. It is a typical warm temperate zone monsoon 
climate area. The irrigation district are mainly the 
Yellow River irrigation district, where the exploi-
tation of groundwater is rare. It belongs to the 
northwest plain area of Shandong, and is mainly 
microtopography in the region. Therefore, cli-
mate characteristics, the types of irrigation district 
and landform are not considered, while the soil 
structure and water resources distribution have 
an obvious influence on agricultural water-saving 
measures. As a result, the administrative divisions, 
soil type, groundwater salinity, and distribution 
of river system are selected as agricultural water-
 saving zoning indicators of Dongying city. They 
can exactly reflect the agricultural water-saving 
types and characteristics on this basis of agricul-
tural water-saving zoning.

3.1 Administrative division

There are 5 counties and districts, 40 townships 
and streets in Dongying city. As summarized in 
Table 1, the Hekou district and Kenli county area 
are larger, accounting for 27% and 27.82% of 
Dongying city, while the largest agricultural land 
is Guangrao county, which is located in the south 
coast of the Yellow River, accounting for 69.05% 
of the county. From the overview of the city, agri-
cultural land area accounts for only 39.78% of 

Dongying city, which is mainly due to soil saliniza-
tion, irrigation water shortage, and aging hydraulic 
project in the area.

3.2 Soil type

There are five soil types in Dongying city (Table 2). 
Cinnamon soil, accounting for about 4%, is mainly 
distributed in the south of the Xiaoqinghe River, 
where is the grain, cotton and vegetable high yield 
area of the city. Lime concretion black soil is 
mainly distributed in the low-lying place of south 
brown soil area of the Xiaoqinghe River, account-
ing for 0.6%, which is suitable for wheat, maize, sor-
ghum and shallow root crops, where is a potential 
soil type of agriculture. Alluvial soil accounts for 
59%, and it is suitable for wheat, maize, and cot-
ton improved by using the tillage method. Saline 
soil is distributed in the zonal coast, accounting 
for 36%. There are natural vegetations including 
reeds, thatch, and wormwood, which mainly rely 
on aquatic and pasture products. Paddy soil is dis-
tributed in Lijin, Kenli county, and accounts for 
only 0.2%, which has the characteristics of paddy 
soil in infancy after more than 20 years of water 
tillage aging.

3.3 Groundwater mineralization

Dongying city is formed in the saline base-
ment, in addition to sections of  the south of 
the  Xiaoqinghe River, groundwater mineraliza-
tion is lower than 2 g/L, and nearly 70% of  the 
groundwater depth is 1 to 3 meter and minerali-
zation is 5 to 30 g/L. Moreover, nearly 20% of  the 

Table 1. The administrative division and agricultural land of Dongying city.

Region Total area/km2 Proportion/% Agricultural land/km2 Proportion/%

Dongying 1155.62 14.59 538.58 46.60
Hekou 2138.97 27.00 569.93 26.65
Kenli 2204.07 27.82 663.29 30.09
Lijin 1286.91 16.24 594.26 46.18
Guangrao 1137.87 14.36 785.75 69.05
Sum 7923.26 100.00 3151.81 39.78

Table 2. The soil types of Dongying city.

Soil types Area/km2 Proportion/% Distributed district

Cinnamon soil 316.92 4 South of Xiaoqinghe River
Lime concretion black soil 47.54 0.6 Low-lying place of brown soil area
Alluvial soil 4674.57 59 Middle and west of Dongying city
Saline soil 2852.28 36 Zonal coast
Paddy soil 15.85 0.2 Old paddy land of Lijin, Kenli county
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Table 3. The groundwater mineralization of Dongying 
city.

Degree of 
mineralization/g ⋅ L−1 Area/km2 Proportion/%

<1 284.32 4.18
1∼2 118.28 1.74
2∼10 3859.29 56.71
10∼50 2051.76 30.15
>50 491.92 7.23

Table 4. The river system of Dongying city.

River basin Channel

Area/km2 Length/km

Total Dongying Total Dongying

Huaihe river basin Xiaoqinghe 10337 585 237 34
Zhimaihe 3382 1508 135 68.2
Guanglihe 510 510 47.3 47.3
Yongfeng 200 200 33.8 33.8
Zhangzhen 140 140 28 28
Xiaodaohe 120.8 120.8 27.5 27.5

Haihe river basin Chaohe 1408 427.7 73.5 24
Maxinhe 275 204 55.6 35.6
Zhanlihe 343 343 60.7 60.7
Caoqiao 472 472 46 46
Tiaohe 504 504 32.6 32.6
Shenxian 350 350 30 30

 groundwater  mineralization is more than 30 g/L, 
with some areas being as high as 100 g/L. As 
summarized in Table 3, the mineralization of  2 
to 10 g/L of  groundwater accounts for 56.71%, 
the mineralization of  10 to 50 g/L accounts for 
30.15%, and less than 2 g/L of  groundwater 
only accounts for less than 6%. Brackish water 
resources should have further development and 
utilization.

3.4 River system

According to the river basin, the current river 
systems of  Dongying city are divided into Huaihe 
River Basin and Haihe River Basin (Table 4). 
The south of  the Yellow River belongs to the 
Huaihe River Basin, mostly from east to west, 
including Xiaoqinghe, Zhimaihe, Guanglihe, 
Yongfenghe, and its tributaries amount to 20 riv-
ers. The north of  the Yellow River belongs to 
the Haihe River Basin, mostly from south to 
north, including Chaohe and its tributaries Chu-
guanhe,  Taipinghe, Maxinhe, Zhanlihe, Tiaohe, 
 Shenxiangou and its tributary Xinweidonghe 
amount to 10 rivers.

4 DIVISION METHOD

There are many division methods, for example, 
empirical method, index method, type method, 
overlapping method, cluster method, and fuzzy 
cluster method[6]. The method of GIS spatial analy-
sis combined with geostatistics has a strong spatial 
analysis function, and a good quantitative and spa-
tial interpolation. It has not only the basis of sig-
nificant but also characteristics of quantification, 
and it is superior to the traditional mapping meth-
ods, which can provide a more accurate method for 
regional agricultural water-saving zoning.

As shown in Figure 1, first, ArcGIS10.2 was 
applied to implement geometric correction, vector-
ization of division element base map and construct 
division element database. Second, the spatial 
analysis function of GIS was applied to draw the 
river system distribution density map based on 
the administrative divisions; at the same time, the 
space distribution features of groundwater min-
eralization, soil texture, river system distribution 
density were analyzed. Third, a multi-factor com-
prehensive analysis based on the correlation analy-
sis of each factor and agricultural water saving 
was carried out; thus, the space analysis function 
of GIS was applied to complete the space layout 
of agricultural water-saving zoning. Finally, fuzzy 
evaluation based on the results of the multi-index 
spatial overlay analysis, and the thematic mapping 
function of GIS were used to draw the mapping of 
agricultural water-saving zoning.

5 DIVISION RESULT

As shown in Figure 2, agricultural water-saving 
zoning of  Dongying city can be divided into 
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five types. The location, area, and proportion of 
each division are listed in Table 5. The suitable 
agricultural water-saving measures and develop-
ment direction are established according to the 
characteristics of  each division, especially water 
resources condition, agricultural planting struc-
ture and soil type.

   I.  area is 669.49 km2, it accounts for 8.45% of 
Dongying city, located in the south of Xiao-
qing River, Guangrao county. The average 
annual rainfall is 602 mm, the soil and water 

conditions are better, which contains high-
yield grain, cotton, vegetable production areas 
of Dongying city. In this area, grain crops 
(wheat, corn) are suitable for surface irrigation 
and pipeline irrigation, and economic crops 
(cotton, vegetables) are suitable for sprinkler 
irrigation and drip irrigation. The strategy 
is priority exploitation of surface water and 
moderate exploitation of groundwater, main-
taining the existed grain area, improving the 
yield, and establishing grain and vegetable 
production base of the city.

   II.  area is 3567.73 km2, which accounts for 
45.03% of Dongying city, located in the mid-
dle and west of the city and distribution along 
the Yellow River. It is the biggest division, and 
the average annual rainfall is 560 mm. There 
is little amount of fresh groundwater in Lijin 
and Kenli county along the Yellow River, and 
the rest of the groundwater salinity is 2 to 
10 g/L, which is not suitable for irrigation, so 
it relies mainly on Yellow River water and sur-
face water. Major soil type is alluvial soil, and 
it is mainly cultivated soil of the city, which is 
suitable for wheat, corn, rice and other food 
crops after cultivation improvement. In this 
area, food crops (wheat, corn, rice) are suit-
able for surface irrigation, pipeline irrigation 
and controlled irrigation, and crops’ brackish 
water irrigation technology (2–5 g/L) should 
be explored. The strategy is priority exploita-
tion of surface water and Yellow River water, 
speeding up the engineering construction, lin-
ing the channels, expanding the existed grain 
area, improving the yield, and establishing the 
food production base of the city.

III.  area is 684.55 km2, and it accounts for 8.64% 
of Dongying city, located in the west of the 
Tiaohe River, and in the east of the Zhanli 
River. The average annual rainfall is 530 mm, 
and the groundwater salinity is more than 
10 g/L, so it relies mainly on the Yellow River 
water, and the soil types are moderate and 
severe salinization alluvial soil, which is suit-
able for wheat, cotton, and fruit trees after 
cultivation improvement. In this area, food 
crops (wheat) are suitable for surface irriga-
tion and pipeline irrigation, and economic 
crops (cotton, fruit trees) are suitable for 
sprinkler irrigation and drip irrigation, and 
the area of high soil salinization can develop 
an agriculture-fishery mode. It mainly adopts 
irrigation way by plain reservoir and convey-
ance channel, building a new plain reservoir, 
speeding up the engineering construction, 
lining the channels, maintaining the existed 
grain areas, exploring the agriculture-fishery 
development mode actively, and establishing 

Figure 2. The agricultural water-saving zoning of 
Dongying city.

Figure 1. The flow chart of division.
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Table 5. The agricultural water-saving zoning of Dongying city.

Division Denomination Area/km2 Proportion/%

I South piedmont alluvial plain region 669.49  8.45
II Middle and west Yellow River flood plain region 3567.73 45.03
III North coastal plain region 684.55  8.64
IV Modern Yellow River Delta region 1731.18 21.85
V Coastal beach region 1267.68 16

an efficient planting and raising the ecological 
agriculture mode.

   IV.  area is 1731.18 km2, and it accounts for 21.85% 
of Dongying city, located in the east of Kenli 
county along the Yellow River, which includes 
mostly east of the Hekou district and Kenli 
county. The average annual rainfall is 550 mm, 
and the groundwater salinity is more than 2 to 
10 g/L, which is not suitable for irrigation, so 
it relies mainly on the Yellow River water, and 
the soil type are moderate and severe saliniza-
tion alluvial soil in the area, which is suitable 
for wheat, cotton, fruit trees, vegetables and 
other crops after cultivation improvement. In 
this area, food crops (wheat) are suitable for 
surface irrigation and pipeline irrigation, and 
economic crops (cotton, fruit trees) are suita-
ble for sprinkler irrigation and drip irrigation, 
and crops’ brackish water irrigation technol-
ogy (2–5 g/L) should be explored. It mainly 
adopts irrigation way by plain reservoir and 
conveyance channel, building a new plain 
reservoir, speeding up the engineering con-
struction, laying pipes, and developing facil-
ity agriculture, tourism agriculture and other 
modern ecological agriculture mode.

   V.  area is 1267.68 km2, and it accounts for 16% 
of Dongying city, located in the zonal coastal 
beach. The average annual rainfall is 560 mm, 
and the groundwater salinity is more than 10 
to 50 g/L, and the surface water is also saline 
water and the fresh water relies mainly on the 
Yellow River. In this area, salt-tolerant eco-
nomic forest is planted by using saline-alkali 
land afforestation technology, developing ani-
mal husbandry by rich forage grass resources, 
exploiting the mariculture, improving the abil-
ity of fishing, and building modern fishery 
production base gradually.

6 CONCLUSION

Index systems about agricultural water-saving 
zoning were established, including administrative 

division, soil types, groundwater mineralization 
and distribution of river systems. In addition, 
the method of GIS spatial analysis combined 
with geostatistics was applied to the agricultural 
water-saving zoning. Dongying city was divided 
into 5 major types. At the same time, reasonable 
agricultural water-saving measures were proposed 
to direct the agricultural irrigation and produc-
tion, which can provide a guideline for regional 
agricultural water-saving irrigation planning and 
implementation.
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ABSTRACT: This paper uses two kinds of conventional methods to calculate the internal force of the 
lock head side pier and the lock head floor. The first calculation method is recommended in the Code for 
design of hydraulic structures of ship locks, calculating the internal force of the lock head structure when 
considering the supporting wall as an independent structure to bear the gate thrust individually. Another 
analytical method is to distribute the miter gate thrust to the front and rear sections of the gate before 
calculating the internal force of the lock head. Moreover, ANSYS software is also used to analyze the lock 
head structure in this article. The comparative analysis of the results shows that defects exist in the code 
of the first conventional method. However, the results of the second conventional method are consistent 
with those of the calculation of ANSYS software.

Keywords: miter gate thrust; lock head structure; internal force; finite element method

The lower head is composed of the miter gate, flat 
bottom floor, side pier with an empty container and 
a water transmission way. The width of the lock 
head is 42 m. The length of the lock head is 24 m. 
The length of the emergency gate is 2.4 m. The lock 
head structure details are shown in Figure 1.

1 INTRODUCTION

The ship lock is a hydraulic structure, which 
ensures that the ship can sail across the channel 
where there is concentrated water drop. The ship 
lock is composed of the upper lock head, lower 
lock head, gate lock, water retaining structure and 
water conveyance system, which can ensure the rise 
and fall of the water level[1].

Lock head structure can be divided into front 
door segment, niche segment and supporting seg-
ment in the longitudinal direction. The  supporting 
segment of the gate refers to the section that 
can bear the gate thrust, and should meet the 
requirements of structural strength and stability. In 
the engineering design, the length of the  supporting 
segment could be determined by checking the sup-
porting segment’s strength and stability under the 
independent working condition. Therefore, the 
supporting segment needs to have enough length.

2 ENGINEERING EXAMPLE

The lower head of a ship lock from Anhui Province 
is a monolithic, concrete and symmetric structure. Figure 1. Planar graph of the lock head.
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3 THE INTERNAL FORCE CALCULATION 
OF THE LOCK HEAD STRUCTURE

3.1 The selection of the calculation conditions

The completion period is selected for the calcula-
tion conditions. During the completion period, the 
side pier is completed, no water in the lock head 
and backfill soil is backfilled temporarily to the top 
of the floor. So, the side pier only bears self-gravity 
and the earth’s pressure. Then, by using the con-
ventional methods and the finite element method, 
the internal force of the side pier of the lock head 
and that of the lock head floor can be obtained.

Because this paper is mainly focused on the 
influence of the miter gate thrust on the side pier 
and the floor, the maximum water level difference 
period is selected. The miter gate thrust reaches the 
maximum and the side pier reaches the most disad-
vantageous state in this period.

According to the literature data and reasonable 
analysis[2], the overhaul period is often the control 
load for the maximum negative moment of the 
lock floor, because the lock head is under a high 
uplift pressure because there is no water in the lock 
head and there is a high underground water level 
behind the lock head wall. So, the overhaul period 
should be selected.

As shown in Figure 1, the lock head structure 
can be divided into three sections: the first section 
is the niche segment; the second section is the sup-
porting segment; the third section is the front door 
segment. This paper focuses on the effect of the 
influence of the miter gate thrust on the lock head 
structure, so the first segment and the second seg-
ment are selected and analyzed, which are affected 
by the miter gate thrust.

3.2 The conventional calculation methods

3.2.1 The calculation method of the supporting 
wall

Bidirectional bending compression formula is used 
to calculate the strength of the supporting wall. 
The stress of the four corner points (A, B, C, D) is 
calculated by the following formula:

σ miσ nii
maσσ x

x
=

Σ Σ ΣV
F

M
Wx

M
W

xM yM

yWW
± ±x  (1)

where σmax = maximum stress of the bottom of the 
supporting wall; σmax < [σ], [σ] = allowable com-
pressive strength; σmin = minimum stress of the 
bottom of the supporting wall, σmin > 0; F = area 
of the bottom of the supporting wall; Wx and Wy 
are the section modulus of the bottom of the sup-
porting wall in the X and Y axis; Mx = the sum 
of the X axis’s moment that is dependent on the 

longitudinal horizontal force; and My = sum of 
the Y axis’s moment that is dependent on the 
 transverse horizontal force and vertical force.

3.2.2 The calculation method of the lock 
head floor

When the miter gate thrust acts on the  supporting 
segment, the cross component of the miter gate 
thrust can be assigned along the lock head’s axial 
direction, which is according to the following meth-
ods: the cross component of the miter gate thrust, 
which is transferred along the side pier’s height, 
can be divided into several concentrated forces 
(Syi). Each concentrated force is diffused into a 
certain range according to the diffusion angle of 
45 degrees along the side pier from top to bottom 
(see Fig. 2). The lateral force (T), which is transmit-
ted to the unit length of the floor, and the moment 
(M) are given in the following formulas:
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where hi = distance from Syi to the central axis 
of the floor and li = the distribution length of Syi 
transferring to the lock head floor.

3.2.3 The calculation methods
The conventional methods can be calculated by 
using the following two methods.

Method 1: using the method recommended by 
the Code for design of hydraulic structures of ship 
locks[2]. The lateral component of miter gate thrust 
is average supported by the supporting segment. 

Figure 2. The lateral thrust distribution along height of 
the miter gate.
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Then, the four corners stress can be calculated by 
formula (1). The internal force of the floor can be 
calculated by Guoshi Charts and can be adjusted 
by the weighted average method.

Method 2: using the method recommended by 
the Canalization project[3]. First, the cross com-
ponent of the miter gate thrust is assigned to the 
two segments, which are calculated according to 
formula (2). Second, the four corners stress can be 
calculated by formula (1). Third, the internal force 
of the floor can be calculated by Guoshi Charts 
and need not be adjusted.

3.3 Comparative analysis and calculation 
of ANSYS

First, the internal force of the structure is analyzed 
by using ANSYS. Then, SOLD45 is selected, which 
is the three-dimensional 8-node isoparametric unit, 
to form the head lock. Because the lock head struc-
ture is symmetrical, it can be set up only half  of 
the model for calculation and analysis[4–5]. Figure 3 
shows the finite element model of the lower lock 
head. Figure 4 shows the finite element model of 
the lock head floor.

4 COMPARISON BETWEEN 
THE CALCULATION RESULTS USING 
THE CONVENTIONAL METHOD 
AND THE CALCULATION RESULTS 
USING THE ANSYS METHOD

Three represented conditions are selected to calcu-
late the lock head. The four corners of the support-
ing wall and the lock head floor can be calculated 
by using the two kinds of methods.

4.1 The analysis of calculated results in the 
completion period

4.1.1 The analysis of stress of the supporting wall 
in the completion period

The stress pattern of the Z direction, which is on 
the bottom of the supporting wall in the comple-
tion period, is abstracted from the ANSYS model. 
The stress pattern is shown in Figure 5.

As shown in Figure 5, the maximum tensile 
stress is 3.22 Mpa and the maximum compressive 
stress is 1.04 Mpa. Due to the uneven settlement 
of the lock head structure, the tensile stress zone 
appears on the bottom of the supporting wall. The 
area of the tensile stress zone is 2.34 m2.

The stress, which is on the bottom of the sup-
porting wall in the completion period, is abstracted 
from Figure 5, which is given in Table 1.

Figure 3. Finite element model of the lower lock head.

Figure 4. Finite element model of the lock head floor.

Figure 5. The stress pattern of the Z direction on the 
bottom of the supporting wall in the completion period.

Table 1. The stress of the bottom of the supporting wall 
in the completion period (kPa).

Location A B C D

ANSYS 296.8 341.4 336.2 221.4
Method 1 339.3 339.3 339.3 339.3
Method 2 339.3 339.3 339.3 339.3
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Because there is no miter gate thrust in the 
completion period, it results in the same results 
according to method 1 and method 2. Through 
comparing the results of two conventional meth-
ods with those of one ANSYS method, the con-
ventional method and ANSYS method calculation 
results are approximately the same. However, the 
two kinds of methods have a large difference in 
the results of location D. This is because ANSYS 
considers the overall working characteristics of the 
side pier. The settlement of the lock head under 
self-weight is not uneven, which leads to the local 
tensile stress zone on the bottom of the support-
ing wall.

4.1.2 The analysis of stress of the lock head floor 
in the completion period

The first and the second moment values, which are 
on the bottom of the supporting wall in the com-
pletion period, are abstracted from the ANSYS 
model. The moment pattern figures are shown in 
Figure 6 and Figure 7.

It can be seen from Figure 6 and Figure 7 that 
in the absence of the miter gate thrust, the con-
ventional methods and the ANSYS method lead 
to approximately the same results for the floor 
moment of the first section and the second sec-
tion. However, the moment distribution curves of 

the lock head floor of ANSYS calculation results 
are smoother than the results of the conventional 
method calculation.

4.2 The analysis of calculated results in the 
maximum water level difference period

4.2.1 The analysis of stress of the supporting 
wall in the maximum water level difference 
period

The stress pattern of the Z direction, which is on 
the bottom of the supporting wall in the maximum 
water level difference period, is abstracted from 
the ANSYS model. The stress pattern is shown in 
Figure 8.

As shown in Figure 8, the force of the support-
ing wall is in the most unfavorable circumstance 
under the miter gate thrust. The maximum tensile 
stress reaches up to 5.27 Mpa. The maximum com-
pressive stress is 1.38 Mpa. On the bottom of the 
supporting wall, the distribution range of the ten-
sile stress increases. The area of the tensile stress 
zone increases to 2.62 m2.

The stress, which is on the bottom of the sup-
porting wall in the maximum water level difference 
period, is abstracted from Figure 8, as presented 
in Table 2.

Compared with the results of ANSYS, the 
results of method 1 in both the maximum stress 

Figure 6. The first section of the moment of the lock 
head floor in the completion period.

Figure 7. The second section of the moment of the lock 
head floor in the completion period.

Figure 8. The stress pattern of the Z direction on the 
bottom of the supporting wall in the maximum water 
level difference period.

Table 2. The stress of the bottom of the supporting wall 
in the maximum water level difference period (kPa).

Location A B C D

ANSYS 320.6 497.9 280.1 160.6
Method 1 634.4 457.5 180.0  3.2
Method 2 314.9 478.9 158.6 322.7
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and minimum stress are over-conservative, as it 
can be seen from Table 2. The results of method 2 
are approximately in agreement with those of the 
ANSYS model. The central zone of tensile stress 
(Fig. 8) calculated from the ANASYS model leads 
to the stress result of location D, and is less than 
that of model 2. Therefore, a sufficient cognition 
about the tensile stress zone should be taken into 
consideration in the engineering design.

4.2.2 The analysis of stress of the lock head 
floor in the maximum water level difference 
period

The values of the first and the second moment, which 
are on the bottom of the supporting wall in the max-
imum water level difference period, are abstracted 
from the ANSYS model. The moment pattern 
figures are shown in Figure 9 and Figure 10.

Figure 9 and Figure 10 reflect the moment 
results of the lock head floor according to the dif-
ferent calculation methods. As shown in the fig-
ures, the floor moment values are relatively small 
by using method 1, especially the gap between the 
results of the floor in the first section by using 
method 1 and the results by using the ANSYS 
model is very large. The reason for the gap is that 

the cross component of the miter gate thrust is 
averagely borne by the supporting wall. Compared 
with method 1, the results of method 2 agree well 
with those of the ANSYS model and can reflect the 
actual working state of the floor better. The reason 
is that the miter gate thrust that acts on the floor is 
distributed by formula (2) and the middle section 
of the floor bears the maximum external force.

4.3 The analysis of calculated results 
in the overhaul period

4.3.1 The analysis of stress of the supporting 
wall in the overhaul period

The stress pattern of the Z direction, which is on 
the bottom of the supporting wall in the overhaul 
period, is abstracted from the ANSYS model. The 
stress pattern is shown in Figure 11.

As shown in Figure 11, the maximum tensile stress 
is 1.79 Mpa and the maximum compressive stress is 
0.93 Mpa. There is no miter gate thrust during the 
overhaul period. The effect of the earth’s pressure 
behind the wall leads to the decrease in tensile stress 
zone on the bottom of the supporting wall. The area 
of the tensile stress zone decreases to 1.1 m2.

The stress, which is on the bottom of the sup-
porting wall in the overhaul period, is abstracted 
from Figure 11, which is given in Table 3.

It can be analyzed from Table 3 that the calcula-
tion results of the conventional methods agree well 

Figure 9. The first section of the moment of the lock 
head floor in the maximum water level difference period.

Figure 10. The second section of the moment of the lock 
head floor in the maximum water level difference period.

Figure 11. The stress pattern of the Z direction on the 
bottom of the supporting wall in the overhaul period.

Table 3. The stress of the bottom of the supporting wall 
in the overhaul period (kPa).

Location A B C D

ANSYS 122.9 501.2 267.2 257.4
Method 1 112.3 491.5 272.4 651.6
Method 2 112.3 491.5 272.4 651.6
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with those of the finite element method, because 
there is no miter gate thrust and the supporting 
wall just bears water pressure and earth’s pressure 
behind the wall.

4.3.2 The analysis of stress of the lock head floor 
in the overhaul period

The first and the second moment values, which 
are on the bottom of the supporting wall in the 
overhaul period, are abstracted from the ANSYS 
model. The moment pattern figures are shown in 
Figure 12 and Figure 13.

It can be analyzed from Figure 12 and Figure 13 
that in the absence of the miter gate thrust, the 
conventional methods and the ANSYS method 
lead to almost the same floor moment values.

5 CONCLUSIONS

In this paper, a lock head of a ship lock project is 
analyzed by using the three-dimensional nonlinear 
finite element method and two conventional meth-
ods. By comparing the ANSYS method with the 

two conventional methods, the main conclusions 
can be drawn as follows:

1. In the absence of the miter gate thrust, the 
stress on the bottom of the supporting wall and 
the moment of the lock head floor, calculated 
by conventional methods, can reflect the lock 
head’s overall working condition well. The 
results of conventional methods are approxi-
mately in agreement with the calculation results 
of ANSYS.

2. When the side pier of the lock head bears the 
miter gate thrust, the view that the supporting 
wall is a unique structure is too conservative 
when compared with the results of ANSYS. The 
supporting wall stress is reasonable by assigning 
the cross component of the miter gate thrust. 
There exist defects in the two  conventional 
methods when the miter gate thrust exists. This 
is because the two methods cannot consider 
the tensile stress zone on the bottom of the 
 supporting wall.

3. When there is no miter gate thrust that acts on 
the side pier, the conventional methods agree 
well with the ANSYS method with respect to 
the results of the lock head floor. But when the 
miter gate thrust exists, the moment results of 
the floor by using method 1 are relatively small, 
in which case, the results by using method 
2 agree well with those by using ANSYS.

Therefore, in order to ensure the rationality of 
the engineering structure design, the two conven-
tional methods should be calculated, respectively, 
and the more disadvantageous values by using the 
two conventional methods should be used as the 
design basis.
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Figure 12. The first section of the moment of the lock 
head floor in the overhaul period.

Figure 13. The second section of the moment of the 
lock head floor in the overhaul period.
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Study on the prediction of flood disaster in Nanning City based 
on the gray neural network
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ABSTRACT: First, the feasibility of forecasting flood is studied, which is based on the combination 
model of neural network and the gray system theory. Then, taking the flood disaster of the Yu River 
in Guangxi Nanning City as the research object, the disastrous flood level is defined as 73 m and 75 m 
sequences of 2 cases for forecasting research by comparing according to the annual flood disaster data 
of Nanning City. By establishing the gray GM (1, 1) model of two series, respectively, and the 2 cases of 
the above flood series in the most recent disastrous flood year are forecasted based on the gray neural 
network. The results show that the predictive accuracy of the gray neural network model is very high 
and has high reliability. Finally, the 2 flood sequences are extrapolated to forecast, respectively, by using 
the trained network weights and threshold. The results show that the next disastrous flood in Nanning 
City will occur in 2018, which can be used as a reference for decision-making of disaster prevention and 
mitigation in Nanning City.

Keywords: combination model; gray neural network; flood disaster; flood forecasting

achievements in the study of combination model. 
Geng Yuemin proposed a forecasting method of 
combination model based on optimal weighting, 
which is used to solve the existing problems of 
various single traditional forecasting methods. The 
Tianhe hydrological station in Pearl River Delta 
was taken as an example. Under the forecasting 
requirements of water level, a  combination model 
was constructed, which is composed of the mul-
tiple linear regression, GM (l, 1) and BP neural 
 network, by using the optimal weighting method. 
The results show that the predictive accuracy of the 
combination model has a larger increase than the 
single model.

This paper establishes a gray neural network 
combination model of flood forecasting of the 
Yu River in Nanning City, and then extrapolates 
the occurrence time of the next disastrous flood in 
Nanning City.

2 GRAY NEURAL NETWORK MODEL

2.1 Principle theory of combination model

In practical engineering, we usually choose various 
different kinds of prediction model to forecast a 
set of  time sequence variables. In the prediction 
process, due to the different structures and charac-
teristics of  the model, different prediction  models 
can provide different available information. If  
a class of  prediction errors of  a model is simply 

1 INTRODUCTION

Flood disaster is a common kind of disaster, which 
is one of the natural disasters that brings most seri-
ous losses to human life and property, and almost 
40% of the loss that natural disaster brings to the 
modern society is caused by it. Therefore, disas-
trous flood forecasting is vital for preventing a city 
from being attacked by flood. There are different 
models for disastrous flood forecasting. However, 
due to the complication of the causes and influ-
ence factors on the formation of flood disaster, 
the study conducted in the field for forecasting 
flood disaster still needs constant exploration and 
improvement at home and abroad. In recent years, 
with the continuous progress of science and tech-
nology, new mathematical models have emerged 
endlessly, which provides a lot of new ways for 
flood forecasting, such as gray system theory 
method, artificial neural network method and 
combination model method.

The theory of combination model was pro-
posed in the 1960s. In 1969, J.M. Bates and C.W.J. 
Granger explained the forecasting method of com-
bination model systematically, and their study has 
been widely recognized by other experts and schol-
ars in this relevant field. Since 1980, the combina-
tion model has been paid more attention. More 
scholars have put their effort into studying it, and 
more relevant essays have been published. In recent 
years, scholars in China have also made great 
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rejected, a lot of  available information will be lost 
as well.

The comprehensive utilization of different fore-
casting models can reduce the randomness and 
make effective use of information, to avoid losing 
important information of a single model. Forecast-
ing model of multiple characteristics is combined 
together with suitable ideas and forms through scien-
tific analysis, and then establishes the corresponding 
combination model to forecast. It is the development 
direction for future forecasting in this field.

2.2 The feasibility of the gray neural 
network model

In the prediction process, how to establish a suita-
ble prediction model is of great importance. When 
modeling the gray system theory, it does not fully 
adhere to the original data. It not only respects 
the rationality of the original data, but also allows 
for scientific treatment, adjustment and amend-
ment to the original data of the forecasting object, 
which makes the gray system model combine more 
properly than other models, and can be used as an 
appropriate model to do combination forecasting 
with other models.

The GM model has many great advantages. 
For example, it weakens the randomness of the 
original data, needs a small amount of calculation 
and sample data, and has a relatively high predic-
tive accuracy in a short period of time. But there 
are also some specific limitations, such as lack of 
self-organized adaptability and feedback corrected 
ability. And it is difficult to adjust by the error’s 
feedback. However, artificial neural network has a 
good nonlinear learning ability and adaptive abil-
ity, and it can control the predicted error. It also 
has advantages such as good robustness, fault tol-
erance and generalization ability, which can make 
up the inherent limitations of the gray system 
models to a certain extent.

Under the condition of giving full play to the 
advantages of the gray system model, with the help 
of the advantage of the artificial neural network 
to modify the poor prediction residual sequence, 
satisfactory results can be obtained. Therefore, the 
establishment of the gray system combined with 
the neural network forecasting model will greatly 
improve the predictive accuracy of the models.

2.3 The forecasting model structure 
of the gray neural network

The basic structure of the gray neural network pre-
diction model is essentially a kind of combination 
forecasting model with residual error correction. 
First, the original data is normalized and one-time 
cumulated to establish the gray neural network 
model.

1. Forecast with the original data sequence x(0)(i), 
according to the principle of the least square 
method and GM (1, 1). The simulated data 

(0)ˆ ( )x(0)ˆ (  is the prediction sequence, and the resid-
ual sequence of GM (1, 1) is obtained after 
fitting.

2. Establish the BP neural network model, 
and calculate the residual sequence 

(0) (0) (0)( ) ( ) ( )(0) (0)(0)e(0)( ) ( ) () ( ) ((0) (0)(0)(0)( )(( )( )( ) , i = 1, 2, …, n. If  the 
predictive order is S, then some sequences 
such as e(0)(i − 1), e(0)(i − 2), … e(0)(i − S) form. 
The input vectors are e(0)(i − 1), e(0)(i − 2), … 
e(0)(i − S), and the output vector is e(0)(i). The 
network is trained through the residual 
sequence based on the BP neural network 
algorithm, and different input vectors will get 
corresponding output vectors. The parameters 
such as weights and threshold are the trained 
values, which are obtained through the neural 
network’s self-adaptive learning. After achiev-
ing the satisfactory accuracy of  error, the 
trained BP neural network can be used as the 
effective means of  residual sequence predic-
tion to get better results.

3. Data combination. sequence e(0)(i) is fitted 
and forecasted using the trained network, 
and then the residual sequence (0)ˆ ( )e(0)ˆ (  is 
obtained after correction. The final model is 

(0) (0) (0)ˆ .(0)(0)( ) ( ) ( )(0) (0)(0)(0)X (0)( ) ( ) () ( ) ((0) (0)(0)(0)(0)(0)( )(( )(0)(0)(0)

3 THE PREDICTION MODEL OF 
DISASTROUS FLOOD OF THE YU 
RIVER IN NANNING CITY BASED 
ON THE GRAY NEUTRAL NETWORK

3.1 Determination of the disastrous flood 
level of the Yu river in Nanning City

The warning level of flood control of the Yu River 
in Nanning City is 73 m. When the flood level 
exceeds it, Nanning will suffer different degrees of 
floods. A total of 131 years of historical data, from 
1881 to 2012, in Nanning hydrological station II 
demonstrate that there are a total of 32 flood levels 
that exceed the warning level, as shown in Table 1.

3.2 The establishment and inspection 
of the prediction model of disastrous 
flood of the Yu River in Nanning City

3.2.1 The establishment of the prediction model
Before forecasting, the forecasting accuracy of the 
gray neural network should be analyzed. First, we 
select the first 31 sequences above 73 m and the 
first 31 sequences above 75 m as learning samples 
to forecast, while the occurrence time of the 32nd 
flood and the 14th flood are used as the testing 
dataset to know the accuracy of the gray neural 
network forecasting model.
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Generating matrices of the original sequence, 
respectively, we obtain

x(0)(i) = (x(0)(1), x(0)(2), …, x(0)(31));

y(0)(i) = (y(0)(1), y(0)(2), …, y(0)(13)).

We then normalize the model. Before estab-
lishing the model, all the original data are divided 
by 1000 and minus 0.881 to make the  initial 
value as 1.

According to the gray system theory, the original 
data are one-time cumulated in order to improve 
the regularity of the original data. Establishing the 
corresponding albinism differential equation of 
GM (1, 1) model, we obtain

dx(1)/dt + ax(1) = u.

where a, u are parameters.

Suppose .â ⎛ ⎞a= ⎛ ⎞⎛ ⎞a
⎝ ⎠u⎜ ⎟⎜ ⎟u
⎛ ⎞⎛ ⎞⎛ ⎞⎛ ⎞

The values of the parameters can be estimated 
by the least-squares error method.

The solution of the differential equa-
tion is the fitting calculation value 
x	

( )
( )i  of  the time response function 

(1)ˆ ( 1) (1) ,  ( 1, 2, , n 1).uakx(1)ˆ ( (a
⎡ ⎤(0) u(1)(0)1) (1) ,  ( 1, 2, , n1, 2, , n1) (1) ,  (,  (1) (1)(1)(0)(1)(1)(0)(1)(0)

⎣ ⎦a⎢⎢ ( )( )( )( ) a( )( )( )( )(1)(1)(1)(1)  

Using IAGO on the original data sequence, the 
predicted value can be estimated as follows:

(0) (1) (1)ˆ (0) (1)(1)( 1) ( 1) ( )

(1 )a ak)

x(0)ˆ (0)( 1) ( 1) (1) ( 1) ((1) (1)(1)(1)(1)(1)(1)(1)

e))

1) ( 1)(1) ( 1)(1)(1)(1)(1)

⎡ ⎤(0)(1)(0) u= (1 ) (1)(0)(1)(0)(1)(0)(1)(0)(1)( )

⎣ ⎦a⎢ ⎥⎢ ⎥( )(1) a

According to the formulas and the above data, 
values of a and u in 2 different sequences are solved 
by using MATLAB. The results are presented in 
Table 2.

Suppose that x(1)(1) = x(0)(1) = y(1)(1) = y(0)(1) = 1, 
then

(1)

0 0029

ˆ ( )

356.9655 355.96550.0029

ak

k

u
x k x e(1)ˆ ( 1)

a
−⎡ ⎤(0) u(1)(0) u +ake1)1) (1)(0) u(1)(0)(1)(0) u

⎣ ⎦a⎢ ⎥⎢ ⎥( )(1) a(1)

= 356 9655

(1) (0)ˆ 113k0 00890 0089u
y k y e e(1)ˆ ( 1) (1) 1141) (1) 114(0)

a
⎡ ⎤(0)(0) u(0)(0) 0.00890.00891141141)1) (0)(0)(0)(0)(1)(1)(0)(0)(0)(0)(0)(0)

⎣ ⎦a⎢ ⎥⎢ ⎥yyyy ( )(1)(1)(1) a(1)(1)(1)(1)

Substituting k = 1, 2, …, n − 1 into the above 
formulas, we can get the simulation data and pre-
dicted value of the GM (1, 1) model.

Among these, the predicted value of sequence 
x(0)(i) is 1.1335, and that of y(0)(i) is 1.1345. It can 
be suggested that the next disastrous flood will 
occur in 2014.5 according to the sequence x(0)(i). 
This has a difference of 2.5 year by comparison of 
actual time. In addition, it has a difference of 7.5 
year by comparison of actual time according to the 
y(0)(i) sequence. The results show that the predictive 
one is similar to the actual one.

3.2.2 The inspection of the forecasting model
From the reduction of the original value and 
reducing value, the residuals sequence e(0) of  each 
model can be obtained. Subsequently, we test the 
precision of the model. The calculation process of 
the testing parameters is omitted, and the results 
are summarized in Table 3.

It can be seen from Table 3 that the testing preci-
sion of 2 gray GM (1,1) models is satisfactory, and 
it demonstrates that the extrapolating predictive 

Table 1. Above the warning level of the Yu 
River in Nanning hydrological station II.

Year Level (m) Flow (m3/s)

1881 79.89 19486
1908 76.13 13360
1913 79.1 18167
1914 75.15 12021
1915 77.4 15348
1936 76.37 13730
1937 77.58 15640
1947 74.06 10673
1950 73.3 9844
1954 73.03 9552
1955 74.48 11186
1958 73.73 10308
1958 74.71 11446
1960 73.07 9596
1968 75.16 12034
1968 76.39 13761
1971 75.37 12316
1973 73.64 10211
1978 73.37 9920
1978 73.12 9860
1980 73.55 10114
1985 75.42 12383
1985 73.64 10211
1986 73.44 9995
1986 75.74 12812
1992 74.18 10820
1994 75.42 12383
1994 74.36 11039
2001 77.18 14912
2008 75.18 11300
2008 74.34 11010
2012 73.06 9620

Table 2. Parameters a and u.

Parameters Sequence x(0)(i) Sequence y(0)(i)

a −0.0029 −0.0089
u  1.0352  1.0058
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results of the GM (1,1) model have certain credi-
bility. So we can use the BP neural network to train 
and correct the next step.

3.3 The training and amendment of the predicted 
residual sequence made by the BP neural 
network

We take the sequence y(0)(i) as an example. The 
residual errors between the simulation and histori-
cal actual value from e(0)(1) to e(0)(13) were trained 
by the BP neural network, and forecast the value 
of (0)ˆ (14)e  again, and thus the value of (0)ˆ (14)Y  
can be obtained by using the following formula: 

(0) (0) (0)ˆ (0)(0) ( )(0) (0)(0)(0)Y i y i e i(0)( ) ( ) () ( ) ((0) (0)(0)(0)(0)(0)( )(( )(0)(0)(0) .
First, the residual errors between the simulation 

value and the historical actual value are used as the 
basic data. The first 13 residual data are used as 
the training samples and the 14th data are used 
as the test samples. Each of the 3 data recurs as a 
cycle. That is to say, the first 3 data are the input 
vectors, and the latter data is the output vector.

After setting the parameters, we can initialize the 
neural network, and train and fit forecast based on 
the neural network. After 3 steps of iterative training, 
the BP neural network can meet the requirements of 
former setting accuracy, so that the predictive value 
−0.00755 will be obtained. After using the inverse 
normalization, the 14th residual predictive value is 
−7.55 based on the BP neural network. Therefore, 
we can get the predictive value of 2007.95, which 
coincides with the actual value of 2008.

Similarly, the residual errors of sequence x(0) (i) 
of the flood level above 73 m are trained and fitted 
forecast based on the BP neural network. The pre-
dictive value is 2011.966, which coincides with the 
actual situation of above 73 m of disastrous flood 
in 2012 in Nanning City. The predictive results 
show that the BP neural network for the residual 
error of the GM (1,1) model is of great effect, and 

it improves the forecasting accuracy greatly even for 
small samples.

4 THE PREDICTION OF DISASTROUS 
FLOOD OF THE YU RIVER IN 
NANNING CITY

By fitting and testing the above forecasting accu-
racy, the satisfactory results of the gray neural 
network model can be obtained, which shows that 
it has certain reliability. Therefore, we can use the 
gray neural network model to forecast the flood 
disaster occurring the next time in Nanning City.

All the data of Table 1 are used as learning 
data. Substituting the flood data in 2012 into the 
sequence x(0)(i), the new sequences x(0)(i)′ = (x(0)(1)′, 
x(0)(2)′, …, x(0)(32)′) can be obtained.

Similarly, substituting the flood data in 2008 into 
the sequence y(0)(i), the new sequences y(0)(i)′ = 
(y(0)(1)′, y(0)(2)′, …, y(0)(14)′) van be obtained.

With the above steps of prediction and methods, 
the forecasting results are summarized in Table 4. 
The extrapolating results show that there will be a 
disastrous flood of the Yu River in Nanning City 
that exceeds 75 m in 2018 or 2019. The forecasting 
results can be used for reference in Nanning City 
for flood control and disaster mitigation decision.

5 CONCLUSION

1. The forecasting model of the gray neural net-
work is substantially a combined predictive 
model used to modify the residual error. The 
predicted data are derived from time series 
prediction through the GM (1, 1) model. By 
subtracting the primary data and the predicted 
data, a residual sequence forms. The autono-
mous learning ability of the BP neural network 
can be used to revise the residual sequence. Thus, 
the final predictions of the gray neural network 
model can be obtained though  adding up the 
predicted data and revised residual sequence.

2. Based on the practical situations of disastrous 
flood of the Yu River in Nanning City, the sta-
bility of the forecasting model can be tested 
by comparing the two sequences of disastrous 
flood (above 73 m and above 75 m).

3. Since the neural network training and study has 
the characteristics of randomness and  volatility 
to some extent, the data and information of the 
most recent disastrous flood should be used as 
the test sample to make predictions for examining 
the precision of the gray neural network model 
through previous data. The predictive accuracy 
can be greatly improved through the extrapolated 
forecasting of the trained gray neural network 
model, which is based on a good precision.

Table 3. Testing parameters of the GM (1,1) model of 
disastrous flood of the Yu River in Nanning City.

S1 S2 C P ξ

x(0)(i) 0.0317 0.006575 0.2074 1 0.645775
y(0)(i) 0.0395 0.006849 0.1734 1 0.612898

Table 4. Forecasting results of disastrous flood of the Yu 
River in Nanning City based on the gray neural network.

Model x(0)(i)′ y(0)(i)

Forecasting values 
of residual error

0.000623  −0.00472

Inverse normalized 
value (year)

0.62325  −4.72

Occurrence time (year) 2018.12325 2018.48
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Study on the hydraulic model test of diversion-type hydropower station

Chun Qiu & Chenglan Liu
Sichuan College of Architecture Technology, Deyang, China

ABSTRACT: Diversion-type hydropower station is widely used in west China. Sediment deposition 
often appears near the water intake for the larger angle between diversion pipe and flow direction. The 
discharge capacity, sediment control and other hydraulic problems are studied. Shape optimization is 
conducted on water intake and other hydraulic facilities. Flow velocity, water surface and scour depth are 
measured. Some suggestions are mentioned to ensure the safety of the project. The results obtained in this 
paper can provide reference to the similar hydraulic engineering.

Keywords: hydraulic model test; discharge capacity; sand trap; water intake; sediment control

(checking flood level) and 2991.6 m (design-
ing water level), the corresponding discharge is 
521 m3/s, 330 m3/s, respectively. The details of 
the two operating conditions are provided in 
Table 1.

Model experiment with a scale of 1:40, based 
on the gravity similarity, is conducted to study the 
hydraulic performance of the project. The length 
of the prototype simulated in the experiment is 
1100 m. The panorama of the model experiment is 
shown in Figure 1.

1 INTRODUCTION

The hydropower project, with the total installed 
capacity of  96 MW and the normal water level 
of  3004 m, is located on the Bachu River in 
Cichuan Province, China. The project including 
three release sluices, namely 6 m wide and 3 m 
high, one scouring sluice, 3 m wide and 3 m high, 
is mainly for power generation and flood control. 
There are more studies on similar projects [1–5]. 
Under the opening conditions of  2994.58 m 

Table 1. Details of the two conditions.

Operating 
condition

Flood 
frequency

Return 
period (year)

Flow rate 
(m3/s)

Water level 
before gate (m) Operating mode

1 0.2 500 521 2994.58 No power generation + 
full opening

2 2  50 330 2991.60 No power generation + 
full opening

Figure 2. Deposit of the sediment after 12-hour scours 
at the check discharge.Figure 1. The panorama of the model experiment.
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2 ANALYSIS OF PRELIMINARY RESULTS

Figure 2 shows the deposit of the sediment of res-
ervoir after a 12-hour open discharge. Though the 
floor elevation of water intake is 2990 m, 3 meters 
higher than that of the river bed, some sediment 
is still involved in the water intake. To ensure the 
safety of the hydropower station, the form of water 
intake must be optimized.

It can be seen from Figure 3 (a) that prevent-
ing water is apparent at the anterior part of the 
gate piers, which influences the flood discharge. 
 Water-wing after gate piers is shown in Figure 3 (b), 
which shows the pier should be optimized to elimi-
nate the water-wing.

The main optimization work is as follows. An 
arc-shaped weir is placed before the water intake 
with the elevation 2992 m. The height of the breast 
wall increases 1.5 m in order to enhance the con-
veyance capacity. The head parts of gate piers are 
replaced by ellipse one for reducing the prevent-
ing water and improving the flow rate. The straight 
upper reach guide wall is changed into arc one. 
A new device is placed to the tail of the gate piers 
to alleviate the water-wing.

3 HYDRAULIC PERFORMANCE 
ANALYSIS AFTER OPTIMIZATION

It can be seen from Figure 4 that the water sur-
face keeps calm at the normal water level and dead 
water level, without the formation of vertical-axis 
vortex, which meets the requirement of the water 
intake. Figure 5 shows the flow property before the 
gate piers, while the flow discharge is 521 m3/s and 
330 m3/s. The flow pattern is stable for the con-
straint of the arc-shaped guide wall.

Figure 6 shows the sediment deposition of 
reservoir after the 12-hour open discharge at the 

Figure 3. Flow pattern at the check discharge. Figure 4. Water surface of the reservoir.
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discharge of 521 m3/s during the full opening con-
ditions of scouring sluice and release sluice. Most 
of the sediment near the foundation of the arc-
shaped guide wall is scoured to downstream and 
not into the water intake, which meets the need of 
power generation.

Figure 7 shows the relationship between the dis-
charge Q and the water head H before the middle-
pier of the hydropower project. The water level has 
a little decrease by comparison with the original 
case. And the flow becomes free flow under every 
operating condition.

Figure 5. Flow pattern of the reservoir.

Figure 6. Deposit graph after 12-hour scour at the 
check flood.

Figure 7. Variation of Q with H before the middle-pier.

Figure 8. Flow condition at the design flood.
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It can be seen from Figure 8 that the water 
wing after the gate piers is reduced greatly, which 
expressed that the device to eliminate the water 
wing is effective. The attention should be given 
while opening the gate at the normal water level 
of 3004 m; the flow velocity downstream reaches 
to 15.8 m/s near the middle release gate for the 
large drop height of the upper and down water lev-
els. From Figure 8 and Figure 9, we can see that 
the average flow velocity on the apron is about 
12.7–14.9 m/s, while the flow discharge is 521 m3/s 
and 330 m3/s, which is the situation that needs to 
be considered.

It is concluded from the model experiment that 
the scour depth is about 3–7 m, and the deepest 
point is located near the anti-scour trench. For 
security reasons, the corresponding foundation 
should be excavated to 2977 m; lead cage and 
riprap protection should also be added to ensure 
the safety. Figure 10 shows the distribution of 
scour and silting at design flood when all gates are 
opened. The similar distribution at the check flood 

Figure 9. Flow condition at the check flood.

Figure 10. Scour and silting condition at the design 
flood.

Figure 11. Scour and silting condition at the check flood.
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is shown in Figure 11, where the maximal depth 
of the scour pool is about 7 m near the anti-scour 
trench.

4 CONCLUSION

There are no vertical vortex and other dis-
advantages near the water intake after shape 
optimization. The sediment will not enter the 
water intake under different working conditions, 
which shows that the shape modification is effec-
tive. The magnitude of  the scouring sluice and 
release sluices can satisfy the requirement of  the 
draining flood. The arc-shaped guide wall makes 
the flow pattern smoother. The scouring sluice 
operating together with the release sluice will 
achieve better results for the sediment transport 
capacity.  Protective measures should be made to 
ensure the safety of  the downstream bed. The 
results obtained in this paper are also suitable for 
the similar project, which can provide an impor-
tant reference for the hydraulic engineering.
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Discussion on the development of remediation technology in Chinese 
metropolitan large mountainous river bank protection
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ABSTRACT: Taking the developing process of flood prevention and bank protection projects of the 
Yangtze River and Jialing River in Chongqing City for example, this paper conducts a summary and 
evaluation on the flood prevention comprehensive treatment technology of city stream segment part of 
Chinese large-scale mountainous river. A conclusion could be made that the concept of building a harmo-
nious relationship between humans and water as well as the ecological bank protection treatment technol-
ogy have become an inevitable tendency of present dike project technology development. The treatment 
concept oriented to the flood prevention treatment of city stream segment part of Chinese large-scale 
mountainous river has gradually changed from a single flood prevention project into a multi-objective 
one. Moreover, the treatment technology has also changed from the traditional project technology to 
ecological and natural bank protection technologies. However, the pure natural bank protection is usu-
ally applied to the recent middle and small river treatment at present, and for large rivers, the engineering 
natural bank protection technology is often adopted.

Keywords: mountainous river; flood prevention and bank protection; the harmonious relationship 
between human and water; natural ecology

Germany, have subsequently proposed some eco-
logical technologies in slope protection. In the late 
1980s, a “natural bank protection” technology[1] 
was proposed. In the early 1990s, Japan proposed 
a vegetation-growing eco-concrete technology[2]; 
the watercourses nearby the cities along the Rhine 
River adopted movable embankment, which 
increased the hydrophilia of people[3]. For a long 
time, the metropolitan large-scale mountainous 
river bank protection project has been mainly 
developed based on the above-mentioned mul-
tiple objective mission. Now, taking Chongqing 
City as an example, we analyzed this issue from 
two aspects, namely, design idea and flood control 
technology.

2 CHANGES OF MANAGEMENT IDEA

The central downtown river in Chongqing locates in 
the junction of the Yangtze River and Jialing River, 
which is a mountainous river on the upstream of 
the Yangtze River. The gradient between the river-
bed and the river is large, the river runs fasts, and 
under the influences of flooding water on both riv-
ers, the flood control project has become very nec-
essary in recent years. The management idea has 
gone through four stages, which are as follows:

1 INTRODUCTION

Just as its name implies, metropolitan large-
scale mountainous river has three characteristics, 
namely, mountainous river has a high water level 
difference, the flood rises and drops very rapidly, 
the water contains a large number of sand and 
could have a big impact on the river band, so it 
has a high disaster-causing capacity, so the river 
has a high requirement on the reliability of flood 
control project. Second, it refers to the large-scale 
river: large rivers usually play a strategic role in 
the national flood prevention system, as its flood 
control is closely related to national economy and 
social influences, so it has a higher flood control 
standard. Third, these rivers belong to metropoli-
tan rivers, so they play important roles in water 
supply, green land maintenance, environmental 
protection, resource protection, entertainment, 
transportation and cultural education. Moreover, 
its comprehensive function is also needed for the 
flood control project.

It can be seen that the metropolitan large-scale 
mountainous river revetment shall taken strong 
reliability, high flood control standard and com-
prehensive functions into consideration.  Especially 
for some ecological problems about the rivers, 
advanced countries, such as Switzerland and 
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1. Negative treatment: because of the special topo-
graphic condition and geographical conditions 
in the central downtown of Chongqing, and the 
limitation of economic conditions at that time, 
the central downtown of Chongqing has been 
lacking dike for a long time after the foundation 
of China. It keeps a negative attitude towards 
the flood control, that is, “retreat while the 
flooding comes, and moves forward while the 
flooding shrinks.” But with the economic devel-
opment and urban expansion increasing, the 
number of buildings and industries are set up 
along the river, so the damage and losses that 
flood disaster has on the nearby areas increases. 
For example, the worst flood in 50 years that 
occurred in July 1981 flooded wide areas, cit-
ies and villages along the Yangtze River and 
Jialing River, 130,000 people were affected by 
the disaster; as a result, houses collapsed, traf-
fic stopped, water supply and power supply was 
interrupted, which brought a huge loss to the 
life and property of China and its citizens.

2. Basically meeting the demands for flood con-
trol and support transportation: in 1988, 
Yuzhong, Chongqiang carried out the project 
that combined waterfront protection with 
the embankment project (Changbing road; 
full length 5.1 km), which symbolizes that the 
embankment project in the central downtown 
areas starts, but the flood control standard is 
still unclear. The construction of the project 
aimed to connect the transportation and con-
trol flood disaster. Afterwards, the flood con-
trol project from the right bank of Jialing River 
in Yuzhong District to Qiansimen Reach (full 
length 4.5 km) was started; in Nanan District, 
it was from the Shibanpo bridge on the right 
bank of the Yangtze River to Shuibingying (the 
full length is 7.5 km) and the project from the 
Yudong Yangtze River bridge on Banan district 
to the estuary of the Jiantan River (full length 
5.0 km). In 1997, Chongqing government 
released a report about the urban flood con-
trol project, and in 1998, Regulations on Flood 
Control of Rivers in Chongqing were passed, 
which offered basic references for the planning, 
implementation and management of the urban 
flood control project.

3. The specific flood control standard, transpor-
tation and urban environment are considered in 
the project construction. With the rapid devel-
opment of urban construction, the effect of 
water conservancy project that was constructed 
on the upstream of the Yangtze River and that 
of  the three gorges project on the central zone 
on the flood level of  central downtown were 
considered. In 2007, Chongqing water conserv-
ancy bureau adapted the urban flood control 

plan, which was approved by Chongqing gov-
ernment. This program confirmed the flood 
control standard and designed the flood con-
trol level in a specific manner. However, at that 
time, Chongqing was in a rapid development 
period, so it had high requirement on land 
and transportation. As the flood prevention 
and bank protection reached the flood control 
standard, it occupied a large area of water-
course and capacity of  reservoir, for instance, 
the fifth phase of the project on the Nanbing 
Road of Nanan District (3.96 km, occupying 
1.234 million m3 capacity of  reservoir) and the 
comprehensive regulation project (5.3 km, occu-
pying 1.13 million m3) from the Huanghuayuan 
Bridge to the Dafosi Bridge. It is worth point-
ing out that according to the confirmed flood 
control standard and designed flood level after 
confirmation, there is a 12 km substandard 
engineering section in the constructed embank-
ment, including 7 km of the first phase project 
in Nanan District and the section from the 
Caiyuan Dam, Changbin Road to 5 K of the 
Yangtze River Bridge.

4. Comprehensive improvement on bank-
 protection projects for multiple objectives: 
with the development of  urban cities, relevant 
departments have come up with new require-
ments on the bank protection project[4], which 
not only has to meet the demand for flood 
control and transportation, but also needs to 
reflect the project functions as landscape green-
ing and its hydrophilic nature. Meanwhile, 
the reservoir management of  the three gorges 
project shall be strengthened, so as to avoid the 
occurrence of  occupying the reservoir capacity. 
Therefore, in the project design, factors such as 
flood control, transportation, bank protection, 
urban construction, riverside greening and 
hydrophilic nature are considered. Moreover, 
the flow pattern of  stored water in the three 
gorges reservoir, the reduction of  excavation 
and filling in project have also been taken into 
consideration, so as to make the construction 
easier. Levee alignment has been combined 
with the water regime of  the Yangtze River in 
the project and the demand of  municipal con-
struction, so the project stresses on the flood 
discharge and the smooth of  flow line. For 
instance, the 3.12 km distance between Foe-
ryan on Banan District and Yudongche Wharf 
and the 10.2 km comprehensive improvement 
project for flood prevention of  Nanping Dike, 
Maliuzui Town of  Banan district; all these 
projects have not occupied the reservoir capac-
ity of  the three gorges reservoir, and have cre-
ated a leisure area with a strong hydrophilic 
nature.
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3 ADVANCEMENT IN THE FLOOD 
CONTROL TECHNOLOGY

3.1 Traditional river bank regulation

China has a long history in river regulation. 
According to the historical records, in early 28 BC, 
baskets weaved by willow branch and baboons 
were used to reinforce the river bank and chan-
nels with stones in it. To sum up, the traditional 
bank protection technology can be divided into 
slope revetment and wall revetment, where slope 
revetment can be further classified into loose-stone 
revetment, cement rubble revetment, precast con-
crete plank bank revetment and cast-in-situ con-
crete protection. Generally, these are paved on the 
bank slope and levee foot and formed subsequent 
overlay protection, which have a little effect on 
the riverbed boundary condition and near-shore 
currents and have good adaptability to the soil 
foundation. There are three types of retaining 
walls in wall revetment, namely, gravity retaining 
wall, anchored retaining wall and thin-wall retain-
ing wall. These retaining walls are usually set up 
in important river reaches with narrow water area 
and no bunds. They have the advantages of little 
section and small land occupation. The traditional 
river bank regulation technologies have achieved 
certain outcomes until now, and also are important 
forms in the large-scale river flood control projects 
in Chongqing, but the traditional river regula-
tion projects have cut off  the interactive channels 
between water and soil, broken the connection 
between water and soil, and brought many negative 
effects on the ecological environment. Therefore, 
to develop a new river protection project with new 
theories, materials and technologies have become 
the main tasks for hydraulic engineers.

3.2 New methods for revetment projects

Ecological riverbank is the latest river bank pro-
tection method. It can be divided into three types, 
namely, nature bank protection, natural bank pro-
tection and engineering natural bank protection[5]. 

The former one uses building materials and soil 
vegetation in bank protection. The natural bank 
protection usually applies building materials to 
river bottom protection and uses soil vegetation 
for slope protection. Engineering natural protec-
tion uses soil vegetation for both river bottom 

Figure 1. Nature bank protection.

Figure 2. Natural bank protection.

Figure 3. Engineering natural bank protection.

Figure 4. Cylinder mold bank protection.

Figure 5. Conceptual graphs for ecological concrete.
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protection and slope protection, and it prevents 
the flood shock with the soil fixation of certain 
plants. Obviously, the ecological management of 
three ecological riverbanks is being strengthened in 
sequence, while the structural intensity is basically 
becoming weaker in sequence. Therefore, pure nat-
ural bank protection is used for middle and small 
rivers in the plain terrain, and natural bank pro-
tection is used for large rivers in the plain terrain, 
while the new type of bank protection applied for 
large mountainous rivers is usually the engineering 
natural bank protection.

The studies and practices of bank protection 
projects of large rivers shall be started from two 
aspects: first, fix the stone or rubble with reseau 
or mesh cage to strengthen the bank and resist the 
flood impact, which has good air and moisture per-
meability and does not affect the water exchange 
and its ecological function. Second, new materials 
such as ecological concrete or cement planting mate-
rial are used. These new materials have not only the 
intensity of traditional building materials, but also a 
similar ecological function of natural soil. Here, the 
former one refers to gabion box, gabion mesh, reno 
mattress, sack gabion and geotechnical net, which 
have integrality and flexibility, and natural vegeta-
tion can be planted on it, and the ecological environ-
ment and landscape can be improved. At present, 
these types of cylinder mold heel block have been 
put into standardized commercial production, and 
currently they have been widely used in all places of 
China, including western provinces such as Chong-
qing and Sichuan[6]; the latter one mainly includes 
cement ecological planting material, vegetation type 
eco-concrete[7] and soil stabilizer[8]. Most of them 
are introduced from foreign countries, which has 
strong intensity, and could meet the requirement for 
ecological bank protection. At present, this method 
has been used in many typical embankment seg-
ments and urban rivers.

Besides, there are three new technologies in bank 
protection, namely, concrete permeable frame of 

tetrahedron with six sides, planting grass seed with 
waterpower and net mold water draining engineer-
ing for bank protection. The technology of concrete 
permeable frame of tetrahedron with six sides was 
developed and improved by Northwest A&F Uni-
versity and Hehai University, because of its good 
performance and impact resistance, so it has been 
wildly applied to the regulation of large rivers. As 
for planting grass seed with waterpower technol-
ogy, grass seed, pulp, adhesive, fertilizer and water 
are added into the grass spraying water tank, and 
then they are spread on the slope segment for grass 
protection. Under proper conditions, those grass 
seeds will sprout and result in greening and pre-
vention of water and soil loss[9]. It is mainly used 
to improve the appearance of water conservancy 
project, so it has been used in the reconstruction 
and beautification of traditional water conserv-
ancy project, including the early embankment and 
dam project. Geotextile and grait has been used in 
the net mold water draining engineering for bank 
protection, and this technology is one of the geo-
textile mattresses, which belongs to the eco-type 
bank protection and can be used in the slope pro-
tection of river regulation. It has been applied to 
the river regulation of the Jinjiang River that has 
large river-bed deformation, and has been selected 
into the advanced practical technologies.

4 RIVER REGULATION IDEA AND 
TENDENCY OF ITS TECHNOLOGICAL 
DEVELOPMENT

The urban river reaches of large urban rivers not 
only have their natural functions, but also undertake 
some social functions, such as urban flood control, 
municipal transportation, landscape, water culture 
and water recreation[10], so the idea of river regu-
lation gradually presented its comprehensiveness, 
and the river regulation has multiple objectives, the 
river regulation project must meet the demands of 

Table 1. Idea development of large river improvement in Chongqing.

Idea Requirements Finished time Typical projects

Negative coping – Before 1988 –
Flood control-centered and also 

involved with transportation 
factors

Certain flood control function and 
structural strength

1988–1997 Changbin Road, 
Yuzhong District

Meet the standard of flood control, 
protect the transportation and 
urban environment

Meet flood control and hydrophilia 
requirements

1997–2007 The fifth phase project 
of Nanbing Road, 
Nanan District

Comprehensive improvement for 
multiple objectives

Flood control, transportation, urban 
environment, hydrophilia, nature, 
meet the management requirement in 
the Three Gorges Reservoir Region

Recent years Foeryan, Banan 
District to 
Yudongchedu 
Wharf
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multiple departments of national economy and try 
to realize the eco-regulation, remain or optimize the 
natural function of river itself. Meanwhile, the flood 
control project of big urban rivers usually requires 
larger investment, so its construction also requires 
achieving certain economic benefits, to bring 
forward the rapid development of surrounding 
economy by reaching the flood control standard, 
stabilizing bank slope, improving transportation 
function, greening and beautifying the areas along 
the river, so as to solve the flood control problem 
with less national investment, change the environ-
ment of the construction area, improve the image of 
urban cities, and create considerable economic ben-
efits, which is an important index for the feasibility 
assessment on a large embankment project.

At present, there are some basic problems that 
exist. In most large mountainous rivers, the road-
embankment integrated method has been used in 
the construction of flood control and bank protec-
tion project. Based on the current standards, it shall 
be designed with a high flood control standard, 
while the natural development of urban cities exists 
nearby water, so embankment shall be constructed 
along the outside waterside area, so these are the pro-
tective objectives. In these places, embankments and 
roads are obviously higher than the land elevation in 
the rear area, so waterlogging occurs very frequently 
in the rainy season. Meanwhile, most embankment 
projects in the metropolis have been constructed for 
many years, so the standard and construction tech-
nology are different; as a result, the early embank-
ment is a substandard, and a wooden barrel effect 
occurs in the entire flood control project.

For the idea of man-water harmony, eco-bank 
protection technology is an inevitable tendency 
for the development of embankment engineering 
project, and new materials and technologies will 
be more widely used in the regulation of middle 
and small rivers, but are not used in large river 
regulations, so the application and promotion of 
new technologies and materials shall be quickened, 
but problems related to cost and reliability shall 
be considered. In terms of the flood control and 
bank protection projects in the Yangtze River and 
Jialing River in Chongqing, engineering natural 
bank protection technology has been used very fre-
quently, but pure natural bank protection is hardly 
adopted, so it is necessary to introduce both ideas 
and technologies to realize river regulations natu-
rally with multiple objectives.

5 CONCLUSIONS

Development situations: for the flood control 
project of large-scale mountainous river nearby cit-
ies, the flood control concept gradually developed Ta
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from a singular flood control project into a multi-
objective project, including transportation, land-
scape, ecology and cultural construction. The 
flood control technology already changed from the 
traditional engineering technology to ecotype and 
natural-type bank protection technologies.

Existing deficiencies and differences: there are 
conflicts between multi-objective projects and eco-
nomic benefits. The multiple-objective task usually 
requires higher costs, so its implementation usually 
is restricted by the evaluation of economic bene-
fits; and the nature-type bank protection is mainly 
used in the management of medium or small riv-
ers, while large rivers have higher requirements 
to ensure the reliability of projects, but nature-
type bank protection technology has been widely 
applied in the river regulation in China.

Development tendency: human-water harmony 
theory and ecotype revetment regulation technolo-
gies are the inevitable tendency for the development 
of embankment engineering, so a human-water 
harmonious relationship is a must tendency in 
river regulation in the future. As the ecotype revet-
ment technology becomes more mature, the cost 
will reduce, while its reliability and adaptability 
may increase. The flood control project of large 
mountainous rivers in urban areas will be applied 
more widely.
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In-situ measurement study on stress of frozen inclined shaft lining 
crossing water-rich sand stratum

Jianxi Ren & Jielong Sun
Xi’an University of Science and Technology, Xi’an, China

ABSTRACT: There is no nature theory or method to design and construct the frozen inclined shaft lining 
in water-rich sand stratum. In order to solve this problem, the paper used in-situ measurement to study the 
stress of frozen inclined shaft lining crossing water-rich sand stratum. The results show that the force of fro-
zen inclined shaft lining can be divided into three stages of change: Slow increase stage, rapid increase stage, 
and stable stage, the vertical steel bars of inner shaft lining mainly bearing tensile stress and the maximum 
tensile stress is 13.8 MPa, the circular steel bars bearing tensile stress fist and then turn to compression 
and the maximum compressive stress is 35.06 MPa, which is far less than the limit of eastern alluvium, the 
frozen inclined shaft lining is too thick which can increase the construction cost; therefore, the design and 
construction of frozen inclined shaft lining crossing water-rich sand stratum needs to be optimized.

Keywords: water-rich sand stratum; frozen inclined shaft; shaft lining stress; temperature; in-situ 
measurement

inclined shaft is 1303.3 m, the inclination is 14°, the 
section area is 16.3 m2, the width is 5.0 m, the vertical 
wall is 1.25 m, and the arch is 2.5 m. The horizon-
tal distance from frozen position to the wellhead is 
80.215 m, the inclined length of frozen shaft is 377 m, 
the horizontal length of frozen shaft is 365.8 m, and 
the vertical depth is range from 20 m to 111.208 m.

The pumping test results show that the inflow of 
water is 1250 m3/h. Use multi-row freeze-tubes method 
to sinking shaft. The number of freeze-tubes is five 
and the distance is 2.35 m. The design thickness 
of shafts roof is 6.0 m, the roadway is 3.0, and the 
floor is 5.0 m. Figure 1 is the profile of freezing hole.

1 INTRODUCTION

The study on frozen shaft has already achieved 
significant achievement in eastern alluvium (e.g., 
Yang et al, 2010, review and prospects of research 
on freezing design theory of coal mine shaft; Wang 
et al, 2007, in-situ measurement on the stress of rein-
forcing steel bar of outer freezing shaft wall in deep 
alluvium; Xi et al, 2014, in-situ measurement study 
on stress and temperature of frozen outer Shaft lin-
ing in western cretaceous strata). But there are few 
studies in western water-rich sand stratum espe-
cially for the frozen inclined shaft. The theory and 
method for frozen inclined shaft lining is not mature 
and most design and construction were based on the 
experience of frozen shaft. And the different regions 
and shaft arrangement will lead to a thick shaft, 
high temperature stress, and so on (Fan et al, 2013, 
construction technology of freeze sinking method 
in inclined shaft soil layer; Liu et al, 2012, study on 
temperature field distribution law of freezing wall 
for inclined shaft). The paper will use in-situ meas-
urement to study the stress mechanism of frozen 
inclined shaft, analysis of the stress of vertical and 
circular steel bars of inner shaft lining and provide 
the basis for frozen inclined shaft in western.

2 ENGINEERING SITUATION FAVOR

The coal mine is located at 20 km of Yulin City, 
Shaanxi Province. The design production of coal 
mine is 8 million tons a year. The length of main Figure 1. Profile of freezing hole.
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3 MEASURE SCHEME OF SHAFT 
LINING FORCE

The monitoring contents are freezing pressure, the 
stress of vertical and circular steel bars of inner 
shaft lining, and the temperature of shaft. The VWL 
Load-meter is used to monitor the freezing pressure, 
which can monitor the temperature of frozen shaft. 
The VWR Stress-meter is used to monitor the stress 
of steel bars. Fixed the load meter and stress meter 
when the shaft tunneling to the monitoring section.

The distance from monitoring section to well-
head is 259 m and the vertical depth is 62.7 m. 
Install one load meter at shaft roof, arching, and 
floor. Install one stress meter at the inner steel bars 
of shaft roof and the outer steel bars of arching 
and shaft floor. Figure 2 is the schematic diagram 
of test point arrangement.

4 CHARACTERISTICS OF SHAFT 
LINING FORCE

4.1 Analysis of freezing pressure

Figure 3 is the measured curve of freezing pres-
sure, from the curve we can see that the range of 
freezing pressure is 30.69∼696.87 KPa.

The Figure 3 shows that the frozen inclined 
shaft lining can be divided into three stages of 
change: Slow increase stage, rapid increase stage, 
and stable stage. Slow increase stage: in this stage 
the freeze wall can be regarded as t, which can 
bear the water and earth pressures with shaft. The 
increased shaft is caused by the frozen wall refro-
zen. Rapid stage: the frozen wall begin melt after 
monitoring 52 days, which lead to the force acting 
on the shaft rapid increase. At this time, the force 
of the frozen wall beard is reduced. Stable stage: 
when the monitoring carried out to 200 days, the 
frozen wall melted completely and the force acting 
on the shaft became stable.

In addition, the force acting on the right shaft 
is lower than the left and roof before thawing, but 
the force acting on the right shaft rapid increases 
after thawing and transcendence the left and roof, 
which is due to the rock and soil anisotropic, freez-
ing temperatures and frozen brine pipe deflection, 
and so on.

4.2 Force analysis of the vertical steel bars

Figure 4 is the measured curve of the vertical steel 
bars and the maximum tensile stress is 13.8 MPa, 
which is far less than the limit of eastern alluvium 
300 MPa, and the results shows the shaft is safe.

The Figure 4 shows that the mainly bearing 
tensile stress and the tensile experienced four stages. 
Fist, rapid increase stage: because concrete hydra-
tion heat the temperature of  inner shaft increased 
rapidly, the compressive stress of  vertical steel 
bars of  inner shaft  lining is −0.8∼−3.4 MPa and 
turn to tensile stress in 1–8 days then increased 
rapidly. Second, slow reduce stage: force acting on 
the shaft is reduced but the force acting on the 
frozen wall is increased, which has been caused by 
the refreezing of  frozen wall. Third, stable stage: 
in this stage the refreezing of  the frozen wall is 
complete; the pressure acting on the wall remains 
stable (the stress of  a certain range). Last, slow 
increase stage: in conjunction with Figure 3 we 
can see that the frozen wall begins to melt; the 
force acting on the shaft increases gradually, which 
leads to the vertical steel bars stress increase.

4.3 Force analysis of the circular steel bars

Figure 5 is the measured curve of the circular steel 
bars and the maximum tensile stress is 35.06 MPa, 
which is also less than the limit of eastern alluvium.

The Figure 5 shows that the circular steel bars 
bear tensile stress at the beginning of monitoring, 
which is caused by the concrete hydration heat and 
with the gradual reduction of temperature turn 
to compressive stress. The changes above all are 

Figure 2. Schematic diagram of test point arrangement.
Figure 3. Measured curve of freezing pressure.
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caused by the force acting on the shaft and frozen 
wall refrozen. When the monitoring carried out to 
52 days, the stress suddenly increases. In conjunc-
tion with Figure 3, the frozen wall began melting 
while it was being monitored to 52 days, which lead 
to the force increase that acting at shaft, also cause 
the mutations of circular stress. With the melt of 
frozen wall, the force acting on the shaft and the 
stress of circular steel became stable.

5 CONCLUSIONS

1. The maximum pressure of frozen inclined shaft 
lining is 696.87 KPa, which is far less than 
the limit of eastern alluvium; the force frozen 
inclined shaft lining can be divided into three 
stages of change: Slow increase stage, rapid 
increase stage, and stable stage; the pressure 
acting on the shaft lining is closely related to the 
melting of the frozen wall; the greater rate of 
the frozen wall, the greater rate of the pressure 
increase; when the frozen wall melt completely 
the pressure tends to be stable.

2. The vertical steel bars of inner shaft lining mainly 
bearing tensile stress and the maximum tensile 
stress is 13.8 MPa; the tensile stress can be divided 
into four stages of change: rapid increase stage, 
slow reduce stage, stable stage, and slow increase 
stage. The circular steel bars tensile stress fist 
and then turn to compression and the maximum 
compressive stress is 35.06 MPa, which is far less 
than the limit of eastern alluvium.

3. The stress of steel bars and frozen pressure 
are less, the frozen inclined shaft lining is too 
thick which can increase the construction cost; 
therefore, the design and construction of frozen 
inclined shaft lining crossing water-rich sand 
stratum needs to be optimized.
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Figure 4. Measured curve of the vertical steel bars.

Figure 5. Measured curve of the circular steel bars.
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Numerical study on effect of opening ratio for flow field of artificial 
reefs based on VOF model

RuiJin Zhang, Man Tao, JinMei Zhou, XueZhi Huang & Peng Lian
College of Marine Technology and Environment, Dalian Ocean University, Dalian, China

ABSTRACT: Six artificial reefs in which opening ratio differs from 0 to 0.5 have been numerically simu-
lated to study the effect of the opening ratio for flow field of artificial reefs through the establishment of 
VOF model. Results show that the maximum velocity of the upwelling current decreases with the increas-
ing opening ratio, and the reefs with larger opening ratio (0.5) produce two vortexes and reefs back at the 
bottom of the eddy current level (span increases with openings than a declining trend).

Keywords: VOF; opening ratio; flow field effect of artificial reefs

2 NUMERICAL SIMULATION

2.1 Governing equations[4]

The governing equations include the continuous 
equation and the momentum equations in which 
the fluid is assumed to be incompressible:

1. continuous equation:
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In the equations, u, v and w are the velocity in 
the X, Y, and Z direction, respectively. Also, t is 
the time, ρ is the density of fluid, �u  is the vector of 
velocity, μ is the dynamic viscosity, p is the pressure, 
Su, and Sv and Sw are the generalized source terms 
of the equation to the momentum conservation.

2.2 The calculation region

Numerical calculation has been performed by simu-
lating the actual experiment flume. The size of cal-
culation area was set according to the circumstance 
of flume experiment. A tank with 160 cm long, 
60 cm and 45 cm wide was simulated with 40 cm 
water depth. Cubes of artificial reefs with different 

1 INTRODUCTION

Artificial reefs mainly aim to prolife rate fish-
ery resources through its surrounding ecological 
flow field effect. Therefore, the study of flow field 
effect of artificial reefs is of great significance. 
Flume experiments and numerical simulation are 
the main research methods that people study the 
flow field effect of artificial reefs. Comparing with 
physical model experiments, numerical simulation 
study of complex single-phase or multiphase flow 
is more convenient. It also saves the experimental 
consumption expenditure. It is the major develop-
ment trend of the future.

Jun et al. (2010)[1] applied numerical simula-
tion to flow field of m-shaped artificial reefs and 
compared with the result of the flume experi-
ment. Yanxuan et al. (2014)[2] used three stacking 
kinds of artificial reefs pipe to do flume experi-
ments and the simulation results were compared. 
Hyunkyounq et al. (2003)[3] contrasted the model 
results and numerical simulation results in three 
different sizes of reefs surrounding the flow field. 
In the process of numerical simulation, both the 
upper boundary and lateral boundary adopted the 
symmetrical boundary condition. At present, there 
is no related literature of establishing a VOF model 
for numerical simulation of artificial reefs flow 
field effect. We have to make numerical simulation 
experiment situation more real. This paper used 
the VOF model to define water flow field bound-
ary of free surface, numerically simulated the flow 
field surrounding different opening size cube of 
artificial reefs and discussed the effects of opening 
ratio. It also considered the effect of tank wall fric-
tion at the same time, making the numerical simu-
lation closer to the actual working condition.
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openings which size is 10 cm × 10 cm  × 10 cm 
were put in the bank. And the inlet of velocity is 
18 cm/s.

In order to study the influence of opening of 
the artificial reefs, a parameter: opening ratio (r) is 
set to be the ratio of opening size and reefs’ length. 
Six cubes whose opening ratio differs from 0 to 0.5 
have been numerically simulated. If  r is 0, the reef 
turns to be a cube.

2.3 The VOF model

Choose the steady-state solver in this experiment, 
set up two-phase flow model of air and water, and 
open the channel flow. Select RING k—epsilon tur-
bulence model, call up the physical parameters of 
water, and set the air for the primary-phase, water 
for the second phase. Reference point of pressure 
set in the area of the air and gravity is along the 
z-axis direction. Water inlet boundary is defined as 
the velocity-inlet, with water velocity of 18 cm/s, 
air inlet is defined as pressure-inlet, water’s volume 
fraction in the multiphase is 0 from the air-inlet, 
water’s volume fraction in the multiphase is 1 from 
the water-inlet. The out of the water and air are all 
pressure-outlet, need to set the out-of-water condi-
tion, open the channel from the multiphase of the 
water-out, and calibrate the level of the free sur-
face. Suppose the reefs body model and the bottom 
and side of sink as wall. The friction coefficient is 
0.5. Set flow field boundary to free surface and 
suppose above the sink as pressure outlet bound-
ary conditions.

3 ANALYSIS AND DISCUSSION 
OF THE RESULTS OF NUMERICAL 
SIMULATION

The main flow field effects caused by artificial reefs 
are the upwelling current in front of the reefs and 
the reverse vortex flow backward. The upwelling 

Figure 2(a). Contour map of upward velocity (r = 0).

Figure 2(b). Contour map of upward velocity (r = 0.1).

Figure 2(c). Contour map of upward velocity (r = 0.2).

Figure 1. Model of six artificial reefs.
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current could promote the nutrients to flow from 
the up and low and the reverse vortex could create 
a lower speed area for fish to inhabit. Opening of 
the artificial reefs would change the flow around 
the artificial reefs, resulting in changing the region 
of the upward and reverse vortex around the artifi-
cial reefs. Therefore, the opening radio is an impor-
tant impact factor for the flow of the artificial 
reefs. Here, the upward flow is defined when the Z 
direction velocity component ahead and above the 
reefs is greater than 10% of flow velocity[5].

The distribution of upwelling current differs 
with the changes in opening ratios. When the 
opening ratio reaches a certain degree, two obvi-
ous vortexes appear in the back of the artificial 
reef. The upwelling current horizontally increases 
with the increase in opening ratios, but the reverse 
vortex flow gradually disappears. The distribution 
of upwelling current and reverse vortex are shown 
in Figure 2.

The paper mainly focuses on the changing trend 
of the maximum velocity of the upwelling cur-
rent in the front part of the reefs and the width 
of reverse vortex current with the changing of 
the opening ratios. The maximum velocity of 
the upwelling current turns to be the maximum 
speed among the vertical direction in the area. 
There appear two vortexes right behind the reefs 
body while the reefs are open. And fish are more 
likely to gather in the lower part of vortexes, which 
explains the value of reverse vortex current to be 
the level of the largest span of the back of reefs 
in this paper. Figure 3 shows the maximum veloc-
ity of the upwelling current for different opening 
ratios. The maximum velocity of the upwelling 
current reduces with the increasing opening ratios. 

Figure 2(d). Contour map of upward velocity (r = 0.3).

Figure 2(e). Contour map of upward velocity (r = 0.4).

Figure 2(f). Contour map of upward velocity (r = 0.5).
Figure 3. Change of maximum velocity of the upwelling 
current for different opening ratios.
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When r is 0, the maximum upwelling current is the 
biggest, i.e. 16.47 cm/s, which is 91.5% of the inlet 
velocity. Figure 4 shows the width of the reverse 
vortex for different opening rations. When r is 0, 
vortexes are obvious behind the reefs, the level of 
the largest span of the reverse vortex current takes 
18.96 cm. The width of the reverse vortex current 
reduces with the increasing opening ratios, but a 
turning point occurred when r is 0.2. The results 
of the experiment are consistent with the results 
of Dongwei et al. (2012)[6], which turns out to be 
that the upwelling maximum speed and the width 
of reverse vortex current reduce with the increas-
ing opening ratios.

4 CONCLUSION

Six artificial reefs whose opening ratio differs from 
0 to 0.5 have been numerically simulated to study 
the effect of the opening ratio for flow field of 
artificial reefs through the establishment of VOF 
model. It could be concluded that: (1) When the 
opening ratio increases from 0 to 0.5, the maxi-
mum velocity of the upwelling current decreases. 
When the opening radio is 0, the maximum veloc-
ity of the upwelling current can be 91.5% of the 
inlet velocity. (2) When the reefs are opening, there 
will be two vortexes right behind the reefs’ body. 

Through the increasing process of the opening 
size, the width of the reverse vortex current tends 
to decrease, but there is a small turning point when 
r is 0.2. When the opening ratio is 0, the upwelling 
current and reverse vortex are better than the oth-
ers, but it has less area for fish to inhabit. The max-
imum velocity of the upwelling current and the 
width of the reverse vortex are not the only two 
factors to be concerned in designing artificial reefs; 
therefore, in the further work, more factors should 
be considered to looking for a best opening ratio 
of the artificial reefs.
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ABSTRACT: Regarding it as rectangular, according to the quantities calculation principle of  trun-
cated cone-shaped steel structural steel funnel, it derives the universal theoretical calculation formula for 
steel plate quantities with different central angles with mathematical theory. In this way, it is not only 
convenient for cost members to calculate steel plate quantities and complement for theoretical knowl-
edge about construction cost, but also provides theoretical basis for metalers to calculate the steel (cop-
per) plate area of  transition joint fittings with different sizes like air duct, exhaust hood and chimneys; 
and creates conditions for construction cost digitalization and quantities calculation with informational 
software.

smallest circumscribed rectangle as shown in the 
figure.

Second, the steel funnel manufacturing quan-
tities shall be calculated as composed dimensions 
shown in the figure without deducting the areas of 
manhole, access hole, and cleaning hole. The pro-
file steel attached to the funnel shall be calculated 
together with the funnel.

Third, the quantities calculation principle of 
“component transportation and installation engi-
neering”: the steel member shall be calculated in 
tons according to component figure. The welding 
structure shall be calculated as quantities plus 1.5% 
welding line weight, the riveted structure shall be 
calculated as quantities plus 2% rivet weight.

2.2 The calculation principle of steel funnel 
quantities for Code of Valuation with Bill 
Quantity of Construction Works[2]

First, the calculation principle for bill of quanti-
ties of “A.6 steel structural engineering” steel fun-
nel (No. 010606010): calculate according to design 
figure in weight, including the weight of eyelets, 
side cuts and cut limbs but excluding the weight 
of welding rods, rivets and bolts, the irregular or 
polygonal steel plates shall be calculated as external 
rectangle area × thickness × theoretical unit mass, 
the funnel attached to shape steel shall be calcu-
lated together with the funnel quantities.

Second, metal faced paint (No. 020505001): 
shall be calculated by mass according to the dimen-
sions in the design figure.

1 INTRODUCTION

Truncated cone-shaped metal structural steel fun-
nel is widely used in industrial and agricultural 
production and mankind’s daily life, for example, 
in the joints of steel plate steel funnel, exhaust 
hood, cylindrical pipeline (water supply, gas sup-
ply, drainage pipeline, etc.), metal silo, metal water 
(oil) tank as well as other equipments and appli-
ances, funnels have forms like circular truncated 
cone and quadrangular frustum pyramid. In prac-
tical construction cost, there is no research litera-
ture of quantities calculation formula for the steel 
plate area of steel funnel for people’s full and com-
plete use.

2 CALCULATION RULES FOR STEEL 
FUNNEL QUANTITIES

2.1 The calculation principle for steel funnel 
quantities as the construction engineering 
cost valuation basis[1] for a province

First, the quantities calculation principle of “steel 
structural engineering”: the quantities of steel 
structure manufacturing shall be calculated in tons 
according to the steel geometry size in the design 
drawing (including steel plate, profile steel, exclud-
ing bolts), the weight of eyelets, cut limbs, and side 
cuts. The steel plate area shall be calculated as a 
rectangle, when calculating the area of an irregular 
or polygonal steel plate, it shall be calculated as the 
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3 CALCULATION OF STEEL PLATE 
QUANTITIES

It can be known from the above national specifica-
tion and the price foundation of construction cost 
of some province that the divisional work item 
including production, installation, transportation, 
and paint of metal construction need to use the 
area or mass of metal face as the measurement unit 
and quantity of quantities.

The calculation of steel plate area of pyramid-
shaped funnel has been researched and described 
in cost member series textbook of Yunnan con-
struction work including Constructional Engi-
neering Metering And Ration Application[3]. For 
quantities calculation of the truncated cone-
shaped funnel, there is no discussion or research 
in textbooks. Even if  some materials may include a 
bit of research, it is only to calculate the volume of 
truncated cone-shaped funnel from aspect of math 
or from view of superficial area.

To calculate the metal funnel quantities is to cal-
culate the area or mass of steel plate. Even if  it is 
to calculate the mass, it is that the steel plate area 
multiplies by the steel plate mass per square meter. 
And the steel plate mass per square meter is a given 
datum (which may be got from relevant data) or 
calculated with the theoretical formula. Therefore, 
the key to quantities calculation of steel plate fun-
nel is to calculate the steel plate area.

And the area for calculation of the steel funnel 
quantities is the area of external rectangle rather 
than the superficial area of metal construction. 
Therefore, the formula that is to be derived again 
is to calculate the truncated cone-shaped funnel of 
different shape, size and height. Different unfolded 
plane shapes can cause different calculation formu-
las of rectangle area. These situations have not been 
researched and described in the present literatures.

The basic condition of truncated area is as fol-
lows: truncated cone-shaped funnel is shown in 
Figure 1, and its unfolded shape is a sector shape 
shown in Figure 2. The central angle is β.

3.1 Calculation of area of steel plate quantities 
in case of central angle β within 180°

The central angle of wafer is β, and the bisected 
angle of wafer is θ. In case of β < 180° or θ < 90°, 
the steel funnel of metal structure is as shown in 
Figure 3. The radius of upper and lower bases is 
given or calculated according to the given outer arc 
length and inner arc length.

The upper base radius R = outer arc length / 2π , 
lower base radius r = inner arc length / 2π

tan arctanα α ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

R r−
H

R r−
H

i

Figure 1.

Figure 2.

Figure 3.

l R H( )R r−R 2 2H

′ =l
r

sinα

Or × =l r′ =
r

R r−
lcscα

L l l R
r

+l + +H( )R r−R
sin

2 2HH
α

ICCAHE15_Book.indb   722ICCAHE15_Book.indb   722 11/17/2015   6:33:26 AM11/17/2015   6:33:26 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-000.jpg&w=132&h=138
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-000.jpg&w=132&h=138
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-000.jpg&w=132&h=138
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-003.jpg&w=132&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-003.jpg&w=132&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-003.jpg&w=132&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-006.jpg&w=132&h=98
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-006.jpg&w=132&h=98
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-147&iName=master.img-006.jpg&w=132&h=98


723

Or L
R

R r
H

R
R r

l= + =( )R r− r 2 2H+

β π
π

β α

= ×
°

=
° ×

° ×
′

2 180 360

360

Rπ
L

R
L

r
l

or

a a l L

b l l l L

l⎛
⎝⎝⎝

⎞
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+l ′ = −L

2
2 2 2

2

( )a a( ′a a′ + sin sl+ sin

cos

β β
l+ l+ i β

β
′′l cos β

2

The area of steel plate quantities = a × b

= − ′⎛
⎝⎝⎝

⎞
⎠⎠⎠

2
2 2⎠⎠⎠
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⎝
⎛⎛
⎝⎝

l cos s⎞
⎠⎟
⎞⎞
⎠⎠

× in .β β⎞⎞⎞ × s⎞⎞⎞ × in

Example 1: The steel funnel designed by some 
project is as shown in Figure 4. In case of R = 
64/2 = 32 mm, r = 30/2 = 15 mm and H = 46 mm,

l R + =H +
= ≈

( )R r−R ( )−
.

2 2HH 2 2+ 46
49 0408 49 mm

′ = =
−

× =l
r

R r−
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15
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−
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=
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=
° ×

+
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° ×

360 360

360 360 32

2 2+

2 2+

R
L

R
R
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H

H

( )R r−

( )R r−

( )R r−

( −−

+
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462 2+ 46

)
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The area of steel plate quantities = 

2
2 2

2 0 092 0 092 0 043 124 47 39
2

L l⎛
⎝⎝⎝

⎞
⎠⎠⎠

= 2 −0 092× ×
° ′ ′39 ′

′ cos s⎞
⎠⎟
⎞⎞
⎠⎠
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.0.092 0× . c043 × os

β β⎞⎞⎞ s⎞⎞⎞ in

⎛⎛
⎝
⎛⎛⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

×
° ′ ′′sin .≈

124 47 39
2

0 0118 2

3.2 Calculation of area of steel plate quantities in 
case of central angle β beyond 180°

These are steel funnel of metal structure in case of 
central angle β of  wafer between 180° ≤ β < 360°. 
180° ≤ β < 270° is shown in Figure 5, β = 270° is 

shown in Figure 6, and 270° ≤ β < 360° is shown in 
Figure 7. The derived formula is as follows:

′ = −l
r

R r H+
sin

, (l = )
α

2 2H+

By means of the principle of similar triangles, 

you can get H = l
l

l r
′

′2 2r

θ β θ β
= =

°
× =θ =

°
′

×
2

180
2

180
L

R or
l

r

Therefore, length = 2 × L
Width = L Lcosθ
The area of steel plate quantities = length × 

width = 2 2( c1 os )θ )).

Figure 5.

Figure 6.

Figure 4.
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Figure 7.

Example 2: There is a steel funnel: l = 50 mm, 
l′ = 40 mm, r = 25 mm, and R = 63 mm. Please cal-
culate the area of steel plate quantities.

Answer: 

θ =
°

× =
°

× =

=
′

= −

=

180 180
90

63 126

50
40

40 25

39

2 2 2 225

L
R

H
l
l

l r′ −2

ο

. 9≈03124 3 m99 m

Length = 2 × L = 2 × ′( )′+  = 180 mm
Width = L Lcosθ  = 90–90 cos 126°= 142.90067 ≈ 

143 mm
The area of steel plate quantities = 0.180 × 0.143 = 

0.0257 m2. 

3.3 Calculate the area of steel plate quantities 
according to the diameters of upper 
and lower bases of steel funnel 

If  the diameters of upper and lower bases of steel 
funnel are given, the calculation method of area of 
steel plate quantities are as follows:

tan

arctan

α

α

β π π

= ⎛
⎝
⎛⎛⎛⎛
⎝⎝
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=

°
=
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2

360  
(1)

β π π′
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=
360

l
d

 
(2)

(1)–(2): β π ππ
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= π
360

( )′ ( )−
−

Namely β =
° ×

′
180 ( )−

L l−

And L l
D d
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⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
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+
2

2
2

Therefore, β =
° × ×

+

180 2

42 2+ 4

( )

( )

−

− H

 

=
+

×
D d−

H( )D d− 2 2+ H4
360


According to this β value, the calculation types 
of steel plate quantities can be determined in case 
of β < 180° and β > 180°, as described above.

Then it is calculated from Formula (1) that 

L
D

=
°180

β
Then it is calculated from Formula (2) that 

′ =
°

l
d180

β
Therefore, the length, width and area of steel 

plate quantities shall be calculated from β, L and 
′l , which is not described here.

4 CONCLUSION

The following conclusions can be resulted from the 
analysis and discussion on quantities area calcula-
tion of the truncated cone-shaped funnel:

Conclusion 1: For the truncated cone-shaped 
funnel, a kind of method shall be chosen to calcu-
late the quantities area of steel plate, namely the 
steel plate quantities, if  the physical dimensions of 
shape are given.

Conclusion 2: In case of wafer central angle 
β < 180°, the rectangle length of steel plate quan-
tities = 2

2
Lsin β , width = L l ′cos β

p

2
, area = 

2
2

2L L2 lsin sL l inβ βL ′ ;

or the area = L
d
D

2LL 2
2

sin sinβ β⎛
⎝⎜
⎛⎛
⎝⎝

⎞β
⎠⎟
⎞⎞
⎠⎠

Conclusion 3: In case of wafer central angle 
β ≥ 180°, the rectangle length of steel plate quanti-

ties = 2L, width = L Lcos β
2

, area =

= 2
2

2 22L L2− 22 cos β

= −⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2 1⎛
⎝
⎛⎛
⎝⎝ 2

2 cos β
;

or the area = 2
2 2

2L2

D
sin c1 os β1 d cβ os111⎛

⎝⎝⎝
⎞
⎠⎟
⎞⎞
⎠⎠
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Conclusion 4: A mathematical model formula is 
derived for the quantities calculation in the cost-
ing area and for the digitization and information 
of construction cost.
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Numerical research on the effect of the water level on the urban 
drainage network in Huinan, Pudong district

J. Huang, S.Z. Wang, S.Z. Deng & X.B. Yang
Shanghai Pudong New Area Hydrology and Water Resources Administration, Shanghai, China

ABSTRACT: A numerical model by MIKE FLOOD software has been set up to simulate the storm 
waterlogging in Huinan, Pudong District. The validated urban waterlogging model with the reports in 
Huinan on October 8, 2013 was adopted to simulate the local storm waterlogging. Based on that, the 
significant effect of the water level on the urban drainage network in the local region was studied with 
8.8% larger total flooded area and 50% deeper overland flow water depth, so it cost 3 more hours for the 
overland flood water to subside.

Keywords: storm waterlogging; numerical simulation; coupled; water level; urban drainage network

To solve the urban waterlogging disaster in 
Huinan, Pudong District, the urban waterlogging 
model coupled with the rainfall runoff sub-model 
by MIKE URBAN, the underground network sub-
model by MIKE URBAN, the river sub-model 
by MIKE 11 and the overland flow sub-model by 
MIKE 21 are established in MIKE FLOOD plat-
form to simulate the storm waterlogging in this 
research, and the effect of the water level to the urban 
drainage network in the local region is studied.

2 MODEL SET-UP

2.1 Control equations

The runoff in the rain inlet can be calculated by 
Huang, et al. (2014)

1 INTRODUCTION

The torrential rain has the characteristic of the 
high intensity and large amount of rainfall for 
the higher water level. When the rainfall exceeds 
the capacity of the urban drainage system, it is 
easy for the local ground to be waterlogged due to 
all the rainwater which is not drained quickly and 
efficiently, and then the urban flooding will occur 
with the low-lying houses that got drowned, the 
local traffic is crippled, which strongly affects the 
people’s life and work.

The urban waterlogging is the disaster that has 
attracted many researchers’ attentions, and a few 
mathematical models have been established to sim-
ulate the urban flooding (Werner, 2001); (Mark, 
et al. 2004); (Schmitt, et al. 2004), e.g. InfoWorks 
CS (Tan, 2007); Storm Water Management Model 
(SWMM) (Barco, et al. 2008); GIS-based urban 
flood inundation model (Chen, et al. 2009); 2D 
hydrodynamic model capable of simulating flash 
floods (Xia, et al. 2011); MOUSE model (Huang, 
et al. 2014).

Huinan, located in the south to central of Pudong 
District in Shanghai, has a tropical East Asian 
monsoon, and the oceanic climate with plenty of 
rains. Pudong canal, Zhonggang river, Yaogou 
river, and Sanzaolu river flow around it (Fig. 1), 
with the normal water level of 2.50 ∼ 2.80 m. At 
present, Huinan has the drainage system depend-
ing on the gravity flow of rainfall itself, and during 
the heavy rain falls, the waterlogging disaster often 
occurs with many houses, factories and croplands 
suffering, especially, the region east to Yaogou 
river, south to Zhonggang river, west to Pudong 
canal, and north to Sanzaolu river (Fig. 1).

Figure 1. Diagram of the river network in Huinan, 
Pudong District.
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Q q Fψq FF  (1)

where Q represents the runoff in the rain inlet and 
q is the designed rainfall intensity; the formula of 
q = 5544 (P0.3 − 0.42)/(t + 10 + 7lgP)0.82+0.07lgP is avail-
able to Shanghai (Sun, et al., 2013), where P is the 
designed reoccurrence period, t is the rainfall dura-
tion, ψ is the coefficient of the rainfall runoff, F is 
the catchment area.

The surface runoff can be calculated by Huang, 
et al. (2014)

W W W W HS HS Q HS QH

qtS S Q S fS tq

tQQ

iQQ
i

m

+W −W HS

QQ− −

HS

= qtS
=
∑

1 2WW WW+WW 3 1WW HSWW HSS 2 3S Q HSSHxQ HSSHHSS

1 2S SSqSS
1

2 3SS fSS60
 

 (2)

where W is the surface runoff, W1 is the runoff 
of  the impervious zone without the depression 
storage, W2 is the runoff  of  the impervious zone 
with the depression storage, W3 is the runoff  of 
the pervious zone, S1 is the area of the impervious 
zone without the depression storage, S2 is the area 
of the impervious zone with the depression stor-
age, S3 is the area of the pervious zone, H is the 
total rainfall, Qx is the infiltration of the imper-
vious zone with the depression storage, Qi is the 
depression storage capacity of  the ith hollow, Qt 
is the infiltration of the pervious zone, and f is the 
infiltration rate.

The discharge of the ////pipeline can be calcu-
lated by (Huang, et al. 2014)
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∂
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(3)

where A is the cross-sectional area of the pipeline, 
Q is the discharge of the pipeline, H is the water 
head, and Sf is the frictional resistance of the 
slope.

When the hollow has the storage function, 
its discharge can be calculated by (Huang, et al. 
2014)

∂
∂

= ∑h
t

Q∑∑
S

tQQ

tSS  
(4)

where h is the water head of the hollow, Qt is the 
discharge of the hollow, and St is the water area 
of the hollow. But when the hollow has the only 
connect function, its discharge is calculated by Σ 
Qt = 0.

Saint-Tenant Equation is adopted for 1D hydro-
dynamic model, which is
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(5)

where A is the area of  the river cross-section, 
Q is the discharge, h is the water level, q is the 
lateral inflow, n is the bed roughness coefficient, 
R is the hydraulic radius, and g is the gravity 
acceleration.

2.2 Computational grids

The drainage system in the local region depends 
on the gravity flow by itself  with 642 hollows, 619 
pipe lines, and 22 outlets. The 23.4 km total pipe 
lengths, has to be divided to be 579 × 656 square 
grids with the uniform interval of  4 m (Fig. 2). 
The 614 catchments in the study area has been 
generated with Thiessen method with one 
water collection hollow in each catchment to 
make the rainfall runoff  flow into the drainage 
pipes.

Figure 2. Layout of the computational grids of the 
research region with the terrain elevation in 2013.

Figure 3. Graph of the observed rainfalls and water levels 
at Huinan Station from October 8 to October 11 in 2013.
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2.3 Boundary conditions

In this study, the river open boundaries are setup 
with the field observed time-series and water levels 
at Huinan Station (Fig. 1). So is the rainfall condi-
tion. Considering the subsiding of overland flood, 
the observed time-series water levels and rainfalls 
at Huinan Station from 0:00 Oct 8th to 0:00 Oct 
11th in 2013 have been adopted to set up the open 
boundary condition and rainfall condition respec-
tively with the time interval of 5 minutes (Fig. 3). 
It was raining during 3:45 and 21:20 on Oct 8th 
in 2013, the maximum rainfall reached 40.0 mm 
from 8:10 to 9:10 in that day and the total rainfall 
in 24 hours was 127.0 mm (Fig. 3).

The simulated region is mainly composed of 
buildings, roads, green fields, and water. The dif-
ferent impervious rates have been used, e.g. 90% 
for buildings, 85% for roads, 25% for green fields, 
zero for water, 50% for the rest.

3 MODEL VALIDATION

The simulated results have been compared with 
the report of the storm waterlogging happened 
in Huinan on October 8 in 2013 to validate this 
model. After the validation, it shows that the 

Table 1. Comparisons of the simulated results with the 
observed situation in Huinan, Pudong District.

Location
Actual 
situation Simulated results

Gongji Road ≈ 0.10 m About 0.10 m on 
average, and the 
maximum water 
depth of 0.25 m in 
the intersection of 
Gongji Road and 
Jinhai Road, and 
Gongji Road 
and Meihua Road

East Renmin Road 
(Nanzhu Road ∼ 
Jinhai Road)

≈ 0.15 m About 0.15 m on 
average, and the 
maximum water 
depth of 0.25 m

Jinhai Road 
(Gongbei Road ∼ 
East Renmin 
Road)

≈ 0.20 m ≈ 0.20 m

Jinhai Road (north 
of Gongle Road)

≈ 0.10 m ≈ 0.10 m

Dongchenghuayuan 
II Neighborhood

≈ 0.05 m About 0.05 m, and 
the maximum water 
depth of 0.20 m

Jindicheng 
Neighborhood

≈ 0.10 m About 0.10 m, and 
the maximum 
depth of 0.20 m

modeled distribution range and depth of the water-
logging agree with the actual situation (Table 1). So 
this model could be adopted to simulate the storm 
waterlogging in Huinan, Pudong District.

4 SIMULATION RESULTS

Huinan has been suffered by the urban water-
logging disasters for years. In this research, the 
validated rainstorm waterlogging model has been 
adopted to study the effect of the water level to the 
urban drainage network in Huinan, Pudong Dis-
trict on October in 2013.

Under the condition of the pipe outlets beneath 
the water level, the maximum drowned area is 
about 0.62 km2 at 10:00 on October 8 in 2013 and 
then it reduces until 1:25 on October 9 in 2013 with 
the total ponding area of 0.25 km2, while it will 
decrease to 0.57 km2 at 9:10 on October 8 in 2013 
without the interaction between the surrounding 
river and the pipes, under which condition the total 
ponding area will be stable by 0.22 km2 after 22:30 
on October 8 in 2013 (Fig. 4).

In fact, the river often impedes the pipe output 
flow and the impact depends on the water level. 
When the river water level exceeds the elevation 
of the outlets, the overland flood water depths in 
the roads are in the range of 0.10 ∼ 0.20 m, and 
the waterlogged depths in the residential areas are 
below 0.10 m. However, if  the outlets are above the 
water, the water depth of the overland flood will 
reduce to 0.05 m (Fig. 5).

In this research, the local drainage system 
depends on the gravity flow by itself. With the 
interaction effect of the river on the pipes, it is 
often easier to generate the surface runoff when 
the rainfall exceeds the full capacity of the drain 
lines or the rain arrives more quickly than the local 
pipe networks that can absorb it (Fig. 6). But if  
there is not the interaction, it will be hard for the 
overland flow (Fig. 6).

Figure 4. Changes of the total ponding areas whether 
the water level is considered or not.
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model by MIKE 21 to simulate the storm water-
logging in Huinan, Pudong District. After the 
validation of the report of the storm waterlogging 
happened in Huinan on October 8, in 2013 and the 
simulated results, it was shown that the range and 
depth of the waterlogging and the time to subside 
water were agreed with the actual situation so that 
this model could be adopted to simulate the storm 
waterlogging in Huinan.

Based on that, the effect of  the water level to 
the urban drainage network in Huinan has been 
simulated. When the river water level exceeds the 
elevation of  the outlets, it is often easier to gen-
erate the surface runoff  when the rainfall exceeds 
the full capacity of  the drain lines or the rain 
arrives more quickly than the local pipe networks 
can absorb it, so that the total flooded area and 
overland flow water depth will increase by 8.8% 
and 50%, meanwhile, it should cost more 3 hours 
for the overland flood water to finish subsiding. 
It is indicated that the river water level has the 
significant effect on the urban drainage network 
in Huinan, Pudong District. So the measures to 
control the sluices for the lower water level should 
be taken to alleviate the storm waterlogging in 
Huinan, Pudong District.

REFERENCES

Barco, J., Wong, K.M., & Stenstorm, M.K. 2008. 
 Automatic calibration of the U.S. EPA SWMM Model 
for a large urban catchment. Journal of Hydraulic 
Engineering, 134: 466–474.

Chen, J., Hill, A.A., Urbano, D.L. 2009. A GIS-based 
model for urban flood inundation. Journal of 
 Hydrology, 373: 184–192.

Huang, J., Wang, S.Z., Deng, S.Z., et al. 2014. Numerical 
study on the impact of Gongji Road Rain Pump on 
the waterlogging in Huinan, Pudong District. Journal 
of Geoscience and Environment Protection, 2, 52–58.

Mark, O., Weesakul, S., Apirumanekul, C., et al. 2004. 
Potential and limitations of 1D modeling of urban 
flooding. Journal of Hydrology, 35, 159–172.

Schmitt, T.G., Thomas, M., Ettrich, N., 2004. Analysis 
and modeling of flooding in urban drainage systems. 
Journal of Hydrology, 299, 300–311.

Tan, Q. 2007. Application of drainage model for urban 
storm water quantity management. Doctor Disserta-
tion of Tongji University. (in Chinese)

Werner, M.G.F. 2001. Impact of grid size in GIS based 
flood extent mapping using a 1D flow model. Physics 
and Chemistry of the Earth, Part B: Hydrology, Oceans 
and Atmosphere, 26 (7–8): 517–522.

Xia, J.Q., Falconere, R.A., Lin, B.L., et al. 2011. 
 Numerical assessment of flood hazard risk to people 
and vehicles in flash floods. Environmental Modeling & 
Software, 1–12.

Figure 5. Comparisons of the simulated over flood 
depths whether the water level is considered or not 
( Numbers “1” ∼ “9” show Meihua Road, Nanzhu Road, 
Jinhai Road, Chuannanfeng Road, Tanghong Road, 
Gongbei Road, Gongji Road, East Renmin Road and 
Huayuan Road).

Figure 6. Profiles of the pipes at Gongji Road (Jinghai 
Road ∼ Yaogou River) whether the water level is consid-
ered or not (the water flow is filled in dark grey).

5 CONCLUSIONS

In this research, a numerical model by MIKE 
FLOOD software has been set up with rainfall run-
off coupled with the sub-model and underground 
network sub-model by MIKE URBAN, the river 
sub-model by MIKE 11 and the overland flow 
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On inverse problems for a beam with added spring
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ABSTRACT: The effects of adding spring to a beam on its frequencies are investigated for cantilever beam. 
Consider two systems: cantilever beam and the same cantilever beam added additional spring. By using two 
natural frequencies of each system, we identify the structural parameter of the original system. The method is 
nondestructive. The stiffness of the additional springs is known. Given the natural frequencies of each system, 
the stiffness of the additional springs and the total mass of the beam, the bending rigidity and density of can-
tilever beam are reconstructed. The solution of the problem is given and the conditions for the construction 
of the beam are derived. It is not iterative and therefore demands a modest computational effort.

Keywords: inverse problem; eigen value; cantilever beam

1 INTRODUCTION

Consider a transversely vibrating uniform 
 Bernoulli–Euler beam as shown in Figure 1. Physi-
cal properties of beam are modulus of elasticity E, 
density ρ , cross sectional area A, and moment of 
inertia I. The equation of motion for a transversely 
vibrating uniform beam is given by

∂
∂

∂
∂

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
+

∂
∂

=
2

2

2

2

2

2 0
x

EI
y

x
A

y
t

ρAA  (1)

Assuming the solution to be a following har-
monic motion of the form

y x t x( ,x ) (Y )si ( )(x(Y φ )ttt  (2)

Substituting (2) to (1), the following eigen value 
problem of beam can be derived:

Y
m

EI
Y4

2
0( )x ( )x( )x− =Y )x

ω 2
 (3)

where m AρAA, β ω4 2ωω m EIEE/EE . The boundary con-
ditions of cantilever beam are

Y Y l l( ) , (Y ) , ( )l , ( )0) 0) 0l0, (Y )=  (4)

The solution of (3) can be written as

Y A x Csh x( )x si= A + Cshβ βB xxcx B os+x β βxx Dch xx+xx  (5)

where β must satisfy the transcendental equation
cos β βββ lββ = −1. Now consider the cantilever beam 
with spring as shown in Figure 2.

In the following section, the inverse problem of 
beam with added spring will be discussed.

Problem: Suppose that the following data are 
given natural frequency of cantilever beam ω , fre-
quency of modified beam μ , the total mass of beam 
l, the position of spring l1ll , stiffness of translational 
spring k, stiffness of rotational spring kθ , reconstruct 
the physical parameters of cantilever beam EI, m.

Figure 1. Uniform cantilever beam.
Figure 2. Modified beam (cantilever beam with transla-
tional spring and rotational spring).
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2 SOLUTION OF PROBLEM

Consider uniform cantilever beam as shown in the 

Figure 1. By using ω χ π
nω nχχ

l
EI
m

=
2ππ

2 , the following 

relationships can be obtained

m n n ,l/EEIEE nχnn
2 4 2 4l  (6)

where χn = ( /n −n ) .2// 2

Let β μ1ββ 4 2μμ m EIEE/EE . The mode shape of modified 
beam is

Y A x C sh x1 1YY A 1 1 1 1x C 1 1 1( )xx si ,= AAA + C shCCβ βB1 1 1cB1 1x BB os+xx β βx D ch1 1x DD 1+xx
 (7)

When 0 1≤ x l1≤ . The mode shape of modified 
beam is

Y A x C sh x2 2YY A 1 2 1 2x C 1 2 1( )xx si= AA + C shCCβ βB1 2 1cB1 2x BB os+xx β βx D ch1 2x D 1+xx
 (8)

When l x l1ll ≤x  is hold. The boundary condi-
tions corresponding modified beam are written as 
following:

Y Y Y l Y l1 1YY 2 2YY0 0 0l( )0 , (Y1YY ) ,0 (ll (2 (Y2YY )(( ′′(( ((  (9)

Y Yx l x l x l l1YY YYx l 1 x l1 1l x ll2l 1 1l x ll2l 0x lxx0 x( )xx )x( )x , 1(YYY x l 2l) (Yl YYx l )xx2Yl 2ll ( )x xxxx(2l 2ll 2Yl )=l−YYY )x ((

 (10)

kYx l l( )EIY ′ − ( )EIY( ) + =kY x lkYl + kY xx)YY (EIYY YYYYYY
1 1l x llxll 1 0x′′′x x ( )xxx′ ′( )EIY ′′′  (11)

k Yx l x l( )EIY EIY′′ − ′′ − ′ =kl xYYY EIYY 1YYYY
1 1l x llxll 1 0xx ))x′ ( )x′′ xYY  (12)

Let sin β1 1ββ 1l s1 , cos β1 1ββ 1l c1 , sh l shβ1 1llββ 1hh , ch l chβ1 1llββ 1hh , 
sin β1ββ l s , cos β1ββ l c, sh l shβll , ch l chβ1ββ , Apply-
ing the boundary conditions(9) to equation (7), we 
have

A C C A D B1 1A CA 1 1 1 1C AC A 1 1D BD B0 0B DBB=C1CC D1DD, ,1 1 0B1 1B 1D ,

Similarly, applying other boundary condi-
tions (9–11) to equation (7) (8) and express-
ing them to the matrix,we have Ax = 0, where,
x B A B C D T( ,A , , )1 1BB,AA 2 2 2A B CB C, ,,B CB C 2D ,

A

s c sh ch
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In order to obtain the non-tricial solution of 
equation Ax = 0, that is A = 0, the following equa-
tion must hold

β β β βθ θβ β ββ1ββ 5 2ββ 4ββ ββ 2β 1β 0eβββ1βββββ ββ βββββββ 4ββ b k ,βββ1βββ 4β b =eβββ1ββ  (13)
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If Δ = ( θ θβ β−+ kkθ)+θθ
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Δ . We can determine 

m EI lEn nEIEEχn
2 4 2 4lIII  from (6).
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3 NUMERICAL METHOD AND 
EXAMPLES

From the above discussion, give the numerical 
algorithm for solving problem 1.

Example Consider an cantilever beam with 
l m.The spring is placed at l m1ll . ,  suppose 
that lowest natural frequencies of cantilever 
beam and modified cantilever beam are ω π1ωω 2ππ 8/  
and μ = 1 2/  respectively. The stiffness of transla-
tional spring and rotational spring are k = 0 5.  and 
kθ  = 0.5.

We obtain the following data from the given 
data

χ π ω

β μ
1 1χ χχ 2 4

1
2 4

1ββ 4 2β μβ μ 1 1

1 4

01 4794 0 8776

=

μ =10 4794

/1 4 π ω1χ/ ,

/ ,1 .

/ lω1ωω 2ωω/χ π ω1χχ 2 4χχ π

m// ,1= c ,,

.

. , . , . , . ,

.

sh

ch s c. , sh

ch

1hh

1hh

0 5211

1 12761276 0 8415 0 54035403 1 1752

1 5. 4

=

s= 1 1276 =sh= 0 5403

= 3133 ,

Therefore, we have a b = 8 4827. ,8 . ,4827
d = 0 6595. , e = 0 4717. , Δ = ≥26 9783 0. .  Substitute 
these to equation (3), the following equation is 
obtained

− + =29 5711 0 1037 02. (3397 ) .+ 42 .EI EI

The solution of the above equation is

EI1II 0 3328= . , EI2II 0 0212= − .  (we delete it because 
EI > 0 0m >m, ), m = 1 3312. .
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ABSTRACT: Groynes are the hydraulic structures that have functions of protecting bank erosion and 
maintaining water level by deflecting flow direction. In this paper, the research for reappraising groynes 
as a nature-friendly river training structure and for making full use of groynes to improve ecosystem have 
been introduced. By projection and experiment study, flow pattern and formation of source and sink have 
been studied. The form and size of eddy according to conditions of groynes are main factors causing in 
particularly wake vortexes in a front edge of groyne. The impermeable groyne was remarkably larger than 
the permeable one and the permeable groyne showed little change against varying permeability, showing 
overall decrease whereas permeability increased. The scour area was found to be the biggest in the imper-
meable groyne.

Keywords: hydraulic structures; groynes; flow pattern

2 PROJECTION STUDY

In China, usually groyne is applied to the river 
regulation, and groynes considering river environ-
ment are established in NanSi River in Shandong 
Province. Si River is one of the main rivers man-
aged by Shandong province. NanSi River originat-
ing from Mount. It has about 1,700 m2 basin and 
it is close-to-nature comparatively. In the course 
of nature, concave and convex bankline was cre-
ated by establishing the series of groynes at almost 

1 INTRODUCTION

Groynes are the hydraulic structures that have 
functions of protecting bank erosion and main-
taining water level by deflecting flow direction. In 
Europe, Japan, USA, and others, the groynes have 
long been used as a measure of water training. 
Although the usage of groynes is reduced as the 
development of direct methods for bank erosion 
protection like as concrete revetment, the groynes 
are continuously installed to control the flow for 
navigation and improve the channel alignment. 
Recently, groynes attract attention again because 
the natural bank form made by groynes is very 
beneficial to river ecosystem. The case of China is 
similar to that. In developing ages the social needs 
for river environment is insufficient. And groynes 
did not attract the attention because of the con-
venience of concrete revetment. However, the 
value of groynes as a bank protection technique 
with the consideration of river environment have 
been revaluating recently. And various types of 
groynes have been installed as a pilot project. In 
this paper, we will introduce the research for reap-
praising groynes as a nature-friendly river training 
structure and for making full use of groynes to 
improve of ecosystem. Figure 1. Sand bar in downstream of NanSi River.
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straightened channel and created bar in groynes 
downstream created habitats for protected birds, 
where are restored nature-friendly conditions, 
as in Figure 1. Previous model experiments were 
not practiced, but a groyne was established as an 
experiment in field. Design engineers were not sure 
because it was very venturous to construct, but at 
this moment the stability and effect of a groyne are 
verified from three-time floods in the past.

3 EXPERIMENT STUDY

Both thalweg and recirculation zone are impor-
tant factors for the installation of groynes (Fig. 2). 
According to the installation of groynes thalweg 
would change and the velocity of main flow increases 
more than before the installation groynes. This 
increased scale of velocity is a very important vari-
able of design relating bed erosion. Also, the recir-
culation zone, decreasing the velocity scale compare 
to the main flow, is a main factor of design to create 
a refuge for life in rivers. As a groyne is designed 
to create habitats, input conditions are the velocity 
scale during a flood in relevant river and ecological 
characteristics of life required protection (in case 
of fishes, the limit velocity for swimming in which 
relevant fish can stand). Design engineers should 
consider the velocity scale, which relevant life need 
during a flood, to construct groynes.

According to interval of groynes the change 
of thalweg and recirculation zone are shown in 
Figure 4 and 5. The position of thalweg from the 
installed side (TCL/B) decreases until an interval 
of groynes in about 3l, but it goes up as an interval 
is 6l. And the width of recirculation zone (Sh/B) 
decrease until an interval is 4l, and then it increases 
gradually. In the case of 1–3l, the second groyne 
obstructs flowing backward that occurred in 
recirculation zone. But in the case of more 4l, the 
flowing backward is fully developed. This results 
verifies that the scale of thalweg and recircula-
tion zone are caused by not only a deflecting flow 
in a front edge of upstream groynes, but also the 
obstructing effect of second groyne within recircu-
lation zone made by the first groyne.

The length of recirculation zone shown in 
Figure 5 is measured that it increases linearly as 
intervals of groynes increase. In experiment con-
ditions, the length of recirculation zone is 18l as 
the maximum interval of groynes is 12l. This result 
shows that a deflection flow in downstream groynes 
is smaller than in upstream groynes as considering Figure 2. Outline and definition.

Figure 3. Equipment for experiment and measurement 
point.

Figure 4. Variation of Sh/B and TCL/B.

Figure 5. Variation of SL/l.
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the recirculation of single groyne is about twelve 
times. According to these results, it is identified 
that the recirculation zone scale of groynes has 
close relations with a deflecting flow caused by 
upstream groynes and a flow of recirculation zone 
transformed by downstream.

The change of velocity in thalweg shown in 
Figure 6 is corresponding to the interval change 
of groynes. The velocity of thalweg has the same 
tendency with the velocity change in an origin spot 
of the maximum width of recirculation zone. The 
velocity change has the same tendency with the 
analysis of the width of thalweg and recirculation 
zone, and it has the minimum value as an inter-
val of groynes is 3, 4l. It is discovered the more an 
interval increases, the more the velocity increases. 
The velocity of thalweg has the maximum value 
at 1.5 times compare to the approach velocity as 
an interval is 12. Figures 7–9 show the velocity 
of groyne area considering intervals. The maxi-
mum velocity of groyne area following intervals 
of groynes is about 1.7–1.8 times to the approach 
velocity without any connection with intervals. 
The maximum velocity of groyne area does not 
occur in a point in where thalweg has the maxi-
mum width, and it occurs in a downstream point 
to identify the difference of origin spots relating to 
intervals of groynes.

In designs for general structures occurrence of 
scour is a defensive, and it is required to identify 
the scale of scour for the stability of structures. 
However, holes created by scours can function as 
ecological habitats. An experiment was performed 
in Clear Water Scour conditions to identify scour 
affects caused by groynes only. Figure 10 show 
results of experiments according to permeability. 
And Figure 11 shows scour sections by groynes.

In measuring the scale of the scour area, the 
impermeable groyne was remarkably larger than the 
permeable one and the permeable groyne showed 

Figure 6. Variation of UCL/Ua and USh/Ua.

Figure 7. Distribution of velocity S = 4l.

Figure 8. Distribution of velocity S = 8l.

Figure 9. Distribution of velocity S = 12l.
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little change against varying permeability, showing 
overall decrease whereas permeability increased. 
The scour area was found to be the biggest in the 
impermeable groyne. Figure 12 compares the scour 
area by varying permeability.

The form and size of eddy according to 
conditions of groynes are main factors causing in 
particularly wake vortexes in a front edge of groyne. 
The area of groyne is a main variable to generate 
wake vortexes, and they are different as permeabil-
ity. The maximum size of eddy is occurred at the 
impermeable groyne having the maximum area of 
obstructing flow.

The location where the maximum scour depth 
occurs is the front edge of groyne, which is the 
same in case of both impermeable and perme-
able groynes. However, in case of impermeable 
groynes local scours are concentrated in front 
edges of groyne and the other side in cases of per-
meable groynes local scours with similar values are 
occurred around groynes.

4 CONCLUSION

In China, because recently the issue considering 
such as “How to make a river nature-friendly?” 
and “How to restore river ecosystem?” is rising, 
groynes which provide various ecological environ-
ment and improve scenery around a riverbank 
including water use and flood control get lots of 
attention.

Few verified design guideline of groynes causes 
to hesitate about the application of groynes for a 
channel plan. Moreover, groynes depend on river 
conditions particularly considering structure char-
acteristics of groynes. The result of the experience 
will give practical and reasonable guideline for fun-
damental designs of groynes.
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ABSTRACT: Nansi Lake is a famous shallow lake in China. It is very important to know the water 
level and runoff of different sections at different times for engineer. A new calculating method has been 
proposed, which is called three lakes and two rivers model. Because Nansi Lake is divided into three parts, 
western part, lake surface, and eastern part. There are two narrow rivers to connect the three pats. In the 
model, water balance equations are used to instead of continuity equations. The auxiliary curve is used to 
instead of momentum equation to reflect the river channel storage volume and the approximate relation-
ship between outflow and inflow. Iteration formula is provided in the paper. The numerical calculation 
methods were used to verify that two rivers and three lakes model is of high precision and the calculation 
is simple and practical.

Keywords: in order to; MS word

hydraulic method are the cost of building model, 
which is high. The hydraulic method has high 
demands for water regime information in practical 
application and it is difficult in operation.

2 PROJECTION

Nansi Lake is located in the southwest of Shan-
dong province; it is China’s famous shallow lake. 
Located in east longitude 116°34′–117°21′, north 
latitude 34°27′∼35°20′, Nansi Lake is general name 
for it including four tandem lakes (Nanyang Lake, 
Dushan Lake, Zhaoyang Lake, and Weishan Lake). 
Nansi lake basin precipitation is mainly influenced 
by monsoon circulation, changing with the sea-
sons. The precipitation increases significantly in 
summer from July to September. The maximum 
precipitation is 1191 mm (in 1964), the minimum 
precipitation is 356 mm (in 1988). The variations 
of rainfall in a year are big. And rainfall of flood 
season 6–9 month accounts for 72% of the annual 
rainfall.

Nansi lake, which is lower in the south than in 
the north, and belongs to the Huaihe River basin 
in Yishu water river. There are 53 rivers into Nansi 
Lake. Nansi Lake is divided into upper and lower 
two parts by a dam which built in 1960, the part of 

1 INTRODUCTION

The research approach can be divided into hydrol-
ogy method and hydraulic method. The hydrology 
method is based on the water balance and storage-
discharge equation and the hydraulic method is 
based on Saint-Venant Equations. The hydrology 
methods mainly include the Muskingum method, 
reservoir flood routing method, etc. The hydrology 
method considers the main influence factors and 
their interactions, which can simplify the calcula-
tion and guarantee calculation precision; the struc-
ture is simple and the hydrology method can well 
simulate the flood movement in the river and gives 
the main characteristic of flood in a rive section. 
But the hydrology method is not strict to basic 
information. The hydrology method is difficult to 
analyze the complex flow in river channel and main 
characteristics. And it is difficult to provide the 
spatial and time distribution of water. Hydraulics 
methods include characteristic line method, finite 
difference method, finite element method, finite 
analysis method and finite volume method. The 
hydraulic method can build the spatial distribution 
structure in details, so it can reflect the interac-
tion among various factors comprehensively. The 
hydraulic method can be suitable for various ini-
tial boundary conditions. But the disadvantages of 
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north is called upper lake whose catchment area is 
27500 km2, accounting for 87% of the total drain-
age area and the pat of south is called lower lake.

There are two ways for flood calculation, that is 
water balance method and flow synthesis method.

2.1 Water balance method

Water balance formula is as follows:

Q Q QideaQQ low p outflowQQ+Q low ∑ ∑W tiWW mpoundmentii −inQQQ f  (1)

Qidea: ideal flow into the lake (m3/s);
Qinflow: measured flow out of the lake (m3/s);
Wimpoundment: the sum of storage volume including 

Nansi Lake, (m3); and
Qoutflow: irrigation recession water from Yellow 

River (m3/s).

2.2 Flow synthesis method

Nansi Lake is divided into three parts, western 
part, lake surface and eastern part to calculate the 
flood process respectively, the sum of the three 
parts as Nansi Lake natural flood process. The 
main flow channels in eastern lake area have the all 
flow observation data, but the stations fail to con-
trol the entire area of the corresponding rives, by 
the survey station ideal flow process and through 
modifying the area and rainfall ratio to calculate 
the flow into the lake. The western part is divided 
into the Liang-Ji Canal, Mo-zhao-xin River, 
Wan-fu River, Dongyu River, Fuxing River, and 
Fengpei area, using rainfall data, calculating flood 
volume by rainfall-runoff relationship. The lake 
surface adopt rainfall and deduction evaporation 
to calculate flood volume, negative value as zero.

Using 24 years of measured flood volume 
(1951–1974) and 1703, 1730, 1921, 1926, 1931, 
and 1937 a total of 6 years historical max floods, 
which focus to consider the flood data after 1921, 
and using P-III curve empirical fitting to analyze 
different frequency flood on 7 days, 15 days, and 

30 days. The calculation results of Nansi Lake 
flood volume frequency is shown in Table 1.

3 MATHEMATICAL MODEL OF FLOOD

3.1 “Three lakes and two rivers” Model

Nansi Lake is long and narrow, different from other 
deep water areas and mostly shallow water area. 
Considering the natural geographic features, Nansi 
Lake is divided into Nanyang Lake (A), Dushan 
Lake and Zhaoyang Lake (B), and  Weishan Lake (C), 
three tandem lakes in which  Nanyang Lake is from 
12 K mile stone to 34 K mile stone. The narrow 
and shallow section is from 42 K mile stone to 94 K 
mile stone, which connects A lake and B lake. Wang 
Yan station is on behalf of the average water level 
of Nanyang lake, Shikou station is on behalf of the 
Duzhao Lake average level, the Weishan station 
is on behalf of the average level of Weishan Lake. 
The water exchange among the three lakes through 
steady flow calculation, regardless of river chan-
nel storage function, gets relationship simulation 
of Hup∼Hdown, but the volume is incorporated into 
the calculation of adjacent lakes. Using the flood 
travel time reflects the rive channel storage volume, 
assuming the flood travel time from Nanyang Lake 
to Du Zhao Lake for 1 days and the flood travel 
time from Zhao lake to Weishan Lake for 2 days. 
According to the flood dispatching method of 
Nansi Lake, during the flood regulation once every 
50 years, only Hanzhuang canal participates in 
operation. Nansi Lake outlet, Hanzhuang sluice 
gate and Yijia River sluice, are not affected by 
the downstream water, which have a fixed relation 
curve of water level and discharge.

The Saint-Venant equations are simplified and 
only continuity equations as a mathematical model 
of unsteady open-channel flows, which right there 
gets the water balance differential equation.

Q q
dS
dt

=q
 

(2)

Q is flow into the river reach;
q is flow out the river reach; and
S is water storage volume in the river reach.

The finite difference form of water balance 
equation is:

Q Q
t

q q
t S S1 2Q QQ 2q

2 1SS SS
2 2

+
−S2SΔ Δt

q1 2q
−

 
(3)

Q1, q1: inflow, outflow at the begin of the time 
period (m3/s);

Q2, q2: inflow, outflow at the end of the time period 
(m3/s); and

Table 1. Nansi Lake flood calculation results.

Return period 7 D 15 D 30 D

20a  44.3  71.2  80.7
50a  56.7  90.6 103.2
100a  66.3 106.1 120.6
200a  75.6 121.3 138.1
500a  88.2 141.2 161.1
1000a 128.8 206.8 235.1
Average  17.1  27.4  31.1
Cv   0.8   0.8   0.8
Cs/Cv   2.5   2.5   2.5
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S1, S2: reservoir water storage at the begin and end 
of the time period.
Water balance equation shows the difference 

between the inflow and outflow as reservoir water 
storage changes on the time period.

According to the characteristics of the Nansi 
Lake, flood formula of Nansi Lake, which is as 
3 tandem lakes, is as follows:

Q Q
t

q q
t S Sa aQ QQ a aq

a aS S1 2aQQ
1 2aq

2 1a2 2
× −t

+
× t −

 
(4)

Q Q
t

q q
t

q q
t S Sb bQ QQ a aq b bq

b bS S1 2b bbQQ
1 2aq

1 2b bbq
2 1b bb b2 2 2

× +t
+

× −t
+

× t −

 (5)
Q Q

t
q q

t
q q

t S Sc cQ QQ b bq c cq
c cS S1 2cQQ

1 2b bbq
1 2cq

2 1c2 2 2
× +t

+
× −t

+
× t −

 (6)

Moving the known items to the right end, then 
the formula becomes:

2 2
22

2 1 2

1

1 1

S
t

q Q Q
S
t

q q2aS
a a2

Q
2 aQQ aS

aa1
q2

1
+ q + +QaQ +

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞

 
(7)

2 2
22

2 1 2 1 2

1

1 1

S
t

q q q Q Q
S
t

q q2b22
S

b a2
q

22 a b2 11
Q

2 b22
QQ b11

S
b b1 11

q2
11

+ =q + q + +QbQ +
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞

 (8)
2 2

22

2 1 2 1 2
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1 1
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q q q Q Q
S
t

q q2cS
c b2 11

q
2 b c2

Q
22 cQQ cS

c c1
q2

1
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⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞

 (9)

The water balance equations are used to instead 
of continuity equations. The continuity equation 
can be for flood regulating calculation of three tan-
dem lakes, but the two river ways are connected the 
lakes. So it need to use the auxiliary curve instead 
of momentum equation to reflect the river channel 
storage volume and the approximate relationship 
between outflow and inflow and then flood rout-
ing from the upper lake to the lower lake, the final 
completion of flood routing work of the “three 
lakes two rivers”.

3.2 Numerical model

The flood travels in the river (or reservoir, lake), 
along the water level, flow, flow velocity with the 
time change. The flow regime belongs to unsteady 
open-channel flows and the law of motion can be 
described by the Saint—Venant equations:

B
Z
t

Q
x

qTBB
∂
∂

+
∂
∂

=
 

(10)

∂
∂

+
∂
∂

⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
+

∂
∂

+ =
Q
t t∂

Q
A

gA
Z
x

gA
Q

K

2

2 0| |Q

 
(11)

where q is the flank inflow of the channel (m3/s); 
Br is the equivalent river width (m); A is water-
crossing section area (m2); Z is section water lever 
(m); Q is cross section flow (m3/s); K is the flow 
modulus (m3/s); t is the time (s); X is the distance 
along the direction of flow (m); and G is the gravi-
tational acceleration. Numerical model grid is as 
shown in Figure 1.

4 CALCULATION RESULTS

The two methods above were used to calculate 
water level process of Nansi Lake, respectively. 

Figure 1. Numerical model.

Figure 2. Two model result comparison of Nanyang 
Lake.
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The results of calculation is shown in Figures 2–4. 
It can be seen from the figures that the two meth-
ods are basically the same and the water level of 
the ‘three lakes two rivers’ model is higher than the 
water level of the numerical model only in the peak 
part.

5 CONCLUSION

According to the characteristics of  the Nansi 
Lake, two rivers and three lakes model has 

been proposed. In the model, water balance equa-
tions are used to instead of continuity equations. 
The auxiliary curve is used to instead of momen-
tum equation to reflect the river channel storage 
volume and the approximate relationship between 
outflow and inflow. It is simple for engineer to cal-
culate by hand. The numerical calculation meth-
ods were used to verify that two rivers and three 
lakes model is high precision and the calculation is 
simple and practical.
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Figure 3. Two model result comparison of Duzhao.

Figure 4. Two model result comparison of weishan.
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ABSTRACT: Against the backdrop of global change with a higher and higher frequency of drought, 
the aim of this study is to analyze the trend and character of the drought, and to set up a series of the 
integrated coping technologies to cope with droughts in China. China is in urgent need of making three 
major shifts in terms of its drought relief  patterns. First, emergency-based management pattern should 
be shifted to a combination of risk-based management and normal management. Second, instead of only 
focusing on short-term emergency-based management, the pattern should also pay due attention to mid-
term and long-term management results. Third, finite objective-oriented management should be shifted 
to a combination of whole process-oriented management and integrated management.  Proceedings from 
several pertinent links associated with a comprehensive drought response plan which includes drought 
relief  planning, monitoring, evaluation, early warning/forecasting, dispatch and management, and impact 
assessment. We should aim at improving drought relief  planning technologies of risk-based management 
patterns, drought monitoring technologies based on hydrological cycle process and all- dimensional pat-
tern, drought evaluation technologies based on water resources supply and demand situations, drought 
early-warning and forecasting technologies based on remote sensing and land-atmosphere coupling 
model, comprehensive multi-water source emergency operation and management technologies geared to 
drought relief  and integrated real-time assessment technologies on drought impact catering to coordi-
nated regional development with the ultimate goal of developing three kinds of capabilities on risk-based 
drought management, monitoring and evaluation as well as early warning and forecasting, and emergency 
dispatch and management.

Keywords: drought; comprehensive response; drought assessment; drought risk management

were caused by drought, and over 2% in case of 
severe drought (State Flood  Control and Drought 
Relief Headquarters, 2010), taking the drought that 
happened in Southwest China in 2009 for exam-
ple. Since the autumn of 2009, an unprecedented 
drought spell had wrought havoc in  Southwest 
China and had extended rapidly to North China, 
exerting a grievous influence on regional economic 
and social development and threatening its eco-
logical and environmental security. In addition to 
inadequate regional water projects and emergency-
based drought response management pattern, both 
a long period of low rainfall and a record of high 
temperatures and the flood season, which ended 
much earlier last year, were mainly responsible for 
this disastrous drought.

Drought impacts not only on industrial and agri-
cultural production, but also on water safety in urban 
and rural residents. Serious cases will bring great 
harm to ecosystem and impact on social and eco-
nomic sustainable development. Drought response 
is the major question in achieving sound and fast 
economic and social development in China.

1 INTRODUCTION

With the increasing impact of climate change and 
human activities, drought occurs in areas with higher 
frequency. Since 1990, drought disasters have caused 
more than 11 million deaths, and affected more than 
2 billion people globally (United Nations Interna-
tional Strategy for Disaster Reduction Secretariat, 
2009). The losses of drought disaster accounted for 
55% of the losses of meteorological disaster which 
accounted for 61% of all losses from natural disas-
ters in the last 50 years in China (Li et al., 2003). The 
annual average affected areas (the areas that crop 
yields decreased by over 10% than normal annual 
yields) and damaged areas (the areas that crop yields 
decreased by over 30% than normal annual yields) of 
drought disasters were nearly 21 million square km 
and 10 million square km from 1950 to 2010, which 
were 2.19 times and 1.77 times than the impacts of 
flood disasters, respectively (State Flood Control 
and Drought Relief Headquarters, 2010). Since 
1990, the average annual direct economic losses 
above 1% of GDP over the same period in China 

ICCAHE15_Book.indb   743ICCAHE15_Book.indb   743 11/17/2015   6:33:58 AM11/17/2015   6:33:58 AM



744

2 NEW FEATURES OF DROUGHT 
IN CHINA

China lies in the Asian monsoon climate zone 
and combines with three ladder-like pattern of 
the landscape, which fundamentally determines 
the background of the frequency of drought in 
China (Yu, 2003). Space does not match the soil 
and water resources, which is difficult to elimi-
nate fundamentally the drought. Global warming 
speeds up the rate of hydrological cycle. It reduces 
the stability of the hydrological cycle system and 
improves the frequency of severe weather such 
as drought. Drought occurs not only in northern 
China with shortage of water resources, but also 
in southern China with relatively abundant water 
resources frequently, such as Xingjian River Basin, 
PoYang Lake Plain, Sichuan Basin, and Yunnan-
Guizhou Plateau.

In the past, it was noted that drought occurs in 
the arid and semi-arid regions. However, the char-
acteristics of drought have changed with a new 
trend of group occurrence, extensiveness and con-
tinuity. According to the analysis in temporal order, 
drought occurred mainly in spring and autumn in 
the past. But now, it takes place throughout the 
year and usually happens all over the country.

Climate and landscape character determine the 
background of the frequency of drought, while cli-
mate change and human activities exacerbate the 
occurrence of drought. Therefore, to adapt to the 
regional climate, eliminate the irrational human 
activities, and mitigate the losses due to drought, is 
an overall goal of comprehensive drought response 
in China.

3 GENERAL IDEA OF THE 
COMPREHENSIVE RESPONSE 
TO DROUGHT IN CHINA

Against the backdrop of global change with a 
higher and higher frequency of droughts, China is 
in an urgent need of making three major shifts in 
terms of its drought relief patterns. First, emergen-
cy-based management pattern should be shifted to 
a combination of risk-based management and nor-
mal management, incorporating drought response 
to daily IWRM routines and  formulating risk-based 
management patterns so as to prevent drought-
induced risks (ISDR, 2007; Knutson et al., 1998). 
Second, instead of only focusing on short-term 
emergency-based management, the pattern should 
also pay due attention to mid-term and long-term 
management results. On the basis of water resources 
carrying capacity, drought-related elements should 
also be taken into consideration for overall regional 
planning and integrated water resources planning 

by means of defining drought risk areas, and 
accordingly the industrial layout and water con-
servancy project distribution will be optimized and 
contingency plan developed. Third, finite objective-
oriented management should be shifted to a combi-
nation of whole process- oriented management and 
integrated management. An all- dimensional inte-
grated monitoring and assessment system should be 
established to integrate drought early warning and 
forecasting, real-time drought relief decision making 
and drought impact evaluation.

Proceeding from several pertinent links associ-
ated with a comprehensive drought response plan 
which include drought relief  planning,  monitoring, 
evaluation, early warning/forecasting, dispatch and 
management, impact assessment, we should aim at 
improving drought relief  planning technologies of 
risk-based management pattern, drought monitor-
ing technologies based on hydrological cycle proc-
ess and all-dimensional pattern, drought evaluation 
technologies based on water resources supply and 
demand situations, drought early-warning and 
forecasting technologies based on remote sensing 
and land-atmosphere coupling model, comprehen-
sive multi-water source emergency operation and 
management technologies geared to drought relief  
and integrated real-time assessment technologies 
on drought impact catering to coordinated regional 
development with the ultimate goal of developing 
three kinds of capabilities on risk-based drought 
management, monitoring and evaluation as well 
as early warning and forecasting, and emergency 
dispatch and management.

4 OVERALL TECHNICAL FRAMEWORK 
OF THE COMPREHENSIVE RESPONSE 
TO DROUGHT IN CHINA

The overall technical framework of the comprehen-
sive response to drought in China consists of six parts 
(Fig. 1). There are planning techniques, monitoring 
techniques, evaluation technologies, forecasting and 
early-warning technologies, jointing emergency dis-
patching and management techniques, as well as 
timely and comprehensive assessment techniques.

Planning techniques on drought would be based 
on risk management mode. Rational allocation 
of water resources for drought is a new approach 
to shift emergency management level into water 
resources allocation planning and carrying out 
water supply and demand analysis under  situation 
of possible extreme drought in future (Wang et al., 
2004). Comparing with the traditional water allo-
cation that is just accounting for normal water 
resources, the new approach takes full account 
of the hydrological extreme events, and that of 
 climate change (Wilhite, 2005). It could apply to 
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the region’s water resources carrying capacity 
under extreme drought situation, optimize the lay-
out of regional industry structure, and enrich the 
connotation of water resources management.

Monitoring techniques on drought would be 
based on sky–earth integration mode and water 
cycle process. In order to monitor the water cycle 
of the atmosphere, surface, soil, and groundwater 
and improve the utilization of water resources, a 
comprehensive monitoring technique system for 
drought should be constructed, which combines 
remote sensing technique (satellite remote sensing, 
air sounding etc.) and the ground detection tech-
nique (Dente et al., 2008).

Drought evaluation technologies would be based 
on supply and demand situation of water resources. 
According to the impacts of the evolution of elements 
and processes of water cycle, droughts are classified 
into meteorological drought, hydrological drought, 
agricultural drought, socio-economic drought, eco-
logical drought, and so on (American Meteorologi-
cal Society, 1997). Drought indices, such as Palmer 
Drought Severity Index (Palmer, 1965; Garen, 
1991), Standardized Precipitation Index (McKee et 
al., 1993), Surface Water Supply Index (Shafer & 
 Dezman, 1982), etc., were proposed. Dynamic eval-
uation of drought is required to be combined with 
regional precipitation, water demand, water supply, 
and the features of the hydro-project.

Forecasting and early-warning technologies of 
drought would be based on remote sensing and 
land–atmosphere coupling model. In combina-
tion with the unified physical model, techniques 
such as RS, atmospheric prediction, hydrological 

prediction, ecological simulation, and crop mode 
are integrated into drought warning and forecast-
ing, with the purpose of improving the accuracy 
of prediction. Besides, dynamic amendment and 
aggregation techniques should also be utilized 
 during the whole process.

Jointing emergency dispatching and manage-
ment techniques of multi-source water to drought 
combines the warning and forecasting of drought 
and its effects. It includes information gathering, 
assessment, prediction, strategic decision, imple-
mentation, and post-evaluation. The integrated re-
allocation of conventional water resources (surface 
water, groundwater, etc.), unconventional water 
resources (reclaimed water, etc.), and emergency 
water resources has been proposed. At the same 
time, comprehensive security measures are also 
pointed out (Weng & Yan, 2010).

Timely and comprehensive assessment techniques 
of drought impacts to regional development would 
be researched. To provide the basis for the dynamic 
amendment of drought prevention strategies, real 
time evaluation of the effects that results from 
drought should be implemented. At the same time, 
to provide the basis for post-construction planning 
and management, overall evaluation should be also 
carried out for the impacts of drought. Real-time 
integrated evaluation techniques are composed 
of three parts. The first part is the forecasting 
technology before the occurrence of drought. To 
establishing overall response scheme, activating 
contingency plans would be required. The second 
one is the evaluation technology when the drought 
occurs, which needs to amend the response scheme 

Figure 1. The overall technical framework of the comprehensive response to drought in China.
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dynamically. The last one is the impact assessment 
technology after the drought. To reconstruct after 
the drought disaster and amend the emergency 
plan would be required.

5 CONCLUSION

Drought is the extreme event in water cycle. The 
occurrences of drought events usually contain 
dual characteristics: determinacy and random-
ness. With the increasing impact of climate 
change and human activities, drought happens 
in more area with a higher frequency, and now it 
endangers the water and ecological security in the 
river basin. Drought has changed from its event, 
which is shortage of water resources to disaster. 
 Therefore, China is in urgent need of making three 
major shifts in terms of its drought relief   patterns. 
By analyzing the data of drought and flood, the 
general features of drought in the changing envi-
ronment of China were summarized. This paper 
put forward and experienced a new method 
based on basic hydrological process for research-
ing extreme weather issues. Finally, the integrated 
coping strategies have been discussed in this study, 
such as RS and land-atmospheric coupling mode, 
integrated contingency reallocation and manage-
ment  techniques, Real time integrated evaluation 
 techniques. However, there are also some shortages 
and challenges in resist drought, such as the ability 
to resist drought is not balance. And the accuracy 
of drought monitoring and prediction should be 
improved so that the integrated coping strategies 
would be coped with drought effectively.
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ABSTRACT: The digital stream network and spatial information were extracted from raster-based 
DEM data. The grid-based distributed hydrological and silty model was developed on the basis of excess 
infiltration mechanism in the areas with high and coarse sediment yield, considering the impact of struc-
tural measures for soil conservation on runoff routing. The model was implemented in the Chabagou 
basin of the Wuding River that is a tributary of the Yellow River from the year 1970 to 1989. The results 
show that the developed distributed model is suitable for the small watershed in the loess area.
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 factors of  the study area, the infiltration excess 
runoff  pattern of  grid unit runoff  production 
model was used to calculate the runoff  yield. 
Philip formula (Maidment David R., Jianyun 
Zhang & Jisheng Li 2002) was adopted to calcu-
late runoff  depth of  each grid in different periods, 
followed by computing their inflow into the river 
network.

f B AB ( )A( )+ +2 ( A+++ θ)BB  (1)

where f is infiltration rate, mm/h; both A and B are 
the undetermined coefficients, which are related 
to soil characteristics; θ is cumulative infiltration 
quantity, mm.

2.3 Confluence model of grid unit

1. Calculation of collection time. The confluence 
time is the flow translation time from the central 
point of the runoff grid to the river outlet, and 
the formula is as follows (Li Li 2003).

t
L
V

L
K Sc

VKK
= = 1 2/  (2)

where L is length of flow path of  channel 
segment, m; S is slope of reach; V is flow 
velocity, m/s; KV is velocity constant, contain-
ing influence of roughness, hydraulic radius and 
other factors to water flow.

1 INTRODUCTION

Soil erosion in the Yellow River basin especially the 
areas with high and coarse sediment yield is very 
serious, so the study on distributed hydrological & 
silty model and its application in the areas is not 
only helpful to understand the hydrological and 
sediment processes in the semi-arid regions but 
also in favor of quantitative analysis of soil ero-
sion and Quantitative assessment of soil erosion 
control measures, which can provide scientific 
basis for the water and soil conservation planning 
and treatment in the small watershed (Zhonggen 
Wang, Hongxing Zheng & Changming Liu, et al. 
2004).

2 MODEL PRINCIPLE AND STRUCTURE

2.1 Spatial analysis of watershed characteristics

The grid flow is set by D8 method and the fill algo-
rithm to determine the direction of depression. 
The flow velocity and soil erosion rate of constant 
current were calculated by the flow path length 
and gradient of the grid, and the flow velocity is 
approximate as the confluence velocity to carry out 
grid convergence of water and sediment routing.

2.2 Runoff generation model of grid unit

Considering the underlying surface condition, 
precipitation characteristics and short time step 
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2. Storage calculation of the pond. The pond stor-
age coefficient ζ was used to simulate, and the 
formula is as follows.

R R′ ⋅ζ  (3)

where R is runoff depth of the mesh before stor-
age, mm; R′ is runoff depth of the mesh after 
storage, mm; ζ is the pond storage coefficient 
(values 0∼1).

2.4 Sediment yield model of grid unit

1. Splash erosion. The magnitude of the splash ero-
sion rate depends on the erosion force of rain-
drops, while the erosion force is related to the 
impact force of the raindrops running into the 
soil particles (Wenyi Yao & Liqun Tang 2001).

The splash erosion rate of a rainfall can be 
expressed as follows.

D K d V fR dD K m ( )yρ αd Vd ffmVV50dd 2
50

2 2  (4)

where Kd is the coefficient related to soil charac-
teristics; d50 is median particle size of raindrop, 
mm; Vm50 is raindrop terminal velocity, m/s; θ is 
the slope gradient, f(y) is the function related to 
slope runoff depth. When there is no runoff on 
slope surface, f(y) is the maximum (1.0), with 
the increase of slope runoff depth, f(y) reduces 
gradually, while runoff depth is more than three 
times of raindrop diameter. Raindrop erosion 
effect becomes very small and f(y) is calculated 
by the formula below.

f
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2
 (5)

The median particle size of raindrops was 
calculated by the following formula.

d50dd
0 27

0 25

2 77 6I TT0 27 0

3 32 6I TT0 25 0
=

⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

. m77 6I TT 0 in

. m32 6I TT 0 in
 (6)

where I is rainfall intensity and TT is the duration.
Terminal speed. The rain drop was calculated 

by the followed formula.
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where g is gravity acceleration, m/s2; ν is air 
movement viscosity coefficient, m2/s.

2. Runoff erosion. According to its slopes, the 
grids were divided into three kinds of slope sur-
faces: hill slope, gully slope, and trench. Using 
the runoff and sediment dynamics model in 
small watershed, the sediment yields of three 
slopes were carried out separately (Wenyi Yao & 
Liqun Tang 2001).

Soil erosion rate calculation formulas of 
three kinds of grids: hilly slope, gully slope, and 
trench are shown as formula (8) ∼ formula (10).

E e br rE e rb⋅e  (8)

E e bg gE e gb⋅e  (9)

E B
g

Vc cE B m

s m

γ m

γ γs m−
τ0τ 3 2ττ /3 23  (10)

Among them:

E A Vr rE A m

s m
( )c

γ m

γ γs m−
−  (11)

E A Vg gE A m

s m
( )c

γ m

γ γs m−
−  (12)

τ τ γ α
μ α

0ττ =τ + ( )γ γ−γ
− μ ( )γ γ−γ

c mγγ γγγ
γ γγ

RJ d
d

′ i
 (13)

τ γ0ττ mγ RJ  (14)

where er and eg are single width soil erosion 
rates of  hill slope and gully slope respectively; 
br and bg are hill slope width and gully slope 
width respectively. Here is grid width, m; γs and 
γm is sediment compacting dry density and bulk 
density of  muddy water, respectively. N/m3; 
τ0, τc′ and (τ0 − τc′) is flow shear stress,  starting 
shear stress of  sediment on the slope and 
effective shear stress of  sediment particles on 
the slope, respectively. N/m2; V is flow veloc-
ity, m/s; h is runoff  depth, m; J is gradient; 
d is sediment particle size, mm; α is grid slope; 
f is the friction coefficient; Ar, Ag and Bc are 
dimensionless synthetic coefficients, set by the 
measured data.

3. The overland flow sediment carrying capacity. 
The followed formula fitted the overland flow 
sediment carrying capacity better.

T
dcTT c= ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1
22284

0
0 33

2 457τ τ−0 ′
.

.

 (15)

4. Calculation of sediment amount intercepted by 
the projects. The typical calculation formula of 
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sediment amount intercepted by the silt storage 
dam is as follows.

Δ = ( )( )W M= ksgWW sM )− ()( −)()()(  (16)

where ΔWsg is mud quantity intercepted by the 
silt storage dam in the watershed, m3; Ms is inter-
cepted mud amount per square meter, m3/m2; 
k is area of the dam within the grid, m2; α1 is 
the scale coefficient artificial filling dam area in 
total dam area; α2 is the proportion coefficient 
of bed load quantity in sediment amount inter-
cepted by the dam.

2.5 Sediment converge model of grid unit

Slope and gully erosion material must be trans-
ported to the exit section to become a watershed 
sediment yield while the transport of erosion mate-
rials is restricted by such factors as hydraulic con-
dition, sediment conditions and channel boundary 
conditions. Research in the reference (Jinren Ni, 
Xiaoyong Liu & Tianhong Li, et al. 2004) consid-
ers that most parts of the Loess Plateau Gully or 
river course have exposed bedrocks, that although 
have no bedrock, the deposits belonging to them 
have gravels or sands that are thicker and the sedi-
ment transport ratio is close to 1.0. So sediment 
yields of the watershed outlet section can be cal-
culated by superposing soil erosion of each unit in 
staggered several propagation period.

3 SURVEY AND DATA OF THE 
RESEARCH AREA

3.1 Survey of the research area

Chabagou watershed located in the first sub region 
of the Loess hilly region, the northern Zizhou 
County of Shaanxi province, belongs to semi-
arid and semi-humid area. The watershed area 
is 205 km2, of which the control area of the Cao 
Ping hydrological station is 187 km2. Chabagou is 
a branch of Dali River. Its shape is basically sym-
metrical, the average width is 7.8 km, the chan-
nel length is 26.3 km, and the channel density is 
1.07 km/km2 (Fig. 1). The average erosion modulus 
of the watershed is 22,200 t/(km2 ⋅ year), the largest 
is 71,100 t/(km2 ⋅ year), still the smallest is 2110 t/
(km2 ⋅ year).

3.2 Date and processing

Hydrological data include 11 sessions precipita-
tion data extract in total and corresponding flood 
discharge and sediment concentration data extract 
of Cao Ping Station during the same period. 

Because there is no evaporation data of the study 
area, the evaporation data of the latest Suide station 
on Dali River, Wuding River system was used. The 
topographic data was obtained from the 1:10,000 
contour line map drawn by Shaanxi Province 
Bureau of Surveying and Mapping Bureau, result-
ing in the formation of 50 m × 50 m grid DEM, 
which divided the basin into 446 rows and 633 
columns, i.e. a total of 282,318 grids. The extracts 
of the flow and precipitation process were interpo-
lated into the time series of equal interval (30 min), 
while the inverse distance squared method is used 
to spatial interpolation of the hydrological data.

4 CALCULATION RESULTS 
AND ANALYSIS

4.1 Model setting

1. Floods selection. In the principles of large or 
middle water and unimodal or bimodal flood, 
7 floods were selected from the 11 floods data 
of 700,718, 700,731, 710,705, 720,719, 740,731, 
780,807, 790,723, 800,718, 830,726, 880,715, 
and 890,716 floods.

2. The determination of the initial value of the 
model state variables. Initial soil moisture Wt, 
initial linear reservoir surface water SS0, and 
underground water storage capacity SG0 were 
determined by the calculation results of the 
daily model (here is no longer detailed); while 
the initial value of the pond storage coefficient 
ζ was confirmed in GIS based on such compos-
ite factors as the size and shape of the ponds.

3. Parameter setting. The artificial trial calcula-
tion method was adopted to determine the 
parameters. It was found after debugging that 
the values of such parameters as n, A, B and 

Figure 1. Drainage map of Chabagou watershed.
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Wt influenced the flood peak, flood volume 
and peak time greatly. n affected the peak time 
and peak shape mainly: the smaller the value of 
n, the earlier the time of the flood peak, also 
the peak shape was impacted; A and B mainly 
affected flood volume changes: the smaller the 
A and B, the larger flood volume; the influence 
of Ar, Ag, and Bc on sediment amount is large: 
the greater the Ar, Ag, and Bc, the more sediment 
amount.

The debugging steps were as follows: first to 
adjust the flow production parameters A and B to 
make the simulated flood volume be close to the 
actual process; then to adjust roughness coefficient 
n according to the underlying surface informa-
tion to regulate the peak shape of the simulation 
results to improve the deterministic coefficient of 
flow process simulation. Adjusting 3 parameters 
Ar, Ag, and Bc were adjusted to make the simulate 
sediment amount proves to be close to the actual 
sand content; the staggered transporting time was 

changed to improve the deterministic coefficient 
of sediment amount process simulation. The aver-
age value of the seven water and sediment param-
eters after adjustment was adopted by the model. 
Table 1 shows the calculation results of the hydro-
logical and silty model of the calibration and veri-
fication floods in Chabagou watershed.

4.2 Model verification

The other 4 floods were selected, and the hydro-
logical and silty model was tested. From the results 
of calculation, it can be seen that the computed 
quantity of flow and sediment is in line with the 
measured process line of discharge and sediment 
quantity, what verified the model is reasonable and 
feasible. Figure 2 and Figure 3 show the discharge 
and sediment transport rate comparison of the 
actual and the simulated, respectively. Each grid 
precipitation obtained from the measured rainfall 
data interpolation of the rainfall stations within the 
study area, so the discrepancy of calculated spatial 

Table 1. Results of modeling calculation.

Modeling 
no.

Flood 
no.

Runoff depth 
relative error (%)

Peak relative 
error (%)

Peak time 
difference (h)

Certainty 
factor

Sediment transport rate 
relative error (%)

Calibration 
no.

700702 5.8 −4.2 0.5 0.71 −7.0
700731 2.1 0.6 0.5 0.81 −5.7
710705 15.5 4.2 0 0.80 13.3
720719 3.2 1.6 0 0.79 −2.3
740731 −14.0 −15.6 0 0.73 −2.4
780807 −17.0 1.6 0 0.82 −8.7
790723 −2.8 4.8 0 0.74 −4.3

Verification 
no.

800718 7.4 8.6 0 0.70 0.20
830726 4.6 −5.6 0 0.72 −0.60
880715 2.2 −7.7 0 0.61 9.8
890716 −5.7 −5.0 0.5 0.79 3.4

Figure 2. Flow hydrographs of observation and simula-
tion data of No. 700702 flood.

Figure 3. Silty hydrographs of observation and simula-
tion data of No. 700702 flood.
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and temporal rainfall distribution and the actual 
was caused, which gave rise to the error of the 
runoff and sediment yield calculation. In addition, 
due to the time step being valued by half  an hour, 
original records of rainfall, discharge and sediment 
concentration data had a certain degree of homog-
enization, and the peak value of the rainfall, runoff 
and sediment concentration may be missed.

5 CONCLUSIONS

Based on the extraction of spatial information of 
watershed based on DEM data, the distributed 
hydrological and silty model of Chabagou watershed 
in the Loess Hilly Region was constructed accord-
ing to the geographical and climatic features of 
the watershed. Calibration and verification results 
show that the model is basically applicable for the 
high and coarse sediment area of the Yellow River 
Basin. Due to climate change and human activities, 
the pad surface of the basin is undergoing profound 
changes, so the distributed hydrological model in 
the following aspects is to be further explored and 
researched: (1) Spatio-temporal homogenization 
of precipitation data; (2) the integration of the 
watershed underlying surface change information; 
(3) sediment transport computations; and (4) the 
confluence time of water and sediment.
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Numerical simulation on the impact of oil spills on a fishing port

RuiJin Zhang, JinMei Zhou & XueZhi Huang
College of Marine Technology and Environment, Dalian Ocean University, Dalian, China

ABSTRACT: In this paper, the water dynamic model of a fishing port in the east China sea is estab-
lished by using MIKE 21 which is one of a relatively mature international DHI software series, then a 
fishing harbour oil spill model which is based on the Lagrangian particle tracking theory was set up to 
research oil spill pollution problem near an island in the east China sea. Simulating spilled oil under the 
northeast wind, southerly wind a tide weeks within 12 h diffusion trajectory and the distribution of the 
different situation are analyzed. Research shows that the direction of the wind and hydrodynamic condi-
tions are the key factors which affect the sea oil spill and the biggest factor is the south wind of this sea 
area. The research results can be reference for the decision of potential oil spill emergency response.

Keywords: hydrodynamic; oil spill; simulation

analysis for flow field forecast, to simulate oil spill 
huhu pearl river mouth waters on the features of the 
tidal river road extension, drifting of oil spill test; 
Zhong Deyu on contaminant transport carrying 
water full transformation rule is simulated. But for 
the moment for east island fishing port to carry out 
the oil spill simulation work is relatively lacking.

2 THE NUMERICAL SIMULATION 
OF THE MARINE HYDRODYNAMIC 
ENVIRONMENT

For the offshore oil spill, the biggest factor is water. 
So is the hydrodynamic simulation of offshore oil 
spill simulation work carried out one of the most 
basic. An island near the water level changes in the 
East China Sea fishing especially after the comple-
tion of the complex hydrological conditions under-
gone significant changes in recent years in this 
regard since the technology has been widely studied. 
Combined with the needs of the project, the project 
will use water flow field data dimensional hydrody-
namic modeling techniques to simulate resolved.

2.1 Flow calculation results analysis

Large sea calculate the flow field flow field in front 
of representatives of the project, where the tide of 
the field to take the trend analysis. The results show 
that simulated tidal waters, including two fluctua-
tion process. Observing the trend of changes in tidal 
C01 as a reference time point, Figure 1 and  Figure 2 
shows the trend of process on behalf of the two 
moments of the flow field, respectively, and the ebb 

1 INTRODUCTION

As the country’s increasing demand for oil and 
the continuous development of transportation 
industry, oil spill accidents on ships at sea is also 
 increasing. After the oil flow into the ocean, it can 
lead to serious pollution to the Marine  ecological 
environment, not only destroys the ecological bal-
ance, the impact of tourism development of Marine 
aquaculture, but also threatens human’s health. 
Recently, the sea oil spill has gradually aroused the 
concern of the society and people, many marine 
oil spill event is a sudden one, so after the accident 
whether we can made a timely and effective man-
ner to emergency response and take corresponding 
measures to control pollution loss reduction plays 
a key role. The completion of fishing port engi-
neering of a certain island makes the vessel traffic 
density increasing, the potential of oil spill risk is 
also increasing, so it is necessary to conduce the oil 
spill simulation research of the area for prediction.

In order to improve the forecast accuracy of water 
spilled oil, extensive research at home and abroad 
have been carried out. Since the early 1980 s China 
has carried out oil spill forecasting model research 
under different conditions, such as ice-free sea, ice 
sea, shallow sea waters, and so on. Huang Liwen etc 
use ECOM—si for open boundary islands waters to 
built sea flow field prediction model for oil spill sim-
ulation of the Zhoushan islands; Lou Angang in the 
tide of harmonic  analysis and observation of wind 
as a force, for plastic chau bay constructs a three-di-
mensional oil spill at sea transport and the end-result 
of model; De-qi xiong, such as using HAMSOM 
three-dimensional ocean model for tidal harmonic 
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tide when the middle of the middle. Figure 1 is the 
first time the ebb tide in the middle field, off the 
coast of the computational domain tide flowing 
from the SW to NE, near the project area, the water 
flowing out from the bay through the island, with 
the outer flow convergence Sea to the NE flow. Flow 
field at low tide, and this was the moment bypass, 
flow decreases. Figure 2 is the first time the tide high 
tide in the middle field, the basic trend is calculated 
from the sea outside NE to SW flow, part of the 
water flowing into the bay through the island, the 
height of the flow field, and this was the moment 
bypass flow rate was reduced. From the above chart 
the flow field can also be seen, mathematical models 
simulate the flow field of engineering nearby waters 
to meet the project needs, you can follow the hydro-
dynamic and oil spill modeling work.

3 THE NUMERICAL SIMULATION 
OF OIL SPILL IN WATERS

3.1 Prediction model

This evaluation uses the oil particle model, and 
it can correctly predict the spread of the oil spill. 

The model of oil particle is based on the tidal cur-
rent of the wind-driven currents. It use the way of 
Lagrange particle track method to track the trail of 
particle. At the same time, it uses the random walk 
method to simulate the turbulence diffusion of oil 
particles. This method is based on the behavior selec-
tion of the motion object, and use the deterministic 
model to simulate the conditions of environment 
dynamic (mainly flow field). It uses the random model 
to simulate the turbulent diffusion field of the oil spill 
particle, and Improves the effect of the forecast of oil 
spill. Regardless of the turbulence diffusion and based 
on the mathematical simulation of flow field (euler 
field), it uses the Lagrange to track the drift process 
of particles. We get the trail of particles which are 
under the action of tide (including wind current).

3.2 The system of computational condition

The main model simulation NE (7.6 m/s) and S 
(4.7 m/s) winds ebb tide and high tide period of 
100 kg and 10 kg spill occurred when an oil slick 
drift tide weeks, expansion and scope of pollu-
tion caused by the random diffusion and pollution 
levels. Click on the apron oil spill starting point, 
shown in Figure 1. Calculation program is divided 
into eight kinds, detailed in Table 1.

3.2.1 The analysis of spill model simulation 
results on winds NE

After the data statistical analysis, it is concluded 
that the direction of prevailing wind of this island 
is NE in the oil spill waters. The highest frequency 
of the wind is direction of prevailing wind. So this 
wind direction is the most likely wind direction 
of the oil spill accident, and is the most likely to 
impact on the marine and terrestrial environment. 
To simulate the direction of prevailing wind in the 
oil spill sea area, and can produce a positive guid-
ing significance to oil spill emergency action. The 
following Figure 3 and Figure 4 are respectively oil 
spill in the early and late diffusion area chart in the 
direction of prevailing wind (NE).

As can be seen from the above chart, in the ini-
tial stages of  oil spills, when the tide began to ebb, 

Table 1. The calculation scheme.

Condition Tide
Oil 
spillage Climate

1 Spring tide 10 kg Northeast (7.6 m/s)
2 Spring tide 10 kg Southerly (4.7 m/s)
3 Spring tide 100 kg Northeast (7.6 m/s)
4 Spring tide 100 kg Southerly (4.7 m/s)
5 Neap tide 10 kg Northeast (7.6 m/s)
6 Neap tide 10 kg Southerly (4.7 m/s)
7 Neap tide 100 kg Northeast (7.6 m/s)
8 Neap tide 100 kg Southerly (4.7 m/s)

Figure 1. The flow field of ebb middle.

Figure 2. The flow field tide middle.
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sea tide flowing from the SW to NE. After the oil 
spill from the oil spill point of  overflow, the oil 
spill will drift and diffusion along the direction 
of  the trend. But also by the role of  wind direc-
tion, facing east and west of  the oil spill oil spill 
points accordingly extended. Its shape to the east 
is wider, while the west is narrow. When the oil 
spill occurred about six hours, the trend at low 
tide, when the bypass time, the film will be in con-
tact with the coast in the joint action of  wind and 
tide. After that, the tide began to rise, the sea tide 
is dominated by NE to SW flow, then, the trend 
is consistent with the wind direction, with the 
 accumulation of  oil spill on the shore, and by the 
flow of  both the role of  coastal waters, the film 
will spread westward, then, the trend is consist-
ent with the wind direction, will reduce the impact 
of  the oil spill point on the east coast, while the 
west side continues to spread, thereby increasing 
the impact area, forming a connection point of  a 
wide strip spill east and west sides of  the bay and 
 harbor at other waters less affected by oil spills. 

Area when the spill occurred about 12 hours, the 
tide was at its height, the joint action of  the tide 
and wind, the point on the eastern side of  the oil 
spill all the basic drift to the west, and with evap-
oration and emulsification of  oil spills, oil spill 
spread of  significantly reduced.

Under constant wind effect, the oil spill will 
have a serious impact on the marine and terrestrial 
environments. Due to a wide range of oil pollution 
in the area, drift-diffusion speed, and a higher like-
lihood of occurring, oil spill relevant departments 
need to do this to the appropriate emergency 
response strategies.

3.2.2 The analysis of spill model simulation 
results on winds S

With the statistical analysis of wind data, the sec-
ond often wind direction of this island in a sea 
of oil spills is south, Wind is an important factor 
affecting the behavior of the oil spill, the simula-
tion results can be seen, the impact of the oil spill 
behavior is more significant at south, and may 
cause more severe effects on the marine and ter-
restrial environments. The oil spill simulation to 
the greatest impact of the oil spill waters wind, will 
provide a more clear, effective, and fast guide oil 
spill response action. The following Figure 5 and 
Figure 6, respectively, is the initial and late diffusion 
spill area chart for the wind direction of south.

Early oil spill occurred, the diffusion behavior of 
the oil spill are mainly affected by the wind and the 
east China sea tide of two factors. At this time, as 
can be seen from the initial spill map, the early oil 
spill drift diffusion direction along the direction of 
the trend, mainly from SW to NE. Due to southerly 
wind to function at the same time, the oil spill area 
has a certain extend in the direction of the gulf. After 
the oil spill occurred about six hours, the oil film for-
ward continued eastward to, under the action of tide 
and wind, oil spill things two to spread and form Figure 3. The oil spill area chart of  early diffusion 

on NE.

Figure 4. The oil spill area chart of late diffusion on NE. Figure 5. The oil spill area chart of early diffusion on S.
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also affect the scanning area. After a tidal cycle, 
the area is 16.26 km2 during the springs while 
12.92 km2 during the neaps.

4 SUMMARY

1. Using DHI MIKE to build a hydrodynamic 
model based on an unstructured grid, 2-D’s cur-
rent near a island in the East China Sea. We can 
find the stimulation results reflect the hydrody-
namic character around the Island.

2. Based on the Lagrange and random walk the-
ory, we build a oil spill model near a island on 
the hydrodynamics basis. Futher more, we stim-
ulate the oil spill of the north island during the 
northeast wind and southerly wind. At last, we 
analyze the drifting routine and the change of 
the oil spillage.

3. According the influence on oil spill accident, we 
can conclude that the wind direction and hydro-
dynamic condition are the key factors affecting 
the oil spill at the sea zone, which the south wind 
has the biggest impact. Futhermore, the scanning 
area of oil spill during the springs is larger than 
that during the neaps. At the worst, the scanning 
area reach 16.26 km2 after a tidal cycle.

4. In this paper, we only consider the process of the 
oil particles’ drifting, diffusion, and evaporation 
under the action of external environment, while 
we must take the processes of physical, chemi-
cal, and biological effects into account during 
the longer time scale. Thus, we need improve the 
problem in the future.
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thin strip along the coast. After nine hours, by the 
terrain and trends together, the amount of spilled 
oil spill westward drift more. In the latter part of the 
oil spill, oil spills with the trend to more and more to 
the west, and southerly winds disturbed the role of 
the accumulation of oil spill on the coast near the 
harbor was taken, along with the trend of the move-
ment to drift near the bay the impact of shipping 
and ports around people’s normal life.

In the action of secondary often wind, oil spill 
will produce a great impact on the marine and ter-
restrial environment. As a result of oil spill pollu-
tion area is wide, the oil spill drift diffusion speed, 
so need to related department to make emergency 
countermeasures quickly and accurately.

3.3 Calculate result

Different computational scheme and scanning area 
of spilled oil film at different time of tide is shown 
in Table 2. We can conclude that the wind direction 
has a great influence on spilled oil. In case of the 
south wind, the spring, and the oil spillage of 
100 kg, the scanning area reach the maximum of 
16.26 km2 after a tidal cycle. The current velocity 

Table 2. List of different tide sweeping Sea area after 
spill (>0.3 μm, unit: km2).

Condition 3 hours 6 hours 9 hours 12 hours

1 0.48 1.37 2.62  2.62
2 4.11 4.73 8.42 14.59
3 0.57 1.75 3.31  3.31
4 4.42 5.51 8.86 16.26
5 0.15 0.24 0.49  1.55
6 1.04 5.20 8.02  1.04
7 0.15 0.29 0.76  1.62
8 1.29 2.35 4.53 12.92

Figure 6. The oil spill area chart of late diffusion on S.
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Status review and prospect of the research into physical model 
of the impact force of ice on Yellow River-related buildings

G.Y. Wu, Y.F. Li & C.P. Wu
Yellow River Institute of Hydraulic Research and Yellow River Institute of Hydraulic Research, MWR Yellow 
River sediment Lab, Zhengzhou, China

ABSTRACT: In order to study more practical ice force of the Yellow River-related buildings, it is neces-
sary to study practical mode. This study is of great significance to the design of river-related buildings 
and the standardized management of Yellow River. At present, there are many research results into ice 
force of the practical model of Yellow River-related buildings and the theory is mature. But there are few 
research results related to the practical ice force model of Yellow River-related buildings. The research 
results of many domestic colleges and related units are analyzed in the paper. Their research results all 
have certain limitations and don’t apply to the practical ice force model of Yellow River-related buildings 
completely. Therefore, it is necessary to do further research into it.

Keywords: Yellow River; river-related buildings; ice force; practical model; further research

is increased and they occupy the valid flooding 
section and affect the flood safety of river chan-
nel. Therefore, it is necessary to conduct physical 
model tests of ice force on river-related buildings 
and propose the ice force that is more practical, 
which will be of great guiding significance to the 
design of river-related buildings such as bridges 
and of great reference value to the standard man-
agement of Yellow River channel.

2 RESEARCH STATUS OF ICE 
FORCE MODEL TEST

Ice force model test started with the research into 
ice breakers. The first low temperature ice pool 
laboratory was set up in the Soviet Union in 1955. 
At present, most of the existing low temperature 
ice pool laboratories in the world were founded in 
the 1980s.

Ice force model test has a long history. Most of 
the past tests were aimed at static ice force. With the 
increase of development activities in freezing waters, 
the requirement for solving the problems caused by 
the dynamic ice force resulting from ice-structure 
interaction is more and more urgent. In recent years, 
dynamic ice force model test has been carried out in 
some ice force laboratories at home and abroad.

2.1 Research status of sea ice force model

1. Low temperature laboratories were founded in 
Tian Jing University in 198, in which ice force 

1 INTRODUCTION

Ningxia-Inner Mongolia reach of Yellow River lies 
at the northernmost tip of Yellow River Valley. Its 
winter is as long as four to five months. The maxi-
mum ice thickness is usually 0.8∼1.1 m. It has a 
serious ice regime. This reach breaks up in early or 
middle December or at the beginning of next March. 
The river section is blocked by drift ice, which forms 
large impact force on river-related buildings. Large 
areas of ice floes can produce pressure and friction 
at the same time, which will do great harm to the 
river-related buildings such as dams and bridges. 
For example, 11 bridge piers of Guisuihe River 
Bridge on Beijing-Baotou Railway were broken by 
the huge ice pressure in the winter of 1957.

With the rapid development of economy, there 
are more and more Yellow River-related buildings. 
The river-related buildings are often struck violently 
by drift ice when Yellow River freezes up or breaks 
up. At present, the research into the fore against 
the river-related buildings is not deep enough due 
to the complexity of the problem. For security’s 
sake, the design department usually adopts large 
safety coefficients when designing river-related 
buildings such as bridges, so that the size of piers 
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model test on ice-resistant platform in Liaodong 
Bay of Bohai Sea was carried out for the first 
time. It was a static ice force model experiment, 
made in No. 2 low-temperature marine lab of 
Tianjin University. This lab consists of low tem-
perature chamber, ice pool, trailer, refrigerating 
machine, buffer chamber and test chamber, and 
so on. The lowest temperature is up to −22°C 
during work. Nanjing University built large ice 
engineering labs in the Ninth Five-Year Plan 
period and formed the only ice mechanics and 
ice engineering experimental base, where many 
ice mechanics tests have been carried out for 
years. The material for model ice used in the lab 
is urea ice that is made up of fresh water and a 
certain percentage of urea, which can increase 
the strength and the modulus of elasticity of the 
ice to make sure the mechanical properties of 
ice can meet the requirement of the test. Before 
freezing, spray the mixed urea ice which is the 
same as the one in the ice pool with the pressure 
with 20 standard pressure through micropore to 
the sky above the ice pool. The urea ice freezes 
in the air and then falls into the pool and forms 
ice-crystal nuclei so as to avoid too higher ice 
strength. Stop refrigerating before ice thick-
ness reaches the required value. Make thickness 
increase naturally to the required value and 
then make the temperature increase naturally 
and slowly. The strength and the modulus of 
elasticity of the ice decrease slowly during tem-
perature returning. Monitor the strength and 
the modulus of elasticity of the ice when taking 
these steps and start to conduct the test as soon 
as the scheduled targets are realized.

In recent years, Song An, Huang Yan, Shi 
Qingzeng et al. have made related research into 
dynamic ice model, especially in similarity law. 
They learned about some similarity criteria 
applied in dynamic ice model experiment, such 
as Froude Similarity Criterion, Cauchy Crite-
rion, and ice nuclei equivalence, on the basis 
of which, they conducted experiments and dis-
cussed the applicability of the these laws in static 
ice model experiment and studied the similarity 
law of dynamic ice force model by dynamic 
ice force model experiment. They presented 
parameter-interaction coefficient resulted from 
the combined action of elastic control, rate con-
trol, and geometric dimensioning. The similar-
ity system based on this coefficient completely 
adapts to model test of ice-induced vibration on 
vertical structure.

2. An ice force-related lab, State Key Labora-
tory of Coastal and Offshore Engineering, was 
founded in Dalian University of Technology. 
The first ice force physical model test was con-
ducted at this lab. The monitoring technology 

of the area, concentration and movement speed 
of ice block was developed and the experimen-
tal relationship between the impact ice of drift 
ice on single piles and wharf piles and physical 
and mechanical parameters of the same models 
was found. The problem of similarity recovery 
of the impact force of drift ice from physical 
simulated results to ice force of the prototype 
design ice was solved.

The material for model ice was studied in 
this lab and DUT-1, a kind of non refrigerated 
model ice, was developed by Wang Xueyong, Li 
Zhijun and Li Guangwei. It expands range of 
choice. This kind of model ice was made from 
the mixture of polypropylene powder, white 
cement, plastic bead, water and others, which 
were mixed, stirred, and molded. It needn’t be 
made in a large low temperature lab. Its physi-
cal and mechanical properties can keep it stable 
during a long period of experiment. Li Zhijun 
et al made systematic experimental research 
into its physical and mechanical properties and 
physical simulation and experimental study on 
the interaction between model ice and wave 
and the interaction between model and circular 
pile, conical, and semicircular levee structure. 
The results of many physical model tests show 
that this model ice can be used in the 1:10 to 
1:30 scale model experiment. All indicators 
meet the requirement. This model ice is the ideal 
material for physical simulated experiment on 
ice and inclined structure and ice and wave, ice 
accumulation, ice ridge, and ice jam.

2.2 Research status of the impact 
force of river ice

River ice research was first made in the former 
Soviet Union. The calculating formula of ice effect 
on bridge piers was proposed in bridge and cul-
vert design. Inland river construction standard of 
USSR was issued in 1959. The research results on 
ice of the scholar from former Soviet Union were 
cited in the ice protection and ice resistance design 
of many cold countries. In addition, much research 
into river ice was made in Canada and the US and 
some related rules that were suitable for their situ-
ation were made.

According to the domestic research results, 
the research subject is mostly sea ice and river ice 
research focuses on a few rivers in Heilongjiang 
Province. Yu Tianlai et al from Northeast Forestry 
University made deep research into the physical 
properties and river ice and the impact force of drift 
ice on piers. They collected samples of river ice on 
the spot, carried to the lab in Harbin, machined 
it in detail, and determined modulus of elasticity 
by compression test. Then they installed pressure 
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sensors where drift ice impact piers and vibration 
pick-ups on the top of piers to measure the value 
of the impact force of drift ice and the vibration 
property of the piers under impact, analyzed the 
collected data, simulated the impact force of drift 
ice on piers by means of some soft wares, such as 
ANSYS, and discussed the mechanism of the action 
of drift ice on structure. Yuan Zhenguo set up a 
computer simulation analysis model of the impact 
force of drift ice on piers by explicit dynamical anal-
ysis software package LS-DYNA. Through further 
study, we found research into river ice focuses on 
mechanical properties of river ice, measured impact 
force of river ice on piers and numerical simulation 
analysis of the impact force of river ice on piers and 
that no research into physical model of the impact 
force of river ice on piers has been carried out.

According to the analysis, the research into the 
mechanical properties of river ice is not further 
enough in our country. In addition, because there 
are many difference in the nature of river ice in 
different rivers in different areas, the existing 
experiment data are not typical. There are some 
problems in the standard strength value required 
in the specification. The calculating method of the 
impact force of drift ice on piers is not on sound 
experimental basis.

2.3 Conclusion

At present, there are few research results on the 
impact force of ice in Yellow River during ice run. 
The research results are mostly on field measure-
ment and numerical simulation. No laboratory 
physical model experiment research has been made. 
 Archetype observation is costly and complicated 
field conditions add human factors to analysis 
results. Numerical simulation is less intuitive than 
physical model research. There are more and more 
river-related buildings on Yellow River and the prob-
lem of the impact force of drift ice on river-related 
buildings is increasingly prominent. As a result, there 
is increasing urgent need of physical mode research.

3 THE SIMULATION RESEARCH 
THOUGHTS AND PROSPECT OF THE 
IMPACT FORCE OF ICE ON RIVER-
RELATED BUILDINGS ON YELLOW 
RIVER

At present, the domestic research into the similar-
ity laws of ice force physical model is mature. By 
summarizing the existing similarity laws, we can 
propose model similarity laws that are more suit-
able for physical model tests of the impact force of 
ice on Yellow River-related buildings.

Another more important factor in physical 
model tests is selection of the material for model ice. 

At present, refrigerated model ice is usually used 
for tests in our country. The texture of refrigerated 
model ice makes great difference to test results. It 
is hard to control the indicators during the course 
of the test, which leads to poor comparison of test 
results. In spite of continuous study at home and 
abroad, there is no widely accepted material for 
refrigerated model. In addition, refrigerated model 
ice must be used in large low temperature labora-
tories which need huge investment. From all sides, 
non-refrigerated model ice is more practical during 
the preliminary stage of physical model research 
into the impact force of ice on Yellow River-related 
buildings.

DUT-1, non-refrigerated model ice developed 
by Dalian University of Technology is only used 
for sea ice model test at present. Whether it is suit-
able for the research into the impact force of ice on 
Yellow River-related buildings is open to question. 
We look forward to select a material for model ice 
that is more suitable for Yellow River through con-
tinuous study and further research.

The design span of Yellow River-related build-
ings, especially bridges, is larger and larger. The 
flexibility of the structure of bridges is higher and 
higher. The impact of all kinds of ice on structure 
during ice run is greater and greater. If  we can con-
duct physical model tests on the impact force of 
ice on Yellow River-related buildings soon, we can 
provide basis for anti-ice design of river-related 
buildings and ensure the safety of the structure of 
buildings. The research will be of great significance 
to flood control safety of Yellow River.
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Characterization of urban rainwater quality for the reuse purpose
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ABSTRACT: In order to provide basic data for the reuse of rainwater to supplement the water resources 
to alleviate the water stress, rainwater quality was assessed in a typical metropolis in the east of China. 
Rainwater from seven districts was collected, and chemical oxidation demand, suspend solid, SO4

2−, Cl−, 
NO3

−, NO2
−, NH4

+, and Fe in rainwater were determined. Possibly because of the release from chemical 
industry and electronics manufacturer, aromatic compounds such as phenols and toxic heavy metal Hg 
were also detected. Based on the rainwater quality, several treatment methods and suggestions were thus 
proposed to guarantee the safety of reusing rainwater for different purposes.

Keywords: rainwater; quality; characterization; inorganic ions; organic pollutants

have been proposed and developed (Vieira et al. 
2014, Cheng et al. 2014, García-Montoya et al. 
2015). Actually, rainwater can be used in many 
fields, such as farm irrigation, toilets, and even for 
drinking (Naddeo et al. 2013).

However, the anthropogenic activity has caused 
the global pollution, resulting in various contami-
nants, e.g. particles, ammonia, aromatic organics, 
and metals, in the rainwater (Schwarzenbach et al. 
2010, Cheng et al. 2014, Kabir et al. 2014). Before 
reusing, the harvested rainwater should be treated 
by many methods, for instance, coagulation, pre-
cipitation, membrane filtration, and UV or chlo-
rine disinfection. As for the organics, adsorption 
or even advanced oxidation is usually necessitated. 
Nonetheless, the treatment methods used depend 
on the rainwater quality and reuse purpose.

Water stress in China usually occurs, especially 
in the dry parts and also rapidly developed areas, 
and thus water use efficiency should be improved, 
and new sources are indeed required (Zhao et al. 
2015). This study dealt with the assessment of 
urban rainwater quality for the different reuse 
purposes, and aimed to clarify the district-
 specific difference in rainwater quality. A typical 
metropolis, one of  the economic and education 
center located in the east of  China, is undergo-
ing rapid development with heavy traffic and 
extensive infrastructure construction and is also 
notorious for its lots of  chemical industry and 
bad air quality. The city is facing serious shortage 
of  clean freshwater, so it was selected as the tar-
get city. Rainwater quality was assessed in seven 
different districts having different population and 
economy style, and the area-specific characteris-
tics were analyzed.

1 INTRODUCTION

Most of the surface water distributing on our 
planet is salt sea water, and can’t be used directly 
currently, or a very high cost is inevitably required 
(Zimmerman et al. 2008). Various areas on the 
earth have different geophysics, geochemistry, and 
climate conditions, leading to the uneven distribu-
tion of transpiration and the resulting precipita-
tion (Fischer & Knutti 2015). Arising from the 
rapid development of agriculture and industry, etc., 
much more clean water is badly demanded, which 
has never been seen before on the history, for exam-
ple, the large usage of water by the agriculture irri-
gation, livestock products, energy generation (e.g. 
electric infrastructure) (Bonsch et al. 2015). As a 
consequence, the world is meeting the problem of 
water crisis, but this problem is especially further 
amplified by the increasing water pollution mainly 
caused by the anthropogenic activity by releas-
ing contaminants from agriculture, industrial, etc. 
into the environment (Zimmerman et al. 2008, Van 
Beek et al. 2011, Wada et al. 2011, Schwarzenbach 
et al. 2010).

In essence, almost all the fresh water on the land, 
including surface water in rivers and lakes and 
underground water, is originated from precipita-
tion, with rainwater as the most important source 
(Jung et al. 2010). Thus, the rainwater harvesting 
is one of the feasible approach to satisfy the water 
demand, and has been under intense worldwide 
study (Vieira et al. 2014, Cheng et al. 2014). More 
and more technologies including urban planning, 
infrastructure reconstruction, rainwater harvesting 
methods, new and optimum building design (green 
building), and new farming and wetland systems, 
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2 MATERIALS AND METHODS

2.1 Rainwater sampling

Rainwater samples were collected in a rainfall event 
in June 2013 from seven districts, named XW, QH, 
GL, JY, PK, JN, and QX, respectively. The rainfall 
sampling event was defined as the samples collected 
from the onset until the end of a rainfall period, 
which lasted for about 70 min. The amount of this 
rainfall was estimated to be about 54 mm. Rainwater 
samplers were placed on the rooftop (∼1.5 m from the 
floor of the roof) away from the soil and any specific 
pollutant sources, and three samples were collected 
individually at every site. The samples were kept 
in dark at 4 °C prior to analysis. Precautions were 
taken in both collection and analysis procedures to 
minimize the contamination. Average values of three 
samples with one standard are represent.

2.2 Chemical analysis

Solution pH was determined by a pH meter (PB-10, 
Satorious). The cations (Na+, K+, NH4+, Ca2+, and 
Mg2+) and anions (NO3

−, NO2
−, SO4

2−, and Cl−) were 
analyzed on a Dionex ICS-3000 ion chromato-
graph, equipped with a SP gradient pump, an anion 
self-regenerating suppressor (ASRS 300, 4 mm), a 
conductive detector, and an AS40 autosampler. For 
anions, a Dionex AS11-HC column (4 × 250 mm) 
and a Dionex AG11-HC guard column (4 × 250 mm) 
were selected for separation using 20 mM KOH as 
isocratic eluent at 1.5 mL min−1 with a suppressor 
current of 75 mA, while an IonPac CS12 A Col-
umn (4 × 250 mm), methanesulfonic acid (30 mM 
at 1.0 mL min−1) and suppressor current of 50 mA 
were used for the analysis of cations. Total Organic 
Carbon (TOC) and Total Nitrogen (TN) were ana-
lyzed using a TOC analyzer (TOCL, Shimadzu). UV 
absorption at 254 nm was determined on a UV-vis 
spectrophotometer (Cary 300, Varian). Irons and 
other metals were analyzed by inductively coupled 
plasma atomic emission spectrometry (ICP-AES, 
PerkinElmer). Phenols were determined on LC-MS 
(Waters). Other analysis was performed according to 
the EPA standard methods.

3 RESULTS AND DISCUSSION

3.1 Meteorological data

The city studied is constituted of more than ten 
districts, of which seven were selected to assess the 
rainwater quality, and has resident population of 
more than 8 million. The meteorological and popu-
lation data are shown in Figure 1. The air was pol-
luted, and the average concentrations of PM2.5, 
SO2, and NO2 were about 105.6 μg/m3, 36.3 μg/m3, 

and 92.1 μg/m3, respectively. It seems that PM 2.5 
partially positively depends on the population. The 
traffic in QH and JN districts were heavy, and there 
was an airport in JN district. NO2 shows a certain 
relationship with traffic density. It is noted that the 
data was recorded 7 days after the last rainfall but 
one day before this one studied here.

3.2 COD, SS, and pH

The rainwater was collected and determined as soon 
as possible. Figure 2 shows the Chemical Oxidation 
Demand (COD), Suspend Solid (SS) and pH of rain-
water. The rainwater in the city had average COD of 
about 77.6 mg/L and SS of about 11.2 mg/L, sug-
gesting certain pollution. The rainwater pH was all 
lower than 7.0, indicating some acidity. Especially 
in QH, JN, and PK districts, pHs were even lower 
than the threshold of 5.6 for acid rain, indicating the 
pollution by NO2 and SO2. The results are consist-
ent with that in Figure 1. This can be interpreted by 
the heavy traffic in QH and JN districts, and many 
chemical industries in PK district.

3.3 Inorganic ions

Typical inorganic ions such as SO4
2−, Cl−, NO3

−, 
NO2

− and F− were usually detected in the rainwater 
(Kabir et al. 2014). Figure 3 shows the SO4

2− and 
Cl− in the rainwater in seven districts, with the 
average concentrations of about 226.3 μM and 
25.4 μM, respectively. The rainwater had a simi-
lar range of sulfate and chloride with that from 
many other sites of the world (Kabir et al. 2014). 
Furthermore, it seems that the two kinds of anions 
showed no significant dependence on the areas.

3.4 Nitrate, nitrite and ammonia

Nitrogen species undergoes complex reactions 
and transformation in the atmosphere with 
the assistance of light irradiation (Gruber & 

Figure 1. Meteorological and population of the seven 
districts.
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Galloway 2008). The nitrogen species usually enter 
the rainwater in terms of NO3

−, NO2
− and NH4

+. 
Figure 4 shows the concentrations of NO3

−, NO2
− 

and NH4
+, Total Organic Nitrogen (TON) and 

Total Phosphorus (TP) in the rainwater, with the 
average concentration of about 210.1 μM, 6.4 μM, 
106.5 μM, 360.9 μM, and 0.12 mg/L, respectively. 
Thus, the rainwater was indeed polluted by the 
 nitrogen species, agreeing with the NO2 concentra-
tion in  Figure 1. It seems that the chemical industry 
in PK district contributed to the nitrogen pollution 
(e.g. nitrate and TON) in air and rainwater.

3.5 Cations and metals

There are usually metal pollutants, such as irons and 
copper, in the rainwater, depending on the release 
of ions, metal compounds, etc. (Kabir et al. 2014). 
Figure 5 shows the typical cations and metals in the 
rainwater. Ca2+ showed the highest level among the 
cations and metals, averaged at about 152.5 μM. 
Iron in the form of Fe2+/Fe3+ was also determined, 
and had the average concentration of about 1.3 μM. 

Note that toxic metal Hg was also detected in the 
rainwater, with an average concentration of about 
6.1 nM. While cations show no significant depend-
ence on districts, Iron and Hg were much higher in 
rainwater from GL and PK districts. It may be caused 
by the electronics industry manufacturing screen, 
electronics board, television, phone, and computer.

3.6 Organic pollutants

Arising from the release of volatile organic pollut-
ants, especially aromatic organics such as phenol 
and benzene, to the air, these organics will be present 
in the rainwater by participation in the formation of 
nuclei of rain droplet, adsorption to the interface of 
droplet, mass transfer to and subsequent dissolution 
in the rainwater. Figure 6 shows the total volatile 
phenols in the rainwater and the corresponding UV 
absorption at 254 nm. An average concentration of 
about 0.014 μM of phenols were detected, suggest-
ing the pollution of the rainwater. Actually, some 
aromatics including benzene and derivatives were 
also detected (data not given). The level of phenols 
was the highest in PK district, which had many 
chemical industries as mentioned above. This may 

Figure 2. COD, SS and pH of rainwater.

Figure 3. Sulfate and chloride in rainwater.

Figure 4. Nitrate, nitrite, ammonia, total organic nitro-
gen and total phosphorus in the rainwater.

Figure 5. Typical cations and metals in the rainwater.
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be caused by the industry and the related release of 
aromatics into air or their volatilization from waste-
water or solid wastes from the chemical industry, 
petrochemical industry, electronics manufacturers, 
agricultural chemical producers, and traffic exhaust 
gas (Harrison et al. 2005). The absorbance of UV254 
indicates the presence of unsaturated organics, 
most of which are aromatics. The result about TON 
in Figure 4 also supports the organic pollution of 
rainwater. The results agree with the detection of 
phenols, both having the similar trend related to dif-
ferent districts. The microbial analysis results were 
not reported due to the big variance among the 
three sample (bigger than 30%).

Obviously, the rainwater collected was polluted 
by the nitrogen species, heavy metals and organics. 
The quality does not comply with the guidelines of 
water reuse, especially for the drinking purpose. The 
nitrogen species are factors that stimulate reproduc-
tion and growth of microbe and algae, so biological 
or chemical denitrification pretreatment is required. 
Heavy metal like Hg are toxic, and their efficient 
removal by adsorption or filtration is necessary. 
Because organic pollutants are volatile and toxic, the 
rainwater have to be treated to remove them prior to 
their reuse in irrigation and home use (e.g. toilet). 
When it is for the purpose of drinking, advanced 
treatment, such as adsorption, membrane filtration, 
oxidation and disinfection, is required.

4 CONCLUSIONS

COD, SS, SO4
2−, Cl−, NO3

−, NO2
−, NH4

+, and Fe 
in rainwater were about 77.6 mg/L, 11.2 mg/L, 
226.3 μM, 25.4 μM, 210.1 μM, 6.4 μM, 106.5 μM, 
and 1.3 μM, respectively. About 0.014 μM of phe-
nols and 6.1 nM Hg were also determined. The rain-
water was mostly acidic, indicating the pollution by 
SO2 and NO2. The distribution and level of nitrate, 
ammonia, heavy metals, and aromatic organics in 
rainwater was possibly partially dependent on the 
heavy traffic, petrochemical industries, electronics 

manufacturers, and agricultural chemical produc-
ers, climate conditions in the districts. For various 
purposes, rainwater should be treated by different 
methods, to guarantee the safety of water reuse, 
but also by taking into account the costs.
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ABSTRACT: The river valley of the Xiao Lang Di Reservoir basin is wide upstream and narrow 
 downstream. The width of the upper side of the river valley (above 67 km) is 200 m to 400 m, and the 
lower sect 800 m to 1400 m. There is a 4-km sect named “Ba li bystreet” 26 km∼30 km from the dam 
whose width is 200 m to 300 m. They are all concentrated in the lower reservoir area which has a rugged 
topography. This article has researched the modes of density current converse intruding tributary through 
the prototype and physical model data of Xiao Lang Di Reservoir. Also, the change of the sediment 
transport character and the silt configuration of tributary density current has been resolved. Formula 
Han Qiwei and Formula Qin Wenkai on the converse intruding tributary length both have been calculated 
and validated as an example.

Keywords: converse intruding; vertical velocity distribution; Xiao Lang Di Reservoir; sedimentation

capacity, which account for 35.7% of whole. Since 
Xiao Lang Di Reservoir has been operated as a 
higher operating water level, the physical model 
results and prototype data show [1] that during the 
early stages, which are demarcated in the sediment 
retention period, the main deposition mode is 
deposition induced by the density current converse 
intruding tributaries.

The branches’ storage capacity of the Xiao 
Lang Di Reservoir influences the operating mode 
heavily. Studying typical tributaries can improve 
understanding of the characteristics of the tribu-
taries flow backward, and clear the changes in the 
characteristics of tributary storage capacity. It is 
good for extending the service life of the reservoir 
and playing a vital role to reservoir sedimentation 
reserved and reduction effectiveness.

2 SEDIMENT TRANSPORT CHARACTER 
IN RESERVOIR TRIBUTARY

The velocity change process of density current con-
verse intruding tributary varies from the mouth to 
the climax and from big to small, and it decreases 
rapidly. Silt concentration decreases along the way. 
For the coarse particles deposit at the mouth, the 
fine come into the tributary and its groups  settling 

1 INTRODUCTION

The river valley of the Xiao Lang Di Reservoir 
basin is wide upstream and narrow downstream. 
The width of the upper side of the river valley 
(above 67 km) is 200 m to 400 m, and lower sect is 
800 m to 1400 m. There is a 4-km sect named “Ba li 
bystreet” 30 km near the dam, whose width is 200 m 
to 300 m. There are more than 10 big branches like 
Da Yu River, Mei Yao River, Zhen Shui River, Shi 
Jing River, Dong Yang River, Da Jiao River, Xi 
Yang River, Yu Li River, Yan Xi River, Bo Qing 
River and so on, which converge in the reservoir. 
They are all concentrated in the lower reservoir 
area which has a rugged  topography. Among the 
inflow and silt load of branches, Dong Yang River 
has a max annual average inflow of 0.091B m3 and 
accounts for 0.22% of the dam; Zhen Shui River 
has a max annual average silt load of 0.000897B 
tons and accounts for 0.07% of the dam. So the 
inflow and silt load of branches could be left out 
of account when branches’ deposition shape would 
have been studied.

Since the beginning of water storage in Septem-
ber 1999, with the reservoir water level rising, the 
inflow and silt load of the stem river have been 
influencing the deposition of branches greatly. So 
it is notable to observe the change of branches’ 
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velocity is bigger. So the vertical profile of silt 
concentration is uniformity. But some branches at 
the mouth have a different convergence regional 
scale, this cause the vertical profile of velocity and 
silt concentration being constrained by the main 
stream. The extent has relations with the mouth 
width and the convergence angle.

The convergence angle of stem and branches is 
less than 90° or 90° in the Xiao Lang Di Reservoir. 
When density current goes through the mouth, it 
submerged intrudes the tributaries conversely. Its 
velocity is very small. The muddy interface eleva-
tion of the stem near the mouth is close to the 
mouth. The entrainment sediment have all depos-
ited in branches. The capacity of branches becomes 
little. Figure 1 and Figure 2 is vertical velocity and 
silt concentration distribution of individual branch 
mouth during the Xiao Lang Di Reservoir physical 
model validated test [1]. Figure 3 is the change proc-
ess of mainstream average velocity and silt con-
centration with time during the period of density 
current converse intruding Yun Xi River mouth, 
which is one of Xiao Lang Di Reservoir braches [2].

Figure 1. Vertical velocity distribution of branch mouth.

Figure 2. Vertical silt concentration distribution of 
branch mouth.

Figure 3. Change process of mainstream average velocity 
and silt concentration with time during the period of den-
sity current converse intruding Yun Xi River mouth, which 
is one of Xiao Lang Di Reservoir braches in year 2003.

Figure 5. LQin results and measured.

Figure 4. Lhan results and measured.

Otherwise, when density current moves to the 
tributary end, along with the processes of silt dep-
osition, the mixing of interface and water coming 
out of the muddy flow, discharge decreases and its 
kinetic energy does correspondingly.
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3 CALCULATION

3.1 Deposition

The river valley of the Xiao Lang Di Reservoir 
basin is wide upstream and narrow downstream. 
The width of upper side of the river valley (above 
67 km) is 200 m to 400 m, and lower sect is 800 m to 
1400 m. There is a 4-km sect named “Ba li bystreet” 
30 km near the dam, whose width is 200 m to 
300 m. There are more than 10 big branches like 
Da Yu River, Mei Yao River, Zhen Shui River, Shi 
Jing River, Dong Yang River, Da Jiao River, Xi 
Yang River, Yu Li River, Yan Xi River, Bo Qing 
River and so on, which converge the reservoir. 
They are all concentrated in the lower reservoir 
area, which has a rugged topography. Among the 
inflow and silt load of branches, Dong Yang River 
has a max annual average inflow of 0.091B m3, and 
accounts for 0.22% of the dam; Zhen Shui River 
has a max annual average silt load of 0.000897B 
tons, and accounts for 0.07% of the dam. So the 
inflow and silt load of branches could be left out 
of account when branches deposition shape would 
have been studied.

Since the beginning of water storage in Septem-
ber 1999, with the reservoir water level rising, the 
inflow and silt load of the stem river have been 
influencing the deposition of branches greatly. 
So it is notable to observe the change of branches 
capacity which account for 35.7% of whole. Since 
Xiao Lang Di Reservoir has been operated as a 
higher operating water level. The physical model 
results and prototype data show: that during the 
early stages which are demarcated in the sedi-
ment retention period, main deposition mode is 
deposition induced by the density current converse 
intruding tributaries.

3.2 Formulars

In order to understand the converse intruding trib-
utary length, taking use of the preceding harvest 
of that for reference, the converse intruding Zhen 
Shui River lengths have been calculated.

Zhen Shui River is the largest tributary of 
Xiao Lang Di Reservoir and enters the Yellow 
River directly. It comes from the second valley 
in Xin An and into the Yellow River at Xi Wo of 
Xin An County. Its total length is 51 km, drain-
age area 84.5 km2, and convergence angle of 
stem and branches 90°. Zhen Shui River has a 
lot of  branches attributed to Luo He  Drainage. 
But Zhen Shui River enters the Yellow River 
directly.

Han Qiwei [3] has taken use of flow-tube method 
to build Bernoulli equation for ascertaining the 
length. He assumes the slope small, flow-tube 
border and superstratum born shear stress whose 

distribution is linear. After a series of derived 
equations, then:

L
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g 1gh= η  is amendments Froude 
number after intruding.

When Fr 02 = .247 and λ = 0.03, then
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0
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.000926
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Qin Wenkai, etc[4] has taken use of flow-tube 
method to build momentum equation for ascer-
taining the length. After the same thought and 
different assumption conditions, with they have 
the length when q 0 under considerations of the 
interface resistance.
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When ζ = 0 6. , then K1 = 0.6, Fr2 U
gh

2

g 1
= =

η  
0.297.

When λ0λλ 0 025= . , then λiλ = 0 005. , Formula (3) is 
briefed for

L 1.594h
J 0

1

0
=

.002135
 (4)

Formula (1) to Formula (4) have the same form 
and explain the length decided by amendments 
Froude number, resistance coefficient and espe-
cially muddy flow height and slope. This could be 
explained from its physical meanings. For muddy 
flow height represents the discharge of intrusion 
which functions as the energy magnitude. On the 
contrary, slope represents resistance along the way 
which functions as reaction.

3.3 Case study

In the process of calculation, slope takes the data 
measured before flood, computed separately 
among the sects and averaged at the end. Muddy 
flow height is before the mouth. For convenience, 
Muddy flow height of upstream and downstream 
sections near braches mouth is borrowed. Distance 
from the stem to mouth is neglected. So calculation 
results are smaller than measured.

The results is listed in the Table 1.
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by formula (1). This could be predicted in other 
lengths in the same condition.

The researches of  operational mode of  Xiao 
Lang Di Reservoir for flood control and sedi-
mentation reduction during later sediment retain-
ing periods show that, regardless of  the test, the 
height of  ZhenShui sand bar is more than 25 m. 
The sand bar can prevent water and sediment 
exchange between mainstream and tributary, and 
the internal storage capacity of  tributary is not 
effectively used. The analyses show that because 
of  the particularities of  terrain, the formation 
of  sand bar at Zhen Shui estuary has certain 
inevitabilities.
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Calculation results of  the two formulas and 
measures are compared in the same figure, 
respectively pointed in Figure 3 and Figure 4. 
From the figures, calculation results seems to be 
practical basically, but results of  Han’s are less 
than Qin’s, and more in line with the measured. 
For there is no measured data during the flood 
period. But the flood would have plunged and 
density current would have came into practice, 
muddy flow converse intruded tributaries. This 
makes an excuse for the difference between the 
results and measured.
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ABSTRACT: According to the drainage system of the tailing pond in Hebei province, the discharge 
flux of the drainage system is measured by the normality hydraulic model test. The flow pattern in the 
drainage system is observed in the condition of the normal water level and flood level. And then the loca-
tion of instable flow and the possible damage is found. Based on the model test, the three-dimensional 
numeric model of the drainage system in tailing pond is set up, and then the flow pattern is simulated. 
Compared with the numeric results and the test result, the numeric results agree well with the test result, 
and then CFD methods used in the drainage system of the tailing pond is discussed in the paper.

Keywords: tailing pond; drainage system; model test; numeric simulation

 patterns is described. Ma Lin-yuan [3] study the 
stability of the drainage system of Wai-tou-shan 
tailing pond by normality hydraulic model test, 
and verify its discharged capability. Dang Ning [4] 
studied the flow characteristics of the frame-type 
drainage well in the Da-xi-gou [5] tailing pond, and 
analyzed the its discharged capability and flow state. 
At present, lots of hydraulic model tests have been 
used in the drainage systems of the tailing ponds, 
improved the related theory and test technique of 
the hydraulic model test. However, the numerical 
simulation, with the development of compute tech-
nique, the numerical simulation will be widely used 
in the design of the drainage system.

In the paper, the drainage system of the tail-
ing pond in Hebei province is selected, and some 
research works is carried out as the following:

1. The hydraulic model test is designed based on 
the similarity criterion, which need to abide by 
gravity similarity criterion strictly.

2. Through the hydraulic model test, the discharge 
flux of the drainage system is surveyed to judge 
if  the maximum discharge flux meets the design 
requirements. Meanwhile, the flow pattern in 
the drainage system is observed, and then deter-
mines if  the instable flow exists in the drain-
age system to verify the reasonableness of the 
design.

3. A three-dimensional numeric model of the 
drainage system in tailing pond is set up, and 
then the flow pattern is simulated. By the 

1 INTRODUCTION

Drainage system of the tailing pond is of a special 
hydraulic structure. Compared with the municipal 
pipe network and water conveyance pipeline in 
the hydrographic engineering, its characteristics 
reflect the difference between the lateral size and 
axial length. Because of the arrangement along 
the mountainous terrain, it has a slope gradient. 
Generally, drainage system of the tailing pond is 
made from the shaft, drainage pipe, drainage tun-
nel, and so on. In conditions, such as negative pres-
sure, mixed free-surface-pressure flow, the flow in 
the drainage system is tangled. For this reason, in 
the “Code for design of tailings facilities” [1], the 
design of drainage system must abide by the results 
of the hydrodynamic calculation and flood regu-
lating calculation; in particular, according to the 
first degree, second degree, and complex drainage 
system, the hydraulic model test must be used to 
verify the design.

Hydraulic model test is an important research 
method in hydraulic structure engineering. The 
complex flow patterns are observed and predicted 
by the hydraulic model test designed by the gravity 
similar theory, through which we can examine the 
reliability and accuracy of the designing scheme, 
and then optimize the design of the hydraulic 
structure engineering.

Wang Shi-xia [2] study the flood carrying capac-
ity of the tower-type inlet silo of the tailing pond 
by normality hydraulic model test, and the flow 
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numeric simulation, the flow flux, flow velocity, 
flow pressure, and so on are determined. Then 
the analysis with the test model is carried out, 
and some meaningful conclusions are drawn.

2 ENGINEERING SITUATION

The drainage system of tailing dam in Hebei 
 province must meet a requirement of the return 
flow flux 2.01 m3/s under the normal condition, 
and maximum discharge flux 5.69 m3/s under the 
flood condition. The design uses drain well, drain 
pipe, tunnel, and open channel, which are made 
from the whole reinforced concrete lining with 
300 mm thickness, with the smooth inside edge 
of the wall, and controlling surface irregularities 
of height less than 20 mm. Through the drainage 
calculation the flood drainage structures form and 
size are determined: the drainage wells are all of 
frame structure, with the inner diameter 4.0 m, the 
height 2.0 m, and ring beam height 0.3 m between 
each layer. Each layer of the frame well has 
10 hole-inlets. All the circular pipes’ inner diam-
eter is 1.2 m: drainage tunnel are arch-wall type 
with the width 1.5 m; the clear height of 1.8 m, the 
straight wall is 1.05 m high, and the arch is 0.75 m. 
The shafts are connected with the drainage tunnel 
and drain pipe, and the shaft diameter is 1.5 m.

Through hydraulic model experiment combined 
with numerical simulation, this paper studies the 
late drainage system in the accumulation of eleva-
tion of 610.0 m (range from the 4th well to the tun-
nel exit, namely T4-P2-P1-P0 section, the section 
model total length of 42.71 m, height of 1.85 m). 
Through the hydraulic model test, the discharge 
flux of the drainage system is surveyed to judge 
if  the maximum discharge flux meets the design 
requirements. Meanwhile, the flow pattern in the 
drainage system is observed, and then determines 
if  the instable flow exists in the drainage system to 
verify the reasonableness of the design.

3 MODEL DESIGN AND CONSTRUCTION

Based on the similarity theory of hydraulic model 
test, according to the gravity similarity criterion, 
the hydraulic model is designed. The selected model 
of geometric scale λLλ = 24. The physical quantities 
of similar relations are shown in Table 1.

Model materials select organic glass. Rough-
ness of prototypical concrete is np ≈ 0 014.  
and the requirements of model roughness is 
n nm pn nn .n/ ≈λnλn 0082. The roughness of organic 
glass is about 0.008∼0.010. After testing verifica-
tion, the selected organic glass meets the similar 
requirements of resistance.

In order to maintain the water flow similar to 
the prototype, “Hydraulic (conventional) model 
testing procedure” (155-2012 SL) regulates that the 
model Reynolds number should reach the area of 
resistance. If  sometimes there is difficulty reach-
ing the area, at least it should be guaranteed in 
the turbulent zone. The results show that the Rey-
nolds number of the model and the prototype is 
far greater than the critical Reynolds number and 
the flow is in turbulent state.

The model shown in Figure 1 is produced and 
installed.

4 TEST RESULT ANALYSIS

4.1 Discharge flow

The discharge of the tailings dam in the accumu-
lation elevation of 610 m under normal condition 
and flood condition by the model test are shown 
in Table 2.

Table 2 shows that when tailings pool stack-
ing elevation is 610 m, the discharge flux of the 
drainage system is 2.57 m3/s in normal condition 
and meet requirement of the return flow flux of 

Table 1. The quantities of the model scale relationship 
and model scale ratio.

Physical 
quantity

Scale 
relations

Physical 
quantity scale

Velocity λ λv Lλ λλ 0 5. 4.90

Flow λ λQ Lλ λλ 2 5. 2 821.81

Roughness λ λn Lλ λλ 1 6/ 1.70

Time λ λt Lλ λλ 0 5. 4.90

Pressure λ λp Lλ λλ 24.00

Figure 1. Production, installation and completion of 
the model.
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2.01 m3/s; Under the condition of flood, discharge 
flux of drainage system is 16.93 m3/s, it is greater 
than the required maximum discharge flux of 
5.69 m3/s and meets requirement of the design dis-
charge flux.

4.2 Typical flow pattern

Under normal operating condition, the inflow of 
the 4th drainage well is the overflow of the weir, 
the flow around the inlet hole of the drainage well 
is smooth and there is no poor hydraulic phenom-
enon. The flow at the bottom of the drainage well 
is rolling violently, the aeration phenomenon in 
the upper water column is obviously, and it looks 
cystose. The turbulence is small in the lower water 
body, without the aeration phenomenon, which is 
transparent. The free flow is observed in the tunnel 
from the inlet to the outlet. Under normal condi-
tion, the bottom flow pattern of No. 4 drainage 
well is shown in Figure 2(a). Under flood condi-
tion, the inflow flux of the drainage well is larger, 
the backwater phenomenon occurs in the drainage 
well. Aeration of drainage wells is obvious and 
the bubbles enter the downstream tunnel with the 
water flow. Because the water in the well is very 
deep, the pressure flow is observed in the tunnel 
from the inlet to the outlet. The flow pattern at the 
bottom of No. 4 drainage well under flood condi-
tion is shown in Figure 2(b).

Under normal operating conditions, the 
P1∼P2 section of the tunnel is free flow and the 
depth of the water is about 0.59 m. As with the No. 
1 tunnel junction P2 flow steering slightly larger, 
refracted phenomenon appears in the P1∼P2 sec-
tion of tunnel in the range of 45.60 m, Then the 
flow pattern is smooth and without aeration phe-
nomenon. Under the condition of flood, because 
of the large flow rate of the 4 drainage wells, the 
P1∼P2 section tunnel is pressure flow and the 
maximum pressure head is about 14.5 m. Flow 
pattern of two operating conditions are shown in 
Figure 3(a) and Figure 3(b).

Under normal operating conditions, the water 
flow of No. 1 branch tunnel is free flow and the 
depth of the water is about 0.59 m in the junction 
of No. 1 tunnel and main tunnel at P2, because 

Table 2. Drain system discharge flow at 610 m accumulation height of dam.

Working conditions

Weir head Discharge flow

Model 
values/m

Protoype 
values/m

Model 
values/(L ⋅ s−1)

Protoype 
values/(m3 ⋅ s−1)

Normal condition 0.013 0.30 0.91  2.57
Flood condition 0.042 1.01 0.60 16.93

Figure 2. Model test under the normal condition.

Figure 3. Model test under the flood condition.

flow takes a sudden turn, here the flow pattern is 
complex and the backwater phenomenon occurs. 
Far away from the junction of the P2, the flow 
become stable and water depth grows large, and 
the maximum hammed water depth is 1.03 m. 
Under normal operating condition, the flow pat-
tern is shown in Figure 3(a). Under flood condi-
tion, because of the large inflow, the 1st tunnel is 
full of pressure flow and the maximum pressure 
head is about 19.95 m. Under flood condition, the 
flow pattern is shown in Figure 3(b).

4.3 Flow velocity

The experimental results show that the flow is 
approximately uniform flow along the tunnel 
except the bend section. Under normal operating 
condition, the velocity of the uniform flow in the 
drainage system is small, and the flow velocity is 
2.90 m/s. Under the condition of flood, the flow 
velocity of the drainage system is larger, and the 
flow velocity is 6.81 m/s. Under the two  operating 
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conditions, the flow Reynolds number of each 
part of the drainage system is much higher than 
the critical Reynolds number, and the flow is in the 
turbulent zone.

5 NUMERICAL SIMULATION

A numerical simulation is conducted at point P2 
where the branch tunnel crosses the main tun-
nel meeting with the angle of 107 degree. The 
upstream of main tunnel is blocked, and the water 
flow direction is changed violently, which flow pat-
tern is complex.

The water pressure distribution and velocity dis-
tribution under the two conditions are calculated 
as shown in Figure 4 and Figure 5.

Figure 4(a) shows normal conditions of the 
pressure cloud picture, Figure 4(b) is the flow 
velocity diagram, and Figure 4(c) is the velocity 
vector diagram. Under normal conditions, from 
Figure 4(a) we can see that tunnel not only is full 
of free flow but also has less pressure. Maximum 
pressure appears at the junction where the branch 
tunnel crosses the main tunnel, and the maximum 
pressure is about 9.2 kPa. The pressure cannot 

cause damage of the concrete side wall of tunnel. 
Through Figure 4(b) and Figure 4(c), it is shown 
that the upstream water flow of branch tunnel is 
stable; the average velocity of the cross section is 
3.16 m/s, which as obtained from tests is 2.90%, 
the error within 9.0%. As hindering effect by main 
tunnel side wall, water flow produces backwater 
area in the branch tunnel. With the flow-cross sec-
tion increased, flow velocity decreases to 1.48 m/s. 
The changing flow direction leads to backwater 
area where velocity is reduced gradually from the 
outside to the inside. The outside maximum flow 
velocity is 3.32 m/s and the inner minimum flow 
velocity is 1.53 m/s.

Figure 5 shows the pressure cloud picture, 
flow velocity, and velocity vector diagram under 
the condition of flood. From Figure 5(a), it can 
be seen that the pressure flow change is larger 
because discharge flux is greater, and the pressure 
of the tunnel keeps above 400 kPa. The maximum 
pressure acted on the tunnel surface caused by the 
flow of the main tunnel is 502.5 kPa, which will 
not cause damage of concrete side wall of tunnel. 
As Figure 5(b) and Figure 5(c) show, branch tun-
nel velocity distribution is homogeneous, mean 
velocity in section is 7.11 m/s, which obtained from 
tests is 6.81 m/s, and comparing error is 4.4%. At 
the bend location of the tunnel, the flow velocity 
of the vortex flow is gradually reduced from the 
outside to the inside of the vortex, and the outside 
maximum flow velocity is 9.98 m/s, and the inner 
flow velocity is 0.96 m/s.

6 CONCLUSION

According to the drainage system of a tailing 
reservoir in Hebei Province, the gravity similarity 
criterion is used to establish test model, and the 
following work is accomplished:

1. Through the model test, the discharge flux of 
the drainage system is obtained. The discharge 
flux under normal condition is 2.57 m3/s, and 
meets the requirement of  the return flow 
flux 2.01 m3/s. The discharge flux under nor-
mal condition is 16.93 m3/s, and greater than 
the required maximum flow discharge flux 
5.69 m3/s, which meet the design discharge flow 
requirement.

2. A detailed analysis of the flow pattern is carried 
out, which can supply for next the optimization 
of the design.

3. The flow velocity of the drainage system is 
smaller under the normal condition; how-
ever, the flow velocity is larger under the flood 
condition, in which maximum flow velocity is 
6.81 m/s. Those will not cause erosion of the 
drainage system.

Figure 4. Numerical simulation under the normal 
condition.

Figure 5. Numerical simulation under the flood 
condition.
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4. The three-dimensional numerical model of 
drainage system is established to analyze the 
discharge flow characteristic, and the numeri-
cal results are in accordance with the model 
test results, which show Computational Fluid 
Dynamics (CFD) method can be used in design, 
optimization and research of drainage system 
of tailings pond.
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ABSTRACT: A three-dimensional finite element model of the water distribution ring pipe in hydro-
power station has been carried out, using the finite element program ANSYS and nonlinear contact the-
ory. With different preloading water head (0.7, 0.8 and 0.9 times of minimum hydrostatic pressure), the 
stress of surrounding concrete of the water distributing ring pipe has been analyzed, which provide refer-
ence for the optimal selection of the preloading water head. The result shows that the surrounding con-
crete will not crack in the three schemes, because the design tensile strength of the surrounding concrete 
of the water distributing ring pipe is high (3.27 MPa). Considering the stress of surrounding concrete and 
the requirements of unit’s long-term stable operation comprehensively, the water distribution ring pipe’s 
preloading water head of this project is suggested to be 4.8 MPa, 80% of the minimum head (598.5 m).

Keywords: water distribution ring pipe; preloading water head; finite element analysis

the water distributing ring pipe has been studied, 
by using a simplified algorithm. The reasonable 
preloading water head has been proposed. Finally, 
conclusions were summarized.

2 FEM MODEL

In this paper, an actual water distribution ring pipe 
structure in hydropower station was modeled. The 
model is built up according to the middle stand-
ards unit. The distance in the direction along the 
longitudinal axis is totally 14.10 m, and the width 
along the direction from upstream to downstream 
is 25.26 m, and the vertical distance is 17.5 m. The 
inlet diameter of cross section of the hydropower 
station’s distributor is 1 meter. The distributor uti-
lizes WDB620 steel plate and the thickness of the 
section is 25 mm to 50 mm. The distributor is com-
plicated in structure and bears very high internal 
water pressure, as a result, the design for it is not 
only a matter of significant techno-economy, but 
also has a concern in that the power station is or 
is not able to generate electricity on schedule and 
realize a long-term safe operation.

Cartesian coordinate system is adopted in the 
numerical analysis, in which X-axis is assumed as 
the horizontal direction along the longitudinal axis 
at the extreme left to plant (facing downstream), 

1 INTRODUCTION

Water distributing ring pipe is an important part 
of the hydropower station. With the surrounding 
concrete, it undertakes the water pressure during 
the operation of the hydropower station[1]. Water 
distributing ring pipe is buried in the concrete 
and its structure is more complex than the com-
mon spiral case structure. It belongs to a part of 
the joint load-bearing structures, can effectively 
control and regulate the load-bearing proportion 
of steel and surrounding concrete, give full play to 
the advantages of steel to reduce cracking of the 
surrounding concrete, meet the plant substructure 
overall stiffness requirement[2, 3]. Furthermore, due 
to gravity of water bodies can effectively prevent 
water distribution ring pipe floating, eliminat-
ing some of the pull anchor when the surround-
ing concrete pouring, water distribution ring pipe 
conducive to the stability of unit operation. For 
large-scale unit and pumped storage unit, water 
distributing ring pipe has been widely adopted at 
home and abroad[4].

In this paper, using the software ANSYS and 
taking into account of the friction of the steel liner 
with the surrounding concrete[5], a 3-D model is 
established to calculate the stresses of steel liner 
and surrounding concrete. Based on one unit of a 
hydropower station, surrounding concrete stress of 
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Y-axis is set along the vertical direction and upward 
is positive. And Z-axis is set along the horizontal 
direction, whose positive direction is from upstream 
to downstream. Coordinates origin is set at the 
intersection of installation elevation and unit axis.

Distributor and its surrounding concrete are all 
simulated according to their actual size in calcula-
tion range. Normal constraints are applied on the 
sides and bottom of the foundation. Earth pres-
sure is applied on the upstream, downstream and 
left regions of powerhouse contacted with earth, 
water pressure is applied on the region contacted 
with water. The region of right contacted with 
water is applied water pressure. The else are con-
sidered as free surfaces.

The model includes four groups of element, i.e. 
concrete, distributor, steel liner of motor-pumped 
well and foundation. Concrete and foundation 
adopt eight-node hexahedral element, distributor 
and liner of motor-pumped well adopt four-node 
plane shell element. The calculation model is of 
83821 nodes and 77204 elements among which 
concrete is 54234 elements, distributor 1690 ele-
ments, lining of motor-pumped well 280 elements, 
and foundation 21000 elements. Parts of the grid 
are shown in Figure 1∼Figure  3.

3 CALCULATION SCHEMES

The preloading water head directly determines the 
value of internal water pressure beared by both 
distributor and its surrounding concrete under 
the running operation of a power station, and it 
has large influence on reinforcement design of the 
surrounding concrete. Meanwhile the value should 
ensure no disengaging between distributor and its 
surrounding concrete in order to guarantee stable 
operation of units. Based on that, we select 0.7, 
0.8 and 0.9 times of minimum hydrostatic pressure 
(5.985 MPa) as the preloading water head to ana-
lyze and compare, in order to choose the preloading 
water head which is appropriate to the distributor 
of the hydropower station. Calculation schemes 
and load combinations are shown as Table 1.

4 STRESS OF THE SURROUNDING 
CONCRETE OF DISTRIBUTOR

According to the above three calculation schemes, 
circumferential stress of some keypoints are list in 
Table 2. The numerical value in Table 2 are normal 
stress of corresponding sections, which is posi-
tive for tensile stress and negative for compressive 
stress. The unit of stress is MPa. The location of 
sections is shown in Figure 4, and location of key-
points in Figure 5.

1. In the scheme of LC-1, the jointly bearing value 
shared by both distributor and concrete is larger 
in this scheme than the other two, so the stress 
level of concrete is the highest relatively.
From the Table 2, it can be seen that with the 

interaction of internal water pressure and loads 

Figure 1. Grids of the whole model.

Figure 2. Grids of the powerhouse structure.

Figure 3. Grids of the distributor.
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coming from superstructure, the circumferential 
tensile stress of each section is large and the maxi-
mum value is 1.94 MPa. The difference of circumef-
erential tensile stress between top and bottom of 
the inner edge is a little small. While the medial 
stress level is higher than the lateral, it is because 
the thickness of medial concrete is thinner than lat-
eral. The circumferential stress of each keypoint is 
less than the design tensile strength (3.27 MPa) of 
the concrete, the concrete will not crack.
2. In the scheme of  LC-2, under the jointly 

bearing internal water pressure of  2.02 MPa, 
the maximum circumferential stress value of 
each keypoint is 1.49 MPa. The stress distri-
butions are similar to scheme LC-1. Because 
of  the decrease of  the jointly bearing value, 
the stress level of  concrete is less than scheme 
LC-1, so the surrounding concrete will not 
crack either.

3. In the scheme of LC-3, under the jointly bear-
ing internal water pressure of 1.42 MPa, the 
maximum circumferential stress value of each 
keypoint also appears at the bottom of 2# sec-
tion and the maximum value is 1.03 MPa.

Overall, since the design tensile strength of the 
surrounding concrete of distributor is high, the 
concrete will not crack in above three schemes.

5 DETERMINATION OF THE 
PRELOADING WATER HEAD 
OF DISTRIBUTOR

From the analysis of previous section, it can be seen 
that the preloading water head has a significant 
impact on the stress level of the surrounding concrete. 
Obviously the higher of the preloading water head, 
the better to the stress of concrete structure, and the 
distributor can play a full role when jointly bearing. 
The preloading filling measurement is essentially 
making a initial gap between distributor and its sur-
rounding concrete before operation. The gap is not 
only related to the size of the preloading water head, 
but also related to the temperature differences between 
the construction and operation of distributor.

As the impact of hydration heat of concrete, even 
if the cooling measurement is taken, the tempera-
ture of the distributor during construction is gener-
ally higher than the minimum temperature during 
operation, so it will form a gap between distributor 
and surrounding concrete when the power station 
is operating. Assuming that the diameter of the 
distributor inlet is 1 m and maximum thickness is 
50 mm, then every 1˚C temperature difference will 
cause a gap of about 0.0078 mm which is equal to 
increasing the preloading water head of 0.32 MPa.

Table 1. Calculation schemes and load combinations.

Calculation schemes LC-1 LC-2 LC-3

Preloading water head (MPa) 4.2 4.8 5.4
Structure weight √ √ √

Stator base plate per each (MN)
Radial 0.089 0.089 0.089
Tangential 0.145 0.145 0.145
Axial 0.393 0.393 0.393

Under-rack base plate per each (MN)
Radial 0.066 0.066 0.066
Tangential 0.033 0.033 0.033
Axial 0.025 0.025 0.025

Upper bracket base plate per each (MN)
Radial 0.031 0.031 0.031
Tangential 0 0 0
Axial 0 0 0

Uniform Live Load on floor (MN/m2)
Generator floor 0.025 0.025 0.025
Turbine floor 0.025 0.025 0.025
Ball valve floor 0.015 0.015 0.015

Vertical load on each upstream and downstream 
pillar located on generator floor (MN)

Upstream 0.663 0.663 0.663
Downstream 0.681 0.681 0.681
Tailrace level (m) 1612 1612 1612
Jointly bearing pressure (MPa) 2.62 2.02 1.42
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Figure 5. Location of keypoints.

Table 2. Circumferential stresses of keypoints.

Section Keypoints LC-1 LC-2 LC-3

1# a 1.19 0.94 0.68
b 1.17 0.91 0.64
c 0.96 0.7 0.43
d 0.98 0.72 0.46
e – – –

2# a 1.31 1.01 0.7
b 1.75 1.35 0.96
c 1.94 1.49 1.03
d 1.42 1.09 0.76
e 0.2 0.15 0.1

3# a 0.75 0.6 0.4
b 0.74 0.58 0.4
c 1.18 0.85 0.32
d 0.86 0.59 0.28
e 0.43 0.3 0.11

4# a 1.34 1.03 0.73
b 1.37 1.06 0.76
c 1.35 0.98 0.61
d 0.94 0.68 0.43
e 0.39 0.27 0.14

5# a 0.85 0.65 0.46
b 1.36 1.05 0.73
c 1.29 0.92 0.54
d 0.89 0.62 0.36
e 0.23 0.12 −0.02

6# a 1.27 0.95 0.65
b 1.25 0.96 0.67
c 1.07 0.76 0.45
d 0.97 0.7 0.43
e −0.11 −0.16 −0.2

Figure 4. Location of typical sections.

To ensure the stable operation of the units, it 
needs to guarantee the sum of the actual preloading 
water head and the increased water head caused by 
cold gap is less than the minimum hydrostatic pres-
sure, so it will not appear disengaging of distributor 
at any running water head. Preliminary estimated 
according to this standard, the allowable maximum 
temperature differences of scheme LC-1, LC-2, 
and LC-3 are 5.6˚C, 3.7˚C and 1.8˚C respectively, 
so the higher of the preloading water pressure, the 

smaller of the allowable temperature difference, 
and the higher demand of keeping temperature 
measurements. From this point, the preloading 
water head can not be too high.

In a word, the determination of the preloading 
water head of distributor is not only to consider 
about the impact of the surrounding concrete stress, 
but also need to take the requirements of stable 
operation of units into account. Comprehensively 
considered of the two factors, the preloading water 
head can be determined as 80% of the minimum 
hydrostatic pressure, which is 4.83 MPa.

6 CONCLUSIONS

As to the preloading water head of water distribu-
tion ring pipe, it is necessary to consider the impact 
of stress of surrounding concrete and also take 
account of the requirements of unit’s long-term 
stable operation. Considering these two factors 
comprehensively, the distributor’s preloading water 
head of this project is suggested to be 4.8 MPa, 
80% of the minimum head (598.5 m).
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Based on the grey GM (1,1) model to predict the total water 
consumption of Liaoning Province

Jinliang Chen
Liaoning Water Conservancy Vocational College, Shenyang, China

ABSTRACT: Based on the theory of grey system, this paper established a GM (1, 1) model for fore-
casting the amount of water consumed in Liaoning province. The precision of the model was sufficiently 
high to be used to predict the water demand in Liaoning Province. The results showed that the total water 
consumption in Liaoning province would grow continuously. The increasing water consumption may 
eventually lead to a situation where water supply could not keep up with the demand, adversely affecting 
people’s lives and productions. Recommendations were presented for the protection and reasonable use 
of water resources in Liaoning province.

Keywords: GM model; grey system; water consumption; use of water resources

If  ρ( )ρρ  < 0.5, ( , , , )n, , ,,  is valid when 
k > 3, x(0) satisfies the smooth condition.

3. Regularity in index variation test on x(1)
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when k > 3, x(1) has regularity in index variation. 
Thus, GM (1, 1) can be established for x(1).

4. Close to the mean generation on x(1)
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6. Establishing model
GM (1, 1) model is

dx
dt

ax u
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( )( )t ( )t( )t+ ax( )(t  (9)

1 INTRODUCTION

The grey system is an analysis method proposed by 
Chinese scholar Deng Julong in the early 80s. The 
grey nature of a system is the result of its complexity. 
Grey Model (GM) establishes differential equations 
from the generating operation of the original data 
sequence, thus GM is actually generating sequence 
model. Since the inception of the grey system theory 
and method in 1982, the breadth and depth of its 
theoretical research have been constantly expand-
ing. Its application is also popular among engineers 
and technicians. Because of its less stringent require-
ments of the quantity and distribution is of data, 
as well as the simplicity of this theory and method, 
the forecasting method has been widely applied in 
oil, energy, water conservancy, transport, industrial 
control and other fields.

2 GREY FORECASTING MODEL

2.1 Steps of GM (1, 1) model

1. Accumulated generating operation of raw data
Perform the first accumulated generation on the 
measured raw data x(0) to obtain x(1):

x k k n( ) ( ){ (x( ) ) ,k , , }) ({x( 2,k(x( ) k  (1)

x k k n( ) ( ){ (x( ) ) ,k , , }) ({x( 2,k(x( ) k  (2)

where x x n
i

k
( ) ( )( )k ( )i ( ,i , , ).k x) ()k

1
2x )i (i=

=
∑

2. Quasi-smooth test on x(0)

ρ( )ρρ ( )
( )

( )

( )
x (( )

x (( )=  (3)
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whose time response function is

x e x u
a

au( ) ( )( )t ( )t ( )e aea) (( )t ue xx( ) u( )tte ax)))) ((ua  (10)

which gives the differential equation
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7. Inverse accumulated generating operation

(0) (1) (1)ˆ ( ) ( ) ( 1), 2(1) (1)(1)x(0)ˆ ( ) ( ) ( 1),) ( ) ( 1),(1) (1)(1)(1) ( ) ( 1),( ) ( 1),( ) ((1) (1)(1)  (12)

where (0) (1) (0)ˆ (1) (1) (1)(1) (0)(1)x(0)(1) (1)(1)(1)(1)(1)(1)(1)( )( ) .

2.2 Evaluation of grey system model
Test values are the main criteria to evaluate a 
model. GM (1, 1) model generally has the following 
four test values: average relative error,  correlation, 
variance of error to variance of raw data ratio, 
and small error probability. These four test values 
together determine the model accuracy grade, that 
is, the four test values of each grade must be within 
the required ranges simultaneously. There are four 
grades of model accuracy, listed in Table 1. The 
first three grades imply that GM (1, 1) model is 
a suitable modeling tool. On the other hand, the 

fourth grade means that the raw data cannot be 
characterized by GM (1, 1) model accurately.

3 BASED ON GREY THEORY TO PREDICT 
WATER AMOUNT IN LIAONING 
PROVINCE

3.1 Raw data

Based on the proportions of  water resource usage 
in Liaoning Province from 2002 to 2013 shown 
in Table 2, agricultural water was on the decline, 
industrial water and domestic water remained sta-
ble, while ecological water increased year by year. 
The base value was chosen to be the total water 
consumption in Liaoning Province from 2002 to 
2013. The trend in water demand in Liaoning 
Province was then predicted by GM (1, 1) model 
based on the three-year average data.

3.2 GM (1.1) model

1. Model parameters

a = −0.013447, b = 137.156805

2. Time response type

(1)ˆ ( 1) 10328.36299exp(0.013447k)
10199.83299

x(1)ˆ ( 1)1)
−

3.3 The forecasting results
Table 1. Reference table of model accuracy grade.

Prediction accuracy grade P c

First (Good) >0.95 <0.35
Second (Pass) >0.8 <0.5
Third (Barely pass) >0.7 <0.65
Fourth (Failed) ≤0.7 ≥0.65

Table 2. The total water consumption in Liaoning province during 2002–2013.

Year
Total water consumption 
(× 108 m3)

Proportions of different types of water consumption

Agricultural Industrial Domestic Ecological

2002 127.1 0.654 0.181 0.165 0.000
2003 128.3 0.651 0.171 0.179 0.000
2004 130.2 0.658 0.153 0.183 0.007
2005 133.3 0.654 0.158 0.179 0.008
2006 141.2 0.648 0.166 0.172 0.014
2007 142.9 0.642 0.171 0.170 0.018
2008 142.8 0.637 0.173 0.172 0.019
2009 142.8 0.638 0.167 0.171 0.023
2010 143.67 0.625 0.174 0.177 0.024
2011 144.56 0.650 0.166 0.154 0.034
2012 142.19 0.644 0.162 0.165 0.031
2013 142.13 0.639 0.160 0.165 0.036

Table 3. The predicted total water demand in Liaoning 
Province.

Year 2014–2016 2017–2019

Predicted water 
demand (× 108 m3)

145.60 147.55

ICCAHE15_Book.indb   782ICCAHE15_Book.indb   782 11/17/2015   6:34:23 AM11/17/2015   6:34:23 AM

  



783

Table 4. Precision of the model-predicted results.

Index 
number (k) Year

Actual value
(× 108 m3)

Predicted value 
(× 108 m3)

Absolute 
error

Relative 
error (%)

1 2002–2004 128.53
2 2005–2007 139.13 139.83  0.69  0.50
3 2008–2010 143.09 141.92 −1.37 −0.96
4 2011–2013 142.96 143.63  0.67  0.47
Average  0.3

4 CONCLUSION

In this paper, the grey theory was applied to estab-
lish a forecasting model for the total water con-
sumption in Liaoning Province, which was used 
to predict the water demand of the next 6 years in 
Liaoning Province. Results showed that this model 
had a very high precision, suitable for predic-
tion of water demand in Liaoning Province. Pre-
dicted results showed that during 2014–2016 and 
2017–2019, the total volume of water would reach 
14.56 billion m3 and 14.755 billion m3 respectively. 
With the continuous growth of water consump-
tion in Liaoning province, demand will definitely 
exceed supply. Currently, it is crucial to develop and 
use water resources, so as to achieve the efficient 
use of water resources. Adopting water conserva-
tion measures and enhanced effluent treatment, 
 increasing water recycling and raising residents’ 
awareness of water saving measures are recom-
mended. This paper can provide a reference for 
optimal and rational allocation of water resources 
in Liaoning province.
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Analysis of research status of the effect of pollutant adsorption 
on the motion characteristics of sediment

Yanfen Ren, Chao Zhu & Lianjun Zhao
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ABSTRACT: The inaction between pollutants and sediment is very complicated. On the one hand, 
sediment has effect on the absorption and desorption of pollutants. On the other hand, the appearance of 
the sediment changes after absorbing pollutants and the mechanical motion characteristics of sediment 
also changes. Research trends, such as surface characteristics of the polluted sediment and the effect of 
pollutants on the behaviors of sediment, are summarized. The direction of further study of environment 
sediment is proposed:  research into absorption of organic pollutant on the surface of particles at the 
micro-scale;  research into scouring and silting deformation of environmental sediment;  the effect of 
new organic pollutants on the mechanical properties of sediment.

Keywords: pollutant; sediment; absorption; motion characteristics

been seriously polluted in the past ten years. So the 
pollutants that act on sediment must be taken into 
consideration in the study of the  characteristics 
of sediment in water environment system. The 
study of the effect of pollutant on the physical and 
chemical characteristics is a necessary part of that 
of the mechanism of the interaction between pol-
lutants and the sediment in rivers.

2 RESEARCH INTO THE EFFECT 
OF POLLUTANT ABSORPTION ON 
SURFACE CHARACTERISTICS OF 
SEDIMENT PARTICLES

2.1 Research into the surface feature 
of natural sediment

Sediment surface is the interface of the interac-
tion between sediment and all kinds of pollutants. 
Correct understanding of the appearance and 
structure of sediment surface is the basis of the 
research into the interaction between sediment and 
pollutants. Surface features are very complicated. 
Among them, specific surface, pore size distribu-
tion, and surface charge are the most basic physical 
and chemical parameters.

Tang Hongxiao et al. measured the value of spe-
cific surface and analyzed the differences between 
northern and southern distribution. They think 
the greater the specific surface of sedimentary 
particles is, the more adsorption sites they have 
and the stronger their absorbability. As for the 
research into pore size distribution of particles, the 

1 INTRODUCTION

In recent years, with the geometric growth of the 
population in China, water discharge from mod-
ern industry, municipal waste, pesticide application 
and so on have led to serious river pollution. The 
rivers in China have high sediment concentration, 
so there is a strong interaction between pollutants 
in the polluted water and sediment. On one hand, 
sediment has important effect on water quality 
of rivers, that is to say, sediment has effect on the 
absorption and desorption of pollutant. And on 
the other hand, after sediment absorbs pollutants, 
its physical characteristics (appearance, structure 
and density and so on) change, which will have 
effect on its motion characteristics such as start, 
suspension, transport, and sedimentation.

The research into the law of the start, suspen-
sion, transport and sedimentation of the sediment 
in the river under the action of fluid is the basis of 
that into the motion characteristics of sediment-
laden flow. Many famous scholars at home and 
abroad have devoted their lives to this research 
and laid a theoretical foundation for mechanics of 
sediment transport, which has formed a complete 
theoretical system. The subject of the traditional 
sediment research is clean sediment. But water has 

Project supported by National Natural Science Founda-
tion of China (Grant No 51309109), Special Fund of 
Basic research operating expense of Central Public-inter-
est Scientific Institution (No: HKY-JBYW-2013-08).
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scholars at home and abroad discussed the poros-
ity character of different particles, such as modi-
fied montmorillonoid, activated carbon, clay. Fang 
Hongwei et al. studied the pore distribution char-
acteristics of the surface of Guangting bottom 
sediment through Nitrogen absorption-desorption 
test and found the fractal dimension of Guangting 
bottom sediment is 2.6∼2.85. The pore volume of 
the polluted sediment particles whose pore diam-
eter is less than 10 nm changes a lot and their frac-
tal dimension becomes smaller because the surface 
pore is filled with pollutants.

Aquatic particulates carry a certain amount of 
charge due to lattice defect, isomorphous replace-
ment and surface chemical reaction. Complex 
double electrode layer forms on particulates and 
has strong effect on the stability and interaction 
in different aspects. Huang Lei et al. made initial 
research into the distribution of surface charge 
of sediment particulates and measured the mor-
phology and charge distribution of the surface of 
particles of silica sand by means of the measur-
ing technical of the Electrostatic Field Microscope 
(EFM) for Scanning Probe Microscope (SPM) 
under the mode of phase imaging. They found 
charge distribution on the surface of sediment 
particles is uneven. Charge mostly concentrates on 
the saddle, uplifted parts and sunk parts and few 
charges distribute at groove, ridge and flat parts.

2.2 Research into the effect on the surface 
features of environmental sediment particles

The pollutants in water environment are gener-
ally divided into inorganic pollutants and organic 
pollutants. More attention is paid to heavy metal, 
nutrients and organics in environmental chem-
istry. Absorbing different pollutants leads to dif-
ferent changes in the surface features of sediment 
particles. This part mainly introduces the effect of 
absorption of heavy metal, nitrogen, and phospho-
rus nutrients and microbes on the surface features 
of sediment particles.

1. Research into the effect of heavy metal pollut-
ants on the surface characteristics of sediment 
particles
Heavy metal pollutants mainly results from 
such human factors, as mining, waste gas dis-
charge, sewage irrigation and use of products 
with too much heavy metal. Human activities 
results in the increase of the content of heavy 
metal in water environment. If  the content of 
heavy metal exceeds the normal range, it will 
do harm to people’s health and leads to water-
environmental qualitative deterioration. Heavy 
metal pollutants exist in water in the form of 
ions. After sediment absorbs ion pollutants, the 

surface characteristics of sediment particles will 
change. The research into this aspect mainly 
focuses on copper ions.

Chen Zhihe et al. analyzed pore size distri-
bution and changes in the characteristics of 
pores through the experiment sand that has 
absorbed copper ions by means of  physical and 
chemical adsorption instrument. Surface pores 
of  sediment particles are mainly micropores 
and mesopores. Surface pores of  sediment 
particles have strong copper ion absorption. 
Copper ions tend to be absorbed in r < 5 nm 
pores when sediment particles absorb copper 
ions. r > 5 nm mesopores and macropores are 
the passage by which copper ions are trans-
ported and diffused. The pore volume changes 
slightly. Specific surface area, total pore vol-
ume and average pore size tend to remain con-
stant when copper ions fill the inner space of 
the pores gradually.

In order to study the morphology change 
after sediment absorbs pollutants, Chen Zhihe 
et al. summarized the distribution regularity 
of  copper ions in heavy ions on the surface 
of  sediment particles through copper nitrate 
absorption experiment and performed a sta-
tistical analysis on the micro-morphological 
characteristics of  the particles with copper 
ions. Copper ions are mainly absorbed on the 
sides and at the depression of  the surface of 
sediment particles, accounting more than 90% 
of  the absorption number. Curvature reflects 
the copper ion absorption of  complex mor-
phology to a certain extent. The number of 
absorbed ions is the largest at the areas where 
Cu is equal to 1.1.

2. Research into the effect of nitrogen and phos-
phorus nutrients on the surface features of sedi-
ment particles
Nitrogen and phosphorus nutrients have 
numerous sources and are large in quantity, 
including sanitary sewage (organic matter and 
emergent), agricultural (chemical fertilizer and 
farmyard manure) and industrial waste water, 
waste and son on. Nitrogen and phosphorus 
are important influencing factors in aquatic 
system and one of  the main limiting factors 
of  eutrophication. When phosphorous pol-
lutants come into water, they will spread and 
transport with water and some of  them will be 
absorbed by the sediment particles in water. 
The study of  the effect of  phosphorous pol-
lutants absorption on the surface features of 
sediment particles mainly focuses on the dis-
tribution regularity of  phosphorous pollutants 
on sediment particles.

Chen Minghong et al. studied  phosphorous 
pollutants absorption on the surface of  sediment 
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particles at the micro-scale by means of Scan-
ning Electron Microscope (SEM), and analyzed 
the distribution regularity of phosphorous on 
the surface of sediment by picture process-
ing and with differential geometry approaches 
and expanded the traditional sediment research 
methods to multidimensional space. The 
research results show that there are more active 
chemisorbed sites at the saddle, depression and 
bulge of sediment particles and they are likely 
to absorb phosphorous.

Xiao Yang et al. made quantitative research 
into the surface features of  sediment particles 
and the effect on phosphorous absorption by 
removing oxide and organic materials. They 
found that surface feature is one of  the impor-
tant factors that influence pollutant absorption 
of  sediment. The median grain size of  sediment 
has exponent relation to specific surface area. 
When grain size decreases to cosmid or fine 
silt, specific surface area increases remarkably. 
Langmuir isotherm can give a better descrip-
tion of  the between liquid phase phosphorus 
equilibrium concentration and phosphorus 
equilibrium adsorption quantity in a phospho-
rus absorption test than Freundlich  isotherm. 
With different initial concentrations of  the 
water phase phosphorus, the phosphorus equi-
librium adsorption quantity of  sediment 
decreases with the increase of  the grain size of 
sediment and the equilibrium adsorption quan-
tity in low concentration region increases more 
quickly than that in high concentration region. 
When the initial concentration of  phospho-
rus increases to a certain content, equilibrium 
adsorption quantity doesn’t change gradu-
ally and increases to the maximum absorption 
quantity.

3. Research into the effect of microorganism 
adsorption on the surface characteristics of 
sediment
Microorganism is a kind of  living organic mat-
ter and beings with the largest number, the wid-
est distribution and the smallest individual. In 
nature, they live in the growing environment in 
attached state instead of  free state. Sediment 
can absorb different kinds of  nutrient due its 
unique surface absorption. Therefore, they 
attract much organic matters to the surface. 
Fang Hongwei et al. observed the morphol-
ogy change of  sediment particles after bio-
logical film grows on them with by means of 
Scanning Electron Microscopy (SEM). They 
found that sediment particles with biologi-
cal film change a lot. The sediment particles 
in group are connected with each other and 
form netted texture or flocculent structure, 
while the surface of  single sediment particle 

with film is smooth and thus there are fewer 
changes in morphology.

3 RESEARCH INTO THE MOTION 
CHARACTERISTICS OF 
ENVIRONMENTAL SEDIMENT

3.1 Research into the effect of ion pollutant 
absorption on the motion characteristics 
of sediment

The effect of ion pollutants on sediment mainly 
manifest as the effect of positive ions in water on 
sediment flocculation. Under natural water condi-
tion, the surface of sediment usually is negatively 
charged. The charge on the surface of sediment 
and ions in water form structure of diffused electric 
double layer. When reverse ions in water increase, 
they will neutralize the electric doublet layer on the 
surface of compressed sediment and make the elec-
trostatic repulsion among particles smaller, which 
leads to the increase of flocculation degree.

Cation ions in the water mainly refer to Na+, 
Ca2+, Mg2+ and Fe2+. Chen Hongsong et al. studied 
the effect of NaCl, CaCl2 and AlCl3on flocculation 
and sedimentation in static water of fine grained 
sediment. The results show that during floccula-
tion and sedimentation, the higher the concentra-
tion of NaCl and CaCl2 is, the faster flocculation 
and settling are. Liu Lin et al from Wuhan Uni-
versity studied the concentration of sediment with 
different Ca2+ ion concentrations on the course of 
flocculation and sedimentation. They found that 
the flocculating and settling speed increases with 
the concentration of sediment. It increases at the 
beginning and decreases gradually when it reaches 
the maximum. Under different ion conditions, the 
maximum flocculating and settling speeds and 
the maximum concentrations are different. The 
concentration of sediment that has reached the 
maximum will decrease with the increase of con-
centration of ion. The maximum speed increases 
with the concentration of ion.

Jin Ying and Jiang Guojun et al. studied the 
effect of the number of cation ions and valences 
on flocculating and settling of fine grained sedi-
ment. The sediment with larger number of valences 
has the larger amount of flocculation. They 
obtained the relation between flocculation and the 
number of cation ions in sea water. Wang Jiasheng 
et al. studied the effect of the common cation ions 
in the water on the settling of fine grained sedi-
ment in river water. The results show that the set-
tling speed of sediment increases with the increase 
of the concentration of cation irons.

We can see ion pollutants mainly have effect on 
the flocculating and settling of fine sediment. This 
phenomenon is remarkable in estuaries. It mainly 
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influences the deposit of fine grained sediment 
in estuaries and the evolution of the riverbed in 
estuaries.

3.2 Research into the effect of microbiological 
contaminants on the motion characteristics 
of sediment

Microbiological contaminants mainly have effect 
on the biological film of sediment particles. In the 
polluted water, due to excess nutrients, the biologi-
cal film resulted from the microbial activity on the 
surface of sediment has effect on and can change 
the motion characteristics of sediment.

Fang Hongwei et al. studied the changes in 
the motion characteristics of  the sediment parti-
cles with biological film, including start, settling 
and so on. In the test of  analyzing the settling of 
the sediment particles with biological film, they 
measured the size of  the particles and the changes 
in settling speed through image analysis and 
deduced calculation formula of  the settling speed 
of  the sediment with biological film. The study 
shows that biological film has changed the surface 
characteristics of  particles a lot. It increases the 
resistance to settling of  particles. Compared with 
the sediment particles with the same size with-
out biological film, its settling speed decreases 
remarkably.

Anderson et al. think the structure and compo-
sition of the community in water may have effect 
on the nature of sediment particles and have an 
important effect on settling of sediment particles 
through measured data and studied the effect of 
microbes’waste on the settling speed of erosion 
substance on the intertidal riverbed. Stal explored 
the effect of microbes and their waste on intertidal 
sediment.

In conclusion, the existing results show that the 
effect of pollutants on the behavior of sediment in 
natural water environment, especially in the pol-
luted water isn’t allowed to neglect. There is little 
research into other aspects.

4 FUTURE PROSPECT

At present, the research into the effect of pollut-
ants on sediment is still not sufficient and further 
study need to be made.

1. The research into pollutant absorption on the 
surface of sediment particles at the micro-scale 
mainly focuses on heavy metal copper and 
nutrients such as phosphorus. There is little 
research into other heavy metal, organic pol-
lutants, especially refractory organics. In the 
future, we should make more research into the 

effect of different kinds of pollutants on the 
surface characteristics of sediment and set up 
more perfect interactive mechanism between 
sediment and pollutants.

2. The research into the effect of pollutants on 
the motion characteristic of sediment mainly 
focuses on the effect of pollutants on flocculat-
ing, settling, start and flowing speed of sedi-
ment. There is no research into scouring and 
silting deformation of sediment and we should 
strengthen the research into this aspect.

3. The previous research objects are limited to 
some common pollutants. But there are various 
pollutants in water, such as some new organic 
pollutants, plasticizers, surfactants, antibiotics, 
spices, cosmetics and so on. These new organic 
pollutants have complicated compositions, 
which have complicated effect on the motion 
characteristics of sediment. For example, differ-
ent organic pollutants carry different charges. 
After they are absorbed by sediment, they can 
increase the flocculating speed of sediment 
and also may promote the dispersion of sedi-
ment, leading to more complicated effect on the 
motion of sediment.
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ABSTRACT: The secondary water delivery is the important part of the urban water supply and the 
problem becomes more and more prominent. In this paper, with the factual example of national second-
ary water supply, the pollution reasons of secondary water supply are analyzed, and the measures for 
preventing the pollution of secondary water supply are proposed to satisfy the safety of residents drink-
ing water, including improving the pipe network capacity, and regulating the design, construction and 
management.

Keywords: secondary water delivery; water quality pollution; prevention measures

supply pipe network of residential area before 1997, 
and the water quality remains  improving. However, 
the quality indexes of water in the secondary, such 
as sensory color and iron had increased, but the 
amplitude of residual chlorine tanks was reduced. 
The water quality deteriorates if  it is kept in the 
tank for a long time. Meanwhile t more study and 
discussion on secondary water supply facilities, 
capital and property measurement issues needs to 
be conducted, as well as secondary water supply 
facilities and management duties.

There were 386 residential areas requiring sec-
ondary water supply, 1472 tanks and 344 pools, 
and the number of users who need secondary water 
supply was 40% of the total residential users in 
zhuhai. First, the design of secondary water supply 
facilities was not rational, with a larger water res-
ervoir, easily to increase the water retention time; 
second, the pools and water tanks used concrete 
structure, without appropriate treatment for the 
inner wall; Finally, operational management was 
not well, for example pools and water tanks were 
not cleaned regularly and disinfected, and the inlet 
holes of pool was damaged or none.

Since 2003, the Wenzhou water company inves-
tigated and transformed the secondary water sup-
ply facilities, tank construction materials, and 
the health conditions of water tanks in the urban 
areas. On the basis of ensuring the water quality, 
the secondary water disinfection team was estab-
lished to disinfect the secondary water supply 
facilities by free. Meanwhile, the secondary water 

1 INTRODUCTION

With the rapid development of China’s economy 
and urbanization, more and more high-rise build-
ings have appeared, and the level of building water 
supply, drainage systems and construction equip-
ment will be achieved a higher degree[1]. However, 
many weaknesses in security and stability exposed 
of the secondary water quality, it attracts more and 
more public attention. The definition of secondary 
water supply is that the water from urban public 
water supply facilities and self-built water facilities is 
provided for residents by special pipes after storage, 
compression, advanced treatment and disinfection. 
Water supply system must ensure adequate water 
supply to the users and adequate water pressure and 
also make sure that water meets state drinking water 
health standards. Now the construction and man-
agement of secondary water supply facilities attract 
more and more attention, and branch end of water 
distribution system is the truly reflection of the 
water quality. Therefore the quality assurance sys-
tem establishment of the secondary water supply is 
the key mission for the safety of drinking water[2,3].

2 EXAMPLE OF THE NATIONAL URBAN 
SECONDARY WATER SUPPLY AND THE 
WATER QUALITY EFFECTS

Until the end of 2010, in order to ensure water qual-
ity, Shanghai had renovated the secondary water 
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supply  company was also established to manage 
the received secondary water supply facilities, 
and combined the reform of “a water meter for 
one family”. Through these measures, the passing 
rate of secondary water quality in Wenzhou had 
become more than 98% by 2006.

3 REASONS OF THE SECONDARY 
WATER POLLUTION

The main problem of secondary water supply is 
the low pass percent of water quality, and the pass 
rate without secondary disinfection is only 60% 
to 70%[4,5]. The main pollution sources are ponds 
and water tanks, and the main pollutants are vis-
ible substances, bloodworms, turbidity, microor-
ganisms, organic matter, chlorine and chlorine 
byproducts[6,7].

The main reasons of pollution are design, con-
struction, pipe materials and management.

3.1 Design and construction reasons

3.1.1 Unreasonable technological design
Because of improper tank design, the water will 
be easily “dead”. For example, part of the high 
water tank volume is too large, which makes water 
demand greater than domestic consumption. 
Therefore, the time of the water in the tank is over 
the theory time. The level of some pool tank is 
higher than the outlet, as a result that the water 
cannot be drained. In addition, the inlet pipe and 
pump suction tube pool are located in the same 
position, which make the water in the other end of 
stagnant water fostering a lot of plankton.

3.1.2 Unreasonable construction and structure
Now the construction is not standardized, the 
current urban secondary water supply facili-
ties needn’t be required the license of the techni-
cal standards, the engineering drawings lack, the 
health awareness is weak, construction is not sat-
isfied with hygiene requirements, construction are 
multi-contracting, and engineering quality is dif-
ficult to guarantee. According to specification for 
design of indoor water supply and drainage, life 
impounding reservoir should be far away from sep-
tic tanks of water storage tank, such as kitchen, 
toilet hygiene (>10 m), to prevent contamination 
of the drinking water. And the water pump room 
decorate also have certain requirements. But in 
the process of construction, real estate developers 
who want to save costs, are not according to the 
standard construction, leading to underground 
cisterns improper site selection, septic tanks and 
cisterns, mutual penetration, or pump room space 
is too small, the distance between the equipment 

and pipeline cannot meet the specification require-
ments, and brings to the maintenance of equip-
ment and system are difficult.

3.2 Unreasonable selection of pipe materials

Some pipes in water supply system are using elimi-
nated by national compulsory galvanized steel pipe 
which is easy to oxidizing reaction with water, cor-
rosion fouling, leading the water quality pollution. 
But there is still a construction unit or develop 
commercial using cold galvanized steel pipe instead 
of hot dip galvanized steel pipe, and the leakage of 
the this tube is easy to burst, making the tap water 
polluted. Most of the roof water tank uses cement 
pavement with rough surfaces, providing the sur-
vival opportunity for algae and other biological, 
and lead-based ceramics lining would be harmful 
to human body.

3.3 Unreasonable management

The reasons are as follows: lack of perfect health 
management system, no personnel managment for 
the maintenance of the facilities, retired worker 
assumed for this task, a low professional quality, 
a big liquidity, and poor responsibility binding. 
Health and safety measures should be taken to 
ensure if  the water tanks are cleaned and disin-
fected regularly.

According to the basic requirements of drink-
ing water, cleaning the roof of the water tank is 
necessary atleast once in six months, but most 
of the water supply facilities are not provided to 
the secondary water disinfection facilities and 
equipment[7].

4 PREVENTION MEASURES FOR 
SECONDARY WATER SUPPLY 
POLLUTION

4.1 Improve the pipe network and the carrying 
capacity

It is needed to make a proper plan for water sup-
ply system, innovating the aging pipeline network, 
increasing the pump station and improving the 
network carrying capacity to make the pipe net-
work pressure balanced, reducing the second-
ary water supply facilities. By these measures the 
problem of secondary water supply, water quality 
pollution will be solved at the source. Different 
water supply ways are adopted in building plot or 
high-rise buildings, and the different water supply 
pipeline is not with a direct connection to prevent 
the drinking water pollution by the non-drinking 
water[8].
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4.2 Regulate the design, construction 
and management

Use separate life and fire-fighting pool construc-
tion, reasonable pool volume, reduce the stay time 
in the pool, and the location of the pool and the 
location of the in and out of the water pipe should 
be specific in strict accordance with the require-
ments of design. Use new type of feed water pipe, 
such as plastic pipe with good corrosion resist-
ance and not easy to scale, keeping good health 
and long-term water performance. Construction 
unit must have the corresponding qualifications in 
strict accordance with the design requirements for 
construction, and reinforce the management of the 
construction process. Reform the original unquali-
fied secondary water supply facilities, increasing 
the necessary disinfection equipment[9,10].

4.3 Strengthen the facilities maintenance and 
management of secondary water supply

Government departments should attach great 
importance to the management of secondary water 
supply, and formulate some corresponding regula-
tions and institutions to strengthen the supervi-
sion of water supply facilities, regularly cleaning 
pool, and spottily check water quality. Reinforce 
the training for the management personnel to help 
them master the basic knowledge of water supply, 
preventing water quality pollution again because 
of improper management.

5 CONCLUSIONS

Secondary water supply is an essential part of the 
urban water supply. Therefore, to solve problems in 
secondary water supply is related to social stability, 
peace and contentment for people to live and work. 
Water quality of secondary water supply problems, 
whether the construction unit, design, construction 
and management departments, should be focused 
seriously, and comply with the relevant state laws 
and regulations. By these measures, the prevention 
of the water secondary water supply pollution will 
be ordering, scientific and legalization.
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ABSTRACT: In order to quickly locate the leakage in urban water distribution network, a model of 
pressure-dependent leakage detection is developed based on the principle that the leakage is positively 
correlated with the pressure. Particle Swarm Optimisation (PSO) is applied to solve the model, and the 
feasibility of pressure-dependent leakage detecting method is verified by using a test function. Finally, 
the model is applied in the water distribution network of City A to locate leakage. As a result, simulating 
leakage nodes are located within the range of 125 m to 467 m from actual leakage nodes, which indicates 
that the developed model can significantly improve the efficiency of leakage detection.

Keywords: water distribution network; pressure-dependent leakage location; particle swarm optimisa-
tion; leakage node; location deviation

contaminations on the leak points, and soil losses 
caused by leakage can make negative impacts on 
the safety of  buildings and traffic and further the 
related personnel security. Therefore, it is neces-
sary to quickly locate and control the leakage in 
the complex and belowground water distribution 
networks.

The core work is to detect the invisible  leakage. 
The conventional leakage detection methods 
mainly include voice-listening method and dis-
trict metering method. Both the two methods have 
considerable disadvantages. The voice-listening 
method needs plenty of  manpower and material 
resources, which is not efficient. Whilst the district 
metering method requires the reconstruction of 
the present water distribution networks to deploy 
more flowmeters, which is time-consuming and 
not economically efficient. Wu and Sage (2006) 
invented a new leakage detection method based 

1 INTRODUCTION

Water is the life line of  cities. Water distribution 
network is the imperative bridge for connecting 
the waterworks and end users. However, Leak-
age occurs frequently along the water pipelines 
because of  inappropriate constructions, pipeline 
aging and corrosion etc. The 2009 Annual Report 
of  Urban Water Distribution (2010) from the 
Ministry of  Housing and Urban-Rural Devel-
opment of  the People’s Republic of  China indi-
cated the average leakage rate could be as high 
as 21.5% in most cities in China, and the leaked 
water could be as high as 6 billion m3 every year. 
Pipe leakage leads to not only treated water 
resources loss but also the waste of  electricity for 
water treatment, which causes direct economic 
losses to the water companies. Moreover, the 
security of  drinking water can be threatened by 
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on hydraulic model check in water distribution 
networks, and applied it to one city in the UK. 
However, this method requires high accuracy of 
the input data of  the hydraulic model, such as the 
network topology, pipe property and the real time 
monitoring data. Dong et al. (2013) built a leak-
age location inverse problem optimised model 
for water distribution system, and give a solution 
based on genetic algorithm. However, this method 
relies on the accuracy of  the real time monitoring 
data such as water pressure, flow etc. They only 
used lab simulating platform to verify their model 
but no further practical verification was made. 
This paper uses the positive correlation between 
the leakage and the water pressure to build the 
leakage location model. PSO is applied to solve 
the model. After the leakage region is quickly 
confirmed, traditional leakage detection instru-
ments can be used for further detection around 
the nodes in the region. This method can signifi-
cantly reduce the range of  detection and enhance 
the efficiency.

2 PRESSURE-DEPENDENT LEAKAGE 
LOCATION MODEL

The leakage is positively correlated with the 
pressure. Zhang (2013) indicated leakage can 
be regarded as a model related to the pressure-
 dependent water demand. The model can be built 
by injection flow. The relation between injection 
flow and pressure is given in Equation (1).

Q K ti iQQ K i
n( )tt [ (PiPP )]=  (1)

where
Qi(t) is the total leakage of node i until the time t;
Pi(t) is the node pressure of node i at the time t;
Ki is the injection coefficient at the node i;
n is the leakage flow index.

The leakage flow index is in a range of 0.5∼2.5 
based on the different pipe materials. The detect-
able leakage of the metal pipes refers to the leakage 
flow index 0.5.

According to Equation (1), every node in the 
water distribution network has its own injection 
coefficient. When the injection coefficient at one 
node is a positive number, there is leakage at this 
node. When the injection coefficient at one node is 
zero, no leakage happens at this node. Therefore, 
it is essential to optimise the injection coefficient 
to justify whether the leakage happens. When the 
optimised injection coefficient is above zero at one 
node, this node is regarded as a leak node (leak-
age may exist at the pipeline connected with this 
node).

3 APPLICATION OF PSO

In 1995, Kennedy and Barnhart invented the PSO. 
It suits to solve some problems that cannot be 
solved by traditional optimisation algorithms.

3.1 The fundamental principles of PSO

PSO is introduced by simulating foraging 
behaviour of  the bird flock. Wang et al. (2001) 
indicated that this process is facilitated by the 
environmental adaptation of  the particles. 
Wang and Liu (2008) indicated that all the parti-
cles in the searching space could be the potential 
solution of  the problem in the entire optimising 
process. Particles can use their location memora-
bility and share their information to obtain the 
best location they experienced themselves and 
the best location they experienced in the flock. 
Then they can adjust their speed and go to the 
best solution. PSO is the process that the parti-
cles continuously learn from themselves and the 
neighbours.

3.2 The parameter settings of PSO

PSO has relatively fewer parameters and simpler 
process compared to traditional optimising algo-
rithms. The parameters of standard PSO include 
the flock scale n, inertia weight w, study factors 
c1 & c2, the maximum speed of the particles Vmax 
and algorithm terminating conditions.

It is important to assign the value of  the iner-
tia weight in PSO because the inertia weight can 
decide the size of  the impact of  the last speed on 
the current one and affect the current moving 
direction of  the particle. Chatterjee and Siarry 
(2006) indicated the introduction of  the inertia 
weight is to balance the local searching capability 
and the overall searching capability in the algo-
rithm. When w = 1, the algorithm is the funda-
mental PSO.

The flock scale is the number of particles in the 
searching space. There is no unified settings on the 
flock scale. The empirical flock scale is 20∼40 in 
most situations.

Under normal circumstances, the values of 
study factors have the relation c1 = c2, and they are 
in the range 0∼4.

The maximum speed of the particles decides the 
maximum moving distance of the particles at every 
step of iteration. In the beginning Vmax is large, and 
the overall searching capability is high. Then in the 
process of iteration, the region of the best solution 
can be initially confirmed. Finally Vmax decreases, 
and the local searching capability enhances, which 
lead to the fast converging to the best solution 
(Fan, 2002).
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3.3 Test of PSO

3.3.1 Ackley function
Ackley function is used to compare the calculation 
ability of PSO and Genetic Algorithm (GA) on it. 
Goldberg (1989) indicated that the most widely used 
evolutionary algorithm is the GA which is based on 
the rules of evolution and natural selection.

Ackley function is given in Equation (2).
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The least value of this function is zero at the 
point of zero.

min( ( )) ( , , )f x( f (0 0,0 0 0 0) =)…  (3)

There are many local minima on the chamber of 
Ackley function. If  the searching space of tradi-
tional algorithms is too small, it is easy to sink into 
the local minima. However, if  the searching space 
is too large, it is easy to jump over the valley and 
search the suboptimal solution. Therefore, Ackley 
function is the problem which is hard to overcome 
by using traditional optimising algorithms.

3.3.2 Test result
The initial particle number is set to 50, and the 
study factors are 1.4 and 1.2 respectively for the 
PSO. Whilst for the GA, the initial population is 
set to 50, and the mutation probability is 0.2, and 
selection probability is 0.5, and terminating condi-
tion is that the row difference of the best solution 
is 1e-10, and the maximum iteration times are set 
100 and 200 respectively.

Figure 1 and Figure 2 show that the adaptabil-
ity function value changes with the iteration times 
by using PSO and GA to solve the Ackley func-
tion when the maximum iteration time is 100 and 

200 respectively. When the maximum iteration time 
is set to 100 by using PSO, the best solution con-
verges to 0.00352367. Whilst when the maximum 
iteration time is set to 100 by using GA, the best 
solution only converges to 0.10863. When the max-
imum iteration time is set to 200 by using PSO, the 
best solution converges to 4.82083e-6. Whist when 
the maximum iteration time is set to 200 by using 
GA, the best solution only converges to 0.0032612.

Set to the same iteration times, the converging 
speed of PSO is faster than GA, and the optimal 
solution by using PSO is also nearer to the actual 
value than by using GA. Therefore, this paper 
selects PSO to solve the leakage model.

4 THE DEVELOPMENT OF PRESSURE-
DEPENDENT LEAKAGE LOCATION 
MODEL

The solution of leakage location model is evaluated 
by objective function. Objective function is defined 
by the difference of the actual value and simulating 
value of node pressure and pipe flow. The smaller 
value of objective function is, the nearer between the 
simulating pipe operating condition and the actual 
pipe operating condition. During the operation of the 
water distribution network, flow and pressure are the 
most direct reflection of the pipe operating condition. 
In order to equally consider the pressure and flow, by 
using two self-defined transform parameter the pres-
sure and flow can be transformed to no-dimensional 
values. Then optimisation can be implemented. 
The objective function is given by Equation (4).
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(4)Figure 1. Maximum iteration times: 100.

Figure 2. Maximum iteration times: 200.
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where
HShh is the simulating pressure of node nh at the 

time t;
H0nh is the actual pressure of node nh at the time t;
QSnf is the simulating flow of pipe nf at the time t;
Q0nf is the actual flow of pipe nf at the time t;
Hpnt is the pressure transform factor;
Qpnt is the flow transform factor;
NH is the number of pressure monitoring points;
NQ is the number of flow monitoring points.

Therefore, leakage detection model can be con-
cluded as

Mnimize X: (F )
� �� �� �������

where
�

X K LN J i N Leaki iK iN ∈LNiNNKiK =( NiN(LNLNNN ), , ,i , ,… ;1 2,

The constraint conditions are

0 1
0 1
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≤

± =

=
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q Q+

h H−

i

iPP

ij iQQ

ijh kH

,
,

where
Ki is the injection coefficient of node i;
n is the number of nodes;
K  is the maximum injection coefficient of node i;
Pi is the pressure of node i;
Qi is the flow of node i;
qij is the flow of the pipelines connected with 

node i, and i, j are the start and end number of 
pipelines;

hij is the head loss of the pipeline in basic ring k;
ΔHk is the loop closure or the pressure difference 

caused by pressurizing and decompressing 
devices in basic ring k.

5 APPLICATION OF PRESSURE-
DEPENDENT LEAKAGE LOCATION 
MODEL IN CITY A

5.1 Engineering background of City A

There are one raw water plant, seven waterworks in 
City A. The capability of daily water distribution 
is 1.05 million m3 and the actual output of supply-
ing water is 0.7 million m3. The waterworks mainly 
serve the main city zone, east and west area of the 
city. The total length of the water distribution net-
work in City A is 3294 km. The maximum height 
difference of the city is over 100 metres because 
of the large height difference between north and 

south areas. There are 30 pressure stations in the 
water distribution network, and approximately 
500 km2 area and 3.2 million people are served. 
This paper is proposed to focus on the leakage 
location model of one certain district in City A.

The sub-model of this district is showed in 
Figure 3. One water plant in this district includes 
1,431 nodes, 2,079 pipelines, 6 pressure monitoring 
points and 5 flow monitoring points. All the moni-
toring points are remote communication meters, 
which can provide real time data. The pressure and 
flow monitoring points are showed in Figure 4.

5.2 Pressure-dependent leakage location

According to the record of pipeline maintenance 
in City A, leakage occurred on 2nd March 2013 
and the leak point is showed Figure 5. Leakage 
detecting area can be initially confirmed based on 
the direct pressure and flow data. The whole water 

Figure 3. The sub-model of one certain district in City A.

Figure 4. Pressure and flow monitoring points (showed 
in red colour).
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distribution network can be influenced if  leaking 
water quantity is high, so that it is easy to detect 
the leakage. This paper uses the monitoring data 
from the midnight to 4 a.m. for calculation because 
water consumption is low, pressure and leakage is 
high during this period. In the process of calcula-
tion, optimisation is implemented when the maxi-
mum leak points are 4, 2 and 1 respectively. Then 
the obtained optimal solutions are compared and 
analysed to accurately locate the leak points. In this 
area there are 6 pressure monitoring points and 5 
flow monitoring points. 44 groups of data were 
obtained during this period, based on which PSO 
is implemented. The maximum iteration times are 
set to 100 and 200 respectively, and the number of 
particles are 100, and the study factors are set to 
1.2 and 1.4 respectively, and the maximum moving 
speed is set to the 20% of the parameter changing 
range (that is 0.2).

5.2.1 The maximum leak points are 4
Initially the maximum leak points are set to 4, 
which is the number of the maximum leak points 
in the optimisation area are 4. The result keeps 
three optimal solutions showed in Figure 6 and 
Table 1, 2 and 3.

5.2.2 The maximum leak points are 2
The maximum leak points are set to 2. The result 
keeps three optimal solutions showed in Figure 7 
and Table 4, 5 and 6.

Through the analysis, when the maximum leak 
points are set to 2, the result of optimisation shows 

Figure 5. Leakage detecting area in the sub-model.

Figure 6. The first, second and third optimal solution.

Table 1. The first optimal solution.

Node

Optimal 
injection 
coefficient

Distance 
to the actual 
leak point (m)

Value of 
objective 
function

Node 17015 0.288 125.299
Node 17750 0.254 200.96 0.086
Node 13391 0.229  46.606

Table 2. The second optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 17015 0.290 125.299
Node 15533 0.239 197.206 0.091
Node 16541 0.238 217.046

Table 3. The third optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual 
leak point (m)

Value of 
objective 
function

Node 17015 0.290 125.299
Node 15533 0.238 197.206 0.103
Node 17057 0.236 467.181

Table 4. The first optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 12370 0.336 165.06 0.072
Node 12354 0.333 201.851

Figure 7. The first, second and third optimal solution.
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that Node 12370 and Node 12354 are always suspi-
cious leak points.

5.2.3 The maximum leak point is 1
The maximum leak points are set to 1. The result 
keeps three optimal solutions showed in Table 7, 8 
and 9 and Figure 8.

Pressure-dependent leakage location cannot 
exactly accurately locate the leak points, but it can 
find the district where leakage occurs. The actual 
leak points need to be confirmed by  workers 

Table 5. The second optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 12370 0.349 165.06 0.075
Node 12354 0.320 201.851

Table 6. The third optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 12370 0.349 165.06 0.099
Node 12354 0.324 201.851

Table 7. The first optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 4744 0.796 323.268 0.007

Table 9. The third optimal solution.

Node

Optimal 
injection 
coefficient

Distance 
to the actual 
leak point (m)

Value of 
objective 
function

Node 12462 0.790 223.581 0.047

Figure 8. The first, second and third optimal solution.

Figure 9. Comparison between the actual and simulat-
ing leak district.

Table 8. The second optimal solution.

Node

Optimal 
injection 
coefficient

Distance to 
the actual leak 
point (m)

Value of 
objective 
function

Node 4744 0.792 323.268 0.011

using leakage detection devices.  According to 
the result of  optimisation, comparing the val-
ues of  objective function when the maximum 
leak points are set to 4, 2 and 1 respectively, leak 
points can be confirmed in the area near Node 
17015, 15533, 17750, 16541, 13391, 12462 and 
4774. The distance of  the nearest simulating leak 
point to the actual leak point is 125 m, and the 
farthest is 467 m. Therefore, the leak district can 
be confirmed as the circle area which the centre is 
the actual leak point and radius is 467 m, showed 
in Figure 9.

Showed in Figure 9, the blue district is the detect-
ing area when traditional leakage detection meth-
ods are used. All the pipelines in this large area 
need to be detected if  traditional leakage detection 
methods are used, so that both work and economic 
efficiency is low and it is a waste of manpower and 
material resources. The red circle district is the 
final confirmed leak district by using pressure-
dependent leakage location method. Compared to 
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the blue district it is much smaller. Only the circle 
area which the centre is the actual leak point and 
radius is 467 m needs to be detected. Therefore, 
both detection and repairing efficiency is largely 
enhanced, and leakage is significantly reduced.

6 CONCLUSION

This paper builds pressure-dependent leakage 
location model based on the sub-model of City A, 
and PSO is applied to calculate the model. Calcula-
tion is based on the actual situation on 2nd March 
2013. The maximum leak points are set to 4, 2 and 
1 respectively and three optimal solutions are con-
sidered. Through analysis, the farthest distance 
from the actual leak point is 467 m, and the nearest 
is only 125 m. The leak district can be confirmed 
in the circle area which the centre is the actual 
leak point and radius is 467 m. Traditional leak-
age detection methods need workers to investigate 
in a large area. However, this method indicated in 
this paper significantly reduces the suspicious leak 
district, so that repairing time is reduced and effi-
ciency is enhanced. Pressure-dependent leakage 
location method is relatively new compared to the 
conventional methods and the located leak district 
is relatively accurate. But the exact leak points still 
needed to be confirmed by using additional detect-
ing devices.
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industrial system currently. The leading industry is 
mining, building materials, food, machinery, chem-
icals, light industry etc. The total population is 
127.54 million, county urbanization rate is 7.94%, 
the GDP is 27.156 billion yuan; industrial added 
value is 9.652 billion yuan; three industrial struc-
ture adjustment is 18:36:46; the per capita GDP is 
23,133 yuan, and net income per capita is 10,323 
yuan at the end of 2013.

2 THE SITUATION OF WATER 
RESOURCES

2.1 Temporal and spatial distribution 
of water resources

According to 55 years (1956–2010) of runoff, 
annual mean surface water resources is 557.43 mil-
lion m3, and annual mean groundwater resources 
is 242.83 million m3. Apart from overlap counting, 
the annual total capacity of Lanling is 705.67 mil-
lion m3.

The water resources of Lanling have several 
important features.

The distribution of precipitation is uneven 
throughout the year, 72.9% of which is concentrated 
in June to September, and monthly precipitation 
has larger difference. The change of precipitation 
among different years is large, and wet year and dry 
year are consecutive. Maximum annual precipita-
tion is 40% larger than annual mean, and minimum 
annual precipitation is 55% of annual mean.

1 THE GENERAL SITUATION 
OF LANLING

Lanling is located in the south of Shandong 
province, southwest of Linyi. The total area is 
1724 km2, accounting for 1.1 percent of the prov-
ince’s total area. It is located in the southern edge 
of the hilly area of Lunan, the north is hilly area, 
the south is plain area, and the terrain decreases 
from the northwest to southeast. Northern hilly 
areas are composed of the Cambrian, middle and 
lower Ordovician Limestone, shale formations. 
The formation of southern plain areas is friable 
rock of quaternary system. The sandstone thick-
ness of quaternary groundwater is thickened from 
north to south, especially a large sand thickness in 
the southeastern.

It is warm temperate semi-humid monsoon 
climate zone in Lanling. It demonstrate typical 
characteristic of significant continental climate, 
discernible season, rain in hot season. The rivers 
belong to middle canal water system of Huaihe 
Valley. The main rivers are Taoye River, Yunnv 
River, Xijia River, and other twelve from west to 
east. The total length is 321.12 km. These rivers 
are shallow and swift. Most of rivers are seasonal. 
They import middle canal in Pizhou of Jiangsu 
Province flowing from north to south.

There are 17 towns (streets), 1024 administra-
tive villages in Lanling. It has favorable natural 
conditions. The industrial and agricultural pro-
duction is developing rapidly. It has formed the 
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Modulus of surface water resources is 323300 m3/
km2, modulus of groundwater resources is 140900 m3/
km2, and surface water resources are relatively rich 
in Shandong province. The average person posses-
sion of water is only 541 m3, slightly higher than the 
average of Shandong province, just as 25% of our 
nation’s. It belongs to water shortage area.

The time and spatial distribution of water 
resources is very uneven, which impacted by rain-
fall, geological structure, topography and geomor-
phology, and hydrogeology condition. In terms of 
surface runoff, relatively large difference between 
water resources formed by wet year and dry year. 
Shallow groundwater resources are mainly com-
prise the rain, river and irrigation seepage etc. It 
has a regulation in the year, annual distribution 
with small changes.

2.2 Water quality of water function area

According to “water function zoning of Shandong 
province,” there are eight first-degree water func-
tional areas and four second-degree water function 
areas. Water quality regular rate of water function 
area reach 100%, according to the water quality 
monitoring data of water function area in 2013.

3 PRESENT SITUATION OF 
EXPLOITATION AND UTILIZATION 
OF WATER RESOURCES

3.1 Water supply project and quantity

It has 135 water storage projects, including a large 
reservoir, 4 medium-sized reservoirs, 41 small 
reservoirs, 92 embankments in Lanling. The cur-
rent supply capacity of water storage project is 
53.39 million m3. The county has four water diver-
sion projects, diversion size is 1.2 m3/s, and the cur-
rent supply capacity is 12.3 million m3. The total 
amount of surface water development and utiliza-
tion was 73.04 million m3, the utilization ratio was 
13.1% in 2013.

There are 2828 shallow groundwater matching 
electromechanical wells with 59.2 million m3/a sup-
ply capacity in Lanling, mainly used for industrial 
production, agricultural irrigation and domestic 
water supply for urban residents. The total amount 
of groundwater development and utilization was 
59.2 million m3, the utilization ratio was 24.4% in 
2013.

A sewage treatment plant was built in 2006, 
with a capacity of treat municipal sewage up to 
13.02 million tons, load operation rate of 88%.

The annual average water supply quantity of 5 
years (2009∼2013) is 136.57 million m3. The  surface 
water is 73.87 million m3, and  groundwater is 62.7 mil-
lion m3. The supply quantity of water storage project 

is 52.14 million m3, water diversion is 20.21 million 
m3, and mention water is 6.77 million m3. The supply 
quantity of shallow groundwater is 59.91 million m3, 
and deep groundwater is 2.61 million m3. The sur-
face water supply is 54.09% of the total water supply, 
and groundwater is 45.91%.

3.2 Water consumption and utilization structure

Water consumption of Lanling includes farmland 
irrigation, farming, forestry, animal husbandry, 
and fishery, industry, town public, resident living 
and ecological environment, etc.

The average water consumption of Lanling from 
2009 to 2013 is 135.7 million m3. Among them, 
farmland irrigation is 82.09 million m3, farming, 
forestry, animal husbandry and fishery is 50.6 mil-
lion m3, industry 8.35 million m3, town public 
5.46 million m3, resident living 28.1 million m3, 
ecological environment 9.28 million m3, account 
for total water consumption 60.49%, 3.73%, 6.15%, 
4.02%, 20.71%, 6.84%, respectively.

3.3 Control targets of the most strict water 
management system

3.3.1 Control targets of the total water use 
quantity

The surface water, groundwater index allocated 
to Linyi by Shandong Province were 1.546 and 
0.492 billion m3 respectively, and the total was 
2.605 billion m3. The surface water, groundwa-
ter index allocated to Lanlin were 0.094 and 
0.063 billion m3 respectively, and the total was 
0.157 billion m3. (see Table 1).

The total amount of water use is not exceed 
control targets of the total water use quantity in 
Lanling in 2013. But groundwater water utilization 
is 59.2 million m3, and it is close to the upper limit 
of control targets. The local surface water supply is 
73.04 million m3. There is a certain margin in the 
total amount control targets of surface water.

3.3.2 Control targets of the water use efficiency
In 2015, the control targets of water consumption 
of 10,000 Yuan industrial added value decreases 
14% compared to 2010. It drops to 14.19 m3. 
The water consumption of 10,000 Yuan industrial 
added value is 9.14 m3, less than control targets.

Table 1. Control targets of the total water use quantity 
in Lanling in 2013. (billion m3).

Administrative 
area

Surface 
water Groundwater Total

Linyi 1.546 0.492 2.038
Lanling 0.094 0.063 0.157
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3.4.2 Water requirement
Water requirement by various sectors of the 
national economy is obtained by economic devel-
opment indicators and water quota in 2013. 
Agricultural water requirement of 95% guaranteed 
rate is consistent with guarantee 75%. The total 
water requirement is the sum of water requirement 
in various sectors of the national economy and 
water requirement of ecological environment.

3.4.3 Calculation of supply and demand balance

Table 2. Economic development indicators in Lanling.

Level years 2013

Population (people)
Urban population 9.85
Rural population 117.69
Total population 127.54
Industrial added value (Yuan) 96.50

Irrigation area (Mu)
Paddy field 1.60
Irrigated land 16.68
Vegetable fields 23.30
Subtotal 41.58
Fruit irrigated area (Mu) 2.18

Livestock (Ten thousand head)
Big livestock 2.05
Small livestock 56.05

Table 3. Water requirement in Lanling.

Level years 2013
City Life water requirement (million m3) 10.95
Rural life water requirement (million m3) 23.80

Livestock (Ten thousand head)
Big livestock 0.30
Small livestock 4.09
Industrial water requirement (million m3) 8.82

Agricultural water requirement (million m3)
50% 109.58
75% 130.37
95% 130.37
Ecological environment water requirement 

(million m3)
14.03

Total water requirement (million m3)
50% 171.57
75% 192.36
95% 192.36

Table 4. Water supply and demand balance analysis 
and calculation in Lanling in 2013.

Level 
years

Guar-
anteed 
rate

Available 
water 
supply 
(million 
m3)

Water 
demand 
(million 
m3)

Defi-
ciency 
(million 
m3)

Water 
shortage 
degree

2013 50% 157.33 17.157 −14.24 −8.30%
75% 151.76 192.36 −40.60 −21.11%
95% 142.91 192.36 −49.45 −25.71%

50%, 75%, 95% guaranteed rate, there is a water shortage, 
mainly for agricultural water.

3.3.3 Limit pollutant control targets of water 
function area

Limit pollutant control targets of water function 
area COD is 1216.91t/a, and NH3-N is 60.38t/a in 
Lanling. The measured value of COD and NH3-N 
are 230.97t/a and 7.89 t/a respectively in 2013. 
They meet the limit pollutant control targets of 
water function area.

3.4 Analysis of supply and demand balance

3.4.1 National economic indicators
In recent years, economy has developed rapidly in 
Lanling. The economic development indicators are 
shown in Table 2.

3.5 Water utilization level and efficiency

The total water use quantity is 132.24 million m3, 
water consumption of 10,000 Yuan GDP is 48.7 m3, 
water consumption of 10,000 Yuan industrial 
added value is 9.14 m3, repeated use rate of indus-
trial water is 60%, utilization efficiency of irrigated 
water is 0.55, water saving irrigation rate is 23%, 
irrigation consumption of water per mu of farm-
land is 96.42 m3, leakage rate of city’s water sup-
ply systems is 10%, urban life comprehensive water 
quota is 150 L per person day, centralized sewage 
treatment rate is 75%, and water quality double-
index regular rate of water function area reach 
100%. The total water use quantity, water use effi-
ciency (water consumption of 10,000 Yuan value 
added, utilization efficiency of irrigated water), 
limit pollutant indicators of water function area 
meet the most strict water management  system. 
There is a gap between some indicators and water-
saving society control target demands of Shan-
dong province.

4 THE MAIN PROBLEMS EXISTING 
IN THE DEVELOPMENT AND 
UTILIZATION OF WATER RESOURCES

4.1 Water project are not fully unrealized

The supporting construction of water conservancy 
project has lagged behind in the body and affected 
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the overall effectiveness for a long time. Most water 
supply projects built in the 1950s and 1960s is still 
in disrepair. Much of them are in extended use or 
ill run. The engineering maintenance costs are inad-
equate because of the low water price for a long 
time. Further sedimentation and water pollution are 
affecting the water supply project benefits seriously.

It should increase investment in water supply 
project to achieve the desired results.

4.2 Water utilization is not high

People’s awareness of the water is not clear and water-
saving awareness is weak because water resource fee 
and water fee are persistently low. The utilization 
efficiency of irrigated water and repeated use rate 
of industrial water are low. Many residents have not 
used water-saving appliances. Industry, agriculture 
and life have a greater life saving potential.

Industrial water save is strengthened by optimiz-
ing the industrial structure and layout and speed-
ing up the elimination of backward high-water 
technology, equipment and product to promote 
water-saving technology and equipment and other 
measures. Agricultural water-saving engineering is 
promoted by speeding up the adjustment of agri-
cultural structure and developing characteristic 
agriculture. Domestic water is saved by the renewal 
and transformation of water supply network, 
reducing the leakage rate, implementing “one fam-
ily, one table, measuring out the door” reform, 
trying out ladder water prices, strengthening life 
water-saving appliances certification, establishing 
market access system for water-saving products, 
and enhancing the people’s awareness of water sav-
ing to achieve the purpose of water saving.

4.3 There are different levels of water 
contamination

With the continuous development of social econ-
omy, waste water which is unable to handle and 
directly into waters is increasing each year. It 
causes a lot of water pollution and water environ-
ment deterioration.

Most rivers are polluted to different degrees 
 currently. Water pollution has infiltrated from the 
surface to the underground. Control and man-
agement of the sewage outfall into the river are 
strengthened in view of existing situation, in order 
to reach the standard of water function area, pro-
tect, and improve surface water environment.

5 MEASURE OF EXPLOITATION AND 
UTILIZATION OF WATER RESOURCES

5.1 Engineering measures

On the basis of the existing water conservancy 
project, as much as possible surface water resources 

are remained by strengthening the management 
of water conservancy projects, optimizing water 
supply dispatching, carrying out the use of rain 
floods, improving the utilization of surface water 
under the premise of meet downstream ecological, 
strengthening soil and eater conservation in the 
upper basin, carrying out small watershed man-
agement, increasing vegetation and water conser-
vation, constructing reservoirs, ponds, and sluice 
and dam, in order to store runoff and increase 
infiltration.

Groundwater supply quantity assumes 45.9 per-
cent of total water supply in Lanling in 2013. It 
has abundant multi-year regulating characteristic, 
and plays an important role in the supply pattern. 
Groundwater is actively protected and rationally 
explored, accordance with the “overall balance, 
control overexploitation, regional adjustment, wet 
season recharge” principle. Groundwater exploita-
tion should be strictly controlled in the range of 
allowable exploitation by reasonably adjusting 
groundwater extraction layout and constructing 
recharge project, in order to gradually achieve 
rational development, control mining, leave room, 
and virtuous circle.

Unconventional sources include wastewater 
reuse, mine water use and rainwater storage and 
utilization. The sewage treatment and reuse should 
be increased further, and effluent from sewage 
treatment plant should be treated profoundly. It is 
widely used in the less quality demand water such 
as industrial cooling water, dust, miscellaneous 
municipal water, irrigation, and other water. The 
mine is widely distributed in Lanling, with large 
displacement and use potential. The main pollut-
ants are SS. It can be directly used for industrial 
production and agricultural irrigation by simple 
process. Moreover, the construction of  rain col-
lection should be carried out according to local 
conditions, on the base of  full using terrain and 
geological conditions. Rainwater is stored as much 
as possible by combining small watershed com-
prehensive management project in the mountain-
ous areas. Rainwater through the housing, space, 
roads, and other venues are collected in other 
regions.

5.2 Management measures

Water resources development or inter-basin water 
transfer cannot solve fundamentally the increas-
ingly outstanding water shortage problem, in the 
case of limited total water resources and growing 
demand for water.

Therefore, we must implement the most strin-
gent water management system, establish, and 
implement three red lines of water resources 
management around water resources allocation, 
conservation and protection, strictly implement 
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total water control, curb unreasonable demand for 
water, strengthen water resources unified deploy-
ment capability, build a water-saving society, 
strengthen water demand management, take the 
content development, strengthen supervision and 
management of water function area, control the 
total amount of sewage into the river, promote the 
protection and restoration of aquatic ecosystems, 
improve water resources management system, lead 
the transformation of water resources management 
approach, and perfect policies and regulations and 
social supervision mechanism.

The contradiction between water supply and 
water demand will be effectively alleviated through 
engineering and management measures in Lanling, 
with the sustainable use of water resources to sup-
port and ensure sustainable economic and social 
development.
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ABSTRACT: To alleviate the threat of water shortage and water pollution with economic development, 
we need to enhance the capacity of the water supply guarantee and environmental protection. Multi-
objective optimal operation of Projects is an effective approach. This paper defines indicators and multi-
objective functions to coordinate water supply and environment. With stochastic runoff, the method in 
this paper is to pre-define operation rules of power function and find out optimal parameters. On this 
basis, the stochastic optimal operation model is established. And the improved multi-objective particle 
swarm optimization is given. Example of verification gives the satisfactory results. It is proved that the 
method is reasonable and efficient.
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optimization and the implicit stochastic optimi-
zation. The former takes Markov Decision Plan 
as the basic model. There is obstacle for a large 
number of reservoirs. The implicit stochastic opti-
mization method was proposed by Young first in 
1967 [1], including two steps [2]: a) based on the run-
off series measured or generated by Monte Carlo 
method, apply deterministic operating optimiza-
tion technology obtain a long-term strategy; b) 
in the results, using regression analysis to design 
operating rules.

With development of optimization technology, 
it also can be pre-defined scope of the rules, and 
then use simulation and optimization to find the 
optimal rule. It is consistent with the essence of 
stochastic optimization operations. In this paper, 
we are using this method.

2.2 Rules pre-defined

Stochastic optimal operation is the optimal rule [3] of  
reservoirs with stochastic runoff. Generally, the deci-
sion variables described as a function of the state 
vector, Assuming, the period is one month, one year 
is divided into 12 periods. At the beginning of each 
month, the state variable is the amount of water 
in the reservoir. Decision variable is the amount 
of water retained in the reservoir of the end of the 
month. Now, the monthly runoff is random. So the 
decision is not definitive, but a rule. Rule is described 
as a power function defined in Equation 1.

Xi iX i i
i + εi +i

βii( )i iQQ( )S Q+SS Qi iS Q+SiS  (1)

1 INTRODUCTION

1.1 Background

With the acceleration of urbanization, Chinese 
water resource problems include water shortage 
and water pollution, etc. In addition to natural 
conditions and social reasons, reservoirs have not 
played potential to make the water supply and 
environment objectives optimal.

1.2 Solutions

The first solution in this paper is formulating rea-
sonable water supply indicators and water environ-
ment indicators. It is useful to build multi-objective 
functions. The second difficulty is that hydrological 
factors are stochastic; it is hard to forecast for a long 
time. To solve it, optimal rules of power function 
are designed in this paper. It is more scientific to make 
stochastic optimal rules instead of assuming that the 
runoff is certain. At last the improved multi-objective 
particle swarm optimization algorithm is  established. 
It is more adaptable and effective to solve the model 
than the traditional dynamic programming.

2 DEFINITION OF OPERATION RULES 
WITH STOCHASTIC RUNOFF

2.1 Progress in the field

The long-term optimal operation of reservoirs 
can be categorized into two: the explicit stochastic 
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where Xi = the amount of water retained in the res-
ervoir at the end of the period i; Si = the amount of 
water in the reservoir at the beginning of the period 
i; Qi = the inflow to the reservoir in the period i; αi, 
βi = undetermined parameters; ε = random error.

In the long series, the initial water level of the 
reservoir is uncertain, which can cause errors in the 
first year benefit assessment. The first solution is 
to calculate the different strategies under different 
initial water level, but the solution is not unique. 
The second is, the first year is not involved in the 
assessment, but the data is wasted. The third is, the 
initial water level is optimized, when constraint is 
that the water level at the end of December last year 
must equal to the initial level. It can be achieved by 
penalty function method. See Equation 2.

S0
(1) = Sn

(N) (2)

where S0
(1) = the initial water level in the first year; 

Sn
(N) = water level at the end of December last 

year.

3 DEFINE WATER QUALITY INDICATORS 
AND WATER QUALITY MODEL

3.1 Water quality reaching standard degree

Water quality reaching standard degree is defined 
as the closeness to the standard (such as Class III 
water) in this paper. Water quality indicators are 
too many to be controlled. Key indicators must 
be controlled. It is better to choose CODMn as the 
representative of the pollution indicator for river 
water quality. See Equation 3.
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where ϕ = the degree of water quality reach-
ing standard; x = CODMn concentration, mg/l; 
μ* = CODMn concentration of class III water 
standard, mg/l.

This approach allows the flexibility to choose 
the target water quality standards in accordance 
with local current situation or water functional 
area requirements, so as to effectively guide the 
behavior of water resources management.

3.2 Water quality model

Since the model is designed to optimize strategies 
statistically to control the average concentration 

of pollution, so one-dimension stable river water 
quality model are adaptable. See Equation 4.

C C e
k x

u
−

0CC 1kk
 (4)

where C = concentration of pollutants down-
stream section, mg/l; C0 = concentration of pollut-
ants upstream mixing section, mg/l; u = flow rate 
of the river, m/s; x = distance from the downstream 
section to the upstream section, m; k1 = pollutant 
degradation rate constant.

4 MULTI-OBJECTIVE OPTIMIZATION 
OPERATION MODEL

4.1 Definitions of water supply objective function

Water supply guarantee degree is defined as indica-
tor. Water supply guarantee degree equals to ratio 
of water supply and water demand, and equals to 
1—water shortage rate. Few if  dry months, take the 
minimum value of the year as an indicator of the 
year, because the monthly balance is  important. 
Then the objective function is established as the 
average of the series of water supply guarantee. 
See Equation 5.

max min(
( )G

Y t T

y

y

Y ( )( ) ( )+∑∑
=

1
1

1

)
( ) +

R
k  (5)

where G = multi-year average degree of  water 
supply guarantee; Y = years of  long series run-
off; y  = number of  year; T = months of  a year; 
t = number of  month; k = number of  reservoirs; 
R(t) = water demand in month t, 106m3; uk

(t) = 
water supply of  reservoir k, 106m3; gk

(t) = water 
supply of  the others, such as underground water, 
106m3.

4.2 Definitions of water environment 
objective function

The water environment objective function is used 
as controlling indicators of each river section and 
each period. See Equation 6. Take the geometric 
mean to raise the low end value.

max Φ =
===
∑∑∑1 1∑ 1

111Y L∑∑
11

ytl
l

L

t

T

y

Y
ϕ  (6)

where, Φ = multi-year average of water quality 
reaching standard degree. ϕytl = the degree of water 
quality reaching standard at section l in month t 
of  year y.
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4.3 Constrains

The main constraints include the water balance of 
each reservoir, the limit of capacity, the limit of 
the river flow, the water yield of each sub-basin, 
groundwater resources, water demand in each dis-
trict, outfall location and emissions of pollutants, 
and so on.

5 IMPROVED MULTI-OBJECTIVE 
PARTICLE SWARM ALGORITHM

5.1 Improved iteration format

Particle swarm optimization algorithm, PSO, is a 
computational technique based on swarm intelli-
gence evolution. According to Equation 7, 8, each 
particle determine itself  speed and position of the 
search space.

vt+1 = wvt + c1rand() (pt − xt) + c2rand() (gt − xt) (7)

xt+1 = xt + vt+1 (8)

where w = the inertia constant; c1 = learning con-
stant; rand() = random numbers on [0,1] uniformly 
distributed; Pt = time t their own the best position, 
fitness is pbest; gt = time t global optimum location, 
fitness is gbest.

It is found that these parameters need to be 
debugged. This is because the constraint of opera-
tion of reservoir is more complex. After debugging 
and summary, we found an improved format, more 
suitable for reservoir optimal (see Equations 9 
and 10).

vt+1 = w[vt + c1rand() (pt − xt) + c2rand() (gt − xt)] (9)

w =
≥

⎧
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⎧⎧

⎩
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1 1K 0 5<
0 618 10 5

%
. %K618

 (10)

where K = the number of iterations completed; % 
denotes a remainder operation.

5.2 Design of multi-objective particle swarm 
algorithm for external file

In the multi-objective iteration, the best position 
is not always with each other without domination. 
MOPSO of elite strategy is more advanced algo-
rithms. External file update algorithm shown in 
Figure 1.

6 EXAMPLES

6.1 Introduce

Shimantan Reservoir and Tiangang Reservoir 
are located in the Huaihe River basin, upstream 
of Xiaohonghe River, Huaihe River tributaries. 
Shimantan reservoir catchment area is 230 km3, 
total capacity is 120*106 m3, and normal capacity is 
63*106 m3. Tiangang Reservoir at a distance of 5 km 
from Shimantan Reservoir. The normal capacity is 
8.9*106 m3. Two reservoirs are connected in series.

Based on hydrology data from 1997 to 2006, 
upstream basin of Shimantan Reservoir annual 
average precipitation is 1049 mm. The reservoir 
annual average inflow is 84.57 106 m3. The reser-
voir’s water supply coverage is shown in Figure 2. 
Reservoirs provide living water, industrial water, 
agricultural water, and ecological water.

Some companies and factories discharged a large 
number of untreated wastewater directly. According 
to the monitoring data, environmental monitoring 
stations show that in March 1996 at the monitor-
ing section water quality indicators of Chemical 
Oxygen Demand (COD), permanganate index 
(CODMn) exceeded rate is 100%  Main  tributaries 

Figure 1. Algorithm for external file manage.
Figure 2. Reservoirs, water use districts, and water 
quality control sections.
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of Huaihe River upstream, the Xiaohonghe water 
pollution is most serious.

6.2 Calculation results analysis

According to MOPSO, improved program was 
developed with c/c++ language. Data input 
included monthly runoff, water demand, and emis-
sions information. The Pareto frontier was gained 
successfully. See Figure 3.

From Pareto front obtained and uniformly select 
a few typical scenarios, with the base scenario 
compared in Table 1. From Table 1, optimal sched-
uling efficiency goals in water supply is not, mainly 
because the region does not substantially dry, most 
of the year is a guarantee of 100%. Increased 
potential is very limited. In terms of water qual-
ity improving more obvious, CODmn concentra-
tion decreased from 25 mg/l to 15 mg/l nearby, and 
III water standard is close to 10%. This suggests 
that environmental objectives optimal operation 
of water is effective. Stochastic optimization rules 
determined scheduling is credible. On the whole, 
the solution 3 significantly improved the water 
quality, but also to ensure water supply guarantee 
degree, the solution is worth to be recommended.
Evaluate

7 CONCLUSION

This paper established a water supply and envi-
ronmental objectives stochastic optimal operation 
model, and improved iteration format and effective-
ness of multi-objective particle swarm algorithm. 
The advantage is that water supply and environ-
mental indicators easy to coordinate, both of 
which are relative indicators. Flexibility is enough 
in the choice of Water quality standards accord-
ing to the actual situation. Second, stochastic 
optimization operation model concluded realistic, 
direct search optimization rules, more simple than 
regression analysis to determine the rules, but also 
more logical. Third, the improved multi- objective 
particle swarm algorithm is suitable for solving the 
problem of reservoir operation. It is proved that 
good results are achieved in the Examples.
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Figure 3. MOPSO Pareto frontier.
Where WQRSD is water quality reaching standard; 
WGD is water guarantee degree.

Table 1. Optimization solutions comparison.

Solutions

Water 
supply 
(106 m3)

Ave.* 
GD*

Min 
GD*

CODMn 
(mg/l) RSD*

Basic solution 373 98.6% 83% 25.0 45.4%
Opt. solution 1 363 97.2% 88.9% 19.1 52.8%
Opt. solution 2 362 96.0% 89.4% 17.4 55.6%
Opt. solution 3 362 95.6% 88.6% 14.7 58.4%
Opt. solution 4 360 95.1% 84% 15.2 60%
Opt. solution 5 355 93.7% 82.1% 14.6 60%

*Ave. = Average; GD = Water Guarantee Degree; 
RSD = Water Quality Reaching Standard Degree.
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ABSTRACT: The Influence of moisture gradient to concrete strength are investigated in this paper 
based on Weibull statistical model. The mechanism of how concrete strength is by influence moisture is 
discussed and the surface energy need to form new microcracks decease are adopted in this paper. The 
moisture distribution in concrete is calculated by solving partial different equation. The global elastic 
modulus and strength reduction of concrete strength element are determined. The relationship between 
wet concrete strength and the time concrete immersed time is obtained. The comparison between the 
results by the model proposed in this paper and those by experiments in some available references indi-
cates a good agreement.
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of Li have shown that concrete strength when 
changed with immersed time. Guo attribute the 
influence of moisture content to different defor-
mation between inner and outer concrete.

In this paper, the moisture distribution in 
concrete is calculated by solving partial differ-
ent equation and the global elastic modulus and 
strength reduction of concrete strength element 
are determined. The relationship between wet con-
crete strength and the time concrete immersed time 
is obtained. The influence of moisture gradient to 
wet concrete strength is researched in this paper 
based on Weibull statistical model.

2 MECHANISM OF MOISTURE 
CONTENT INFLUENCE TO 
CONCRETE STRENGTH

At the base of aforementioned theoretical and 
experimental research, The mechanism of how 
concrete strength is influenced by moisture is 
assumed to be lower surface energy need to form 
new microcracks.

Firstly, experiments showed that tensile strength 
of concrete will be influence by moisture content. 
However, pore water pressure is in proportion to 
concrete volumetric deformation, which means 
water content will reduce concrete strength even 
when pore water pressure cannot be generated. 

1 INTRODUCTION

Concrete structures such as dams, bridges piers 
and ship locks, are often working in water environ-
ments. Researches have shown that the mechanic 
properties of concrete were influenced by mois-
ture content. Saturated concrete has higher elas-
tic modulus and lower strength compared with 
dry concrete. However, the influence of mois-
ture to concrete strength has not been taken into 
account in structures design nowadays. Hence, it 
is quite important to make researches on wet con-
crete and provide more precise parameters for con-
crete structures design and safety evaluation.

Since the elastic microscopic theory of ani-
sotropic composite material are well developed, 
elastic modulus of concrete with different porosity 
and moisture content can be analyzed. However, 
the mechanism of moisture influence to con-
crete strength is not very clear and no consensus 
has yet been reached. There are mainly 2 repre-
sentative explanation of moisture dependency of 
concrete strength: (1) incompressible pore water 
pressure wedged into the cracks, which helps to 
microcracks propagation, (2) moisture decreases 
the surface energy need to form new microcracks.

Most research are focused on concrete strength 
without moisture gradient, i.e. fully dry or fully 
saturated concrete. However, the moisture gradient 
will influence concrete strength too. Experiments 
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It also should be mentioned that volume of con-
crete will increase when the external compressive 
loading approaching its strength, which is called 
dilation material. At that moment, pore water pres-
sure cannot be generated either. Therefore, pore 
water pressure theory cannot explain existed exper-
iments and cannot represent physical mechanism 
of water influence to concrete strength. Secondly, 
experiments of cement-based material liquids with 
different surface tensions showed that strength of 
mortar decreases linearly with increases in the sur-
face tension of immersion liquid.

Basically, the fracture process of concrete at 
the macro scale is the generation and propaga-
tion of internal microcracks. Strain energy will be 
stored in concrete when loaded, and parts of strain 
energy will be released as surface energy in the 
form of microcracks when the value of the strain 
energy reaches the limit. According to Griffith 
(1920), when the value of the released strain 
energy becomes equal to the surface energy on the 
new microcracks, the microcracks stop growing. 
 However, further increases in loading result in fur-
ther accumulation of strain energy. When the value 
of the strain energy reaches the limit again, micro-
cracks are formed and released again. Through a 
repetition of these processes, the microcracks accu-
mulated and resulted in the damage in the concrete 
till final failure. Thus, concrete strength is highly 
related to microcracks evolution and directly influ-
enced by surface energy of microcracks.

σ γ
πc
E
cπ

=
2

 
(1)

where c is crack half  length, E is elastic modulus 
of cracked material and γ is the surface energy of 
material.

It should be mentioned that Griffith’s theory 
deals with a situation in which tensile force works 
on an ideal crack. On the other hand, it is thought 
that the fracture process of concrete under uniaxial 
compression is the generation and propagation of 
many microcracks and that several fracture modes 
are mixed. Thus, the theory cannot be applied 
directly to the compressive fracture process of con-
crete. However, it can be applied to research concrete 
strength variation with different moisture content.

On the other hand, according to Young’s equa-
tion, solid-liquid interface energy is equal to the 
difference between solid and liquid surface ener-
gies as given by

γ γ γ θslγγ s lγ γγ−γγ  (2)

where γsl, γs and γl are energy of solid-liquid inter-
face, solid surface and liquid surface respectively, 

θ is contact angle of solid-liquid surface, as shown 
in Figure 1.

It showed that immersed time will influence wet 
concrete strength too. For concrete are anisotropic 
material, it can be assumed that in microscopic 
level, the element strength are different. Under 
external loading, concrete failure will happen at 
the lowest strength. Since the moisture distribu-
tion are not uniform in concrete, which makes the 
surface energy decease are different too. When 
concrete are shrinked in water, the outside contact 
with water and will be saturate very fast, however, 
the diffusion process will last for a long time, which 
makes internal keeps dry and the origin strength. 
Hence, the strength reduction due to water is dif-
ferent in non-saturated concrete, which makes the 
failure mode differ too.

In this paper, a probability model is establish 
to analyze the moisture dependent of concrete 
strength considering the heterogeneity and mois-
ture gradient of concrete.

3 MOISTURE DISTRIBUTION 
IN CONCRETE

3.1 Moisture distribution in concrete

The sorption of pore material like concrete can be 
theoretically described by Darcy’s law. The govern 
equation of the moisture distribution in concrete 
can be expressed as:

∂
∂

= [ ]θ ]]
t

Δ[
 

(3)

where θ is relative moisture content, D is diffusion 
coefficient, which is function of relative moisture 
content θ. For simplification, the problem is ide-
aled as axial symmetries. Then equation can be 
expressed as:

∂
∂

=
∂
∂

∂
∂

⎡
⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

θ θ
t r r

rD
r

1 ( )θθ
 

(4)

Figure 1. Surface energy of solid-liquid surface sche-
matic diagram.
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Since concrete has been completely dried before 
immersed in liquid, it can be regarded that the ini-
tial moisture content is 0 and concrete outer surface 
are completely contacted with water. Hence, the ini-
tial and boundary condition can be showed as:

θ
θ

=
={ 0 0=

1 r R=  
(5)

Researches by Leech showed that can be 
expressed as exponential function or power func-
tion, it can represents water sorption in concrete.

D Dn nD( ) )D e Dn D) ( )) θ nnθ =)D e D( ))0 0DD( )DD e D( =)D e D(  (6)

where D0 and θ are parameters calibrated from 
experiments. The power function are adopted in 
this paper. Because the sorption coefficient are not 
constant, the govern equation are nonlinear par-
tial difference equation, and it is almost impossi-
ble to achieve the theoretical solution. Normally, a 
numerical method in needed to solve the equation.

3.2 Influence of moisture to surface energy

The surface energy of concrete is difficult to 
measure. However, Adolphs (2005) measured the 
surface energy of cement paste at different mois-
ture content with inverse gas chromatography 
method, which is shown as Table 1.

Hence, experiments of Adolphs can be utilized 
to analyze the relationship between moisture con-
tent of strength of cement-based material.

4 INFLUENCE OF MOISTURE CONTENT 
TO CONCRETE STRENGTH

4.1 Introduction of weibull strength model

As is well known, the Weibull distribution has been 
found to successfully describe a large body of brit-
tle materials failure process. It is often supposed 
that a small volume in a brittle material is like a 
chain of many links, and if  any link breaks, then 
the whole material will fail. Based on this weakest-
link principle and an empirical function, the cumu-
lative probability of failure of a brittle material 

subjected to a load s, i.e., the Weibull strength dis-
tribution can be represented as:

F
u

m

( )u exp= − −
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥1

0μ00
 

(7)

where μ0 and m are Weibull parameters. Without 
loss of generality, it is supposed that μ0 = 1 and 
eqa. (7) can be transformed as:

um( )u exp= − −( )1
 

(8)

Under the acting of stress, the failure probabil-
ity of a chain with N links can be expressed as

Φ( )y) N[ ]( )F1 [  
(9)

The strength expectation is:

σ Nσ m NuNN u
m

=
∞

+

−∞

+∞
∫ ∫u Nu

−∞

+∞

−
dm NuNNu em∫Nm=NNuu

 
(10)

Introduce Num = x, Eqa. (10) can be simplified 
as:

σ Nσ mN
m

= +mN ⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−1 1 1/ Γ
 

(11)

where Γ is Gamma Function. When the water grad-
ually diffused into internal concrete, it decrease the 
surface energy of crack and micro element strength 
in concrete.

4.2 Concrete strength with moisture gradient

During the process of moisture diffusion, the mois-
ture content varied with its location. For simplifi-
cation, it is assumed a cylindrosymmetry model. 
Therefore, during the diffusion process, the rela-
tive moisture concrete at the same distance to the 
cylinder centre is the same. The element strength 
reduction coefficient at radius r can be expressed 
as 0 1 0 ≤f r r R≤)r , , the Weibull strength dis-
tribution at radius r can be represented as:

F
u
f

m

′( )u exp= − −
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥1

 

(12)

the failure probability of a chain with N links can 
be expressed as:

Φ′( ) exp u
fiff

m

i

N
= − −

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
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⎤
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∏1
1

 

(13)

Table 1. Surface energy of cement paste under different 
humidity.

Moisture 
content 0 20% 50% 70% 85% 100%

surface energy/
mJ ⋅ m−2

72.17 41.89 31.35 32.49 29.80 28.2
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Eqa. (13) can be simplified as:

Φ′( ) exp u) exp m fiff
m

i

N

( )⎡
⎣

⎤
⎦
⎤⎤∑ −

=1 1

 
(14)

Eqa. (14) can be transform as when N is big 
enough:

Φ′
′

( ) exp u) exp m N( )⎡
⎣

⎤
⎦
⎤⎤1

 
(15)

where

N
N
R

f r rm
R

′ = ∫ )r d
0  

(16)

Suppose r R t g t f RgRdtdtt (t(tt ( /r R):
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(17)

Therefore, if  the element strength reduction 
f(r) is known, the non-saturated concrete strength 
reduction can be achieved with Equ. (17). For satu-
rated concrete, the relative moisture content is 1, 
g(t) = k from Eqa. (17), σ σ′σσN Nσ σσ k/ = .

5 NUMERICAL RESULTS 
AND DISCUSSION

To verify the accurate of difference equation and, 
the water diffusion in cement pasted is solved and 
the results are compared with existing experi-
ments. The parameters used are as following: n = 4, 
D0 = 4.5 mm2/s, x = 225 mm, m = 3.

The moisture distribution in cement pasted is 
showed in Figure 1 along with experiments. The 
moisture content in the experiments is achieved by 
NMR test. It can be seen from Figure 2 that the 
model proposed in this paper can describe mois-
ture content distribution in concrete well.

Figure 3 shows relative moisture distribution 
in concrete at different time. It can be seen from 
Figure 3 that, the relative moisture near concrete sur-
face reach saturate rapidly, however, inner concrete 
still dry, and increasing gradually with moisture dif-
fusion process until it became saturate. If concrete 
immersed in water for more than 14 days, concrete 
will be saturated for inner side to outer side.

Figure 4 shows the relation between immersed 
time and concrete strength reduction along with 
experiments in reference in Li (2004). It can be 
seen from Figure 4 that the results correlate well 
with experiments. The strength of wet concrete 

decreased with water diffusion. At the beginning 
of water contact with concrete, only surface con-
crete and with water diffused into concrete inner, 
its moisture content increased and saturated at 
8∼10 day, concrete strength became stable.

Figure 2. Moisture distribution in concrete.

Figure 3. Water content in concrete with different 
immersed days.

Figure 4. Strength reduction of concrete with different 
immersed days.
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6 CONCLUSIONS

Water immersed into concrete can result in 
decrease of material surface energy, which will 
decrease concrete strength according to Griffith 
fracture mechanics.

By analyzing the mechanism of various influ-
ence factors to concrete strength, it is considered 
that immersion liquid reducing concrete surface 
energy is the main factor causing the wet con-
crete strength decrease. Based on solid diffusion, 
fracture mechanics and statistics strength theory, 
the moisture distribution and compressive strength 
of concrete under different moisture gradient are 
analyzed. The influence parameters on concrete 
strength are also discussed.
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ABSTRACT: In order to master the positioning performance of the Beidou-2 second stage, the 
“5GEO+3IGSO+27MEO” BeiDou global constellation using STK software is simulated. Based on this 
simulation, the satellite visibility and GDOP (Geometric Dilution of Precision) value in some typical 
regions such as Beijing, Wuhan, Sanya, Guam, New York and Victoria Island are systematically analyzed. 
The analysis results are compared with that of GPS, which shows that the numbers of visible satellites 
and the GDOP values of BeiDou-2 second stage are better than that of GPS in these regions, and the 
positioning performance of BeiDou-2 second stage needs to be increased in the high latitude and west 
hemisphere regions.
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positioning performance of BeiDou-2 second stage, 
and give detailed analysis about the comparison of 
BeiDou-2 second stage and GPS in some typical 
regions at home and abroad.

2 THE SIMULATION OF BEIDOU-2 
SECOND STAGE AND GPS 
CONSTELLATIONS

The BeiDou-2 second stage consists of 30 satellites, 
including 5 GEO (Geostationary Orbit)  satellites, 
3 IGSO (Inclined Geosynchronous Orbit) satel-
lites, 27 MEO (Medium Orbit) satellites. GPS 

1 INTRODUCTION

The development of Chinese navigation satellite 
system follows the “three step” strategy, that is, “the 
demonstration system, the regional system, and the 
global system” (Yang et al. 2014). The demonstra-
tion system is also called BeiDou-1 Satellite Naviga-
tion System. The stages of the BeiDou-2 Satellite 
Navigation System construction are divided into 
two stages, namely, the BeiDou-2 first stage (the 
regional navigation system) and the BeiDou-2 sec-
ond stage (the global navigation  system). With the 
launch of the last GEO satellite on  October 25, 
2012, BeiDou-2 first stage had been successfully 
established, which consists of 14 satellites, includ-
ing 5 GEO (Geostationary Orbit) satellites, 5 IGSO 
(Inclined Geosynchronous Orbit) satellites, 4 MEO 
(Medium Orbit) satellites. It is quite important to 
master the characteristic and positioning perform-
ance of the BeiDou-2. Some researchers have done 
a lot of work about the satellite visibility and GDOP 
(Geometric Dilution of Precision) of BeiDou-2 
first stage, which shows that the performance of 
BeiDou-2 first stage in Positioning, Navigation, and 
Timing (PNT) has reached or even exceed the design 
specification (Yang, 2010; Montenbruck et al. 2013; 
Li, 2013). But little work has been done about 
 BeiDou-2 second stage. Here we mainly describe the 

Figure 1. The three-dimensional scene of Beidou-2 
 second stage constellation.
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consists of 24 MEO satellites. The Beidou-2 sec-
ond stage and GPS constellations are constructed 
with the help of STK (Satellite Tool Kit) software. 
Their space three-dimensional scenes are shown in 
 Figure 1 and Figure 2 respectively.

3 THE POSITIONING PERFORMANCE 
COMPARISON OF BEIDOU-2 SECOND 
STAGE AND GPS IN SOME TYPICAL 
REGIONS AT HOM

Parameters used to indicate the positioning per-
formance mainly include the satellite visibility and 
GDOP, which could help us master the position-
ing effect and provide reference for the practical 
application. These can be obtained using “Cover-
age Definition” and “Figure of Merit” modules 
in STK. Assuming the simulation time is from 
12 o′clock 1 May 2014 to 12 o′clock 2 May 2014, 
Beijing (39.55°N, 116.24°E), Wuhan (30.35°N, 
114.17°E) and Sanya (18.14°N, 109.31°E) are cho-
sen as the typical regions at home. Taking  Beijing 
as example, the total numbers of visible Beidou-2 
second stage and GPS satellites are shown in 
 Figure 3 and Figure 4, while the GDOP values 
are shown in Figure 5 and Figure 6 respectively. 
The statistics of visible satellites and GDOP val-
ues of Beidou-2 second stage and GPS are listed in 
Table 1 and Table 2 respectively.

From Table 1 and Figure 2, one could find that 
the visible satellites of Beidou-2 second stage are 
much more than that of GPS, while the GDOP 
value of Beidou-2 second stage is less than that of 
GPS at home.

4 THE POSITIONING PERFORMANCE 
COMPARISON OF BEIDOU-2 SECOND 
STAGE AND GPS IN SOME TYPICAL 
REGIONS AT ABROAD

Assuming the simulation time is from 12 o′clock 1 
May 2014 to 12 o′clock 2 May 2014, Guam (14°N, 

Figure 2. The three-dimensional scene of GPS 
constellation.

Figure 3. Total numbers of visible Beidou-2 second 
stage satellites in Beijing.

Figure 4. Total numbers of visible GPS satellites in 
Beijing.

Figure 5. GDOP values of Beidou-2 second stage in 
Beijing.

Figure 6. GDOP values of GPS in Beijing.
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Table 1. Comparison of total numbers of visible 
 Beidou-2 second stage and GPS satellites at home.

Facilities

Beidou-2 second stage/GPS

Min Max Mean

Beijing 14/7 20/10 17.5/8.5
Wuhan 13/7 19/11 16.8/9
Sanya 16/7 20/11 18.5/9.4

Table 2. Comparison of GDOP values of Beidou-2 sec-
ond stage and GPS at home.

Facilities

Beidou-2 second stage/GPS

Min Max Mean

Beijing 1.09/1.33 1.70/2.94 1.31/1.82
Wuhan 1.25/1.25 2.16/3.00 1.49/1.7
Sanya 1.00/1.32 1.64/2.79 1.25/1.66

Figure 7. Total numbers of visible Beidou-2 second 
stage satellites in New York.

Figure 8. Total numbers of visible GPS satellites in 
New York.

145°E), New York (30.35°N, 114.17°E) and Victo-
ria Island (71°N, 110°W) are chosen as the typical 
regions at abroad. Taking New York as exam-
ple, the total numbers of  visible Beidou-2 second 
stage and GPS satellites are shown in Figure 7 
and Figure 8, while the GDOP values are shown 

in Figure 9 and Figure 10. The statistics of  visible 
satellites and GDOP values of  Beidou-2 second 
stage and GPS are listed in Table 3 and Table 4 
respectively.

From Table 1 and Figure 2, one could find that 
the visible satellites of Beidou-2 second stage are 

Figure 9. GDOP values of Beidou-2 second stage in 
New York.

Figure 10. GDOP values of GPS in New York.

Table 3. Comparison of total numbers of visible Bei-
dou-2 second stage and GPS satellites at abroad.

Facilities

Beidou-2 second stage/GPS

Min Max Mean

Guam 17/8 19/11 17.7/9.6
New York 7/7 12/10 9.8/8.6
Victoria Island 10/7 14/12 11.8/9.5

Table 4. Comparison of GDOP values of Beidou-2 sec-
ond stage and GPS at abroad.

Facilities

Beidou-2 second stage/GPS

Min Max Mean

Guam 1.06/1.31 1.39/2.17 1.21/1.59
New York 1.32/1.33 2.41/2.90 1.66/1.75
Victoria Island 1.35/1.36 2.72/4.70 1.59/2.06
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much more than that of GPS at Guam and Victo-
ria Island and the GDOP value of Beidou-2  second 
stage is a little bigger than that at home.

5 SUMMARY

The visibility and GDOP of BeiDou-2 second stage 
and GPS are analyzed in some important regions, 
such as Wuhan, Beijing, Sanya, Guam, New York 
and Victoria Island using STK. The analysis 
results show that the numbers of visible satellites 
and the GDOP values of BeiDou-2 second stage 
are better than that of GPS in these regions, and 
the positioning performance of BeiDou-2 second 
stage needs to be increased in the high latitude and 
west hemisphere regions.
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Analysis of roof water inrush risk and forecast of the outflow rate 
of 3229 working face in Tianzhu Coal Mine

H. Wang
Institute of Mine Construction, Tiandi Science and Technology Co. Ltd., Beijing, China
Beijing China Coal Mine Engineering Co. Ltd., Beijing, China
National Engineering Laboratory for Deep Shaft Construction Technology in Coal Mine, Beijing, China

ABSTRACT: Analyzing water inrush risk and forecasting outflow rate of each workface is one of the 
important tasks of mine water prevention. 3229 working face in Tianzhu Coal Mine is partial below the 
Jinsha River. There are four aquifers above the 3229 working face, which are strong pore free aquifer of 
Quaternary (Q) alluvium, weak pore free aquifer of Early Cretaceous Hekou Group, weak pore-fissured 
confined aquifer of Late Jurassic Kushuixia Group, and pore-fissured confined aquifer of Middle Jurassic 
Yaojie Group. Therefore, it will be likely that water inrush will take place during the mining process. On 
the basis of fully analyzing the geological and hydrogeological data of mine field, adopting “Up Three 
Zone” Theory of coal seam roof (the caving zone, water flowing fractured zone and bending sinking 
zone), principles of hydrogeology and theory of ground surface strata movement law, and combining the 
research results of ground fissure, roof water inrush risk of 3229 working face was analyzed, and outflow 
rate was forecasted. The results show as follows: (1) Mining 3229 working face will probably lead to the 
extension of surface subsidence area to Jinsha River valley; (2) The maximum height of water flowing 
fractured zone is 107.48 m, so the water of Yaojie Formation aquifer will inrush the mined-out area of the 
working face; (3) The surface crack depth is less than 70 m, so the water of Jinsha River will not rush in 
the mined-out area of the working face; (4) The ordinary outflow rate of the working face is 13.60 m3/h, 
and the maximum outflow rate is 27.20 m3/h. It is proposed that the necessary water prevention and con-
trol measures be taken to ensure the safety in mining the working face.

Keywords: water inrush risk; outflow rate; water flowing fractured zone; ground fissure; open well 
calculation method

damage accident has occurred it will take a long 
time and is very difficult to rescue, and it is very 
difficult to carry out the rescue work, causing huge 
economic losses and extensively negative impact on 
society, and simultaneously bringing about serious 
damage to water and environment resources of the 
mining area [1, 2]. Therefore, before mining work-
ing face, accurate and comprehensive analysis of 
the hydrogeological conditions of the working face, 
analysis of water inrush risk and forecast of out-
flow rate, and taking the necessary prevention and 
measures of controlling water, are of great signifi-
cance to ensure the safety of mining working face.

2 GENERAL OVERVIEW OF TIANZHU 
COAL MINE AND 3229 WORKING FACE

2.1 General overview of tianzhu coal mine

Tianzhu Coal Mine is located in Tanshanling 
Town, Tianzhu Tibetan Autonomous County, 

1 INTRODUCTION

Water damage accident, as one of the major coal 
mine disasters, is prone to cause mass casualty 
accidents. In extraordinarily serious coal-mine 
accidents, water damage is second only to the gas 
outburst/explosion hazard. According to statistics, 
from 2009 to 2013, 5603 accidents have occurred 
at the national coal mines in China, causing 
9488 deaths, among which 174 water damage acci-
dents occurred, causing 793 deaths, accounting for 
3.1% of the total accidents and 8.4% of the total 
deaths, respectively. 64 large water damage acci-
dents have occurred, causing 313 deaths, account-
ing for 15.3% of the total large accidents and 
15.8% of the total deaths, respectively; 23 serious 
or extremely serious water damage accidents have 
occurred, causing 361 deaths, accounting for 24.2% 
of the total serious or extremely serious accidents 
and 18.9% of the total deaths respectively; 12 water 
damage accidents have taken place in working faces, 
accounting for 18.8% of the total. When the water 
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Table 1. Strata lithologies and aquifers dipartitions of S44 borehole.

Stratigraphic unit

Strata no. Thickness (m) Cumulative depth (m) Lithology RemarkSystem Series Group

Quaternary (Q)  1  6.00  6.00 Loess Quaternary aquifer
Creta-ceous (K) Lower (K1) Hekou (K1hk)  2 40.00  46.00 Siltstone Cretaceous aquifer
Jurassic (J) Upper (J3) Kushui-xia (J3k)  3 92.97 138.97 Large grained sandstone Kushuixia group aquifer

 4 24.91 163.88 Gritstone
 5  4.82 168.70 Siltstone
 6  8.27 176.97 Gritstone and fine sandstone interbed

Middle (J2) Xinhe (J2x)  7  5.83 185.80 Siltstone Xinhe group aquifuge
 8 16.71 202.51 Siltstone
 9  9.74 212.25 Fine sandstone
10 41.79 254.04 Siltstone
11  2.28 256.32 Fine sandstone
12 14.87 271.19 Siltstone and fine sandstone interbed
13  2.19 273.38 Fine sandstone
14  2.89 276.27 Marl
15  5.01 281.28 Gritstone
16  3.81 285.09 Siltstone
17  2.71 287.30 Fine sandstone
18  5.21 292.51 Siltstone and middle sandstone interbed

Yaojie (J2y) 19  3.55 296.06 Siltstone Yaojie group aquifer
20 20.59 316.65 Marl
21  5.59 322.24 Mudstone
22 13.67 335.91 Marl
23  8.21 344.12 Mudstone and marl interbed
24  7.56 351.68 Marl
25  1.40 353.08 Mudstone
26  5.74 358.82 Marl
27  6.03 364.85 Oil shale and marl interbed
28  8.16 373.01 Oil shale
29  5.37 378.38 Upper and middle coal seams
30  3.96 382.34 Siltstone
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Gansu Province in Northwest China, about 74 km 
southwest to the county seat (Huazangsi Town). 
Its geographical position is 102°41’E, latitude is 
36°54’N.

According to the data of drilling engineering 
and tunnel engineering outcropping, in the coal-
field, from old to new the formations are thus dis-
tributed: Proterozoic Lower Sinian Maxianshan 
Group(AnZmx), Proterozoic Middle Sinian(Z2), 
Mesozoic Lower Jurassic Daxigou Group(J1dx), 
Mesozoic Middle Jurassic Yaojie Group(J2y) 
and Xinhe Group(J2x), Mesozoic Upper Jurassic 
Kushuixia Group(J3k), Mesozoic Cretaceous(K), 
Cenozoic Quaternary(Q). Among them, Mesozoic 
Middle Jurassic Yaojie Group(J2y) is main coal-
bearing strata (Table 1). Strikes of coal measures 
strata are generally N10∼40°W, of which inclina-
tions are NE, with angles of 9 ∼18; There are four 
coal seams in coal measures strata, of which the 
average total thickness is 9.94 m, including two 
mineable coal seams (Upper and Middle coal 
seams) and one locally-mineable coal seam (Top 
coal seam).

It belongs to continental alpine climate in Tan-
shanling area, with an average annual precipitation 
of 476.6 mm, annual evaporation of 1548.5 mm. 
The rainy season is from June to September, and 
the snowy season is from October to next April. 
The atmospheric precipitation is main source of 
water supply for the mining area. Jinsha River and 
Shajin River are two live streams in the mining 
area. Jinsha River flows into the area from north, 
extending in the north-south direction almost 
threading the entire the mining area.

The strata in mining field is from the top to the 
bottom divided into six aquifers: strong pore free 

aquifer of Quaternary (Q) alluvium, weak pore free 
aquifer of Early Cretaceous Hekou Group, weak 
pore-fissured confined aquifer of Late Jurassic 
Kushuixia Group, pore-fissured confined aquifer 
of Middle Jurassic Yaojie Group, pore-fissured 
confined aquifer of Early Jurassic Daxigou Group 
Lower Member, weak fissured confined aqui-
fer of Early Sinian metamorphic rock. There are 
two aquifuges, aquifuge of Middle Jurassic Xinhe 
Group and aquifuge of Early Jurassic Daxigou 
Group Upper Member.

2.2 General overview of 3229 working face

3229 working face is located in No.3 Mining Area, 
starting from the south spot at the 2060 m general 
return airway, and extending northward to the 
87500 m latitude line. In its west part the 9 m coal 
pillar is set between it and 3227 working face. In 
its east part the minimum horizontal projection 
distance between it and the west boundary Jinsha 
River is approximately 180 m (Fig. 1). The length 
of its return airway is 1378 m, transport roadway 
is 1342 m, with declination width of 140 m, mine-
able strike length is 1340 m. Upper and middle coal 
seams will be mined in the working face. In the min-
ing area, the total thickness of upper and middle 
coal seams is 5.34∼8.80 m, the average is 6.42 m; the 
dip angle is 11∼17°, with the average is 14°; between 
two coal seams there is a rock parting, of which 
the thickness is 0.19∼0.33 m, with the average of 
0.26 m. The elevation of middle coal seam floor is 
2218.75∼2284.92 m, of which the buried depth is 
355.89∼384.84 m (Fig. 2). The thickness of mantle 
soil over the working face is 6.00∼12.00 m, with the 
average of 6.21 m. The direct roof of upper coal 

Figure 1. The geological profile of 16th exploratory line in Tianzhu Coal Mine.
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seam is oil shale, gray-black, with plant fossils frag-
ments and black coal strip, of which the thickness 
is 5.40∼8.54 m, the average is 7.57 m. Direct coal 
floor is siltstone, partial mudstone, its thickness 
is 1.07∼7.06 m, with the average of 4.34 m. The 
working face intends to use fully-mechanized top 
coal caving method. There is no obvious fracture in 
3229 working face and its surrounding.

3 ANALYSIS OF WATER INRUSH RISK 
FROM ROOF DURING MINING THE 
COAL SEAM OF 3229 WORKING FACE

3.1 Forecast of surface subsidence area on the 
side of transporting roadway

After mining the underground coal seam, overbur-
den and floor rocks of mined-out area will move 
because the stress balance is destroyed. With the 
expansion of mined-out area, the scope of rock 
movement will correspondingly increase. When the 
mined-out area expands to a certain range, strata 
movement extends towards ground surface, caus-
ing the movement of the strata of ground surface, 
resulting in the subsidence area. The range of sur-
face subsidence area can be worked out through 

some parameters, such as buried depth of work-
ing face, dip angle of strata, displacement angles 
of bedrock and surface soil, shape and dimen-
sions of working face, and etc (Fig. 3). Near the 
16th exploratory line, the horizontal distance is 
the shortest between transport roadway of 3229 
working face and Jinsha River (Fig. 2), where the 
overburden strata are mainly Jurassic strata, of 
which the coal seams are gently inclined (dip angle 
θ ≤ 35°). According to empirical formula in Fuxin, 
Jiao River, Jixi and Shuangyashan mining areas of 
the reference [3], we selected the minimum value as 
the downhill draw angle of overburden strata of 
3229 working face (Table 2).

Therefore, the horizontal distance of geographi-
cal coverage positions between the east boundary 
of ground subsidence area and transport roadway 
of 3229 working face in 16th exploratory line is 
calculated as follows:

jyh bthjyh cot β ϕhbt chbth+ ot  (1)

where,

l—the horizontal distance between mining bound-
ary of working face and boundary of ground 
subsidence area on the same side, m;

Figure 2. The local excavation engineering chart in Tianzhu Coal Mine.
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hjy—the thickness of overburden bedrock of work-
ing face, m;

hbt—the thickness of overburden surface soil of 
working face, m;

β—the downhill draw angle of overburden bed-
rock of working face, (°);

ϕ—the draw angle of overburden surface soil of 
working face, (°).

On cross section of 16th exploratory line (Fig. 1), 
we looked on the outside floor of transport roadway 
of 3229 working face as punch mark, and drew a ray 
as 63.8° downhill draw angle, the node of the ray 
and bedrock surface is just below the valley of Jinsha 
River. On this basis, we could more accurately calcu-
late the east boundary position of ground subsidence 
area of 3229 working face in the 16th exploratory line. 
From Figure 1, we could know that the east bound-
ary of ground subsidence area in the 16th explora-
tory line is close to Jinsha River, and thickness of 
Quaternary mantle soil near the ground subsidence 
area boundary is about 6.0 m, where the bedrock 
surface elevation is about 2590 m, and the bottom 
elevation of middle coal seam at transport roadway 
of 3229 working face in the 16th  exploratory line is 
about 2220 m. In addition, according to the refer-
ence [3], taking the draw angle of overburden surface 
soil ϕ = 40, we calculated as follow:

(2590 2220) cot63.8° 6 cot 40°
189.21 (m)
189.21 180  9.21 (m)

= (2590 2220) cot63.8° 62220) cot63.8° 6
=

180180

jy btcotl h t= cotjy cotcot β ϕcotbth

This means that the ground subsidence area of 
3229 working face entered the Jinsha River valley 
about 9 m, therefore, we must analyze the risk that 
Jinsha River water rushes in the 3229 working face.

3.2 Calculating the height of water flowing 
fractured zone

Lithology of overburden strata of 3229 working 
face is mainly sandstone, secondly marl, on the 
whole, belongs to hard stratum. According to the 
reference [4], the height of water flowing fractured 
zone could be calculated as follow:

H
M

MliH =
100∑
∑ +

±
1 2 2 0

8 9
.M. ∑ +2 2

.  (2)

Or

H MliH +M∑30 10  (3)

where,

Hli—the height of water flowing fractured zone, m;
M∑ —cumulative mining thickness, m.

The M∑ = 8 80.  and n = 1 are substituted into for-
mula (2),(3) respectively, results are as follow:

H
M

MliH =
+

+

×
×

+ =

∑
∑

100
1 2 2 0

8 9

100 8 80
1 2 8 80 2+ 0

8 9

. .M +∑2 2
.

.
. .×2 8 .

.= 78.06 (m)

(Note: Given safety, the “+” value was selected 
from formula (2).)
Or

H MliH +M = =∑30 10 30 8 80 1+ 0. 98.99 (m)

In addition, Wu Qiang, a professor of China 
University of Mining and Technology (Beijing) 
[1] (2013) combined the measured results of recent 
scientific research projects and documents, collect-
ing the measured data over 40 working faces by 
fully-mechanized top coal caving mining technol-
ogy in “two zones” (caving zone height measured 
values, water flowing fractured zone), and using the 
methods of mathematical statistics and regression 

Table 2. Downhill draw angle calculation results of 
overlying strata of 3229 working face.

Mining area

Downhill draw angle β (°)

Empirical
formula

While dip angle 
of strata θ  = 14°

Fuxin β = 83 – 0.9θ 70.4
Jiaohe β = 75 – 0.8θ 63.8
Jixi β = 78 – 0.7θ 68.2
Shuangyashan β = 75 – 0.3θ 73.8

Figure 3. The diagram of surface subsidence area range 
after mining gently dipping coal seam.
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analysis, to have obtained the calculation formula 
for the height of water flowing fractured zone under 
medium hard overburden strata by fully-mechanized 
top coal caving mining technology (mining and cav-
ing height is 3.5∼12.0 m), namely:

H
M

liH = ±
100

0 26 6M 88
11 49

. .26 6M
.  (4)

where, M—thickness of coal seam, m.
The M = 8.80 is substituted into formula (4), 

and the result is as follows:

H
M

liH = +

=
×

+
+ =

100
0 26 6M + 88

11 49

100 8 80
0 26 8× 80 6 88

11 49

. .26 6M +
.

.
. .26 8× .

. 107.48 (m)44

(Note: Given safety, the “+” value was selected 
from formula (4).)

Compared with above-mentioned three Hli val-
ues, we took the maximum Hli = 107.48 m.

In addition, according to the design method 
of  safety waterproof  coal rock pillar of  mining 
coal seam around water, the aim of  setting safety 
waterproof  coal rock pillar is to keep the water 
flowing fractured zone from spreading to water 
body; therefore, its vertical height should be 
greater than or equal to the sum of  the maximum 
height of  water flowing fractured zone(Hli) and 
the thickness of  the protective layer(Hb) (Fig. 4), 
namely:

Hsh ≥ Hli + Hb (5)

where,

Hsh—vertical height of safety waterproof coal rock 
pillar, m;

Hli—the maximum height of water flowing frac-
tured zone, m;

Hb—the thickness of the protective layer, m.

Currently, there is rarely the study on setting pro-
tective layer thickness of the roof bedrock aquifer. 
Therefore, we referred to the Table 6–4 of reference 
[4], and selected the maximum value of protective 
layer under hard overburden rocks, namely:

Hb = 7A (6)

Thus, we could get:

Hsh ≥ Hli + Hb = 107.48 + 7 × 8.80 = 169.08 (m)

By the above calculation and referring to Table 1, 
we could see that after mining the 3229 working face, 
its water flowing fractured zone will penetrate the 
roof oil shale stratum, oil shale and marl interbed-
ded strata (the total thickness is 14.19 m), and pen-
etrate the roof Yaojie group aquifer (the thickness 
between its roof and upper coal seam roof is 80.5 
m), Hsh is less than the thickness between the floor of 
Kushuixia group aquifer and the roof of upper coal 
seam (196.04 m). Therefore, during mining the 3229 
working face, the water of Yaojie group aquifers will 
flow into the working face, of which the outflow 
rate should be forecast, and the necessary measures 
for prevention and control of roof water should be 
taken; it is very unlikely for the water of Kushuixia 
group aquifer to flow into the working face.

3.3 Forecast of the depth of ground fissure

Mining subsidence causes nonuniform settlement 
and horizontal movement of the ground surface, 
leading to ground fissures in part area of the sub-
sidence basin [5]. As one of geological hazards, 
ground fissure is widespread in many countries all 
over the world. Its occurrence frequency and disas-
ter scale are aggregating year by year, graduating 
into a major regional geological hazard. It not only 
causes direct catastrophic damage to all types of 
construction engineering, transportation facilities, 
urban lifeline engineering and land resources, but 
also may lead to a series of serious eco-environmen-
tal problems [6]. In China, ground fissures are also 
quite serious, especially in Shanxi, Shaanxi, Inner 
Mongolia, Jilin, Liaoning, Henan, Shandong, 
Anhui and other coal-producing provinces. In coal 
mines, the ground fissures even have led to collapse 
of surface water into the underground mine, caus-
ing water inrush accidents, e.g., at 18:00 on August 
16 and 23:00 on August 31, 1995, two water inrush 
accidents took place in No.2 Mining District 
of Wangjiashan Coal Mine in half  a month, the 
causes of both incidents were attributed to heavy 

Figure 4. The sketch of setting waterproof coal (rock) 
pillar while outcrop of gently dipping coal seam contact-
ing with strong watery stratum in loose stratum.
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rainfalls. The rain water affluxed from Shigou 
Ditch formed debris flow, which flowed into the 
underground mine through the ground fissures of 
mined-out area and submerged about 2400 m-long 
roadway of three levels (i.e. 1600 m level, 1650 m 
level, 1700 m level) in No.2 Mining District, caus-
ing a disastrous accident that claimed eight lives 
[7]. Based on considering the serious harm of the 
ground fissure, many experts in China respectively 
have carried out in-depth studies on the ground fis-
sure disasters in coal mines by the methods of the-
oretical analysis, numerical simulation, similarity 
simulation, field measurement, and etc [5, 7–13]. 
The results showed that: the widths of ground fis-
sures are generally 0.01∼2.0 m; depths of ground 
fissures are generally 1.0∼5.0 m, and even up to 30 
∼ 70 m in small number of mines.

Quaternary loosen stratum covers the ground 
surface of 3229 working face, of which the thick-
ness 6.0∼12.0 m. Considering 3229 working face 
belongs to thin loosen stratum and thick bedrock 
covered working face, the depth of its ground fissure 
was selected from the maximum value of the above 
research results (i.e. 70 m). Referring to Table 1, we 
knew that after mining 3229 working face, ground 
fissure would only penetrate Cretaceous aquifer, 
and extend 18 m deeper into the large-grained 
sandstone stratum of the upper part of Kushuixia 
group aquifer (thickness 92.97 m), it would not 
join water flowing fractured zone, in other words, 
the surface water (including stream water of Jinsha 
River), and Cretaceous aquifer water will unlikely 
flow into the 3229 working face.

4 FORECAST OUTFLOW RATE 
OF 3229 WORKING FACE

There are many methods in forecasting the outflow 
rate of mine pit, including the analogue method 
(water content coefficient method, mine specific 
capacity analogue method, correlation analysis 
method, etc.), Q = f (s) curve extrapolation method, 
analytical method (open well calculation method, 
horizontal gallery method), water resource balance 
method, numerical method, and etc [14]. Com-
prehensively considering the control degree of 
hydrology geological conditions and the applicable 
conditions of each forecasting method in reference 
[14], we used open well (confined water converting 
unconfined water complete well) calculation method 
to forecast the outflow rate of 3229 working face.

Under the condition of confined water convert-
ing unconfined water complete well:

Q
M h

R r
=

M1 366
2

0 0R rR r
. ( )H MM2

lg l
K  (7)

where,

Q—outflow of water, m3/d;
K—coefficient of permeability, m/d;
H—height of water column, m;
h—water column height between dynamic level 

and negative confining bed, m;
M—height of aquifer, m;
r0—radius of the “open well” (r F0rr /π// ), m;
R0—influence radius of  the “open well” (R0 = 

r0 + 100), m.

During the course of mining the 3229 work-
ing face, the threat of water damage will be 
mainly from the overlying Yaojie group aquifer 
(J2y). According to the Yaojie Group aquifer (J2y) 
pumping test results of S13 borehole in reference 
[15], permeability coefficient of Yaojie Group 
aquifer is 9.29 × 10−4 m/d, confined water level is 
322.07 m higher than middle coal seam roof, there-
fore, normal outflow rate of 3229 working face 
(Qnor) could be calculated as follows:

Q K
M h

R rnorQQ

=

1 366

1 366 9 29 10
07 6

2

0 0R rR r
4

( )H M2
lg l

. .366 9
( .2 322

× 9 299

×
−07.322

−

666 66 31
1340 140

3 14
100 1340 140

3 14

. )31 .

lg
.

lg
.

× +
⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
− ×

= 326.43 ( m /d) 13.60 (m /h)3 3/d) 13 60 (m=

According to the experience in mining working 
face of production level (2240 m level), we could 
calculate the maximum outflow rate of 3229 work-
ing face as follows:

Qmax = μQnor

where, μ is the spare coefficient maximum outflow 
rate, generally it is 2.

Thus, there is:

Qmax = 2Qnor  = 2 × 13.60 = 27.20 (m3/h)

5 CONCLUSIONS

1. The ground subsidence area will extend east-
ward, to the stream valley of Jinsha River after 
mining the 3229 working face.

2. The maximum development height of water 
flowing fractured zone will be 107.48 m; the 
depth of ground fissure will be less than 70 m. 
In mining the working face, the threat of water 
damage will be mainly from the overlying 
Yaojie group aquifer (J2y), while the water of 
other overlying aquifers and Jinsha River will 
unlikely flow into the 3229 working face.

ICCAHE15_Book.indb   831ICCAHE15_Book.indb   831 11/17/2015   6:34:48 AM11/17/2015   6:34:48 AM

  



832

3. It is forecasted that the normal outflow rate of 
3229 working face is 13.60 m3/h in mining proc-
ess; and the maximum is 27.20 m3/h.
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Prediction research on the hazardous extent of volcano secondary 
debris flow in Changbai Mountains based on simulation of FLOW3D

Xiao Tong, Peihua Xu, Guang Li, Mo Zhang, Pengfei Li & Zhanling Chen
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ABSTRACT: The Tianchi Volcano in Changbai Mountains is one of the few extant active volcanoes 
of our country. Researching on the hazardous extent of volcano secondary debris flow aims at offering 
scientific references to the prediction and prevention of geologic hazards in Changbai Mountain. Based 
on the parameters obtained from field geological investigation and indoor simulation experiment, this 
paper applied FLOW3D, a numerical stimulation software of fluid dynamics, to simulate the developing 
process of 0.5 trillion cubic meters debris flow of volcanoes in Changbai Mountains. The predicted results 
show that the maximum packing length of the debris flow is approximately 42 km, with the distance of 
8 km from Erdao-baihe town during the 1800s simulated time; however, after the end of the simulation, 
part of the debris flow still has the velocity, only with the lower velocity and smaller scope, which will not 
produce much influence on the living and production of the Erdao-baihe area.

Keywords: Tianchi volcano in Changbai Mountain; secondary volcano debris flow; FLOW3D; the 
maximum hazardous extent; numerical simulation

 During the following 30 years, geologists from dif-
ferent countries made a further research and study 
towards the material composition, formation, 
accumulation pattern, scope of influence as well as 
prevention measures of secondary volcano debris 
flow[5]. Although the domestic research had a late 
start toward the secondary volcano debris flow, a 
large number of scholars make joint efforts and made 
much achievement. For nearly 20 years from the late 
20th century, geologists such as Liu Xiang, Wei Hai-
quan, Sun Ping, and Nie Baofeng made research to 
the composition characteristics, source reserve, topo-
graphic condition, and distribution regularity of vol-
cano debris flow in the Changbai Mountain area[6–7].

It designs and simulates the developing proc-
ess of secondary volcano debris flow in Tianchi 
volcano of Changbai Mountain so as to acquire 
the velocity in the motion process of debris flow 
and the distribution of section height as well as the 
influence scope, which could be the scientific refer-
ences for disaster prevention and reduction.

2 MODEL BUILDING BASED ON FLOW3D

2.1 Grid partitioning of model area

The model building data derives from  topographic 
map of scale 1:100,000 and imports to FLOW-3D 
software through Gocad software. After the 
consideration of computer memory and  operational 

1 INTRODUCTION

Locating in the northeastern part of Ji Lin Province 
of China, and being the frontier between China and 
North Korea, Changbai Mountains is a renowned 
active volcano which is likely to erupt[1]. As a nature 
reserve and tourist resort, Changbai Mountains is 
famous in home and abroad for its unique volcanic 
landform and entire ecosystem as well as mag-
nificent natural landscape[2]. However, debris flow 
disaster happens frequently in this area because 
of the special geological environment and weather 
condition. Among different types of debris flow 
in this area, secondary debris flow induced by vol-
canic disaster receives much concern for its prompt 
destructiveness. Volcano erupts again and produces 
water in the volcanic lakes spewing or the high tem-
perature, and this melts the ice and snow in the sum-
mit of volcano into a large amount of water which 
mixes the loose deposits previously erupted, then 
under the effect of gravity they flow fast downward 
along the ravine or hillside forming a special kind of 
debris flow, which causes a fatal harm to the build-
ings and residents in the area of coverage[3].

Foreign scholars gain the understanding and con-
duct research concerning the secondary debris flow 
much earlier, such as Yokoyam, Blong who studied 
and defined the secondary volcano debris flow as 
a kind of volcano geological hazards as early as in 
the middle and late periods of the 20th century[4]. 
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capability, simulation area is finally confirmed 
to be integrated with the previous research result 
(as shown in Fig. 1).

The scope in this model is roughly to the south 
of 55,000 m and about 34,000 wide of waterfall in 
the Tianchi Lake area of Changbai Mountains. 
The simulated area is divided into 13 subregions to 
make network processing. There are 4,984,048 cells 
whose scale is 80 m * 80 m * 25 m, and the number 
of the active cells is 2,739,392. We can get the three-
dimensional model in Figure 2 after the calcula-
tion has been done by FAVOR and VOF numerical 
method in FLOW3D, and the approximate location 
of Baishilazi natural reserve and Erdaobaihetown 
can be seen in the figure. Direction of the X-axis is 
east, the Y-axis positive direction is north, and the 
Z-axis is the vertical upward direction.

2.2 Setting of boundary condition

There are 10 species of boundary conditions in 
FLOW3D; the boundary assignment in this simu-
lation will be shown in Table 1.

2.3 Debris flow viscous coefficient value

Based on the consulting literature, we learnt that 
when the proportion of the solid particles in the debris flow is small, the viscous increase in the mix-

ture is not large[8]. Assuming that solid particles in 
debris flow is non-viscous spherical particles, the 
distance between the particles is large enough 
and there is no interaction between the particles, 
the relative viscosity coefficient can be calculated 
according to equation (1). When there is interac-
tion between the particles, we need to amend equa-
tion (1). Based on analyzing and summarizing a lot 
of literature, Thomas proposed the amendments to 
the formula, which is now known as equation (2).

μr = 1 +2.5Sv (1)

The μr in equation (1) is the ratio of the viscosity 
coefficient of viscosity and fluid at the same tem-
perature, Sv is the volume concentration of solid 
particles.

μr v vSv A YBSvYY Y= +S1 2+ 5 1S 0 0 2. v5Sv expvSSS  (2)

Lian Banghui provides that A = 0.00237, B = 16.6. 
So, we set the viscous coefficient as 0.00274.

2.4 Some assumptions in the simulation

Due to the lack of detailed records of overflow 
location caused by volcanic eruption, the water 
head height and the duration of the water spill of 
Changbai Mountain. So, this article can only com-
bine with the existing domestic and international 
research and experience and assume that:

Figure 1. Mesh subdivision of the calculation model.

Figure 2. Three-dimensional model based on FAVOR.

Table 1. Boundary conditions at different small zones.

Zone Xmin Xmax Ymin Ymax Zmin Zmax

 1 O C S C W S
 2 C O S C W S
 3 O C S C W S
 4 C O S C W S
 5 O O C C W S
 6 O O C C W S
 7 O O C C W S
 8 O O C C W S
 9 O O C C W S
10 O C C C W S
11 O O C C W S
12 O O C O W S
13 C C P C W S

Notice: C is the continuative boundary, O is the outflow 
boundary, P is the pressure boundary, S is the symmetry 
boundary, W is the wall boundary. Xmin is the minimum 
value in the X direction, Xmax is the maximum value in the 
X direction. Ymin is the minimum value in the Y direction, 
Ymax is the maximum value in the Y direction. Zmin is the 
minimum value in the Z direction, Zmax is the maximum 
value in the Z direction.
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1. All water in crater lake comes from the waterfall 
mouth of Tianchi.

2. The total volume of the water flow from Tianchi 
and loose accumulational materials on the slope 
is 5 hundred millions cubic meter.

3. The debris flow is relatively and evenly fluid and 
it ignores the movement of loose rock.

3 SIMULATION RESULTS AND ANALYSIS

3.1 Simulation results

After building the model, analog computation 
began, producing volume of fluid variable curve, 
which is shown as following Figure 3.

It can be revealed from the figure that the model 
total water has increased significantly in the period 
from 0 to 190 seconds resulting from volcanic erup-
tion, while water level has a dramatic fall and total 
water decreases after 190 seconds, and the water 
volume after the curve tending to be steady is water 
outflow (roughly 0.5 billion m3), which accords 
with experiment research. After analog computa-
tion, 3-dimensional images of section height distri-
bution and velocity of debris flow in 1800 seconds 
have been acquired, and the author selects the typi-
cal timing to analyze.

It can be seen from Figure 4 that debris flow 
has a down-slope movement within 50 seconds of 
volcano eruption from waterfall mouth of Tianchi 
northern slope. Affected by the landform and topog-
raphy in the vicinity of waterfall mouth, debris flow 
is not confined to due north, but it is divided into 
two flow channels: the mainstream flows along the 
north by east with depth 200 m and flow velocity 
increasing from 30 m per second to 100 m per sec-
ond, whereas the tributary volume is smaller with 
only around ten meter in the first 50 seconds. Due 
to steep slopes, the early velocity amounts to 50 m 
per second, increasing rapidly to 100 m per second, 
and flows along downward north by west.

It can be seen from Figure 5 above, the main-
stream flushes downslope in the form of a thin 
strip within the period from 50 seconds to 300 sec-
onds combined with slower deposit velocity and 
decreased flow velocity followed by increasing 
one, which illustrates that this section of slop has 
experienced some fluctuation. The leading edge of 

Figure 3. Alternation curve of flow total volume.

Figure 4. Section depths and section velocity of debris 
flow at the 50 seconds.

Figure 5. Section depths and section velocity of debris 
flow at the 300 seconds.

debris flow presents an obvious fan shaped spread, 
and the flow velocity of debris flow in sections 6 
and 7 keep at around 100 m per second accompa-
nied by the relatively small pile thickness of this 
section, which illustrates that this section is the 
steepest. After the 100 seconds of the tributary, the 
fluid runs out of the model with about 10 meters 
per second deposit velocity. Considering the slower 
flow velocity compared with the mainstream, the 
estimated amount of loss is small.

After the time of 1800 seconds, which is shown 
as Figure 6, the debris flow remains certain flow 
velocity and continues to run only with pretty 
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shallow depth and slow flow velocity. Considering 
the restrictions of computer memory and other 
objective factors, the simulation has ended. Within 
the period of 1800 seconds simulation, the maxi-
mum deposit length of debris flow is around 42 km 
with an approximately 8 km to Erdaobaihe town. 
At the end of simulation, part of debris flow still 
has certain velocity to flow, which will not exert 
significant impact on producing and living condi-
tion of the Erdaobaihe residents considering the 
slow velocity and small scale compared with origi-
nal debris flow condition. The simulation analysis 
results have guiding influence on the prevention 
and control as well as study of flow debris.

3.2 Result analysis

Throughout the entire process of debris flow in the 
model from happening to basic static condition, 
water depth is the deepest in the Tianchi mouth 
and gradually decreases downward while rebounds 
when arriving at grid 9, which illustrates that this 
section is low-lying area with the capacity to store 
part of the fluid. In terms of the flow velocity, the 
tributary is generally faster than the mainstream, 
which demonstrates the steeper terrain of the tribu-
tary. The mainstream mean velocity reaches its peak 
at over 100 m per second at grids 6 and 7, which 
illustrates big altitude difference and steep slope, 
and the debris flow velocity increases considerably 
under the effect of gravity. However, due to the 
restrictions of computer configuration, memory 
and computational capabilities, the elaborate model 
has not been built and current model featured by 
larger unit size and coarse could not manifest the 
flow in detail, so there may be some errors.

The purpose of this simulation is to quantitatively 
estimate the maximum scope of debris flow influ-
ence downward Tianchi As is shown in  Figure 7, 
the leading edge of debris flow could reach as far 
as 4.2 km in the simulation time 1800 seconds 
with 0.5 billion debris flow. However, at the end 

of simulation, the debris flow has still developed 
to a certain degree. The population of the region 
is mainly inhabited in Erdaobaihe town, which is 
5 km to Tianchi mouth. According to the experi-
ence, the scope of debris flow influence under such 
situation would not reach Erdaobaihe town nor 
has it any significant influence on it.

4 CONCLUSION

According to the conclusion above, we can see that 
the secondary debris flow in Changbai Mountains 
has certain threat even in a small volume of fluid; 
moreover, when the debris flow occurs, the danger 
is greater than the simulation in this paper. So, we 
should adopt a comprehensive method to the pre-
vention and treatment of secondary debris flow 
in Changbai Mountains[9]. As long as we all work 
together, act according to circumstances, make 
effective defense plans and adopt scientific meas-
ures to prevent the debris flow disasters, we will 
overcome this disaster by all means and protect 
our lives and property and the ecological environ-
ment from more serious violations.
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Research trend on the prediction of coal and gas outburst
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ABSTRACT: This thesis analyzed the development trend of the coal and gas outburst. It introduces some 
new methods, such as acoustic emission, electromagnetic radiation, microseism technique, dynamic indica-
tors of gas emission, and so on, which predict coal and gas outburst, and meanwhile, this thesis analyzes 
both the advantages and disadvantages of these methods. Also it sums up the widely used non-linear theories 
at present in the prediction of the coal and gas outburst, such as, computer simulation, fuzzy mathematics, 
gray system, neural network technique, expert system, and fractal analysis. Finally based on the analyses 
above, this thesis foresees the research trend of the field of prediction of coal and gas outburst.

Keywords: coal and gas outburst; prediction; acoustic emission

use in the coal mine and it has made some achieve-
ments in the rock burst monitoring. In the early 
1980s, Australia exploited a dual-channel AE out-
burst forecasting system; AE outburst forecasting 
system was tested from 1983 to 1987 in the Cyn-
heidre South Wales Coal Mine in British; however, 
there were no outburst in the course of the trial. 
Other countries like the United States, Germany, 
Japan, and Poland have some study in this area. 
The former Soviet Union predicts the outburst 
of coal and gas by recording the number of pulse 
noise and extends it to Donbas coal field. China’s 
studies begin lately and apply less. Pingdingshan 
Mining Bureau introduced an AE monitoring sys-
tem from Russia, and made an application to the 
study of coal and gas outburst. Chongqing Insti-
tute of China Coal Research Institute (CQCCRI) 
produced acoustic emission monitoring systems 
and applied it to Pingdingshan mining area dur-
ing 9th Five-Year Plan. Xi’an Institute of China 
Coal Research Institute (XACCRI) also devel-
oped MJY-1-AE real-time monitoring system, and 
initiated a local experiment in the 10th Mine of 
Pingdingshan coal mine[1].

Although the AE technique can assess effec-
tively and continuously the outburst fatalness of 
coal edge, but there are many shortcomings, mainly 
because both equipment structure and receive and 
switch of the signals are complicated, what is more, 
it requires that piezoelectric sensors and coal wall 
can be a good coupling, in fact, which is very dif-
ficult. However, with the introduction of large 
capacity, high-speed computer systems and the 
development of the acoustic receive technological, 
maybe by using AE technique, outburst forecast 
will get some breakthrough.

1 INTRODUCTION

Coal and gas outburst is one of the most serious 
natural disasters in mine. It is a complex dynamics 
phenomenon and badly threatens to the safety of 
production of coal. The purpose and significance 
of coal and gas outburst forecast is to provide a 
scientific basis for taking reasonable and effec-
tive measures to reduce outburst, to reduce the 
anti-outburst engineering and time, to ensure the 
normal process of mining and production, and to 
protect underground life and property from dan-
ger. For a long time, many scholars both from the 
domestic and the foreign make a lot of work and 
achieved in some extent on coal and gas outburst 
principle and the fatalness of outburst. With the 
rising of the modern mathematics, physical theory 
and high technology in other fields, coal and gas 
outburst forecast also gets its new advancement.

2 NEW PREDICTION TECHNIQUES 
OF COAL AND GAS OUTBURST

2.1 Acoustic emission

There are a lot of defects such as cracks in inter-
nal coal and rock. Coal and rock deformation and 
damage result in fracture, expansion, and trans-
fixion. Research shows that the production and 
expansion of cracks will generate energy radiation 
in the form of elastic waves, which is AE. AE tech-
nology can locate the source of rupture. In the early 
1940s, the United States was on the use of acous-
tic emission technology for monitoring the metal 
mine rock burst. With the application of computer 
technology, AE technology gets a more extensive 
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2.2 Electromagnetic radiation

Like other materials, coal rock is made of tens of 
thousands of elementary particles such as atoms of 
electron. When coal rock suffers from deformation 
and fracture load, electron and other electronic 
particles change velocity and release electromag-
netic radiation, which is called Electromagnetic 
radiation. The study of rock electromagnetic 
radiation starts when chun-worker discovers the 
electromagnetic anomaly before the earthquake. 
China and the former Soviet Union launched ear-
lier in this field than other countries, then Japan, 
Greece, the United States, Sweden, Germany, and 
other countries also did research in this area. After 
more than 10-year deep research on electromag-
netic radiation, which happens under the circum-
stances of loaded coal rock and desorption flow 
of gas, China University of Mining discovers that 
basically the electromagnetic radiation signal dis-
plays the trend of gradually strengthening during 
the deformation of loaded coal rock (that the coal 
and rock containing the deformation and fracture 
process, for a gradual strengthening of trend). The 
fundamental purpose of electromagnetic radiation 
technology study is to forecast the earthquakes 
and other disasters, which satisfactorily succeed in 
earthquake prediction. The current use of electro-
magnetic radiation, to forecast Dynamic disaster 
in coal rock, set off  the study upsurge.

Electromagnetic radiation prediction  technology 
is a complete non-contact monitoring method. 
This method is feasible and will not be influenced 
by artificial work and the asymmetry and instabil-
ity of working face, do not drill, and works simply 
but it requires high level of the testing equipment 
performance.

2.3 Seismic technology

Research shows that there is rupture and shock in 
the process of destruction of the coal and rock, and 
shake waves or acoustic waves are emitted from the 
shake source. Maybe coal will be destructed sud-
denly, and outburst, when the intensity and fre-
quency of the shock waves or sound waves reach 
certain values. The shock waves inside coal and rock 
can be received by the detection equipment (for 
example, underground sound receiver and shock 
wave receiver) installed in coal, and can be recorded 
after enlarging. And then we can predict fatalness 
of outburst through the analysis on the data.

Research shows that outburst is caused by a 
series of fracture, and abnormal Seismic radiation 
produced before fracture 5–45 min, so the Seismic 
radiation has luciferous prospects as a kind of 
forecasting methods, but the data monitoring and 
filtering need to be improved. Since the beginning 
of the 1970s, the U.S. mining bureau has studied 

coal seam structure damage through the standard 
Seismic technology. At the same time, they adopt 
ultrasonic monitoring technology to monitor the 
energy of noise in rock.

2.4 Dynamic gas emission targets

V30 is the ratio of gas release quantity and coal 
drop quantity in 30 minutes after blasting of 
the excavate working face. The critical value in 
 Germany is 40 percent of the gas content that 
can be desorption. Fushun Institute of China 
Coal Research Institute’s study on Beipiao bureau 
shows that the critical value of outburst is 9 m3/t. 
Chongqing Institute of China Coal Research Insti-
tute’s study on Beijiao coal mine of Furong mining 
Bureau shows that there is outburst risk in front of 
working face about 2∼5 m when the V30 ≥ 9 m3/t or 
the change coefficient of Gas Emission KV ≥ 0.7. 
At present, for casting outburst by V30 or ΔQ has 
not been promoted to a large area.

In fact, the real forecast technology of gas 
emission is a kind of technology based on the 
 relation between gas emission situation detected 
by  Environment Monitoring System’s continuous 
monitor and coal and gas outburst, so the real 
monitoring system is the key to exact forecast.

3 NEW METHOD OF COAL AND 
GAS OUTBURST FORECAST

3.1 Computer simulation

Mine is a complex engineering project. Many prob-
lems of mining work is very difficult to answer, and 
it will produce a greater engineering error accord-
ing to contrast. The application of computer simu-
lation technology in the works of mine gives a new 
start in mine engineering technology. Computer 
simulation in the progress of mining, simulation 
of the roadway stress distribution, simulation of 
the stability of tailings dam, and other examples 
show that numerical simulation technology has 
become an important tool for mining projects. As 
an advanced productive force to promote the min-
ing engineering technology, computer simulation 
technology is rising.

3.2 Fuzzy math

Fuzzy math theory, first proposed by the U.S. 
cybernetics expert LAZadeh, is the important 
means to express and deal with imprecise data and 
ambiguous information. Many scholars  domestic 
and abroad quantitatively evaluate the mine geo-
logical changes, the occurrence of gas and the 
 danger of the gas disaster by using fuzzy evalua-
tion theory combined with statistical methods.
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Through analyzing the complexity of the inher-
ent mechanism of coal and gas outburst, and the 
inaccurate relationship between the outburst fac-
tors and the outburst itself, we can give the right 
express and treatment to the inaccurate infor-
mation and relation under the help of the fuzzy 
theory and technique. The treatment means turns 
from the traditional ones based on the experience 
and analogy to the practice of mathematics and 
science[2–3].

3.3 Gray system theory

Gray System Theory is a new theory proposed by 
Professor Deng Julong[4]. Coal and gas outburst 
forecast parameters are fuzzy, randomness, which 
are the factors of the gray system theory. We can 
apply gray correlation analysis to quantitatively 
deal with coal and gas outburst factors in the 
design of the gray factors. Through the gray cor-
relation analysis, we can analyze the main factors 
by putting aside the complicated ones, which has 
some significance to promote the accuracy of the 
outburst forecast.

Gray cluster method has some advantages, such 
as dynamic forecasts. This method will consider a 
number of factors by the numbers, which affect the 
outburst heavy, it jumps out of the conventional 
forecasting methods which only rely on a single 
indicator to predict, so it can improve the forecast 
accuracy. The result shows that it is a new method 
to accurately reflect the laws of the coal and gas 
outburst in the mine.

3.4 Neural networks

Neural Networks is another important branch of 
the science of artificial intelligence, which develops 
fast in late 1980s of the 20th century. Besides its 
strong vitality in pattern recognition, treatment and 
control of nonlinear dynamics, and other areas, it 
shows a good applicable effect in the forecast, the 
evaluation and so on. In recent years, fuzzy neural 
network technology, which is represented by the BP 
neural network model that is auto-adaptive to out-
burst intensity forecast gets notable achievements 
in the coal and gas outburst forecast field.

Coal and gas outburst is a complex phenom-
enon of nonlinear dynamics, and has a complex 
non-linear relationship with the factors causing 
the outburst. The current prediction methods are 
not effective, because it cannot accurately reflect 
objective mathematics relationship between the 
dependent variable and independent variable. 
To accurately reflect this relationship, we must 
adopt a more suitable way. Artificial neural net-
work technology can achieve this better: what has 
been proven is that artificial neural network can 

in any precision approach any arbitrary complex 
 functions, if  there is a hidden layer. It is a approxi-
mation model of common function[5]. Therefore, 
artificial neural network can more accurately 
reflect the mathematical relations between the coal 
and gas outburst and its factors, so as to predict 
the risk of outburst more accurately.

3.5 Expert system forecasts the outburst

Expert System is a computer program which simu-
lates a human expert to solve the problem by using 
knowledge and experience of a human. UPEL 
expert system in British Coal Company can be 
used to forecast the danger of coal and gas out-
burst during the course of underground mining[6]. 
The Chinese Academy of Sciences Institute of 
Geology is also developing an expert system GAS-
BURST to forecast the outburst. According to its 
users’ information about the mine geological struc-
ture, underground water, gas, drilling dust, stress 
and the information providing the outburst events, 
this system can mark the the danger area and the 
danger zone of the outburst, predict the trend of 
the development of the criticality according to the 
mining depth. It can also froecast the the location 
of the outburst, display the location of the danger 
area of the outburst and the underground location 
of the outburst, and meanwhile show the relation-
ship among the different outburst on the computer 
screen.

3.6 Fractal theory

Fractal geometry, as a theoretical tool and method 
for studying the nonlinear problems, has been widely 
used in the coal industry in recent years. Dr Fu 
Boxue carried out some fractal research in coal res-
ervoir pores and cracks system, and analyzes the 
relationship among the fractal dimension, the coal 
pores, cracks, coal development, and the degree of 
degeneration, which provides a more precise way to 
evaluate the coalbed methane adsorption and des-
orption, the proliferation of seepage, coal and gas 
outburst prediction and the effective penetration 
rate estimate. Shao-Lin Lu and other researchers 
do some research in the outburst coal on the size 
of fractal, and the result shows that: outburst coal 
fractal characteristics cannot only give a quantitative 
description on outburst coal’s ability to resist out-
side devastating forces and recognize the differences 
between the outburst coal and non-outburst coal 
from the aspect of media’s mechanical behavior, but 
also comprehensively evaluate coal’s ability to absorb 
and give out the gas. In addition, the fractal geom-
etry is widely applied in analyzing the complexity of 
the network faults and the distribution characteris-
tics in the region of the coal and gas outburst.
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4 CONCLUSION

With the development of high technology in vari-
ous fields, such as acoustic emission technology, 
electromagnetic radiation monitoring technology, 
Seismic technology, gas emission dynamic indica-
tors, which all depend on the advanced monitoring 
technology, develops fast; although these technolo-
gies in practice need to be further improved, yet it 
is promising.

Inherent mechanism of coal and gas outburst is 
extremely complicated. The relevant laws between 
the influence factors of outburst and the outburst 
itself  are not accurate and clear. The application 
of the traditional forecasting technique, which is 
based on the experience and the statistical forecast-
ing methods based on mathematical modeling, is 
restrained badly. Presently, some advanced theoret-
ical methods, such as computer simulation, fuzzy 
math theory, gray system theory, neural network, 
expert systems, fractal theory, and the theory of 
nonlinear[7–10], have been applied in the quantitative 
evaluation and analysis of coal and gas outburst, 
and get some achievements.
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ABSTRACT: This paper analyzes the features and significance of steel reinforced recycled aggregate 
concrete based on reading lots of documents. The analysis shows that steel reinforced recycled aggregate 
concrete is a new type of structure form can meet the requirements of bearing capacity, but also has 
significant environmental, economic, and social benefits. Research on the fire resistance of steel rein-
forced recycled aggregate concrete is the precondition of its wide application. It has important research 
significance.
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can be divided into recycled aggregate concrete, 
recycled aggregate, and recycled aggregate mor-
tar block. The recycled concrete technology can 
realize the re-processing of  waste concrete, to 
restore the original performance, and form the 
new building materials products. Thus, it not 
only can make the limited resources be reused, 
but also to solve some environmental problems, 
and achieve the sustainable development of  the 
construction industry.

Because of the differences between the physi-
cal properties of recycled aggregate and natural 
aggregate, there is a certain difference in mechani-
cal properties between the recycled concrete and 
normal concrete. The cube, prism compressive 
strength, and elastic modulus of recycled concrete 
is lower than that of ordinary concrete. The peak 
strain is higher than that of ordinary concrete, the 
ultimate strain lower than that of ordinary con-
crete [4].

In addition, studies have shown that after heated 
to 300°C, the residual compressive strength of 
recycled concrete has increased, and the recycled 
concrete replacement rate is high, the more 
obvious upward trend. It has obvious decline to 
500°C. The reason for this phenomenon may be 
that the surface of recycled coarse aggregate is 
rough, and it makes the interface between recycled 
coarse aggregate and cement strengthen when they 
are in contact, so that the high-temperature low-
impact compressive strength of recycled aggregate 
concrete [5].

1 INTRODUCTION

In recent years, domestic and foreign scholars on 
steel have systematically researched the structural 
performance of recycled concrete composite and 
made a lot of achievements [1–3]. Along with the 
research and engineering application, studying 
the fire resistance performance of concrete struc-
ture of recycled steel is becoming more and more 
urgent. In this paper, on the basis of the reading 
of vast amount of literature, we deeply analyzed 
the characteristics and research significance of the 
steel reinforced recycled aggregate concrete.

2 THE CHARACTERISTICS OF 
STEEL REINFORCED RECYCLED 
AGGREGATE CONCRETE

2.1 The characteristics of reinforced 
recycled concrete

Recycled aggregate is aggregate of  the waste con-
crete after crushing, washing, grading, and result-
ing from the interaction of  aggregate by certain 
proportion. And the use of  recycled aggregates as 
part or all of  the concrete aggregate is known as 
recycled aggregate concrete, recycled concrete for 
short. According to the size, the recycled aggre-
gate can be divided into recycled coarse aggre-
gate and recycled fine aggregate; according to the 
source it can be divided into road construction 
and recycled aggregate; according to the use, it 
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2.2 The characteristics of steel reinforced 
recycled aggregate concrete

Steel reinforced recycled aggregate concrete is an 
independent structure of steel combined with recy-
cled concrete. Its core part is steel, and its external 
for recycled concrete and with the right amount 
of longitudinal are bounded by pushing for rein-
forcement and the stirrup. The internal steel parts 
and outsourcing of reinforced concrete formed a 
whole, namely steel reinforced recycled aggregate 
concrete. Steel can not only take more load, pro-
vide large deformation ability, at the same time it 
constrains the formation of concrete at the core. 
The compression of concrete in a three-way state 
greatly improves the strength and deformation 
properties of recycled concrete. Steel reinforced 
recycled aggregate concrete is also used as recycled 
concrete to reduce construction waste, improve 
the urban environment, save the characteristics 
of the economy. So the steel reinforced recycled 
aggregate concrete structure has become a kind of 
structure system with ecological significance.

3 THE SIGNIFICANCE 
OF THE RESEARCH

3.1 The significance of the research 
of recycled concrete

A large number of construction waste increased 
due to the increased rate of urban construction 
and frequent earthquakes and other natural dis-
asters, as shown in Figure 1. According to statis-
tics, the number of building demolition waste and 
construction waste of most countries in the world 
accounts for about 30%∼40% of the total munici-
pal waste. And the waste concrete containing large 
aggregates. If  they could be reasonably recycling, 
production of recycled concrete used in the new 
building, not only can reduce the cost, save natural 
resources, alleviate the contradiction between sup-
ply and demand of aggregate, but also reduce the 
environmental pollution of waste concrete. And it 
is an important part of the sustainable develop-
ment strategy. Therefore, how to make full, effi-
cient, economical utilization of construction waste, 
especially the waste concrete in many countries has 
become a topic of common research.

At the same time, China’s construction industry 
is developing vigorously, the thickness of aggre-
gate demand is very big, but will increase along 
with the development in the future. For such a big 
consumption, the earth’s natural aggregate native 
thickness will be exhausted, so, seeking to substi-
tute for natural aggregate is very important from 
the perspective of resources reasonable develop-
ment use and sustainable development.

The application of recycled concrete, solves the 
problems of construction waste pollution problem 
and the lack of natural aggregate, has significant 
economic benefits, social benefits, and environ-
mental benefits.

3.2 The research significance of the fire

The fire is the loss of control in time and space the 
disaster caused by burning. Fire can be divided into 
building fires, forest fires, traffic fire, and so on. The 
building fires occur frequently, causing casualties 
and major property damage because of the number 
of people and valuables at the scene of the fire; 
combustible variety; ignition source high frequency; 
limited space; and prone to secondary disasters. Not 
only that, but also building fire cause air pollution, 
destruct the ecological environment, and after fire 
waste has caused environmental pollution.

In recent years, with the increasing scale and 
the growing number of buildings, fire frequency 
increased. Shanghai Yuyao road Jiaozhou road 
teacher’s apartment fire, Hongkong Garden Street 
in Mong Kok fire, Tianjin Jixian County building 
fire, Jilin Baoyuanfeng poultry company major 
fire accident, and Yunnan Shangri-La County 
dukezong fire, causing casualties and significant 
property damage.

Figure 1. A large number of abandoned concrete dem-
olition and earthquake disaster.
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Recently, our country has undergone sev-
eral major fire accidents. In January 5, 2015, in 
Changzhou City, the building of Changzhou Ming-
tai textile printing and dyeing Co. Ltd. Caught fire 
killing 3 construction workers; in January 3, 2015, 
the national key cultural relics protection units Dali 
Gongcheng saw building fires, Gongcheng floor 
basically burned; in January 2, 2015, Hal Hama 
Kuraku fire caused collapse, causing 5 fire fighters’ 
lives to be sacrificed along with 14 people. More 
than 2000 people were injured, 549 households, 
and part of the street merchants were affected.

Through the research on fire resistance of struc-
tures, we can effectively prevent fire by a local col-
lapse and the overall collapse caused by the fire 
and personnel evacuation difficult and serious 
casualties. And it can provide important techni-
cal guidance for the repair and reinforcement of 
structure after fire, reduce the cost of repairing 
structure after fire, shorten the functional recov-
ery after a disaster, and indirectly reduce economic 
losses caused by the fire. Therefore, the structure 
fire resistance design is very necessary.

4 CONCLUSION

In summary, steel reinforced recycled aggregate 
concrete can not only meet the requirements of 
bearing capacity, but also has significant environ-
mental, economic, and social benefits. Research on 
the fire resistance of steel reinforced recycled aggre-
gate concrete is the precondition of its wide appli-
cation. It has important research significance.
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ABSTRACT: Based on the Brinson’s constitutive model of Shape Memory Alloys (SMA), and com-
bined with the lame formula of thick wall cylinder, we deduced a simplified constitutive model for SMA 
pipe coupling. Using MATLAB software to compile executable program, we used this program to carry 
on the numerical simulation for the SMA coupling structure. The results show that under the condition of 
the other factors are fixed, firstly, the radial compressive stress between the SMA pipe joint and the con-
nected pipe increases with the increase of wall thickness of SMA pipe joint; secondly, the radial compres-
sive stress decreases with the increase of hole enlargement rate of SMA pipe coupling; lastly, the radial 
compressive stress decrease with the increase of diameter of connected pipe.
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of the increasing temperature, the radius of the 
joint becomes narrow. At last the joint and pipeline 
connected together tightly.

This paper, using the Brinson’s constitutive 
model derived previously, and combined with the 
lame formula of thick wall cylinder, we deduced 
simplified constitutive model for SMA pipe cou-
pling to simulate the structure of SMA fittings, to 
study the effect of different factors to the fasten-
ing force (radial compressive stress) between SMA 
joint and pipeline.

2 BRINSON’S MODEL FOR SMAS

Brinson [1] divided the martensite fraction into 
two parts ξT and ξS, where ξT represents the frac-
tion of material that is purely temperature-induced 
martensite with multiple variants and ξS denotes 
the fraction of the material that has been trans-
formed, or oriented, by stress into a single marten-
site variant, the constitutive relation of SMA can 
be expressed as:

σ σ ξ ξ ε ξ ξ

ξ ξ

=σ +ε

−
0 0σ ξ ε ξξ=σ 0ε

0 0ξ ξξ 0

Dε −D ε Sξ

Sξ

(ξξξξξξξ (ξξξξξξ (ξξ

(ξξξ(ξ ( )0T T− 0

Ω

Θξ +ξ 0ξξξξΩ(ξξξξξξ  (1)

2.1 Conversion to detwinned martensite

For T > Ms and σ σsσσ crσσ M s fσ crσσ MC S CM+ C <S +( )sT MT
( )s

1 INTRODUCTION

Serious corrosion problems existed in oil and gas 
pipelines, which lead to huge economic losses. 
The great part of corrosion existed in the joints 
of pipeline, which is because the original pipe 
connected by welding, this method needs high 
technical requirements, and the welding itself  has 
many defects. NiTi Shape Memory Alloys (NiTi 
SMA) have excellent shape memory properties, so 
it was applied earliest in military aircraft hydrau-
lic pipeline connection. Now it has been widely 
used in aerospace and other fields of pipe connec-
tion. Iron base Shape Memory Alloys (Fe SMA) 
has many advantages, such as high strength, high 
restored deformation, and good property of cor-
rosion resistance. Its phase transition temperature 
Ms is near the room temperature. In addition to 
the above advantages, the alloy of Fe SMA is easy 
to process and its price is cheaper than NiTi SMA. 
Due to the above advantages, this alloy is widely 
used in pipeline connection in the field of petro-
leum, chemical industry, and so on.

The Fe SMA pipeline joints are easy to keep at 
room temperature, due to its inverse phase tran-
sition temperature is above room temperature. 
Because the inner diameter of pipe joint is smaller 
than the outer diameter of connected pipe, the 
joint diameter expands in room temperature, then 
the joint can be set on the outside of the connected 
pipe. And then to heat the pipe joint, the SMA 
joint is induced the shape memory effect because 

ICCAHE15_Book.indb   845ICCAHE15_Book.indb   845 11/17/2015   6:34:58 AM11/17/2015   6:34:58 AM



846

ξ ξ π
σ σ

σ

ξ

sξ sξ

sσσ crσσ fσ crσσ f
cr

M

sξ

S Cσ fσ crσσ M=
− σ fσ ( )sT Ms( )⎧

⎨
⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩
⎨⎨
⎩⎩
⎨⎨⎨⎨

⎫
⎬
⎫⎫
⎬⎬
⎫⎫⎫⎫

⎭
⎬⎬
⎭⎭
⎬⎬⎬⎬

+
+

1
2

1
2

0

0

cos F

 (2)

ξ ξ ξ
ξ

ξ ξT Tξ ξξ ξ Tξξ

sξ s sξ ξξ−ξTξξ
−0

0

0
01

( )ξ ξsξ ξξ 0  (3)

For T < Ms and σ σ σsσσ crσσ fσ crσσ< <σ

ξ ξ π
σ σ

σ ξ
sξ sξ

sσσ crσσ fσ crσσ fσS=
−

−( )⎧
⎨
⎧⎧
⎨⎨
⎩
⎨⎨
⎩⎩
⎨⎨⎨⎨

⎫
⎬
⎫⎫
⎬⎬
⎭
⎬⎬
⎭⎭
⎬⎬⎬⎬ +

+1
2

1
2

0ξsξ0 π σ crσσS( )⎧
⎨
⎧⎧
⎨⎨
⎧⎧⎧⎧ ⎫

⎬
⎫⎫
⎬⎬
⎫⎫⎫⎫ +

+1cos  (4)

ξ ξ ξ
ξ

ξ ξ ξT Tξ ξξ ξ Tξξ

sξ s sξ ξξ T−ξTξξ
−

+0
0

0
01

( )ξ ξsξ ξξ ξsξ 0 Δ  (5)

where, if  Mf <T < Ms and T < To

ΔT
T

ξ
ξT=

− ( )MaM ( )fT M f− +⎡
⎣
⎡⎡ ⎤

⎦
⎤⎤1

2
10 cos

else

2.2 Conversion to autenite

C CA fC A sC( )T AfT ( )T AsAAA CAC (TTσ

For and ΔTξ = 0

ξ ξ
= − −

⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎣⎣
⎢⎢
⎣⎣⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
⎥⎥
⎦⎦⎦⎦

+
⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

⎫
⎬
⎪⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

0ξξ
2

1cos a T
⎛
⎜
⎛⎛

A
S

CA s⎝⎝⎝
T

⎝⎜⎝⎝
A

AC
 (6)

ξ ξ ξ
ξ

ξ ξs sξ ξξ sξ
−ξ 0

0

0ξξ 0ξξ( )ξ ξξξξ  (7)

ξ ξ ξ
ξ

ξ ξT Tξ ξξ ξ Tξξ
−ξTξξ 0

0

0ξξ 0ξξ( )ξ ξξξξ  (8)

T AsA

3 STRESS STATE BETWEEN PIPELINE 
AND SMA PIPE JOINT

By the elastic-plastic theory, the stress state between 
pipeline and SMA joint meet the thick wall cylin-
der problem of plane axisymmetric problem [2]. 
Because of the austenitic phase transformation, the 
connected pipe limits the shape recovery of SMA 
joint, so the SMA joint can produce restore stress. 
The recovery stress provides the hoop stress σθ  in the 
pipe joint system. And then the radial compressive 
stress σ r  produced in the pipeline and SMA joint 
P2, the connected pipes thus produced fastening 

force P2, and the connected pipelines and SMA 
joint connected together tightly. The stress analysis 
of pipe coupling structure is shown in Figure 1.

According to the lame formula, we can get 
the relationship of hoop stress, radial stress, and 
fastening force in the connected pipelines just as 
 follows [3]:
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Can also get the relationship of hoop stress, 
radial stress, and fastening force in the connected 
pipelines just as follows:
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By above formula can deduce the expressions 
of  radial stress and fastening force using hoop 
stress:
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Figure 1. Stress analysis of pipe coupling system.
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4 NUMERICAL SIMULATION AND 
CALCULATION ANALYSIS

The radius of SMA joint in parent phase is smaller 
than the radius of connected pipes, expanding the 
diameter under low temperature, in this process, 
the twin martensite transformation to detwined 
martensite by the external force, then heating the 
SMA joint, the joint wants to restore the radius 
before expanded. But the recovery is limited by 
the connected pipes, so the SMA joint produce 
large recovery force. Write the MATLAB program 
according to the relevant transformation formulas 
in the reference (1) and formula (13)–(14), to simu-
late the structure of SMA pipe coupling, analy-
sis the relationships of fastening force and hole 
enlargement ratio, wall thickness of pipe, and the 
radius of connected pipe.

The parameter of SMA joint as follows: 
moduli Da = 67000Mpa, Dm = 26300Mpa, trans-
formation temperature Mf = −9 °C, Ms = 0 °C, 
As = 80 °C, Af = 250 °C, transformation constants 
CM = 8 MPa/°C, CA = 13.8 MPa/°C, σ sσ crσσ  = 100Mpa,
σ fσ cr = 170Mpa. The sizes of connected pipe are 
Ra = 34 mm, Rb = 42 mm respectively. Here 
assume that the connected pipe is rigid, and the 
radius is fixed.

Example 1: chose the expanding rate of SMA 
joint from 0.022 to 0.13, the thickness of SMA joint 
is 12 mm, and the outer radius of connected pipe 
is 42 mm. The results are shown in Figure 2, know 
from the curve that the radial pressure decreases 
from 108.7 Mpa to 41.3 Mpa. This is mainly 
because the deformation of SMA joint increases 
with the increase of hole enlargement ratio, which 
lowered the recovery stress of SMA pipe joint. So 
in practical application, while increase the rate of 
hole enlargement can convenience construction, it 
will also reduce the recovery stress of SMA pipe 
joint, and affect the values of fastening force.

Figure 2. Relationship between radial pressure and 
expanding rate.

Figure 3. The relationship between radial pressure and 
wall thickness.

Figure 4. Relationship between radial pressure and 
outer radius of connected pipe.

Example 2: If  the wall thickness of SMA joint is 
from 2 mm to 20 mm, the expanding rate of SMA 
joint is 3%, and the outer radius of connected pipe 
is 42 mm. The results are shown in Figure 3, know 
from the curve that the radial pressure increases 
from 17.1 Mpa to 136.7 Mpa. According to the 
formula (11), when the tangential stress is fixed, the 
radial compressive stress changed as the change of 
wall thickness of SMA pipe joint.

Example 3: chose outer radius of connected pipe 
from 42 mm to 62 mm, the expanding rate is 3%, 
and wall thickness of SMA joint is 12 mm. The 
results are shown in Figure 4, know from the curve 
that the radial pressure decreases from 94.0 Mpa 
to 66.9 Mpa.

5 CONCLUSIONS

Based on the Brinson’s constitutive model of Shape 
Memory Alloys (SMA), combined with the state 
of stress distribution between the pipe and pipe 
joint, get a simplified constitutive model, which fit 
the SMA pipe coupling structure. Use this consti-
tutive model to simulate the stress distribution dur-
ing the process of heating up, system discuss the 
 relationship between the radial compressive stress 
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and various influencing factors. The simulation 
results show the radial compressive stress increase 
with the increase of wall thickness of SMA pipe 
joint, and the radial compressive stress decrease 
with the increase of hole enlargement ratio of 
SMA pipe joint and outer radius of connected 
pipe. Therefore, according to the practical engi-
neering, selecting suitable thickness of SMA pipe 
wall, hole enlargement ratio, and outer radius of 
connected pipe, to achieve optimal results.

ACKNOWLEDGMENTS

This work was financially supported by the Youth 
Foundation of National Natural Science (51308357) 
and the Science and Technology  Planning Project 

of ministry of housing and urban-rural develop-
ment (2013-K2-38).

REFERENCES

[1]  L.C. Brinson. One-dimensional constitutive behav-
ior of shape memory alloy: thermo-mechanical 
derivation with non-constant material functions and 
redefined martensite internal variable [J]. Journal of 
Intelligent Material Systems and Structures, 1993, 4 
(2): 229–242.

[2]  Yin X.Q, Gao B.D, Mi X.J. Numerical Simulation 
of Radial Pressures for TiNiNb Pipe-Couplings 
[J],  Chinese Journal of Rare Metals, 2008, 32(5): 
579–583.

[3]  Xu B.Y, Liu X.S. Application of Elastic-plastic 
mechanics [M]. Beijing: Tsinghua university Press, 
1995, 183.

ICCAHE15_Book.indb   848ICCAHE15_Book.indb   848 11/17/2015   6:35:02 AM11/17/2015   6:35:02 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1177%2F1045389X9300400213
http://www.crcnetbase.com/action/showLinks?crossref=10.1177%2F1045389X9300400213


849

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Evaluation on thermal stress distribution of a cable-stayed footbridge 
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ABSTRACT: The thermal stress distribution of a cable-stayed footbridge is investigated in this study 
through numerical computation. With appropriate assumption, the temperature field of the footbridge is 
simplified and divided into several components. Fine finite element models are constructed for the deck 
plate, bridge section, and bridge tower to calculate the structural thermal stress distribution. The made 
observations demonstrate that the temperature induced stresses of the footbridge is substantially large, 
which should be taken in consideration in the maintenance process.
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large, which should be taken in consideration in 
the maintenance process.

2 DESCRIPTION OF THE CABLE-
STAYED FOOTBRIDGE

A cable-stayed footbridge constructed in China is 
taken as the example to examine the thermal stress 

1 INTRODUCTION

To be a kind of important traffic infrastructures, 
footbridges are widely-constructed and applied 
across the world for the last hundreds years. Foot-
bridges are in the open air and inevitably subjected 
to daily, seasonal and yearly environmental thermal 
effects. Variations of temperature in footbridge 
components will cause movements due to indeter-
minacy and non-uniform distribution of tempera-
ture, which may induce the non-uniform thermal 
stress distribution. It is frequently reported that 
many footbridges across the world are damaged due 
to the thermal stress effects. The thermal behaviour 
of bridges has been investigated more than two 
decades. Zuk investigated the thermal behaviour of 
several highway bridges and found that the temper-
ature distribution was affected by air temperature, 
wind, humidity, intensity of solar radiation and 
material type. Capps measured temperature and 
longitudinal movements of a steel box bridge in the 
UK. Early studies in the field include Priesley, and 
Churchward and Sokai among others.

The thermal stress distribution of a cable-stayed 
footbridge is investigated in this study through 
numerical computation. With appropriate assump-
tion, the temperature field of the footbridge is sim-
plified and divided into several components. Fine 
finite element models are constructed for the deck 
plate, bridge section, and bridge tower to calculate 
the structural thermal stress distribution. The made 
observations demonstrate that the temperature 
induced stresses of the footbridge is substantially 

Figure 1. Plan view of the footbridge.

Figure 2. Elevation view of the footbridge.
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distribution through numerical computation. The 
elevation view and plane view of the footbridge 
are displayed in Figures 1 and 2, respectively. It 
is seen that the footbridge has a single tower and 
eight stayed cables. The main span is constructed 
by using steel box girder while the south part of the 
footbridges is fabricated using concrete piers. The 
main span is 45 m and the total length of the foot-
bridge is 88.25 m. The height of the tower is 24.5 m 
above from the ground. Displayed in Figure 3 is 
the cross section of the box beam in the main span. 
The width and thickness of the bridge deck are 
7.0 m and 0.7 m, respectively.

3 THERMAL EFFECT ANALYSIS

3.1 Solar radiation

The flow of heat in a solid is governed by the well-
known Fourier partial differential equation. For 
the footbridge under the solar radiation, it can be 
assumed that thermal variation in the direction of 
the longitudinal axis is normally not significant. 
Consequently, the temperature field T of  a bridge 
cross section at any time t can be expressed by a 
two-dimensional heat flow equation as

k
T
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T

y
c

T
t

∂
∂

+
∂
∂

⎛

⎝⎜
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⎝⎝

⎞

⎠⎟
⎞⎞
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=

∂
∂

2

2

2

2 ρcc
 

(1)

in which x and y are Cartesian coordinates, k is 
the isotropic thermal conductivity coefficient, ρ is 
the density of material, and c is the specific heat 
of the material.

For a bridge subjected to solar radiation, the 
thermal energy transferred between the bridge sur-
face and environment consists of convection qc, 
thermal irradiation qr, and solar radiation qs. The 
rate of heat transfer by convection qc is associated 
with the movement of the air particles. It depends 
on the convection heat transfer coefficient hc and 
difference between the air temperature Ta and the 
bridge surface temperature Ts as

q hc chh a sh ( )T Ta sT TT TT  (2)

The heat transfer between the bridge surface and 
the surrounding environment due to thermal irra-
diation can be expressed in a quasi-linear form as

q hr rhh a sh ( )T Ta sT TT TT  (3)

where hr is radiation heat transfer coefficient. The 
rate of heat absorbed by the bridge surface due to 
solar radiation qs is

q Is II  (4)

where α (0 < α < 1) is absorptivity coefficient of 
the surface material; I is solar radiation including 
direct solar radiation, diffuse solar radiation, and 
reflected solar radiation on a surface, respectively. 
Then, the temperature variations of the footbridge 
can be computed with the aids of the finite element 
method. After that, the temperature variations of 
the footbridge can be taken as the thermal loading 
acting on the footbridge to compute the structural 
thermal effects, such as displacement and stress 
distribution.

Figure 3. Cross section of the box beam in the main span.

Figure 4. Longitudinal section of the box beam in the main span.
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3.2 Thermal stress

The displacement of the footbridge can be 
expressed as

u Na  (5)

where u is the displacement of a certain place; 
a is the displacement vector, N is the matrix of the 
shape function.

The stress vector σ can be expressed as

σσσσ = ⎡⎣⎡⎡ ⎤⎦⎤⎤

=
σ σ σ τ τ τx yσσ z xσσ y yττx z zτ x

T

T T

,σ yσ ,τ xτ yx

( )T ( )TD D( )− T −(D==)T  (6)

εεεε = ⎡⎣⎡⎡ ⎤⎦⎤⎤ε ε ε γ γ γx yεε z xε γε y yγγx z zγ x
T

,εyε ,γ xγ yx  
(7)

εεεεT
T= [ ]T T TT T TTT TT TTT TTTTTTTTT  (8)

where ε is the stress vector; εT is the strain induced 
by temperature variation; D is the elastic matrix. 
υ is the passion ratio; αT is the thermal expansion 
coefficient; T is the temperature change; E is the 
Young’s modulus.

The force equivalent equation of footbridge 
under thermal loading can be expressed as

Ka f= Tff  (9)

where K is the entire stiffness matrix of the foot-
bridge; fT is the thermal loading of the footbridge 
which can be expressed as the sum of thermal load-
ing of each element

f fT Tf ff f i

i

ne

=
∑

1  
(10)

f B DTff
i

i
T

T
v

dv∫ εεεε
 

(11)

where Bi is the strain-displacement matrix of the 
ith element.

4 FINITE ELEMENT MODEL

The finite element model of the cable-stayed foot-
bridge is established by using the commercial pack-
age ANSYS as shown in Figure 5. The cables of the 
footbridge are simulated by using the link elements 
while the steel box girder is simulated by using shell 
elements. The two concrete piers are modeled by 
using three dimensional beam elements. The tower 
is fabricated using steel plate and is also simu-
lated by using shell63 elements. The deck, tower 
and cable are constructed by using steel and the 

pier is constructed by using concrete. The Young’s 
moduli of the steel and concrete material are 210 
and 25 GPa, respectively. The densities of the steel 
and concrete material are se7900 and 2500 kg/m3, 
respectively. The basic material parameters are 
listed in Table 1. In the thermal effects analysis, 
the reference temperature of the footbridge is sup-
posed as the 10°C. Two loading scenarios are taken 
into consideration, namely the temperature of the 
bridge increased by 10°C (case No. 1) and 20°C 
(case No. 2) in the summer, respectively.

It is well-known that there exists some sag for 
the fixed cable subjected to self-weight. The axial 
stiffness of the cable may be affected by the sag, 
which can be modified based on Ernst expression:

EeqE
E

AE
T

=
+1

12

2

2
( )wl

 

(12)

In which: E is the Young’s modulus of the mate-
rial, A is the cross-section area of the cable, T is 
the tension force of the cable, w is the weight of 
the cable per meter; l is the projected length of the 
cable on horizontal plane.

5 STRESS DISTRIBUTION

Displayed in Figures 6 and 7 are the contours of 
the footbridge for the 10°C and 20°C temperature 
increase, respectively. Listed in Table 1 are the 
stresses of some typical nodes.

Figure 5. Finite element model of the cable-stayed 
footbridge.

Table 1. Material properties of the cable-stayed bridge.

Young’s modulus 
(GPa)

Density
(kg/m3)

Deck and tower 210 7900
Cable 210 7900
Pier  25 2500
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and −137 MPa, respectively. The made observa-
tions demonstrate that the peak tensile stress and 
pressure stress of the bridge in the z direction 
SZ are 34.1 MPa and −41.0 MPa, respectively. It 
is well know that the 10°C temperature increase 
in the summer for a single day is very common 
and even larger. Therefore, it is expected that the 
thermal stress of the footbridge in a whole day 
can reach more than 100 MPa and even more. 
These observations should be taken in considera-
tion in the maintenance process.

Figure 6. Nodal stress contour of  the footbridge 
(case No. 1).

Figure 7. Nodal stress contour of the footbridge 
(case No. 2).

The made observations demonstrate that the 
peak tensile stress and pressure stress of the bridge 
in the x direction SX are 44.2 MPa and −52.7 MPa, 
respectively. The made observations demonstrate 
that the peak tensile stress and pressure stress 
of the bridge in the y direction SY are 54.5 MPa 
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6 CONCLUSIONS

The thermal stress distribution of a cable-stayed 
footbridge is examined in this study through 
numerical simulation. The finite element model of 
the cable-stayed footbridge is established with the 
aiding of the commercial package. The reference 
temperature of the footbridge is supposed as the 
10°C and the temperature of the bridge is assumed 
to increase by 10°C to simulate the solar radia-
tion effects in the summer. The made observations 
demonstrate that the temperature induced stresses 
of the footbridge is substantially large, which 
should be taken in consideration in the mainte-
nance process.
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Investigation on dynamic properties of a steel-concrete composite 
cable-stayed footbridge

Xia Fei
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ABSTRACT: Footbridges are inevitably subjected to environmental effects, such as wind, traffic induced 
vibration, human activities and temperature variations. The investigation on the dynamic characteristics 
of the footbridges is of much importance and is a direct and crucial approach to reflect the structural 
dynamics responses and assess the structural performance. To this end, a cable-stayed footbridge is taken 
as a real example to investigate properties of the natural frequency and the mode shapes through finite 
element analysis in this study. The deck, tower and cable are simulated by using the shell element, beam 
element and cable element, respectively. The mass matrix of the cable is the lumped mass matrix. The axial 
stiffness of the cable affected by the sag is modified based on the Ernst expression. The made observation 
indicate that the dynamic properties of the steel-concrete composite cable-stayed footbridge are different 
to those of the common long span cable-stayed bridge.

Keywords: natural frequency; mode shape; footbridge; dynamic property

vertical vibration of the deck. The third one is the 
first order torsional rotation of the deck. These 
observations are different to those of the common 
long span cable-stayed bridge.

2 DESCRIPTION OF THE CABLE-STAYED 
FOOTBRIDGE

A cable-stayed footbridge constructed in China 
is taken as the example to examine the structural 

1 INTRODUCTION

Footbridges are inevitably subjected to environ-
mental effects, such as wind, traffic induced vibra-
tion, human activities and temperature variations. 
The environmental effects may induce the excessive 
vibration of the footbridges. Vibration of foot-
bridges induced by human activities has been fre-
quently observed across the world. It is well-known 
that if  the lower natural frequencies are close to the 
frequency of the human activities, resonance of the 
footbridge can be expected. Therefore, the investi-
gation on the dynamic characteristics of the foot-
bridges is of much importance and is a direct and 
crucial approach to reflect the structural dynamics 
responses and assess the structural performance.

To this end, a cable-stayed footbridge is taken 
as a real example to investigate properties of the 
natural frequency and the mode shapes through 
finite element analysis in this study. The deck, 
tower and cable are simulated by using the shell 
element, beam element and cable element, respec-
tively. The stiffness and mass matrices of the deck 
and tower are constructed by using the finite ele-
ment method. The stiffness matrix of the cable is 
the combination of the linear stiffness matrix and 
nonlinear stiffness matrix. The mass matrix of the 
cable is the lumped mass matrix. The axial stiff-
ness of the cable affected by the sag is modified 
based on the Ernst expression. The made observa-
tion indicate that the first mode shape is the lateral 
vibration of tower. The second mode shape is the 

Figure 1. Plan view of the footbridge.

Figure 2. Elevation view of the footbridge.
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 adopting shell elements, beam elements and cable 
elements. The element stiffness and mass matri-
ces in the global coordinate system (GCS) are 
expressed as

K T K Te aT T
e aT( )m ( )m ( )m ( )m  (1)

M T M Te aT T
e aT( )m ( )m ( )m ( )m  (2)

where Ke
( )m  is the element stiffness matrix in the 

local coordinate system (LCS); Ke
( )m  is the  element 

stiffness matrix in the GCS; Me
( )em  is the element 

mass matrix in the LCS; Me
( )
;
m  is the element stiff-

ness matrix in the GCS; TaT( )m  is the transform 
matrix.

After determining the element stiffness and 
mass matrices in the global coordinate system, 
one can construct the position matrix of  elements 
Tc

(m) following the FEM connection information 
of  each element under both local and global 
coordinate systems. Thus, the global stiffness and 
mass matrices of  the footbridge can be formed 
to establish the three dimensional finite element 
model

Figure 3. Cross section of the box beam in the main span.

Figure 4. Plane view of the bridge deck in the main span.

dynamic characteristics through the finite element 
analysis.

The elevation view and plane view of the foot-
bridge are displayed in Figures 1 and 2, respec-
tively. The cross section of the box beam and the 
plane view of the bridge deck in the main span 
are displayed in Figures 3 and 4, respectively. It is 
seen that this is a cable-stayed footbridge with sin-
gle tower and eight stayed cables. The main span 
is constructed by using steel box girder while the 
south part of the footbridges is fabricated using 
two concrete piers. The main span of the footbridge 
is 45 m and the total length of the footbridge is 
88.25 m. The height of the tower is 24.5 m above 
from the ground. Displayed in Figure 3 is the cross 
section of the box beam in the main span, respec-
tively. The width and thickness of the bridge deck 
are 7.0 m and 0.7 m, respectively.

3 FINITE ELEMENT MODEL

As a typical traffic structure, a footbridge can 
be analyzed based on finite element method by 
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K T K TT
T

m

ne
T

e T
m

ne

=
∑ ∑K TcT e cTKT∑ T =T K TT( )m ( )m ( )m ( )m ( )m ( )m

1 1m=m
 (3)

M T M TT
T

m

ne
T

e T
m

ne

=
∑ ∑M TcT e cTMT∑ T =T M TT( )m ( )m ( )m ( )m ( )m ( )m

1 1m=m
 (4)

where ne is the total number of elements of the 
footbridge model; T(m) is the freedom transform 
matrix from element coordinate system to global 
coordinate system, which is the product of coor-
dinate transformation matrix Ta

(m) and position 
matrix Tc

(m) of  the mth element

T T T( ) ( ) ( )
aT cT  (5)

The stayed cables can be constructed by using 
steel cable, which can be modelled by using cable 
elements based on the finite element method. The 
element stiffness matrix Kl,e in the LCS is given by

K
k k
k kl e
c ck

c ck, =
−

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
 (6)

In which: the submatrix kc consists of the lin-
ear stiffness matrix kl and the nonlinear stiffness 
matrix knl

k k kc l nl+klk  (7)

The mass matrix of the cable can be expressed 
by using the lumped mass assumption. To examine 
the dynamic responses of the footbridge, the finite 
element model of the cable-stayed footbridge is 
established with the aiding of commercial package 
ANSYS as shown in Figure 5.

K K K= +K
=
∑ lKT + ∑ i

i

nl

1
 (8)

M M M= +M
=
∑ lMT + ∑ i

i

nl

1
 (9)

where K and M are the stiffness matrix and mass 
matrix of the footbridge; KT and MT are the stiff-
ness matrix and mass matrix of the deck and tower; 
Kl and Ml are the stiffness matrix and mass matrix 
of the bridge cables in the GCS.

The mass and stiffness matrices for all the cables 
can be constructed by summarizing the element 
matrices of each individual cable. In addition, the 
mass and stiffness matrices of the transmission 
tower-line system can be established by combining 
the contribution of towers, deck and cable.

4 DYNAMIC PROPERTY

The finite element model of the cable-stayed foot-
bridge is established with the aiding of the com-
mercial package ANSYS as shown in Figure 5. The 
cables of the footbridge are simulated by using the 
link elements while the steel box girder is simulated 
by using shell elements. The two concrete piers 
are modeled by using three dimensional beam ele-
ments. The tower is fabricated using steel plate and 
is also simulated by using shell63 elements. The 
deck, tower and cable are constructed by using 
steel and the pier is constructed by using concrete. 
It is well-known that there exists some sag for the 
fixed cable subjected to self-weight. The axial stiff-
ness of the cable may be affected by the sag, which 
can be modified based on Ernst expression:

Eeq
E

AE
T

=

+ ( )wl
1

12

2

2

 (10)

In which: E is the Young’s modulus of the mate-
rial, A is the cross-section area of the cable, T is 
the tension force of the cable, w is the weight of 
the cable per meter; l is the projected length of the 
cable on horizontal plane.

The basic material parameters are listed in 
Table 1. The natural frequencies and modal 
shapes are computed by using subspace iteration 
algorithm.

The first six natural frequencies and modal 
shapes are listed in Table 2 and Figures 6 to 
11, respectively. It is found that the first natural 

Figure 5. Finite element model of the cable-stayed 
footbridge.

Table 1. Material properties of the cable-stayed bridge.

Young’s modulus
(GPa)

Density
(kg/m3)

Deck and tower 210 7900
Cable 210 7900
Pier  25 2500
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Table 2. Modal properties of the footbridge deck.

No. Freq. (Hz) Modal shape

1 1.448 1st Lateral vibration mode of tower
2 2.272 1st Vertical vibration mode of deck
3 2.528 1st Torsional vibration mode of deck
4 3.664 2nd Vertical vibration mode of deck
5 4.205 2nd Torsional vibration mode of deck
6 5.621 3rd Vertical vibration mode of deck

Figure 6. The first modal shape.

Figure 7. The second modal shape.

Figure 8. The third modal shape.

Figure 9. The fourth modal shape.

Figure 10. The fifth modal shape.

 frequency of  the bridge tower is 1.448 Hz. The 
made observation indicate that the first mode 
shape is the lateral vibration of  tower. The sec-
ond mode shape is the vertical vibration of  the 
deck. The third and fifth mode shapes are the 
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first and second order torsional rotation modes 
of  the bridge deck, respectively. The fourth and 
the sixth mode shapes are the second and third 
order vertical vibration modes of  the bridge 
deck, respectively. These observations are dif-
ferent to those of  the common long span cable-
stayed bridge.

5 CONCLUSIONS

The natural frequencies and mode shapes of  a 
cable-stayed footbridge is actively investigated in 
this study. The deck, tower and cable are simu-
lated by using the shell element, beam element and 
cable element, respectively. The stiffness and mass 
matrices of  the deck and tower are constructed 
by using the finite element method. The stiffness 
matrix of  the cable is the combination of  the lin-
ear stiffness matrix and nonlinear stiffness matrix. 
The mass matrix of  the cable is the lumped mass 
matrix. The axial stiffness of  the cable affected by 
the sag is modified based on the Ernst expression. 
The made observation indicate that the first mode 
shape is the lateral vibration of  tower. The second 
mode shape is the vertical vibration of  the deck. 
The third one is the first order torsional rota-
tion of  the deck. These observations are different 

to those of  the common long span cable-stayed 
bridge.
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ABSTRACT: The wind-induced dynamic responses of a transmission tower-line system subjected to 
strong wind are conducted in this study. A real transmission tower-line system with legs at different height 
constructed in China is taken as an example to investigate the structural responses subjected to wind 
loadings. The finite element model of the transmission tower-line system is constructed by using the com-
mercial package. The equation of motion of the transmission tower-line system under wind is established. 
The wind loading are applied on the tower-line system to study the structural dynamic responses and 
evaluate the structural performance.

Keywords: transmission tower-line system; time history; dynamic responses; wind loading

established. The wind loading are applied on the 
tower-line system to study the structural dynamic 
responses and evaluate the structural performance.

2 ANALYTICAL MODEL OF 
TRANSMISSION TOWER-LINE SYSTEM

2.1 Structural model of transmission tower

The transmission tower and line can be modeled 
by using the three dimensional spatial beam ele-
ments and the cable elements, respectively. The ele-
ment stiffness matrix K(i) and mass matrix M(i) of  
the ith element in the global coordinate system can 
be obtained by using the element stiffness matrix 
Ke

(i) and mass matrix Me
(i) in the local coordinate 

system through the transforming of the location 
matrix. The stiffness matrix KT and mass matrix 
MT of  a transmission tower in the global coordi-
nate system can be developed by using the position 
matrix of element freedom.

K T K TT
T T

i

nm

=
∑ ( )i ( )i ( )i

1  
(1)

M T M TT
T T

i

nm

=
∑ ( )i ( )i ( )i

1  
(2)

where nm is the total element number of the trans-
mission tower; T(i) is the freedom transform matrix 

1 INTRODUCTION

To be a typical spatial steel structure, the transmis-
sion tower-lien system is widely used as electrical 
power infrastructures throughout the world. The 
transmission tower is a high-rise structure with 
small damping and is prone to strong wind load-
ings [1–3]. It is frequently reported across the 
world that the excessive vibration of a transmis-
sion tower under dynamic excitations may induce 
the structural damage and even failure [4–6]. Up 
to now, many wind-induced damages of the trans-
mission tower and lines have been reported and 
failure of the towers under wind loading has been 
documented in many literatures. During the past 
two decades, many theoretical analyses and experi-
ments have been carried out to reveal the perform-
ance and responses of transmission tower-line 
system [7–8]. Therefore, it is necessary to evaluate 
the performance of transmission tower-line sys-
tems subjected to wind loading.

The wind-induced dynamic responses of a trans-
mission tower-line system subjected to strong wind 
are conducted in this study. A real transmission 
tower-line system with legs at different height con-
structed in China is taken as an example to inves-
tigate the structural responses subjected to wind 
loadings. The finite element model of the transmis-
sion tower-line system is constructed by using the 
commercial package. The equation of motion of 
the transmission tower-line system under wind is 
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from element coordinate system to the global coor-
dinate system.

2.2 Model of transmission tower-line system

The transmission tower is a typical spatial struc-
ture constructed by using steel members, which 
can be modelled by using beam and truss elements 
based on the finite element method. The element 
stiffness matrix Kl,e of  the transmission line in the 
local coordinate system can be expressed as

k k
k kl

i c ck

c ck
=

−
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦  
(3)

In which: the submatrix kc consists of the lin-
ear stiffness matrix kl and the nonlinear stiffness 
matrix knl

k k kc l nl+klk  (4)

The stiffness matrix and mass matrix of the 
whole tower-line system in the global coordinate 
system are given by

K K K= +K
=
∑ lKT + ∑ i

i

nl

1  
(5)

M M M= +M
=
∑ lMT + ∑ i

i

nl

1  
(6)

where nl is the total number of the transmission 
lines; K and M are the stiffness matrix and mass 
matrix of  the transmission tower-line system; KT 
and MT are the stiffness matrix and mass matrix of 
the transmission tower; Kl and Ml are the stiffness 
matrix and mass matrix of  the transmission line.

To investigated the dynamic responses of the trans-
mission tower-line system subjected to the monsoon 
wind, the finite element model of the transmission 
tower can be constructed by using the commercial 
package ANSYS as shown in Figures 1 and 2.

3 EQUATION OF MOTION UNDER 
WIND LOADING

3.1 Wind loading

The wind excitations of transmission tower-line 
system are simulated by spectral representation 
approach. The stochastic wind fields f tjf 0 )t , j = 1, 
2, …, n, can be simulated by the following series

f t

N
H t

jff

up
jmH ml

l

N

m

j

ml jm ml ml

)t

( )ml( ) cos( ( )ml )−t= H +
==
∑∑2

11

ω
ω)ml cos( θ jm ( ϕ

 
(7)

where: N is sufficiently large number; ωup is upper cut-
off frequency, with the condition that, when ω > ωup, 
the value of S0(ω) is trivial; φml represents a sequence 
of independent random phase angles, uniformly 
distributed over the interval [0, 2π]; ωml is double-
 indexing frequency; Hjm(ω) is a typical element of 
matrix H(ω), which is defined with Cholesky decom-
position of cross-spectral density matrix S0(ω); θjm(ω) Figure 1. Model of the transmission tower.

Figure 2. Model of the transmission tower-line system.
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is complex angle of Hjm(ω). Figure 3 displays the sim-
ulated time histories of wind velocity.

3.2 Equation of motion

The equation of motion of the transmission angle 
tower-line system subjected to wind loading can be 
expressed as

Cx Kx W( ) ( ) ( ) ( )Cx) ( W) (+)Cx(  (8)

where M, C and K are the mass, damping and 
stiffness matrices of the tower-line system, respec-
tively; ��x( ), (� )t), (x  and x(t) are the displacement, 
velocity and acceleration responses of the trans-
mission tower-line system, respectively; W(t) is the 
dynamic wind loading.

4 DYNAMIC RESPONSES 
UNDER WIND LOADING

To examine the structural wind-induced dynamic 
responses, a real transmission tower-line system 
with legs at different height constructed in the 
coastal areas in the southern China is taken as the 
example structure. The height and the root distance 
of the tower are 47.5 m and 7.9 m, respectively. 
The tower is constructed by using Q235 steel. The 
in-plane and out-of-plane directions are denoted 
as X and Y directions, respectively. The dynamic 
responses of the transmission angle tower subjected 
to strong wind loading are computed. Two loading 
cases are considered in the study: (1) wind load-
ing in x direction (in-plane direction); (2) wind 
loading in x direction (out-of-plane direction). 

Figure 3. Time histories of wind velocity.

Figure 4. Distribution of crucial nodes and members.
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The dynamic responses of the transmission line 
subjected to strong wind loadings with a speed 
of 37.94 m/s are investigated. Many crucial nodes 
and members are selected to examine the structural 
dynamic responses as shown in Figure 4.

Figures 5 and 6 display the time histories of 
dynamic responses on top of  the tower under 
different wind direction. The curves in Figures 
demonstrate that the wind-induced dynamic 
responses for the out-of-plane vibration are much 
larger than those of  the in-plane vibration. The 
peak displacements corresponding to the in-plane 
and out-of-plane vibration are about 0.22 m and 
0.58 m, respectively. In addition, the peak veloci-
ties corresponding to the in-plane and out-of-
plane vibration are about 0.13 m/s and 0.45 m/s, 
respectively. Similar observations can be made 
from the peak acceleration responses. It can be 
seen from Figures 7 and 8 that the time histories 
of  dynamic responses of  the lowest cross arm 
(node 6). It is seen that the responses at the lower 
part of  the tower are much smaller than those 
on top of  the tower. The wind-induced responses 
in the out-of-plane direction are substantially 
larger than those of  the in-plane vibration, which 

Figure 5. Time histories of dynamic responses on top 
of the tower (node 9) in x direction.

Figure 6. Time histories of dynamic responses on top 
of the tower (node 9) in y direction.

Figure 7. Time histories of dynamic responses of the 
node 6 in x direction.
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is similar to the observation of  the tower top. 
The possible reason is that the in-plane stiffness 
of  the tower top is larger than the out-of-plane 
stiffness due to the contribution of  the transmis-
sion lines in the longitudinal direction. Figure 9 
also indicates the stress distributions of  crucial 
members.

5 CONCLUSIONS

The dynamic responses of a transmission tower sys-
tem with legs at different height subjected to strong 
wind loading are actively examined in this study. 
The finite element model of the transmission tower-
line system is constructed by using the commercial 
package. The equation of motion of the transmis-
sion tower-line system under wind is established. The 
wind loading are applied on the tower-line system to 
study the structural dynamic responses and evaluate 
the structural performance. The made observations 
indicate that the wind-induced dynamic responses 
for the out-of-plane vibration are much larger than 
those of the in-plane vibration.
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The interference effect on aerostatic coefficients of beam in parallel bridge
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ABSTRACT: In order to study the aerodynamic interference effects on aerostatic coefficients of box 
beam between parallel continuous rigid frame bridges with high pier and long span, sectional model wind 
tunnel tests of segments of the beam are made by the introduction of factor. The distance between the 
two beams, height difference and wind attack angles, were changed during the wind tunnel test to study 
the effects on aerodynamic interferences of aerostatic coefficients of beam. The tests were designed for 
12 conditions. The results have shown that the aerodynamic interference effects on aerostatic coefficients 
of beam in parallel bridges cannot be ignored. The aerodynamic interference effects on parallel bridge 
beam are shown mainly as follows: The drag coefficient of beam downstream dropped and upstream 
changed but not changed significantly. There are also the aerodynamic interference effects of lateral force 
coefficient and torque coefficient between the beams upstream and downstream.

Keywords: aerodynamic interference effects; aerostatic coefficients; box beam; parallel bridge

with high-pier. The wind tunnel test was conducted 
at Chang’an University wind tunnel laboratory, 
CA-1 atmospheric boundary layer wind tunnel. 
Beam model is tested by the vertical end support-
ing method. Different wind attack angle α can be 
obtained by turning the angle turntable. The wind 
angle range is: α = −10º to +10º, the interval is 1º, 
a total of 21 wind attack changes. Test wind speed 
V = 20 m/s.

The width of beam model is B = 0.314 m. The aver-
age height of beam model is Hp = 0.141 m. The aver-
age aspect ratio of beam model is B

H pH
= 2 227. . 

 Figure 1 is the section model of the beam model. 
 Figure 2 is the picture of test model of beam.  Figure 3 
is the diagram of the wind attack angles in the beam 

1 INTRODUCTION

In recent years, highway network in the western 
region is extended to loess gully region on a large-
scale. When the highway routes pass through the 
mountains and highland region, the high-pier span 
continuous rigid frame bridge is often the preferred 
bridge type. Besides the characteristics of high-pier 
and large span, the long-span continuous rigid-
frame bridge is also arranged with up and down 
separation arrangement, that is, parallel bridge. 
For the twin deck continuous rigid frame bridge 
with high-pier and long-span, the wind load on 
main beam should obtain aerostatic coefficients by 
wind tunnel test, in addition, we must also consider 
the airflow obstruction and interference to study 
the mutual aerodynamic interference effects of the 
parallel bridge beams [1–3]. And the aerodynamic 
interference factor is introduced to define the aero-
dynamic interference effects of the aerodynamic 
coefficients of the main beam [4, 5].

2 EXPERIMENT RESEARCH

The aerodynamic interference effects on aerostatic 
coefficients of main beam were investigated by 
means of section model wind tunnel test in some 
parallel long-span continuous rigid frame bridge Figure 1. Section model of beam.
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segments model force test. As the main factors 
affecting aerostatic coefficients of parallel bridge 
include the spacing between beams and the wind 
attack angle, test conditions are shown in Table 1. 
The test results of aerodynamic influence effects on 
aerostatic coefficient of beam haven’t been listed 
here due to the space.

3 THE TEST RESULTS OF AERODYNAMIC 
INFLUENCE EFFECTS ON AEROSTATIC 
COEFFICIENT OF BEAM

3.1 The influence of different distances upstream 
to beam aerostatic coefficient

Figure 4 shows respectively aerostatic coefficient 
curve under different distance upstream changing 
with wind attack angle, but also gives the curve of 
single bridge beam [6, 7].

It can be seen from Figure 4, aerodynamic inter-
ference effect of  aerostatic coefficient of  beam in 
parallel bridge under different distance upstream 
is shown as follows: The aerostatic coefficient 
decreased slightly or changed little compared 
with the single bridge. The interference effect is 
not obvious. The change of  upstream aerostatic 

coefficient with the distance between the beams 
in the parallel bridge has no obvious regular-
ity. However, overall, the aerostatic coefficient 
becomes closer and closer to the single bridge, 
expecting the curve of  the distance D = 14 m to 
have some jumps, so the aerostatic coefficient 
is the close to that of  single bridge. The attack 
angle and distance are the important factors that 
impact aerodynamic interference effect in parallel 
bridges.

3.2 The influence of different distance 
downstream to beam aerostatic coefficient

Figure 5 gives respectively the result of aerostatic 
coefficient curve under different distance down-
stream changing with wind attack angle, but also 
gives the curve of single bridge beam.

It can be seen from Figure 5, aerodynamic 
interference effect of aerostatic coefficient of 
beam in parallel bridge under different distance 
downstream is shown as follows: When the beam 
is located downstream, the drag and toque coeffi-
cient decreased generally compared with the single 
bridge, and they tend to close to the case of the 
single bridge with the distance increases. It shows 

Figure 2. Test model of beam.

Figure 3. Wind attack angle in beam force test.

Table 1. Beam test conditions table of aerodynamic coefficient effect on beam.

Test 
conditions

Test model 
location

Distance 
D (m)

Bridge deck 
height 
ΔH (m)

Wind attack 
angle (º)

 1 Beam of 
single bridge

/ / −10 to 10

 2 Upstream 0.5 0
 3 7 0
 4 7 2.45
 5 14 0
 6 42 0
 7 Downstream 0.5 0
 8 7 0
 9 7 2.45
10 7 −2.45
11 14 0
12 42.35 0
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Figure 4. Aerostatic coefficients of beam upstream under 
different distance changing with wind attack angles.

Figure  5. Aerostatic coefficients of beam upstream under. 
Different distance changing with wind attack angle. (a) Drag 
coefficient. (b) Lift coefficient. (c) Torque coefficient.

that the interference effect is weaker and weaker. 
But even if  when the distance D = 42.35 m, the 
aerodynamic interference effect is still obvious. For 
the lift coefficient, the regularity of the influence 
by the distance is not strong. But it is also that the 
curve of lift coefficient is closest to that of single 
bridge when the distance is farthest.

3.3 The influence of height difference upstream 
and downstream to beam aerostatic coefficient

Figure 6 shows respectively aerostatic  coefficient 
curve when the upstream distance D = 7 m, under 
no height difference and a height  difference 
ΔH = 2.05 m, and when the downstream distance 
D = 7 m under no height difference and a height 
difference ΔH = ±2.45 m changing with wind attack 
angle, but also gives the curve of single bridge beam.
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height differences. And the two aerostatic coefficient 
curves with the change of the wind attack angle 
under positive and negative height  differences still 
showed a symmetrical relationship. The aerostatic 
coefficient curve with the change of the wind attack 
when the difference is positive has the same rule 
with the curve of no height difference. In a word, to 
the factor of height difference, its impact on down-
stream is larger than the impact on upstream.

4 INTERFERENCE FACTOR

The aerodynamic interference effects on the beam 
in parallel bridges show as the impact on aerostatic 
coefficient upstream and downstream, so the aero-
dynamic interference factors are defined respectively 
for the coefficient upstream and downstream:

IFSHFF ,SV,SM,XH, XV,XM

=
aerostatic coefficient in parallel bridge
aerostaticaa coefficient insingle bridge

 (1)

where, SH, SV, and SM are the drag, lift, and 
torque coefficient factor of the beam upstream, 
respectively. XH, XV, and XM are the drag, lift, 
and torque coefficient factor of the beam down-
stream, respectively.

Figure 7 gives the aerodynamic interference fac-
tors curve of drag coefficient downstream chang-
ing with different spacing and wind attack angle, 
respectively.

5 CONCLUSIONS

The aerodynamic interference effects on aerostatic 
coefficients of beam in the parallel continuous 

It can be seen from Figure 6, the height differ-
ence upstream has influence on beam  aerodynamic 
interference, but the influence is very small and 
almost negligible. The height difference  downstream 
has obvious influence on beam aerodynamic 
 interference. The details are shown as follows: 
The aerostatic coefficient under the condition of 
no height difference is very different compared to 
that under the condition of positive and negative 

Figure 7. Drag coefficient aerostatic interference factor 
under different spacing downstream changing with wind 
attack angle.

Figure 6. Influence of height difference upstream and 
downstream to aerodynamic interference of beam.

(b) Lift coefficient.

(a) Drag coefficient.
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rigid frame bridges were studied by wind tunnel 
test. The following conclusions are obtained.

The aerodynamic interference effect of  aerostatic 
coefficient of beam in parallel bridge under differ-
ent distance upstream and downstream is shown 
as follows: The aerodynamic coefficient upstream 
and downstream has both been changed com-
pared with the single bridge. And the coefficient 
downstream changes significantly, showing com-
plex shielding and wake interference effect. The 
distance between the parallel bridge and the wind 
attack angle are two main factors that influence 
the aerostatic coefficients of the beams. However, 
they have little impact on the upstream, and sig-
nificantly, affect the downstream.
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Study on the effect of batch piling of coal on silo wall

T.J. Tao, M.S. Zhao & Q. Kang
Guizhou Xinlian Blasting Engineering Group Co. Ltd., Guiyang, Guizhou, China

ABSTRACT: Displacement and stress of silo wall influenced by batch piling are studied based on the 
finite model of the reinforced concrete shallow coal bunker. The results show that asymmetric loading 
produces larger deformation of the wall compared with symmetric loading. This is because in symmetric 
loading, the maximum displacement occurs at the top of the wall, the free end, and the maximum stress 
occurs at the foot of the wall, consistent with a cantilevered arrangement. These distribution patterns are 
relatively consistent with the mechanical property of the wall. The stress curve exhibits a sharp negative 
gradient as the stress decreases and then steadily increases to a crest at 10 m, after which it decreases 
through to the top of the wall.

Keywords: numerical analysis; reinforced concrete shallow coal bunker; displacement; stress

This paper explores the effect of batch piling on 
the displacements and the stresses of the silo wall.

2 FINITE MODEL OF THE SILO WALL

2.1 Finite model

A finite element model is built to simulate the pres-
sure exerted by the coal pile on the wall, consider-
ing loading different quadrants at a time. The case 
study for this paper is a reinforced concrete silo 
being utilized for coal storage. The first phase of 
the project involved the construction of two super-
critical coal-fired thermoelectric generation units, 

1 INTRODUCTION

The need to provide space for the diverse and ever 
increasing needs of mankind has been at the fore-
front of innovations by designers and engineers 
alike. These innovations are aimed at satisfying 
different requirements; of interest to this paper is 
the requirement of a larger unobstructed space for 
various usages such as sports arena, conference 
venue, theaters and general-purpose halls.

In China, reinforced concrete bunkers are in 
common use in the coal storage systems and are 
designed in accordance to the Code for Design 
of Reinforced Concrete Silo, GB 50077-2003. 
The bunker walls are routinely exposed to both 
normal pressure and vertical frictional shear or 
traction produced by the material being stored. 
Additional loads could include seismic and wind 
loads, stresses created by temperature differences, 
potential expansion of the stored material, and dif-
ferential settlement of the foundation. Failure of a 
bunker typically results in its total collapse owing 
to the lack of redundancy in the load path. Adgen 
et al noted that silo failure is often brittle and sud-
den, which means no much warning is seen before 
the collapse.

A research done by Sun Weiwei et al. deduced 
that differential temperature changes exert a sig-
nificant influence on the design of reinforcement 
in silos. The code of design specifies that for silos 
of diameter >40 m, the atmospheric temperature’s 
influence should be taken as 6–8% of the horizon-
tal circular stress due to the stored material. Most 
studies, however, focus on the effects of heat trans-
fer through the silo wall, i.e. heat conductivity. 

Figure 1. FE model for calculating the effect of batch 
loading.
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and set aside an expansion site for two more coal 
fired power unit. It is cylindrical with an internal 
diameter of 55 m and height of 18 m. The wall 
thickness is tapered from 1.37 m at the bottom 
to 0.8 m at the top. The silos roof structure is a 
double-layered latticed shell structure with a net 
height of 42.3 m.

2.2 Load combination and loading pattern

Basically, to simulate batch loading, it is assumed 
that the storage space is divided into four quad-
rants and each loading combination is analyzed.

3 DISPLACEMENT ANALYSIS

The plot of the displacement vector is shown in the 
below figures.

As shown in Figure 2, the displacement val-
ues change minimally for load cases 1 to 3; how-
ever, there is a significant change for load case 4. 

Table 1. Load combination and loading patterns.

Load 
case Load combination

Load 
pattern

1 1.2 (load from the roof 
structure) + 1.3 (load 
due to coal pressure)

2 1.2 (load from the roof 
structure) + 1.3 (load 
due to coal pressure)

3 1.2 (load from the roof 
structure) + 1.3 (load 
due to coal pressure)

4 1.2 (load from the roof 
structure) + 1.3 (load 
due to coal pressure)

Figure 2. (Continued).

Figure 2. Displacement plot for the four load cases.

This could be attributed to the fact that load cases 1, 
2 and 3 are all asymmetric load case, and load case 
4 presents a symmetrical loading on the silo wall. 
As shown in Figure 3, the coal produces a maxi-
mum displacement of 0.005 m. The maximum 
 displacement occurs at the top of the wall, the 
free end.
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Table 2. The stress values for the four load cases.

Load 
case

Radial 
stress

Axial 
stress

1st principal 
stress

3rd principal 
stress

1 2.76 −7.71 2.81 −7.78
2 2.76 −7.70 2.81 −7.78
3 2.76 −7.71 2.81 −7.78
4 2.17 −6.39 2.17 −6.43

Figure 4. (Continued).

Figure 4. von Mises stress plot for the four load cases.

Figure 3. Displacement along the wall height.

4 STRESS ANALYSIS

The stress values for the four load cases are given 
in Table 2. The plot of the displacement vector is 
shown in the below figures.

As shown in Figure 4 and Figure 5, the coal pro-
duces a maximum stress of 6 2. /02 m// m . The maxi-
mum stress occurs at the foot of the wall, consistent 
with a cantilevered arrangement. These distribution 

patterns are relatively consistent with the  mechanical 
property of the wall. On the other hand, the stress 
curve exhibits a sharp negative gradient as the 
stress decreases in the range of 0–6 meters. Then, 
it steadily increases to a crest at 10 m, after which it 
decreases through to the top of the wall.
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5 CONCLUSIONS

From the analysis results, the following can be 
deduced:

1. The displacement values change minimally for 
load cases 1 to 3; however, there is a significant 
can for load case 4. This could be attributed to 
the fact that load cases 1, 2 and 3 are all asym-
metric load case, and load case 4 presents a 
symmetrical loading on the silo wall.

2. Asymetric loading produces larger deformation 
of the wall compared with symmetric loading. 
This is because in symmetric loading, the coal 
produces a maximum displacement of 0.005 m. 
The maximum displacement occurs at the top 
of the wall, the free end.

3. The maximum stress occurs at the foot of the 
wall, consistent with a cantilevered arrange-
ment. These distribution patterns are relatively 
consistent with the mechanical property of 

the wall. The stress curve exhibits a sharp nega-
tive gradient as the stress decreases in the range 
of 0–6 meters. Then, it steadily increases to a 
crest at 10 m, after which it decreases through 
to the top of the wall.
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An algorithm for random cave geometry generation in Karst landform

Xue-jiao Cui
Guizhou Xinlian Blasting Engineering Group Co. Ltd., Guiyang, Guizhou, China

Chong Shi
Institute of Geotechnical Engineering, Hohai University, Nanjing, Jiangsu, China

ABSTRACT: A new algorithm, which can randomly generate Karst cave geometry, was developed in 
this work. Each Karst cave geometry was regarded as a polyhedron. All the suppositional polyhedra, 
which represent the Karst caves, are cast into the research domain according to the random distribution 
rule of the Karst caves. Then, the solid polyhedra are transformed into void to model the Karst caves. 
Thus, the resultant domain is the rock mass that contains Karst caves. Two supernumerary algorithms, the 
merging neighboring points algorithm and the threshold value interception algorithm, were also employed 
to obtain caves with random shape and distribution according to the real caves’ shapes, area ratios, radius 
ranges, distributions and smoothness. The method proposed in this work provides a way to numerically 
simulate Karst caves.

Keywords: Karst cave; merging neighboring points algorithm; threshold value interception algorithm; 
geometrical model

Karst cave network, the multi-scale network model 
of carbonate was built by appropriately adding 
big and small fractures. Xian Xi, etc. put forward 
two methods for modeling random Karst caves, 
the merging neighboring points algorithm and the 
threshold value interception algorithm, and built 
different models by using different methods. All of 
these studies did not give a definite description of 
cast position and intersect estimation during the 
casting, and just using single method, the merging 
neighboring points algorithm or the threshold value 
interception algorithm, has its limit. For example, 
the merging neighboring points algorithm is not 
suitable for the case that there are multiple caves 
with different sizes in each cave distribution area.

In this paper, the local cave radius R is used to 
describe the cave’s discrete degree on large scale, and 
the area ratio S is used to describe local space den-
sity in every cave distribution area. By choosing R 
and S, and taking the intersect estimation between 
polyhedron blocks as the core, different cave models 
could be built easily and the real complicated caves 
could be quickly and accurately described.

2 KARST CAVE GENERATION

2.1 Polygonal cave

There are mainly two ways to generate the polygo-
nal cave in previous researches. One is the method 

1 INTRODUCTION

Karst caves are usually with no fillings or weakly 
filled. Since the huge difference in mechanical prop-
erty between the cave surface and the rock mass, 
there would be a great change during the propa-
gation of the blasting seismic wave. Therefore, a 
reasonable caves distribution model is the essential 
base of evaluating the influence of Karst geological 
conditions on blasting effect. Many scholars home 
and abroad have generated huge researches on the 
random cave models and their numerical calculation 
methods. Yong Ye and Liangguo Dong used High 
Order Difference Method to numerically simulate a 
series of caves with different sizes, shapes and fill-
ings, and analyzed the caves’ features of change, 
seismic reflection, etc., on kinematics and dynam-
ics. Huiyan Yang, etc. put forward the modeling 
principles for the fracture-cave reservoir and pri-
marily studied the 3D geologic modeling method 
of the fracture-cave carbonate reservoir. Xiangyang 
Hu, etc. put forward the modeling method of the 
multi scale Karst facies-controlling fractured-cavity 
reservoirs. Based on the deterministic modeling, 
the discrete large cave model and the discrete large 
fracture model were built. Based on the 3D regu-
lar network model, Chenchen Wang, etc. built the 
networks for Karst caves, big fractures and small 
fractures with different physical dimensions. Then 
he put forward a coupling algorithm. Based on the 
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of using the sequences of random angel increment 
{1 … θi … θn}and random side length {1 … ri … rn}
in the polar coordinate frame to generate blocks, 
which was put forward in studying random con-
crete blocks modeling, the other is to generate rig-
orous convex polygons by prolongating triangles 
under a certain principle. The blocks generated by 
the first method are smoother and their shapes are 
easier to control by parameters, while long sides 
and sharp angels are easier to appear by the second 
method, and there are few parameters for control-
ling the blocks’ shape. Hereby the first method is 
improved according to the accumulation body’s 
characteristics and applied.

There are two schemes to generate polygons 
and the generation results are shown in Figure 1(a) 
and (b). Apparently, blocks generated by the first 
scheme is smoother and have less concave edges 
than those by the second. Users can choose dif-
ferent ways to generate blocks based on differ-
ent  circumstances. The introduction of the two 
schemes is as follow.

Scheme 1. When generating an n-sided polygon, 
firstly of all generate a sequence of random radi-
uses {1 … ri … rn}. The range is from r0 – Δr to 
r0 + Δr. So

r rirr = +r ⋅0rr ( )1−2 ⋅ξ Δ  (1)

in which ξ is the pseudo-random number within the 
interval (0, 1) (all the following ξ are the same), r0 is 
the average value of the random radius ri, and Δr 
is the radius amplitude. Then generate a sequence 
of random angle increments {1 … Δθi … Δθn}. 
The range of Δθi is from 2π/n–η ⋅ 2π/n to 2π/n+η ⋅ 
2π/n. So

Δθ π ξ η π
iθθ n n= + ⋅η2 2( ξ2 ξ⋅ξ  (2)

in which η is a coefficient between 0 and 1. Appar-
ently, the smaller η is, the bigger the amplification 
of the angle increment is and the more equal the 
random angel generated is.

To make sure the sum of all Δθi is 360°, Δθi 
should be processed by the following equation 
firstly, and then used in the sequence.

Δ
Δ

θ θΔ
π

θi iθ θθ θΔ
iθ

⋅θΔ iθΔ
∑

2  (3)

Generate blocks with Sequence {1 … ri … rn} and 
Sequence {1 … Δθi … Δθn} in the polar coordinate 
(see Fig. 2). The size of the blocks should be the 
same, that is r0 is the same, waiting for the scaling.

Scheme 2. Similar to the way of generating 
radius sequence in Scheme 1, firstly generate a 
sequence of random radiuses {1 … ri … rn}accord-
ing to Formula 1, whose range is from r0 – Δr to 
r0 + Δr.

Then generate a sequence of random angles 
{1 … θi … θn}, in which θi is from 0 to 2π.

θ ξ πiθθ ⋅ξ 2  (4)

Since θi is interspersed and the sequence of angles 
need to be in the ascending order, {1 … θi … θn} is 
precessed to make it in an ascending order.

Generate blocks with Sequence {1 … ri … rn} 
and Sequence {1 … θi … θn} in the polar coordi-
nate. The size of blocks should be the same.

For Scheme 1and 2, if  strict convex polygons 
should be generated, concave vertexes could be 
deleted. Traverse each vertex and make sure each 
vertex lies on the right side of the counterclock-
wise vector of its surrounding two vertexes. If  not, 
delete the vertex. What needs to emphasize is that 
deleting vertexes once cannot make sure the gen-
eration of convex polygons. After each deleting, 
polygons need to be checked until all concave ver-
texes are deleted.

Figure 1. The generated configurations of the two 
schemes under dissolution ratio 35%.

Figure 2. The configuration of the generated polygonal 
block.
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2.2 Smooth blocks

Since angles among adjacent points of smooth 
blocks are the same, the formula of n-sided (n > 15) 
smooth blocks’ angle sequence {1 … θi … θn} is

θ π
iθθ i n= ⋅i

2 .  (5)

For smooth blocks’ radius sequence {1 … ri … 
rn}, the random number generating method for 
polygon caves will lead to bumpy surface and dis-
order. Therefore the radius sequence should be 
processed by series smoothing, and then generated 
in polar coordinates. The series processing formula 
of the radius sequence is

r r r ji ir rr j ij j
j

m
rr jj

=
∑∑)i( ) ( )r= ∑)i )i θ βij jj+i0rr

1
 (6)

in which r0 is average radius, m is number of radius 
generated in the sequence, βj is a random number 
within the interval [0, 2π], and αj’s expression is

log l ( )
α jα
r p jlog( b
0rr

⎛
⎝⎝⎝

⎞
⎠⎠⎠

−)log(  (7)

3 MEASUREMENT OF THE SIZES 
OF CAVE BLOCKS

3.1 Measurement of cave blocks’ width 
and inclination

The block’s width is the length of the shortest line 
through a block, or it could be considered as the 
particle size. Take an n-sided polygon for example. 
The measuring method is as follow: (1) Taking the 
i-th side as the base, transverse the vertical lines of 
all the n − 2 vertexes to the side and find the longest 
vertical line lmax(i); (2) Transverse all the n sides and 
find the shortest one among all the n sides’ long-
est vertical lines min(lmax(i)) (i = 1 … n), like DF 
in  Figure 3. The width of the block Width is |DF|, 
and the inclination of the counterclockwise vector 
AB
� �� �� �

 is the block’s inclination α.

3.2 Measurement of cave blocks’ length

A cave block’s length can be understood as the 
block’s stretch distance along its inclination’s direc-
tion. Take the block in Figure 3 for example. The 
calculating method is as follow: (1) Calculate the 
unit vector �e  of  the vector AB

� �� �� �
; (2)The projection 

distance of the vector AC
� �� �� �������

 in the direction of the 
vector AB

� �� �� �
 is

proj AC e( )i AC
� �� �� ������� �  (8)

Figure 3. Measurement of the cave block’s size.

Figure 4. Flowchart for random generation of D-RBM 
caves.

in which porj(i) along direction of AB
� �� �� �

 is positive, 
and that along the opposite direction is negative.

(3) Transverse all the n − 2 vertexes, and find 
min(proj(i)) and max(proj(i)) (i = 1 … n − 2). The 
block’s length is
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Length proj io p j iprojo ( )ii ) m− in( (proj )) |
( )i nn −n  (9)

Based on the principle above, the D-RBM sys-
tem was composed. Its modeling progress includes 
5 parts: (1) generating blocks, (2) scaling and 
deforming blocks based on the grading data and 
rocks’ characteristics, (3) putting blocks into the 
area within the boundary and making sure there 
is no overlapping among blocks, (4) calculating the 
entity model based on generated data of blocks’ 
profile, (5) deleting generated blocks and the rest is 
rock with Karst caves. The program flow chart is as 
shown in Figure 4.

4 PLACING OF CAVE BLOCKS

4.1 Block placing progress

The block placing progress includes block genera-
tion, trail placing, intersection estimation, place 
adjustment and final defined placing. Details are 
as follow: (1) Before the placing, choose a random 
grain size D from the grain size interval [Di, Di+1] 
of the block’s graduation as the block’s grain size 
and scale it to the grain size. If  the block has a dip 
angle, rotate the rock to the certain angle based on 
its dip angle; (2) Place the block into the boundary 
and estimate whether it intersects with the bounda-
ries; (3) If  not, then estimate whether it intersects 
with other fixed blocks; (4) If  not, the place of the 
block is defined. If  there is intersection in Step 2 or 
3, adjust it position and repeat Step 2 and 3 until 
its place is finally determined.

4.2 Intersection estimation between blocks

The study of intersection estimation between blocks 
is mature in the computational geometry. The com-
puting and estimation of simple polygons cost quite 
a lot of time and resources of the system, while the 
estimation of convex polygons is much simpler. 
Since the number of model blocks generated by the 
system is huge and the estimation times would grow 
with the number of fixed blocks, the convexificaion 
of all polygons before the estimation is essential.

The intersection estimation of polygons is based 
on positions of the vertex and the line, and those of 
lines. It has been solved in the Geometry of Vector.

(1) Estimation of the vertex lying on the right of 
the line. Suppose there are Vector AB

� �� �� �
 and VertexC, 

their coordinates are (xA, yA), (xB, yB), and (xC, yC). 
Make Vector AC

� ��� ������
, and then AB

� �), () (� �� �((((
 = (xB − xA, yB − yA), 

AC
� �� �� �������

 = (xC − xA, yC − yA). Calculate AB AC
� �B� �� �BB � �AA, yyAAAA ��yyyy����yyyyyyy

× :

AB AC
X X Y Y
X X Y Y

B AX X B AY YY

C AX X C AY YY

� �� �� � � �� �� �������
× =AC

X Y
X Y

 (10)

If  AB AC
� �� �� � � �� �� �������

× >AC 0, then C is on left of AB
� �� �� �

. If  
AB AC
� �� �� � � �� �� �������

× <AC 0, then C is on right of AB
� �� �� �

. Or C is 
on AB

� �� �� �
.

(2) Intersection estimation of  two line seg-
ments. Put simply, the intersection estimation of 
two line segments is to estimate whether the two 
points of  one line segment are on the same side of 
those of  the other. Suppose there are AB

� �� �� �
 and CD

� �� �� �
, 

in order to estimate whether Point C and D are 
on the different sides of  Point A and B, make AC

� �� �� �������
 

and AD
� �� �� �

 (see Fig. 5). According to (1), that Point 
C and D are on the different sides of  Point A and 
B means:

( ) ( )
� �� �� � � �� �� � ������� ����� �� � �� �� �

⋅) <) 0 (11)

Similarly, that Point A and B are on the different 
sides of Point C and D means:

( ) ( )
� �� �� � � �� �� � � �� �� � � �� �� �

⋅) <) 0  (12)

Apparently, when the above two conditions are 
established, Line Segment AB and CD intersect.

(3) Intersection estimation of two polygons. 
There are two ways to estimate whether two pol-
ygons intersect or not: estimating whether any 
vertex of one polygon is in the other one and esti-
mating whether there are intersecting lines. When 
estimating whether Block 1 and 2 (Fig. 6) intersect, 
transverse all vertexes of Block 1. If  there is any 
vertex in Block 2 (any vertex of Block 1 is on the 
left of all counterclockwise vectors of Block 2), the 
two blocks intersect.

It is noteworthy that: when all vertexes of Block 
1 are outside of Block 2. There are cases of inclu-
sion and penetration, like Fig. 7 and 8. Conduct 

Figure 5. Lines intersection.
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Figure 6. Blocks intersection.

Figure 7. Inclusion of two blocks.

Figure 8. Penetration of two blocks.

the same estimation progress of Block 1 to Block 
2. For the case of penetration, the two blocks can 
be testified non-intersected only when all the sides 
of Block 1 and 2 are testified non-intersected.

5 3D RANDOM CAVE MODEL 
GENERATED

1. Cave model generated in rectangle area  (polygon 
unit) (Fig. 9 and 10).

2. Cave model generated in rectangle area (circle 
unit) (Fig. 11 and 12).

3. Cave model generated in circle area (polygon 
unit) (Fig. 13 and 14).

4. Cave model generated in circle area (circle unit) 
(Fig. 15 and 16).

Figure 9. Distribution of Karst cave.

Figure 10. Generated 3D profile.
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Figure 11. Distribution of Karst cave.

Figure 12. Karst cave model diagram in ansys.

Figure 13. Distribution of Karst cave.

Figure 14. Distribution map of cave model in ansys.

Figure 15. Distribution of Karst cave.

Figure 16. Distribution of cave in ansys.
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6 CONCLUSION

1. The Karst cave is a un-uniform discontinuum 
body, the rock mass of which is complicated and 
disordered. The non uniformity of its micro-
scope rock mass greatly defines its mechanical 
property and failure mechanism. So its 3D form 
is very complicated and un-uniform. If  it is sim-
plified as a 2D form, it would be convenient to 
study the un-uniform cave.

2. By using the local cave radius R to describe 
the cave’s discrete degree on the large scale, the 
area ratio S to describe the local space density 
in every cave distribution area, and by choosing 
R and S, different cave models could be built 
easily and the real complicated caves could be 
quickly and accurately described.

Based on the above, by using the merging neigh-
boring points algorithm and the threshold value 

interception algorithm while controlling the ele-
ment shape, the area ratio, the radius range, the 
uniformity, the smoothness and the generation 
area, the generating method of the Karst cave ran-
dom geometry model was proposed. The generated 
cave models meet the reality and the randomness of 
their distribution could be achieved. What’s more, 
the software developed in this study can connect 
directly with ANSYS and import the generated 
cave models and their characteristics together into 
ANSYS. Its convenience of generating cave models 
provides a good platform for numerical analysis of 
the Karst cave.
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Research on the wind-induced vibration response of adhesive 
integral-lift scaffold
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ABSTRACT: The adhesive integral-lift scaffold is a kind of new scaffold with economic, safe and con-
venient that can be applied to the high-rise building construction, especially super high-rise building con-
struction. In this paper, three different kinds of finite element models of the adhesive integral-lift scaffold 
were established and their dynamic characteristics were analyzed, which were compared to select the 
scaffold model of conforming to the actual natural frequency of vibration as a calculation model and give 
the method of the wind vibration coefficient that conforms to the wind vibration response of the studied 
scaffold. The theoretical results by calculating of the wind vibration coefficient that affects wind load 
were compared with the results by selecting of actual engineering, which provides the basis to study and 
optimize the calculation method of wind load on scaffold.

Keywords: adhesive integral-lift scaffold; finite element models; wind vibration response; natural frequency

 engineering  structure of  a certain height. It can 
climb or decline step by step with the engineering 
structure by its own lifting equipment and device. 
It mainly includes the frame structure of  scaf-
fold, adhesive bearing, roll-over protector, anti-
dropping device, elevator mechanism and control 
device.

With the increase of structure height, the econ-
omy of the adhesive integral-lift scaffold is more 
obvious. Especially when the height of the build-
ing is more than 80 meter, the applicability and 
economy of the adhesive integral-lift scaffold is 
particularly prominent. So, it is suitable for high-
rise building construction, especially super high-
rise building construction. Then, the wind load 
on scaffold has become the dominant design load, 
which plays a decisive role in the safety of using the 
scaffold. If  the problem of wind load is solved, the 
design can be without limiting by height. Therefore, 
the calculation method of the wind load on scaffold 
is a primary and urgent task. The wind is formed 
by air flow from the place where the big pressure 
to the small pressure. The airflow is formed to the 
high pressure air curtain by the block of the struc-
ture. So, wind load is produced on the structure 
of different sizes. Wind load is a kind of random 
dynamic load. In order to analysis conveniently, it 
can be divided into average wind and fluctuating 
wind. Fluctuating wind load is the dynamic com-
ponent of wind, which makes the structure of the 
random vibration. The correction coefficient that 
is affected on the fluctuating wind of the wind 

1 INTRODUCTION

The adhesive integral-lift scaffold is a new scaf-
fold developed rapidly at the beginning of  this 
century, which has the important influence to the 
progress of  construction technology. It can satisfy 
the needs of  construction technology and safety 
protection when workers operate on the outside 
of  buildings in the structure, installation and dec-
oration of  construction. It has the characteristics 
of  economical, security and convenient because it 
makes a high and suspended operation to a lower 
operation and operation in a frame. The adhe-
sive integral-lift scaffold, as shown in Figure 1, 
refers to the scaffold with roll-over protector and 
anti-dropping device, which is attached to the 

Figure 1. The adhesive integral-lift scaffold during the 
structure construction.

ICCAHE15_Book.indb   887ICCAHE15_Book.indb   887 11/17/2015   6:35:41 AM11/17/2015   6:35:41 AM

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-181&iName=master.img-000.jpg&w=189&h=105
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-181&iName=master.img-000.jpg&w=189&h=105


888

effect is called the wind vibration coefficient. Now, 
the calculation method of Wind load on scaffold 
most based on load code for the design of building 
structures (GB50009-2001), which provisions the 
wind load standard values of perpendicular to the 
surface of buildings. It can be calculated by using 
Equation (1) as follows:

W Wk zWW s zβ μz 0WW  (1)

where Wk = wind load; βz = wind-induced vibration 
coefficient; μs = shape coefficient of wind load; 
μz = wind pressure height coefficient; and W0 = fun-
damental wind pressure. This paper mainly studies 
on the wind-induced vibration coefficient of the 
adhesive integral-lift scaffold.

2 ESTABLISHMENT OF THE FINITE 
ELEMENT MODEL

To study the wind load on the adhesive integral-lift 
scaffold, the first step is the establishment of the 
finite element model based on a three-dimensional 
model. The erection height of the scaffold frame in 
this paper is set as 14.72 m, which includes 7 steps, 
with each measuring 1.84 m, and the protective 
structure that is also 1.84 m. The width of the frame 
is 0.68 m. In addition, the model also has the main 
frame support at the bottom and reinforced truss 
rods. According to the three-dimensional model, 
as shown in Figure 2, three finite element models, 
namely one truss, two trusses and three trusses, 
respectively, are established by using ABAQUS, as 
shown in Figures 3–5. The beam element analysis 
unit is mainly used for analysis, appoint direction 
is the default direction of the beam, beam section 
is consistent with the actual component section, 
and its each joint is bolt rigid connection. Struc-
tural material properties are elasticity modulus 
E = 2.1 × 105 N/mm2, Poisson's ratio μ = 0.3, and 
density ρ = 7850 kg/m3.

Figure 2. The three-dimensional model of the adhesive 
integral-lift scaffold.

Figure 3. The finite element model of one truss.

3 DYNAMIC CHARACTERISTIC 
ANALYSIS OF THE ADHESIVE 
INTEGRAL-LIFT SCAFFOLD

The adhesive integral-lift scaffold is strongly influ-
enced by wind load on the study. The effect on the 
structure of average wind is equivalent static wind, 
and the effect on the structure of fluctuating wind 
will cause structural vibration. In order to ensure 
that the adhesive integral-lift scaffold can work 
safely and reliably in high-rise, especially super 
high-rise, building construction, the dynamic char-
acteristic analysis of the wind load on scaffold is 
very important. In addition, the analysis and cogni-
tion dynamic characteristic of structure is the basis 
of the wind-resistant design and stability analysis 
of the structure. Considering the computational 
efficiency and accuracy of the results, by using 
ABAQUS finite element  software to extract the 
characteristic value of the first  five-order  natural 
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vibration frequency when the scaffold finite element 
models are one truss, two trusses and three trusses, 
respectively, as shown in Table 1, and the vibration 
mode of scaffold is shown in Figures 6–8.

In theory, with the trusses increases of the finite 
element model, the calculation of dynamic char-
acteristics is more close to the actual situation. 
 However, this will increase the calculation work-
load. And the frequency of previous order plays a 
major role in the wind-induced vibration response, 
as can be seen in Table 1. The calculation results of 
the first-order vibration frequency when the finite 
element models are one truss, two trusses, and three 
trusses that are similar, and their differences were 
6.0% and 2.4%. So in order to simplify the calcula-
tion, this paper takes the finite element model of 
one truss as a calculation model. It also takes the 
first-order vibration frequency ωs = 1.0999 as the 
representative of the dynamic characteristics of the 
whole scaffold. Analysis of dynamic  characteristics 
of the scaffold can be used in the following calcula-
tion of wind vibration coefficient.

Figure 4. The finite element model of two trusses.

Figure 5. The finite element model of three trusses.

4 CALCULATION AND RESULTS OF 
THE WIND-INDUCED VIBRATION 
COEFFICIENT

After organizing references, this paper gives the 
wind vibration coefficient expressions when the 
scaffold is at the climbing stage or declining stage. 
The wind vibration coefficient expression of climb-
ing stage is as follows:

β
η ξ λ ϕη ξ λ ϕ ξ λ

μzβ
zn

= +
ξ λ ξ λ ⋅

1
2ηη 1 1ξ λλξξ λλ 2 2ξ λλξξ λλ 2ϕϕ 3 3ξ λξ λ

 (2)

Table 1. The first-five order natural vibration frequency 
of the scaffold.

One truss Two trusses Three trusses

First order 1.0999 1.0372 1.0132
Second order 1.4539 1.2223 1.1350
Third order 3.2529 3.0945 2.7272
Fourth order 4.3567 3.5287 3.0416
Fifth order 5.3426 3.8659 3.2917
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Figure 6. The vibration mode of one truss. Figure 7. The vibration mode of two trusses.

where ξ1, ξ2, ξ3 = pulse power coefficient under the 
common action of building structure and scaffold, 
and the expression is given as follows:

ξ ω ζ ω1ξξ 6 2 2 2ω 6

−∞

+∞

∫ s sω s f2
r

D
S d)ζ ω2 2ωωωωωωωω sζ ω ( )ωω  (3)

ξ ω ζ ζ ω2ξξ 5 2 2
1

2
2ω

−∞

+∞

∫∫ s sω 1 s sζ1ζ ζζ f
r

D
S df( )ω ω ω ω ζ ζ ω ωωω 2 2ω ω ωω 1ζ ζζ ωω 2ωω4−ω ωωω +sω ω1ωω sω ωω ζζ ζζ4+ ( )ωω

 (4)

ξ ω ζ ω ω ω3ξξ 2 2 2 2 2 2 2ωω4 1ω +⎡⎣⎡⎡ ⎤⎦
−∞

+∞

∫∫ f2ζ ω ω1 1ζζ 1ωω4+⎡sωω ⎣⎡⎡ ⎦ D
S d( )ω ω2 2ωωωω ω1ωωωωω ( )ωω

 (5)

where λ1, λ2, λ3 = pulse influence coefficient when 
considering pressure fluctuation and spatial corre-
lation, and the expression is as follows:

λ φ φ ρ μ μ μ μ1 1λ φλ 1
11 ==

∑∑ i jφφ1φ
j

n

i

n

ijρ fiμ ziμ fjμ zjμ  (6)

λ φ ρ μ μ μ μ2 1λ φλ
1=

∑ iφ
i

n

niρρ fiμ ziμμ fnμ zn (7)

λ μ μ3λλ 2)μ μfnμ zn  (8)

where η = ratio of shape coefficient of wind load 
between building structure and scaffold, and the 
expression is as follows:

η μ μs sμ s  (9)

where μs can be used when checking in the relevant 
formulas and tables of  load code for the design of 
building structures (GB50009-2001); μss can be 
used at the suggested value of  shape coefficient 
of  wind load in practical engineering; ϕ = wind 
coefficient of  scaffold, 0.8 = suggested value; 
μzn = wind pressure height coefficient of  building 
structure construction, which can be used when 
checking in the relevant formulas and tables. The 
table of  calculating values can be selected in the 
references.
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where λ′2, λ′3 can be selected in the references. 
ϕi1 = first vibration mode of building structure in 
the first particle, the corresponding vibration mode 
frequency of the adhesive integral-lift scaffold, its 
calculating method can also be used from the rele-
vant formulas and tables of load code for the design 
of building structures (GB50009-2001); zi = height 
of scaffold; μzi = wind pressure height coefficient 
in the height of scaffold, it can be used from the 
relevant formulas and tables; α = ground rough-
ness index. In this paper, the comparison between 
calculating theory wind vibration coefficient and 
the actual coefficient of project with selecting each 
coefficient is given in Table 2.

5 CONCLUSION

In this paper, the dynamic characteristic of the scaf-
fold is analyzed by establishing three different finite 
element models. We took the scaffold model of one 
truss as the calculation model, and obtained the scaf-
fold vibration frequency. It was applied to the calcu-
lation of wind vibration coefficient, so the theory 
value of wind vibration coefficient was obtained, 
which was compared with the actual result of project 
selected. So, it provides the basis for the research of 
wind load calculation method of scaffold.
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Figure 8. The vibration mode of three trusses.

The expression of wind-induced vibration coef-
ficient when the scaffold is declining is given as 
follows:

β
φ η ξ λ φ ϕη ξ λ ϕ ξ λ

μ

α

zβ i iφ ηφ ξ φφ i

ziμ
z′β

′ξξ ′λλ ′ξ ′λλ ′ ′ξ λξ λ
= +

⋅ +ξ λξ ξ λ ⋅
1

22 2ηη ξ λξξ λξ λξ λξ λ 1 2ϕη ξξξ 2λλλλ 2 2ϕϕ 3 3ξ λξ λ

 (10)

where ξ′1, ξ′2, ξ′3 = pulse power coefficient under 
the common action of building structure and scaf-
fold, ξ1 = ξ′1, ξ2 = ξ′2, ξ3 = ξ′3; λ′1, λ′2, λ′3 = pulse 
influence coefficient when considering pressure 
fluctuation and spatial correlation, and the expres-
sion is given as follows:

λ λ1 1λ λλ λ′λλ  (11)

Table 2. The comparison of the result of two kinds of 
wind vibration frequency.

Theory coefficient Actual coefficient

Climbing stage 1.577 1
Declining stage 1.589 1
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Finite element analysis for a composite rib floor slab of steel fiber foam 
concrete
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ABSTRACT: A new type of fabricated steel fiber foam concrete rib floor slab (henceforth referred 
to as “composite slab”) and its process flow of manufacture are simply introduced. Based on the finite 
element analysis with software ABAQUS, the finite element simulations are conducted in one-way 
“composite slab” and two-way “composite slab”, and their mechanical performance analysis is compared. 
The fine mechanics behavior of two-way “composite slab” is stated, which can provide a reference for the 
application of “composite slab”.

Keywords: fiber-reinforced concrete; foamed concrete; rib floor slab

to make the steel fiber mix well, and then they are 
mixed with water.

2 CHARACTERISTICS OF ONE-WAY 
SLAB AND TWO-WAY SLAB

According to the theory of elastic thin plate, when 
the ratio of the long side and short side of the 
floor exceeds a certain value, the load of the one-
way slab can transfer by the bending and shearing 
action along the “short side direction of the floor”. 
The load transfer along the long side direction can 
be ignored. Two-way slab has bending and shear-
ing action in both directions, which can deliver the 
load along the long side and short side directions 
at the same time. The stress characteristic of the 
two-way slab is different from that of the one-way 
slab [1]. The floor bending in only one direction or 
mainly in one direction is called the one-way slab, 
while the floor bending in both directions that can-
not be ignored in any direction is called the two-way 
slab [2]. Mechanical and deformation performance 
of the two-way slab is much better than that of the 
one-way slab. Thus, the two-way slab can enhance 
the bearing capacity and reduce the plate thickness. 
Meanwhile, it can strengthen the integrity and stiff-
ness of the floor. However, the structure of “com-
posite slab” is comparatively complex. In order 
to have quantified concepts about its mechanical 
property, we made a finite element simulation cal-
culation of the one-way “composite slab” and the 

1 A BRIEF INTRODUCTION 
OF COMPOSITE SLAB

“Composite slab” is a new type of pre-cast slab, 
the bottom of which is 2-centimeter steel fiber-
reinforced concrete slab with steel mesh in it. The 
upper portion of the slab is a multi-ribbed struc-
ture, which uses ordinary concrete. The width and 
height of the rib are 6 cm and 8 cm, respectively. 
There is a reinforcement cage made up of carrying 
steel and stirrup in the multi-ribbed structure. Since 
the distance between carrying steel is smaller, the 
stirrup uses a S-shaped hook. The space between 
the multi-ribbed structures is filled by the foamed 
concrete, and then the upper portion of the multi-
ribbed structure is casted by the 2-centimeter steel 
fiber-reinforced concrete slab, which does not have 
steel mesh in it.

When making “composite slab”, the steel fiber-
reinforced concrete slab in the bottom should be 
poured first, then casting ribbed structure, and 
curing concrete for a period of time. This is fol-
lowed by casting the foamed concrete in the space 
between the multi-ribbed structures and curing it. 
When it has a definite strength, the surface should 
be made smooth and clean, and then casting the 
steel fiber- reinforced concrete in the upper layer. 
Since the dimensions of all the parts of “composite 
slab” are small, it is better to use the smaller cobble-
stone, which is convenient for construction. When 
mixing the steel fiber- reinforced concrete, the steel 
fiber and other materials should first be dry-mixed 
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two-way “composite slab” to compare the analysis 
of their mechanical behavior.

3 A BRIEF INTRODUCTION 
OF CALCULATION EXAMPLE 
AND THE MODELING APPROACH

3.1 Material constructive model

Normal concrete uses the elastic-plastic constitu-
tive relation, because the model uses the monoto-
nous static loading plan. So based on the data 
of the plastic-damage model of C30 concrete in 
reference 3, the damage factor is not input, but it 
uses the elastic-plastic constitutive relation. This 
is because the constitutive relation of steel fiber-
reinforced concrete is relevant to concrete strength 
and the type of steel fiber. So far, there has not 
been a unified constitutive relation model of steel 
fiber-reinforced concrete [4]. So the constitutive 
relation of steel fiber-reinforced concrete is mainly 
reflected by the modification of the constitu-
tive relation of normal concrete and its elasticity 
modulus. The steel uses a double straight line ideal 
elastoplastic model.

3.2 A brief introduction of the finite element 
model

The size of the one-way “composite slab” is 
3.6 m × 1.2 m; the size of the two-way “ composite 
slab” is 3.6 m × 3.6 m; the bottom is steel 
 fiber-reinforced concrete; and its steel fiber con-
tent is 1.5%. The strength grade is CF30 and the 
upper part is a multi-ribbed structure, whose 
width and height are 6 cm and 8 cm, respectively. 
 Multi-ribbed is ordinary concrete C30. All the con-
crete  elements are an eight-node linear reduced inte-
gration entity unit (C3D8R). Multi-ribbed and steel 
fiber-reinforced concrete at the bottom is divided 
by the method of partition and gives them different 
properties, such as one-way slab shown in Figure 1.

The steel mesh in the steel fiber-reinforced 
concrete slab at the bottom is HPB300, and its 

diameter is 6 mm, the steel distance is 190 mm, 
steel mesh, as shown in Figure 2. The carrying 
steel in the multi-ribbed structure is HRB400 and 
its diameter is 8 mm, stirrup in the multi-ribbed is 
HPB300 and its diameter is 6 mm, the reinforce-
ment cage in the multi-ribbed structure, as shown 
in Figure 3. All the steel elements are a two-node 
linear three-dimensional truss element (T3D2), 
which is applied to the separation-type model with 
the concrete element, and the steel unit is embed-
ded in the concrete element, proceeding with the 
degree of freedom coupled to simulate the bond 
between steel bar and concrete [5].

Because the volume-weight of foamed concrete 
is 200 kg/m3, which is mainly used to fill the gaps, 
it does not belong to the main stress structure. So 
in order to simplify the calculation model, there is 
no simulation of foamed concrete and it directly 
ties the 2-centimeter steel fiber-reinforced concrete 
slab to the top surface of the multi-ribbed structure. 
Mesh generation is very important for finite element 
calculation. If the mesh is too coarse, the calculation 
results are not accurate enough; if the mesh is too 
dense, it will take a lot of computing time. So it needs 
to ascertain the mesh density reasonably [6]. When 
defining a tie, it needs to distinguish the master-
slave surface, and the slave surface mesh should be 
denser than the master surface mesh [6]. The upper 
steel fiber-reinforced concrete slab is as the master 
surface, as shown in Figure 4, whose element size is 
0.07. The top surface of the multi-ribbed surface is 
as the slave surface, whose element size is 0.05.

Figure 1. The diagram of the bottom of the one-way 
“composite slab” and its multi-ribbed structure.

Figure 3. The diagram of the rib frame of the one-way 
“composite slab”.

Figure 2. The diagram of the steel mesh at the bottom 
of the one-way “composite slab”.
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The boundary condition of the one-way “com-
posite slab” is U1 = 0, U2 = 0, U3 = 0, imposed 
on the two short sides of the one-way slab. The 
quadrilateral boundary condition of the two-way 
“composite slab” is U1 = 0, U2 = 0, U3 = 0. The 
area load imposed on the one-way slab is 40 KN/
m2, while the area load imposed on the two-way 
slab is 60 KN/m2.

In the implicit analysis program (e.g. ABAQUS/
Standard), the material with softening and rigid-
ity weakening traits will make calculation difficult 
to convergence. In the constitutive equation, it can 
adopt the viscoplastic regularization to solve the 
problem partially [7]. When defining the viscosity 
coefficient of  concrete, the greater the viscosity 
coefficient, the more rigid the structure is, i.e. it 
is just like a more sticky liquid that is more dif-
ficult to flow; the smaller the viscosity coefficient, 
the lower the computational efficiency [8]. We find 
that when the viscosity coefficient is less than 0.1, 
it is difficult to converge through valuing the vis-
cosity coefficient. In order to reduce the calculated 
quantity, the viscosity coefficient is defined as 0.3 
on the premise that it does not affect the result 
precision.

4 THE FINITE ELEMENT RESULTS 
OF ABAQUS

von Mises stress of  steel mesh at the bottom of  the 
one-way “composite slab” is shown in  Figure 5. 
Its stress of  the middle steel element varies with 
load curve, as shown in Figure 6. When the area 
load is 11 KN/m2, the curved section appears, 
which indicates that the lower part concrete of  the 
floor has already cracked. This is mainly by the 
steel to bear load effect, and when the area load 
is 31.6 KN/m2, steel yield, the member is already 
broken.

von Mises stress of steel mesh at the bottom of 
the two-way “composite slab” is shown in Figure 7. 
Its stress of the middle steel element varies with 
load curve, as shown in Figure 6. When the area 
load is 18.5 KN/m2, the curved section appears, 

Figure 4. The diagram of the upper steel fiber-reinforced 
concrete slab of the one-way “composite slab”.

Figure 5. von Mises stress diagram of steel mesh at the 
bottom of the one-way “composite slab”.

Figure 6. Stress of the middle steel element varied with 
load curve of the one-way “composite slab” and the two-
way “composite slab”.

which indicates that the lower part concrete of the 
floor has already cracked. This is mainly by the 
steel to bear the load effect, and when the area load 
is 46.5 KN/m2, steel yield, the member is already 
broken.

The cracking load of the 3.6 m × 3.6 m two-
way “composite slab” improves by 68%, compared 
with the 3.6 m × 1.2 m one-way “composite slab”, 
and the failure load improves by 42%. The deflec-
tion limit value of the floor flexural member is 

Figure 7. von Mises stress diagram of steel mesh at the 
bottom of the two-way “composite slab”.
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l0/200, where l0 is the effective span of the member 
[1]. The effective span of both the one-way “com-
posite slab” and the two-way “composite slab” is 
3.6 m, so their deflection limit value is 0.018 m. 
The deflection of the one-way “composite slab” is 
shown in Figure 8. The load-deflection curve of 
its middle element is shown in Figure 9. As can be 
seen from the  figure, when the deflection of the 
floor is 0.018 m, its corresponding load is 26.4 KN/
m2. The deflection of the two-way “composite 

slab” is shown in  Figure10. The load-deflection 
curve of its middle element is shown in Figure 9. 
As can be seen from the figure, when the deflec-
tion of the floor is 0.018 m, its corresponding load 
is 38.5 KN/m2. By comparison, the normal use of 
the limited load of the two-way “composite slab” 
is improved by 46%.

So we can see that the mechanical perform-
ance of the two-way “composite slab” is much 
better than that of the one-way “composite slab”. 
 However, restricted by the capacity of hoisting 
and transportation equipment in the assembled 
structure, floor is impossible to be made as a whole 
two-way “composite slab”, but it must be divided 
into several floor slabs, after hoisted in position, 
connecting them together to form the two-way 
slab. So if  we can find a safe, reliable and reason-
able joint that can make the one-way “composite 
slab” to deliver the load effect effectively, then it 
can improve the mechanical performance of the 
structure.

5 CONCLUSIONS

1. “Composite slab” is a new type of  pre-cast slab 
within foamed concrete filling, which can keep 
warm and sound-insulated well, and the steel 
fiber-reinforced concrete has a preferable duc-
tility and dissipative capacity. The mechanical 
performance of  its one-way slab and two-way 
slab can meet the requirements, and they can 
be applied to the assembled structure and 
are especially applicable to the north cold 
area.

2. The mechanical performance of the two-way 
“composite slab” is much better than that of the 
one-way “composite slab”, whose cracking load 
improves by 68%, normal use of limited load 
improves by 46%, and failure load improves by 
42%. If  we can find a reasonable joint that can 
make the one-way “composite slab” to combine 
with the two-way “composite slab” to deliver 
the load effect effectively, then it is good to 
improve the carrying capacity of the structure. 
Meanwhile, it can also strengthen the integrity 
and stiffness of the floor.

3. Now the mechanical performance of “compos-
ite slab” remains restricted to the finite element 
simulation analysis, and the bond slip between 
steel and concrete is shown by the EMBEDDED 
technology, which is slightly different from the 
practical engineering. In addition, there is no 
experiment conducted on the actual construc-
tion member, so the corresponding structure 
test is also needed in order to compare with the 
finite element model and carry out validation 
analysis.

Figure 8. The deflection diagram of one-way “compos-
ite slab”.

Figure 9. The load-deflection curve of the one-way 
“composite slab” and the two-way “composite slab”.

Figure 10. The deflection (m) diagram of the two-way 
“composite slab”.
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Finite element analysis of steel reinforced recycled aggregate concrete 
axial compression short column

Bing Wang & Xiao Liu
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ABSTRACT: In this paper, the steel recycled concrete axial compression short column has been ana-
lyzed by the finite element analysis using finite element analysis software ABAQUS. We get the ultimate 
bearing capacity of steel replacement rate under different regeneration concrete stub columns, and give 
each part temperature peak stress cloud contrast. The results showed that with the increase of recycled 
coarse aggregate replacement ratio, the concrete stress slightly increased, the ultimate bearing capacity of 
the component also gradually increased.

Keywords: steel reinforced recycled aggregate concrete; axial compression; column; the finite element

The elastic modulus of steel is defined 
E N mmSE 2 11 2. /NN m06 1011  Poisson’s ratio vs = 0.3.

2.2 Recycled concrete

The constitutive relation of recycled concrete by 
Xiao Jianzhuang [5] which considers the replace-
ment ratio of recycled coarse aggregate concrete 
under temperature stress-strain curve
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1 INTRODUCTION

With the rapid development of global economy, 
the speeding up of urbanization, and the increasing 
increase in the amount of concrete, natural resources 
are mined, and a large amount of construction waste 
are produced. At the same time, with people on the 
performance of structure and construction waste 
reuse requirements increase, recycled concrete as a 
kind of new building materials in the construction 
field has been researched, popularized, and applied. 
Research shows that steel reinforced recycled aggre-
gate concrete by steel improves the bearing capacity 
of components, increases the ductility and durabil-
ity of the structure, improves the seismic perform-
ance of the concrete structure, and it can realize the 
recycling of construction waste to achieve energy 
conservation and environmental protection. Steel 
reinforced recycled aggregate concrete column as 
the main structural component of construction 
overcome shortcomings of the simple structure of 
recycled concrete [1–4]. In this paper, the steel recy-
cled concrete axial compression short column has 
been analyzed using finite element analysis by finite 
element analysis software ABAQUS.

2 THE CONSTITUTIVE RELATIONS OF 
STEEL AND RECYCLED CONCRETE

2.1 Steel

The steel stress-strain model using bilinear model, 
as shown in Figure 1. Figure 1. The constitutive relation curves of steel.
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a = +2 0 748 1 231 02. (2 .748 . )975γ γ−1 23122 .1
 

(2)

b = +0 7 6483 1 142. (8 .+1.6 83 )γ
 (3)

In the formula: γ—Replace rate of recycled 
coarse aggregate.

The concrete plastic damage model based on 
ABAQUS software, the basic parameters of the 
plastic potential equation and the yield surface 
equation is similar to the ordinary concrete: the 
dilation angle is 30, the eccentricity is 0.1, compres-
sive strength of concrete under biaxial and uniax-
ial compressive strength ratio is 1.16, tension and 
compression the second invariant meridian stress 

ratio (K) is 0.6667, and the viscosity parameter 
is 0.0001. Concrete tensile softening performance 
using the energy criterion to describe the damage.

3 THE PROCESS OF FINITE 
ELEMENT MODELING

This paper designed a set of all the fire steel recycled 
concrete axial compression short column compo-
nents. Basic parameters are as follows: Compo-
nent length is L = 900 mm, section size is B × D = 
300 mm × 300 mm, H-beam section size is h × b × 
tw × t = 150 mm × 150 mm × 9.3 mm × 9.3 mm, the 

Figure 2. The component model for the finite element analysis.

Table 1. The stress nephogram.

Replace rate of recycled 
coarse aggregate (%) Concrete Steel Reinforced

Ultimate bearing 
capacity (KN)

0 5376

50 5504

100 5909
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strength of recycled concrete is C60, steel is  chosen 
Q345, longitudinal reinforced is 4B16, stirrup is 
B8@200, the strength of steel are HRB335, and 
the protective layer thickness is 30 mm.

Concrete, steel and end plates using an 8-node 
solid element (C3D8R), reinforced using a 2-node 
truss element (T3D2). The interface model of steel 
and recycled concrete (Surface to Surface contact) 
is composed of bond slip in the normal direction 
of interface contact and tangential direction. The 
rebar cage embedded in recycled concrete. Both 
ends of the column is fixedly connected, and the U3 
is released in the direction of loading end displace-
ment. The component form as shown in Figure 2.

4 MODEL ANALYSIS

This paper analyzes the ultimate bearing capacity 
of the peak stress nephogram of influence of dif-
ferent substitution rate of steel reinforced recycled 
aggregate concrete.

It can be seen from Table 1, concrete and end 
plate corner connection undergoes the phenom-
enon of stress concentration, and the central com-
ponent concrete high stress value; steel middle 
stress is larger, both ends gradually decreased; the 
longitudinal steel basically reached the yield limit, 
the stirrup with the replacement ratio of recycled 
coarse aggregate increase stress decreased.

At the same time, with the increase of recycled 
coarse aggregate replacement ratio, the concrete 
stress slightly increased; the ultimate bearing capac-
ity of the component also gradually increased. 
This is because with the increase of recycled coarse 
aggregate replacement ratio, the bearing capacity 
of recycled concrete is slightly higher, which makes 
recycled concrete contribution to the bearing 
capacity increase.

5 CONCLUSION

With the increase of recycled coarse aggregate 
replace rate, bearing capacity of recycled concrete 

increased under the same concrete strength, the 
steel reinforced recycled aggregate concrete limit 
bearing capacity also increases. This shows that 
steel reinforced recycled aggregate concrete com-
ponent with reasonable mixture ratio has better 
mechanical properties.
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Research and development of visual monitoring system for prestressed 
steel structure

Zhancang Li
Tianjin Vocational Institute, Tianjin, China

ABSTRACT: Prestressed steel structure is an important measure of the construction level of a nation. 
For prestressed steel structure construction, both in the construction phase, or in the normal use stage, 
to monitor their health status is necessary. In order to make the monitoring more vivid, concrete, and 
humane, we developed the visual monitoring system by using three-dimensional (3D) technology. The sys-
tem consists of real-time communication subsystem, 3D display subsystem and safety warning subsystem. 
By observing the 3D model, we can know the monitoring data of the real buildings. At last, the safety 
warning for the prestressed steel structure was implemented.

Keywords: prestressed steel structure, visualization; monitoring

The monitoring work is divided into the follow-
ing parts.

2.1 Sensing and data collecting part

According to the prestressed structure to be 
measured, establish the finite element model of 
the structure, calculate and analyze stress of the 
structure, then determine the type, quantity and 
location of sensor. After that, arrange internet 
sensors in determining position of the structure. 
At last, select data collecting devices, read out the 

1 INTRODUCTION

Nowadays, building a resource-saving society has 
become a time theme in China. For building con-
structure, it has to be made not only safe and suit-
able, but also artistic and economic. Benefit by the 
advantages of high strength, light weight and low 
cost, the prestressed steel structure has been used 
more and more in the projects of gymnasiums, ware-
houses, and so on. As a result of the complexity of 
prestressed structure, the normal use of structure has 
been directly affected. To avoid the damage which 
projects may cause and to extend the life-span, the 
damage of structure has to be found out in time. 
For this reason, it is an urgent situation to build a 
monitoring system of prestressed steel structure[2]. 
By using real-time communication technology 
and three-dimensional (3D) technology, the visual 
monitoring system have been designed and devel-
oped, this paper introduced the core technology, 
realization method and application of the system.

2 OVERALL DESIGN OF THE 
MONITORING SYSTEM

Prestressed steel structure 3D visualization real-
time monitoring is a system engineering, including 
the sensor technology, communication technol-
ogy, 3D modeling technology, software develop-
ment technology, database technology, and image 
processing technology etc. According to the func-
tions required by the system, the working model of 
the system is shown in Figure 1.

Figure 1. Working model of monitoring system.
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monitoring data from the sensor through the data 
collecting equipment and store in the database.

2.2 Real-time transmission part

The real-time transmission of monitoring data part 
is realized by “client” and “server” in Figure 1. The 
client read monitoring data from the database and 
transmit it to the server by certain frequency; the 
server implements the receiving, storing, 3D dis-
play, and safety warning of monitoring data.

2.3 D visualization

After receiving monitoring data real-time from 
remote client, the server software realizes the 3D 
display of monitoring data by loading 3D model. 
When monitoring data exceeds a preset safe range, 
the warning bell and high light display security 
early warning will be carried out.

3 DEVELOPMENT OF THE MONITORING 
SYSTEM

The techniques and methods of the realization of 
each part are introduced, respectively, as follows.

3.1 Implementation of sensing and data 
collecting part

The mature equipment and solutions can be used 
in the sensing and data collecting part of the 
system. This project adopts sensing devices and 
data collecting equipment provided by Data Taker 
China Limited.

3.2 Implementation of real-time transmission 
part of monitoring data

Monitoring data real-time transmission means to 
read monitoring data in Figure 1, which is col-
lected in sensing and data collecting system from 
database and make a real-time transmission to the 
remote monitoring center, this function will be 
realized by the monitoring software developed.

As shown in Figure 1, the monitoring adopts 
C/S system structure, the client realizes the reading 
and transmission, the server realizes the receiving 
and storage. Between client and server, socket tech-
nology is used for communication.

C/S structure is a structure of software system[6], 
it can make full use of the advantage of client and 
server hardware environment at both ends to assign 
the tasks to the client and server to reduce the com-
munication fee of the system. Socket[5] is a basic 
operation unit which supports TCP/IP protocol of 
network communication, it can be seen as two-way 

communication endpoints among different hosts 
process, with a correlation function of the socket 
to complete the communication process. It is like 
a transport layer interface operated for application 
layer, application program sends or receives remote 
data through the interface.

The process of socket communication between 
client and server is as follows:

1. The server creates a socket and listens at a port 
and is in a block.

2. The client creates a socket and connects to the 
server.

3. The server accepts the connection, ready to 
receive data and is in a block.

4. The client sends data and prepares to receive 
data.

5. The server receives the data and sends the data.
6. The client exits.
7. The service stops serving.

Considering the target platform and the effi-
ciency of the system, we choose object-oriented 
programming design language and Studio Visual 
developing tools.

On the client side, create a connection—oriented 
network socket, request connection to the server 
based on the server’s IP address and port: if  con-
nection succeeds, create network stream object for 
data transmission according to the network socket. 
In a single thread, the monitoring data is read from 
the scene database and is transmitted to the remote 
server by the network stream object.

In the server side, create a network socket, 
and open the monitor. When a client connection 
requests, create a network socket in the server 
for communication with the client, when data 

Figure 2. Loading model.
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arrives, receive the monitoring data and realize the 
data storage, due to the advantages of the simple 
deployment and high efficiency of SQLite data-
base, project selects SQLite database.

3.3 The realization of 3D visualization display 
and the safety warning

Visualization technology is methods and tech-
niques, which makes use of computer graphics and 
image technology to transfer data into graphics or 
images displayed on the screen or on the software 
form and makes the interactive processing.

3D visualization is a combination of data and 
3D model, which displays the data on the 3D 
model, monitoring stuff  can master the real sen-
sor data on the corresponding position in real-time 
so as to grasp health status of the structure. The 
realization of 3D visualization monitoring steps is 
as follows.

3.3.1 Create the three dimensional model 
of prestressed steel structure

Using Auto CAD, Revit or other 3D modeling 
softwares to create the 3D model of the pre-
stressed steel structure, according to the sensor on 
the structure, mark on the 3D model corresponds 
to the position.

3.3.2 The loading of the 3D model
For the loading of 3D models, the dynamic con-
nection library EyeShot provided by third party 
Software dev Dept is used. EyeShot is a good solu-
tion for software developers to load 3D graphics 
into a form application. We can use it to translate, 
scale and rotate the 3D model on its own applica-
tion form.

For the realization of loading for 3D model, 
create a custom control, inherit component Sin-
gleViewport Layout provided by EyeShot. The 
latter provides the functions of loading, operating, 
and saving 3D model (DWG format). The paper 
realizes the loading of DWG and MDL (custom) 
format. After a successful loading, the model can 
be scaled, rotated, moved and so on. 3D model 
loading interface is shown in Figure 3.

3.3.3 The addition, setup and deletion 
of the simulation monitoring points

Simulation monitoring point is a vivid simulation 
of true monitoring position on the prestressed steel 
structure, each simulation monitoring point match 
with an actual monitoring point and its monitor-
ing point sensor, simulation monitoring point 
carries the coordinate of the point, correspond-
ing sensor identification, and information like 
monitoring point safety warning limit data. Each 
simulation monitoring point match with an actual 

monitoring point and its monitoring point sensor, 
simulation monitoring point carries the coordinate 
of the point, corresponding sensor identification, 
and safety warning limit of the point. Each simu-
lation monitoring point is represented by a sphere, 
as shown in Figure 3, the red arrow in the figure 
points at the sphere, which is the simulation moni-
toring point that have been added.

When we need to edit the attributes (color, 
radius or safety range) of simulation monitor-
ing points for any reasons, we can right-click the 
sphere, open the “Edit model” dialog to reset the 
attributes of simulation monitoring points, as 
shown in Figure 4. When you need to delete the 

Figure 3. Add monitoring points.

Figure 4. Editing of monitoring points.
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simulation monitoring point, right—click the ball, 
select “Delete” menu item from the context menu 
to delete it.

3.3.4 3D visualization display and safety warning
When the model is in a displaying mode, the cur-
rent value of the actual monitoring sensor will be 
displayed in real-time at the simulation monitor-
ing point position, when the value received is in 
the safe range, it will be displayed with white font 
on the model, when beyond the safe range, the bell 
sound and a red display will be activated as a secu-
rity warning, as shown in Figure 5. The monitoring 
value of “monitoring point 1” is in the safe range, 
and no alarm; The monitoring value of “monitoring 
point 2” is beyond the safe range and it will automat-
ically activate alarm and will be displayed in red font 
with high light so as to realize the safety warning.

4 CONCLUSION

According to the content of the whole design, we 
achieved the collecting of monitoring data real-time 
transmission of data, 3D visualization display, and 
the safety warning respectively. The features are 
the real-time transmission of monitoring data and 
visualization monitoring, in which real-time trans-
mission part realized self-connection between the 
client and the server and simplified the configura-
tion and deployment of the software. The visuali-
zation monitoring part solved the difficulties of the 

loading of 3D model, the additions of simulation 
monitoring points and safety warning through the 
dynamic link library by third party to realize the 
visualization monitoring, and enabled the moni-
toring stuff  mater the status of prestressed steel 
structure health in real-time through the observa-
tion of 3D model.

This system passed a comprehensive test in 
Guang Zhou university sports venue and Xuzhou 
stadium project, both designed by Beijing Institute 
of architectural, and it was put into use, The sys-
tem improved the way of prestressed steel struc-
ture monitoring, the monitoring accuracy and the 
working efficiency are improved, and it makes the 
monitoring work more humane.

The deficiency of this paper is the lack of 
research on the sensor system and the data col-
lecting system. There is no specification for the 
interface between monitoring software and data 
acquisition system, data format or structure of 
the database is not unified, which will bring some 
inconveniences after replacing the sensing system. 
The lack of research on the further application of 
monitoring data, the striving direction in the future 
is to make full use of the monitoring data, the sys-
tematic assessment of prestressed steel structure 
performance variation so as to scientifically evalu-
ate the health status to provide reference for rein-
forcement and maintenance of the structure.
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Ballast particle model and initial packing numerical simulation

W.J. Shao & S.L. Lian
The Key Laboratory of Road and Traffic Engineering, Ministry of Education, Tongji University, Shanghai, 
China

ABSTRACT: The shape of ballast particles has an important effect on the settlement and deformation 
of ballast bed. When the research of the settlement of ballast bed is carried out by using the discrete ele-
ment method, an accurate shape model of ballast particles needs to be established. However, the appli-
cation of polyhedral model of ballast particles can handles this problem rather well. In the article, the 
polyhedral model of ballast particles is first generated by the convex hull generation method. Meanwhile, 
the approach to bounding sphere packing is used to accelerate the packing process of polyhedral model 
of ballast particles on basics of packing of ballast particles under gravity. The results show that the initial 
packing process of polyhedral model of ballast particles can be speeded up through the above mentioned 
way. And it in turn accelerates the whole packing process of ballast particles.

Keywords: discrete element method; ballast particle model; heavy haul railway; sphere packing

2 THE CONSTRUCTION 
OF POLYHEDRAL MODEL 
OF BALLAST PARTICLES

According to Code for Designing Heavy Haul 
Railway (Ministry of Railways of the People’s 
Republic of China 2011), 1st graded ballast should 

1 INTRODUCTION

During operations of the heavy haul railway with 
30 tons in axle load, the problem of roadbed set-
tlement has grown more important. But traditional 
research methods rest on the assumption of a con-
tinuous medium, which are inadequate to access 
the effects of shape and crush of ballast particles 
on the roadbed settlement. Consequently, when 
considering the effects of the shape of the ballast 
particles, a model of irregular shaped particles has 
been adopted to simulate them.

The clusters and clumps are being used to 
model real ballast particles in the discrete element 
method, which have been proposed first by the 
McDowell team (McDowell et al. 2005). And in 
terms of numerical simulation, the two models are 
applied to the engineering practices by Indraratna 
(Indraratna 2013 & Christian 2012). Furthermore, 
by comparing the experimental results, the validity 
of these two models are verified by him. However, 
the number of spheres are bonded together to form 
a ballast particle in these two models. Because of 
this way, it will lead to the existence of interspace 
and overlap in the particles, so the density of the 
particles is not uniformly distributed.

In order to overcome this shortcoming, a model 
of irregular polyhedral particles (Tutumluer 2009, 
Joseph 2013 & Jan 2014) has been adopted to sim-
ulate the ballast particles. And the rapid packing 
algorithm for spherical particles is employed to 
accomplish the initial packing of polyhedral model 
of ballast particles. Figure 1. A polyhedral model of ballast particles.
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be applied in the heavy haul railway with 30 tons or 
above in axle load. Thus, a series of cuboids needs 
to be established in accordance with the size of 
square whole screen of the 1st graded ballast.

And a certain number of points are randomly 
inserted into the cuboid in the light of the require-
ments of slenderness ratios. As shown in Figure 1, 
a polyhedral model of ballast particles can be gen-
erated through computing the convex hull (Barber 
1996 & Wang 2011) of these points.

Owing to the randomness of the inserted point, 
the model might be shaped in needle-like or flake-
like. Therefore, the shortest distance and the long-
est distance of the polyhedral model should be 
found so as to calculate the slenderness ratios. 
And the values of slenderness ratios will be used 
as a criteria for determining whether it meet the 
requirements of flake index and acicular index.

3 THE BOUNDING SPHERE OF 
POLYHEDRON BALLAST PARTICLE

The benefits of using the spherical model of par-
ticles are the simplicity of geometry description. 
Another advantage of the model can be used to 
quickly determine whether it is in contact with 
each other. What’s more, the packing process of it 
is relatively simple and fast to calculate. By using 
the packing of the spherical model, the packing 
process of polyhedron model of ballast particles 
can be speeded up. But it is necessary for the poly-
hedral model of ballast particles to find the bound-
ing sphere. Then the above mentioned method can 
be adopted to achieve the initial packing process.

When it comes to computing the bounding 
sphere, a method of calculation has been pro-
posed by Jack Ritter (Ritter 1990). In the article, 
a numerical calculation of the bounding sphere is 
made in the same method. First, it is necessary to 
find six points which have the maximum and mini-
mum values of x, y, and z from a vertex set of Vi. 
Then the length of the line segment linking any 
two points chosen from them would be calculated. 
The longest length of it is named d1, which has the 
corresponding vertices A1 and B1.

1. Find the midpoint P1 of a line segment joining 
the vertices A1 and A2. And the sphere Q1 with 
center P1 and diameter d1 is calculated.

2. Traverse the remaining vertices and determine 
whether the remaining vertices are in the sphere 
calculated in the first step. If  vertex Ai is in the 
sphere Q1, the next vertex Ai+1 would be tested 
in the same process. Otherwise, it is necessary to 
create connection lines between vertex Ai and 
center P1, which would intersect the sphere Q1 
at the point Bi. Then the length of the line seg-
ment linking the vertices Ai and Bi would be 

Figure 2. The schematic diagram of the calculation of 
the bounding sphere.

Figure 3. The bounding sphere of polyhedron ballast 
particle.

computed and named di. As shown in Figure 2, 
the sphere Qi with center Pi and diameter di is 
computed in the same way;

3. Repeat the above mentioned procedure to deter-
mine the sphere Qi which contains all vertices.

Finally, the bounding sphere of polyhedron bal-
last particle is calculated and depicted as shown 
in Figure 3.
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4 THE INITIAL PACKING OF 
POLYHEDRON BALLAST PARTICLE

After the bounding sphere of polyhedron ballast 
particle model is solved, they can be packed with 
a geometric based compression algorithm which is 
proposed by Han (Han 2005). The core idea of the 
algorithm is descripted below:

In case of the 2D circle particle, the problem is 
shown in Figure 5. A is the target circle to be com-
pressed, the remaining circle are A’s neighbor. Unit 
vector of the compression direction is ne (xn, yn). 
The coordinate of A circle center is (AX, AY), H’s 
center coordinate is (HX, HY); as shown in Figure 4, 
the maximum moving distance of A just touching 
H is lmax calculated with the equation:

l l ls tlmax l −( )rA( )rHrrHrrAr +rrr 2 2

where: l H A x ys X X nx Y Y n+H AXH X−HXH ( )H AY YAH
l H A y xt X X ny Y Y n+H AXH −HXH ( )H AY YAH .
Loop over A’s neighbor circle to calculate the 

minimum of the allowable moving distance in 
the original paper. The neighbor circle quantity 
is 7, so solution procedure must be conducted for 
7 times. However, if  circle A moves along the speci-
fied direction, circle C, D, and F are never touch-
ing with A. So the judgment condition is used to 
reduce the neighbor circle quantity. Before calcu-
lating the allowable moving distance, the direction 
vector which A’s center to one of circle should be 
calculated. Then the angle between the direction 
vector and compression direction are  calculated. 
If  the angle is greater than 90 degrees, the cir-
cle is removed from the neighbor list. Less than 
90 degrees, the distance from the circle to the 

 compression direction are computed. If  the dis-
tance is greater than the sum of A’s radius and its 
radius, the circle is removed from the neighbor list. 
Loop over A’s neighbor circle, the neighbor circle 
quantity can be reduced. For example, A’s final 
neighbor circle are G and H. Finally, the calcula-
tion speed of A’s minimum allowable moving dis-
tance can be increased.

All spheres are looped over and moved, and 
then a loop global compression is accomplished. 
Because of the spheres are compressed in the 
assigned orientation, the local arches are formed. In 
order to overcome this difficulty, a local compres-
sion is performed in which the compression direc-
tion is different from the global compression. After 
the global and local compression is performed, the 
packing density is significantly increased.

After the packing process of bounding sphere 
is accomplished, coordinate conversion between 
polyhedron ballast particle and bounding sphere is 
carried out. The bounding spheres are replaced by 
the polyhedron ballast particle. Then the polyhe-
dron ballast particles are initially packed.

5 ILLUSTRATIONS

A box is designed to test the validation of the 
above method; it is 70 × 30 × 45cm. With the 
method stated above, the packed bounding sphere 
in the box is shown in Figure 5. Correspondingly, 
Figure 5 shows the initial packing of polyhedron 
ballast particle.

Figure 4. Moving distance of sphere A. Figure 5. The packed bounding sphere in the box.
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In Figure 6, the number of bounding sphere is 
2911, the packing density is 0.323. It takes 336.7 
seconds to complete the initial packing of poly-
hedron ballast particle. Because the volume of 
polyhedron ballast particle is less than its bound-
ing sphere. As shown in Figure 6, the interspace 
between the polyhedron ballast particles is  bigger. 
Its packing density is less than 0.323. In order 
to increase the packing density, random packing 
under gravity must be performed after the initial 
packing. The purpose of the paper is to describe 
a quick initial packing method of polyhedron bal-
last particles, so random packing under gravity 
isn’t expounded.

6 CONCLUSIONS

1. The theory of convex hull can be used to estab-
lish the polyhedron ballast particle model of 
irregular shape; but slenderness ratio must be 
calculated to determine whether the ballast par-
ticle model is needle shaped or flaky particle.

2. Bounding sphere is packed quickly, so the initial 
packing of polyhedron ballast particle model 
can be speeded up.
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The comparison of integration methods in cellular material model
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ABSTRACT: The complex contact problem of  cellular composite materials is studied in this paper. 
The problem is translated into a set of  nonlinear fluid-structure coupling partial differential equa-
tions. The equations are discretized by the finite element method and finite difference method. Three 
kinds of  integration methods—Gauss, Gauss-Lobatto and Newton-Cotes to compute numerical inte-
gration are used in the calculation of  numerical solution. Then we can analyze the three numeri-
cal integration methods to the influence of  numerical solution of  nonlinear fluid-structure coupling 
equations.

Keywords: finite element; cellular material

to too much emphasis on versatility, these software 
ignore the further analysis to computing formats 
and results. Due to these considerations, the paper 
is devoted to study and explore better finite ele-
ment computing format and numerical integration 
method for solving nonlinear fluid-structure cou-
pling equations.

1 INTRODUCTION

With the development of economic environment, 
shortage of energy, timber and other resources is 
becoming serious, which lead to enormous pressure 
on the scientific research. Facing with such severe 
situation, the most important task at present is to 
minimize resource consumption and environmental 
damage. Fortunately, the advent of cellular com-
posite materials alleviates these problems. Cellular 
material is a new material. Its advantages of light 
texture, strength, stiffness, heat insulation, sound 
insulation, et al are proposed by [4]. It is recycled 
and has a high economic value. Currently, cellular 
materials have been widely used in the construction 
industry, which has great significance for the con-
servation of resources and improving the ecologi-
cal environment. However, its numerical simulation 
is difficult because of the complexity of material 
microstructure and the diversity of material prop-
erties. International engineering (IEEE, IAENG) 
think high performance computing technology can 
be combined with mathematical models to simu-
late the deformation of the material. An example 
of such a model has been proposed by Fleck and 
James [5,6]. Paper [1] attempts to use a set of non-
linear fluid-structure coupling partial differential 
equations to describe the problem of complex con-
tact surfaces of cellular composite materials.

Now a large number of finite element software 
can effectively simulate the cellular material defor-
mation and other issues. The problem of complex 
contact surface of cellular materials are shown in 
Figure 1 and Figure 2 using Dyna. However, due 

Figure 1. Stress distribution of cellular materials’ 
 contact surface.

Figure 2. Stress distribution of cellular materials’ 
contact surface in time 0.1.
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 (1)

here ρ is density, ξ is the shear factor, η is the vis-
cosity, λ is the relaxation factor, u is the velocity, τ 
is the stress.

2 THE DISCRETION OF COUPLING 
EQUATIONS

This article use finite element method and finite 
difference method to solve the coupling equations. 
The spatial variables are discretized by the finite 
element method and the time variable is discretized 
by semi implicit Euler methods. After that, we get 
large linear equations. For the spatial variables, we 
use high order shape function—Lagrange three 
shape function to construct interpolation function. 
It can avoid the phenomenon of the unit is too 
rigid and reduce the error caused by finite element 
discretization.

The first step to construct the finite element 
interpolation function is to determine the inter-
polation nodes. This paper uses the zeros of the 
Lobatto polynomial as the interpolation nodes, 
constructing Lagrange 16 double three polynomial 
shape functions. The following problems are con-
sidered in the standard element −1,1 × −1,1  square 
area. The rectangular area divided into four 2 × 2 
units, denoted as  unit,  unit,  unit,  unit. 
Then we use the zeros of the Lobatto polynomial 
as the interpolation nodes of rectangular mesh 
and get a 2 × 2 in-equidistant interpolation nodes 
in each unit.

One-dimensional Lagrange shape functions are 
as follows:
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We can get the two-dimensional Lagrange 
16 double three shape function, expressed as
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here, Li (η) is one-dimensional Lagrange shape 
function.

Now, finite element and finite difference meth-
ods are used to discrete coupling equations. In 
equations(1), we set u = iu1 (x, y; t) + ju2 (x, y; t) as 
velocity field(Vector). Here, u1 (x, y; t) u2 (x, y; t) 
are expressed as x and y components of velocity u. 
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 is a stress field (Tensor). 

Here τ11 (x, y; t), τ12 (x, y; t), τ21 (x, y; t), correspond 
to four component of stress τ. We also have τ12 
(x, y; t), τ21 (x, y; t).

The coupling equations actually contains 
5 component equations. The coupling equations (1) 
expand into five component equations according 
to the above five components:
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We discrete variables of the above five equations 
(2–6). Only discrete results of the equation (2) are 
given here. Other equations are similarly available. 
The discrete results of the equation (2) can be writ-
ten as:
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here, {A}16 × 16, {B1}16 × 16, {B2}16 × 16, {E1 (m)}16 × 16, 
{E2 (m)}16 × 16 are the corresponding stiffness matrix.

Then, we use the semi implicit Euler method to 
get discrete time variable of equation (2). First, we 
rewrite the semi discrete scheme (7) as:
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Second, we can get the semi implicit Euler 
scheme:
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3 THREE KINDS OF NUMERICAL 
INTEGRATION

Considering the complexity of the integrand, 
we use three kinds of integral methods—Gauss, 
Gauss- Lobatto and Newton-Cotes to compute 
numerical integration in the calculation of stiffness 
matrices [8,10].

For one-dimensional numerical integral for-
mula of Gauss type, when n = 3, integral nodes 
are ±0.3398810; ±0.9061793, the corresponding 
coefficients of integral formula are 0.6521452, 
0.2369269. For one-dimensional numerical inte-
gral formula of Gauss-Lobatto type, when n = 3, 
integral nodes are ±1; ±0.447214, the correspond-
ing coefficients of integral formula are 1/6; 5/6. 
For one-dimensional numerical integral formula 
of Newton-Cotes type, when n = 3, integral nodes 
are ±1; ±1/3, the corresponding coefficients of inte-
gral formula are 1/8; 3/8.

In two-dimensional case, we take numerical inte-
gration approach of choosing the same number of 
integration points along the x, y direction.

I f x y y f xi j i j
j

n

i

n
f y

−
==

∫−∫ ∑∑1

1

1

1

11
−∫∫ ( ,xx WW fi jWWW)dxdy =dxdy ∑∑ , )x jx  (10)

here, Wi, Wj are weight coefficients.
Of course, the way of two-dimensional integra-

tion is not unique. The stiffness matrix is not the 

same obtained by different numerical integration, 
which lead to the different calculation error.

4 NUMERICAL RESULTS

In this section, numerical results obtained by the 
above numerical integration are presented. The 
test domain is in [0,4] × [0,4] square. We simulated 
the domain's velocity and stress change under the 
action of different force. Grid deformation is used 
to shows the change in the velocity field. In this 
paper, the space step h = 1 and time step Δt = 1  
are chosen in the finite element method. The initial 
position is shown in Figure 3

The following each figure has three mesh defor-
mation diagrams corresponding to three numeri-
cal integration methods. In Figure 4, the results 
are obtained by using Gauss, Gauss-Lobatto and 
Newton-Cotes integration on T = 2. The mesh 
deformation results using three numerical integra-
tion on T = 3 are shown in Figure 5.

The following tables show the numerical solu-
tion of velocity field u on mesh node with finite 

Figure 3. The initial mesh shape.

Figure 4. The computation results of mesh deforma-
tion using three different numerical integration methods 
on T = 2.
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element method, the mesh node number may refer 
to [3]. Due to external forces acting on the upper 
and lower bounds, so the numerical solutions of 
the grid nodes on this boundary are not given. The 
following formula:

u u u= +u1
2

2
2  (4.1)

is used to calculate the effective velocity.
We set initial value are u1 = 0.08 and u2 = 0. 

It is easy to know u = 0.08 according to (11). 
Table 1 lists numerical results of the stress on the 
grid nodes using the three numerical integration 
methods when T = 2. The numerical results of the 
stress using the three numerical integration meth-
ods on T = 3 are shown in Table 2.

5 CONCLUSION

We have presented three kinds of numerical inte-
gration methods for solving a finite element prob-
lem for the coupling equations. Different numerical 
integration methods lead to the numerical solu-
tions vary widely. Therefore, in order to reduce cal-
culation errors, we should choose the appropriate 
numerical integration methods. some other numer-
ical integration methods to improve accuracy of 
numerical solution will be discussed in the future.
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Node number Gauss Gauss-Lobatto Newton-cotes
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141 1.93 0.07 0.34

Table 1. The numerical solutions of u using three 
numerical integration on T = 2.
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 6 0.32 0.12 0.07
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 42 0.03 0.04 0.04
 69 0.08 0.05 0.04
 72 0.05 0.06 0.03
 75 0.06 0.04 0.03
102 0.12 0.06 0.03
105 0.08 0.04 0.04
108 0.08 0.05 0.04
135 0.27 0.01 0.00
138 0.21 0.05 0.01
141 0.15 0.00 0.00
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Radial temperature field simulation of overhead conductor
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ABSTRACT: It is a meaningful and challenging task to exactly grasp the temperature of conducts in 
an operational transmission line. A typical uniform temperature distribution of a specific section of over-
head conduct is assumed by traditional methods, but several experiments found that this is not true and 
temperature differences existed in the radial direction. To accurately solve the radial temperature field of 
conducts, a numerical simulation method is proposed based on 2-D steady-state heat transfer control func-
tions, in which main heat gains and heat loss of conducts are considered. The method has been applied to 
the type-JL/LB1A-300/50 Aluminum Conductor Steel Reinforced (ACSR) conductor. The results proved 
the existence of an inappropriate temperature difference in the radial direction of conduct.

Keywords: overhead conductor; radial temperature field; numerical simulation

conductors were conducted by introducing several 
simplifications. For example, conductor models 
established by Black et al. (1988) and Morgan & 
Findlay (1993) use assumptions that distances 
between the neighboring metal wires in the steel 
core and the aluminum strand are neglected, and 
that the steel core and the aluminum strand are 
homogeneous cylinder and cylinder hollow cylin-
der, respectively, and tightly contact between two 
layers. Therefore, in a simple way, the effective 
radial thermal conductivity was adopted to simu-
late radial thermal transfer within the complicated 
structure of  the conductor. The computational 
accuracy of  this method is largely dependent on 
whether the effective radial thermal conductivity 
adopted is reasonable or not, but it is rather dif-
ficult to determine precisely. Recently, some FE 
model-based methods were proposed to simulate 
the radial temperature field of  the conductor 
(Zhao et al. 2007, He & Li 2010). This method 
enables us to establish a model fully according to 
the actual structure of  the conductor. Until now, 
few studies have comprehensively analyzed the 
effects of  the distribution pattern of  voids within 
the conductor, contacts among metal wires, and 
convention conditions on the temperature field of 
the conductor.

Therefore, this paper establishes a more deli-
cate conductor model based on 2-D steady-state 
heat transfer control functions, in which the main 
heat gain and heat loss of conducts, the void dis-
tribution and the contact between metal wires are 

1 INTRODUCTION

Along with the rapid economic development, the 
consumption of electric power has increased sig-
nificantly over the past few years. Inadequate 
power supply, especially in peak hours, has become 
an increasingly critical problem. To resolve this 
problem, except for upgrading the existing power 
grids and constructing new transmission lines, 
another alternative is to dynamically increase the 
current-carrying capacity of overhead lines in 
service. Dynamic capacity-increase technology 
can fully tap the potential of existing lines, and it 
has the advantages of small investment and quick 
return. It can provide a higher current-carrying 
capacity than that determined by formulas in 
specifications, because it determines the threshold 
of current- carrying based on the thermal equilib-
rium theory and using the information of conduc-
tor temperature, ambient temperature and wind 
speed. To ensure the stability and safety of power 
grid operation when this technology is applied, a 
critical and difficult task is to exactly determine the 
temperature of operating lines.

The traditional methods based on the thermal 
equilibrium theory assume a uniform temperature 
within the conductor (Peng et al. 2008 & IEEE Std. 
2003), but, in fact, it is not the true. Some experi-
mental measurement results indicated that tem-
perature differences within a conductor may reach 
up to 5–15°C (Douglass et al. 1985).  Actually, 
some radial temperature field analyses of  typical 
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 considered, and then develops a numerical iterative 
method for the accurate solution of the radial tem-
perature field of the conductor, and finally applies 
it to the type-JL/LB1A-300/50 Aluminum Con-
ductor Steel Reinforced (ACSR) conductor.

2 RADIAL HEAT TRANSFER 
WITHIN A CONDUCTOR

Heat within an overhead conductor is generated 
by electrical ohmic losses. The core is hotter than 
the surface of  the conductor, thus heat radially 
transfers to the surface, and then dissipated to 
the surrounding air through heat convections and 
heat radiations. There are two parallel radial heat 
transfer paths for concentric-lay-stranded con-
ductors: (1) asperities and air gaps at the contact 
points between the crossing wires and (2) triangu-
lar and rectangular voids between adjacent layers. 
Morgan & Findlay (1993) studied the radial heat 
flow in a current-carrying multi-layer stranded 
conductor, and found that most of  the heat trans-
fers through the air gaps at the contacts between 
strands and through the voids between adjacent 
layers.

IEEE Standard (2013) concluded the main fac-
tors that influence the radial temperature distribu-
tion within an aluminum conductor, including the 
magnitude of the electric current in aluminum lay-
ers, electric resistance of aluminum wires, geomet-
ric shape of strands (e.g. circular, trapezoidal or 
“Z”-shaped), number of strand layers, aging situa-
tion (e.g. corrosion and bird-caging), contact area 
and contact forces between layers. Among them, 
the first two factors mainly affect the magnitude of 
heat generated within a conductor, and the latter 
four mainly influence the number and distribution 
of air gaps and voids in the conductor. The exist-
ence of air gaps and voids largely affects the actual 
radial temperature distribution. Therefore, it must 
be properly considered in the simulation of radial 
temperature distribution of the conductor using 
numerical methods.

3 SOLUTION OF THE RADIAL 
TEMPERATURE FIELD

3.1 Two-dimensional steady heat 
transfer equation

Heat transfer through strands and voids within a 
conductor accords with the 2-dimensional (2D) 
steady heat transfer control equation, and thus 
the heat equilibrium equation in the whole cross-
sectional area Ω is established as follows (He & Li 
2010):

k s ,( )T Txx yy, ,xx + =s ( )x y,x ∈0 Ω  (1)

and the equilibrium equation of heat dissipation 
at the boundary of the conductor Γ is as follows 
(He & Li 2010):

qn k= − ( )T xnx T xny+ = ( )TsTT TaTT−TsTT ( )x y ∈x x , (xα Γ  (2)

where T is the two-dimensional temperature field 
in the conductor; T,xx, T,yy, T,x and T,y are the sec-
ond and first derivative of coordinates x and y, 
respectively, with materials of the conductor being 
assumed to be isotropic; k is the thermal conduc-
tivity of the metal or air; s is the heat gain rate per 
unit volume and its value varies in different areas 
of a conductor; qn is the heat loss rate in the out-
ward normal direction of the conductor’s surface; 
nx, ny are the x and y components of the normal 
direction n, respectively; α is the composite coef-
ficient of heat dissipation; and Ts and Ta are the 
surface temperature of the conductor and the 
ambient temperature, respectively.

Using the principle of virtual work to obtain 
partial integrations of Equation (1), and then intro-
ducing to the boundary conditions of Equation (2), 
we obtain the following equation as follows:

δ α

δ

d

Tδ sdTT

ΓδT Tδδ αα dTT

ΩTδδ sdTT
Ω Γ

Γ Ω

∫ ∫δδδ i iΩ Γi i, ,i

∫ ∫δ α da∫ ∫δ Tδδ d
Γ Ωa= ∫ δ αTδ αδ α daTT  (3)

3.2 Heat gain and loss of transmission conductor

ACSR conductors have been widely used in the 
existing overhead transmission lines for their large 
current-carrying capacity and stable performance. 
Given that the main sources of heat gain and loss 
for different conductors are different, ACSR con-
ductors are chosen for further discussion. For a 
typical cross-section of ACSR conductors, it con-
sists of outer-layer aluminum strands and inner-
layer steel strands.

Heat sources of  a conductor mainly include 
two parts: current heating (or Joule heating) and 
solar heating. Since the inner steel core cannot 
be directly affected by sunshine, current heat-
ing is the only heat source considered for it. The 
heat gain rate of  steel core per unit volume is as 
follows:

S
P

AsS
sA

= ( )λ ( +λλ ((  (5)

where λ is the current ratio of steel core Is to alumi-
num strands Ia; As is the cross-sectional area of the 
steel core; and P is the total heat gain rate. For the 
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outer-layer aluminum strands, solar heating should 
be taken into consideration, and thus the heat gain 
rate per unit volume is as follows:

S
P

A AaS
aA

sSDSS

aA
= ( )+

+
/P (( γ s  (6)

where S is the solar radiation intensity; γs is the 
solar radiation absorptivity of the conductor, 
which falls in the range of 0.27–0.95; and D is the 
external diameter of the conductor.

Convective cooling Pc and radiative cooling Pr 
are two major ways of heat loss for ACSR conduc-
tors. The composite thermal dissipation coefficient 
of the conductor’s surface in Equation (2) can be 
determined as follows:

α = +
( )−

PcPP PrPP
A

 (7)

where A is the side superficial area per length.

3.3 Main procedure of the numerical solution

The equation of the radial temperature field indi-
cates that several critical parameters are the func-
tion of mean temperature or surface temperature 
of the conductor, such as thermal conductivity of 
air, heat gain rate of the steel core and aluminum 
strands per unit volume, and composite coefficient 
of heat dissipation. Hence, a series of numerical 
iterations are used to obtain a stable solution of 
radial temperature field of the conductor. The 
main procedure of the numerical iterative solution 
is concluded as follows:

1. Establish a geometry model for the cross-section 
of a conductor by the FE method;

2. Set an initial temperature field of the conductor 
TnTT i(n  = 0);

3. Calculate the mean temperature and surface 
temperature of  the section based on the tem-
perature field of  the conductor at the nth 
step TnTT i;

4. Solve the thermal conductivity of air, heat gain 
rate per unit volume, and composite coefficient 
of heat dissipation at the nth step;

5. Solve the temperature field of the conductor at 
the (n + 1)th step after introducing the bound-
ary conditions in Equation (2);

6. Repeat steps (3–5) if  n
i
((

n
i

i
N

+=∑ >11  tol, other-
wise output computational result of the tem-
perature field.

Here, N is the number of Degrees of Freedom 
(Dof) of the FE model; TnTT i and TnTT i

+1 are the tem-
perature of the ith node at the nth and (n + 1)th 
step; and tol is the tolerance.

4 NUMERICAL SIMULATION OF THE 
RADIAL TEMPERATURE FIELD

4.1 Conductor model for temperature 
field analysis

As an example, the FE model of  the type-JL/
LB1A-300/50 ACSR conductor is established 
according to the geometrical parameters of  this 
conductor. The FE model of  the type-JL/LB1A-
300/50 ACSR conductor is established and shown 
in Figure 1b. It is composed of  5804 nodes and 
11076 elements.

4.2 Radial temperature field of the conductor 
in the natural convection condition

To determine the radial temperature field of the 
aforementioned conductor in a typical operational 
environment, some fundamental computational 
parameters are input as follows: Alternating Cur-
rent (AC) Iac = 500 A; Direct Current (DC) resist-
ance Rdc = 0.0916 Ω/km; resistivity of the steel 
core ρs = 20 × 10−8 Ω ⋅ km and aluminum strand 
ρa = 2.8 × 10−8 Ω ⋅ km; thermal conductivity of 
the steel core ks = 80 W/(m ⋅ °C) and aluminum 
strand ka = 237 W/(m ⋅ °C); and solar radiation 
S  = 900 W/m2.

First, the radial temperature field of the con-
ductor in the natural convention condition is 
simulated. The wind speed for the natural convec-
tion condition is Vw = 0 m/s. Using the numerical 
iterative solution in Section 3.3, the results can be 
obtained. The heating rates of the steel core and 
the aluminum strand are Sa = 1.2 × 105 W/m3 and 
Ss = 1.2 × 104 W/m3, and the composite coefficient 
is α  = 10.5 W/(m2 ⋅ °C). Figure 2 shows the radial 
temperature field of the type-JL/LB1A-300/50 
ACSR conductor in the natural convection condi-
tion. The results indicate that the highest tempera-
ture exists in the aluminum strands of the inner 
layer, and then in the innermost layer of the steel 
core, with the lowest one being the outermost layer 
of aluminum strands. The maximum temperature 
difference within the conductor is around 4.5°C. 

Figure 1. Type-JL/LB1A-300/50 ACSR conductor 
(unit: mm).
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Some reasons behind the above phenomena are as 
follows: (1) heat gain rate of aluminum strands is 
much larger than that of the steel core, and thus 
the former gains more heat and transfers to the 
steel core inside; (2) because the steel core of the 
innermost layer is far from the air convection 
boundary, the temperature of this layer is relatively 
high; (3) heat generated in the outermost layer of 
aluminum strands can be directly dissipated to the 
surrounding air; therefore, this layer has the high-
est heat loss rate.

It can also be found that significant differences 
exist in different strands of the outermost layer. 
Due to various conditions of contacts between 
strands, pore distributions and porosities, the 
actual heat paths and heat transfer efficiencies can 
be quite different for different local regions of the 
conductor. The actual contact between strands and 
contact area does have some effects on the radial 
temperature field. To study the influence of chang-
ing contact locations between strands and the 
radial temperature field, the contact points between 
two outermost layers are changed by rotating the 
outermost aluminum layer in the clockwise direc-
tion. Compared with the original temperature field 
shown in Figure 2, temperature fields for 120° and 
240° clockwise rotations are shown in Figure 3. 
After a comparison, it is found that more heat is 
transferred from the centre to the surface of a con-
ductor if  adjacent aluminum layers closely contact 
or have less porosity, otherwise heat gathers in the 
inner layer and causes a local high temperature.

4.3 Radial temperature field of the conductor 
in the forced convection condition

Furthermore, the radial temperature field of the 
conductor in the forced convention condition is 
simulated. In the forced convection condition, 

Figure 2. Radial temperature field of the conductor in 
the natural convection conduction (unit: °C).

Figure 3. Radial temperature field of the conductor 
considering different contact positions (unit: °C).

Figure 4. Radial temperature field of the conductor in 
the forced convection condition (unit: °C).

the wind speed Vw is assumed to be 0.6 m/s and 
the wind direction d is 30°. Using the aforemen-
tioned method, the heat gain rates of the steel 
core and the aluminum strand are determined as 
Ss = 1.1357 × 104 W/m3 and Sa = 1.1736 × 104 W/m3, 
and the composite coefficient of heat dissipation is 
α = 14.4009 W/(m2 ⋅ °C). Figure 4 shows the tem-
perature field of the ACSR conductor in the forced 
convection condition. Comparing the results in 
the natural convection condition, we found that: 
(1) the distribution patterns of the temperature 
field in different convection conditions are almost 
the same; (2) the highest temperature of the con-
ductor in the forced convection condition is 12°C 
lower than that in the natural convection condition; 
(3) the maximum difference in temperature within 
a conductor in the forced convection condition is 
approximately 4°C, and it is very close to that in 
the natural convection condition. In conclusion, 
convection conditions have great effects on the 
average temperature, but a little effect on the radial 
temperature difference of the conductor.

5 CONCLUSIONS

This paper proposes a new computational method 
for solving the radial temperature field of the 
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conductor, and then applies it to the type-JL/
LB1A-300/50 ACSR conductor. The results proved 
the existence of an inappropriate temperature dif-
ference along the radial direction of conducts, and 
found that the radial temperature field of the con-
ductor is mainly influenced by the combined effects 
of the thermal conductivity of metal materials in 
conductors, contact conditions among strands and 
external convections.
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Analysis and optimization of the slab transition story support system

S.Y. Xu, S.H. Deng & S.R. Zhu
Beijing University of Civil Engineering and Architecture, Beijing, China

ABSTRACT: Research on the construction of the transition story simulation model is proposed. For 
the first time, the bearing capacity of the concrete story is taken into account. Through a simulation anal-
ysis method of a two-story underground and first floor transition story, which are optimized for a multi-
story plate frame construction process, the formation of a relatively safe and economical construction 
technique is ensured, which is verified by a scientific, rational and feasible method. The results showed 
that the optimization of the transition story support system, which considered the vertical load transfer 
law, could enable the floor fully to play its role to share the part of the construction load, and make the 
scaffold template safer, more reliable, economical and reasonable.

Keywords: slab transition story; support system; structural design; construction technology

which considers the vertical load transfer law, could 
make the system much more reasonable.

2 ESTABLISHMENT MODEL

Simulating the practical process through the FEM 
analysis software “ANSYS” safely, only single-span 
slab was taken to analyze the model. The support 
members were simulated by the unit “PIPE16”, 
while the beam, slab and the column by the unit 
“SOLID65”.

On account of simplifying the model, the con-
nection between the support members and the 
ground was rigid. The connection of the col-
umns and the ground was the same. After divid-
ing the grid and combining the joints, the support 

1 INTRODUCTION

The transition story system is commonly seen 
among the high-rise buildings. The transition 
story has shown a great value and is increasingly 
well applied. The transition story template sup-
port system is one of the key factors in the total 
construction, and heavily related to the quality and 
cost of the whole projection.

The load of the members of the support system 
bearing decreases level by level in the transfer proc-
ess during the casting construction. This phenom-
enon shows that each floor could bear its weight 
and consist the support system in association with 
the scaffold, exerting the function of support. 
However at present, the calculation for the transi-
tion story template support system is heavily relied 
on experience, which is excessively safe but leads 
to wasting. In the current method for designing 
the support system such as the practical manual 
for the scaffold of building construction, the tran-
sition story concrete casting construction load is 
applied and the viewpoint that the weight of floors 
below completely moves down through the sup-
port members is adopted. The calculating method 
corresponding to the viewpoint is adopted with-
out taking the bearing capacity of each floor into 
consideration. It leads to the common phenom-
enon that the more support members appear on 
the lower floors, which increases the difficulty and 
the cost, and also delays the construction period 
on its part.

Therefore, the research on the transition story 
support system is a necessary task. The optimiza-
tion design of the transition story support system, Figure 1. The frame model.
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The materials of the support system need to occupy 
larger quantities, and take a longer time.

Solution 2: it is designed according to the 
improved calculation method, when constructing 
the roof of the first story (the transition story), and 
the strength of the roof of B2 reaches 100%, while 
B1 reaches 75%. So, when designing the template 
support system, it should be considered to remove 
the roof template and supports of B2 and B1, and 
place the supports again, so the concrete slab could 
bear parts of the load. The B2 system bears 100% 
of the load, and B1 bears 50%.

Solution 2 is much better by contrast. This solu-
tion makes the floor fully play its role, in which the 
scaffold turnover is better and the support system is 
more secure, reliable, economical and reasonable.

3.2 The improved solution of the constructions

Without considering to bear the load of the transi-
tion story transferred, the supports of the roof tem-
plate of B1 and B2 is placed every 900 × 900 mm to 
meet the force requirements. Until the construc-
tion of the roof of B1, the design strength of B2 
reaches 100%. The keel and template of B2 are 
removed, and the steel tube is re-supported every 
900 × 900 mm. The supports of the roof template 
of B1 are placed every 900 × 900 mm. During 
transition story pouring, the scaffold members 
of B1 and B2 are removed and allowed to deform 
adequately, then the scaffold members of B1 are 
re-supported after deformation according to every 
450 × 450 mm, and then the members of B2 re-
supported in the same way. Compared with the 
former solution, this one could reduce the number 
of supports and make the scaffold and keel turno-
ver better.

4 THE CALCULATION OF THE 
TEMPLATE SUPPORT SYSTEM 
AFTER OPTIMIZATION

4.1 The simulation process of construction

When constructing the transition story, the strength 
of the roof of B2 reaches 100% while B1 reaches 
75%. Therefore, we consider B1 and B2, the age 
and the construction measures of the support sys-
tem, and then use the concrete slabs to bear load 
and apply a re-support method. Figure 5 shows 
the re-support model before construction, and 
Figure 6 shows the deformation.

During the pouring of the transition story, the 
scaffold members of B1 and B2 are removed and 
allowed to deform adequately, and then the scaffold 
members of B1 are re-supported after deformation, 
so the load of the scaffold members of B1 bearing 
is less than that not adopting this method. This can 
reduce the number of scaffold of B1, and then the 

Figure 2. The distribution of the scaffold.

Figure 3. The grid division.

Figure 4. The application of boundary conditions and 
loads.

members and the slab shared a same joint. They 
could contact and influence each other.

Figures 1–4 show the analytical model.

3 THE OPTIMIZATION OF THE 
CONSTRUCTION METHOD

3.1 The contraction of solutions

Solution 1: the full load is borne by the template 
system of each story and moves down to the base. 
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5 ANALYSIS OF THE CALCULATION 
RESULT

After modeling and applying the load, we run 
ANSYS to analyze the model. Simulation results 
are shown in Figure 8 and Figure 9.

Through the above analysis, we obtain the stress 
of scaffold supports. The rule between stress and 
levels is shown in Figure 10.

Through the axial force calculation of supports, 
we obtain the rule of transition, and then com-
pare the stress of supports on each floor, where 
the maximum appeared on the first floor while the 
minimum appeared on B2. So, if  we increase the 
distance of the scaffold and keep the stress of sup-
ports uniform, then the number and the expense of 
scaffold could be saved, and the utilization could be 
well improved. From the economical comparison 
of the major material between the solutions before 
and after optimization, we can conclude that the 
solution optimized could save reinforcement and 
concrete, a lot of steel, the labor and the cost.

Figure 5. Calculation model.

Figure 6. The vertical displacement of the component 
joint.

Figure 7. The grid division and the load application.

scaffold members of B2 are re-supported, and the 
load of the scaffold members of B2 bears is less than 
that not adopting this method in the same way.

4.2 The construction of the transition story

Pouring concrete of the transition story after re-
support, Figure 7 shows the grid division and load 
application on this model.

Figure 8. Displacement of the component.

Figure 9. The vertical displacement of the joint.
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6 CONCLUSION

Through the above discussion, we can conclude 
that with a reasonable computer-assisted calcu-
lation and manual checking, a breakthrough can 
be achieved in engineering design. Scientific and 
rational construction organization can be arranged 
to achieve the most benefit in practical engineering. 
When meeting template construction projects simi-
lar to this one, if  the age strength of the lower floor 
concrete reaches the template removal conditions, 
the template is first removed and then the support 

Figure 10. The stress of the supports of the scaffold 
(MPa).

system is re-supported, which could make the floor 
redistribution capacity exert best. The construc-
tion measures of the supports are strengthened 
and implementation of quality of design is empha-
sized, so these actions can make the frame body 
more practical and economical. This method for 
the design of the transition story continuous sup-
port system has a wide range of adaptability, con-
venient usability, a wide application prospect and 
obviously social and economic benefits.
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Research of roof waterproof technology of steel structure 
factory building

H. Chen, C.H. Wei & H.L. Li
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ABSTRACT: Due to the high structural strength and a shorter construction cycle before enterprise 
production, the steel structure factory buildings are now widely applied for current industry. However, 
under the limitation of construction skills and color steel roof structure, roof leakage is an inevitable 
problem, which generally exists in steel structure factory buildings. Regarding the defects and limitations 
in current engineering application as well as deficiency of current engineering skills, this paper proposed 
the waterproof structure of color steel roof, which can effectively prevent the leakage problem in steel 
structure factory buildings.

Keywords: steel structure; roof; waterproof

2 COMPOSITION AND 
IMPLEMENTATION OF 
WATERPROOF STRUCTURE

2.1 Roof structure

The waterproof structure of color steel factory 
building includes steel pillar 1 and steel I-beam 2, 
and the steel I-beam 2 that is fixed on pillar 1; sev-
eral evenly laid purlins 3 are fixed on steel I-beam 2. 
Above purlin 3, there fixed a color steel roof plate 4 
parallel to the corresponding purlin 3. Above color 
steel roof plate 4, there laid roof pressure plate 5; 
Above roof pressure plate 5, there are several evenly 
distributed positioning humps 6, and the humps 
6 together with roof pressure plate 5 will be pro-
duced by a uniform punch forming process. Each 
positioning hump 6 is equipped with a positioning 
hole 7.

2.2 Steel wall structure

Beside purlin 3, there was fixed a pressure color 
steel wall plate 8, and in order to enhance the anti-
collision ability and avoid deformation due to 
external force, we adopted the pressure color steel 
wall plate 8 with a thickness of 15 mm. Between 
pressure color steel wall plate 8 and purlin 3, we 
installed an L-type angle steel 9, specifically, the 
inner side of L-type angle steel 9 was welded on 
corresponding purlin 3, while the outer side of 
the angle 9 was riveted to the pressure color steel 
wall plate 8. Between the pressure color steel wall 
plate 8 and steel pillar 1, there was installed a U 
reinforcement connector 12, of which one side was 

1 INTRODUCTION

With the increase in construction technology level, 
during current factory building construction, steel 
structure is more often adopted. On the one hand, 
the advanced design theory and high structure 
strength of steel make less steel usage for today’s 
construction; on the other hand, the standard-
ized and factorization production as well as small 
machine’s lifting work make lower labor inten-
sity and accelerate the construction speed [1] to 
quickly enter into enterprise production. Current 
steel structure factory building consists of steel 
pillar, steel beam and steel purlin. Even though it 
is very firm in structure, there are big and small 
gaps existing in the corners of the structure caused 
by the effect of the large steel structure itself  and 
the unqualified mounting technique of workers. 
These gaps are the major cause for roof leakage 
as well as the general problem for current domes-
tic steel structure buildings—“steel roof suffers 
 leakage” [2]—a widespread statement in the engi-
neering construction industry. After completing 
the construction of steel structure factory build-
ing, an additional specialized treatment for roof 
leakage is often troublesome and costs labor and 
materials. Therefore, solving the leakage problem is 
directly related to the normal usage of steel factory 
buildings during enterprise production. In this 
paper, waterproof structure of color steel factory 
building can effectively solve the above problems, 
and further reinforce the waterproof effects of the 
factory building, making a simple and quick steel 
mounting process.
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welded on pillar 1, and the other side was riveted to 
pressure color steel wall plate 8. Through installing 
U reinforcement connector 12, the joint strength 
under pressure color steel wall plate 8 can be effec-
tively enhanced, realizing a more firmly fixing and 
avoiding shake and looseness.

2.3 L-type end bar of the roof

Above roof pressure plate 5, there was mounted 
L-type end bar 10, and at the upper end of end 
bar 10, there was set waterproof bevel 13, while the 
lower end of end bar 10 was in vertical shape, hori-
zontally attaching with the roof pressure plate 5. 
In addition, the end bar 10 covered some of posi-
tioning humps 6 above the roof pressure plate 5, 
on the positioning holes of covered positioning 
humps 6, there was mounted self-tapping screws 11, 
successively penetrating the end bar 10, roof pres-
sure plate 5, and roof plate 4, and locking end bar 
10 with roof pressure plate 5. In this process, the 
focus should be given that the inclination angle of 
waterproof bevel 13 should be equal to the inclina-
tion angle of the side face of positioning hump 6. 
The waterproof bevel 13 can effectively reduce the 
probability of rainwater leaking from the gaps of 
the structure, thus basically avoiding the rainwater 
leakage problem. In addition, the other end (lower 
end) of the end bar 10 was vertically attached to the 
outer side of pressure steel wall plate 8, and the end 
bar 10 was tightly riveted to the pressure steel wall 
plate 8. Therefore, the end bar 10, on the one hand, 
can separate the corners of the structure, realizing 
the purpose of preventing rainwater leakage, and on 
the other hand, it enhance the joint strength, improv-
ing the tensile capacity of the factory building.

The specific connecting form is shown in 
Figure 1.

3 APPLICATION OF THE 
WATERPROOF STRUCTURE

The color steel plate, applied in steel factory 
building construction, plays a major role in water 
proofing, wind proofing as well as enhancing the 
stability of the whole structure; in short, its major 
function is to keep out wind and rain. Therefore, 
it entails a higher requirement of waterproofing 
and anti-leakage ability of color steel itself  and 
the engineering interconnection technique within; 
especially, the connecting status between steel work 
pieces to a great degree affects the waterproof per-
formance of the whole structure. At present, nor-
mally, flexible waterproof materials [3] are adopted 
for waterproof roof construction of most steel 
structure factory building, which solve the leakage 
problem in most parts of the structure. However, 
for the intersection portion between the structure 
wall and the roof, gaps still exist, resulting in defi-
cient waterproof performance by flexible water-
proof materials.

This paper proposed a waterproof structure of 
color steel factory building, which is mainly used 
in the intersection portion between the structure 
roof and the wall (area with poor waterproof per-
formance). After completing installation of steel 
wall and roof, we cover pressure steel roof plates 
and pressure steel wall plates with the L-type steel 
end bar, and then using self-tapping screw and riv-
ets to connect pressure steel roof plates and pres-
sure steel wall plates, which can further secure the 
fixation between them, and cover the gaps between 
them, greatly enhancing the waterproof ability 
of the structure. In addition, the proposed water-
proof structure can create convenience for fac-
tory building construction and later maintenance, 
and extend the service life of the steel roof plate, 
which can achieve better performance in solving 
the leakage problem compared with conventional 
flexible waterproof materials. Therefore, the struc-
ture proposed in this paper can be widely applied 
in roof waterproofing of color steel structure fac-
tory buildings.

4 QUALITY CONTROL OF WATERPROOF 
STRUCTURE CONSTRUCTION

The key point of quality control of the proposed 
waterproof structure is the lap joint between 
color steel plates. In the lap joint, we first use rib-
plates connecting technique and then fix it by self-
 tapping screws. In this connecting form, the plate 
lap joint was fixed with purlin by self-tapping 
screw, and attention should be paid that between 
the self-tapping screw and steel, we must add rub-
ber gasket and sealing gum [4], which can prevent 

Figure 1. Composition of waterproof structure of 
color steel factory building.
1-Steel pillar, 2-steel I-beam, 3-Purlin, 4-Color steel 
roof plate, 5-Roof pressure plate, 6-Positioning hump, 
7- Positioning hole, 8-Pressure steel wall plate, 9-Angle 
steel, 10-End bar, 11-self-tapping screw, 12-U reinforce-
ment connector, 13-Waterproof bevel.
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the formation of rigid connection between the end 
bar and the pressure steel roof plate, getting rid 
of the occurrence of shakes. In order to prevent 
rainwater leaking from the gaps between the roof 
rib-plate and the end bar, we should pay attention 
during the production that the lap joint between 
the end bar and the roof plate should contain more 
than two rib-plates and seal the joint gaps in the 
lap joint zone. The specific method is to set hidden 
glue with a width of no less than 2 cm. Moreover, 
we should strictly control the raw material qual-
ity, and conduct specialized treatment to qualified 
raw materials, for example, rust-proof treatment to 
self-tapping screws.

5 ADVANTAGE AND DISADVANTAGE 
OF THE WATERPROOF STRUCTURE

Compared with other color steel waterproof struc-
tures, the waterproof structure proposed in this 
paper possesses many advantages. We set rein-
forcement connector between the pressure steel 
wall plate and the steel pillar, and one end of the 
reinforcement connector is welded to the pillar, and 
the other end of reinforcement connector is riveted 
to the pressure steel wall plate. Through adjusting 
the reinforcement connector, we can increase the 
connecting strength between the pressure steel wall 
plate and the lower part of the pillar, preventing 
the shaking movement of the pressure steel wall 
plate. The pressure steel roof plate and pressure 
steel wall plate applied in this structure are color 
steel, wherein, the thickness of the pressure steel 
roof plate is 5 cm, and the thickness of the pres-
sure steel wall plate is 15 cm. The application of the 
color steel plate can effectively reduce the weight 
of the structure, and makes the structure possess a 
better thermal barrier effect. On one end of the end 
bar, we set waterproof bevel, for which the inclina-
tion angle is the same as that of the positioning 
hump. Through adjusting the inclination angle of 
the waterproof bevel, we can further prevent the 
rainwater leaking from the structure gaps. With 
the collective function of the waterproof bevel and 
positioning humps, the rainwater leakage can be 
fully prevented.

This waterproof structure is designed on the 
basis of the color steel plate being the roof plate. 
Through installing the pressure steel roof plate 
and pressure steel wall plate, a circle can be formed 
surrounding the steel pillar and roof plate, so as 
to fundamentally solve the leakage problem and 
to further enhance the protection effect of the 
waterproof structure. In addition, possessed with 

an excellent thermal barrier performance, good 
property in bending resistance and pressure resist-
ance, as well as lightweight, the color steel plate 
can make the installation process more easy and 
simple, reducing the labor intensity and further 
extending the service life of factory building.

However, this structure also has some limita-
tions. When combining the roof plate with the 
cement wall, it is suggested to adopt side retracting 
connection processing for twice, and while retract-
ing side processing, we should keep a certain angle, 
and keep fully sealed, and add sealing glue between 
the retracted sides in advance [5]. The defect is that 
if  the processing is done properly, the waterproof 
ability will be damped. For example, high tensile 
strength is necessary to consider for choosing 
the end bars. When the tensile strength is poor, 
there may be cracks occurring at the corners of the 
structure.

6 CONCLUSIONS

The promotion and application of steel structure 
factory buildings can provide convenience for 
our industrial production. With the emergence of 
various color steel roofs, the waterproof problem 
becomes a vital issue in the application of steel 
structure factory buildings. This paper proposed 
a waterproof structure, possessing distinguished 
advantages, which can replace the conventional 
flexible waterproof materials that have deficient 
waterproof ability in some particular zones such 
as gables, gutters and parapets. This new structure 
has a broader application prospect in the water-
proof treatment of color steel roof. In the near 
future, it will be widely applied.
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Investigation of the effectiveness of vertical load on bending responses 
for a pile subjected to combined lateral and vertical loads

Fuliang Mei & Guiling Li
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ABSTRACT: Influence of vertical load on bending responses for a partially embedded pile under com-
bined lateral and vertical loads is investigated. The calculated results for a specific pile show that the 
vertical load can give rise to the additional bending moment and horizontal displacement, and that it 
has a small influence on maximum horizontal displacement and extreme bending moment when its value 
is small, but it has a remarkable influence on them when its value is great enough; as its value further 
increases, the pile may be unstable.

Keywords: pile-soil interaction; vertical load; lateral load; bending response; state space method; 
 sub-grade reaction model with three parameters

In this article, a state space method to solve inter-
nal forces and deformations for a partially embedded 
pile under vertical and lateral loads is given. State 
space equations for the pile shafts above and below 
ground are derived according to Euler- Bernoulli’s 
and Winkler’ linear elastic beam theory and a sub-
grade reaction model with three parameters, and 
also state space equations for sub-sections above 
and below ground based on the sub-section approx-
imation approach are presented. The expressions of 
internal forces and deformations for all the sub-sec-
tions are deduced from the matrix theory, boundary 
conditions and continuity-smooth conditions at the 
interface between two adjacent sub-sections. Finally, 
the influence of vertical load on bending responses 
for a partially embedded pile under combined lat-
eral and vertical loads is investigated.

2 STATE SPACE SOLUTION

Consider a uniform cross-section and partially 
embedded pile subjected to a combined lateral 
and vertical load, as shown in Figure 1, where NP, 
QpQ  and M pM  are vertical load, horizontal load and 
moment load on the pile head, respectively. H0HH  and 
H1HH  are the pile lengths above and below ground, 
respectively.

The force analysis and a local coordinate system 
for the pile shaft above ground are illustrated in 
Figure 2, where ug(x), ϕg ( )x , Mg(x), QgQ ( )x  and 
NgN ( )x  are horizontal displacement, declination, 
moment, shear force and axial force at a depth x, 
respectively.

1 INTRODUCTION

In many a circumstance, a number of piles are used 
to be subjected to combined lateral and vertical 
loads. In consequence, the prediction of responses 
for a single pile under lateral and vertical loads 
simultaneously is urgently an important event in 
the design, construction and application of pile 
foundation.

Based on a sub-grade reaction method, a wealth 
of solutions for a single pile subjected to com-
bined lateral and vertical loads include the follow-
ing: finite element ones (Karthineyan et al., 2006; 
Karthigeyan et al., 2007; Zheng et al., 2009), power 
series ones (Zhao et al., 1987; Wang et al., 2005; 
Li et al., 2005), and variation principle ones (Han 
et al., 2000). In the aforementioned solutions, the 
coefficient of  sub-grade reaction is assumed to 
remain constant or linearly increase with depth 
(Wang et al., 2005), while it is equal to be zero in 
the vicinity of  ground, so that there is a certain 
difference between these results and the practical 
ones. Previously, a three-parameter model, which 
can authentically represent the distribution of 
sub-grade reaction with depth and lateral defor-
mation-resisting capability of  soil in the vicinity 
of  ground, has been presented for predicting the 
responses of  a pile subjected to a lateral load in 
the literature (H.L. Wu et al., 2000; B.H. Wang 
et al., 1999; H. Matlock et al., 1960). Zhang L. 
et al. (2011) obtained the semi-analytical solution 
of responses for a pile subjected to oblique loads 
by using the three-parameter model proposed in 
H.L. Wu et al. (2000).
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where EI is the pile flexural stiffness, 
N N f xg PN N( )xx = NN 0ff , in which f0ff  denotes the growth 
factor of axial force resulting from self-weight, 
and q q qx H( )x /= +q0 0qx HH/Δ , in which q0, q q0 + Δ  are 
the distributed loads at the pile head and ground, 
respectively. It can be noted that Equation (1) is a 
set of non-homogeneous differential equations of 
the coordinate x with variable coefficients.

Similarly, the force analysis and a local coor-
dinate system for the pile shaft below ground are 
depicted in Figure 3, in which u(z), ϕ ( )ϕ , M(z),  
Q(z) and  N(z) are horizontal displacement, rota-
tion angle, moment, shear force and axial force at a 
depth z, respectively.

We can obtain another set of state space equa-
tions below ground according to Winker’s linear 
elastic foundation beam theory as follows:

d
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where N(z) = Np + f0H0 + f1z, in which f1 also is 
the growth factor of axial force due to combined 
self-weight and lateral friction of the pile, say, 
f Ac s1ff 2γ μAc sAA −A τ /τ , here γc, AsA , μ and τ  stand for 
the specific gravity under water, cross-section 
area, pile perimeter, limit friction [4], respectively; 
the coefficient of sub-grade reaction k(z) is cal-
culated, according to H.L.Wu et al. (2000), as 
k z m n( )z ( )z z= m(z0 , in which z0 is the equivalent depth 
standing for the lateral deformation-resisting capa-
bility of soil at the ground, m the proportionality 
coefficient of the soil, and n the resistance index of 
the soil. It can also be noted that Equation (2) is a 
set of homogeneous  differential equations of the 
coordinate z with variable coefficients.

Figure 1. Schematic diagram of a pile under lateral and 
vertical loads.

Figure 2. Force analysis of a pile shaft above ground.

Figure 3. Force analysis of a pile shaft below ground.

We can deduce a set state space equations above 
ground from Euler-Bernoulli’s beam theory as 
follows:
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When the pile head is free, the state space vari-
ables (at x = 0) is given by

u Q

u Q
g g g gQ

T

g p p gQ
T

( ) ( ) ( ) ( )

( ) ( )

MgM) ( g) (

M QpM p gQ) (
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where ug ( )  and ϕg ( )  are the horizontal displace-
ment and rotation angle to be determined.

When the pile base is free, the state space vari-
ables (at z H1HH ) is given by
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here, u ( )H1HH  and ϕ ( )H1HH  are the horizontal displace-
ment and rotation angle to be determined.

When the pile base is fixed, the state space vari-
ables (at z H1HH ) is expressed by
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here, M ( )H1HH  and Q ( )H1HH  are the bending moment 
and shear force to be determined.

Continuity-smooth conditions at the ground 
can be represented as follows;

u M Qg g g gQ
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ϕ
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It can be noted that the exact solutions for 
Equations (1) and (2) are directly difficult to 
solve. Thus, we have to use a numerical method. 
To avoid difficulties in directly solving Equations 
(1) and (2) with variable coefficients, two pile 
shafts above and below ground are divided into 
N0NN  and N1NN  uniform sub-sections according to a 
sub-section approximation approach. Here, two 
sub-section lengths above and below the ground 
are Δx H N0 0HH NN/  and Δz H N1 1HH NN/ , respectively. 
Then, two local coordinate systems for a sub-
section above and below ground are depicted in 
Figure 4, respectively.

When N0NN  is large enough, the axial force NgiN  
and the horizontally distributed load q i for the 
ith sub-section above the ground are assumed to 
be constant, and they are calculated as follows: 
N N f xgiN pN +NpN ( )i0ff i − 2Δ /  and qi = q0 + Δq(2i − 1) 
Δx/(2H0) (i = 1, 2, …, N0), respectively. And a set of 
state space equations for the ith sub-section above 
ground are as follows:
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where u M Qgi giM giQ( )x ( )x ( )x,,MgiM ( )x  and φgiφ ( )x  are the 
horizontal displacement, the bending moment, 
shear force and rotation angle at a depth x , 
respectively.
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Based on the matrix theory, we can obtain a set 
of relationship equations between two state space 
variables at the top and bottom of the ith sub-
 section above ground:

U T U Agi giT gi gi( ) ( ))  (8)

where Ugi u Qgi gi giQ gi
T

( )x ( )x ( )x ( )x ( )xMM)x ( gi)x (= ⎡⎣⎡⎡ ⎤⎦⎤⎤ϕ  
and Ugi gi gi gi gi

T
Mg Qg( ) ( ) ( ) ( ) ( )ugi () giQg) (⎡⎣ ⎤⎦⎤⎤ϕ  

are the state space variables at the bottom and top 
of the ith sub-section above ground, respectively:

T A T H H BgiT gi giT gi gi gi( )Hgi T HiT( )exp ,( )Hgi x 1 1H−H

Figure 4. Schematic diagrams of sub-sections and local 
coordinate systems.
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When N1 is large enough, Nj(z) and kj(z) for 
the jth subsection are also assumed to be con-
stant, and are calculated as follows: Nj = Np + 
f0H0 + f(2j − 1)Δz/2 and kj = m(z0 + (2j − 1)Δz/2)n 
(j = 1, 2, …, N1), respectively. And another set of 
state space equations for the jth sub-section below 
ground are given as follows:

d
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 (9)

where u M Qj jM jQ( )zz ( )z ( )z,jM ( )z  and φ jφ ( )z  are the hor-
izontal displacement, bending moment, shear force 
and rotation angle at a depth z , respectively.
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In a similar way, we also can attain another set 
of relationship equations between two state space 
variables at the top and bottom of the jth subsec-
tion below ground as follows:

U T Uj j jT UjT j( ) ( )) ( )j N, , ,) ( j = NN  (10)

where U j j j j j
T

M j Qj j( ) ( )z ( ) ( )z ( )zju)z ( jQjz (⎡⎣ ⎤⎦⎤⎤ϕ j  
and U j j j j j

T
M j j( ) ( ) ( ) ( ) ( )ju j) ( jQj) (⎡⎣ ⎤⎦⎤⎤ϕ j  stand 

for the state space variables at the bottom and top 
of the jth sub-section below ground, respectively, 
and TjT ( )H jH z . From Equations (3)–(6), 
(8) and (10), a set of relationships between two 
state space variables at the pile head and base are 
obtained as follows:

U T T T T T T U
T T T T T T A

N N j gT T N gT i gT g

N jT gNT g g

1TNT 1TT TgTT T N 1 1Ug

1TTjT 0 2T TgiT gT
( ) ( )0)

+
�T �TT

�TTT �TT gg

gN g g g gN

1

0 gi g 2 0gN

(
+g+ gi 2 + )T TgN 0 g T A2g A�

 (11)

where UN
T

u M Q1 u Q( ))zz ( )H1HH ( )H1HH ( )H1HH ( )H1HH⎡⎣⎡⎡ ⎤⎦⎤⎤ϕ  
and U Mg gU u g gM Q g

T
ugu QgQ( )0 ( )0 ( )0 ( )0 ( )0⎡⎣ ⎤⎦⎤⎤ϕ  are the 

state space variables at the pile head and base, res-
pectively. Let T T T T T TN jT gNT gi g1TTjT 0 1T TgiT gT�TTT �TT = ΩΩΩΩ  and 
T T T T T T A T T

T A A
N jT gNT gi g gA gN giT

g gT gN

1TTjT 0 2T TgiT gT 1 0TgNT

2AgA 0

�TTT �TT � �T(
+ +� ) = ΓΓΓΓ.

where Ω is a fourth-order matrix and Γ is a second-
order column vector. When both the pile head and 
base are free, the substitution of boundary con-
ditions Equations (3) and (4) into Equation (11) 
gives rise to two equations for finding ug ( )  and 
ϕg ( )  at the pile head as follows:
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When the pile head is free while the pile base 
is fixed, the substitution of Equations (3) and (5) 
into Equation (11) yields two equations for finding 
ug ( )  and ϕg ( )  at the pile head:
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Hitherto, all the internal forces and deformations 
at the base of the ith and jth sub-sections can be 
calculated step by step by means of Equations (8) 
and (10) after ug ( )  and ϕg ( )  are determined 
from Equation (12) or Equation (13). Thus, the 
above solution is called as a state space one.

3 EFFECT OF VERTICAL LOAD 
ON BENDING RESPONSES

In order to investigate the influence of a vertical 
load on the bending responses, we consider a uni-
form cross-section and partially embedded pile, in 
which calculated parameters are taken as follows: 
H0 = 15 m, H1 = 30 m, b = 1.8 m, EI = 9.275 × 106 
kN ⋅ m2, q(x) = 0, f0 = 62.345 kN/m, Qp = 300 kN, 
MP = 200 kN ⋅ m, NP = 10000 kN, z0 = 0.4 m, n = 0.5 
and m = 6 × 103 kN/m3.5. We assume that both file 
head and base are free and the axial force reduces 
gradually up to zero from the ground to the pile 
base in a linear fashion. Figures 5–8 show the 
relationships between bending responses and ver-
tical load for three sets of different lateral loads: 
MPM  = 200 kN ⋅ m, QPQ  = 200 kN; MPM  = 600 kN ⋅ m, 
Q kNPQ , MPM  = 600 kN ⋅ m, QPQ  = 400 kN.

It can be found from Figures 5–7 that the 
maximum horizontal displacement, maximum 
bending moment and horizontal displacement at 
the ground increase slowly with increasing verti-
cal load when the vertical load is small, but they 
rise rapidly with increasing vertical load when 
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Figure 5. Maximum horizontal displacements versus 
vertical load.

Figure 6. Maximum moment versus vertical load.

Figure 7. Horizontal displacements versus vertical load.

the  vertical load is big. This effectiveness is called 
as the P − Δ  one. Therefore, P − Δ  effectiveness 
should not be neglected when both vertical load 
and pile length above ground are great enough. 
 Additionally, the vertical load has a much greater 
contribution to the bending responses when both 

applied  horizontal load and bending moment on 
the pile head are large enough.

In general, the bending responses for the pile 
subjected to lateral loads and the compressive 
responses for the pile under vertical loads are sepa-
rately calculated, and then the above-mentioned 
bending and compressive responses are superim-
posed as those for the pile subjected to the above 
combined lateral and vertical loads. This theory 
does not take into account the additional bending 
responses due to axial force. If  the horizontal dis-
placement and the axial force are much smaller, the 
additional bending responses due to the axial force 
also are considerably small. But if  the horizontal 
displacement and the axial force are large enough, 
while the pile length above ground is particu-
larly large, neglecting the effect of the additional 
moment and additional deformation resulting 
from the axial force on the bending responses can 
produce a much greater error.

It also can be found from Figure 8 that the depth 
where the maximum moment occurs decreases with 
increasing vertical load.

4 CONCLUSIONS

The state space solution for a partially embedded 
pile under combined lateral and vertical loads is 
presented. And the influence of vertical load on the 
bending responses for a specific partially embed-
ded pile is investigated. On this basis, we can draw 
the following conclusions: the vertical load can 
give rise to the additional bending moment and 
horizontal displacement, and it has a little influ-
ence on maximum horizontal displacement and 
extreme bending moment when its value is small, 
but it has a remarkable influence on them when its 
value is great enough; as its value further increases, 
the pile may be unstable.

Figure 8. Depth at which maximum moment occurs 
versus vertical load.
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Study of integral lifting spots of steel structure for steel truss structures
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Steel Structure and Space Structure Research Institute, Inner Mongolia University of Science 
and Technology, Baotou, China

Y.D. Chen
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ABSTRACT: The technique of integral lifting for steel structure acquires rapid development, but the 
key factor for the hoisting construction safety economy is how to determine the location of lifting. This 
article takes some integral lifting for steel truss structures as the example, and selected 3 kinds of lifting 
schemes based on the location and quantity of lifting spots, in accordance with the structural charac-
teristics and forms. This study analyzes and models the 3 kinds of lifting schemes of lifting reaction 
force, stress ratio, and displacements with MIDAS-Gen, taking economical efficiency and feasibility into 
account to find out the optimum feasible program. By analyzing and summarizing the location of the lift-
ing spots, the rational collocation principles of the integral lifting of irregular steel structure were found. 
The conclusions offer references for similar engineering.

Keywords: steel roof; integral lifting; lifting spots; contrast of the plan

2 GENERAL SITUATION 
OF THE PROJECT

The project is an integrated super high rise build-
ing. It takes a total land area of 932901 m2 and con-
struction area is 690719 m2. The main structure of 
the project contains 3 parts, they are T1 (58-storey) 
building, T2 (60-storey) building, and T3  building. 
They are connected by the skirt building on 11- 
storeys above ground (2 storeys under ground). 
The main building is connected by the steel struc-
ture at the storey from 43 to 49, the structure form 
at the storey from 43 to 44 is a space truss struc-
ture and it is a frame structure system at the storey 
from 44 to 49. The elevation of the steel structure 
is +232.000 m. This project is lifting the space truss 
structure, the elevation of it is +198.900 m, ranging 
from 43 to 44 storeys. The space truss structure is 
8 m high, the widest span is about 71.6 m, and the 
weight of steel is about 2729t. The area of the lift-
ing is shown in Figure 1. The model of the space 
truss structure is shown in Figure 2.

2.1 Making sure the location and the number 
of the lifting points

The lifted structure and the supporting struc-
ture for lifting are directly linked to the technol-
ogy of the integral lifting. Hence, to make sure 
the  location and the number of the lifting spots, 

1 INTRODUCTION

In recent years, with the application of  steel 
structure and the development of  construction 
industry, various kinds of  the new steel structure 
systems are springing up constantly. As a conse-
quence, the new technologies, workmanship, and 
equipment are applied in engineering construc-
tion, among which the integral lifting technology 
develops faster. The integral lifting technology 
widely applies in the engineering of  steel struc-
ture, which is developing toward macro-scale and 
largeness. It has the advantages of  less installing 
height, short period, less scaffold engineering, 
high security, and so on. The steel structural engi-
neering of  National Library Phase, Xiamen West 
Passenger Station, and Fuzhou International 
Convention and Exhibition Center adopts the 
integral lifting technology, with this technology 
construction costs have been saved, it reduces the 
time, and has achieved great economic and social 
efficiency.

The key to a successful integral lifting of irreg-
ular steel structure engineering lies in the loca-
tion of the lifting spots. The influence factors of 
the project are extensive. This article takes some 
integral lifting for steel truss structures as the 
example, makes a detailed analysis on the lifting 
spots of  integral lifting of irregular steel structure 
engineering.
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we must take the two factors into consideration, 
based on mechanical characteristics of the struc-
ture itself  and comprehensive survey of the eco-
nomics and safety.

2.2 Making sure the location of the lifting points

To make sure the location of the lifting spots, the 
following principles should be considered:

1. No matter the lifted structure symmetry or 
not. We should take the center of gravity as the 
center of symmetry to arrange the lifting spots 
to assure that the lifting force of each lifting 
appliance is similar. Only in this way can we 
purchase equipment easily and the whole proc-
ess works stably.

2. Lifting spots should choose as far as possible 
in the location that is good for the structural 
strain, and avoid inducing the additional stress. 
Hence the lifting spots should be arranged on 
or near the truss joints or supports.

3. Heavily influenced by the lifting support struc-
ture, the lifting spots in the top chord or the 
down chord of the structure are arranged. If  
the lifting spots in the top chord are arranged, 
then the supporting structure for lifting 
 cannot be arranged on the same storey of the 

lifted structure. At this time, the spreaders can 
be directly welded on the top chord as shown in 
Figure 3. If  the lifting spots in the down chord 
are arranged, then the supporting structure for 
lifting can be arranged on the same or the top 
storey of the lifted structure. Such a hole is unfa-
vorable to the structure stress, so in general, dec-
orate the corbel on each side of the down chord 
to fix the steel strand, as shown in Figure 4.

2.3 Making sure the number of the lifting points

For consideration of economic effectiveness and 
operation, the lesser the number of the lifting 
spots, the better they are. But taking safety into 
consideration, the more the number of the lift-
ing spots, the better they are; in this way, we can 
ensure that there is safety in the lifting process. So, 
it is important to take the actual requirement in 
the lifting process into consideration, and make an 
 analysis on different proposals. At last we find out 
the proposal to be both safe and economical.

Figure 1. The lifting area.

Figure 2. The model of the structure.

Figure 3. The spreaders arranged on the top chord.

Figure 4. The spreaders arranged on the down chord.
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3 THE SCHEMES TO ARRANGE 
THE LIFTING POINTS AND THE 
CONTRAST OF THE PLANS

According to the characteristics of the project, and 
to bring forward 3 kinds of lifting schemes for con-
sideration, the above all have been combined with 
the arrangement principles. Plan 1 is based on the 
structural characteristics, the location of lifting 
spots being arranged in a symmetrical way; Plan 2 
based on the stress form of the structure, the loca-
tion of lifting spots arranged on the three sides of 
the up chord; Plan 3 based on Plan 2, but put the 
lifting spots arranged on the down chord. In addi-
tion, Plan 1 and Plan 2 make the comparison on 
the structure; Plan 2 and Plan 3 make the compari-
son on the lifting spots which should be arranged 
on the top or the down chord.

3.1 The schemes to arrange the lifting points

Plan 1 is adopting the scheme of 10-lifting-spots 
to lifting the steel truss structures. The lifting spots 
arranged on the steel truss structures, which con-
nected with T1 and T3. Figure 5 shows the scheme 
of Plan 1.

Plan 2 is adopting the scheme of 15-lifting-
spots to lifting the steel truss structures. Based 
on Plan 1, Plan 2 added five lifting spots on the 
steel truss structures, which connected with T2. 
 Figure 6 shows the scheme of Plan 2.

Plan 3 is adopting the scheme of 15-lifting-spots 
to lifting the steel truss structures. Plan 3 arranged 
the lifting spots on the down chord that is different 
from Plan 2. Figure 7 shows the scheme of Plan 3. 

4 CONTRAST OF THE PLANS

The structure was analyzed by software MIDAS 
after that construction the model of the structure 
in CAD. Taking the weight of the structure joints 
into consideration, while setting the parameter of 
the structure, we find that the parameter of grav-
ity coefficient is 1.3 and the parameter of dynamic 
coefficient is 1.1. Loading the vertical constraint as 
boundary condition, it is loaded on the horizontal 
constraint spring bearing to prevent the movement 
in a horizontal way in the process of lifting. The 
stiffness of the spring is an infinitesimal amount.

Figures 8–10 show the lifting reaction force of 
each lifting spot as well as the stresses and dis-
placements of chord member of truss of Plan 1.

Figures 11–13 show the lifting reaction force of 
each lifting spot as well as the stresses and displace-
ments of chord member of truss of Plan 2.

Figures 14–16 show the lifting reaction force of 
each lifting spot as well as the stresses and displace-
ments of chord member of truss of Plan 3.

4.1 The comparison of plan 1 and plan 2

The comparison of Plan 1 and Plan 2 are shown 
in Table 1.

In view of the lifting reaction force, it is seen 
that in Plan 1, the gap between the lifting force is 
too big. The maximum lifting force is 11292.6 kN, 
it means that we need an elevator with an elevat-
ing power of 1129t. At present, the maximum lift-
ing force of the commonly used hydraulic elevator 
is 405t. That is to say, we have to arrange three 
elevators with the maximum lifting force of 405t 
on D10 and design a special spreader for the D10. 
However, the minimum lifting force is 391.07 kN 
at D07; it is too small to consider. The lifting force 
of each spot is relatively uniform and meets the 
requirement of the hydraulic elevator.

In view of the displacements of the member bars, 
it is seen that in Plan 1, the maximum displacement 
is 120.25 mm in the member bars connected with 
T2. Although it is lower than the limit deformation 
(L/200 = 300 mm), it creates an  inconvenience with 

Figure 5. The lifting spots arrangement diagram of 
Plan1.

Figure 6. The lifting spots arrangement diagram of 
Plan 2.

Figure 7. The lifting spots arrangement diagram of 
Plan 3.
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Figure 8. Lifting reaction force of Plan1.

Figure 9. The displacements of the member bars of 
Plan 1.

Figure 10. The member bars stress ratio of Plan 1.

Figure 11. Lifting reaction force of Plan 2.

Figure 12. The displacements of the member bars of 
Plan 2.

Figure 13. The member bars stress ratio of Plan 2.

Figure 14. Lifting reaction force of Plan 3.

Figure 15. The displacements of the member bars of 
Plan 3.
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Figure 16. The member bars stress ratio of Plan 3.

Table 1. The comparisons of Plan 1 and Plan 2.

Maximum 
lifting 
force/kN

Minimum 
lifting 
force/kN

Maximum 
displacements 
/mm

Maximum 
stress 
ratio

Plan 1 11292.58  391.07 120.25 0.98
Plan 2  3617.21 1250.80  52.40 0.85

the truss structures closure. In Plan 2 the maxi-
mum deformation is in the largest span and meets 
the requirements of deformation.

In view of the member bars stress ratio it is 
seen that in Plan 1, the maximum stress ratio is 
0.98 (bigger than 0.9), the stress approaches near 
the yield strength. In Plan 2 the maximum stress 
ratio is 0.85 (less than 0.9), which has enough safe 
margin.

Although the number of lifting spots of Plan 1 
is less than Plan 2, taking all factors as a whole, 
Plan 2 is better than Plan 1.

4.2 The Comparison of Plan 2 and Plan 3

The comparison of Plan 2 and Plan 3 are shown 
in Table 2.

In view of the lifting reaction force, it is seen that 
the lifting force of D07 and D11 is smaller than the 
other lifting spots in the part 3. The two spots can 
be cancelled.

In view of the member bars position it is seen 
that the maximum displacement in Plan 3 is larger 
than that in Plan 2, but they meet the requirements 
of deformation.

In view of the member bars stress ratio, it is 
seen that in Plan 3, the maximum stress ratio is 
0.58 (more or less than 0.9), which has enough safe 
margin.

Because of the lifting spots arranged on the 
down chord, each of the lifting spot needs two ele-
vators, the number of the elevators used in Plan 3 
is twice as much as it is in Plan 2. It is hard to con-
trol the cost and can not be conducive to improve 

Table 2. The comparisons of Plan 2 and Plan 3.

Maximum 
lifting 
force/kN

Minimum 
lifting 
force/kN

Maximum 
displacements 
/mm

Maximum 
stress 
ratio

Plan 2 3617.21 1250.80 52.40 0.85
Plan 3 4565.50  330.03 56.32 0.58

synchronization. Taking all factors as a whole, 
Plan 2 is better than Plan 3.

Through comparison and analysis, take the 
safety, maneuverability and economy into consid-
eration, Plan 2 is the best scheme.

5 CONCLUSION

The way to arrange the integral lifting for irregular 
steel structure was more complicated than that for 
regular steel structure.

By analyzing and summarizing the location of 
the lifting spots, we find out the rational colloca-
tion principles of the integral lifting for irregular 
steel structure. The conclusions offer references for 
similar engineering.

– Try to balance the Lifting Force of each lifting-
spot

– Make the processing and installation technology 
of the temporary measures on the lifting spots 
as easy as possible.

– Try to minimize the influence on the original 
structure.
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Free vibration analysis on paraboloidal shells of revolution using 
the Wittrick-Williams algorithm with the consideration of shear 
deformation and rotary inertia
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ABSTRACT: This paper analyzed the free vibration of paraboloidal shells of revolution with the con-
sideration of shear deformation and rotary inertia using the Wittrick-Williams algorithm. The vibration 
of paraboloidal shells of revolution is decomposed into a series of one-dimensional vibration problems. 
Dynamic stiffnesses of these one-dimensional problems are computed using the ODE solver COLSYS and 
the Wittrick-Williams algorithm is applied. Numerical examples demonstrated that the present method is 
applicable and accurate for free vibration analysis of paraboloidal shells of revolution.

Keywords: free vibration; paraboloidal shells; Witrick-Williams algorithm; Hamiltonian governing 
equations

one-dimensional problems and obtain the dynamic 
stiffnesses. Together with the Wittrick-Williams 
algorithm[7] (refer to W-W algorithm in the con-
text) and bisection, undamped natural frequencies 
of paraboloidal shells of revolution are found.

2 BASIC EQUATIONS

The paraboloidal shell and coordinate system are 
shown in Figure 1. In OXZ plane, the meridian 
equation is

z c
x
a

1
2

− ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥  (1)

1 INTRODUCTION

Parabolic shells of revolution are widely used in 
many engineering branches, e.g. civil, mechanical, 
aeronautical and marine engineering. Investigation 
on the free vibration of paraboloidal shells of rev-
olution can provide basic parameters for further 
dynamic analysis, and is of great theoretical and 
practical significance.

Many researchers investigated the free vibra-
tion of paraboloidal shells of revolution[1][2]. The 
above research is based on the traditional thin 
shell theory. Recently, Kang and Leissa[3] con-
ducted three-dimensional analysis on the free 
vibration of complete paraboloidal shells; Torna-
bene and Viola[4] proposed free vibration analysis 
of parabolic shells using generalised differential 
quadrature method based on the first-order shear 
deformation theory; Al-Khatib and Buchanan[5] 
analyzed the free vibration of a paraboloidal shell 
of revolution using the three-dimensional finite 
element method. For moderately thick paraboloi-
dal shells, conventional 2D shell theory with the 
consideration of transverse shear deformation and 
rotary inertia is necessary.

In this paper, dynamic stiffness method is 
employed to obtain the natural frequencies of 
paraboloidal shells. Governing equations are 
degraded into a series of one-dimensional vibration 
problems with respect to different circumferential 
wave number n. Ordinary Differential Equations 
(ODE) solver COLSYS[6] is used to solve these 

Figure 1. The diagram of a paraboloidal shell of 
revolution meridian and its coordinates.
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Note that u, v and w are the displacements in the 
middle surface of the paraboloidal shell along the 
meridian, circumferential and normal directions. ϕ  
is the angle between the radius of curvature and 
the positive direction of z axis; θ is the circumfer-
ential direction. Young’ modulus of the paraboloi-
dal shell is E, Poisson’s ratio is ν, density is ρ and 
thickness is h.

According to the moderately thick shell theory, 
the strain-displacement relationship of a parabo-
loidal shell of revolution is

={ }ε [ ]{ }Δ  (2)

where the strain {ε} = {εϕ, εθ, εϕθ, χϕ, χθ, χϕθ, γϕ, γθ}T, 
and {Δ} = {u, v, w, ψϕ, ψθ}T . ψϕ and ψθ are angles 
along the ϕ and θ directions, respectively.

Similarly, the force-strain relationship of a 
paraboloidal shell of revolution is

{ }N [ ]D { }  (3)

where {N} = {Nϕ , Nθ, Nϕθ, Mϕ , Mθ, Mϕθ,Qϕ , Qθ,}T, 
and matrix [D] can be found in Ref. [8].

Denote dA the area of an infinitesimal portion in 
a shell of revolution, dA = rRdαdβ. The total strain 
energy U for free vibration of the shell of revolution 
can be integrated along the whole middle surface S

U dAdd
S

{ } [ ]{ }∫∫
1
2

} [ ]{T  (4)

The total free vibration kinetic energy is 
obtained as

T

h
u
t

v
t

w
t

h
t

=

∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

+
∂
∂

ρ

ψ2

12

2 2
∂⎛ ⎞ 2

3
x⎛⎛

⎝⎜
⎛⎛⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

⎧

⎨

⎪
⎧⎧

⎪
⎪⎪
⎪
⎨⎨
⎪⎪

⎩

⎪
⎨⎨

⎪
⎪⎪

⎪⎩⎩
⎪⎪

⎫

⎬

⎪
⎫⎫

⎪
⎪⎪
⎪
⎬⎬
⎪⎪

⎭

⎪
⎬⎬

⎪
⎪⎪

⎪⎭⎭
⎪⎪

∫∫ 2 2
∂⎛ ⎞ψθ

t

dA
S

 (5)

The dynamic displacement functions are

{ }Δ =
=

u u= t
v v= t
w w= t

n

n

n
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where n is the circumferential wave number and ω  
is a circular frequency.

According to the Hamilton principle,

δ ( )dt
t

t
=)dt∫δ

1tt

2 0  (7)

Since time interval (t1, t2) is arbitrary, the 
symplectic components (generalised displacements 
and forces) can be obtained from equation (7) after 
displacement substitution and integration manipu-
lation. Also, the vibration governing equations of 
paraoloidal shells of revolution can be expressed in 
the Hamilton form

[ ]J { }z′ = [ ]S { }z  (8)

where ()′ denotes the derivative with respect to ϕ.

0 I
I 0

[ ]J =
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
 (9)

I is a fifth-order identity matrix; [S] is a symmet-
ric tenth-order matrix; and {z} is the combination 
of both internal forces and displacements

{ }z { }= T  (10)

Expression of [S] and {z} can be found in Ref. [9].
According to the definition of stiffnesses, math-

ematically apply the boundary conditions in Eq. 
(11) to equation (8) in turns,

{ } { }, , ,} {e
j jj =}{ j ...1 1, ,... 0  (11)

where {ej} is a unit vector with the j-th element 
equals to one; and the element-end displacement 
vector is

{ } { ( ) ( ), ( ) ( ), ( ),
( ) ( ), (

e
a a a a

b b

( (
q ( q

= 1 a( 3 4a( 5

1 b( 3

ϕ ) ((q) 2a q),a ), ϕ ) ((q) 4a q),a ), ϕ
ϕ) ( bb())bb ), ϕϕϕ ϕbϕϕϕϕ bϕ) ( )ϕϕbϕ , (q )}4 5bϕbϕ , q T

 (12)

Note that the element-end force vector is

{ } { ( ) ( ), ( ) ( ),
( ) ( ), ( )

e
a a a

b b

( (
p (

={ )
−

1 a( 3 4a(
5 1a( 2

((ϕ ) (p) (p2a p),a ), ϕ ) ((p) 4a p),a ),
) ((p))aa ) ϕbb , (,, ),

( ) ( )}p (
b

b

3

4 5( b

ϕbb

ϕ) () bb()b p), T  (13)

The shell segment element dynamic stiffness 
matrix [ki]e is formulated in Eq. (14).

[ ] [{ } { } { } { } { }
{ } { } { }
F] [{ F F} { F F} {

} {

e
j
e

j
e

j
e

j
e

j
e

j
e

j
e

{ }F{ ={ }F{ j

=

1 2{ }F}j 3 4{ }F}j 5

7}{6 { }j ={ }{ j jj
e

j
e

j
e

= =8 9j =j 10{ } { } ]e
9j =j} {  (14)

Elements of force vector {F}e are solved numeri-
cally using COLSYS. The global dynamic stiffness 
matrix K of  the shell of revolution is assembled 
in a straightforward way according to regular ele-
ment location vectors.
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3 WITTRICK-WILLIAMS ALGORITHM

The W-W algorithm does not solve eigenvalues 
directly but count the number of frequencies below 
a given value ω* of interest. The expression of the 
W-W algorithm is

J J JKJ0JJ +  (15)

where J is the number of frequencies exceeded by a 
specific trial frequency ω*; JK = s{K(ω*)} is the sign 
count of the global dynamic stiffness matrix K and 
equals to the number of negative elements on the 
diagonal of an upper triangular matrix obtained 
from K by applying standard Gaussian elimination 
without row exchange; J0 is the number of frequen-
cies still exceeded by ω* when segment elements 
are clamped at both ends and can be guaranteed 
to be zero should there are enough shell segments 
along the meridian.

If  there are not enough shell segments along the 
meridian, J0 can be accumulated from J e

0JJ  of  each 
shell segment element over the whole meridian

J J e
0 0J JJ J∑  (16)

Further discussions on the calculation of J0 can 
be found in Ref [9].

4 NUMERICAL EXAMPLES

4.1 Example 1: free vibration of a free-fixed 
paradoloidal dome

Tornabene and Viola[4] calculated the lowest five 
natural frequencies of a free-clamped parabolic 
dome using the generalized differential quadrature 
method with the data given in Table 1. The geo-
metric and physical parameters of the paraboloi-
dal dome are: height H = 2 m, thickness h = 0.1 m, 
a = 4 m, c = 2.133 m, ρ = 7800 kg/m3, Young’s mod-
ulus E = 2.1 × 1011 N/m2, and Poisson’s ratio ν = 0.3. 
Results obtained from the present dynamic stiff-
ness method are also tabulated in Table 1 for com-
parison with corresponding (n, m) combinations. 

Table 2. Frequencies Ω = ω ρc Gω ρω /  for a 
paraboloidal shell cap with a = c.

n Present Ref. [5]

0 1.798 1.774
1 1.162 1.159
2 1.180 1.166
3 1.157 1.133
4 1.283 1.240

The results obtained from the present method 
agree very well with data from Ref. [4], showing 
good convergence and accuracy of the proposed 
method.

4.2 Example 2: free vibration of a fixed 
paraboloidal cap

Al-Khatib and Buchanan[5] analysed fixed parabo-
loidal shell caps with ν = 0.3, h = 1/20c. The apex of 
paraboloidal shells is closed. To avoid singularity 
at the apex, a commonly-applied small circular 
hole[10] is employed at the apex so that singularity 
can be avoided without reducing accuracy. Table 2 
listed the lowest natural frequencies when a = c 
with n from 0 to 4; Table 3 gave the first three fre-
quencies when a = 2c with n = 0 and 1, respectively. 
Both results from the present method and the Ref. 
[5] are given for comparison.

The data from the present method reach good 
agreement with that from Ref. [5], demonstrat-
ing that the proposed dynamic stiffness method 
is capable of analysing the free vibration of apex-
completed paraboloidal shells of revolution.

5 CONCLUSIONS

The formulation established in this paper is appli-
cable to the free vibration analysis of a variety 
paraboloidal shell of revolution. Results from the 
present method are well validated with that from 
existing literatures. The proposed method can be 

Table 3. Frequencies Ω = ω ρc Gω ρω /ρρ  for a 
paraboloidal shell cap with a = 2c.

n m Present Ref. [5]

0 1 0.6998 0.6955
2 0.8004 0.7896
3 0.9263 0.9177

1 1 0.6058 0.6043
2 0.7325 0.7252
3 0.8793 0.8612

Table 1. The lowest five natural 
 frequencies of a free-clamped dome (Hz).

Order (n, m) Present Ref. [4]

1 (2, 1)  91.68  91.24
2 (3, 1) 132.33 131.29
3 (4, 1) 154.79 154.91
4 (1, 1) 160.63 157.99
5 (5, 1) 168.19 169.46
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straight-forwardly extended to other shape shells 
of revolution, e.g. spherical, elliptical, hyperbolic 
shells and etc.
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R-Function Theory method for free vibration of slip clamped 
trapezoidal shallow spherical shell

Shanqing Li & Hong Yuan
MOE Key Laboratory of Disaster Forecast and Control in Engineering, Institute of Applied Mechanics, 
Jinan University, Guangzhou, China

ABSTRACT: In this paper, the R-Function Theory (RFT) is applied to solve the free vibration of slip 
clamped trapezoidal shallow spherical shell. Firstly the fundamental solution of the biharmonic operator, 
the boundary equation and the R-function are used to construct the quasi-Green’s function. Then the 
model governing differential equation of the problem is reduced to the Fredholm integral equation of 
the second kind by Green’s formula. The singularity of the kernel of the integral equation is overcome by 
choosing a suitable form of the normalized boundary equation by the R-function. A numerical example 
shows that this method is an effective numerical method.

Keywords: R-function; Green’s function; integral equation; free vibration; shallow spherical shell

2 FUNDAMENTAL EQUATIONS

The governing differential equations of the free 
problem of slip clamped trapezoidal shallow 
spherical shell [7] can be expressed as follow

∇ = ∈4 2∇ 0ϕ ( , ) (∇∇ , ) , ,∈− ∇∇ x
Eh
R

Ω  (1)

and

D
R

m
w t

t
∇ +w ∇ +t

∂
∂

= ∈4 2+w ∇
2

2
1 0( )tt ( , ) ( , ) , ,∈+ ∇+ ∇tt ϕ Ω

 (2)

where ∇ = ∂ ∂4 2∂ 1
2 2∂ 2

2 2)∂ ∂(∂ ∂∂ 1
2 2+ ∂ 2

2+ ∂ ∂1
2 2+ ∂  is the biharmonic 

operator, ϕ is the stress function, w is the radial 
deflection of the shell, R is the radius of curvature 
of the shell, x = ( , ),x,1 2,x, Ω  is the domain of the 
trapezoid of shallow spherical shells in Cartesian 
coordinates, t is time; and D EhEE −EhE 23 1( (12 ))ν 22  is 
the flexural rigidity of the shell, in which h is the 
thickness of the shell, and E and ν  are Young’s 
modulus and Poisson’s ratio, respectively.

The slip clamped boundary conditions can be 
written as

w
w
nΓ

Γ
Γ Γ

=
∂
∂

= =∇ϕ ϕϕ Γ = ∇2 0, (3)

where ∇ = ∂ ∂ ∂ ∂2 2∂ 1
2 2+ ∂ 2

2x x+ ∂ ∂1
2 2+ ∂  is the Laplace opera-

tor, and Γ Ω= ∂  is the boundary of the domain Ω .

1 INTRODUCTION

In the paper, the R-function theory proposed 
by Rvachev [1] are utilized. The free vibration of 
slip clamped trapezoidal shallow spherical shell is 
studied. A quasi-Green function is established by 
using the fundamental solution and the bound-
ary equation of the problem. This function satis-
fies the homogeneous boundary condition of the 
problem, but it does not satisfy the fundamental 
differential equation. The key point of establish-
ing the quasi-Green function consists in describ-
ing the boundary of the problem by normalized 
equation = 0 and the domain of the problem 
by inequality ω > 0. There are multiple choices 
for the normalized boundary equation. Based on 
a suitably chosen form of the normalized bound-
ary equation, a new normalized boundary equation 
can be established such that the singularity of the 
kernel of the integral equation is overcome. For any 
complicated area, a normalized boundary equation 
can always be found according to the R-function 
theory. Thus, the problem can always be reduced to 
the Fredholm integral equation of the second kind 
without  singularity. Using the present method, Li 
and Yuan solved successfully the free vibration of 
clamped thin plates [2], the simply-supported thin 
plate [3,4] and shallow spherical shells [5,6]. For the 
first time, the proposed R-function theory method 
is applied to study the free vibration problem of slip 
clamped trapezoidal shallow spherical shell. The 
numerical example demonstrates the efficiency and 
the feasibility of the R-function theory method.
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Making use of Eqs. (1) and (3), we can easily 
obtain

∇ =2ϕ wEh/ .R  (4)

Substituting Eq. (4) into Eq. (2) yields

D
Eh
R

w m
w

t
∇ +w +

∂
∂

=4
2

2

2 0.  (5)

The model governing differential equation can 
be obtained as follow

D
Eh
R

W mW∇ +W mW ∈4
2

2 0( ) ( ) ( ) ,W+ 2 x= 0) ,ω Ω  (7)

W
W
n

=
∂
∂

∈0 0W∂
=, ,

∂
0 .Γ  (8)

where W is the model function.

3 INTEGRAL EQUATIONS

Let ω = 0 be the normalized boundary equation of 
the first-order on the boundary Γ , i.e.[1]

ω ω( )ωω , ,ω ( ) , ., ∇ ∈x,ω 1ωωωωω∇ 0 Ω, ∈, x,ω( )ωω ) >Γ 0a d  (9)

The quasi-Green function can be established as 
follows:

G( , ),ξ ξ) lr) l) n (r en ( , ))xlr n (r e2  (10)

and e( , ( ) ),x(ξ ) ωln (Rξ )) (() l) r nR ω ξ(( ))2
1RR  (11)

where r ξξξξ x ( )x−ξ ξ+ξ )x (1 1ξξ x 2
2 2x 2  and R1 = 

r2 4+ ω ξ ω)ω ξω ξ ( )ωω ,  (12)

in which x = ( , )x,1 2,x,  and ξξξξ = ( )ξ ξ,1 2ξ ξξ ξ, . Obviously, the 
quasi-Green function G( , )ξξξξ  satisfies the following 
condition

G
G

n
( , ) ( , ) .ξ )) ξ ))

ξ
ξ

∈∂ξ
∈∂ξ

=
∂

∂Ω
Ω

0 0G( , )ξ∂
=a d  (13)

In order to reduce the boundary value prob-
lems Eq. (7) and Eq. (8) into an integral equation, 
the following Green’s formula of sets of function 
C 4( ), i.e., U, V C 4( )∪ , is applied

( )

( ) ( )

d))

V
n

V
n

U
n

U
n

V

∇

=
∂
∂

⎡
⎣⎢
⎡⎡
⎣⎣

∇ −) ∂
∂

∇ −U
∂
∂

∇

+
∂
∂

∇

∫
∫∂∫∫

4 4∇

2 2V) ∂
∇ 2

2

Ω∫∫

Ω

Ωξdξξξ

⎤⎤
⎦⎥
⎤⎤⎤⎤
⎦⎦
dξdξξξΓ.  (14)

Replacing U and V in Eq. (10) by w and Green 
quasifunction G, noticing that ( / ) ln8/ 2π )) rln  is the 
fundamental solution [6] of the biharmonic opera-
tor, and using Eqs. (7), (8) and (13), we can easily 
obtain

W W( ) ( ) ,dW (∫Ω∫∫ ξ ξK)) ( ,K)) ξ  (15)

where

K

Eh
DR

( , )ξξξ ξξ) (e) (x(eξξξξ ξξξ∂
∂

∂
∂

∂⎛

⎝⎝⎝

⎞

⎠⎠⎠

+ −

1

1
8

4

1

4

1 2

4

2
4

2

8π ξ ξ∂1
44

1 ξ ξ∂2
22

2
44

π
ωω 2ωω Gm

D
⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠ ( , ).ξξξξ  (16)

Substituting Eq. (11) into Eq. (16), we can 
obtain the expression of K ( , )ξξξξ  in detail.

K ( , )ξξξξ  in Eq. (16) appears discontinuous only 
if  R1RR 0= , i.e., both x = ξ  and ω = 0 come into 
existence. Actually, when x = ξξξξ, Eq. (16) can be 
reduced to

K

k m
D

( , ) ( )

.

ξ )) ω
πω π

ω

π
ω ω

ξx= =
+ ∇ω (

− ∇ωω

−

1 1)ω ))+ ∇ωω − (
4

1
4

2 2)∇( )ω )(
2ωω

4

2
2ωω  (17)

To make the kernel of the integral equation 
K ( , ) ( )ξ )) ∈ ∂(C ∂Ω∂∪∪ , A normalized boundary 
equation will be constructed to ensure the conti-
nuity of K ( , )ξ )) in the following. It can be easily 
testified that

ω ω ∇ −ω ( )ω∇( )∇⎡⎣⎡⎡ ⎤⎦ 23ω ω ω+ω −ω ( )ω∇ ⎤⎦⎤⎤0 0ωωωω+ω 2 2∇ωω ∇ 0 0ωωωωω ω 2 ,  (18)

where ω0ω 0=  is the normalized equation of the 
boundary Γ , i.e., ω0ω  satisfies Eq. (9). Obviously, 
equation ω is also a normalized boundary equa-
tion of the first-order.

Based on a suitably chosen normalized bound-
ary equation ω0ω 0= , a new normalized boundary 
equation ω = 0 can be constructed by using Eq. 
(18), which ensure the continuity of  the integral 
kernel K ( )ξ )) everywhere in the integral domain.

In order to obtain numerical results of the 
boundary problem, the integral equation (15) can 
be discretized into the homogeneous linear alge-
braic equation. The determinant of the matrix of 
coefficients of homogeneous linear algebraic equa-
tions Eq. (15) must be equal to zero. So, the natu-
ral frequency ω  or f = ω π/(ωω )π2  can be obtained by 
solving the equation.
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4 NUMERICAL EXAMPLE

A slip clamped trapezoidal shallow spherical shell 
is shown in Figure 1, and we set a e =e  1.2, b d =d  
1.0, and c =  1.1. The following reference param-
eters are used: the radius of curvature of the shell 
R = 3, the thickness of the shell h = 0.1, Poisson’s 
ratio ν = 0 3. , Young’s modulus E = 3 109, and 
mass density per unit area m  = 780. According to 
the theory of R-function [1], a normalized bound-
ary equation of the first rank ω0ω 0=  can be con-
structed from the following equation:

ω ω ω ω ω ω

ω ω ω ω ω

0 1ω ωω 2 3ω ωω 1ωω 2ωω 2
2

1ωω 2ωω 3ωω 2ωω

2ω 2
3ωω 2ωω 1ωω 2

2ωω 2ωω 3ωω 2ωω

= +ω1ωω + −ω3ωω + −ω2ωω 2ωω +

− +ωωω 2ωω + +ωωω 2ωω + ,

where 
ω

ω

2 1ωω 2

2

3 1ωω 2

1 0= +⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ ⎛

⎝
⎛⎛
⎝⎝

⎞
⎠
⎞⎞
⎠⎠

= −

ac
a b−

c
a b−

x x1 − c
a b−

ac
a b−

c
a b−

x x1 −

,

⎛⎛
⎝
⎛⎛⎛⎛⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ ⎛

⎝
⎛⎛
⎝⎝

⎞
⎠
⎞⎞
⎠⎠ 01+ ⎛

⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ ≥

2c
a b−

,
 

and ω1 2ωω 2= ( )2 /− x c2/ . ω1 = 0, ω2 = 0 and ω3ωω 0=  
denote various parts of the boundary of trapezoi-
dal shallow spherical shell, respectively.  Numerical 
results by the R-Function Theory (RFT) and 
ANSYS Finite-Element Method (FEM) are shown 
in Table 1 for comparison. Numerical results by 

11 × 11 trapezoidal integral domain of the R-Func-
tion Theory (RFT) show fine agreement with the 
FEM solution by 200 × 200. It shows the advan-
tages and efficiency of the present method.

5 CONCLUSIONS

In the present paper, the R-function theory is applied 
to study the free vibration of slip clamped trapezoi-
dal shallow spherical shell. Compared with ANSYS 
finite element solution, it shows good agreement. 
R-function theory can also be used to effectively 
solve various boundary value problems in engineer-
ing by constructing a trial function that satisfies the 
boundary conditions and by combining with the 
method of weighted residuals such as the variational 
method and the spline-approximation [7–8].
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Figure 1. Slip clamped shallow spherical shell.

Figure 2. Division of trapezoidal integral domain.

Table 1. Natural frequency f of  slip clamped trapezoi-
dal shallow spherical shell.

R

The mode rank

1 2 3

RFT FEM RFT FEM RFT FEM

3 69.242 69.086 85.020 85.487 114.95 115.92
5 64.046 63.880 80.844 81.339 111.89 112.89
7 62.537 62.370 79.655 80.158 111.04 112.05
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Reducing blasting vibration technique of the hole-bottom air space 
charging

M.S. Zhao, Q. Kang & T.J. Tao
Guizhou Xinlian Blasting Engineering Group Co. Ltd., Guiyang, Guizhou, China

ABSTRACT: The effects of hole-bottom layer air ratio on blasting vibration intensity, blasting vibra-
tion frequency as well as vibration lasting time were studied, and the effects of hole-bottom layer air ratio 
on the band advantage of blasting seismic wave frequency duration and frequency band energy ratio were 
studied based on the energy theory. And according to the real problems of earth excavation blasting of 
Zunyi City, Pu District II East Road on the 5th practical still room area, the test of bottom hole air inter-
val charge was done. The test results showed that: the hole-bottom air space charge is an effective means 
to reduce the blasting vibration, and the optimum air layer ratio in test conditions in fractured rock is 
recommended as 15%.

Keywords: hole-bottom air space charging; air ratio; frequency band; blasting vibration; stress

So this project is the Zunyi city Sinpo District 
No. two East Road No. 5 room area earthwork 
excavation by using the hole-bottom air space 
charging to study the effect of air space ratio on 
blasting vibration intensity, vibration frequency, 
and duration of blasting vibration. Also to explore 
the use of energy is studied from the point of view 
of hole-bottom air layer in proportion of blasting 
seismic wave of dominant frequency continuous 
time, frequency band energy ratio. In order to con-
duct a detailed explanation on the vibration reduc-
tion effect of the hole-bottom air interval space 
charging. Our purpose is to provide a new method 
for determining the best air decking proportion.

2 FIELD TEST

Zunyi Road No. 2, Sinpo District No. 5 East Dis-
trict Housing earthwork excavation has complex 
environment. South, southwest, and southeast of 
blasting area has residential distribution. The west 
of blasting area has Dongcheng Avenue viaduct. 
The distance to the nearest edge to the residents 
of the blasting area is about 40 m. The nearest 
distance of the viaduct is about 50 m. Blasting 
excavation step height is 10 m, the pore size is 
140 mm, hole spacing is 5 m, row spacing is 4 m, 
hole depth is 11.5 m, block length is 4.5 m, con-
tinuous loading, use 3 period between holes. Using 
5 row detonator by hole detonation and the biggest 
single charge is no more than 90 kg. There are two 
aspects of the main problems: one is the effect of 

1 INTRODUCTION

The hole-bottom air space charging can improve 
blasting effect, reduce the blasting vibration effect. 
So it has been widely used in engineering. Many 
scholars have studied on the mechanism of the 
hole-bottom air space charging from many aspects 
such as the detonation wave theory, numerical 
simulation, dynamic photoelastic test, dynamic 
test, model test, and ceiling materials. Lv Shuran 
thinks that the hole-bottom air space charging is 
the best through the comparison experiment of 
different axial spacing. Gu Dazhi carry on many 
field tests in a mine of Aluminum Group and the 
results show that if  the hole-bottom air gap length 
is 0.8 m, the vibration reduction rate can reach 
10%∼15%. Liu Weizhou study on vibration reduc-
tion test in mine of Aoshan states that the hole-
bottom air space charging can reduce 5.9%∼16.1% 
blasting vibration. Above research provides a ref-
erence for reducing vibration control by using the 
hole-bottom air space charging. However, there is 
still no study about the effect of the best air space 
ratio (but no air layer length and the length of the 
charge ratio) on blasting vibration reduction. Until 
now, the index of reduction blasting vibration 
effect is the reduction of the blasting vibration 
intensity about this research. However, the harm-
ful effect of blasting vibration is the result of three 
elements interaction. The above studies indicate 
that the energy of blasting seismic wave can com-
prehensively effect three elements’ interaction of 
blasting vibration.
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blasting vibration. A few houses have wall cracks; 
another is the size is too big around the hole that 
increases the operation cost and reduce the pro-
duction efficiency. So in order to reduce the harm 
of blasting vibration and reduce the large orifice, 
hole-bottom air space charging has been used in 
this project. Under the condition that there is no 
change in the single dose, improve loading height, 
reducing orifice blocking scheme. The develop-
ment of different air layer proportion according to 
the actual situation of the hole-bottom air interval 
charge of single hole blasting vibration test. The 
specific parameters are shown in Table 1. Select 
the blast center distance is 40 m. Analysis of ver-
tical signal in different working conditions shows 
the following: Hole-bottom air layer ratio of 0% 
(i.e. continuous charge) was recorded for S1, hole-
 bottom air layer ratio is 5% was recorded for S2, 
and so on. The bottom of the hole air layer to a 
ratio of 20% was recorded as S5. The measured 
blasting seismic wave is shown in Figure 1.

3 DATA ANALYSIS

In order to compare the influence of air layer 
proportion on blasting seismic wave peak parti-
cle vibration velocity, we use the difference date 
between the continuous charging particle vibra-
tion velocity peak and different air layer ratio of 

blasting seismic wave peak particle vibration veloc-
ity. The vibration reduction rate.

δ = ×
V V−

V
0VV

0VV
100% (1)

Vo is blasting vibration peak velocity of the con-
tinuous charge; V is the peak velocity of blasting 
seismic wave in different proportion of air layer.

Formula (1) can calculate blasting seismic wave 
vibration reduction rate of different air decking 
ratio of Figure 2. Figure 2 shows that if  the air 
layer proportion is between 5% and 20%, the vibra-
tion reduction rate is 8.5%–22%. And with the 
increase of air decking ratio, vibration reduction 
rate increases.

In order to compare the influence of air layer, 
the proportion on the total energy of blasting 
seismic wave and the ratio index of total energy 
of blasting seismic wave of continuous charge to 
blasting seismic wave energy of different air pro-
portion layer is analyzed. That is

γ =
S
S

iS

1SS
2 3 4( ,=i 1 , ,3 , )5

 
(2)

By use AOK time-frequency distribution of 
blasting vibration signals of  different conditions 
for time-frequency analysis, we get the total energy 
calculation of the signal. Then calculate the blast-
ing seismic wave energy of different proportion air 
layer and continuous blasting seismic wave energy 
ratio. The statistics is in Figure 3. Figure 3 shows: 
with the increase of the proportion of the air 
layer, the total energy of blasting seismic wave 
reduction. This means that with the increase in the 
proportion of air layer, explosive for rock break-
ing energy is greater and the energy for blasting 
earthquake is less.

Because the frequency band energy can directly 
reflect the vibration intensity of the corresponding 
frequency band vibration components, to obtain 

Table 1. Hole-bottom air space charging elements.

Stemming 
length/m

Charge 
length/m

Air layer 
length/m

Air 
ratio/%

4.5 7 0  0
4.15 7 0.35  5
3.8 7 0.7 10
3.45 7 1.05 15
3.1 7 1.4 20

Figure 1. Measuring signal.

Figure 2. Effect of air ratio on reduction effect.
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the response characteristic of the buildings of dif-
ferent frequency band vibration component, energy 
sustained time and structure of low cycle fatigue 
damage accumulation effect, and non elastic struc-
tures is related to the destruction. So the ratio of 
the frequency band energy duration to frequency 
band energy is regarded as index to study on energy 
characteristics of blasting vibration wave under 
different conditions. First, the use of wavelet analy-
sis, to signal under different working conditions 
of the 7 layer decomposition and reconstruction. 
Then, the reconstructed signal of different fre-
quency bands for AOK is analyzed. We get the 
time- frequency contour and 3D spectrum and 
calculate the energy band frequency band energy 
ratio. In order to compare the influence of air layer 
proportion on blasting seismic wave frequency 
band energy characteristic. The statistics under dif-
ferent frequency band energy duration is shown in 
Figure 4, the band energy ratio in Figure 5.

Figure 4 shows that: (1) with the increase of 
the air layer proportion, the duration of differ-
ent frequency band energy is extending and the 
accumulation effect of low cycle fatigue dam-
age of the structure is enhanced. It is clearly not 
conducive to the safety of the building; (2) the 
duration of the blasting vibration signal energy in 
different frequency bands is different. The dura-
tion of the test conditions from low frequency to 
high frequency becomes shorter. The frequency of 
the high frequency part of 500–1000 Hz is longer 
and its duration time is almost the whole course 
of blasting vibration. This is mainly due to noise 
stay in the high frequency part. And along with the 
whole process of blasting vibration, due to differ-
ent frequency and duration, the energy ratio is also 
different.

Figure 5 shows that (1) the advantage of blast-
ing vibration signal energy is mainly concentrated 
in the low-frequency part of the 0–125 Hz. The 
maximum energy exists in the main frequency 
band. High frequency energy accounted for a 

smaller proportion. But there is still a distribution; 
(2) the air layer ratio has a bigger effect on the fre-
quency band energy ratio of the blasting seismic 
wave. With the increase in the proportion of the air 
layer of blasting seismic wave, the structure natural 
frequency that is close to the D7 frequency band 
energy ratio gradually increases. This is a hazard 
for blasting vibration controlling.

From the above analysis, it shows that if  the 
hole-bottom air space charging is used, with the 
increase of the proportion of the air layer, the total 
energy of blasting seismic wave and the peak par-
ticle vibration velocity is reduced, the duration of 
main frequency is extended, and main frequency is 
decreased. The ratio of D7 frequency band energy 
that is close to the natural frequency of buildings 
is increased. Therefore, the vibration reduction of 
the best air layer ratio should be selected accord-
ing to total blasting seismic wave energy and con-
sidering the building response more sensitive D7 
frequency band energy ratio. In order to facilitate 
the comparison of different air layer ratio of D7 
band absolute energy, taking the blasting seismic 
wave D7 frequency band energy ratio of different 
air layer with the continuous charge ratios for total 
energy.

Figure 3. Effect of air ratio on total energy of blasting 
seismic wave.

Figure 4. Effect of air ratio on the frequency band 
energy duration.

Figure 5. Effect of air ratio on the frequency band 
energy ratio.
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η = E r2E *  (3)

So by Formula (3), the total energy is calculated 
with different air layers compared to continuous 
loading ratio. Figure 6 shows when the air layer 
ratio is 15%, D7 band energy accounts for a mini-
mum proportion of total energy of continuous 
charging. Therefore, this project selects the air layer 
ratio as the best ratio to reduce blasting vibration 
and the proportion of large orifice.

The on-site construction according to the pro-
portion of the best air layer and the usual blasting 
method under the same conditions are compared. 
The wall cracks of houses surrounding blasting 
area were significantly reduced and the orifice 
blocks are effectively reduces so that it did improve 
the production efficiency of blasting. It can be 
considered that the best proportion of air layer by 
the method to determine the vibration reduction is 
comprehensive, scientific, and rational.

4 CONCLUSIONS

The effects of hole-bottom layer air ratio on blast-
ing vibration intensity, blasting vibration frequency 
as well as vibration lasting time were studied, and 

the effects of hole-bottom layer air ratio on the 
band advantage of blasting seismic wave frequency 
duration and frequency band energy ratio were 
studied based on the energy theory. And according 
to the real problems of earth excavation blasting 
of Zunyi City, Pu District II East Road on the 5th 
practical still room area, the test of bottom hole air 
interval charge was done. The test results showed 
that: the hole-bottom air space charge is an effec-
tive means to reduce the blasting vibration, and the 
optimum air layer ratio in test conditions in frac-
tured rock is recommended as 15%.
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ABSTRACT: Based on the 04th section of Beijing Yanfang line subway modular construction, this 
paper summarizes the shortcomings of the traditional pier column construction and introduces the con-
struction technology of pier column reinforced bar in details; as well as analyzes the economy,  construction 
period, social benefits generated by the application of modular construction. The engineering practice 
indicates that modular construction can effectively shorten the construction period, reduce project cost 
and improve the quality of the project, and achieve good results in the practical application, and will be 
one of the developing directions of construction industrialization in the future.

Keywords: modular construction; pier column; viaduct subway

376.8  million according to contract. Scope of  con-
struction including: Dazicaowu station∼interval 
of  north of  Yancun station, north of  Yancun 
station, behind interval of  north of  Yancun sta-
tion, in-and-out interval and the west extension 
elevated interval reserved in line Fangshan, the 
mileages are: K12 + 137.943 ∼ K15 + 090.996, 
including 118 m of  the station, SK0 + 000 ∼ 
SK1 + 605.749, including 118 m of  the  station, 
total length is 4440.802 m. All stations and inter-
vals are elevated; all of  the pier columns under of 
all intervals are 169 altogether that constructed on 
the basis of  modularization.

The pier column under of intervals adopt the 
shape of magnolia that is Y type mainly, individ-
ual pier column adopt column type, pier column 
of intervals contain type of A, B, and C mainly, 
 structure types of those are shown in Table 1. 

1 INTRODUCTION

Compared with the construction of traditional 
subway, modularization is an advanced idea of 
construction (Li et al. 2009, Yu et al. 2010, Li et al. 
2014). The superiority of that is it could cut down 
construction period of elevated subway according 
to reducing construction work on site. Adopting 
the method of modularization, a large number of 
processes of construction were accomplished in the 
factory, which improve the safety of construction, 
ensure the quality of construction, and save the 
period of construction and engineering cost mean-
time. However, while the efficiency of  construction 
was enhanced by using modularization, the diffi-
culty of construction, for instance, the links like 
process, transport, and hoisting of the module’s 
enlargement of pier’s reinforced bars, faced  bigger 
risks and challenges. It is being researched by schol-
ars of engineering that how to organize, plan, and 
modularize the elevated subway (Xu et al. 2011).

2 THE ENGINEERING OVERVIEW

Beijing subway line Yanfang is the west exten-
sion of  Beijing line Fangshan, the project was 
started by the end of  2013, and was completed 
by the end of  2016 according to the plan. The 
total length of  the 04th interval of  line Yanfang is 
4440.802 m. All of  it designed to elevated station 
and laid down elevated line in interval, it costs 

Table 1. Pier column structure types statistics.

Type Height (m) Dimension (m) Span (m)

A2 10 < H ≤ 12.5 2.3 × 2.0 L ≤ 40
A3 12.5 < H ≤ 15 2.5 × 2.3 L ≤ 40
B1 H ≤ 11 1.6 × 1.6 L ≤ 40
B1′ H ≤ 11 1.6 × 1.6 L ≤ 40
B2 11 < H ≤ 16 2.0 × 2.2 L ≤ 40
C1 H ≤ 12 2.7 × 1.8 –
C2 10 < H ≤ 12.5 2.5 × 2.0 L ≤ 40
C3 12 < H ≤ 18 2.7 × 2.5 –
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The heaviest pier column reinforcing cage is 
DY—33, with 15.5 m height and 22.696 t weight.

3 THE DISADVANTAGES OF THE 
TRADITIONAL TECHNOLOGY

Generally, traditional processes of pier column 
construction are: embedding main bars of pier 
column before binding reinforced bars of cushion 
cap, after the strength of concrete at the bottom 
of cushion cap by more than 70% of the design 
strength that bear the loads from simulate  pouring 
of upper concrete and other constructions enough, 
subsequent processes could be started including 
baiting, binding, and reinforcing stiff  reinforce-
ment cage made from reinforced bars of pier, con-
necting vertical reinforced bars one by one, binding 
horizontal reinforced bars, installing pier mould, 
dismantling stiff  reinforcement cage, pouring con-
crete by segment and then dismantling mould, and 
curing concrete finally. Thus, pouring of whole 
pier column has been completed.

The disadvantages of  traditional process of 
construction are as follows: 1) stiff  reinforcement 
cage must be installed before binding reinforced 
bars, then the stiff  reinforcement cage should be 
dismantled, that waste not only period but also 
labor; 2) when binding reinforced bars, it is dif-
ficult to control the verticality of  vertical rein-
forced bars and the quality of  concrete cover that 
lead to a low speed of  binding reinforced bars; 
and 3) the safety of  construction facing a large 
risk because of  numerous work of  hoisting on 
site (Yang et al. 2011).

4 MODULAR CONSTRUCTION 
PROCESSES

According to the investigation on site, combining 
with the project’s characteristics of the 04th interval 
of line Yanfang, the processes of construction are 
determined as listed below: locating and  setting out 
cushion cap → binding reinforced bars of cushion 
cap → processing reinforced bars of pier column 
to integral → locating and setting out reinforced 
bars of pier columns → binding and  hoisting rein-
forcement cage of pier columns → pouring and 
roughening surface concrete of cushion cap → 
locating and setting out mould → reinforcing pier 
column (pier column’s passageway adopt the type 
of truss) → installing mould and pouring concrete 
of pier column (pouring once when the concrete’s 
thickness less than 12 m) → pouring the second 
concrete after roughening (more than 12 m) → 
 dismantling the mould → curing concrete.

5 KEY TECHNOLOGIES OF MODULAR 
CONSTRUCTION

5.1 Processing of reinforced bars’ modularity

Setting up centralized processing shed for reinforc-
ing bars in steel plant, which equipped NC cutting 
machine, NC bars bending machine, threading 
of straight thread machine etc. After the primary 
material passed the inspection, cutting, welding 
and bending them in processing shed of reinforced 
bars, then complete binding reinforced bars on 
ground manipulator. For individual components 
which contain plenty of reinforced bars,  integral 
 processing first and assembling in advance, 
 transporting to work site separately and assem-
bling finally.

In order to reduce the deformation of rein-
forcement cage during hoisting, adding crossed 
reinforced bars, which the same model number 
as main bars and welding to main bars every 3 m. 
For the cages which higher than 12 m connected 
by sleeve of straight thread, controlling index of 
processing and binding in an allowable deviation 
strictly and control structure size of reinforcement 
cage accurately. According to various embedded 
components in advance settled in manipulator the 
reinforced bars could through it. Consequently, 
the integration of reinforcement cage could ensure 
when hoisting that avert the deformation of rein-
forcement cage which cause concrete cover thicker 
or thinner and reduce quantity of reinforced bars’ 
work effectively meanwhile improve efficiency of 
subsequent procedures of mould, as shown in 
Figure 1.

5.2 Transport of reinforcing cage

The reinforcement cage transported by flat-
car, set up temporary pedestal in the car that 
ensure the stability of  reinforcement cage in 
transportation.

Figure 1. Processing of reinforcing cage.
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5.3 Hoisting and fixing reinforcement cage

Take C1 type for an instance, welding 4 main rein-
forced bars and I-steel belong to hanger, on each 
corner of cage top, welding hanger by I12b-steel, 
each hanger has six suspension centers, the diam-
eter of lifting steel wire rope is 20 mm, as shown in 
the Figure 2.

Reinforcement cage of pier inserted into cush-
ion cap by two 80 t auto cranes then reinforced 
in bottom, when the height of the reinforcement 
cage of pier columns less than 12 m, hosting once 
and insert reinforcement cage into cushion cap as 
shown in the Figure 3.

Reinforcement cage’s facade pulled by 20 mm 
diameter cables, where set 3 cables and set 2 in the 

side, amount to 10 cables. It is 1 m * 1 m * 2 m pre-
fabricated concrete (each 5.2 t) connect cables into 
60° settled in ground and the hooker of prefabricated 
concrete connect with cables, as shown in Figure 4.

5.4 Matched mould of pier column

Mould of pier column adopts standardized design, 
produced by professional factory, each mould 
section of the pier column is 2 m high, and each 
panel is 6 mm thick. The dorsal bars reinforced by 
U-steel. And fixing the mould by the split bolts 
which are around 25 mm in diameter.

Column of pier column mould assembled sep-
arately on the ground, sealing the edge joint by 
clamping rubber strip in, and then filling in the 
gaps and flatting with paint filler. Curve of pier 
column mould and the beams should be hoisting 
block by block. Transporting mould separately to 
site and fixed after inspecting the previous assem-
blage of mould.

Combine cranes with fixing of formed mould, 
horizontal position follow control line and verti-
cality controlled by theodolite, next set steel wire 
ropes around pier column as climb line that one end 
fixed in cage of mould and another fixed in ground 
anchors, according to chain block adjust mould till 
it is vertical and ground anchors stabilized. Embed-
ded reinforced bars previously in cushion cap for 
fixing mould of pier column that prevent bottom 
of mould from shifting as shown in Figure 5.

5.5 Pouring and curing concrete of pier column 
integrally

Confirm all reinforced bars and preembedded 
piece have been completed, pouring concrete of the 
cushion cap. Then roughening manually and wash-
ing clean that the contact surface of cushion cap 
with pier column flat, clean and no loose, its better 
that the leakage of stone is 1/2. Pouring whole flat Figure 2. Fixing and reinforcing reinforcement cage.

Figure 3. Lifting of reinforcing cage. Figure 4. Fixed mooring rope and ground anchor.
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interval symmetrically and horizontally layer by 
layer, control the thickness of concrete in 30 cm. 
Pay attention to correct the deviation of preem-
bedded piece meantime to guarantee the density 
and smooth surface without heel block’s mark of 
concrete. Taking notice of wiping and compaction 
when pouring to the top of pedestal, especially the 
reserve of anchor bolt holes. Watering and cur-
ing concrete after final set, covering non-woven 
fabrics on the surface of pier to maintain wetness, 
dismantling mould and packaging it with plastic 
membrane, and watering to maintain wetness dur-
ing the period of curing. Using grass mat package 
concrete and add plastic membrane inside and 
outside if  the temperature too low. The period of 
curing must more than 7 days and it is better that 
the frequency of watering is based on whether the 
surface of concrete is wet or not.

6 THE EFFECT OF APPLICATION

It is beneficial for quality controlled and inspected, 
improving work efficiency and machine utilization 
that blanking and integral processing of reinforced 
bars adopt standardized work in factory. In addi-
tion, it could reduce the waste of raw material and 
cut down the cost of construction. Besides, owing 
to the decrease in work period, modular construc-
tion is advantageous in synthesis cost.

According to the application of modular con-
struction, the pier columns and cushion caps could 
construct in parallel, transform procedures effec-
tively, improve the continuity and balance of pier 
construction. Take C1 type as an example again, 

C1 in factory processed to integrated, saving the 
amount of work of build-up and dismantle scaffold 
platform which should do in traditional construc-
tion which cut down the period of construction on 
site from 21 days to 3 days so that the total period 
shorten to 18 days to provide guarantee for the 
project completed on schedule.

Moreover, the construction of line Yanfang 
elevated subway adopts modular construction 
technology, which is the first in Beijing region, and 
rarely applied construction of subway in domestic. 
The successful application of modular  construction 
obtain high evaluation form the owner and super-
vision, at the same time, attracted plenty of coun-
terparts come to learning, won the honor for the 
enterprise and created a good social benefits.

7 CONCLUSIONS

The 04th interval of line Yanfang adopted  modular 
construction, realized optimization of the con-
struction technology and avoided the defects of the 
traditional construction. Furthermore, modular 
construction is advanced, reliable and  applicable, 
reasonably save construction cost, improve the 
efficiency of the construction, safety, quality, 
and overcome the limit time of project. Owing to 
the benefits of economy, period and society, the 
modular construction technology could guide 
the construction of elevated subway actively and 
the achievements are worthy to be promoted and 
applied widely.
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Figure 5. Installation of pier column formwork.
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ABSTRACT: The effects of five different metakaolin volumetric fractions on the mechanical properties 
of high-performance concrete were investigated by the cubic compressive, splitting tensile and flexural 
tensile tests. It is shown that the increasing content of metakaolin can improve the mechanical properties 
of concrete, and the high-performance concrete can be achieved at the metakaolin volumetric fraction of 
15%. In addition, the relationships between the test strengths with the content of metakaolin are empiri-
cally formulated.
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and C-S-H cementitious material Metakaolin has 
a high volcanic ash activity that controls the alkali 
aggregate reaction effectively, and improves the 
tensile strength, permeability and corrosion resist-
ance of concrete. Thus, the application prospect of 
MK is extremely broad[1–7].

Based on the Reactive Powder Concrete (RPC) 
preparation principle and method[8], we study the 
effects of different MK volumetric fractions on the 
mechanical properties of high-performance con-
crete. This paper aims to provide an experimental 
basis and reference for promoting the engineering 
application of metakaolin.

2 PHYSICAL PROPERTIES 
AND VOLCANIC ACTIVITY 
OF METAKAOLIN

Physical properties of MK. The average particle size 
of metakaolin is 1∼2 μm, and the contents of SiO2 
and Al2O3 are more than 90%. Table 1 presents the 
chemical composition of metakaolin.

Volcanic ash activity. Murat studied the absorp-
tion ability of Ca(OH)2 by using metakaolin, and 
found the main hydration products to be mullite 
CSH-I, hydration gehlenite C2 AH8 and a small 
amount of calcium aluminate hydrate[1]:

AS2/CH = 1.0 AS2 + 3CH + 6H → C2 AH8 + 2CSH
 (1)

1 INTRODUCTION

With the development of science and technology, 
the high-performance concrete has become the 
development direction of modern concrete tech-
nology. Mineral admixture is generally used in 
high-performance concrete, such as, silica fume, 
slag, and fly ash. Due to its higher activity, silica 
fume has been widely used, but it has some disad-
vantages, such as its low yield, high cost and high 
energy consumption in China. In order to meet 
the requirements of sustainable development and 
environmental protection, it is particularly impor-
tant to find a suitable active mineral admixture to 
replace silica fume.

Kaolin (Al2O3 2SiO2 2H2O) is a clay mineral with 
kaolinite as the main ingredient, rich in silicon, zinc, 
magnesium, aluminum and other minerals. China 
is the first country to discover and use kaolin, no 
coal calcined kaolin reserves rank fifth in the world, 
accounting for the world’s total output of 78%. 
Calcined at a certain temperature (500∼900°C), 
kaolin can be dehydrated to form a white powder 
of metakaolin (referred to as MK). The average 
particle diameter of metakaolin is 1∼2 μm. The 
main components are SiO2 and Al2O3, and the 
contents of these two components are more than 
90%. Compared with other mineral fume admix-
tures, the content of Al2O3 in metakaolin is high, 
and hydration products of cement hydration reac-
tion with calcium hydroxide are calcium aluminate 
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3 EXPERIMENTAL OVERVIEW

Mixing ratio and specimen preparation. Table 2 
lists the material ingredients and mixing ratios 
for the specimens of high-performance concrete. 
It included P.O42.5 Portland cement and fine 
quartz sand with grain sizes ranging between 0.15 
and 0.63 mm. Metakaolin was supplied by a com-
pany in Henan Province, and Sika superplasticizer 
(water reducing ratio > 30%, solid content 37.2%, 
and bulk density 1.077 g/cm3) was employed.

During specimen preparation, cement, MK, 
and quartz sand were mixed evenly at the desig-
nated mixing ratio. The mixed water and super-
plasticizer were added and mixed for 3 min. The 
mixture was poured into a rectangular mold 
with a size of 100 mm × 100 mm × 100 mm and 
40 mm × 40 mm × 160 mm, and vibrated to form on 
a vibrating table. The specimens were first cured at an 
ambient temperature for 24 h before demolding, and 
then cured at room temperature curing for 28 days.

Testing method and equipment. According to 
“the standard for ordinary concrete test” (GB/T 
50081-2002), the compression strength and the 
splitting strength test was carried out by a 3000 kN 
high rigidity testing machine at the State Key 
Laboratory of Coal Resources and Safe Mining 
of China University of Mining and Technology 
(Beijing). Adopting the load control mode, the test 
speed values were 0.9 MPa/s and 0.09 MPa/s, until 
the failure of the specimen, with each ratio being 
tested for 3–6 samples.

Flexural tensile strength was tested by a 100 kN 
universal testing machine at China University of 
Mining and Technology (Beijing). Adopting the dis-
placement mode, the test speed value was 0.05 mm/
min, with each ratio being tested for 3–6 samples.

Test results and analyses. Table 3 lists the com-
pressive strength, splitting test results of the ten-
sile strength and the bending strength at different 
metakaolin contents. Figures 1∼3 show the rela-
tionship between the compressive strength, the 
splitting tensile strength, and the flexure tensile 
strength at different metakaolin contents.

The experimental results show that:  the com-
pression strength, the splitting strength and the 
bending strength increased with the increasing 
metakaolin content. Compared with MK con-
tent of  0%, at the compressive strength of 5%, 
10%, 15% and 20%, MK contents in concrete 
increased to 3.21%, 6.83%, 31.81% and 21.69%, 
respectively. The splitting strength increased by 
10.51%, 13.84%, 51.23% and 38.31%, and the 
bending strength increased by 12.69%, 12.99%, 
34.58% and 18.96%, respectively.  When the vol-
ume of MK was below 10%, each strength param-
eter increased slowly, and the strength of 5% and 
10% volume was closed. When the MK volume 

Table 1. Chemical composition of metakaolin.

SiO2 (%) Al2O3 (%) Fe2O3 (%) TiO2 (%) CaO (%) MgO (%) K2O (%) Na2O (%) Loss on ignition (%)

55.06 44.12 0.76 0.24 0.17 0.06 0.55 0.06 0.62

Table 2. Ingredients and mix proportion of concrete.

No.
Water-cement 
(W/B)

Cementing material (B)

Fine sand 
(S/C)

Plasticizer 
(%) Curing method

Cement 
(C)

Metakaolin 
(MK/C)

S00 0.22 1.00 0.00 1.2 1.5 Room temperature 
curing for 28 daysS05 0.95 0.05

S10 0.90 0.10
S15 0.85 0.15
S20 0.80 0.20

Table 3. Measured strength with different metakaolin 
volumes.

No. Cement MK

Compressive 
strength 
(MPa)

Splitting 
tensile 
strength 
(MPa)

Flexure 
tensile 
strength 
(MPa)

S00 1.00 0.00  91.09 4.57 6.38
S05 0.95 0.05  94.01 5.05 7.19
S10 0.90 0.10  97.31 5.20 7.21
S15 0.85 0.15 120.06 6.91 8.59
S20 0.80 0.20 110.85 6.32 7.59

Note: data represent the average values of the 3–6 samples.
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exceeded 15%, the strength increased significantly, 
but the strength of concrete decreased when the 
volume of MK increased to 20%. This shows that 
it is not beneficial to increase the metakaolin con-
tent above 15%.

In summary, metakaolin volume is significantly 
associated with the mechanical properties of con-
crete, and there exists an optimal volume. The suit-
able volume of metakaolin is about 15%.

Figures 4∼6 plot the relationships of the normal-
ized compressive strength fcu/fcu, 0, the normalized 
splitting tensile strength ft, sp/fcu, 0, and the normal-
ized flexural tensile strength ft, flx/fcu, 0 with 0% MK 
content, where the fcu, 0 indicates 100 mm cube the 
compressive strength of 0% MK volumetric frac-
tion; fcu is the cubic compressive strength; ft, sp is 
the splitting tensile strength; and ft,flx is the flexural 
strength. Thus, the relationships between the test 
strengths with the content of MK are formulated.
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Figure 1. Relationship between compression strength 
and volumetric contents of MK.

Figure 2. Relationship between the splitting tensile 
strength and volumetric contents of MK.

Figure 3. Relationship between flexural tensile strength 
and volumetric contents of MK.

Figure 4. Relationship between the normalized cubic 
compressive strength and volumetric content of MK.

Figure 5. Relationship between normalized splitting 
tensile strength and volumetric content of MK.
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4 CONCLUSIONS

This paper studies the influence of MK content 
on the mechanical properties of high-performance 
concrete, and the following conclusions can be 
drawn:

1. The metakaolin content can improve the 
mechanical properties of concrete effectively. 
The concrete compressive strength, splitting 
tensile strength, and flexural strength of con-
crete all appear to increase with the increasing 
MK volume; however, there exists an optimal 
volume content. The result of this study shows 

that the MK admixture of 15% is the appropri-
ate value.

2. The empirical relationship formulas for con-
crete's compressive strength, splitting tensile 
strength, and flexural strength changing with 
metakaolin admixture are obtained. Thus, 
they can be used as a reference for engineering 
application.
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of recycled brick concrete mixed with cinder insulation

Chunhong Chen, Yongxiang Wu & Yi Lei
Department of Civil Engineering, Changzhou University, Changzhou, Jiangsu, China

Feng Li
School of Mathematics and Physics, Changzhou University, Changzhou, Jiangsu, China

ABSTRACT: This paper engaged in the recycled aggregate concrete insulation blocks derived from 
waste concrete. Based on the method of overall effectiveness, the mix proportion of recycled concrete 
insulation block with modified cinder and glazed hollow bead was optimized by using the orthogonal 
experimental principle, contrast test and variance analysis. Mechanical strength and thermal conductivity 
of blocks were tested. Results showed that the insulation block with optimum mix proportion could meet 
quality requirements of QGB B (390 mm × 240 mm × 190 mm) 800 Mu5.0 0.30 GB 26538-2011 in terms 
of Chinese standard.

Keywords: recycled aggregate concrete; insulation block; mix proportion; overall efficacy coefficient; 
mechanical strength; thermal conductivity

orthogonal test results with total efficiency coeffi-
cient method. Meanwhile, comparative tests were 
made to study the effects of cinder on the mechani-
cal behavior and thermal conductivity.

2 EXPERIMENTAL

2.1 Raw material

Grade 42.5 ordinary Portland cement was from 
Jiangsu Yangzi Plant. Fine grinding slag was from 
Yangzhou steel Factory, with a specific surface area 
of 460 m2/kg. Fly ash was manufactured by New 
Materials Company of Yangzhou, with a specific 
surface area of 458 m2/kg. Polypropylene Fiber (PF) 
namely TB-19 with a length of 12 mm was used. 
Glazed hollow bead was from Jiangsu Huawei Jia 
Construction Materials Company, and its physical 
properties were shown in Table 1. Recycled aggre-
gates were prepared from waste concrete by the 
machining process of crushing, screening, washing 

1 INTRODUCTION

According to statistics, in recent years, average gen-
eration of construction waste such as waste con-
crete and bricks is up to 20 million tons per year 
in China [1]. Vast majority of construction waste 
are deposited in the open air or landfill, which not 
only occupy the land, but also cause serious sec-
ondary environmental pollution [2–3]. Recycled 
coarse and fine aggregate, which were prepared 
by the machining process of crushing, screening, 
removing impurities and other processes from 
construction waste block, have low density, high 
porosity, high water absorption and heat insulation 
performance [4–5], can be used to produce thermal 
insulation energy-saving blocks by replacing par-
tial or all of natural aggregate. Then the blocks 
are applied to the bearing and enclosure structure 
of buildings. It can solve the shortage of natural 
aggregate and some problems such as construction 
waste dumps, land occupation and environmental 
pollution, can more solve the problem of wall insu-
lation, which is the effective way to the recycling of 
construction waste.

In this paper, taking compressive strength, 
flexural strength and thermal conductivity as 
assessment indicators, and taking the QGB B 
(390 mm × 240 mm × 190 m) 800 Mu5.0 0.30 excel-
lent products in Chinese standard GB26538/2011 
as the goal, the mix proportion was optimized by 

Table 1. Physical properties of the glazed hollow bead.

Granularity
(mm)

Bulk density
(kg/m3)

Water
absorption
(%)

Thermal
conductivity
(W/(m2 ⋅ K))

0.5–1.5 50–200 20–50 0.028–0.054
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and drying. Then recycled aggregates with size of 
5–20 mm were chosen as recycled coarse aggre-
gates and with diameter less than 5 mm as recycled 
fine aggregate. Cinder was prepared by the same 
process as recycled aggregates, and with diameter 
of 4.75 mm–9.5 mm was chosen to replace con-
crete coarse aggregate. Basic properties of recycled 
aggregates were shown in Table 2 and Table 3.

2.2 Mix proportion

Optimize mix proportion by following steps: First, 
selecting the total amount of cementitious material, 
mixing amount of cinder ash, mixing amount of 
recycled fine aggregate and the glazed hollow bead 
as four influence factors, basic mix proportion was 
designed referring to the additional water method, 
whose main purpose was to pick reasonable levels 
of influence factors. Second, orthogonal experi-
ments were designed, range analysis and variance 
analysis were made to identify the reasonable match-
ing relationship between each factor. Orthogonal 
experiment was L9 (34), factor levels were shown in 
Table 4, in which factors of A, B, C, D respectively 
represented cementitious materials, cinder content, 
glazed hollow bead content and recycled fine aggre-
gate content. Finally, the mix proportion with the 
best overall performance was optimized based on 
total efficiency coefficient method.

2.3 Concrete hollow block type design

In order to meet building energy requirement of 
65% in the hot summer and cold winter area, block 

Table 2. Physical properties of recycled coarse 
aggregates.

Coarse 
aggregates 
type

Bulk 
density
(kg ⋅ m−3)

Apparent 
density
(kg ⋅ m−3)

Crushing 
value 
(by mass) 
(%)

Water 
absorption 
at 30 min 
(by mass) 
(%)

Natural – 1727 – 7.29
Cinder 1505 2650 14.9 4.5

Table 3. Physical properties of recycled fine aggregates.

Fine
aggregates 
type

Apparent
density
(kg/m3)

Fineness 
module
(–)

Water 
demand 
ratio (–)

Water 
absorption 
at 30 min 
(by mass) 
(%)

Natural 2616 3.0 1.0 0.20
Recycled 2632 2.73 1.31 6.4

Table 4. Factors and levels.

Level

Factors

A B C D

1 330 30  50 10
2 350 50  70 30
3 370 70 100 50

Figure 1. Four rows of hollow block.
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needs higher thermal performance. Reasonable 
considered the number of hole rows, hole arrange-
ment, block wall thickness, air layer thickness and 
other factors, heat transfer distance can be longer 
in the block, thereby can reduce the thermal con-
ductivity of the block and increase its thermal 
insulation performance [6–8]. The block type was 
shown in Figure 1. Block hole rate was 44%, stag-
gered arrangement of four rows of holes could 
effectively increase the thermal resistance of the 
block and improve thermal performance of the 
walls [9–10]. The bottom of the block was totally 
enclosed, also most of the surrounding wall, so 
mechanical properties of the block was better [11], 
which made blocks hard to be destroyed in links 
of the manufacture, transportation, masonry and 
usage.

2.4 Test methods

Tests of compressive cube strength and splitting 
tensile strength were performed due to Chinese 
Standard GB/T50081-2002. Thermal insulation 
performance was evaluated by thermal conduc-
tivity and the test was due to Chinese Standard 
GB10294-2008.

3 RESULTS AND ANALYSIS

Results of orthogonal test and normalization proc-
ess were shown in Table 5 and Table 6.

3.1 Cube compressive strength

Range and variance analysis of  compressive 
strength of  recycled concrete insulation block 
were shown in Table 7 and Table 8. According 
to Table 7, the influence degree of  various fac-
tors on 28d cube compressive strength of  the 
block was: A (cementitious materials content) > B (cinder content) > C (glazed hollow bead con-

tent) > D (recycled fine aggregate content). 
Table 8 showed that the amount of  cementitious 
materials had more influence on compressive 
strength and the influence was significant, also 
the amount of  cinder. The compressive strength 
improved with increasing the amount of  cemen-
titious materials, reduced with increasing the 
amount of  cinder. It was because more amount of 
cementitious materials could make recycled con-
cretes be more dense. Low aggregate strength and 
high porosity of  cinder itself  had adversely effect 
on compressive strengths of  recycled concrete.

3.2 Flexural strength

Range and variance analysis of flexural strength of 
recycled concrete insulation block were shown in 

Table 5. Test results for assessment indicators.

Test
number

Cube compressive 
strength (MPa)

Flexural 
strength
(MPa)

Thermal 
conductivity
(W/(m2 ⋅ K))

1 7.0 2.6 0.3704
2 5.8 1.4 0.2613
3 5.0 1.0 0.1377
4 7.2 1.6 0.1510
5 6.8 1.1 0.2698
6 6.6 1.9 0.2651
7 8.5 0.9 0.1886
8 8.3 1.3 0.3032
9 7.4 2.5 0.2477

Table 6. Normalization process for assessment 
indicators.

Test
number

Cube 
compressive 
strength

Flexural 
strength

Thermal 
conductivity

Overall 
efficacy 
coefficient

1 0.8235 1.0000 0.3718 0.6740
2 0.7838 0.5385 0.5270 0.6059
3 0.5882 0.3846 1.0000 0.6093
4 0.8471 0.6154 0.9119 0.6758
5 0.8000 0.4231 0.5104 0.6432
6 0.7765 0.7308 0.5194 0.6655
7 1.0000 0.3462 0.7301 0.6323
8 0.9765 0.5000 0.4542 0.6053
9 0.8706 0.9615 0.5559 0.7749

Table 7. Range analysis of compressive strength.

A B C D

K1 17.799 22.701 21.900 21.201
K2 20.601 20.901 20.400 20.901
K3 24.201 18.999 20.499 20.499
R  2.134  0.833  0.533  0.234

Table 8. Variance analysis of compressive strength.

Variance
Sum of 
squares Freedom

Mean 
square F

Critical
value

A 6.862 2 3.431 83.68 F0.05(2,2) 
= 19.0B 2.282 2 1.141 27.83

C 0.536 2 0.268  6.54
D 0.082 2 0.041 –
Sum T 9.762 8 – –
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Table 9 and Table 10. Table 9 showed that the influ-
ence degree of various factors on flexural strength 
was: C > D > B > A. Flexural strength was lower 
with increasing the amount of glazed hollow bead 
and recycled fine aggregates. It was because the 
powder and mud content of recycled fine aggregate 
prepared from waste concrete were larger, further-
more many micro cracks produced while crushing, 
which reduced flexural strength of recycled con-
crete. Glazed hollow beads had low intensity and 
certain hydrophobicity, would fill in the cementi-
tious materials and aggregates. Then it weakened 
caking property between cementitious materials 
and aggregates, which reduced flexural strength of 
recycled concrete. From Table 10, the influence of 
the amount of glazed hollow beads and fine aggre-
gates on flexural strength was significant.

3.3 Thermal conductivity

Range and variance analysis of thermal conduc-
tivities of recycled concrete block were shown in 
Table 11 and Table 12. Table 11 showed that the 
influence degree of various factors on thermal 
conductivities was: C > B > A > D. The effect of 
the amount of glazed hollow beads on thermal 

Table 9. Range analysis of flexural strength.

A B C D

K1 5.100 5.199 5.901 6.300
K2 4.599 3.801 5.499 4.200
K3 4.701 5.400 3.000 3.900
R 0.167 0.533 0.967 0.800

Table 10. Variance analysis of flexural strength.

Variance
Sum of 
squares Freedom

Mean 
square F

Critical
value

A 0.047 2 0.0235 – F0.05(2,2) 
= 19.0B 0.507 2 0.2535 10.787

C 1.647 2 0.8235 35.043
D 1.140 2 0.5700 24.255
Sum T 3.341 8 – –

Table 11. Range analysis of thermal conductivities.

A B C D

K1 0.785 0.828 0.936 0.768
K2 0.687 0.717 0.780 0.714
K3 0.642 0.551 0.477 0.711
R 0.038 0.095 0.153 0.019

Table 12. Variance analysis of thermal conductivities.

Variance
Sum of 
squares Freedom

Mean 
square F

Critical
value

A 0.002 2 0.0075  1.500 F0.05(2,2) 
= 19.0B 0.011 2 0.0055 11.000

C 0.036 2 0.0180 36.000
D 0.001 2 0.0005 –
Sum T 0.044 8 – –

Table 13. Proportion of contrast test.

Test 
number

Cementitious 
materials
(kg/m3)

Recycled fine 
aggregate 
content (%)

Cinder 
content
(%)

1 350 50  0
2 350 50 30
3 350 50 50
4 350 50 70

Table 14. Contrast test results.

Test
number

Compressive 
strength
(MPa)

Flexural 
strength
(MPa)

Thermal
conductivity
(W/(m2 ⋅ K))

1 15.0 4.1 0.6113
2 10.2 3.2 0.5904
3  8.3 2.6 0.5710
4  5.9 1.8 0.5477

conductivity was largest. Increasing the amount of 
content, thermal conductivity was less and thermal 
insulation performance was better. Table 12 also 
illustrated the effect of the amount of glazed hol-
low beads on thermal conductivity coefficient was 
significant, also the amount of cinder. It suggested 
that thermal insulation properties could increase 
when cinder replaced a part of recycled coarse 
aggregates.

Table 5 showed that overall effectiveness of 
NO. 1, NO. 4 and NO. 9 were larger, while the 
thermal conductivity of NO. 4 was the lowest and 
the strength meet the requirements, therefore the 
optimum mix proportion was NO. 4.

3.4 Contrast test

In order to further discuss the influence of cinder 
on the strengths and insulation performance of 
recycled concrete blocks, contrast tests were done 
with optimal mix proportion, which specific mix 
proportion and results were showed in Table 13 
and Table 14. Table 14 showed that, compressive 
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strength, flexural strength and thermal conductiv-
ity of the block obviously reduced with the increase 
of the amount of cinder, and declined more sig-
nificantly with the replacement of cinder ash more 
than 50%. It was because that most cinder had 
porous block structure and light weight, further-
more some particulate debris produced during 
crushing cinder, and also damaged the cinder inter-
nal, which would further reduce concrete strength. 
Therefore, the proper amount of cinder should 
be chosen to meet the strength requirement [12]. 
Meanwhile, the cinder surface was irregular, rela-
tively loose and had low density, so cinder replace-
ment coarse aggregate had good heat preservation 
and heat insulation.

4 CONCLUSIONS

Cementitious materials consumption was the main 
factor affecting compressive strengths of blocks, 
compressive strength was greater with increasing 
its amount. The amount of glazed hollow beads 
and replacement rate of recycled fine aggregate 
were main factors affecting the flexural strength, 
with increasing the amount of glazed hollow 
beads and recycled fine aggregate, flexural strength 
decreased.

The amount of glazed hollow bead was main 
factor affecting thermal conductivity, the ther-
mal conductivity was lower with increasing its 
amount.

Contrast tests showed that with the increase of 
cinder content, the strength of blocks reduced and 
insulation performance improved, so the appropri-
ate cinder content should be selected.

With optimal mix proportions, cementitious 
material 350 kg/m3, cinder content 30%, glazed hol-
low beads content 70%, and recycled fine aggregate 
replacement rate of 50%, recycled concrete blocks 
could meet the quality requirements of QGB B 
(390 mm × 240 mm × 190 mm) 800 Mu5.0 0.30 GB 
26538-2011 in terms of Chinese standard.
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Calculation of Poisson’s ratio of laminate composite
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ABSTRACT: Poisson’s ratio calculation of laminate is a complex problem, which is usually researched 
by experimental or numerical methods. This paper attempts to establish a simple calculation model to 
obtain Poisson’s ratio formula by the analytical method. Using equivalent force instead of shear stress, 
equal strain law of each single plate in laminate was used to establish simultaneous equations, with which 
Poisson’s ratio formulas would be obtained. The results show that the normal direction Poisson’s ratio 
under the action of longitudinal force is equal to the weighted sum of Poisson’s ratios of each single plate 
according to volume fraction, and Poisson’s ratio in lateral direction (non-normal direction) is inversely 
proportional to the lateral elastic modulus of the laminate, and is proportional with the sum of the prod-
ucts of Poisson’s ratio, elastic modulus and volume fraction of each single plate.

Keywords: laminate composite; Poisson’s ratio; analytic calculation; shear stress; equivalent force

two single plates will produce shear stress because 
the elastic modulus and Poisson’s ratio of  each 
single plate are different, and the two-layer plate 
would generate the same deformation by the 
shear stress. If  the direction of  the load stress is 
parallel to the y-axis, two sets of  virtual forces ± 
Px and ± Pz in each symmetric end of  each single 
plate could be set instead the shear stress in the 
junction surface, and the magnitude of  the virtual 
forces could be determined by the law of  equiva-
lent strain, i.e., virtual force and shear stresses 
produce equal strains. By this way, each single 
plate could be isolated, which makes the calcula-
tion easier. This calculation method is called the 
shear stress equivalent replacement calculation 
method.

3 POISSON’S RATIO CALCULATION 
UNDER THE ACTION OF 
LONGITUDINAL FORCE

Referring to Figure 1, we first study the strains 
produced by the load stress in x-axis direction 
(longitudinal direction).

The first layer (lower layer) single plate x-axis 
direction strain ε1x is equal to the sum of the strain 
ε1σx caused by load stress σ, strain ε1Pxx caused by 
virtual force Px and strain ε1Pzx caused by virtual 
force Pz:

ε
σ μ

ε εσ1εε

1

1

1
1μμ 1

1

x xσ1ε

x

x x1

x
xz

z z1

z

Pxx Pzx

E1

P A1x 11

E1

P A1z 11

E1

= +ε σ1εε xσ1ε

+ −x x1

+

=
1 1ε εε Pxx εε

 
(1)

1 INTRODUCTION

Poisson’s ratio calculation of the laminate is a 
complex problem, which is usually researched by 
experimental or numerical methods [1–6]. This 
paper attempts to establish a simple calculation 
model to obtain Poisson’s ratio formula by the 
analytical method.

2 CALCULATION MODEL AND FORCE 
ANALYSIS

A laminate consisting of two single plates and the 
coordinate system is shown in Figure 1.

If  there is x, y, or z-axis direction load stress 
on the laminate, then the junction surface of  the 

Figure 1. A laminate consisting of two single plates and 
its coordinate system.

ICCAHE15_Book.indb   971ICCAHE15_Book.indb   971 11/17/2015   6:37:06 AM11/17/2015   6:37:06 AM

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-200&iName=master.img-000.jpg&w=170&h=123
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-200&iName=master.img-000.jpg&w=170&h=123
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-200&iName=master.img-000.jpg&w=170&h=123


972

The second layer (upper layer) single plate x-axis 
direction strain ε2x is equal to the sum of the strain 
ε2σx caused by load stress σ, strain ε2Pxx caused by 
virtual force Px and strain ε2Pzx caused by virtual 
force Pz:

ε

σ μ

ε εσ2εε

2

2

2
2μ 2

2

x xσ2ε

x

x x2

x
xz

z z2

z

Pxx Pzx

E2

P A2x 22

E2

P A2z 22

E2

= +ε σ2εε xσ2ε

− +x x2

+

=

2 2ε εε Pxx εε

 (2)

where A1x, A2x, respectively, represent the first and 
second layer plate cross-sectional areas (perpen-
dicular to the x-axis); E1x, E2x, respectively, rep-
resent the elastic modulus of the first and  second 
layer plates (x-axis direction); and μ1xz, μ2xz, respec-
tively, represent the first and second layer plates 
in the x-axis direction and Poisson’s ratio under 
the z-axis direction force. Laminate longitudinal 
strain εx is equal to the first plate longitudinal 
strain ε1x, and also equals the second plate longi-
tudinal strain ε2x:

ε ε ε σ
x xε εε x

xEx
=ε =1 2ε εεxε =εε  (3)

where Ex represents the laminate elastic modulus 
in the x-axis direction. By formulas (1), (2) and (3), 
we get the following two equations:

σ σ μ
E E

P A
E

P A
Ex xE E

x xP AP

x
xz

z zP AP

z
= + −

1EEE
1AAA

1EE 1μμ 1AAA

1EE
 (4)

σ σ μ
E E

P A
E

P A
Ex xE E

x xP AP

x
xz

z zP AP

z
= − +

2EE
2AA

2E 2μ 2AA

2E
 (5)

where A1z, A2z, respectively, represent the first and 
second layer plate cross-sectional areas (perpen-
dicular to the z-axis); and E1z, E2z, respectively, 
 represent the elastic modulus of the first and 
 second layer plates (z-axis direction).

Similar methods can be used to study the z-axis 
direction strain. The first layer plate strain in the 
z-axis direction is given by

ε μ σ μ
1εε 1μμ

1

1 1μμ

1

1

1
z

zx

x

x1

x

z z1

zE1

P A111

E1

P A1z 11

E1
= − − +

μ1 x x x1  (6)

The second layer plate strain in the z-axis direc-
tion is given by

ε μ σ μ
2εε 2μμ

2

2 1μ

2

2

2
z

zx

x

x1

x

z z2

zE2

P A111

E2

P A2z 22

E2
= − + −

μ2zx x x1  (7)

where μ1zx, μ2zx, respectively, represent the first 
and second layer plates in the z-axis direction and 
 Poisson’s ratio under the x-axis direction force.

The first layer plate strain in the z-axis direction 
is equal to the second layer plate strain in the same 
direction, i.e.

− − +

= − + −
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μ σ μ

1μμ
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(8)

By simultaneous equations (4), (5) and (8), we 
get x-axis direction equivalent force Px

P
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where V1, V2, respectively represent the volume 
fraction of the first and second layer plates.

If  every single plate is isotropic, formula (9) can 
be simplified as follows:
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 (10)

If  all products of Poisson’s ratio are neglected, 
then formula (10) can be further simplified to
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By simultaneous Equations (4), (5) and (8), 
we also can get the z-axis direction equivalent 
force Pz
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If  every single plate is isotropic, formula (12) 
can be simplified as follows:
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If  all products of Poisson’s ratio are neglected, 
then formula (12) can be simplified to
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By Equations (1) and (6), the z-axis direction 
Poisson’s ratio under the x-axis direction force is
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By formulas (11) and (14), formula (15) can be 
simplified as follows:
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If  all products of Poisson’s ratio are neglected, 
then formula (16) can be further simplified to
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Formula (17) shows that, under the action of 
longitudinal force, Poisson’s ratio in lateral direc-
tion (non-normal direction) is inversely propor-
tional to the lateral elastic modulus of the laminate, 
and is proportional to the sum of the products of 
Poisson’s ratio, elastic modulus and volume frac-
tion of each single plate.

The strains in the y-axis direction of each single 
plate are as follows
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The laminate y-axis direction Poisson’s ratio 
under the x-axis direction force is given by
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(20)

This formula shows that the normal direction 
Poisson’s ratio by the longitudinal force is equal to 
the weighted sum of Poisson’s ratios of each single 
plate according to the volume fraction.

4 POISSON’S RATIO CALCULATION 
UNDER THE ACTION OF NORMAL 
FORCE

Referring to Figure 1, we now study the strains 
produced by the stress in the y-axis direction (nor-
mal direction).
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The first layer (lower layer) single plate z-axis 
direction strain is given by
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 (21)

The second layer (upper layer) single plate z-axis 
direction strain is given by
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The x-axis direction strains of each layer plate 
are given by
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By ε1z = ε2z and ε1x = ε2x, we get the following 
equations:
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Ignoring the product form Poisson’s ratios, 
approximate solutions of virtual forces are given 
as follows:
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The first layer (lower layer) single plate y-axis 
direction strain is given by
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The second layer (upper layer) single plate y-axis 
direction strain is given by
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The y-axis direction total strain of the laminate 
is given by
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The laminate x-axis direction Poisson’s ratio 
under the y-axis direction force is given by
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The equivalent forces Px and Pz in formula (31) 
are determined by formulas (26) and (27).

The laminate z-axis direction Poisson’s ratio 
under the y-axis direction force could be calculated 
by a similar method.

5 CONCLUSIONS

1. Poisson’s ratio of laminate composite could 
be approximately calculated by the analytical 
method.

2. The normal direction Poisson’s ratio under 
the action of longitudinal force is equal to the 
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weighted sum of Poisson’s ratios of each single 
plate according to the volume fraction.

3. Under the action of longitudinal force, Pois-
son’s ratio in the lateral direction (non-normal 
direction) is inversely proportional to the lateral 
elastic modulus of the laminate, and is propor-
tional to the sum of the products of Poisson’s 
ratio, elastic modulus and volume fraction of 
each single plate.
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ABSTRACT: This article mainly researches on the uniform dispersion of technology for nanophase 
SiO2 in epoxy resin. The tensile test, shock test and scanner electric glass are applied for studying the 
structure and performance of the compound material. The results indicate that the nanophase SiO2 are 
uniformly dispersed in the epoxy resin radical and the mechanical performance of epoxy resin is improved, 
which will produce the action of increasing strength and increasing toughness for epoxy resin.

Keywords: epoxy resin; nanophase SiO2; increasing strength; increasing toughness

eter of 15 ± 5 nm. Curing agent (ethylenediamine) 
is made by Shanghai Reagent Factory. Acetone is 
produced by Xi’an Reagent Factory.

2.2 Specimen preparation

The powdered nano-SiO2 is added to a solution 
of an appropriate amount of acetone, and treated 
with ultrasonic waves for 30 minutes. The pot in 
an oil bath is heated to about 130 °C after stirring 
the solution, and an epoxy resin mixed solvent 
removed, the epoxy resin and nano-SiO2 reaction 
is about 1H. A curing agent (ethylenediamine) sto-
ichiometric is mixed and poured into the vacuum 
degassing of steel mold coated with a release agent 
after cooling, the cured completely is cooled after 
demolding, and the mechanical properties of the 
test piece are analyzed.

2.3 The performance testing and tensile testing

The tensile properties are tested according to the 
GB1040-79 standard test. The machine used is 
LJ-500 type.

2.4 The impact testing

The impact properties are tested according to the 
GB1043-79 standard test. The machine used is 
CHARPY XCJ-40-type.

2.5 SEM

The particle morphology of material is observed 
by the transmission electron microscope and the 
scanning electron microscope. The machine type 

1 INTRODUCTION

Epoxy resin is a thermosetting resin, which has 
excellent mechanical properties, electrical proper-
ties and chemical properties, and it is widely used 
in fields such as machinery, chemicals, electrical 
and electronic and aerospace. But the epoxy resin 
has some disadvantages, such as crosslinking cur-
ing crisp poor impact resistance and resistance 
to stress cracking ability. Introduction of nano-
particles proves to be an effective method in epoxy 
resin, and it has become a hot research (Shang et al. 
2005; Kormnann et al. 2001). Nanomaterials have 
been shown to have excellent performance because 
of their unique surface effect, volume effect and 
the quantum effects that conventional fillers do 
not have. Nanoparticles have small particle size, 
surface energy, are easily reunited, and differ-
ent from the conventional particles that can exist 
between particles. How to solve the agglomeration 
problem to achieve a rapid, uniform dispersion of 
nano-particles in the matrix becomes the key per-
formance of composite material (Liu et al. 2002; 
Hui et al. 2004).

2 EXPERIMENTAL SECTION

2.1 The main materials

Epoxy resin takes WSR6101(E-44), which has dou-
ble A made in Wuxi Resin Industry. Nano silica is 
provided by Hangzhou Wan Jing New Material Co. 
Ltd. Its performance is presented in Table 1. It can be 
seen from Table 1 that nanophase SiO2 has a surface 
area of   250 ± 30 m2/g and an average particle diam-
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is the S-570 scanning electron microscope (Hitachi 
Ltd, Japan).

3 RESULTS AND DISCUSSION

3.1 The mechanical properties 
of E-44/nm SiO2 composite material

Nano-SiO2 with different amounts affects the 
mechanical properties of E-44/nm SiO2 composite. 
It takes the epoxy resin as the base to be incorpo-
rated material SiO2 to find five points dosage of 
0%, 2%, 4%, 6%, and 8%, which are measured 
impact values   and the tensile value and the test 
piece is observed nano-SiO2 ash on PC impact, 
tensile impact. Table 2 gives the mechanical prop-
erties of nm SiO2 composite material.

It can be seen that the nm SiO2 epoxy resin con-
crete has a toughening effect, within a certain range, 
as shown in Figure 1 and Figure 2. The impact 
strength and tensile strength of the composite 
material obtained are gradually increased with the 
nm SiO2 increasing of the content, when nm SiO2/
E-44 is 2/100 (mass ratio). These two properties 
reach a maximum value (1.24 J/m, 1.43 MPa), and 
the material of two kinds of performance declines 
with the amount of nm SiO2 increasing.

Nano silica is a light amorphous white pow-
der. It is non-toxic, tasteless, and non-polluting. 
The microstructure of nano-silica is flocculent 
and mesh. This special structure makes it to have 
unique properties, especially its dispersion in the 
material when combined with polymer chains to 
form a three-dimensional network structure. So, it 
can improve the basic properties of the material, 
such as strength and elastic.

In the study of composite systems by ultrasonic 
treatment, nm of SiO2 particles are uniformly dis-
persed in an epoxy matrix, the matrix impact nm 
of SiO2 between the particles, and the matrix can 
produce a large number of silver streaks (or micro-
cracks) between the particles, which is also plas-
tically deformed. Therefore, it absorbs greatly 
impact energy to achieve toughening effects. 
Nm SiO2 is added in an amount within a certain 
range, if  it increases the resulting silver streaks and 
plastic deformation will increase, the toughening 
effect will also be better. In addition, its particle 
diameter is small, has a large surface area, a large 

proportion of atoms within the surface layer with 
an epoxy resin for the nanoscale particles. It can 
sufficiently adsorb, bond, couple with the use of 
silane coupling agent, and enhance the interfacial 
adhesion of the particles and the matrix, which are 
conducive to the stress transfer between the parti-
cles and the matrix, improving the ability to bear 
the load. Therefore, the enhancement and tough-
ening of the base body are simultaneous. If  nm 
SiO2 is added in an amount of more than a criti-
cal value, it will result in a short distance between 

Table 1. The performance parameters of nano-silica.

Name Performance
Particle 
size (nm)

Specific surface 
area (m2/g)

Content
(%)

Ignition loss (%)
950°C × 2 h

Nano-silica White powder 15 ± 5 250 ± 30 ≥99.5 ≤6

Table 2. The mechanical properties of nm SiO2 
composite material.

SiO2 contents (%) 0 2 4 6 8

Tensile value (MPa) 0.26 1.43 0.38 0.47 0.36
Impact values (J/m2) 0.65 1.24 0.75 0.64 0.60

Figure 1. The effects of nanophase SiO2 to tensile of PC.

Figure 2. The effects of nanophase SiO2 to impact of PC.
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the nanoparticles, the silver streaks of the material 
by an external force generated when too much, 
and very large plastic deformation, thus it will be 
evolved into a large cracking, leading to the decline 
in the strength and toughness of the material.

The content of nanophase SiO2 effects the ten-
sile of PC is shown in Figure 1, and effects the 
impact of PC are shown in Figure 2.

3.2 Electron microscopic analysis 
of E-44/nm SiO2 composite material

Figure 4 shows a SEM image of an epoxy resin 
nano-composite material. It can be seen from the 

figure that the nano-composite epoxy system force 
will produce a lot of crazing. Nano-SiO2 parti-
cles are added to the epoxy resin, the surface of 
nano-SiO2 particles has lack of coordination, a 
large specific surface area characteristics, so that 
it shows strong activity with the oxygen atoms 
of the epoxy-like molecules that are prone to key 
cooperation, and enhance the bond force between 
the molecules. As part of nano-SiO2 particles are 
distributed in the gap of the polymer chain, and 
a high degree of liquidity, the strength and tough-
ness of epoxy are increased and thus nano-SiO2 
particles are increased greatly.

4 SUMMARY

In summary, nano-SiO2 can enhance toughened 
epoxy resin (Jin 2010; Xiao & Jin 2009) within a 
certain range of dosage. In E-44/nm SiO2 com-
posites, the ratio of the best use of nano-SiO2 
and epoxy resin is 2/100 in a relatively uniform 
dispersion.
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ABSTRACT: Magnesium slag cementitious material was prepared successfully using the magnesium 
slag-furnace slag-clinker system and different activators in this paper. The effect of the activator on the 
mechanical property of the material was studied. The hydration and microstructure of this composite 
cement were analyzed by X-ray diffraction and scanning electron microscopy, and the interaction mecha-
nism was researched. The results show that the activity of magnesium slag was enhanced significantly by 
adding a small amount of the activator. Combined activators have the best effect. The activators have no 
effect on the species of hydration products of magnesium slag cementitious materials mortar, which are 
composed of Aft, C-S-H, Ca(OH)2.

Keywords: magnesium slag; activators; interaction mechanism; cementitious materials

Details of the chemical composition of the materi-
als used are given in Table 1. Activators were liq-
uid sodium silicate, sodium sulfate, and gypsum. 
 Liquid sodium silicate was bought from the mar-
ket, and the modulus of sodium silicate was 1.5, 
with a consistency of 49%. Sodium sulfate was of 
industrial grade chemical reagent. Gypsum was 
supplied by YATAI Cement Industry of Jilin, and 
the content of SO3 is 40%.

2.2 Specimens and test methods

The original materials were ground in the ball 
grinding mill according to the proportion fixed 
in the previous study until the final fineness was 
3.6%. Liquid sodium silicate was added by dis-
solving in water, but gypsum and sodium silicate 
were added by mixing with the other dry materials. 
Determination of  strength was tested according 

1 INTRODUCTION

Magnesium slag is the sub-product generated in 
the production of metallic magnesium.  Magnesium 
slag is obtained by the reduction of dolomite by 
Fe- (Si), resulting in several oxides, being consti-
tuted of dicalcium silicate (2CaO ⋅ SiO2), which is 
also present in cements and slags (Oliveira et al. 
2004). It was nothing more than a latent hydraulic 
binder and must be activated in practice to react 
and provide strength. It has been recognized that 
alkali additions can activate pozzolanic materials 
to set and harden in their own right (Darko K. 
et al. 2002). The result showed that cementitious 
materials composed of magnesium slag and little 
clinker did not meet the engineering demand in the 
previous study. By learning from the use of other 
slags, furnace slag was added to magnesium slag 
cementitious materials. Magnesium slag cementi-
tious materials consisted of clinker, magnesium 
slag, furnace slag and activators, consisting of 
sodium silicate, gypsum and sodium silicate.

2 EXPERIMENTAL PROCEDURE

2.1 Materials

Magnesium slag was supplied by Dong Feng 
Colored Metal Industry of Jilin. Furnace slag and 
clinker were supplied by YaTai Cement Industry. 

Table 1. Chemical composition (by mass) of raw mate-
rials (%).

Materials SiO2 Al2O3 Fe2O3 CaO MgO Others

Clinker 22 5 6 64 1.5 1.5
MS 31.78 2.61 7.73 48.53 8.42 1.65
FS 30.67 17.98 0.73 40.03 8.50 2.09

*MS refers to magnesium slag, FS refers to furnace slag.
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to the GB/T 17671-1999 test. Water requirement 
of  normal consistency, setting time and sound-
ness of  the material were tested according to 
the GB/T1346-2001 test. Fineness of  the mate-
rial was tested according to the GB/T 1345-2005 
test. A water-to-binder ratio of  0.5 was used. The 
type of  X-ray machine used was Ultimalv, which 
operates under the following conditions: 40 kV, 
20 mA. The type of  SEM machine used was 
KYKY2800.

3 RESULTS AND DISCUSSION

3.1 Determination of minerals of magnesium slag

The minerals phases of magnesium slag were deter-
mined by XRD. The result is shown in Figure 1.

It can be seen from Figure 1 that the mineral 
phases of magnesium slag were C2S, MgO and CF. 
Magnesium slag can harden because there was plenty 
of C2S, which was the mineral of Portland cement.

3.2 Effect of activators on the magnesium 
slag cementitious material

The experiment was conducted according to 
the proportion fixed in the previous study 
(clinker:magnesium slag:furnace slag ratio 
35%:32.5%:32.5% by mass). The effects of the single 
activator and composite activators were studied.

As shown in Table 2, the mechanical proper-
ties of magnesium slag cementitious material were 
enhanced by adding the activator, and the com-
bined activators have the best effect on the  material. 
The hydration process and mechanism can be 
explained as follows. The hydration of clinker and 
hydrolyzation of sodium silicate resulted in a high 
concentration of OH-. The structure of magne-
sium slag and furnace slag is destroyed under the 
high concentration of OH-. It can be described as 

the breaking of Me-O (Me ≡ Ca, Mg), Si-O-Si, Al-
O-Al and Al-O-Si bonds in the slag grains, resulting 
in high concentrations of ions such as H3SiO4

− and 
H3 AlO4

2− in the solution. These ions react with 
Na+, which result in some hydration products of 
natrolite, The reactions proceed according to the 
following equations (Xu et al. 2004):

H3 AlO4 + H3SiO4 + Ca2+ → 
 kCaO ⋅ lAl2O3 ⋅ mSiO2 ⋅ nH2O (1)

H3 AlO4
2− + H3SiO4

− + Ca2+ + Na+→ 
 pNa2O ⋅ kCaO ⋅ lAl2O3 ⋅ mSiO2 ⋅ nH2O (2)

The above reaction absorbed lots of Ca2+ and 
other ions, which accelerated the rate of the 
destruction of magnesium slag and furnace slag 
gradually. At the same time, gypsum and sodium 
sulfate provided the SO4

2− ions that reacted with 
C4AH19. Thus, the Aft was produced when gyp-
sum and sodium sulfate were added. The products 
formed at later times filled in the porous area; fur-
thermore, these products formed a compacted net 
structure through superposition. The result was 
that the strength of the material was enhanced 
finally.

The cementitious material had good mechani-
cal properties, with the compressive strength of 
42.7 MPa and the flexural strength of 7.3 MPa. 
Properties of the material were also tested. The 
water requirement of normal consistency was 
34.4%, the initial time was 116 min, the final time 
was 175 min, and the soundness of the material 
corresponded with the standard of cement.

3.3 SEM observations

The microstructure of  this composite cement 
was analyzed by scanning electron microscopy, 
and as a comparison, two SEM images were Figure 1. Curves of XRD-ray analysis.

Table 2. Effect of the activators on the mechanical 
property of magnesium slag cementitious material.

No.

Activator

Compressive 
strength/
MPa

Flexural 
strength/
MPa

Kind Dosage/% 3d 28d 3d 28d

1 0 10.6 25.8 2.45 3.90
2 a 1.5 10.9 28.3 2.60 4.70
3 b 2 15.4 30.3 3.55 5.2
4 c 3 12.9 30.5 2.92 6.2
5 a+ b + c 0.5 + 2 + 2 14.7 42.7 3.52 7.3

*a indicates sodium silicate, b indicates sodium sulfate, 
c indicates gypsum.
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obtained. Figure 2 shows the micrographs of  this 
material.

It can be obviously noted that there exists quite 
a large difference in the microstructure of the mag-
nesium slag cementitious materials whether the 
activator was added. The latter generally exhibits 
compacted and continued integrated morphologi-
cal characteristics, while the former exhibits some 
incompact area, i.e., some remaining porous area. 
We can see this result from the above figure where 
lots of needle core product exists in the material, 
and little product linked to each other. It was 
proved that both magnesium slag and furnace slag 
hydrated incompletely, with the microstructure of 
the products showing a compacted structure corre-
spondingly. It proved that the activators accelerate 
the rate of hydration, and more hydration prod-
ucts were formed.

3.4 X-Ray Microanalysis (XRD)

The hydration products have much effect on the 
properties of cement, such as durability and other 
mechanical properties. So, the kinds of hydration 

products were analyzed by XRD, and the result is 
shown in Figure 3.

From Figure 3, we can observe that Aft, C-S-H, 
Ca(OH)2 existed in the hardened cement.

4 CONCLUSION

Magnesium slag cementitious material was pre-
pared successfully using the magnesium slag-
 furnace slag-clinker system and several activators, 
whose performance was in accordance with the 
standards of composite cement of 32.5 MPa. The 
activity of magnesium slag was enhanced signifi-
cantly by adding a small amount of the activator. 
The cementitious material performed well mechan-
ically when the activators were combined. The spe-
cies of hydration products of this material were 
Aft, C-S-H, Ca(OH)2.
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Figure 2. SEM images of magnesium slag cementitious 
material mortar (28d).

Figure 3. XRD patterns of magnesium slag cementi-
tious materials mortar.
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ABSTRACT: The effect of lithium on the microstructure and properties of Al-Mg-Si-Li alloys with 
different Si contents was investigated. The microstructure was observed by optical microscopy, the phases 
were determined by X-ray diffractometry, and the mechanical properties were determined by a tensile 
tester. The result shows that Li reduces the ratio of eutectic in Al-Si-Mg alloys: the alloy containing 
20.0 wt.% Si can not obtain the eutectic microstructure completely. The ratio of the eutectic is increased 
and the constituent of the eutectic is coarsened with the increment of the Si content. Being modified by 
the Al-P master alloy, the primary Si is refined and granulated, and the ratio of the eutectic is increased. 
Al-15 wt.% Si-0.3 wt.% Mg-1.1 wt.% Li alloys have excellent mechanical properties: the tensile strength, 
the yield strength and elongation of the alloys are 265 MPa, 137 MPa and 1.8%, respectively.

Keywords: Li; Si content; Al-Mg-Si-Li alloys; microstructure; properties

microstructure and properties of Al-Mg-Si-Li 
alloys with different Si contents.

2 EXPERIMENTAL SECTION

Composition of  the alloys studied is given in 
Table 1, which were melted in a vacuum fur-
nace and cast in a metal mould under argon. 
The alloys were modified by the addition of 
1.0 wt.% Al-P master alloy provided by Shan-
dong University.

Microstructure of the alloys was observed by 
using an optical microscope. The different phases 
of the alloys were analyzed by X-ray diffractometry. 
The tensile strength was determined by the tensile 
tester at a constant rate of l mm/s using bars of 
diameter 10 mm and length 50 mm.

1 INTRODUCTION

Al-Si-Mg alloys have been widely used in the auto-
motive industry due to their good casting charac-
teristics and mechanical properties. Si is the major 
alloying element, which imparts good castability, 
high wear resistance and hardness. A small addi-
tion of Mg improves solution treatment and age 
hardening characteristics of these alloys. The 
mechanical properties of Al-Si-Mg cast alloys 
depend not only on a chemical composition, but 
also, more importantly, on microstructural features 
such as morphologies of dendritic α-Al, eutectic Si 
and Mg2Si that present in the microstructure.

Lithium is added to Al-Si alloys to decrease the 
density and improve the specific strength and elas-
tic modulus. Al-Si-Li alloys containing 3.6–8 wt.% 
Li and 5–14 wt.% Si have been developed by a 
rapid solidification technique, where the alloys 
have a low density, high elastic modulus and high 
ratio modulus [Dubost1987]. The triangle and oval 
primary Si phases are present in the microstructure 
of Al-7.0 wt.% Si-0.3 wt.% Mg -xLi alloys, and the 
precipitation is inhibited to make the alloys have 
lower elongation and strength [Gröbner 2001]. 
However, there is no report about the effect of 
Li on the microstructure and properties of Al-Si-
Mg-Li with different Si contents. In the present 
work, 1.1 wt.% Li was added into Al-Si-Mg-Li 
alloys containing 7.0%wt.% Si, 12 wt.% Si, 15 wt.% 
Si or 20 wt.% Si, respectively, to investigate the 

Table 1. Chemical composition of the tested alloys.

Item
Si
(wt.%)

Li
(wt.%)

Mg
(wt.%)

Al
(wt.%) Remark

U1  7.0 0.9 0.3 Balance Unmodified
U2 12.0 0.9 0.3 Balance Unmodified
M2 12.0 0.9 0.3 Balance Modified
M3 15.0 0.9 0.3 Balance Modified
U4 20.0 0.9 0.3 Balance Unmodified
M4 20.0 0.9 0.3 Balance Modified
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3 RESULTS

3.1 Microstructure of as-cast Al-Si-Mg-Li 
alloys with different Si contents

Figure 1(a)–(c) shows the microstructure of 
unmodified Al-Si-0.3 Mg-1.1 Li as-cast alloys with 
different Si contents. Figure 1(a) shows that the 
microstructure of the alloys containing 7.0 wt.% 
Si consists of eutectic, granular Si, together 
with an amount of fine particles in the primary 
α-Al matrix. When the Si content in the alloy is 
12.0 wt.%, the ratio of the eutectic increases to 
50% approximately, and Si becomes coarse block, 

triangle or needle, and the particles in the α-Al 
matrix become coarsened, as shown in Figure 1(b). 
In the alloy containing 20.0 wt.% Si, the ratio of 
the eutectic is about 70%, and the primary α-Al 
was refined. There are two kinds of Si: granular 
Si and large block Si, as shown in Figure 1(c). 
 Comparing the eutectic among the three alloys, the 
ratio of the eutectic increases with the increment 
of the Si content; however, the ratio of the eutectic 
is far lower than that of the Li-free alloys. When 
the Si content is up to 20.0 wt.%, there is still 20% 
of the primary α-Al remaining. It should be men-
tioned that Si in the eutectic is coarsened as the Si 
content increases.

Figure 2 (a)–(c) shows the microstructure of Al-
Si-0.3 Mg-1.1 Li as-cast alloys with different Si con-
tents and the alloys were modified by the 1.0 wt.% 
Al-P master alloy. The microstructure containing 
12.0 wt.% Si shows the oval primary α-Al phase, 
eutectic and Si, as shown in Figure 2(a). Figure 2(b) 
shows the microstructure of the alloy containing 
15.0 wt.% Si, the α-Al is refined, approximately 60% 
of eutectic occurs, and Si is also refined and granu-
lated. When Si content is 20.0 wt.%, the coarse stick 
particles are distributed in the α-Al matrix, which 
constitutes the eutectic, besides the coarser Si, as 
shown in Figure 2(c). Comparing the microstruc-
ture of the three modified alloys, the ratio of the 
eutectic increases and the ratio of the primary α-Al 
decreases with the increment of the Si content, and 
the primary α-Al almost disappears when the Si 
content increases up to 20.0 wt.%. The constitu-
ent of the eutectic is coarsened as the Si content 
increases. The modified alloys containing 15.0 wt.% 
Si have the excellent microstructure.

Comparing the microstructure of the unmodi-
fied alloys and the alloys modified by the Al-P 
master alloy, modification of the Al-P master 
alloy plays an important role for microstructure 
improvement of Al-Si-Mg-Li alloys, especially for 
the alloys with the Si content exceeding 12 wt.%. 
It is the modification of the Al-P master alloy that 
increases the ratio of the eutectic, and refines and 
granulates the primary Si, but coarsens the con-
stituent of the eutectic.

3.2 X-ray diffractometry

Figure 3 shows the X-ray diffraction patterns of Al-
Si-0.3 Mg-1 Li alloys with 7.0 wt.% Si, 12.0 wt.% Si 
or 15.0 wt.% Si. Diffraction peaks corresponding 
to α-Al, Si and LiAlSi were marked, which shows 
that the eutectic may be Al-LiAlSi binary eutectic 
in the as-cast structure [Kadaner1976]. The inten-
sity of the peaks corresponding to Si and LiAlSi 
is enlarged as the Si content increases, which indi-
cates that the amount of Si and LiAlSi increases 
with the increment of the Si content.

Figure 1. Microstructure of unmodified Al-Si-Mg-Li 
as-cast alloys with (a) 7.0 wt.% Si, (b) 12.0 wt.% Si, 
(c) 20.0 wt.% Si.
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3.3 Mechanical properties

The mechanical properties of unmodified alloys 
with different Si contents are listed in Table 2. It can 
be seen from the table that the unmodified alloys 
containing 7.0 wt.% alloy have excellent mechani-
cal properties, and the tensile strength is 245 MPa, 
the yield strength is 89 MPa and the elongation 
is 1.3%. When the Si content is 12.0 wt.%, the 
mechanical properties decrease due to the block, 
triangular or needle primary Si. However, the 
alloys containing 20.0 wt.% Si have better mechan-
ical properties than those containing 12 wt.% due 
to the granulation of Si. Table 3 lists the mechani-
cal properties of modified alloys with different Si 
contents. It can be seen that the alloys containing 
15 wt.% Si have excellent mechanical properties, 
which are superior to those of the alloys contain-
ing 12 wt.% Si or 20 wt.% Si.

Comparing the mechanical properties between 
the unmodified alloys and the modified alloys, it is 
found that the mechanical properties of the modi-
fied alloys are far more excellent than those of the 
unmodified alloys when the Si content is 12.0 wt.%. 
When the Si content is 20.0 wt.%, the modifica-
tion of the Al-P master alloy makes the elongation 
improve, but the tensile strength is reduced.

4 DISCUSSION

Li plays a significant role in the microstructure of 
Al-Si-Mg alloys. When 1.1 wt.% Li is added into 
the Al-7.0 wt.% Si-0.3 wt.% Mg alloy, a little of 
primary Si occurs, which is due to the reduction 

Figure 2. Microstructure of modified Al-Si-Mg-Li 
as-cast alloys with (a) 12.0 wt.% Si, (b) 15.0 wt.% Si, 
(c) 20.0 wt.% Si.

Figure 3. X-ray diffraction patterns of  Al-Si-
0.3 Mg-1 Li alloys with (a) 7.0 wt.% Si, (b) 12.0 wt.% Si, 
(c) 15.0 wt.% Si.

Table 2. Mechanical properties of unmodified Al-Si-
Mg-Li alloys with different Si contents.

Item
Si content 
(wt.%)

Tensile 
strength 
(MPa)

Yield 
strength 
(MPa)

Elongation 
(%)

U1  7.0 245 89 1.3
U2 12.0 162 78 1.0
U4 20.0 234 85.6 1.2

Table 3. Mechanical properties of modified Al-Si-
Mg-Li alloys with different Si contents.

Item
Si content
(wt.%)

Tensile 
strength
(MPa)

Yield 
strength
(MPa)

Elongation
(%)

M2 12.0 217  84 1.3
M3 15.0 265 137 1.8
M4 20.0 215  82 1.5
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of the eutectic. The ratio of the eutectic is just 
about 50%, which is only a half  of the Al-12 wt.% 
Si alloy. However, the alloy containing 20.0 wt.% 
Si cannot achieve the eutectic microstructure com-
pletely. Given all the above-mentioned factors, 
the eutectic composition and primary phases are 
modified by Li.

AlLiSi is a primary phase in Al-Si-Li alloys 
[Gröbner 2001], and Mg2Si is present in the α-Al 
matrix when the alloys contain 0.3 wt.% Mg, though 
Mg2Si was not characterized by X-ray diffractome-
try due to low Mg content. The particles distributed 
in the α-Al matrix may be Mg2Si, and the eutectic 
might be the ternary eutectic of Al-Si-AlLiSi. It is 
the depletion of Si from the primary Si and AlLiSi 
that causes the reduction of the eutectic.

P and Al form an intermediate phase (AlP) at 
high temperatures. The crystal structure of the AlP 
phase is similar to that of Si and is sphalerite type. 
So, the AlP phase can be used as a heterogeneous 
nucleation of the primary Si phase, and the final 
aim is mainly to refine the primary Si phase. But P 
cannot change the eutectic Si phase. The ratio of 
the eutectic is improved by the Al-P master alloy 
due to the reduction of Si depletion during the 
reaction of P and Li.

5 CONCLUSIONS

Li reduces the ratio of the eutectic in Al-Si-Mg 
alloys, and the alloy containing 20.0 wt.% Si cannot 

achieve the eutectic microstructure completely. 
The ratio of the eutectic is increased and the con-
stituent of the eutectic is coarsened with the incre-
ment of the Si content. Being modified by the Al-P 
alloy, the primary Si is refined and granulated, and 
the ratio of the eutectic is increased. Al-15 wt.% 
Si-0.3 wt.% Mg-1.1 wt.% Li alloys have excellent 
mechanical properties: the tensile strength, the 
yield strength and elongation of the alloys are 
265 MPa, 137 MPa and 1.8%, respectively.
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ABSTRACT: The semi-flexible pavement refers to matrix asphalt mixture (the void ratio is up to 
20%∼28%) filled with special mortar in which cement is the major constituent. By laboratory testing of 
rutting, resistance performance and fatigue characteristics were studied. The results showed that: semi-
flexible mixture has excellent high temperature stability, while the test temperature is 70 °C and the tire 
pressure is 1.0 MPa, the dynamic stability are more than 6000. Compared to the conventional asphalt 
mixture, the semi-flexible pavement can adapt better to high temperatures and heavy resistance road 
deformation need. The temperature has a significant effect on the fatigue properties of the semi-flexible 
mixture: the lower the temperature, the higher the material ultimate tensile strength, however, under such 
condition, the fatigue life decline faster.

Keywords: road engineer; semi-flexible mixture; anti-rutting performance; four-point fatigue bending; 
fatigue life

2 SEMI-FLEXIBLE MIXTURE DESIGN

Through the former achievements of this research 
and many experiments which concentrate on the 
mix proportion of mother-asphalt mixture, the 
mix proportion adopted in this thesis can meet 
the specification of Marshall Stability test and 
the mother—asphalt mixture and asphalt con-
tent adopted in this research is laboratory-made 
asphalt. And the portion, amount of mixture as 
well as the Marshall Stability test result are given 
in Table 1 and Table 2[6,7,8].

Through many experiments, we get the mortar 
mix ratio which can meet the need of the mechani-
cal property and mobility. Studies have shown that 
the admixture of fly ash mortar or polymer helps 
to improve the performance[6,8]. And the physical 
and mechanical property indices of the mortar 

1 INTRODUCTION

The semi-flexible pavement refers to matrix 
asphalt mixture (the void ratio is up to 20%∼28%) 
filled with special mortar in which cement[1,2] is 
the major constituent. Researches indicate that 
semi-flexible pavement with high-temp rutting 
resistance, low temperature crack resistance and 
endurance are better than bituminous mixture[3,4,5]. 
Compared with the cement concrete pavement, 
this pavement has lower modulus and improved 
traffic comfort and endurance. Additionally, semi-
flexible pavement has excellent oil, acid, heat, slip-
pery resistance and water stability, and it is easy to 
colored up. Based on the above properties, semi-
flexible pavement has become a research hot spot 
in recent years; in some areas experiment have 
been made by paving semi-flexible pavement to 
improve the increasingly prominent rutting prob-
lem. In this thesis, study of  semi-flexible pavement 
rutting performance and the influence caused by 
temperature & load have been made through labo-
ratory tests, study of  the fatigue characteristics of 
semi-flexible mixture under different temperature 
has been made by Four-point bending test, and 
the logarithm equation of  the fatigue life at dif-
ferent temperatures has been concluded by regres-
sion analysis.

Table 1. Mixture proportion of mother-bituminous 
mixture in research.

Mesh size 
(mm) 26.5 19.0 13.2 4.75 2.36 0.6 0.3 0.075

Percent of 
sifted (%)

100 97 47 18 13 10 8 3
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mix with fly ash mortar adopted in this research 
are shown in Table 3 and Table 4.

3 RESEARCH ON THE RUTTING 
RESISTANCE PROPERTIES OF THE 
SEMI-FLEXIBLE MIXTURE

Rutting test has been adopted to make research 
on the resistance to deformation of semi-flexible 
 mixture, taking into account the impact of temper-
ature, load, and water to resistance to deformation, 
the test results are as follows.

3.1 Temperature effects on the rutting test results

Asphalt is a viscoelastic material, to which the 
temperature has evident effect on its deformation 
resistance[4]. The temperature for the rutting test 
is 60 °C and 70 °C, while the test wheel ground 
pressure is 0.7 MPa. The asphalt is SK70 Class 
A road petroleum asphalt; SBS modified bitumen 
uses laboratory preparation with 4% of  SBS con-
tent; and asphalt test results are shown in Table 5. 
The test results satisfies the Technical Specifica-
tions for Construction (JTG F40-2004)[9]. The 
AC-20 mixture has followed the specification, 
the composition and mixture volume indica-
tors of  which are shown in Table 6 and Table 7. 

And the results are given in Table 8 and Figure 1, 
Figure 2.

From the experimental results, the dynamic 
stability of semi-flexible material is 6000 (times/
mm) or more when the temperature is 60 °C or 
70 °C. When the temperature increased 10 °C, the 
dynamic stability declined to 9886 from 11225, 
with a decrease of 11.9%. In contrast, the dynamic 
stability of ordinary AC-20 declined from 1890 to 
1120 by, with a decrease of 40.7%; and the dynamic 
stability of SBS modified AC-20 decreased by 
31.2%, from 3850 to 2650.

Therefore, it is obvious that the temperature has 
the greatest impact on ordinary AC rutting dynamic 
stability; the second greatest on the SBS modified 
AC and the least on semi-flexible materials.

3.2 Impact of load on rutting test results

In recent years, rutting has occurred to the 
conventional asphalt pavement because of  the 
increasingly prominent phenomenon of  over-
loading and beyond limitation transportation. 
Series of  measures has been adopted to allevi-
ate the rutting of  asphalt pavement, such as high 
viscosity modified asphalt, low-grade asphalt, 
high-modulus asphalt concrete, the use of  skel-
eton dense gradation, etc., which have eased to 
some extent the asphalt pavement rutting, but 
they are still not effective for the conventional 
asphalt pavement enough confronting overload 
and beyond limitation transportation; and rut-
ting still occurs from time to time.

Semi-flexible material is between cement con-
crete and asphalt mixture; it is the complex of 
concrete and asphalt, with greater rigidity and bet-
ter flexibility, integrating the cement and asphalt 
advantages. From research and practice, semi-
flexible material is an effective way to resolve the 
current rutting problem.

Experimental results show that test wheel ground 
pressure boasts a good correlation with the weight, 
for when the weight each increases about 50%, 
the test wheel ground pressure increases about 
0.1 MPa. Thus, rutting test under different load 
can be made by adjusting the wheel ground pres-
sure to simulate overload. The results are shown in 
Table 9 and Figure 3.

From the test results, as the test wheel ground 
pressure increases, all materials’ dynamic stability 
showed reduced trends. When the test wheel ground 
pressure is from 0.7 MPa to 1.1 MPa (Equivalent 
to 200% overload simulation), the dynamic sta-
bility of ordinary AC-20, SBS modified AC-20 
and semi-flexible materials, has decreased 58.5%, 
51.2%, 23.5% relatively.

Thus, the use of  modified asphalt can provide a 
more significant improvement in the  temperature 

Table 3. Mixing proportion of original cement mortar 
in research.

Cement 
(%)

Water 
(%)

Coal 
ash (%)

River 
sand (%)

Powder 
(%)

41.5 31.5 6 12 9

Table 4. Physical-mechanical indices of original cement 
mortar[1].

Indices Scope Remarks

Mobility (s) 10∼14 /
Bending strength (MPa) >2.0 7 days
Compression strength (MPa) 10∼30

Table 2. Physical-mechanical indices of mother-
 bituminous mixture.

Bitumen 
aggregate 
ratio (%)

Flying 
shards 
losses 
(%)

Drain 
down 
losses 
(%)

Void 
ratio 
(%)

Marshall 
stability 
(KN)

Flow 
value 
(0.1 mm)

2.8 24.7 0.58 23.2 6.8 32.4
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Table 5. Test results of asphalt index.

Item
Penetration 
(25 °C, 0.1 mm)

Softening 
point (°C)

Ductility 
(15 °C, cm)

Ductility 
(5 °C, cm)

Elastic 
recovery 
25 °C (%)

Kinematic 
viscosity 
135 °C (Pa ⋅ s)

SK70 asphalt 72 47 >100 / / /
4% SBS modified bitumen 65 56 / 42 78 1.7

Table 6. The grading of AC-20 mixture.

Grading

Each sieve (%), mm

26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Design grading 100 95.8 84.5 70.2 53.1 31.5 26.8 18.7 15.6 10.2 7.1 5.5

Note: Conventional asphalt AC-20 shares the same grading with SBS modified asphalt AC−20.

Table 7. AC-20 Test results of mixture marshall.

Item
Amount of 
asphalt (%)

Porosity 
(%)

VMA 
(%)

VFA 
(%)

Stability 
(KN)

Flow value 
(0.1 mm)

Conventional asphalt AC-20 4.8 4.7 13.8 65.9 12.8 28.6
SBS modified asphalt AC-20 4.8 4.8 14.2 66.2 14.6 32.4

Table 8. Rutting test results under different tempera-
ture conditions.

Test conditions 
(temp/°C, wheel 
pressure/MPa) Test material

Dynamic 
stability 
(times/mm)

60°C 0.7 MPa Ordinary AC-20  1890
SBS Modified AC-20  3850
The semi-flexible mixture 11225

70°C 0.7 MPa Ordinary asphalt AC-20  1120
SBS modified asphalt 

AC-20
 2650

The semi-flexible mixture  9886
Figure 1. Rutting test results under 60 °C.

Figure 2. Rutting test results under 70 °C.

Table 9. Rutting test results under different load level.

Test material

The DS test results under different test 
wheel ground pressure (test temp: 60 °C)

0.7 MPa 0.8 MPa 0.9 MPa 1.1 MPa

Ordinary 
AC-20

 1890  1450 1160  785

SBS modified 
AC-20

 3850  3230 2710 1880

The semi-
flexible 
mixture

11225 10800 9650 8585
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4 RESEARCH ON THE FATIGUE 
PROPERTY OF THE SEMI-FLEXIBLE 
MIXTURE

Four-point bending test has been carried out to 
make research on the fatigue property of the semi-
flexible mixture. Taking into account the impact 
of temperature on the fatigue properties, fatigue 
performance test has been conducted under three 
different temperatures (5 °C, 20 °C, 40 °C) and the 
four stress levels: stress intensity ratios of 0.2, 0.3, 
0.4 and 0.5. Corresponding to each intensity ratio, 
there are 5 items for test and the load frequency is 
controlled at 10 Hz.

The results are shown in Figure 4 and Table 11. 
It can be observed in Figure 4 that with increased 
test temperature, the mixture of semi-flexible pave-
ment breaking strength decreases.

It can be seen from the three temperature fatigue 
tests results and fatigue curve equation in Figure 5 

Figure 3. Rutting test results under different wheel 
ground pressure.

Table 10. Soaking rutting test results.

Test material

Dynamic stability 
(times/mm)

Residual 
dynamic 
stability (%)

Before 
soaking

After 
soaking

Ordinary AC-20  1850 1365 73.8
SBS modified AC-20  3800 3012 79.3
The semi-flexible 

mixture
11250 9958 85.2

Table 11. Fatigue test results under different tempera-
tures and different stress levels.

Temperatures 
(°C)

Stress-
strength 
ratio 
(σ/σs)

Logarithmic 
fatigue life lgNf

Breaking 
strength 
(MPa)Average

Standard 
deviation 
(S)

 5 0.2 5.2254 0.1567 6.21
0.3 4.4654 0.2458
0.4 3.8685 0.1451
0.5 3.1451 0.1784

20 0.2 4.6321 0.0739 4.32
0.3 3.9218 0.2843
0.4 3.4067 0.1781
0.5 3.0395 0.2445

40 0.2 3.5945 0.1475 1.96
0.3 3.1034 0.0987
0.4 2.8811 0.1237
0.5 2.3802 0.1179

Figure 4. Temperature impact on breaking strength.

sensitivity of  asphalt, but it is with limited 
improvement to the load sensitivity. The use of 
semi-flexible materials can improve both tempera-
ture sensitivity and load sensitivity. Even under 
the road 200% overload conditions, the dynamic 
stability of  semi-flexible materials is also 8000 
(times/mm) or more.

3.3 Soaking rutting test

In order to test the stability of water of semi-
flexible material, soaking rutting test has been 
conducted. The track plate was saturated in 60 °C 
water for 5 hours, and then stability test was car-
ried out under conditions of 60 °C for temperature 
and 0.7 MPa for pressure. The results are shown 
in Table 10.

From the test results, the soaking rutting residual 
dynamic stability of ordinary AC-20, SBS modi-
fied AC-20 and semi-flexible materials were 73.8%, 
79.3%, 85.2%. Based on previous findings, it can 
meet the requirements of road performance when 
the residual dynamic stability achieved 70%. It is 
necessary to adopt high-quality asphalt or other 
measures to make the residual dynamic stability 
to achieve more than 80%. The soaking rutting 
residual dynamic stability of semi-flexible materi-
als was 85.2%, indicating that the water stability is 
very good.
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and Table 12, that the fatigue equation slope under 
40 °C is significantly less than that is under 5 °C, 
which demonstrates that semi-flexible mixture has 
a significant viscoelastic  characteristics; although 
the ultimate tensile strength is low, the rate of 
decline in fatigue life is more gentle as the stress 
intensity ratio increases. Semi-flexible mixture will 
be more brittle under 5 °C, the fatigue life decline 
faster as the stress intensity °C ratio increases, and 
lower the temperature, the faster the fatigue life 
declines.

5 CONCLUSION

Through the semi-flexible mixture rutting and 
four-point bending fatigue test studies, the follow-
ing conclusions have been obtained:

1. From the experimental results, we can see that the 
dynamic stability of semi-flexible mixture under 
60 °C and 70 °C are above 6000 (times/mm). 

The dynamic stability decreases as the tempera-
ture increases, for which ordinary AC decreases 
the fastest, and the SBS modified AC the next, 
and semi-flexible mixture decreases the slowest.

2. The use of modified asphalt can significantly 
improve temperature sensitivity, but it is of lim-
ited improvement to the load sensitivity. The 
semi-flexible mixture can improve both temper-
ature sensitivity and load sensitivity. Even with 
200% overload, the dynamic stability of semi-
flexible mixture is above 8000 (times/mm).

3. With the same stress level, the semi-flexible 
mixture fatigue life dropped as the tempera-
ture increases; and semi-flexible mixture is to 
some extend brittle at 5 °C, this feature should 
be considered during actual use.
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Figure 5. Temperature impact on fatigue life.

Table 12. Fatigue life equation of semi-flexible mixture 
under three different temperatures.

Temperature 
(°C) Fatigue equation

Correlation 
coefficient

 5 lgNf =  −6.8378 σ/σs 
+ 6.5693

0.9981

20 lgNf =  −5.2929 σ/σs 
+ 5.6025

0.9793

40 lgNf =  −3.8652 σ/σs 
+ 4.3426

0.9803
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Preparation of C3S by the sol-gel method
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ABSTRACT: C3S mineral was synthesized by the sol-gel method, using TEOS as the silicon source, 
Ca(NO3)2 ⋅ 4H2O as the calcium source, EtOH as the co-solvent and saltpeter solution as the catalyst. 
XRD was used to analyze the influence of process parameters, such as pre-firing temperature, calcination 
 temperature and heat preservation time, on the C3S mineral. It can be concluded that the formation of C3S 
was faster and easier at temperatures ranging from 1350°C to 1400°C.

Keywords: sol-gel method; C3S; TEOS

Sol-gel method[10] has some advantages includ-
ing simple manufacture process, high-purity 
product, good uniformity and low preparation 
temperature, because it uses liquid reagents as raw 
materials[11]. Through XRD and SEM, samples 
were analyzed by the microscopic test for increas-
ing the purity of  C3S.

2 EXPERIMENTAL PROCEDURE

2.1 Materials

Tetraethylorthosilicate (Si(OC2H5)4, TEOS) was 
selected as the silicon source.

Calcium nitrate tetrahydrate (Ca(NO3)2 ⋅ 4H2O) 
was chosen as the calcium source.

Anhydrous ethanol (C2H5O, EtOH) acted as the 
co-solvent.

Saltpeter solution (4 mol/L) and deionized water 
were the catalysts.

2.2 Experimental process

2.2.1 Preparation of xerogels
First, the mixture of TEOS, EtOH and deionized 
water at a certain ratio was added into the saltpeter 
solution dropwise at a temperature of 30°C. The 
mixture became a transparent solution by stirring 
constantly. C3S sol was synthesized from the trans-
parent solution and calcium nitrate tetrahydrate 
solution by stirring frequently. By standing in oven 
at 60°C, C3S gel was obtained, and then converted 
into xerogels in the oven at 70°C.

2.2.2 Sample preparation
The preliminary heat treatment of xerogels was 
carried out for removing EtOH, extra deionized 
water, and structural water of calcium nitrate. 

1 INTRODUCTION

Portland cement that mainly contains cement 
clinker, suitable content of gypsum and admix-
tures is a kind of hydraulic cementing material[1]. 
Cement clinker consists of four kinds of minerals, 
such as tricalcium silicate (C3S), dicalcium silicate 
(C2S), tricalcium aluminate, (C3A) and tetracalcium 
aluminate iron oxide (C4AF). The hydration proc-
ess of cement that is influenced by many factors 
is very complicated. In addition to the hydration 
temperature, additives and admixtures, the key fac-
tor is properties of the four main components of 
cement clinker.

When studying the hydration process of cement, 
scholars have usually regarded the monomineral as 
the object of study, in order to avoid the interfer-
ence of other factors[2–6]. C3S is doped with CaF2. It 
reduces the hydration degree, chemical combined 
water, hydration exothermic rate and compressive 
strength of one day age[7].

When cement clinker minerals are prepared by 
the traditional high-temperature solid-state sin-
tering method, it is necessary to add a mineral-
izer and other components in order to decrease 
the preparation temperature of  cement clinker 
minerals. Consequently, this introduces other 
ingredients, and thus affects the purity of  the 
single mineral and its properties. Tricalcium sili-
cate (C3S), which is the main mineral of  Portland 
cement, has a faster rate of  hydration reaction. 
Hydration products of  C3S provide the early 
strength of  cement[8–9]. The conventional method 
of  cement clinker minerals with high-temperature 
sintering furnace has some shortcomings. In this 
experiment, in order to solve this problem, the 
sol-gel method, which is new and efficient, was 
adopted to get C3S.
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This was beneficial for promoting later solid-phase 
reactions. The powdered gel that had undergone 
the heat treatment was pressed into a round slice 
(Φ13 × 2 mm). The round slice was calcined in a 
high-temperature furnace heated by MoSi2. The 
calcination system condition was as follows: warm-
ing at a rate of 4°C/min, keeping at a constant tem-
perature, quenching in the air.

2.3 Test method

Quality change rule and heat flow change caused 
by chemical reactions during the calcining process 
of xerogels were determined. The thermal analysis 
curve was generated by the TGA/DSC1/1600HT 
Simultaneous Thermal Analysis Instrument 
 (Mettler, Switzerland).

The phase composition of the sample was meas-
ured by the D8-ADVANCE X-ray diffractometer 
(Bruker, Germany).

Micro-structural aspects and micro-constitution 
were observed by the Guanta FEG 250 field emis-
sion scanning electron microscope (FEI, USA), 
whose resolution was as high as 130 eV.

3 RESULTS AND DISCUSSION

3.1 Material analysis

3.1.1 The analysis of silicon source
With EtOH as the solvent and saltpeter solution 
as the catalyst, TEOS and deionized water were 
adequately hydrolyzed at a temperature of 30°C. 
Silicate polymer was obtained through stirring 
until the appropriate viscosity, aging and drying 
in the oven. Figure 1 shows the SEM photograph 
of silicate polymer, and Figure 2 shows the XRD 

pattern of silicate polymer. Bread peak from 20° 
to 30° was found in the XRD pattern of silicate 
polymer without the characteristic peaks of the 
crystalline silicon dioxide. The result showed that 
the hydrolytic product of TEOS was amorphous 
silicon dioxide.

3.1.2 The analysis of calcium source
Calcium source (Ca(NO3)2 ⋅ 4H2O) was dissolved 
in the co-solvent (EtOH) and dried in the oven at 
70°C. The matter phase of the sample was analyzed 
by X-Ray Diffraction (XRD). Ca(NO3)2 ⋅ 4H2O 
was decomposed at the temperature of 70°C, yield-
ing Ca(NO3)2 ⋅ 2H2O and Ca(NO3)2 (see Fig. 3). 
Calcium source was heat treated at temperatures 
of 520°C, 540°C and 560°C, and then analyzed by 
X-Ray Diffraction (XRD), as shown in Figure 4. 
The samples still contained a large amount of 
Ca(NO3)2, a small amount of Ca(NO3)2 ⋅ 2H2O and 
a small amount of CaO at 520°C. When the tem-
perature was up to 560°C, the samples contained 
only a large amount of CaO and Ca (NO3)2.

Figure 5 shows the DSC-TG curve of the calcium 
source heated from room temperature to 800°C. 
DSC analysis found that there was a decalescence 
peak at 100°C, and the TG curve had a smaller 
drop. This is because the residual solvents and the 
free water from the calcium source absorbed heat. 
The another decalescence peak began to appear at 
about 162°C, which was caused by the dehydration 
reaction of Ca(NO3)2 ⋅ 2H2O.

As shown in Figure 5, there were two obvious 
decalescence peaks near 553°C and 611°C, respec-
tively. Each peak corresponds with one phase tran-
sition process. As the same time, the weight loss 
from 550°C to 620°C in the TG curves is attributed 
to the two-step decomposition of Ca(NO3)2: the 
first step is that Ca(NO3)2 was decomposed into Figure 1. SEM photograph of the silicate polymer.

Figure 2. XRD pattern of the silicate polymer.
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calcium nitrite (Ca(NO2)2) and oxygen; the second 
step is that Ca(NO2)2 was decomposed into CaO 
and nitrous oxide.

3.1.3 DSC-TG analysis of the xerogel
Figure 6 shows the SEM photograph of the xero-
gel granules. As shown in Figure 6, granules were 
porous. DSC-TG curve of the xerogel is illustrated 
in Figure 7. As can be seen from the Figure 7, the 
decalescence peak at 127°, caused by the decales-
cence of residual solvents from the xerogel gran-
ules and structure water from calcium nitrate can 
led to the weight loss in the TG curve. According to 
the DSC-TG curve of the calcium source, the main 
weight loss shown in Figure 7 can be attributed 
to the two-step decomposition of Ca(NO3)2. The 
decalescence peak at 644°C, with the weight loss 
in the TG curve, is caused by the silicate polymer 
formed by the hydrolyzation of TEOS under the 

Figure 3. XRD pattern of the calcium source dried at 
70°C.

Figure 4. XRD pattern of the calcium source dried at 
different temperatures.

Figure 5. DSC-TG curve of the calcium source.

Figure 6. SEM photograph of the xerogel.

Figure 7. DSC-TG curve of the xerogel.
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high-temperature condition resolved into nanom-
eter silica.

3.2 The heat treatment of xerogel

3.2.1 Pre-sintering process
Heat treatment of the xerogel included pre-sinter-
ing and calcinations. According to the DSC-TG 
curve of the xerogel, the weight loss ratio reached 
up to 60 percent. The specimens were pre-sintered, 
in order to increase the speed of atomic migration 
in the high-temperature calcination process, and to 
make the best of activity of the new ecology CaO.

Based on the DSC-TG curve of the xerogel, 
seven pre-sintering temperatures were set up, 
namely 510°C, 520°C, 540°C, 560°C, 580°C, 590°C 
and 600°C. The XRD analysis of the specimens 
pre-sintered at different temperatures at the heat 
preservation time of 60 min is shown in Figure 8. 
As shown in Figure 8, the specimens pre-sintered 
at 560°C contained CaO and transition phase. 
While at 580°C, the transition phase of the speci-
mens disappeared, and the diffraction peaks of C2S 
appeared. Meanwhile, one of the great advantages 
of the sol-gel method, which is the reduction of C2S 
firing temperature (the firing temperature of C2S is 
above 800°C by the traditional high- temperature 
solid-state sintering method), is illustrated in this 
experiment.

3.2.2 Calcination process
The XRD analysis of the specimens sintered at 
different temperatures at the different heat pres-
ervation times is shown in Figure 9. The C3S 
mineral diffraction peaks initiated at 1350°C. 
Compared with the diffraction peaks (0.5957 nm 
and 0.1777 nm) and the change in the temperature 
from 1200°C to 1350°C, the C3S mineral  diffraction 

peaks increased faster from 1350°C to 1400°C. 
Compared with the diffraction peak (0.1701 nm) 
from 1200°C to 1350°C, the CaO diffraction peak 
at 1400°C was weakest. The diffraction peak inten-
sity indicated the content of the mineral. In conse-
quence, it was concluded that the formation of C3S 
was faster and easier at temperatures ranging from 
1350°C to 1400°C.

SEM photos of C3S at 1400°C are shown in 
 Figure 10. As can be seen from Figure 10, C3S with 
a uniform particle size has a network structure.

4 CONCLUSIONS

The sol-gel method can be used to prepare the C3S 
mineral easily. During the pre-sintering process, 
the specimens pre-sintered contained the transition 
phase. In this experiment, the formation tempera-
ture of the C2S mineral is 580°C, which is lower 
than the temperature with the traditional high-
temperature solid-state sintering method. It can 
be concluded that the formation of C3S is faster 

Figure 8. XRD pattern of the specimens pre-sintered 
at different temperatures at the heat preservation time of 
60 min.

Figure 9. XRD pattern of the specimens at different 
temperatures at different heat preservation times.

Figure 10. SEM photograph of C3S at 1400°C.
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and easier at temperatures ranging from 1350°C to 
1400°C.
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Study of durability of concrete mixed with cement reducing agent
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ABSTRACT: In this paper, the durability of concrete mixed with cement reducing agent was researched. 
The results showed that the ability of anti-carbonation, chloride ion penetration resistance and anti-
freezing capacity of concrete could be improved obviously after mixing with cement reducing agent in 
concrete. The three properties of concrete were slightly reduced with the increase of cement reducing rate, 
but still better than the reference concrete.

Keywords: concrete; cement reducing agent; cement reducing rate; durability of concrete

agent to look forward to providing the  necessary 
theoretical guidance and technical support for 
cement reducing agent promotion.

2 MATERIALS

2.1 Cement

Cement: Jidong P.O. 42.5, Ordinary Portland 
cement. Its performance was shown in Table 1.

2.2 The fly ash

The fly ash: Huaneng Power Plant. Its perform-
ance was shown in Table 2.

1 INTRODUCTION

The cement reducing agent used in concrete, also 
known as synergistic agent, is a new additive to 
promote the application of construction market in 
recent years. The role is to make the cement units 
of concrete reduced by 8%∼15% after mixing with 
cement reducing agent and ensure comprehensive 
performance of concrete at the same time (Peng 
2011, Sun 2014). With the use of cement reduc-
ing agent, it can cut down the dosage of gelatinous 
material, which is very important in terms of the 
rapid development of China’s construction indus-
try. According to the China Leading Institution of 
Industry Research database latest data (AskCIData) 
show that in 2014 China commercial concrete pro-
duction reached 1,554,127,400 cubic meters, if less 
per cubic concrete 0.035t gelatinous materials it can 
be reduced by about 54.4 million tons of gelatinous 
material. Therefore, promote the use of reducing 
agent, not only has the technical and economic 
sense, but also in promoting the sustainable develop-
ment of China’s construction industry, in particular, 
environmental protection is of great significance.

At present, many research was reported about 
cement reducing agent of concrete and get con-
sistent affirmation (Chang 2011, Zhang 2012). 
 However, there is rarely study about the mecha-
nism of cement reducing agent and impact on 
concrete durability and not deep enough. Improve 
the work in this area will be provide the neces-
sary theoretical guidance and technical support 
for cement reducing agent promotion (Sun 2014). 
In this paper, an in-depth research was did to the 
durability of concrete mixed with cement reducing 

Table 1. The cement performance.

Standard 
consistency 
(%)

Setting 
time (min)

Strength of cement 
mortar (MPa)

Initial 
setting 
time

Final 
setting 
time

Flexural 
strength

Compressive 
strength

3d 28d 3d 28d

27.6 199 273 5.2 8.3 22.8 47.1

Table 2. The fly ash performance.

Fineness 
(%)

Loss on 
ignition (%)

Water demand 
ratio (%)

8.7 1.1 98
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4 EXPERIMENTAL DESIGN

Concrete mix ratio was shown Table 4.
In the table, the mix ratio of A-1 was specified 

in GB8076-2008. The mix ratio of B-1 and C-1 was 
used the same with C30 and C50 in actual project. 
A-2, B-2 and C-2 were the same with A-1, B-1and 
C-1 respectively except cement reducing agent 
which admixture were changed to 0.06%. In A-3, 
B-3 and C-3, the total dosage of gelatinous mate-
rial were reduced 30 kg compared with A-1, B-1and 
C-1. And the total dosage of gelatinous material of 
A-4, B-4 and C-4 were reduced 45 kg compared with 
A-1, B-1 and C-1. For all the samples, at the same 
time with the changing of the mix ratio, the total 
dosage of gelatinous material were reduced equiva-
lent to the aggregate according to the sand ratio to 
ensure the volume-weight have no different.

5 RESULTS AND DISCUSSIONS

The results were shown in Table 5.
First of all, to group A, the mix ratio of A-1 was 

specified in GB8076-2008, and other samples were 
added with cement reducing agent. According to 
the comparison, the ratio of 200 times freeze-thaw 
compressive strength was the lowest in A-1 which 
did not add cement reducing agent only. To A-2, 
A-3 and A-4, the minimum of A-4 which was 90% 
and the cement reducing rate was added most, 
but 200 times freeze-thaw compressive strength 
still 4.8% higher than A-1 (Fig. 1). For all of the 
concrete samples mixing with cement reducing 
agent, A-2, A-3 and A-4, the penetration depth of 
chloride ion were less than A-1. In the three con-
crete samples, the maximum was A-4 which was 
12.2 mm, but still 2.5% less than A-1 (Fig. 2). To 
carbonation depth, A-2, A-3 and A-4 were also less 

Table 4. Concrete mix ratio (kg/m3).

Number
C 
(kg/m3)

FA 
(kg/m3)

BFS 
(kg/m3)

S 
(kg/m3)

G 
(kg/m3)

W 
(kg/m3)

Naphthalene super 
plasticizer (%)

AC 
(%)

A-1 360 0 0 784 1040 173 2 0
A-2 360 0 0 784 1040 173 2 0.06
A-3 330 0 0 797 1057 159 2 0.06
A-4 315 0 0 803 1066 151 2 0.06
B-1 220 60 100 830 1189 185 2 0
B-2 220 60 100 830 1189 185 2 0.06
B-3 202.6 55.3 92.1 842 1207 170.4 2 0.06
B-4 193.9 52.9 88.2 848 1216 163 2 0.06
C-1 300 80 120 686 1014 180 2.8 0
C-2 300 80 120 686 1014 180 2.8 0.06
C-3 282 75.2 112.8 698 1032 169.2 2.8 0.06
C-4 273 72.8 109.2 704 1041 163.8 2.8 0.06

Table 3. The grounded furnace slag performance.

Specific surface 
area (m2/kg)

Mobility 
ratio (%)

Activity 
index (%)

7d 28d

324 103 61 89

2.3 Grounded furnace slag

Grounded furnace slag: Specifically for experi-
ments designed. Its performance was shown in 
Table 3.

2.4 Fine aggregate and coarse aggregate

Fine aggregate: fineness modulus 2.4, silt con-
tent 0.3%, apparent density 2.65 g/cm3, grading 
qualified.

Coarse aggregate: 5 mm–25 mm continuous 
gradation, apparent density 2.7 g/cm3, packing 
density 1.55 g/cm3.

2.5 Admixture

Admixture: naphthalene super plasticizer (liquid, 
industrial grade, NS, solid content 38%), home-
brew AC cement reducing agent (micro dispersant)
(yellow, solid content 30%, liquid).

3 METHOD

Reference the standard GB/T50082-2009 Ordi-
nary concrete long-term performance and durabil-
ity test method
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than A-1. A-4 was the maximum and the carbona-
tion depth was 1.09 mm, 27.5% less compared with 
A-1 (Fig. 3). Comparing A-2, A-3 and A-4, with 
the reduction of the total dosage of gelatinous 
material, the ratio of 200 times freeze-thaw com-
pressive strength was reduced and the penetration 

depth of chloride ion and carbonation depth were 
increased gradually.

To group B, the mix ratio of B-1 was used the 
same with C30 in actual project. To B-2, B-3 and 
B-4, the freeze-thaw compressive strength were 
higher than B-1. The minimum of B-4 which was 
94% and the cement reducing rate was the most, but 
200 times freeze-thaw compressive strength still 5% 
higher than B-1 (Fig. 4). For all of the concrete sam-
ples mixing with cement reducing agent, B-2, B-3 
and B-4, the penetration depth of chloride ion were 
less than B-1. B-4 was the maximum and the pen-
etration depth of chloride ion was 15.1 mm, 3.3% 
less compared with B-1 (Fig. 5). To carbonation 
depth, B-2, B-3 and B-4 were also less than B-1. B-4 
was the maximum and the carbonation depth was 
1.27 mm, 2.4% less compared with B-1 (Fig. 6).

To group C, the mix ratio of C-1 was used the 
same with C50 in actual project. To C-2, C-3 and 
C-4, the freeze-thaw compressive strength were 
higher than C-1. The minimum of C-4 which was 
95% and the cement reducing rate was the most, but 
200 times freeze-thaw compressive strength still 3% 
higher than C-1 (Fig. 7). For all of the concrete sam-
ples mixing with cement reducing agent, C-2, C-3 

Table 5. Result of durability test.

Number

Ratio of 
200 times freeze-
thaw compressive 
strength (%)

Penetration 
depth of 
chloride 
ion (mm)

Carbonation 
depth (mm)

A-1 84 12.5 1.12
A-2 96 11.6 1.01
A-3 92 12.0 1.07
A-4 90 12.2 1.09
B-1 89 15.6 1.30
B-2 99 14.6 1.24
B-3 95 15 1.25
B-4 94 15.1 1.27
C-1 92 13.2 1.13
C-2 99 12.1 1.02
C-3 95 12.6 1.08
C-4 95 12.7 1.09

Figure 1. The ratio of 200 times freeze-thaw compres-
sive strength to group A (%).

Figure 2. The penetration depth of chloride ion to 
group A (mm).

Figure 3. The carbonation depth to group A (mm).

Figure 4. The ratio of 200 times freeze-thaw compres-
sive strength to group B (%).
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and C-4, the penetration depth of chloride ion were 
less than C-1. C-4 was the maximum and the pen-
etration depth of chloride ion was 12.7 mm, 3.9% 
less compared with C-1 (Fig. 8). To carbonation 
depth, C-2, C-3 and C-4 were also less than C-1. C-4 
was the maximum and the carbonation depth was 
1.09 mm, 3.7% less compared with C-1 (Fig. 9).

6 CONCLUSIONS

The results showed that adding cement reducing 
agent in concrete could improve the ability of anti-
carbonation of concrete, chloride ion penetration 
resistance, anti-freezing capacity. With the increase 
of the cement reducing rate, the ability of anti-
concrete carbonation and chloride penetration 
resistance, freeze-thaw slightly lower capacity, but 
better than the reference concrete. The addition 
of mineral admixtures can increase the ability of 
concrete anti-concrete carbonation and chloride 
penetration resistance, freeze-thaw.
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Residual stress influence on stability of thin-walled box section column 
of high-strength steel
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ABSTRACT: The residual stress has a significant influence on the stability of column, but experimental 
data are difficult. So we study the influence on the stability of thin-walled box section column of high-
strength steel (the nominal yield stress of 745 MPa to 800 MPa) caused by different residual stresses by 
using finite element analysis software ANSYS. Based on elastic-plasticity large deflection theory of the 
thin steel plate and arc length method, the study finite element model was modeled. As to residual stresses, 
we read it in the element integral point through the preparative initial-stress document. Through the study, 
we find that residual compressive stress has larger influence on the stability of column than residual ten-
sile stress; the stability of the column is sensitive to the variation of residual stress while slenderness ratio 
is moderate.

Keywords: residual stress; thin-walled box section; high-strength steel; stability coefficient

the  stability  coefficient of column is achieved. The 
different residual tension stress and compressive 
stress influences on stability of thin-walled box 
section column of high strength steel were studied. 
The effects on the stability coefficient of column 
with different slenderness ratio were also studied, 
and then some meaningful conclusions were got to 
supply reference to design.

2 RESIDUAL STRESS OUTLINE 
AND DISTRIBUTION

There are many reasons for creating residual stress, 
mainly including uneven heating and cooling 
in welding process, uneven cooling of the steel’s 
different parts in the process of rolling steel, the 
plastic deformation of components after cooling, 
the thermal contraction in the edge of plant after 
thermal cutting, etc[1]. We mainly study the effects 
of welding residual stress generating during the 
process of welding. Welding residual stress can be 
divided into transverse residual stress and vertical 
residual stress. The reason of transverse residual 
stress is the uneven heating among different parts 
of the same cross- section, and the uneven heating 
among different parts along axial leads to the ver-
tical residual stress. As to stability calculation for 
components, the distribution of vertical residual 
stress is primary.

Researchers have managed to measure the 
welding residual stress a long time ago, which has 

1 INTRODUCTION

Residual stresses always exist in steel structure 
components as the result of process, transporta-
tion, and fabrication[1] and welding residual stresses 
are mainly stress in welding components. The criti-
cal stresses of the actual axial compressive column 
are smaller than the critical stresses of ideal axial 
compressive column largely due to the existence of 
the welding residual stress. The residual stresses, 
especially the welding residual stress, have a great 
effect on the column stability coefficient, so they 
have been considered in the design specifications 
of steel structure[2]. The research of the high-
strength steel gradually increased with more and 
more high-strength steel used in skyscraper, bridge, 
etc.[3–6]; however, research about residual stress 
effects on stability coefficient of high-strength 
steel components was lacking. High-strength thin-
walled box-section steel has been used in movable 
bridge in china.[7] The special fabrication tech-
nique was used, first two channel steel components 
were formed through cold bending method, then 
the two channel steel components were welded into 
thin-walled box section. Welding certainly gener-
ates welding residual stress for the reason of local 
high temperature. In this article, based on elastic-
plasticity large deflection finite element theory of 
the thin-walled steel plate, the column’s ultimate 
bearing capacity is achieved by using the arc-length 
method[8–9] to track the column load–displacement 
curve and the range of decline, in the meantime 
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a great influence on the stability coefficient of 
construction members[10]. The measurement tech-
niques of residual stress consist of mechanical 
method and physical method. Aimed at studying 
macroscopic residual stress, mechanical methods, 
also known as stress releasing method, are clas-
sic measurement methods of residual stress and 
belong to destructive test, mainly include section-
ing method, hole-drilling, ring-core method, etc.
[1,11] Physical methods can test both macroscopic 
residual stress and microstructural residual stress 
as a non-destructive testing, mainly including the 
magnetic testing, X-ray method, Scanning electron 
microscopy, ultrasonic method, etc.[1]

As to the square pipe welded together by two 
pieces of  channel steel, the stress releasing method 
was used by Zhongquan[10] Zhang to confirm the 
maximum residual stress on cross-section exist-
ing 0.1σy (σy is the yield stress of  sample steel) of 
the weldless side wall. Afterwards, the influence 
of  residual stress was considered when Zuyan 
Shen[11] and others studied the ultimate strength 
of  stiffened elements by using curved shell finite 
element method. In the meantime, they meas-
ured the residual stress distribution of  the square 
tube by the stress releasing method, the resid-
ual tensile stress was σrt = 0.832σy and residual 
compressive stress was σrc = 0.0839σy, as shown 
in Figure 1.

The welding residual stress of cold-formed thin-
walled steel structure has been tested by Feng Zhao, 
and others[13,14], the study indicates that the residual 
stress varied along the thickness direction of cross 
section and the residual stress in the both sides of 
cross section is equal and opposite. Recently some 
welding stress of high strength were measured 
and some distribution rules were put forward.[12,15] 
But the test data was gained with difficulty and 

 discretion, so numerical simulation method is an 
important method to study residual stress.

Actually, the residual stress in components we 
used compounded of cold-formed residual stress 
and welding residual stress, so the distribution 
is very complex. In addition, different compo-
nents or welding manner also result in different 
distributions of residual stress. In order to study 
the problem conveniently, we adopt the reduced-
form residual stress pattern shown in Figure 1. 
Researchers believe that the stabilizing influence 
of compressed members caused by residual stress 
is concerned with the distribution of residual 
stress. It is worst when the slenderness ratio of bar 
is around 90, and the impact would reduce either 
when the value increase or decrease[13]. But there 
is still no search about the influence on stability 
coefficient of construction members caused by 
high-tensile steel components residual stress. It is 
necessary to carry out a study on the influence of 
the stability coefficient of high-tensile steel compo-
nents caused by welding residual stress.

3 ESTABLISHMENT OF THE FINITE 
ELEMENT MODEL

The basic finite element model is built by using 
the finite element analysis software ANSYS12.0 
as the working platform[9]. For the finite element 
numerical simulation, the material property was 
modeled by the multi-linear isotropic harden-
ing model (MISO) according to the material test 
data[16]. In order to consider geometric deformation 
and residual stress, the shell element 181 was used 
in model. By adding two pieces of rigid plant (with 
large elastic modulus) to the ends of the member, 
we can simulate the rigid surrounding assumption 
and impose constraints and loads conveniently. 
The hinged-constraint is used to restrain the central 
node of both sides of the plate when the constraints 
are imposed. The flange width is 0.6 times the web 
width; the web height to thickness (h/t) is 30.

Two geometric imperfections were introduced 
to the FEM model. One was the initial overall 
imperfection and the other was the local imperfec-
tion of the component. The initial overall imper-
fection was simulated by assuming the beam shape 
as a half  sine wave. For lower grade steel, statistic 
imperfection amplitude employed in current Chi-
nese code is L/1000, where L represents the length 
of the column[2]. Due to lack of statistic data, the 
amplitude suggested by the Chinese code was 
adopted in the simulation. The initial local imper-
fection of the component plate was assumed to be 
the same as the first order local buckling mode of 
the beam when only the local buckling of the com-
ponents come out. The maximum amplitude of the Figure 1. Distribution of residual stress.
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local imperfection denoted by Δ0 takes the expres-
sion suggested by Antonio F. M [17]as:

Δ0 0 1
b

b
t E

y= ×0 1 ×.
σ

 (1)

The residual stress is applied in two ways: a) apply 
the residual stress directly based on the initial data of 
residual stress provided by the model. B) apply the 
treated thermal load. We choose way a, although the 
difference between the two results are very small[12,15]. 
The residual stress is introduced by reading the pre-
parative initial-stress document and is applied on the 
element integral point, and 5 element integral points 
are chosen by every shell 181 element.

Using ANSYS Parametric Design Language 
(APDL), the analysis model was established and 
solved. The basic program sketch of stability 
calculation is such as Figure 2. According to the 
above discussions the FEM model was formed as 
shown in Figure 3.

4 THE CALCULATION RESULTS AND 
ANALYSIS FOR FINITE ELEMENT 
MODEL

The finite element models are established to ana-
lyze different residual stress influences on the 
thin-walled box section of high-strength steel 
with different slenderness ratios. The value of 
residual tensile stress are σrt = 0.7σy, 0.8σy, 0.9σy, 
1.0σy, 1.1σy, and 1.2σy, and residual pressure 
stress are σrc = 0.1σy, 0.15σy, 0.2σy, 0.25σy, 0.3σy, 
respectively.

In order to study the different residual stress 
influence on stability of column, we chose slender-
ness ratio 70 as study example and the results are 
shown in Table 1.

It can be seen from the table that the change of 
the stability coefficient caused by residual com-
pressive stress is larger than that caused by residual 
tensile stress. Maximum difference of stability coef-
ficient is 7.41% when the range of residual com-
pressive stress changes from 0.1σy to 0.3σy, while 
maximum difference of stability coefficient is just 
1.3% when the residual tensile stress change is from 
0.7σy to 1.2σy. Thus, we can get the conclusion that 
the effect of residual compressive stress is more sig-
nificant for the stability coefficient of thin-walled 
box section of high strength steel column.

In order to study the influence of different com-
pressive stress on stability factor of thin-walled box 
section of high strength steel column with different 
slenderness ratios, the value of residual tensile stress 
is fixed. The value of the residual tensile stress was 
fixed at 0.8σy and the residual compressive stress is 
set atσrc = 0.1σy, 0.15σy, 0.2σy, 0.25σy, 0.3σy respec-
tively. The slenderness ratio ranging from 20 to 120 
was studied. We achieved the influence on stabil-
ity coefficient of thin-walled box section made of 
high-strength steel component caused by different 
residual compressive stress and different slender-
ness ratio. (shown in Table 2).

Figure 4 is drawn to indicate the difference in 
stability coefficient of columns with different slen-
derness ratio caused by different residual compres-
sive stresses.

The influence of slenderness ratio caused by 
changes of residual compressive stress can be 
found from Table 2 and Figure 4 that residual com-
pressive reaches to a maximum with the increase 
of slenderness ratio stress, and then drops down 
with the increases of slenderness ratio until it get 
smoothly. While the slenderness ratio is 60, the sta-
bility coefficient of the column is sensitive mostly 
to residual compressive stress. Influence of stability 
coefficient caused by changes of residual compres-
sive stress is more than 5% while the slenderness 
ratio ranges from 30 to 90, it is less than 5% when 
the slenderness ratio is larger or smaller.

Figure 2. Program sketch of stability calculation.

Figure 3. FEA model.
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Table 1. Thin-walled column for high-strength steel stability coefficients under different residual stress.

σrt

σrc
Maximum and minimum 
difference %0.7σy 0.8σy 0.9σy 1.0σy 1.1σy 1.2σy

0.1σy 0.3050 0.3048 0.3051 0.3052 0.3055 0.3056 0.25
0.15σy 0.3020 0.3019 0.3021 0.3025 0.3026 0.3026 0.22
0.2σy 0.2961 0.2962 0.2986 0.2983 0.2987 0.2989 1.30
0.25σy 0.2903 0.2906 0.2915 0.2912 0.2920 0.2929 0.88
0.3σy 0.2841 0.2838 0.2845 0.2859 0.2863 0.2867 0.97
Maximum and minimum

difference %
7.37 7.41 7.21 6.73 6.71 6.58

Note: The stability coefficient ϕ = Pu/Py. Pu is the load carrying capacity which has got through FEM analysis, Py = A × σy 
where A is area of column.

Table 2. The stability coefficients of different slenderness ratio column under different residual compressive stress.

σrc

λ

20 30 40 50 60 70 80 90 100 110 120

0.1σy 0.933 0.804 0.703 0.624 0.554 0.462 0.375 0.305 0.251 0.209 0.177
0.15σy 0.925 0.784 0.680 0.588 0.530 0.450 0.369 0.302 0.249 0.209 0.177
0.2σy 0.921 0.774 0.664 0.559 0.502 0.434 0.360 0.296 0.245 0.205 0.173
0.25σy 0.91 0.750 0.631 0.533 0.471 0.416 0.351 0.291 0.241 0.202 0.171
0.3σy 0.90 0.739 0.610 0.516 0.439 0.402 0.338 0.286 0.239 0.200 0.169
Maximum and 

minimum 
difference %

3.16 8.65 15.19 20.96 26.46 15.08 10.81 6.53 5.23 4.74 4.72

Figure 4. The margin of stability factor under different 
slenderness ratio.

Thus there is little effect of stability coefficient 
caused by residual compressive stress on long or 
short column, however the effect on the moderate-
length column is larger which should be considered 
during design procedure. It is considered that the 
design for equivalent rigidity (the overall stability 

critical stress is equal to the local web critical stress 
is the optimal design generally.

Take the thin-walled box section column of high 
strength steel as an example, the local critical pres-
sure of plate is

σ π
cr

k Eπ t
b

= ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2ππ
2

2

12( )υ− 2υυ1
 (2)

k is a buckling coefficient, E is yang’s elastic modu-
lus, t and b is thickness and width of plate.

The ideal integral stability critical stress is

σ π
λ

=
2ππ

2λλ
E  (3)

If  equation (2) is equal to equation (3), then we 
can get

λ =
12 2( )−1 2

( / )
k

t/  (4)

In this equation the buckling coefficient is still 
difficult to confirm. As for the web, one side of 
web is tensioned and the other side is pressed as 
a result of the initial imperfection. We study the 
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press-side only. Actually, the buckling coefficient 
of press-side web restrained by upper and lower 
flange ranges from 1.28 (the buckling coefficient 
of column which is an end fixed and an end simply 
supported) to 4 (buckling coefficient of column 
which is simply supported ends). We take that mid-
dle value to be k which is 2.5, v is 0.3, b/t is 30, 
then we can get the value of λ as close to 60. It 
can explain why the stability coefficient of column 
whose slenderness ratio is 60 is sensitive mostly to 
residual compressive stress.

5 CONCLUSION

Based on the finite element analysis software 
ANSYS as the working platform, we study the 
effects on the stability of thin-walled box section 
column made of high-strength steel caused by 
residual stress by applying the preparative residual 
stress documents to the integral point, and we 
achieved the following conclusion:

1. Adopting finite element SHELL 181, we can 
simulate the influence on the stability coeffi-
cient caused by residual stress through applying 
the diverse preparative residual stress document 
to integral point.

2. The influence on stability coefficient of high-
strength steel caused by residual tension stress 
and residual compressive stress are different, 
and the influence caused by residual compres-
sive stress is larger.

3. The influence on stability of column with dif-
ferent slenderness ratio caused by different 
residual compressive stress is different. The sta-
bility of column is sensitive to the variation of 
residual stress while slenderness ratio is moder-
ate, especially designed for equivalent rigidity 
(the overall stability critical stress is equal to the 
local web critical stress). As for the section we 
researched, the stability of column is most sen-
sitivity to the variation of residual stress while 
slenderness ratio is 60.
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Laboratory research of hard asphalt applied on bus lane renewal
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ABSTRACT: Application of high modulus asphalt (HiMA) concrete can improve not only rutting 
resistance, but also the bearing capacity of pavement structure. It is consistent with the long-life pavement 
construction philosophy.

In this paper, combined with bus lane renewal of Chang’an road in Beijing, three technics are applied to 
resolve significant rutting on the bus lane: coarse aggregate gap-graded mixture, large Nominal Maximum 
Aggregate Size (NMAS) and hard asphalt.

First, two types of hard asphalt (Pen(20/30) and Pen(40/60)), which are produced by three meth-
ods, are compared. It is illustrated that hard asphalt, that produced by the oxidation method, is best 
at high-temperature performance. For mixture, two kinds of HiMA (HiMA(20-25) and HiMA(40-25)) 
are selected. These two mixtures have same gradation and NMAS, different asphalt Pen(20/30) and 
Pen(40/60),  respectively. Their volumetric characteristics, high-temperature stability, mechanical charac-
teristics, and fatigue resistant are evaluated. The mechanical characteristics include compressive/flexural 
strength, compressive resilient modulus and dynamic complex modulus, etc.

The results illustrate that HiMA(20-25) has better rutting resistant, bearing capacity, and durability than 
HiMA(40-25). So the HiMA(20-25) is applied in engineering of the bus lane renewal in Chang’an road.

Keywords: hard asphalt; high modulus asphalt mixes; coarse aggregate gap-grade mixes

 Aggregate Size (NMAS) is 25 mm. This grada-
tion is developed by RIOH. The coarse aggregate 
content (>4.75 mm) is 70%, and filler (<0.075 mm) 
content is 5%, so it has close skeleton and small 
air void(6).

Two hard asphalts, that of penetrations, are 
20/30(1/10 mm) (Pen 20/30) and 40/60 (1/10 mm) 
(Pen 40/60), are selected to investigate the effect 
of binder. For easy statement in this paper, the 
HiMA mix with binder pen(20/30) is defined 
HiMA(20-25) (25 represents NMAS of mix) and 
the other defined HiMA(40-25).

As the NMAS of mix is 25 mm, the specimens 
are fabricated by modified Marshall compaction 
tester. The diameter of specimen is 152.4 mm 
with 95.3 mm standard height. The weight of 
compact hammer is 10.21 kg and falling height is 
453.2 mm; the number of blows is 112 times on 
each side (equivalent to standard Marshall com-
paction 75 times for each side). The compaction 
temperature for HiMA(20-25) and HiMA(40-25) 
are 155∼165°C and 145∼155°C, respectively. The 
bulk density of test specimen is measured by satu-
rated surface-dry method (AASHTO T166). And 

1 INTRODUCTION

In urban roads, rutting on bus lane is a significant 
damage. Normally, bus axle load is lower than 
truck (for example: bus axle load is 8∼12 tons; 
truck axle load is 10∼18 tons in China). But the bus 
lane always has characteristics such as: channelized 
traffic, high tire contact pressure, frequent stops, 
and acceleration at bus stations and junctions. All 
these factors result in more serious rutting. So in 
German, special criterion has been presented that: 
The bus traffic area should be designed according 
to the heavy loaded pavement design criterion.

HiMA has been widely used in Europe and 
 America, but has not been utilized on bus lane 
renewal on urban main roads in china. The objective 
of this paper is to introduce the laboratory research.

2 LABORATORY SCOPE AND RESEARCH 
APPROACH

In this research, a coarse aggregate gap-graded 
mixture is adopted. Its Nominal Maximum 
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the optimum asphalt–aggregate ratio can be evalu-
ated according to specification in China.

In this paper, for comparing the performance 
of two types of HiMA, two performance tests are 
carried out.

3 DYNAMIC COMPLEX 
MODULUS (E*) TEST

Simple Performance Tester (SPT) made in 
 Australia is employed during dynamic complex 
modulus testing. The test specimen is fabricated by 
SGC with 15 cm in diameter, and then is cored into 
a cylinder specimen with 10 cm in diameter, 15 cm 
in height. For temperature level (5°C, 20°C, 40°C, 
and 55°C) and 8 frequency level (20 Hz, 10 Hz, 
5 Hz, 2 Hz, 1 Hz, 0.5 Hz, 0.2 Hz, and 0.1 Hz) are 
selected.

Different with the USCRMT and UDCRMT, 
the specimen dimension of SPT is 1:1.5 (diameter/
height), and the deformation measurement is side-
aspect method, shown in Figure 1.

Dynamic complex modulus master curve is 
achieved by sigmoid model (Formula 1).

log *
logE A* A A

e
f x
dx

+A

+
2A 1 2A AA

1
0

 (1)

where E* is the dynamic complex modulus, MPa; f 
is the loading frequency, Hz; and A1, A2, x0 and dx 
are the parameters of curve.

When: f f A→f +∞ →, log | |E*
2A , i.e. 

maximum dynamic complex modulus;

When: f f A A→f −∞ → +A −2 1AA+A, log | |E*

A2 = A1, i.e. minimum dynamic complex modulus.
And phase angle master curve is achieved by 

GaussAmp regression (Formula 2)
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where φ  is the phase angle, f is the loading fre-
quency in Hz, φ0φφ , A, w, and xc are the parameters 
of curve.

When log f xc; phase angle is the maximum, 

i.e.: φ φ
πmaφφ x .+φ

×0φφφφ
2

A
w

4 FATIGUE TEST

Cooper tester is employed for evaluating the fatigue 
performance of material. Because HiMA is mainly 
serving for pavement bearing layer, stress control-
led mode is applied in the test, and the stiffness 
modulus of mix decreasing to 50% initial modulus 
is defined as the evaluation criterion.

The dimension of specimen and testing temper-
ature are consistent with flexural strength test. The 
loading wave is Havesine wave, 10 Hz continuously. 
There are 5 stress levels in testing, such as 1 MPa, 
1.5 MPa, 2 MPa, 2.5 MPa, and 3.5 MPa.

The following two fatigue formulas (Formulas 3 
and 4) are used to analyze the fatigue performance 
of HiMA(20-25) and HiMA(40-25).

g l b+ln1 1l bb+ln  (3)

log ln b( ) +2 ln( 2bb  (4)

where N is the fatigue life, σ  is the stress level of fatigue 
test in MPa, σ0 is the bending strength in MPa, and 
a1, b1, a2, and b2 are the regression coefficients.

5 DATA ANALYSIS

5.1 Analysis of dynamic complex modulus test

Dynamic Complex modulus E* of HiMA(20-25) 
and HiMA(40-25) are measured by SPT testing 
equipment according to the method recommended 
by NCHRP 9-29(10), and the results are shown in 
Table 1.

According to Table 1, the Dynamic modu-
lus |E*| of HiMA(20-25) reaches 21528 MPa at 
20°C & 10 Hz, and is about 20% higher than that 
of HiMA(40-25). Based on the |E*| at 10 Hz and 
different temperatures, the |E*| of HiMA(20-25) 
and HiMA(40-25) under 15°C & 10 Hz could 

Figure 1. Dynamic complex modulus master curves of 
HiMA(20-25) and HiMA(40-25).
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be  evaluated. They are around 27000 MPa and 
22000 MPa, respectively, which are much higher 
than the recommended value of general HiMA. 
The facts above are resulting from the application 
of hard asphalt and coarse aggregate gap-graded 
mixtures with large size NMAS and reasonable 
optimum asphalt–aggregate ratio of mixes.

According to the test data, with 20°C as refer-
ence temperature, the |E*| master curve is con-
structed, and the master curve model is referred 
as sigmoid. And the relevant curve parameters are 
shown in Table 2 and curves shown in Figure 1.

Figure 1 shows that |E*| of HiMA(20-25) is 
obviously higher than that of HiMA(40-25) at 
identical frequency. Moreover, the A1 and A2 of 
regression curves indicate that the maximum and 
minimum log|E*|, the A1 and A2 of HiMA(20-25) 
are all higher than that of HiMA(40-25).

With same shifting factor, the phase angle master 
curve can also be constructed (Fig. 2).  Obviously, 
the phase angle of HiMA(20-25) is smaller than 
that of HiMA(40-25) at the same frequency. The 
phase angle determines the elastic (or viscous) 
properties of asphalt mixes, the higher phase angle 
leads to prominent viscosity performance; con-
versely, the smaller of the phase angle represents 
better elastic performance.

Based on the test results, the Gauss curve model 
is used to construct the phase angle master curve, 
and the corresponding regression parameters are 
included in Table 2. The prediction curve of phase 
angle can be plotted based on regression equations 
(Fig. 3). The two curves have the same change 
rule that: with the increasing frequency, the phase 
angle will reach one peak value (maximum ϕ), at 
that point the viscosity reach maximum. But the 
peak values of the two mixes are different and 
the frequency corresponding maximum ϕ is not 
the same, indicated by xc. The xc of HiMA(20-25) is 
lower than that of HiMA(40-25). The phase angle 
increases with the increasing frequency on the left 

Table 1. Dynamic complex modulus and phase angle of 
HiMA(20-25) and HiMA(40-25).

Table 2. Parameters of dynamic complex modulus & 
phase angle master curve.

Figure 2. Phase angle master curve of HiMA(20-25) 
and HiMA(40-25).
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of peak value, and the two curves coincide with 
each other. On the right of peak value, the phase 
angle decreases with the increasing frequency; 
however, the two curves do not get together, and 
the interval between the two phase angles of the 
two mixes is maintained consistently at each iden-
tical loading frequency.

6 FATIGUE TEST ANALYSIS

Table 3 shows the results of three-point bending 
fatigue test on HiMA(20-25) and HiMA(40-25). 
Because of the difference between the two mixes 
of flexural strength, the fatigue life of the mixes 
appears largely varied under the same stress. The 
Figure 4 shows the fatigue life versus stress level, 
it indicates that large difference exists due to varia-
tion of asphalt. The fatigue life of HiMA(20-25) is 
much higher than that of HiMA(40-25) under the 
same stress level. The Figure 5 shows the fatigue 
life versus stress/strength ratio. Curves of the two 
mixes well coincide with each other. According to 
the changing trend, the curvature of HiMA(20-25) 
is slightly higher than that of HiMA(40-25), which 
represents the higher sensitivity of HiMA(20-25) 
to the change of stress/strain ratio.

Base on the results, the fatigue equation of two 
mixes are as follows:

To HiMA(20-25):

log . l .N r. l .ln =2 7465 6 9143 0 99972σ

log . l .N r. l .ln =2 7465 1 092 0 99970
2σ σσ

Figure 3. Phase angle master curve of HiMA(20-25) 
and HiMA(40-25) (prediction curve).

Table 3. Fatigue test results.

Stress 
level (MPa)

Fatigue life, Nf (times)

HiMA(20-25) HiMA(40-25)

1 >2,000,000 1,020,636
1.5 610,483 95,496
2 105,181 19,268
2.5 26,090 9,262
3.5 2,873 1,239

Figure 4. Curves of fatigue life versus stress level.

Figure 5. Curves of fatigue life versus stress/strength 
ratio.

To HiMA(40-25):

log . l .N r. l .ln =2 2834 5 959 0 99512σ

log . l .N r. l .ln =2 2834 1 657 0 99510
2σ σσ

7 CONCLUSIONS

For purpose of renewal project of bus lane on 
Chang’an Road, the corresponding tests on hard 
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asphalt and HiMA are carried out. The main con-
clusions are offered.

1. SPT dynamic complex modulus test indicates 
that the modulus of the two mixes is much 
higher than that of general HiMAs. It resulted 
from the use of coarse aggregate gap-graded 
mixture with large size. Furthermore, based on 
the analyses of complex modulus master curve 
and phase angle master curve, it has been discov-
ered that the modulus of HiMA(20-25) is much 
higher than that of HiMA(40-25); whereas, the 
phase angle result is converse. HiMA(20-25) 
performs better on elasticity.

2. During the fatigue test of three-points flexu-
ral-tensile by Cooper tester (stress controlled 
mode), it has been discovered that HiMA(20-25) 
has better fatigue resistance than HiMA(40-25) 
at the same stress level, and it is more sensitive 
to change of stress/strength ratio.

Summarized above, the HiMA(20-25) is applied 
in engineering of the bus lane renewal in road.
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ABSTRACT: This study focuses on the development of a novel self-compacting concrete made mainly 
with Phosphogypsum (PG), Ground Granulated Blast Furnace Slag (GGBFS), steel slag and clinker. The 
particle size distribution and pH value of PG slurry were tested, and the results showed the properties 
of PG for hydration of slag was improved. A prolonged setting time of excess-sulfate Phosphogypsum 
Slag Cement (PSC) was observed, and solved by adding 3% aluminum cement. The PSC showed 
a slightly higher basic water demand than that of OPC, and more sensitive to water and superplasticizer. 
Self-compacting concrete using PSC and other mineral fillers showed satisfying fluidity and possessed 
strength over 40 MPa.

Keywords: solid waste; phosphogypsum; self-compacting concrete; excess-sulfate phosphogypsum slag 
cement

Olmez, 1993). However, the process of calcining 
consumes a huge amount of energy, which does not 
make it environment-friendly.  Phosphogypsum is also 
employed as a gypsum to prepare non- autoclaved 
aerated concrete (Yang et al., 2013), and the use of 
the product is also limited by its low strength. A non-
burnt binder, excess-sulfate Phosphogypsum Slag 
Cement (PSC), is mainly composed of PG, Ground 
Granulated Blast Furnace Slag (GGBFS), steel slag 
and clinker or limestone (Ding et al., 2014, Wan 
et al., 2013, Huang and Lin, 2011, Huang and Lin, 
2010a, Huang and Lin, 2010b). The PG content can 
exceed 50%, and the 28 d compressive strength can 
reach 50 MPa. This high PG dosage and the strength 
equivalent to that of OPC will contribute to the mas-
sive utilization of PG as a building material.

Rock-Filled Concrete (RFC) is a novel technol-
ogy for massive concrete constructions, which was 
developed in China. This concrete consists of large 
blocks of rock, usually with a minimum size of 
30 cm, and ready-mixed Self-Compacting Concrete 
(SCC) which has excellent fluidity and segregation 
resistance. The ready-mixed SCC is poured onto 
the rock fill body and fills the void between blocks 
under gravity. RFC mass will be formed after the 
SCC sets (An et al., 2009, Huang et al., 2008). RFC 
presents good mechanical properties and imper-
meability (Mian-song et al., 2008), and has great 
advantages, such as low heat of hydration, low 
cost, and low energy consumption (Feng et al., 
2008). It has been employed in a number of con-
structions of hydraulic, transportation, and munic-
ipal engineering. As a massive concrete technology, 
RFC shows potential in recycling solid wastes.

1 INTRODUCTION

Phosphogypsum (PG) is a by-product from manu-
facturing phosphate acid by wet process in  fertilizer 
industry. This powdery waste primarily consists 
of CaSO4 ⋅ 2H2O with soluble impurities such as 
phosphate, fluoride and residual acid. The annual 
production of PG is estimated to be 100–280 mil-
lion tons worldwide, whereas only 15% is utilized as 
building materials, soil stabilization amendments, 
and setting controller in Portland cement. In China, 
more than 22 million tons of PG is generated each 
year and less than 10% is recycled. (Tayibi et al., 
2009, Reijnders, 2007, Yang et al., 2013)

While solid waste is accumulating, the con-
sumption of building materials is increasing with 
the growing demand for concrete in numerous 
constructions. The application of solid wastes as 
building materials in concrete is significant in the 
conservation and recycling of resources.

Phosphogypsum, fly ash, steel slag, and alkali-
activator, such as lime or acetylene sludge, are com-
bined as cementitious materials (Shen et al., 2009, 
Shen et al., 2007, Qiao et al., 2010, Degirmenci, 
2008). The 28 d compressive strength of this mate-
rial is lower than 15 MPa, which becomes a limita-
tion for their extensive use. Phosphogypsum treated 
by chemicals can replace natural gypsum and 
can be used as a conditioning agent in the cement 
industry (Singh, 2002). Its application range is also 
limited because of the tiny dosage as a modifier. 
Calcined PG is used as plaster and composite for 
masonry (Singh and Garg, 2001) and is also used 
to produce supersulphate cement (Erdem and 
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This study successfully prepared SCC using PSC 
as cementitious material, and SCC utilizing both 
PSC and mineral fillers, such as limstone powder 
and fly ash. This PSC-SCC could be employed 
in RFC construction and other suitable circum-
stances, which providing an inspiring prospect for 
extensive utilization of solid waste.

2 MATERIALS

Phosphogypsum was supplied by Tongling Chemi-
cal Industry Group Co., Ltd. of China. This pow-
der contains 11.5% of water and granular lumps 
that require grinding before use in the concrete. 
The Limestone Powder (LP) and Fly Ash (FA) 
were used as filler. Aluminate Cement (AC) was 
used to modify the setting time of this binder. The 
properties of the powder materials are shown in 
Table 1. The density of each powder material was 
tested by Beijing Builder Electronic Technology 
Co., Ltd. using TD-2200 True Density Analyzer.

The fine aggregate, which was artificially graded, 
is crushed quartz sand with a density of 2.75 and a 
fineness modulus of 2.86.

The coarse aggregate is limestone gravel with 
a density of 2.7 and a maximum particle size of 
20 mm. The amounts of gravel with sizes ranging 
from 5 mm to 10 mm and 10 mm to 20 mm were 
40% and 60% of the total, respectively.

The Superplasticizer (SP) is R212 polycarboxy-
late type obtained from SINOCONFIX Co., Ltd. 
of China.

3 TESTING METHODS

3.1 Modification of phosphogypsum

The PSC used in this study is proportioned with 
PG, GGBFS, SS, and clinker at ratios of 47%, 
47%, 2%, and 4% in mass.

Phosphogypsum contains granular lumps that 
cannot be directly used. Water-soluble impurities 

such as phosphate and phosphoric acid are harmful 
to the hydration of GGBFS, which requires an 
alkaline environment. Phosphogypsum, GGBFS, 
steel slag, and water were mixed with a proportion 
of 63:1:3:33 and milled in a polyurethane jar for 
two hours. The Φ 290 mm × 300 mm sized jar con-
tained corundum balls that rotated at a rate of 
70 r/min. The paste was stored for 24 h at 20 ± 2 °C 
in an airtight container to keep the water content 
stable. The rest of the powder materials and addi-
tional water were mixed with the modified PG 
slurry to prepare PSC paste.

3.2 The basic water demand 
and setting time of PSC

The initial and final setting times of PSC were 
tested according to the Chinese standards of 
GBT1346-2011.

The Slump Flows (SF) of PSC slurries with dif-
ferent water to powder ratios were tested, and the 
relationship between the water to powder ratio and 
relative SF (Γ) was determined using a linear fit-
ting method. The W/P-intercept of the line indi-
cated the actual water content of the PSC slurry at 
which the slurry began to flow (Kazumasa, 1998). 
This critical water to powder ratio is the basic water 
demand of PSC, based on which the water to pow-
der ratio of the PSC slurry for SCC is decided. Γ is 
calculated using the equation below:

Γ =
SF

60
1

2

mm
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−

3.3 The mix design procedure of SCC

The mixing procedure of PSC-SCC is demon-
strated in Figure 1. In this study, W/P is the ratio 
of water to powder by absolute volume, and sand 
ratio (S%) is the ratio of fine aggregate to mortar 
by absolute volume. SP% is the percentage of SP 
by weight in all the powder materials.

Table 1. Chemical components and basic physical properties of powder materials.

Item SiO2 % Al2O3 % Tfe2O3 % CaO % MgO % SO3 % P2O5 % LOI % Total %
Density
(g/cm3)

Blaine’s 
surface area
(m2/kg)

PG  9.65  0.79  0.37 29.71 0.3 36.62 1.03 20.52 98.99 2.35 282
GGBFS 33.17 16.28  0.26 38.22 8.09 – 0.102 0 96.12 2.91 454
SS 19.48  2.67 16.76 47.55 7.58 – 1.76 0 95.80 3.26 413
Clinker 21.78  5.10  3.40 65.05 2.12  0.64 –  0.13 98.22 3.15 454
FA 52.99 24.51  6.99  5.98 1.41  1.10 2.14  2.19 97.31 2.59 676
LP  2.24  1.07  0.38 52.81 1.28 – 0.01 41.86 99.65 2.80 707
AC 10.36 52.09  1.56 31.35 0.61  0.75 0.12  0.16 97.00 – –
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Figure 1. Procedure of PSC-SCC proportioning.

Figure 2. Comparison of the PSD of Modified PG 
(MPG) and OPC.

Figure 3. Results of basic W/P test. Figure 4. Slump flow of PSC-SCC.

Table 2. Setting time of different binders.

No.

Proportion of powder materials %

Ti/h Tf/hPG G GGBFS SS Clinker AC

P1 47 0 47 2 4 0 55.5 76.0
P2 0 47 47 2 4 0  8.9 15.1
P3 0 0 88.7 3.8 7.5 0  5.8  7.5
P4 47 0 47 2 4 3  1.7  2.9

4 RESULTS AND DISCUSSION

4.1 Properties of modified PG paste and PSC

The Particle Size Distribution (PSD) of Modified 
PG (MPG) is illustrated in Figure 2. The MPG is 
slightly coarser than OPC, with a mean particle 
diameter of 17.37 μm compared to 15.43 μm of OPC. 

The pH value of the water separated from the PG 
slurry increased from 6.5 to 10 after modification, 
which is favorable to the hydration of GGBFS.

The basic water demand of PSC was 1.16 
compared to 1.09 of OPC, as shown in Figure 3. 
Although the intercept of the former was slightly 
higher, the latter had a sharper slope, which meant 
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the relative SF of the slurry changed to the same 
extent and the change of water to powder ratio 
of the SSC slurry was smaller than that of the 
OPC. Thus, the fluidity of the SSC slurry is more 
sensitive to water than that of the OPC slurry. 
Furthermore, the SSC slurry is more sensitive to 
SP dosage in fluidity because the SP effectively dis-
perses powder particles and releases the free water.

As shown in Table 2, both of initial and final set-
ting times are much longer than those of the binder 
by using pure gypsum (G) instead of PG. Some 
impurities that cannot be removed by this modify-
ing method still exist and hinder the setting of the 
binder. Researchers found that washing PG with 
a milk of lime solution, another alkaline modify-
ing agent, cannot yield a satisfying result in terms 
of reducing the setting time retardation. (Potgieter 
et al., 2003). Thus, some uncertain impurities exist 
in the PG result in the retardation of the binder 
and cannot be removed using alkaline agents, such 
as steel slag or lime.

Meanwhile, a binder with pure gypsum has a 
longer setting time than that without any gypsum. 
Even though calcium sulphate activates the hydra-
tion of GGBFS (Gruskovnjak et al., 2008), the set-
ting time of the binder will be prolonged by the 
dilution effect when the dosage of gypsum is high 
enough. Furthermore, the retardation caused by 
the impurities of PG is more severe than that by 
the dilution effect, and the use of alumina cement 
at a dosage of 3% can obviously shorten the setting 
time of PSC.

4.2 Fluidity and compressive strength 
of PSC-SCC

Concrete with a water to powder ratio of 0.84 
has a satisfying SF value, but it is too viscous to 

have a proper VF value. As the W/P value rises, 
the VF value declines rapidly. The W/P value has 
a remarkable effect on the viscosity of concrete. 
Both C2 and C3 meet the qualification of SCC. 
The mix with a powder ratio of 1.10 has satisfying 
fluidity and relatively lower cost. Its initial condi-
tion is shown in Figure 4.

The 7 d strength of C2 is merely 2.7 MPa. The 
poor early strength is probably the consequence 
of the setting retardant caused by the hazardous 
impurities from phosphogypsum. The addition of 
aluminum cement obviously improves both the 7 d 
and 28 d strengths of C3.

4.3 Fluidity and compressive strength of SCC 
with different fillers

Comparing with C3, the volume of gravel is 
reduced, but the VF value of C-F rose signifi-
cantly, reaching the criterion of SCC. This could 
be attributed to the using of fly ash, which is much 
finer than the other powder.

C-L and C-F both showed a good performance 
on fluidity after proper adjustment, and possesing 
a similar compressive strength with C3.

5 CONCLUSIONS

Self-compacting concrete using PSC and other 
mineral fillers, such as limestone powder and fly 
ash, are successfully prepared, with good fluidity 
and compressive strength over 40 MPa at 28 d.

The phosphogypsum slurry becomes alkaline 
after wet-milled with steel slag, thereby provid-
ing a favorable environment for the hydration of 
GGBFS. Excess-Sulfate phosphogypsum-slag 
cement has a slightly higher basic water demand 

Table 3. Fluidity and compressive strength of PSC-SCC.

No. W/P SP/% S/% G/L AC/% SF/mm VF/s 7 d/MPa 28 d/MPa

C1 0.84 1.75 49 325 0 650 130.59 – –
C2 1.00 0.65 46 325 0 700  18.32  2.7 32.23
C3 1.10 0.50 46 325 3% 625  12.47 28.12 44.70

Table 4. Properties of PSC-SCC with different fillers.

No. W/P SP %

Proportion of powder materials %

AC/% S % G (L) SF/mm VF/s 7 d/MPa 28 d/MPaPG LP FA GGBFS SS Clinker

C3 1.1 0.5 47  0  0 47 2 4 3 46 325 625 12.47 28.12 44.7
C-L 1 0.7 30 25  0 40 2 3 3 46 300 667 14.2 26.85 44.13
C-F 1.1 1 30  0 30 35 2 3 3 46 300 623 24.97 19.06 40.45
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than OPC, and it is more sensitive to water and 
superplasticizer.

Impurities causing a prolonged setting time still 
exist after the modification of PG. The retardation 
of setting caused by these impurities is more severe 
than that by the dilution effect of gypsum. How-
ever, the use of 3% aluminum cement shortens the 
setting time and improves the early strength.
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Experimental study on mechanical properties of fiber reinforced 
lightweight aggregate concrete after freeze-thaw cycle

Jing Huang, Jianmin Wang & Anqing Liu
College of Civil Engineering and Environment, Ningbo University, Ningbo, Zhejiang Province, China

ABSTRACT: We use sludge ceramsite as coarse aggregate to make ceramsite concrete without fibers, 
HPPF and PANF ceramsite concrete. We study the influence of fiber variety and freeze-thaw cycle on 
characteristics of surface damage, compressive strength, elastic modulus, and splitting tensile strength via 
the freeze-thaw test. The results indicate that the incorporation of fibers can effectively restrain cracks in 
concrete from occurring and developing and improve its frost resistance. Freeze-thaw damage would make 
cement paste layer become brittle and scale, but mass loss isn’t obvious. Compressive strength, elastic 
modulus, deformation, and splitting tensile strength of concrete after freeze-thaw cycle would reduce.

Keywords: fiber reinforced lightweight aggregate concrete; freeze-thaw cycle; mechanical properties

properties such as compressive strength, elastic 
modulus, splitting tensile strength after freeze-
thaw. As a consequence, we obtain the influence 
of incorporation of fibers on related mechanical 
properties of ceramsite concrete after freeze-thaw, 
then analyze and summarize the reasons.

1 INTRODUCTION

1.1 Testing material

Fine aggregate, coarse aggregate, cement, fly ash, 
fibers their specific parameters see Table 1.

1.2 Testing equipment 

Equipment used in freeze-thaw test is CABR-
HDK9 automatic rapid freeze-thaw apparatus 
manufactured by Luda mechanical device limited 
company. Type WAW-600C 60T hydraulic servo 
controlled press is used for testing mechanical 
properties of test specimens.

1.3 Specimen making

Mix proportion of test see Table 2. Specimens need 
28 days curing at standard conditions in labora-
tory. Then take them out and place them at room 
temperature for one month to achieve air-dried 
state for subsequent freeze-thaw test. Considering 
that cubes (its dimension is 100 × 100 × 100 mm) 
and prisms (100 × 100 × 300 mm) need testing 
for their cubic compressive strength, splitting ten-
sile strength, and elastic modulus and comparing 
with control concrete, the number of specimens 

Lightweight aggregate concrete has good prop-
erty of insulation, frost resistance, seismic per-
formance, crack resistance (shrinkage resistance 
and creep resistance), anti-fatigue performance, 
and fire resistance[1]. Owing to this, lightweight 
aggregate concrete has been extensively applied 
to engineering, such as high-rise buildings, marine 
structures, long-span bridges, and urban overpass, 
and its application obtains a high technical and 
economical value[2,3].

The northeast and northwest cold regions in 
China have a larger temperature difference between 
day and night. With time, degradation will occur in 
some buildings and hydraulic structures after fre-
quent repeated action of freeze-thaw cycle. Further, 
security of concrete will reduce[4]. Cracks develop 
further when influence of environment becomes 
intensive, which severely affects normal use and 
durability of structures and causes inadequate 
concrete for design requirement, and even results 
in severe engineering accidents[5]. Hence, freeze-
thaw damage is an important aspect of durability 
failure of concrete. It has important theoretical 
significance, practical value, and economic effect.

At present, researches on related mechanical 
properties of ceramsite concrete with incorpora-
tion of High Performance Profiled Fiber (HPPF) 
and Polyacrylonitrile Fiber (PANF) after freeze-
thaw cycle are relatively few.

HPPF and PANF are incorporated after deter-
mining the optimal mix proportion via testing, 
then conduct the freeze-thaw test. Following that, 
we observe and analyze characteristics of surface 
damage of fiber reinforced ceramsite concrete and 
we perform analysis on difference of mechanical 
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would be (3 + 3 + 5 × 3) × 3 × 2 = 126. Divide these 
 specimens into six groups based on fiber type and 
if  under freeze-thaw cycle.

1.4 Test scheme

The automatic freeze-thaw apparatus was used to 
conduct the freeze-thaw test according to “Stand-
ard for test methods of  long-term perform-
ance and durability of  normal concrete” (GB/T 
50082-2009). Take half  of  each kind of  concrete 
for test, put specimens in water whose tempera-
ture ranges from 15°C to 20°C till they are in full 
water-saturated state for 4 days before test. Then 
take them out and dry the surface for weighing. 
Each freeze-thaw cycle lasts approximately three 
to four hours. Thawing time should be control-
led to take up 1/3 of  the total process. The cen-
tral temperature of  specimens was controlled in 
the range of  −17.5°C to 7.5°C when freeze-thaw 
cycle ends. All specimens went through 25 times 
of  freezing-thawing.

2 TEST RESULTS AND DISCUSSION

2.1 Analysis of characteristics of surface damage 
after freeze-thaw cycle

It is obvious that characteristics of surface change 
after freeze-thaw cycle. Surface which was smooth 
obviously becomes coarse, and spalling occurs in 
the cement paste layer on surface of specimens. 
In some specimens, microcracks occur on surface. 
Furthermore, some edges start to fall off.

Figure 1 shows that there are obvious pockmark 
phenomenon in normal concrete (without fiber), 
whereas prisms with HPPF and PANF respectively 
almost didn’t have spalling.

Temperature difference caused by freeze-thaw 
process make internal free water repeatedly crystallize 
and expand, melt. and shrink, thereby resulting in 
larger temperature stress that destroys mortar matrix. 
Mortar surface falls off and leads to pockmark phe-
nomenon. With respect to HPPF, its diameter and 
elastic modulus are larger in, but relative deforma-
tion is less. PANF has smaller filament diameter 
and performs well in ductility. In addition, the bond 
between it and cement matrix is superior, which 
makes fewer pockmark phenomenon and spalling.

2.2 Cubic compressive strength

Change in cubic compressive strength in three kinds 
of cubic specimens is seen Table 3. Table 3 shows 
that freeze-thaw cycle has a negative effect on cubic 
compressive strength of lightweight aggregate con-
crete. In addition, in contrast to fiber reinforced 
lightweight aggregate concrete, strength of normal 
concrete reduces less. Moreover, time which normal 
concrete needs to achieve fracture strength is longer 
than fiber reinforced lightweight aggregate concrete.

By analyzing these data, we conclude that fiber 
would bear inner tensile stress in concrete occurred 
in freeze-thaw cycle, thereby significantly improv-
ing concrete crack resist ance. When under pres-
sure, compression bearing capacity of concrete 
increases because of horizontal restrain of fiber. 
However, tensile bearing capacity of fiber decreases 
dramatically due to frequent loading and unload-
ing; as a consequence, failure in ceramsite concrete 
occurs in advance.

2.3 Cubic splitting tensile strength

Change in cubic splitting tensile strength of three 
kinds of concrete after 25 freeze-thaw cycles is seen 
in Table 4.

Table 1. Specification parameters of HPPF and PANF.

Type Shape
Density
(g/cm3)

Com.
strength 
(Mpa)

Young’s 
modulus 
(Gpa)

Elongation 
at break (%) Length (mm)

Diameter 
(μm)

Melting 
point (°C)

HPPF Corrugated 0.91 >500 >7 12∼40 25∼30 ≥100 170
PANF Grain shape 

monofilament
1.15∼1.20 ≥450 ≥5 10∼40 15∼20 10∼25 235∼245

Table 2. Mix proportion.

Fiber (kg/m3) Ceramsite (kg/m3) Sand (kg/m3) Cement (kg/m3) Fly ash (kg/m3) Water (kg/m3)

– 780 550 460 80 210
HPPF: 1.8 780 550 460 80 210
PANF: 0.4 780 550 460 80 210
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Table 4 shows that splitting tensile strength 
of ceramsite concrete has an obvious increase 
before freeze-thaw cycle with fiber incorporated, 
and enhancement of PANF is superior to HPPF. 
After freeze-thaw cycle, splitting tensile strength 
of PANF ceramsite concrete is still higher than 
the other two. After analysis, these phenomena 

could be explained by characteristics of PANF 
such as higher ductility, easy dispersion, acid and 
alkali resistance, and low temperature resistance. 
Microfiber disordered distribution lap mutually 
in concrete restrains air-escape during mixing and 
molding process, which increases air content and 
mitigates hydrostatic pressure and seepage pres-
sure during low temperature cycles. Therefore, it 
has a more obvious enhancement on splitting ten-
sile strength[6]. Secondly, crack resistance of PANF 
is good owing to its small diameter, large quan-
tity in unit volume and short fiber spacing, which 
increases energy loss during freeze-thaw cycle and 
effectively restrains cracks because of frost. This is 
beneficial to the improvement of strength increase 
and durability of frost thaw resistance in low tem-
perature environment[7]. In a word, the improve-
ment in splitting tensile strength of ceramsite 
concrete of PANF is obvious.

2.4 Prism compressive strength

Table 5 shows change on prism compressive 
strength of three kinds of concrete before and 
after freeze-thaw cycle. From the data, we see that 
freeze-thaw cycle has a negative effect on prism 
compressive strength of lightweight aggregate con-
crete and prism compressive strength is lower than 
cubic compressive strength. HPPF and PANF bear 
tensile stress produced by concrete shrinkage. It 
restrains development of inner stress in concrete, 
postpones crack and increases prism compressive 
strength of ceramsite concrete. Load-displacement 
curves of the three kinds of concrete before and 
after freeze-thaw cycle; see Figure 2.

2.5 Elastic modulus

According to test method on non-fiber concrete 
in ordinary concrete mechanics performance test 
method standard[8], we continue to conduct the 
elastic modulus test on ceramisite concrete. We 
obtain the elastic modulus of three kinds of cer-
amsite concrete before and after 25 freeze-thaw 

Figure 1. Characteristics of surface damage on prisms 
among three kinds of specimens before and after freeze-
thaw cycle.

Table 3. Change on cubic compressive strength before 
and after freeze-thaw cycle.

Fiber types

Cubic compressive strength fcu (MPa)

Before After Reduction rate

Non-fibre 36.2 31.9 11.80%
HPPF 42.7 28.3 33.70%
PANF 40.3 30.3 24.80%

Table 4. Change on cubic splitting tensile strength.

Type Non-fibre HPPF PANF

No. Before After Before After Before After

1  4.77 3.94  4.84 2.83  6.52 4.89
2  5.49 3.16  5.22 2.54  6.19 4.76
3  4.54 3.32  5.56 3.15  6.18 4.79
Average 

value
 4.44 3.14  4.69 2.56  5.67 4.81

Reduction 
rate

29.28% 45.42% 15.17%
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Table 5. Change on prism compressive strength 
before and after freeze-thaw cycle.

Fiber type Prism compressive strength 
fcu (MPa)

Before After Reduction rate

Non-fibre 36.2 31.9 11.80%
HPPF 42.7 28.3 33.70%
PANF 40.3 30.3 24.80%

Figure 2. Load-displacement curves of prisms of three 
kinds of ceramsite concrete before and after freeze-thaw 
cycle.

Figure 3. Elastic modulus measurement and failure 
mode of three kinds of concrete.

cycles by loading and unloading three times with 
velocity of 0.5 Mpa/s (apparatus and failure mode 
of specimens see Fig. 3). Analyzing related data in 
Table 6, we could conclude that:

1. Elastic modulus of non-fiber ceramsite con-
crete is lower than HPPF and PANF ceramsite 
concrete before freeze-thaw cycle;

2. Elastic modulus reduces under freeze-thaw cycle;

Table 6. Change on elastic modulus before and after 
freeze-thaw cycle.

Type

Elastic modulus of prism specimens E (MPa)

Non-fibre HPPF PANF

No. Before After Before After Before After

1 21356 7256 23011 5795 22028 5735
2 21658 7157 22658 5540 22500 6724
3 20769 7438 21156 5256 21988 5945
Average 

value
21261 7284 22275 5531 22172 6135
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3. Change in elastic modulus of non-fiber ceram-
site concrete is smaller than HPPF and PANF 
ceramsite concrete under freeze-thaw cycle.

These phenomena could be explained by follow-
ing reasons:

1. Non-fiber ceramsite concrete is a brittle mate-
rial, and has a small deformation, when incor-
porated fibers, its plasticity enhances, thereby 
restrains deformation of concrete;

2. The inner structure has been destroyed after 
freeze-thaw cycle. Consequently, a lot of cracks 
occur and deformation increase.

3 CONCLUSION

1. Degeneration occur in performance of ceram-
site concrete after freeze-thaw cycle, mortar, and 
fine aggregate particles start to spall gradually. 
Due to effective bonding, some small particles 
still hang on surface of fiber which has been 
exposed and form a layer of velvet material, 
consequently, reduce mass loss.

2. Fibers with uneven surface can form strong 
mechanical lock effect with hardened cement 
paste, which increases bonding strength between 
them, improves plasticity, and tensile strength 
of ceramsite concrete, simultaneously restrains 
cracking because of frost, consequently, 
improves durability and extends the perform-
ance life of ceramsite concrete.
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Influence of aggregates on coefficient of thermal expansion of concrete
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ABSTRACT: The effect of the types, volume percentage and particle size of aggregates on thermal expan-
sion coefficient of concrete was investigated in this research. Experimental results indicated that the type of 
the aggregates had remarkable effect on concrete thermal expansion coefficient, while particle size of the 
aggregates had some obvious effect. The thermal expansion coefficient of concrete increased as the volume 
percentage of the aggregates decreased. It is of crucial importance to select the suitable type and increase 
properly the volume percentage of the aggregates in order to improve the concrete volume stability.

Keywords: concrete; thermal expansion coefficient; aggregates; volume percentage; particle size

However, the thermal expansion coefficient of cement 
stone was about 8.8 ± 1.2 × 10−6/°C, tested by Lars 
Kraft et al. (Lars K. 2004). Research results from 
Meyers et al. (Meyers, S.L. 1950) indicated that the 
thermal expansion coefficient of cement stone was 
not a fixed value under the temperature −10∼100°C; 
it depended on the water content, water to cement 
ratio and the age of the cement paste. The thermal 
expansion coefficient of the cement stone under wet 
curing for 28 days was 15∼20 × 10−6/°C. Few studies 
have been performed on the research on heat defor-
mation of cement based materials in China. Yuan 
and Yang (Yuan L. 2001 & Yang J. 2000) made use 
of optical fiber to measure the deformation of the 
concrete structures, which is a new method to test 
the thermal expansion coefficient of cement based 
materials. Xuan and Shui et al. (Xuan 2007) applied 
workhorse-1 thermal expansion meter to investigate 
the heat deformation property of the main com-
ponents of cement based materials, and compared 
the difference in heat deformation property of the 
aggregates and the paste.

The obtained achievements provide a sound 
basis for the research on the thermal expansion 
property of concrete. However, few studies have 
been performed on the effect of aggregates on con-
crete thermal expansion property. Aggregates take 
up the largest portion in concrete. It is necessary 
to investigate the influence of aggregates: type, 
volume percentage, particle size, etc. on thermal 
expansion coefficient of concrete, which has great 
significance on the selection of proper aggregates 
for large scale concrete structures and improve-
ment of concrete durability.

1 INTRODUCTION

Thermal expansion coefficient of concrete is the 
change in length/volume per unit in response to a 
change in temperature (per unit). This change is 
often characterized by average thermal expansion 
coefficient in engineering, which is only affected 
by the properties of concrete itself  instead of 
environmental interference. It is one of the main 
physical parameters of the materials; also an 
important parameter to calculate the deforma-
tion under heat. In large scale concrete structures, 
the temperature increase is around 20∼50 °C due 
to cement hydration. If  the thermal expansion 
coefficient of the concrete is 10 × 10−6/°C with a 
deformation joint per 50 meters and the yearly 
temperature difference is 40 °C, the deformation 
will be 20 mm, which will have great influence 
on arranging deformation joints in the engineer-
ing. Therefore, the heat deformation in large scale 
concrete structures is extremely important and has 
to be carefully considered. Heat deformation of 
concrete can be reduced by in-depth study of the 
influence factors of the thermal expansion coeffi-
cient and taking effective measures to decrease it, 
which will bring less damage due to temperature 
decrease, and hence the service life of the structure 
can be increased.

So far, many developments have been obtained 
in the research on thermal expansion coefficient 
of concrete. Neville et al. (Li Q. 2002) found that 
the thermal expansion coefficient of concrete, 
mortar and cement stone was 7.4∼13.1 × 10−6/°C, 
10.1∼18.5 × 10−6/°C, and 11∼20 × 10−6/°C, respectively. 
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2 EXPERIMENTS

2.1 Materials

P.O42.5 cement, II grade fly ash and polycarboxy-
late superplasticizer were used. Fine aggregates 
was limestone sands and coarse aggregates were 
sandstone, limestone and marble. The thermal 
expansion coefficient and elastic modulus of dif-
ferent types of stones were shown in Table 1.

2.2 Measurement of thermal expansion 
coefficient of concrete

Hand-hold portable deflecting meter was used 
to measure the length of the concrete specimens 
between two fixed positions at different tempera-
tures, and then the coefficient of thermal expan-
sion was calculated. The details were as follows. 
Three specimens were cast for each concrete 
composition. Four bronze heads were embed-
ded in parallel on the surface of the specimen as 
the endpoints to measure the length. The size of 
the concrete and the position of the bronze heads 
were shown in Figure 1 copperhead.

At certain age, concrete specimens were 
immersed in the water of  the temperature T0. 
After 1.5h, the specimens were taken out and 
the length l (T0) between two bronze heads were 
measured. Subsequently, the specimens were 
transferred into a thermostatic water tank for 

another 1.5h and the length l(T) was recorded. 
Valid data were the average values of  the sev-
eral measurements on the copper heads at each 
temperature. According to the measured length 
(between two copper heads) of  concrete speci-
mens at different temperatures, the coefficient of 
thermal expansion of  concrete can be calculated 
based on equation (1).

α =
−l T l T

l T
( )T ( )T

( )T ( )T T−
0TT

0 0)TT (T TT  
(1)

where α: the coefficient of thermal expansion of 
concrete. l(T0): Distance between two copper heads 
at temperature T0. l(T): Distance between two cop-
per heads at temperature T.

The distance between two copper heads should 
be tested when the temperature in the center of the 
specimen was the same as that of water. Two free 
rolling steel bars were placed in parallel at the bot-
tom of the specimen in order to reduce the restrain-
ing force of the concrete as temperature increasing. 
Foam insulation board was used to cover the sur-
face of the specimen during the measurements at 
different temperatures, which can reduce the heat 
exchange with the surroundings upon the open 
and close of the water tank, maintain a constant 
water temperature in the tank and decrease the 
temperature variation of the hand-hold portable 
deflecting meter during the measurements.

Table 1. Thermal expansion coefficient and elastic modulus 
of different stones.

Coefficient of 
thermal expansion
(× 10−6/°C)

Elastic 
modulus
(GPa)

Density
(g/cm3)

Marble 5.5 26.6 2.7
Limestone 6.8 35.4 2.7
Sandstone 11.5 16.4 2.6
Cement stone 16 12 1.95

Figure 1. Schematic diagram of the concrete specimen 
and the embedded bronze heads. Figure 2. Concrete specimens in water.
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3 RESULTS AND DISCUSSION

3.1 Effect of the type of aggregates on the 
coefficient of thermal expansion of concrete

5∼25 mm continuous gradation sandstone, mar-
ble and limestone were used as coarse aggregates. 
Limestone sand was used as fine aggregates. The 
amount of cement and fly ash was 320 kg/m3 and 
80 kg/m3, respectively. Polycarboxylate superplas-
ticizer was 1% of the total cementitious materi-
als by weight. The water to cement ratio was 0.42 
and sand ratio was 40%. The hand-hold portable 
deflecting meter was used to measure the thermal 
expansion coefficient of the specimens at certain 
ages. The results are shown in Figure 3.

The type of the aggregates has remarkable effect 
on the Coefficient of Thermal Expansion (CTE) of 
concrete. As shown in Figure 3, the average CTE 
value of the concrete with sandstone incorporated 
is 31% higher than that with marble. This is attrib-
uted to the difference in the CTE values of the dif-
ferent aggregates. Sandstone has the highest CTE 
value, followed by limestone. Marble has the lowest 
CTE value. It can be concluded that the CTE value 
of the concrete is also high if  using the aggregates 
of a high CTE value, which is consistent with the 
theory of thermal expansion of composite.

3.2 Effect of the volume percentage of aggregates 
on the coefficient of thermal expansion of 
concrete

5∼25 mm continuous gradation limestone were 
used as coarse aggregates. Limestone sand was 
used as fine aggregates. The weight ratio between 
cement and fly ash was 4:1. Polycarboxylate super-
plasticizer was 1% of the total cementitious mate-
rials by weight. The water to cement ratio was 
0.42 and sand ratio was 40%. The bulk density 
was 2400 kg/m3. The volume percentage of the 

aggregates was 60%, 70% and 80% of the concrete. 
The CTE value of the concrete was tested at 3d, 7d, 
28d and 49d. The results are shown in Figure 4.

The CTE value of  the concrete decreased as the 
volume percentage of  the aggregates increased. 
As shown in Figure 4, the average CTE value 
decreased by 9.5% when the volume percent-
age of  the aggregates was increased from 60% 
to 80%. That is, the CTE value of  the concrete 
decreases by 0.48% when the volume percentage 
of  the aggregates was increased by 1%. This is 
due to the fact that the CTE value of  the aggre-
gates is lower than that of  the hardened cement 
paste. Therefore, the CTE value of  the concrete 
decreases as the volume percentage of  the aggre-
gates increases.

3.3 Effect of particle size of the aggregates on the 
coefficient of thermal expansion of concrete

5∼10 mm, 10∼20 mm and 20∼31.5 mm limestone 
were used as coarse aggregates. Siliceous river 
sand was used as fine aggregates. The amount of 
cement and fly ash was 320 kg/m3 and 80 kg/m3, 
respectively. Polycarboxylate superplasticizer was 
1% of the total cementitious materials by weight. 
The water to cement ratio was 0.42 and sand ratio 
was 40%. The hand-hold portable deflecting meter 
was used to measure the thermal expansion coef-
ficient of the specimens at certain ages. The results 
are shown in Figure 5.

The particle size of the aggregates has obvious 
effect on CTE values of the concrete. In the aggre-
gate size range of 5∼31.5 mm, the CTE value of the 
concrete increased as the particle size increased. The 
average CTE value of the concrete with the aggre-
gates of 20∼31.5 mm incorporated was about 10% 
higher than that with the aggregates of 5∼10 mm.

The main reason is that different position of the 
paste has different microstructure. The microstruc-
ture of the paste, and the transition zone between 
aggregates and paste is shown in Figure 6.

Figure 3. Influence of the type of aggregates on ther-
mal expansion coefficient of concrete.

Figure 4. Influence of the volume percentage of the 
aggregates on CTE values of concrete.
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It can be seen from Figure 6 that the Ca(OH)2 
crystal orientation is very obvious. The structure is 
quite loose and with high porosity. Therefore, the 
CTE value of this position is a bit lower. No obvi-
ous crystal orientation was observed in pure paste, 
which has a more denser structure with a lower 
porosity, and hence has a higher CTE value.

The smaller the particle size is, the larger the 
relative surface area of the aggregates will be. 
Therefore, the volume percentage of the aggregate-
paste transition zone will be also relatively high 
under the same volume fraction of the aggregates. 
Thus, the CTE value of the concrete will be rela-
tively low if  using the aggregates of small particle 
size. The aggregates of 20∼31.5 mm has a lower 
surface area compared to small aggregates, leading 
to less amount of transition zone and higher con-
straint force from aggregates; and hence the CET 
value of this type of concrete is higher.

3.4 Theoretical calculation and analysis on the 
effect of the aggregates on the coefficient of 
thermal expansion of concrete

Different types of aggregates and hardened cement 
paste have different thermal expansion property 
and deformation resistance. Due to this, concrete 

with different aggregates incorporated has differ-
ent CTE values. Therefore, it is necessary to do 
in-depth calculation and analysis on the thermal 
deformation property of the concrete with differ-
ent aggregates incorporated.

Concrete can be regarded as a composite mate-
rial. The CTE of a composite is determined by 
its chemical composition, physical structure, and 
property and content of each component. Thus, 
the CTE of the concrete is not only directly influ-
enced by the CTE values of the components, but 
also closed related to the elastic modulus of each 
component. According to the rule for mixture, the 
CTE value of the concrete can be approximately 
expressed by the weighted average of the CTE val-
ues of the cement stone and aggregates, when the 
migration of the water and gas contained in the 
concrete is not affected by the solid material (Yao 
W. 2007).

α
α α

=
+ +α
+ +

p pα p sαα s s g g g

p p s s g g

E V E Vs s E Vg g

E Vp p E Vs s E Vg g  
(2)

Α, αp, αs, αg: CTE values of concrete, cement 
stone, fine and coarse aggregates, respectively;

Ep, Es, Eg: elastic modulus of cement paste, fine 
and coarse aggregates, respectively;

Vp, Vs, Vg: volume percentage of cement paste, 
fine and coarse aggregates, respectively;

The elastic modulus of the cement stone at 
28d was taken as 12GPa and the CTE value was 
16 × 10−6/°C. Different stones were used as fine and 
coarse aggregates. The sand ratio was 40%. The 
volume percentage of the aggregates: limestone, 
marble and granite, was increased from 60% to 
80%. According to equation (2), the theoretical cal-
culation result of the effect of the type and volume 
percentage of the aggregates on the CTE values of 
the concrete is shown in Figure 7.

The CTE value of  the concrete decreased as the 
volume percentage of  the aggregates increased. 
As shown in Figure 7, the average CTE value 
decreased by 10.64% when the volume percentage 

Figure 5. Influence of particle size of the aggregates on 
CTE values of the concrete.

Figure 7. Influence of the type and volume percentage 
of the aggregates on the CTE values of the concrete.

Figure 6. Microstructure of different position of the 
paste.
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of the aggregates was increased from 60% to 80%. 
That is, the CTE value of  the concrete decreases 
by about 0.53% when the volume percentage of 
the aggregates was increased by 1%. This is con-
sistent with the experimental results shown in 
Figure 4.

Meanwhile, it can be seen from Figure 7 that 
the type of  the aggregates has remarkable influ-
ence on the CTE values of  the concrete. When 
the volume percentage of  the aggregates was 
in the range of  60% to 80%, the average CTE 
of  the concrete with sandstone-aggregates was 
12.58 × 10−6/°C, which is about 1.74 times higher 
than that of  the concrete with marble-aggregates 
incorporated. This is consistent with the experi-
mental results shown in Figure 3. Therefore, it can 
be concluded that it is of  crucial importance to 
select proper aggregates to decrease the CTE of 
the concrete and hence to increase the volume sta-
bility of  the concrete.

4 SUMMARY

The type of the aggregates has remarkable influ-
ence on the CTE values of the concrete. This is due 
to the difference in the CTE values of the differ-
ent aggregates. It is extremely important to select 
proper aggregates to decrease the CTE of the con-
crete and hence to increase the volume stability of 
the concrete.

The CTE value of the concrete decreased as the 
volume percentage of the aggregates increased. 
The CTE value of the concrete decreased by about 
0.5% when the volume percentage of the aggre-
gates increased by 1%. The reason is that the CTE 
value of the aggregates is lower than that of the 
hardened cement paste.

The particle size of the aggregates has obvi-
ous influence on CTE values of the concrete. In 
the aggregate size range of 5∼31.5 mm, the CTE 
value of the concrete increased as the particle size 
increased. This is attributed to the fact that different 
position of the paste has different microstructure.
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Analysis of environmental hazard and leaching characteristics 
of heavy metals in solid waste
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ABSTRACT: The experimental results showed that the heavy metal components could be slowly leached 
from solid waste in the water environment, and the leaching amount was related to the type of heavy met-
als. Pb, Zn, and As ions were more easily leaching in an acidic environment. The solid waste-dump region 
for a long time has a greater risk of heavy metal pollution. The Cr ion leaching concentration of blast 
furnace slag, the Cd and Cu ion leaching concentration of phosphorous slag, and the Cr, Pb, Cd, Cu ion 
leaching concentration of fly ash and incineration slag exceeded the standard limit of Class V water from 
GB3838.

Keywords: solid waste; heavy metal; leaching; environmental hazard; effective content; total content

(GR), hydrogen peroxide (GR), hydrofluoric acid 
(GR), anhydrous ethanol (analysis purity), and 
demineralized water with a maximum conductivity 
of 150 μS/m.

These common solid wastes were used, including 
Blast Furnace Slag (for short, BFS), Phosphorus 
Slag (for short, PS), Fly Ash (for short, FA), and 
incineration slag (for short, GIS). The chemical 
composition of solid waste was shown in Table 1.

2.2 Test methods

Sample digestion. The samples were dried and 
grinded 5.000 ± 0.0001 g then put into 40 mL 
HF solution, and then placed on the furnace at 
90°C∼100°C. After the sample was dissolved com-
pletely, and been made to stand at room tempera-
ture for 30 minutes, it was then taken out and put 
into 100 mL measuring flask.

Quick leaching test of trace element. The 
NEN7371 tests were applied to study the dissolu-
tion characteristics of Cr, Pb, Cd, Zn, As, and Cu 
elements in solid waste. In this test, the liquid to 
solid volume ratio was 50:1, and the  environmental 

1 INTRODUCTION

With the rapid development of China’s social econ-
omy and the emission of industrial liquid effluents, 
industrial exhaust, and industrial residue, serious 
environmental problems ensue. Industrial waste 
may contain heavy metals. The environmental 
pollution caused by heavy metal wastes and their 
harm to health are extremely serious. They endan-
ger the nervous and circulatory systems and some 
of them are carcinogenic. So many countries have 
established the strict emission standards and dis-
solution standards of heavy metals.

Appearing with the environmental problems in 
recent years, the trace element of solid waste has 
become a research hotspot [Li Cheng, Yu Qijun, 
Van der Sloot H.A., et al]. It would be a new issue 
of concern for them that the environmental pol-
lution was caused by the heavy metal ions leach-
ing from the solid waste in certain conditions [Liu 
Peng, et al]. In this research, we would use several 
common solid wastes from China, such as blast 
furnace slag, phosphorus slag, fly ash, incineration 
slag etc. The NEN7371 tests were applied to study 
the dissolution characteristics of Cr, Pb, Cd, Zn, 
As, and Cu ions from solid waste, and discuss the 
effect of heavy metals on the environment.

2 EXPERIMENTS

2.1 Experimental materials

In this research, these chemical reagents was used, 
including nitric acid (analysis purity), acetic acid 

Table 1. The chemical composition of solid waste.

Type
CaO
%

SiO2
%

Al2O3
%

Fe2O3
%

MgO
%

SO3
%

BFS 40.6 26.6 12.3 6.6 8.5 0.4
PS 50.3 38.8 4.8 0.1 1.0 −
FA 5.1 59.0 21.6 8.7 1.5 0.7
GIS 20.4 41.7 7.5 13.2 14.3 0.3
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temperature was 20 ± 2°C. There were two kinds of 
the leaching liquids, namely acetic acid buffer solu-
tion (pH = 7) and nitric-acetic acid buffer solution 
(pH = 4). 16.000 ± 0.0001 g samples were sieved 
through 125 μm sieve, and then put into the leach-
ing liquid. The mixtures were stirred to last 6h, and 
then were filtered with 0.45 μm filter membrane. 
The clear liquid was shifted into the volumetric 
flasks after acidification treatment.

Test method of  heavy metal ion concentra-
tion. With atomic absorption spectrophotom-
eter method, the total content of  Cr, Pb, Cd, 
Zn, and Cu element in fly ash was determined. 
With atomic fluorescence spectrophotometer 
method, the total content of  As element in fly 
ash was determined. With atomic absorption 
spectrometry method, the content of  Cr, Pb, Cd, 
Zn, Cu, and As element among the solution was 
determined.

3 RESULTS AND DISCUSSION

3.1 The total content of heavy metals

The total content of heavy metals in waste shows 
direct impact on the ecological environment [Shi 
Huisheng]. The total content of heavy metals in 
solid waste was calculated and shown in Table 2. 
From Table 2, it could be found that the contents 
of heavy metal elements in solid waste could not be 
ignored. The heavy metal content of BFS content 
is lower, and that of FA is higher. GIS is extremely 
high in heavy metal. For example, the Cr con-
tent reached to 433.5 mg/kg, and the Zn content 
reached to 1870 mg/kg.

Compared to the quality of requirements of 
Class III soil of GB15618 “environmental quality 
standard for soils”, all kinds of heavy metal in BFS 
accorded with the standard requirements, the Cd 
content in FA and PS exceeded the standard value, 
and the Cr, Cd, Zn, As, and Cu content in GIS was 
much more than the standard value except the Pb 
content.

3.2 The soluble content of heavy metals

Contents of heavy metal elements in industrial 
waste can be divided into the total content and 
soluble content, the latter is often called “the effec-
tive content”. The NEN7371 leaching method can 
be used to test the effective release content of inor-
ganic components in particulate materials or waste 
under extreme environmental conditions. This 
method can reflect the possible release amount of 
heavy metal components in long service concrete, 
so this method was applied to evaluate the environ-
mental safety of building materials in EU [Kossor 
D. S., et al].

With NEN 7371 test method, the soluble con-
tent of Cr, Pb, Cd, Zn, As, and Cu element was 
determined and shown in Table 3, and the effective 
content was shown in Figure 1 and Figure 2.

The test results showed that the soluble content 
of heavy metals in solid waste was far less than 
the total content for corresponding. The effec-
tive content of heavy metals was in the range of 
8.4%∼66.4%. The effective content of Cu was 

Table 2. The total content of heavy metals in solid 
waste.

Type

The total content (mg/kg)

Cr Pb Cd Zn As Cu

BFS  23.6  12.4  0.1  35.5  0.4   7.5
PS   1.3   2.4  8.7  12.3 26.1   0.3
FA  98.8  82.3 45.5 200.6 18.6  83.9
GIS 433.5 323.1  8.6 1870 18.9 434.7
Class III soil

of GB15618
≤300 ≤500 ≤1.0 ≤500 ≤40 ≤400

Figure 1. The effective content of Cr, Pb, As, and Cu.

Table 3. The soluble content of heavy metal ions from 
soil waste (pH = 7).

Type

The soluble content (mg/kg)

Cr Pb Cd Zn As Cu

BFS  10.2   1.5 – 18.4 0.05   4.0
PS   0.4   0.3  5.2 5.0 2.20   0.1
FA  69.3  16.60 25.8 62.6 0.35  58.7
GIS 246.6 120.0  5.0 1017 4.90 288.7
Class III soil 

of GB15618
≤300 ≤500 ≤1.0 ≤500 ≤40 ≤400
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 highest, and that of As was lowest. From Table 3, 
the effective content of Cd in FA and PS exceeded 
the standard value of Class III soil, and the  effective 
content of Cd, Zn in GIS was much more than the 
standard value.

3.3 The effect of acidic condition 
on the leaching characteristics

It has significant influence of the pH value on the 
leaching of heavy metal ion. Some researchers [Yu 
Qijun, Kazuyuki S., Chrysochoou M., et al] had 
found that some heavy metal ions would decrease 
the leachability at higher pH solution. The reason 
may be the decrease of soluble, or the formation of 
insoluble phase and the re precipitation in solution 
[Yu Qijun].

In this research, the leaching characteristics of 
heavy metals from FA in the acid condition (pH = 4) 
were studied. The experimental results were shown 
in Figure 3. Compared with the soluble content of 
heavy metals in pH = 7 leaching liquid, the soluble 
content of Cr and Cu in pH = 4 leaching liquid 
was lower, and the soluble content of Pb, Zn, As in 
pH = 4 leaching liquid was higher. The test results 
show that acidic solution decreased the leachabil-
ity of Cr and Cu ions and increased the leachabil-
ity of Pb, Zn, and As ions. It has less effect of the 
acidic environment on the leachability of Cd ion. 
The effect of pH on BFS, PS, GIS was consistent 
with that on FA.

4 ENVIRONMENTAL IMPACT ANALYSIS

How to evaluate the environmental hazards of 
heavy metals? The researchers adopt various meth-
ods, such as the total content method, the simula-
tion test method, the environmental geochemistry 
method, the chemical speciation method and the 
indicator plant method etc. [Shi Huisheng].

It is not reasonable to evaluate the influence of 
solid waste on the ecological environment using 
the total content method. Obviously, although 
the total content of heavy metals in solid waste is 
higher, the solution content possibly is lower. If  
heavy metal ions in solid waste are inactive, namely 
not into the recycling ecosystem, these heavy met-
als are harmless to the environment. In a word, it 
is reasonable to evaluate the environmental impact 
analysis using the solution content method. The 
heavy metal ions concentrations of leaching liq-
uid were detected during the testing process in the 
soluble content of fly ash. The results were showed 
in Table 4.

According to the relevant requirements of 
GB5085.3 “identification standard for hazardous 
wastes—identification for extraction toxicity”, the 

Figure 2. The effective content of Zn and Cd.

Figure 3. Effect of acid condition on leaching.

Table 4. The maximum leaching concentration of heavy 
metals (pH = 7).

Type

The maximum leaching concentration 
mg/L

Cr Pb Cd Zn As Cu

BFS 0.20 0.03 – <0.37 0.01 0.05
PS 0.01 0.01 0.10  0.10 0.04 2.20
FA 1.39 0.33 0.52  1.25 0.01 1.18
GIS 4.93 2.40 0.10 20.34 0.10 4.90
GB5085.3 ≤15 ≤5 ≤1 ≤100 ≤5 ≤100
Class V of 

GB3838
≤0.1 ≤0.1 ≤0.01 ≤2.0 ≤0.1 ≤1.0

ICCAHE15_Book.indb   1037ICCAHE15_Book.indb   1037 11/17/2015   6:37:53 AM11/17/2015   6:37:53 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-003.jpg&w=189&h=163
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-003.jpg&w=189&h=163
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-003.jpg&w=189&h=163
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-006.jpg&w=189&h=162
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-006.jpg&w=189&h=162
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-212&iName=master.img-006.jpg&w=189&h=162


1038

leaching ion concentrations of Cr, Pb, Cd, Zn, As, 
and Cu in solid waste were lower than the stand-
ard limit. This indicates that BFS, PS, FA and GIS 
don’t belong to hazardous waste. Under certain 
conditions, the effective contents of heavy metal 
in solid waste are dissolution. According to the 
technology requirements of Class V in GB3838 
 “environment quality standard for surface water”, 
the maximum solution amount of Cr, Pb, Cd, and 
Cu ions in FA, the maximum solution amount of 
Cd, Cu ions in PS, the maximum solution amount 
of Cr ions in BFS, the maximum solution amount 
of Cr, Pb, Cd, Cu, Zn, and As ions in GIS exceeded 
the standard limit.

It is reasonable to evaluate the environmental 
security of heavy metal from the solid waste long-
term stacking region by the maximum solution 
amount of heavy metal [Kossor D.S., et al]. The 
research results show that the blast furnace slag 
dumps region for a long time had a greater risk of 
Cr ions, and the fly ash dumps region for a long 
time had a greater risk of Cr, Pb, Cd, and Cu ions. 
The phosphorus slag dumps region for a long time 
had a greater risk of Cd and Cu ions. The incin-
eration slag dumps region for a long time had a 
greater risk of Cr, Pb, Cd, and Cu ions.

5 CONCLUSIONS

1. The contents of heavy metal elements in 
solid waste could not be ignored. Compared 
to the quality requirements of Class III soil 
of GB15618, the Cd content in FA and PS 
exceeded the standard value, and the Cr, Cd, 
Zn, As, and Cu content in GIS was much more 
than the standard value.

2. The heavy metal components could be slowly 
leached from solid waste in the water environ-
ment. The effective content of Cu was highest, 
and that of As was lowest. The effective content 
of heavy metals in GIS was higher than that in 
BFS, FA, and PS.

3. The acidic solution decreased the leachability 
of Cr and Cu ions, and increased the leachabil-
ity of Pb, Zn, and As ions. It has less effect of 
the acidic environment on the leachability of 
Cd ion.

4. The blast furnace slag dumps region for a long 
time had a greater risk of Cr ions, and the fly 
ash dumps region for a long time had a greater 
risk of Cr, Pb, Cd, and Cu ions. The phosphorus 

slag dumps region for a long time had a greater 
risk of Cd and Cu ions. The incineration slag 
dumps region for a long time had a greater risk 
of Cr, Pb, Cd, and Cu ions.
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ABSTRACT: We study the frost resistance about city sludge as a raw material to make city sludge sin-
tered shale brick. City sludge sintered shale brick has contrasts with common sintered shale brick about 
frost resistance experiment in progress of different cycles (10 times, 20 times, 30 times, and 50 times) and 
studies the effect on sludge contents. Results show that with the increase in the number of cycles, the loss 
rate of city sludge sintered shale brick’s compressive strength and the appearance of quality are larger 
than common sintered shale brick. The reason is sludge as an organic to produce contents of energy and 
pores in the high temperature through burning to have influence on frost resistance; with the increase in 
sludge content, the loss rate of quality and strength increases.

Keywords: city sludge; frost resistance; porosity; sludge content

to internal to result in cracking and peeling. There-
fore, it has reduced the freeze resistance, the mate-
rial quality, compressive strength [1–3].

2 RAW MATERIALS AND TEST 
METHODS

2.1 Raw materials

2.1.1 Shale
We choose shale brick from factory in Liuzhou city 
of Guangxi where it is taken from near the village 
place in the ball mill after it dries and breaks to 
form powder, its components include SiO2, Al2O3, 
Fe2O3, CaO, and MgO. The standard shale particle 
size distribution are as follows Table 1.

1 INTRODUCTION

At present, due to rapid development of economic 
and GDP, building consumes too much energy 
and has a close relationship with environment and 
resources. China’s annual waste of resources is about 
15 million tons, so waste utilization by more people 
is brought to attention to, especially the utilization of 
sewage sludge. City sludge is a sewage treatment plant 
in the water purification process of solid waste pre-
cipitation, and it contains rich hydrocarbon organic 
compounds and large numbers of pathogenic bac-
teria, heavy metals, and other harmful substances. 
It may become a source of pollution and cause of 
secondary pollution easily if unreasonably used 
without any safety. Therefore, the disposal of city 
waste sludge is a priority, which sludge mixes with 
shale of preparing sintered shale brick, it is a way to 
save energy and protect ecological  environment. Our 
research group has laid a solid foundation about city 
sludge and made achievements to certain properties 
results. However, the frost resistance of city sludge 
brick is still inadequate.

Frost resistance refers to materials’ resistance in 
freezing and thawing cycles and free-water, which 
contains tiny pores that freeze to produce expan-
sion and migrate to the icing area resulting in a 
great pressure on materials. With the time going 
by, expand-energy gradually extends from external 

Table 1. Shale particle size distribution.

No.
Particle 
size (mm)

Quality 
proportion (%)

1 >2 10
2 1.5∼2 12
3 0.5∼1.0 38
4 0.25∼0.5 15
5 <0.25 25
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2.1.2 Sludge
City sludge: sludge from the primary sink of the 
sewage treatment plant in Liuzhou, Guangxi. 
The basic properties of city sludge are shown in 
Table 2, Figure 1 shows that the composition per-
centages of the sludge are: SiO2 83%, KCl 12%, 
(KAl2 (AlSi3) O10) (OH)2 1.7%, CaNH 1.9%, Mg 
(OH)20.6%, Li2CrF6 0.4%, and Mn1.7Fe1.3 0.3%.

2.2 Sintering progress

The brick is making use of sludge and shale as a 
certain mixture, adding content of water to adjust 
the mixture of water content and repeatedly mix, 
it is sealed at 20±1°C and molded after 24 h of 
aging suppression in relative maintenance of 100% 
humidity, brick model is made for wood and size is 
240 mm × 115 mm × 53 mm. The specific process is 
that the wet model dries during 1.5 h after sun by 
drying in oven at 105°C, the second step is to place 
it in the high-temperature laboratory, programma-
ble to roast according to the setting temperature 
to fire at temperature of 950°C and it takes 2 h to 
cool furnace.

2.3 Test method

The frost resistance experiment box is a Beijing—
Shuzhiyilong instrument. The test is carried out 
with reference to national standard/T GB 2542–
2012 [4], the damage rate of quality and intensity 
are used as the evaluation frost resistance.

The appearance of test sample (city sludge 
brick and common sintered shale brick) is better 
before testing. We divide them into three groups 
and include 10 bricks per group (1–4 group for city 

Table 2. City sludge index.

PH Color State Taste

6.8 Black or brown Fluid Stench

Figure 1. XRD composition of sludge.

Figure 2. Preparation process of city sludge shale brick.

Figure 3. Freeze-thaw test machine.

sludge sintered shale brick, 5–8 group fired common 
brick, 9–10 contrast sample), it is tested 10 times, 
20 times, 30 times, and 50 times, and the loss rate 
of quality and strength is measured.  According to 
the laboratory test, the methods and steps are as 
follows:

1. Samples removing from the place of curing 
is immersed in water of 10 to 20°C and taken 
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out after 24 h, comparison samples should be 
retained in the standard curing room until the 
completion of the cycles of frost resistance.

2. After the soaking, one should use a damp cloth 
to wipe the surface moisture then put into the 
oven at 105 ± 5°C for drying (during the dry 
process, the two difference weighing is less than 
0.2%, and the two weighing interval is 2 h) to 
refer to M1.

3. Regulation of freezing and thawing box should 
be controlled at 15 ± 2°C, the specimens should 
be placed on the bracket at a distance of at least 
20 mm spacing, if  the temperature rises, until 
it accurately reaches to −15°C to begin freezing 
(it should be about 4 hours), then the samples 
should be placed in a higher specimen 20 mm 
water to keep the temperature at about 15°C. 
Water should be used to thaw 4 hours, thaw time 
must not be less than the entire freeze-thawing 
cycle of 1/4 of the freeze—thawing cycle.

4. After each freezing and thawing cycle, we should 
check the appearance whether it has cracking, 
peeling, and missing angle phenomenon.

5. By freeze-thaw cycle for 10 times, 20 times, 
30 times, and 50 times the samples kept the dry-
box to weigh dry quality. M2. By the ratio of M1 
and M2 divide the M1 to get loss rate of quality.

6. Then the dried samples are soaked again in 
water for 10 to 20°C during 24 h, after which 
they will be placed in the center of the plate to 
be smoothened and loaded until the trial loca-
tion reads the compressive strength.

3 RESULTS AND DISCUSSIONS

3.1 The city sludge about frost resistance 
test data

Before freezing and thawing of the city sludge 
sintered shale brick strength has an average value 
of 15.6. After freezing and thawing strength has 
an average value of 14.31, loss rate of an average 
value of 8.25% < 25% and loss rate of quality of 
an average value of 1.1% < 2%, F50 after testing 
strength has an average value of 14.03 and loss rate 
of average 10.05% < 25% and loss rate of quality 
has an average value of 1.4% < 2%, strength grade 
is MU10 to fit the provisions of the freezing and 
thawing test.

Based on visual observation, city sludge sintered 
shale brick is smooth and has no missing angle, 
cracks and no dregs phenomenon before testing; 
after 10 times of freezing and thawing, we observe 
the appearance of the specimen to find that the 
overall is still good. Thus individual sample is 
found on the surface in which subtle cracks and 
no dregs phenomenon exist when we touch them 

Figure 4. Effect of cycles of quality loss rate.

Figure 5. Effect of cycles on the strength loss rate.

The cycles 10 times The cycles 20 times

The cycles 30 times The cycles 50 times

Figure 6. Freeze-thaw phenomenon.

by hand. After 20 times, the appearance of the 
bricks has an alloy exfoliation phenomenon, and 
some of samples have a slight missing angle and 
dregs phenomenon. After 30 times, the appearance 
is observed at the surface of the crack and spall 
at different levels. After 50 times of freezing and 
thawing, the appearance is observed at the surface 
of the crack and spall, even serious missing angle 
phenomenon as shown Figure 6.
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In Table 3, Table 4, Table 5, and Table 6, with 
repeated times increase, the loss rate of quality and 
compressive strength of city sludge sintered shale 
brick gradually increase. When the freeze-thaw 
cycle is 50 times, the loss rate of quality reaches 
1.4% and average strength loss rate reaches 10.05%, 
but the frost resistance of city sludge sintered shale 
brick is poorer than common sintered shale brick, 
it is a reason that during the process of sintering, 
city sludge burns and leaves a small content of ash 
after high temperature as organic, leading to pro-
duce a large number of uniform pores which is like 
capillary hole, it can begin to freeze the water in the 
low temperature and produce a certain expansion 

stress on the surrounding; with the time goes, the 
bricks gradually generates a minor crack to extend 
the internal pore and provide favorable conditions 
for the next time, so that the crack is larger than 
before resulting in damage such as missing angle.

3.2 The influence of sludge amount 
on the freezing resistance

With contents of sludge increase, the bricks pro-
duce the porosity and have missing angle, crack, 
slag and other phenomenon, and it is true that 
sludge contains large contents of organic produces. 
Too much heat leading to the moisture and volatile 

Table 3. Freezing-thawing 10 times quality and strength.

No. 1 2 3 4 5 6 7 8

Pre freezing thawing (kg) 2.31 2.35 2.34 2.33 2.38 2.71 2.79 2.80
After freezing thawing (kg) 2.31 2.35 2.34 2.32 2.67 2.71 2.78 2.80
Freeze thaw strength (Mpa) 14.85 14.8 15.53 14.94 26.87 26.92 26.53 26.75
Quality loss rate (%) 0.2 0.14 0.18 0.21 0.1 0.12 0.08 0.13
Strength loss rate (%) 4.8 5.1 4.0 4.2 3.7 3.5 4.9 4.1

Table 4. Freeze-thawing 20 times quality and strength.

No. 1 2 3 4 5 6 7 8

Pre freezing thawing (kg) 2.31 2.35 2.34 2.33 2.38 2.71 2.79 2.80
After freezing thawing (kg) 2.30 2.34 2.33 2.31 2.66 2.71 2.78 2.80
Freeze thaw strength (Mpa) 14.5 14.4 15.53 14.54 26.42 26.28 26.20 26.18
Quality loss rate (%) 0.6 0.7 0.6 0.8 0.5 0.2 0.4 0.3
Strength loss rate (%) 6.4 7.7 6.8 7.4 5.3 5.8 6.1 6.0

Table 5. Freeze-thawing 30 times quality and strength.

No. 1 2 3 4 5 6 7 8

Pre freezing thawing (kg) 2.31 2.35 2.34 2.33 2.38 2.71 2.79 2.80
After freezing thawing (kg) 2.29 2.33 2.31 2.30 2.66 2.70 2.77 2.78
Freeze thaw strength (Mpa) 14.3 14.34 14.37 14.24 25.81 25.83 25.97 25.72
Quality loss rate (%) 1 0.9 1.2 1.1 0.6 0.5 0.7 0.8
Strength loss rate (%) 8.3 8.1 7.9 8.7 7.5 7.4 6.9 7.8

Table 6. Freeze-thawing 50 times quality and strength.

No. 1 2 3 4 5 6 7 8

Pre freezing thawing (kg) 2.31 2.35 2.34 2.33 2.38 2.71 2.79 2.80
After freezing thawing (kg) 2.28 2.15 2.31 2.30 2.65 2.69 2.76 2.79
Freeze thaw strength (Mpa) 14.13 14.26 13.92 13.82 27.68 25.81 25.55 27.65
Quality loss rate (%) 1.4 1.2 1.3 1.6 0.8 0.9 1.0 0.8
Strength loss rate (%) 9.4 8.6 10.8 11.4 8.0 7.5 8.3 9.0

ICCAHE15_Book.indb   1042ICCAHE15_Book.indb   1042 11/17/2015   6:37:56 AM11/17/2015   6:37:56 AM

  



1043

of homogeneous pores. The water freezes to 
produce expansion stress at low temperatures 
resulting in a decline in the frost resistance.

3. With the increase of  the contents of  sludge, 
sintering process of  burn-out forms a large 
number of  pores leading to loss rate of  qual-
ity and strength, which tends to rise. Then 
frost resistance shows to decrease, but having 
reached the strength of  sintered brick loss rate 
of  less than 25%, the loss rate of  quality does 
not exceed 2%.

REFERENCES

[1]  Zhang Xianghua. Research and development of 
municipal sludge sintered shale porous brick and 
its masonry compression performance analysis [D]. 
Guangxi University of technology, 2013.

[2]  Huang Bangbiao, Li Xiqiang, Zhu Jizhen, Guan 
Qiongqiong. The effect of temperature on the basic 
properties of sewage sludge shale brick [J]. Journal of 
Guangxi University of technology, 2012, 04: 8–12.

[3]  Huang Bangbiao, Jing Jiahua, Huang and Huang 
Jianqiang, Ji Zhen Zhu. Temperature of cracks of 
light shale sintered brick [J]. New building materials, 
2011, 03: 37–40.

[4]  Test methods for wall bricks (GB/T 2542-2012).
[5]  Beata Łaźniewska-Piekarczyk. The frost resistance 

versus air voids parameters of high performance self  
compacting concrete modified by non-air-entrained 
admixtures [J]. Construction and Building Materials, 
2013, 48.

[6]  Yuan Chang, Zhu Jizhen, Huang Bangbiao, Lai 
Chun, Wu Weifeng. City sludge fired shale perforated 
brick masonry axial compression tests [J]. Guangxi 
University Journal (Natural Science Edition), 2014, 
01: 32–37.

[7]  Wang Meili, Li Wensheng, Yang Ning. Research on 
the freeze thaw of recycled aggregate concrete and 
ordinary concrete [J]. engineering construction, 2010, 
03: 1–4.

Figure 7. Effect of frost resistance of sludge content.

escaping in the sintering process to form intercon-
nected pores resulting in the increase of porosity 
and continuing to absorb a lot of water, it is shown 
in Figure 7 that loss rate of city sludge sintered 
shale brick quality and strength tend to move to an 
upward with the content increase [5–7].

4 CONCLUSIONS

1. By utilizing city sludge and agricultural waste 
sawdust production, it protects ecological sys-
tem and saves energy to create social benefits, 
making new contributions to meet the green 
energy-saving civil engineering.

2. In the article, one designs the city sludge shale 
sintered brick about frost resistance. The experi-
ment shows that with increasing cycles of freez-
ing and thawing, the quality and intensity of 
city sludge sintered shale brick and the common 
sintered shale brick are lost, but it illustrates that 
city sludge sintered shale brick is much greater, 
because the city sludge has a higher loss after 
burning in high temperature and the process of 
roasting. Organic volatile substances and a small 
content of ash exist to produce a large number 
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ABSTRACT: LixFePO4 (x = 1.0,1.02,1.04,1.05) cathode material was prepared by high temperature 
solid-state method. The structure and morphology of LixFePO4 were characterized by Scanning Electron 
Microscopy (SEM) and X-Ray Diffraction (XRD). Mastersizer 3000 was used to analysis the particle size 
of the material. Electrochemical performance of the cathode material was researched by Land 2001. The 
results showed that the samples with different content of Li kept the olivine structure of LiFePO4. And 
the optimal sample of LixFePO4 was the x equal to 1.02. At 0.2 C, 0.5 C and 1 C rate, the optimal sample 
(Li1.02FePO4) has initial discharge capacities of 151.3 mAh/g,148.8 mAh/g and 143.8 mAh/g.

Keywords: free lithium; lithium iron phosphate; electrochemical properties

Lithium carbonate was produced by Xilong 
Chemical Co., Ltd. Ferrous oxalate was produced 
by Hubei hao yuan material technology co., LTD.

Scanning electron microscopy (Inspect S50, 
FEI Company), Electrothermal blowing dry box 
(110-0A, Tian jin), X-ray diffraction (U1timal 
IV, Riguku), Electronic balance (BSA423S-CW, 
Sartorius), Laser particle size analyzer (Master-
sizer 3000, Malvern Istruments Ltd.), Electric 
blue test (CT2001A, Wuhan blue electric technol-
ogy co., LTD) Glovebox (Universal (2440/750) 
MIKROUNA (CHINA) CO., LTD).

2.2 LixFePO4 preparation and characterization

The LixFePO4 composite was prepared via High 
temperature solid phase method using LiH2PO4, 
FeC2O4 ⋅ 2H2O, LiCO3, Citric acid as raw materials, 
all the chemicals are analytical grade. The synthesis 
steps are as follows. The stoichiometric amounts 
of LiH2PO4, LiCO3, FeC2O4 ⋅ 2H2O were mixed in 
ethanol and ball milled under the speed of nearly 
300 revolutions per minute for 4 h. Then, the mix-
ture was dried at 80 °C in the oven for 5 hours. After 
drying, the mixture was calcined in N2 atmosphere 
at 450 °C for 4 h and 700 °C for 4 h under N2 (the 
purity of 99.99%) atmosphere, the heating rate 
was 3 °C/min. The vacuum tube furnace (HEFEI 
KEJING materials technology co. LTD) was used 
for the preparation of composite electrode material.

The purity and structure of the material were 
detected with X-Ray Diffraction (XRD) (U1timal IV, 
Riguku) using Cu Κα radiation. Scanning Electron 

1 INTRODUCTION

Lithium-ion batteries with high rate performance 
have attracted considerable interest as cathode 
material. In recent years, the research and develop-
ment of the lithium ion battery anode material have 
attracted much attention in industrial countries[1–3]. 
Zhang Dongyun has studied the “Property and 
Structure of  carbon—coated LiFePO4”. This 
paper presented that carbon coated on the surface 
of LiFePO4, which could inhibit the grain growth 
and cause the smaller size[2]. Hongbo Shu has 
studied “Effective enhancement of electrochemi-
cal properties for LiFePO4 materials by Na and 
Ti co-doping”, this paper showed that the Na and 
Ti co-doped samples kept the olivine structure of 
LiFePO4, but Na and Ti could inprove the electro-
chemical performance of the material[4].

The influence of lithium content on the perform-
ance of LiFePO4 didn’t document in the literature. 
In the synthesis process of LiFePO4, a part of lith-
ium will volatilize in high temperature. Therefore 
in the process of preparation of LiFePO4 the 
lithium shoud slightly excess. In the paper, differ-
ent lithium contents were studied in the process of 
synthesising LiFePO4.

2 EXPERIMENTAL LixFePO4/C

2.1 Instruments and reagents

Lithium dihydrogen phosphate was produced 
by Guoli material co., LTD in sichuan province. 
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Microscopy (SEM) (Inspect S50 FEI) was used to 
observe the particle morphology. Laser particle size 
analyzer (Mastersizer 3000, Malvern Istruments 
Ltd.) Electrochemical measurements were carried 
out using Land CT2001 A (Land., Wuhan blue elec-
tric technology co., LTD China).

3 RESULTS AND DISCUSSION

3.1 XRD analysis of the cathode material

Figure 1 shows the XRD patterns of the different 
Li content of LiFePO4. The XRD patterns of the 
different content of Li samples are similar to the 
standard of orthorhombic LiFePO4. The XRD 
patterns shows a pure LiFePO4 phase without any 
obvious evidence of other impurities. This indi-
cates that the content of Li ion does not change 
the crystal type of LiFePO4.

3.2 Particle size analysis

Figure 2 was the pore size distribution of 
Li1.02FePO4. From Figure 2 it can be seen that the 
madian diameter (D50) keeps unchanged in the 
last tests. It remained at about 2.8 μm.

Figure 1. XRD patterns of LiXFePO4 ((1) X = 1.0, 
(2) X = 1.02, (3) X = 1.04, (4) X = 1.05)).

Figure 2. Pore size distribution.
Figure 3. SEM images of LiXFePO4 ((1) X = 1.0, 
(2) X = 1.02, (3) X = 1.04, (4) X = 1.05)).
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3.3 SEM analysis of the cathode material

Figure 3 was the the morphologies of the material 
LiXFePO4 ((1) X = 1.0, (2) X = 1.02, (3) X = 1.04, 
(4) X = 1.05). The LiXFePO4 is composed of irregular 
particles. The Figure 3 with different content of lith-
ium didn’t change a lot. Only in the Figure 3(2) the 
particle size distribution looks more homogeneous. 
The Figure 3(4) with the content of lithium at 1.05 
the particles present agglomeration phenomenon.

3.4 Electrochemical performance of Li1.02FePO4

Figure 4 shows the initial charge and discharge 
curves of  LixFePO4 at different lithium content 
at 0.2 C. From the Figure 4 it can be seen that 
all samples at 0.2 C have a long flat discharge 
plateau at around 3.4 V, which indicates that 
the two-phase redox reaction proceeds via a 
first-order transition between LiFePO4 and 
FePO4

[5, 6]. Sample 2 at 0.2 C has a discharge 
capacity of  151.3 mAh/g. The first discharge 
capacity of  samples 1, 2, 3 and 4 are 145 mAh/g, 
151.3 mAh/g, 147.2 mAh/g and 140.1 mAh/g. 

Figure 4. The initial charge and discharge curves 
of LiXFePO4 ((1) X = 1.0, (2) X = 1.02, (3) X = 1.04, 
(4) X = 1.05).

These results suggest that the lithium contents 
of  LixFePO4 have an influence to electrochemi-
cal properties of  the materials.

Figure 5 shows the Li1.02FePO4 sample dis-
charge cycle performance at different rates. From 
the Figure 5, it can be seen that the discharge spe-
cific capacity for the first time at 0.2 C, 0.5 C, 1 C 
respectively are 151.3 mAh/g, 148.8 mAh/g and 
143.8 mAh/g. The optimum material with the lith-
ium content at 1.02 the capacity attenuates a little. 
And after 50-cycle the capacities remain above 
99% after 50 cycles at 1 C.

4 CONCLUSIONS

Li1.02FePO4 cathode material was successfully 
synthesized by High temperature solid phase 
method using LiH2PO4, LiCO3, FeC2O4 ⋅ 2H2O 
as raw materials. The impact of  different lithium 
content on the microstructure and electrochemi-
cal performance of the material were studied. 
The XRD results showed that content of  lithium 
did not change the olivine structure. At 1 C rate, 
Li1.02FePO4 has initial discharge capacities of 
143.8 mAh/g, and the discharge capacities remain 
above 99% after 50 cycles at 1 C.
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ABSTRACT: This article analyzes the significance of recycling waste concrete, comparison of domestic 
and international research on the utilization of recycled concrete, and finds a solution to the needs of 
contemporary society on the concrete contradictions, and construction waste and other problems. After 
sorting the waste concrete crushing aggregate made of different series, then with a certain percentage of 
natural aggregate concrete made of recycled aggregate. The best ratio of recycled aggregate and natural 
aggregate has been identified, by the experiment, using compressive strength as the standard, with the 
slump as the base.

Keywords: recycled aggregate concrete; sustainable development; best ratio

2 CONCEPT OF RECYCLED CONCRETE 
AND SIGNIFICANCE OF REUSE WASTE 
CONCRETE

Concrete of the old buildings or structures disinte-
gration is crushed and gradated to become coarse 
aggregates (Fig. 1, Fig. 2), which replace parts of 
the mixture of sand and gravel to make up concrete, 
known as recycled concrete, or recycled aggregate 
concrete. Recycled concrete is a kind of environ-
mental protection concrete using the broken waste 
concrete as aggregate, and a product under the con-
dition of sustainable development strategy [2, 3].

Dosage the biggest sand in concrete raw mate-
rials have been considered to be an inexhaustible, 

1 INTRODUCTION

Since twenty-first century, with the process of 
city urbanization unceasingly rising, demand on 
concrete, the most extensive application building 
materials, and the most important material base of 
city, is also increasing rapidly. Relevant data show 
that the number of waste concrete from disman-
tling, being generated by new constructing, and 
emissions by ready mixed concrete mixing station 
and precast plant’s is enormous in the world every 
year. The number of waste concrete is 3 × 107 t/y in 
Japan, it is 6 × 107 t/y in USA, and it has reached 
1 × 108 t/y in China, accounted for 50%–60% of 
construction waste, and it showed an increasing 
trend year by year [1]. This does not include a large 
number of abandoned concrete caused by natural 
disaster and the collapse of structures generated by 
war. If  these huge wastes can become resources, its 
value and meaning is inestimable.

In this paper waste concrete will be made into 
different series of aggregates after being treated 
by sorting broken and then into recycled concrete 
by being mixed with natural aggregates in a cer-
tain proportion. Using compressive strength as 
the standard, with the slump as the base, by the 
experiment, the best proportion of recycled aggre-
gate and natural aggregate has been identified, 
and the feasibility of reuse of waste concrete was 
discussed. Figure 1. Simple crushing waste concrete.
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and the optional mining for a long time, result-
ing in landslides, river diversions, destroyed the 
aggregate natively sustainable development of eco-
logical environment. And the formation of natural 
sand and need after a long geological time, which 
means we may be about to face the situation of 
natural aggregate up. Chinese high quality natural 
aggregate (river sand and pebble) has dried up in 
some areas. In many areas eligible concrete sand 
is in short supply, and in some cities, the high 
performance concrete sand even can’t be found. 
But at present our treatment methods of waste 
concrete are not much, the traditional processing 
method is mainly to the suburbs open-air pile up 
or landfill, which would cause adverse impact on 
the environment. If  a large number of waste con-
crete can be reused after recycling and disposal, we 
can not only save the natural aggregate resources, 
but also reduce waste and environmental pollution 
in cities. Production process of concrete material 
recycling is beneficial to advocate the construction 
of resources saving, environment friendly society 
now, to adhere to the scientific concept of devel-
opment, to adhere to sustainable development, to 
build a harmonious society, and especially benefi-
cial for harmony of man and nature, so it has a 
great significance [4].

3 STATUS OF APPLICATION AND STUDY 
ON RECYCLED CONCRETE AT HOME 
AND ABROAD

Europe after the second world war, Japan, the 
United States and other countries began the 
research and development of recycled concrete 
work, held in Brazil in 1992 United Nations con-
ference on environment and development will be 
the earth environment question was put to a very 
high position, many countries will be the recycling 
of the urban construction waste as one of the tar-
get of environmental protection and sustainable 

development, some countries have worked out the 
corresponding technical specification [5, 6].

Many abroad studies on recycling process of 
recycled aggregates are all according to the specific 
engineering condition of their own, as described 
below.

3.1 Japan

Type Due to their small size, relatively scarce 
resources, Japan attaches great importance to the 
waste concrete as to the development and utiliza-
tion of renewable resources. As early as in 1977, the 
Japanese government has made the use of recycled 
aggregate and recycled concrete, and successively 
built to handle all the concrete waste regeneration 
processing plants, production of recycled concrete 
and recycled aggregate, the production of the larg-
est production of 100 t can be processed per hour. 
Japanese industry association has formulated the 
recycled fine aggregate and recycled coarse aggre-
gate quality standards and management methods, 
and on a large scale of production and application 
of recycled concrete [7].

3.2 The United States

Super fund law, enacted by the U.S. government, 
regulates that any production enterprises with 
industrial waste, must properly handle itself, shall 
not, without tipping at will. Since 1982, the ASTM 
C—33–82 “concrete aggregate standard” will be 
broken hydraulic cement concrete included into the 
coarse aggregate. Around the same time, the U.S. 
army Engineers association (Society of American 
he Engineers, SAME) also in the relevant stand-
ards and guidelines encourage the use of recycled 
concrete aggregate [8].

3.3 Europe and other countries

Netherlands is among the first countries to carry 
out research and application of the recycled 
concrete. As early as 1980s, the Netherlands is 
made about the use of recycled concrete aggre-
gate preparation of plain concrete and reinforced 
concrete and prestressed reinforced concrete 
specification. The specification defines the use of 
recycled aggregates on clarify the technical require-
ment of the concrete, and pointed out that if  the 
content of recycled aggregates in the aggregate 
(weight) is less than 20%, the production of con-
crete is completely according to the design and 
preparation methods of common and natural 
aggregate concrete. Germany reinforced concrete 
committee in 1998, proposed “Application guide 
of the use of recycled aggregates in the concrete,”, 
which require recycled aggregates concrete must be 

Figure 2. Recycled coarse aggregate.
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completely accords with the national standards of 
natural aggregate concrete [9].

3.4 China

Study on recycled concrete in our country is late, 
and has become a hot spot in the field of concrete 
research now. Most of the application of the cur-
rent domestic construction waste recycled aggre-
gate is in a state of careful test, lack of a system 
of applied basic research, and perfect technical 
regulations or standards. [1] In practice, the situ-
ation of the domestic and foreign also has a cer-
tain gap, often lack the relevant identification of 
waste concrete classification standard, control the 
quality of the recycled concrete has the certain 
difficulty. So when use, should be carried out on 
the performance of the recycled aggregates and 
recycled concrete test. Large-scale application of 
recycled concrete also has many problems, some 
basic indicators and technical parameters is not 
complete, thus the system study of recycled con-
crete is necessary [10].

4 EXPERIMENTAL STUDY ON 
COMPRESSIVE PERFORMANCE

4.1 Overview on the basic properties 
of recycled concrete

Recycled aggregate has low intensity, high water 
absorption, and large surface roughness compared 
with natural aggregate. Therefore, the basic property 
of recycled concrete is different from that of natural 
aggregate concrete. Recycled concrete uses recycled 
aggregate. Thus, the strength of the recycled con-
crete are closely linked with that of waste concrete 
used. In the condition of the same water cement 
ratio, the higher the strength of recycled aggregate 
is, the higher the strength of recycled concrete is. 
In general, the strength of waste concrete by build-
ing demolition is about C20. As the Water Cement 
ratio (W/C) is 0.6 and the recycled aggregates com-
pletely replace the natural aggregates, its compres-
sive strength of 28 d can be up to 23.5 MPa, fully 
meet to the actual application demand. In the same 
condition of W/C, with the increasing of replace-
ment rate of recycled aggregate, the concrete slump 
gradually become smaller. Apparently, the work-
ability of fresh concrete is obviously influenced by 
recycled aggregate because of its surface roughness, 
high porosity, and high water absorption rate. With 
the increase of the amount of recycled aggregate 
replacement, the slump loss of concrete increases 
gradually. It is closely related with that recycled 
aggregate surface water absorption needs some 
time to reach equilibrium [11, 12].

Because various performance of recycled aggre-
gate is different from that of natural aggregate, 
special study should be conducted on the mixture 
ratio of recycled concrete, according to the char-
acteristic of recycled aggregate, in order to effec-
tively promote the recycled concrete. Southeast 
University professor Zhang Yamei [13] has studied 
three series recycled concretes of C20, C30, and 
C40, and preliminarily discussed the mix propor-
tion design of recycled aggregate concrete. The 
research results show that when the design strength 
is C20, the strength of recycled concrete made by 
the ordinary concrete mix ratio is higher than that 
of the reference concrete, but its work performance 
reduced significantly. On the basis of this, she put 
forward letting recycled aggregate preabsorb water. 
This method is consistent with that suggested by 
Shi Wei [14], which based on free water cement ratio, 
for recycled aggregate’s high water absorption 
ratio. That is, the recycled concrete mixing water 
consumption is divided into two parts, one part 
is for aggregate adsorption, known as adsorbed 
water, it is the water consumption from aggregate 
starting adsorbing water to saturation state of dry 
surface; another part is the mixing water consump-
tion, in addition to evaporation, this part water is 
used to improve the liquidity of mixed complexes 
and participate the hydration reaction of cement. 
The amount of adsorbed water is determined 
according to the tests, mixing water consumption 
is determined according to the design method of 
ordinary concrete mixture ratio [15]. In practice, the 
two parts of water are added together.

During the design of mixture ratio, recycled 
concrete performance can be improved by mixing 
the recycled concrete aggregate with the natural 
aggregate and adding admixture or additive etc. 
In the test of Saroj et al, the performance of recy-
cled concrete has been greatly improved by add-
ing 10% fly ash. The concrete manifestation is that 
not only the shrinkage strain, permeability and 
water absorption of recycled concrete is close to 
that of ordinary concrete but also the acid resist-
ance of recycled concrete is greatly improved. 
Zhang Yamei [13] made up recycled concrete with 
the strength of 54.6 MPa, by using only recycled 
aggregate as coarse aggregate, and mixing with 
high efficiency water reducing agent and fly ash. 
Xing Zhenxian [16] made up recycled concrete with 
the strength of 40.4 MPa by using waste concrete 
aggregate with the matrix strength of C20–C25, 
adding with superplasticizer which makes the 
water cement ratio decrease to 0.35. Thus, mixture 
proportion design of recycled concrete is more 
complex than that of ordinary concrete, however, 
as long as proper measures were taken, satisfactory 
mechanical properties of recycled concrete can be 
obtained.
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4.2 Experiment method and data analysis

Experimental conditions and parameters are as 
follows: test block’s design strength is C30, water 
cement ratio is 0.41, and sand rate is 32%.

Test method: design seven groups of recycled 
concrete with different replacement ratios (ratio of 
recycled aggregate and natural aggregate) of: 0, 10%, 
30%, 10%, 70%, 90%, 100%; each group employ 
three blocks. Slump of the first group is used as a 
benchmark. During the preparation process of the 
rest six groups, their slumps were adjusted continu-
ously to ensure the consistent of the workability 
and fluidity, which should be in accordance with 
the first group. Then draw a graph by comparing 
ultimate strength values of 7 groups recycled con-
crete with different proportions, to find out the best 
proportion. Experiment data are shown in Table 1.

Table 1 shows that the compressive strength of 
all recycled concretes meet the requirements about 
strength, and even beyond that of natural aggregate 
concrete. When the replace rate is 70%, the strength 
reaches its maximum value, or 34.2 MPa, which is 
9.97% higher than that of natural aggregate con-
crete. Diagram based upon the above data is shown 
in Figure 3.

Through Figure 3, we can find that the com-
pressive strength of recycled concrete fluctuates 
with the increase of the replacement ratio. When 
the replace ratio is 70%, it reaches maximum. 
Therefore, the best proportion of recycled aggre-
gate and natural aggregate is 70%.

5 CONCLUSIONS

Experimental results show that the recycled aggre-
gate concrete completely meets the requirements 
of the strength, and has a strong feasibility. Both 
from the perspective of optimized distribution of 
resources and the looming environmental protec-
tion point of view, this is a very good method.

The biggest obstacle to promote widely recycled 
concrete is that there are no protection policies in 
China. If  there is no policy, it is a bit unrealistic 
to only rely on the consciousness of entrepreneurs. 
Therefore, the country’s policy then became the key 
factor. There are the related specification and use 
conditions for a long time in such developed coun-
tries as Japan, the United States, Europe, and so 
on. It also is the important reason for the recycled 
concrete being widely promoted in those countries. 
With the support of national policy, related laws 
and regulations, recycling of waste concrete, which 
benefits both economic and social, would be popu-
larized in our country.
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ABSTRACT: The reason for formation of cracks in the concrete is very complex. This paper analyzes 
the same from the angles of the design, construction, and material properties and explores the reasons 
and influencing factors, describing the mechanism of crack in order to avoid and reduce concrete slab 
cracks. It also provides a theoretical basis and references for similar engineering and technical services.
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angle at notch housing (including plane shape 
mutation Yang corner room) in left yang angle 
1 meter, namely, in the floor of the negative 
bending bars and angle of radial rib terminal or 
lateral occurred about 45 degrees to the ground 
floor of the diagonal cracks. This is common in 
the building of a type of any of cast-in-place 
floor are widespread.

2. Other cracks of floor slab. Except the floor 
cracks, there are three more common kinds: one 
kind is pre embedded pipe and line pipe distri-
bution; second class is when turnover materials 
used in construction temporary more concen-
trated and less frequent, lifting unloading stack-
ing area, mainly concentrated in the center of 
the floor, third class is generated for the effects 
of concrete material and construction technol-
ogy of position.

3 DESIGN FACTOR

The main reason of the cracks in the cast-in-place 
floor is that the shrinkage of concrete is caused 
by the shrinkage of concrete and the temperature 
difference. And the more the floor crack the closer 
is the roof. From the design point of view, the cur-
rent design specification focuses on the intensity of 
the considerations, not fully according to the tem-
perature difference and the shrinkage of concrete 
and other factors, such as the amount of reinforce-
ment and thus can not reach the requirements. And 
around the house yang angle due to the longitudinal 
and transverse direction shear wall or stiffness rela-
tively large floor beam constraints, limiting the free-
dom of floor slabs of concrete deformation, so in the 
temperature and shrinkage of concrete changes, plate 
in reinforcement weak at first cracking, resulting in 
about 45 degrees of angle cracks. Although the crack 

1 INTRODUCTION

In many engineering quality problems, the con-
crete crack phenomenon is more outstanding. 
Therefore one must pay attention to the cause of 
formation and prevention of concrete crack. The 
concrete is a heterogeneous brittle material, which 
is mixed with the aggregate, cement, water, and 
other materials. Due to the concrete construction 
and its deformation, a series of problems, such 
as constraint, hardening, and molding, of con-
crete exist causing many micropores, cavitation 
and micro cracks. It is because of the existence 
of these initial defects that concrete showed some 
heterogeneous characteristics. But due to load and 
temperature differences in concrete action, micro 
cracks will constantly extend and get connected, 
and ultimately form a visible macro crack.

The shrinkage of concrete is the main reason 
that causes cracks of cast-in-place plate. The con-
crete, in the condensation process, will change in 
volume. When the shrinkage stress exceeds the ten-
sile strength of concrete, the concrete will crack. 
The crack problem of the concrete is widespread 
and has become a major problem plagued in the 
construction engineering and technical personnel, 
following on from the aspects of design, material, 
and construction operation to analyze the crack 
causes of construction for the prevention and con-
trol measures.

2 PRONE SITE OF CRACKS IN 
CAST-IN-PLACE FLOOR SLAB

1. The cracks in the room. From the site of the 
residential project, cast-in-place floor cracks, 
are the most common and widespread and are 
the largest in number around the house yang 
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has no effect on the structural safety of the building, 
but has the leakage defect in the special case of water 
source, it is the key of crack prevention. According 
to the above analysis and consideration on the sur-
rounding yang angle at the floor panel reinforcement 
to strengthen, negative reinforcement with no sepa-
ration type cutting, full-length configuration and 
appropriate encryption bold.

Over the years, the practice has proved that 
the design of the concrete floor slab basically no 
longer occurred 45 degrees diagonal crack, can 
better solve the problem of floor cracks, the effect 
is remarkable. For the radial steel bar in the corner, 
the function is small. The reason is not the length 
of radial steel (about 1.2 meters), the room in the 
corner of Dangyang by double encryption and still 
strengthen two-way reinforced by separating tec-
tonic setting negative moment short ribs, 45 degree 
oblique cracks will still be transferred to the inward 
radial rib at the end or outside, and when the dou-
ble encryption to strengthen two-way reinforced, 
longitudinal, transverse two directions has been 
reinforced to resist and prevent the occurrence and 
metastasis of the 45 degree angle of the crack, and 
radial reinforcement often only the upper layer, 
above the binding often set aside in the aspect of 
steel plate, steel lead to overlapping, will negative 
reinforcement plate under pressure, reducing the 
effective height of plate negative reinforcement, so 
that the focus on strengthening the double encryp-
tion can be reinforced.

4 MATERIAL PROPERTY FACTOR

Concrete is a kind of non homogeneous brit-
tle material which is mixed with sand aggregate, 
cement, water, and other materials. The main fac-
tor affecting the deformation of concrete is.

4.1 Influence of cement variety

Cement selection is the key to the problem of con-
traction. Different varieties of cement shrinkage 
depends on calcium aluminate three, three sulfur, 
gypsum content and fineness of cement. And with 
the application of high strength concrete, cement 
grade level requirements has been improved, 
cement consumption will increase, higher caused 
by hydration heat, concrete shrinkage deformation 
is greater.

4.2 The influence of concrete mix proportion 
in the raw material certain conditions

The proportion in certain conditions influences the 
raw material certain conditions, the water cement 
ratio of concrete shrinkage has a great influence. 

Shrinkage of concrete depends on unit quantity of 
water and cement, and the effect of water is higher 
than the cement. In water use in certain conditions, 
shrinkage of concrete increase with the increase 
of the amount of cement. In water cement ratio 
under certain conditions, mixed concrete shrink-
age increases with the water cement ratio increased 
significantly increased; in water cement ratio under 
the same conditions, concrete shrinkage with 
increasing sand rate and increase, but increase in 
amplitude is smaller. The reasons for the shrinkage 
of concrete are the control parameters such as unit 
water consumption, cement dosage, water cement 
ratio, sand ratio and so on.

4.3 Effect of slump

Pumping concrete in order to satisfy the pump-
ing conditions: slump, good fluidity, easy to pro-
duce less local coarse aggregate, mortar. At this 
time dehydration concrete stem lapse, it will pro-
duce crack surface.

5 CONSTRUCTION 
TECHNOLOGY FACTOR

5.1 The effective protection measures of the 
reinforced floor of the upper floors

Floor panel of the lower layer reinforced bar in 
the concrete floor plate tensile force plays a dual 
role of resist external load generated by bend-
ing moment and prevent the occurrence of con-
crete shrinkage and temperature cracks, and the 
dual role of are required to reinforced in reason-
able protection layer under the premise to ensure 
effective. In the actual construction, the floor and 
the lower layer of the reinforced net in the concrete 
block and template based on the protection layer 
is easier to correct control. But when the pad spac-
ing enlarged to 1.5 meters, the reasonable protec-
tion of mesh reinforcement layer thickness can not 
guarantee, so does the aspect to the pad spacing 
limit at 1.0 meters.

In contrast, the effective protection of the upper 
floors has been a big problem in the construction. 
The reason for this is that the floor panel of the 
upper reinforcement is generally fine is soft, per-
sonnel from the stampede immediately after bend-
ing, deformation, straining; reinforced distance 
template of greater height and are not subjected 
to template based on the protection; various types 
of cross operation, resulting in many construction 
workers, walking is very frequent, no settled at will 
inevitably be a stampede; the upper layer of the 
reinforcing steel bar mesh support spacing is too 
large, or even, resulting in upper mesh reinforce-
ment can not be effectively protected.
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5.2 Crack embedded pipe at

Pre embedded pipe, especially at the center of a 
plurality of line pipe is concrete section are more 
weakened, which caused by stress concentration, 
easily lead to cracks occurring in a weak position. 
When the pre cut line tube with smaller diameter 
and the standard width of a room housing width is 
also smaller, and line pipe laying direction and do 
not coincide in the vertical to concrete shrinkage 
and tensile direction, generally not occurred floor 
cracks. On the contrary, when the pre embedded 
pipe of larger diameter, width and width is larger, 
and line pipe laying direction and the coincidence 
in parallel to concrete shrinkage and tension at the 
same time, it is prone to cracks in the floor. So for 
thick pipes or a plurality of line pipe distribution 
should be according to the technical requirements 
of additional vertical in line tube short steel mesh 
strengthening. According to the experience, it is 
recommended additional crack short reinforced by 
phi 6–8 mm, the spacing is less than or equal to 
150, at both ends of the anchorage length should 
be not less than 300 mm.

Using radial distribution is suitable for distribu-
tion line tube in installation should avoid stereo 
crossing, cross wiring can be in accordance with 
the technical requirements of the line box, at the 
same time in a plurality of line pipe and avoid 
closely parallel arranged, to ensure that the line 
pipe at the bottom of the concrete pouring con-
struction smoothly and vibration compacting. 
And when the line pipe number, so that the export 
distribution section of concrete greatly reduces 
when, should according to leave holes in the struc-
tural requirements around added under the 2 Phi 
12 well shaped anti crack structure is reinforced.

5.3 Strengthening the maintenance 
of floor concrete

The moisture curing of the concrete on the 
strength growth and performance improve is very 
important, especially early proper maintenance 
can avoid surface dehydration and reduce the 

amount of concrete at early age shrinkage cracks 
occur. However, in actual construction, due to 
rush time and watering will affect the missile line 
and construction personnel, so the floor concrete 
is often lack of adequate and adequate watering 
maintenance duration. Therefore, construction 
must insist on Covering Straw sacks or a week 
or so proper moisture conservation, and suggest 
using liquid spray curing, so as to reduce the cost 
and improve the work efficiency, and can avoid or 
reduce the impact of construction.

6 CONCLUSION

After taking the above comprehensive control 
measures, there may still be a small amount of 
floor cracks due to various reasons. According 
to the experience, the upper part of the ground 
floor leveling thickness of the paint layer can be 
strengthened by additional leveling layer with steel 
wire net, steel nets or crack short reinforced, and 
the upper part is often floor decorative layer cov-
ered. The problem is relatively small.

Now the prevention and control of the cast-
in-place reinforced concrete floor cracks which 
are always worthy of attention, although existing 
methods can control cracks to a certain degree, but 
the risk of cracks can be still seen everywhere. Only 
from the design, materials, construction, use and 
other aspects continue to explore, and constantly 
seek better ways to further reduce the cracks in 
cast-in-place reinforced concrete floor slab.
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ABSTRACT: This paper compares the Hubei En Lai with En Qian highway zhong jian river bridge 
main span cable tower concrete engineering, and studies the dosage of gelled material, water-binder ratio, 
fly ash content and the mechanism of sand fineness modulus and the sand ratio on elevation mechanism 
sand pumping concrete workability and mechanical properties of the influence law. In addition, it studies 
selected elevation mechanism sand pumping concrete proportion of optimal theory on its workability, 
mechanical properties and durability properties.
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with pumping elevation. Initial slump con-
trol is 210 ± 20 mm, extension control is 
550 ± 75 mm, 1 h after the slump loss value 
20 mm or less, extension, degree of  loss value 
75 mm or less. At the same time, the concrete 
should have good adhesiveness and water 
retention, pressure-secrete water < 30 ml, and 
the exudation rate should be < 40%. In order 
to guarantee the uniformity of  the concrete, 
the appropriate controlling concrete slump 
into the mould should be 190 ± 20 mm, and 
the extension degree should be controlled to 
500 ± 50 mm.

2. Setting time: initial setting time of  concrete 
general appropriate control is about 12h ∼ 
14h. The initial setting time and final set-
ting time is short, as far as possible to ensure 
the concrete 36h ∼ 48h stripping strength 
requirements.

3. Strength: design strength grade of concrete 
is C50, and for 28d preparation, it should 
be ≥ 62Mpa compressive strength, but not 
greater than 70Mpa.

4. Durability: aggregate is used in concrete with 
alkali activity. The chloride ion diffusion coef-
ficient of  concrete 28d age (RCM method) 
is ≤ 5.0 × 10−12 m2/s, age 28d anti-freeze per-
formance achieve F150, and carbide perform-
ance fully satisfies the requirement of  design 
service life.

1 INTRODUCTION

Hubei En Lai highway zhong qian river bridge 
built with the main span ShuangSuoMian steel 
truss stiffening girder cable-stayed bridge is a twin 
tower. Its main cable tower adopts the H form 
structure, whose main tower height is 245 m, by the 
high pillar, the middle pillar and lower pillar, high 
beam, the lower beam and the tower, C50 concrete 
strength level.

Based on the research of gelled material con-
sumption, water-binder ratio, fly ash content and 
mechanism sand fineness modulus of sand and 
sand ratio on mechanism elevation pumping con-
crete workability, and mechanical properties, the 
mechanism of sand elevation of theory of pumped 
concrete mix are optimized for the application of 
pumped concrete mechanism sand in elevation, in 
order to provide a technical guidance.

2 THE TECHNICAL REQUIREMENTS 
OF CONCRETE

Integrated cable tower concrete pumping construc-
tion, structure, performance, the design of cable 
tower high-performance concrete indicator are as 
follows:

1. Work performance: concrete slump and 
the expansion degree should be increased 
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3 RAW MATERIALS AND TEST 
METHODS

3.1 The raw materials

1. Cement: huaxin P.O. 42.5 cement.
2. Fly ash: hunan SangZhi F type of grade I fly 

ash, with the apparent density of 2.17 g/cm3, the 
ignition loss of 1.56%, and the ratio of 93.2%.

3. Coarse aggregate: limestone rubble, 5∼20 mm 
continuous gradation, two-stage blending. No 
alkali—aggregate reaction activity.

4. Mechanism of fine aggregate: limestone sand 
and apparent density of 2.712 g/cm3, loose pile 
density of 1601 kg/m3, no alkali—aggregate 
reaction activity. 1# mechanism sand fineness 
modulus of 3.01, the stone powder content is 
6.8%, MB 0.5 value; 2# mechanism sand fine-
ness modulus of 3.22, the stone powder content 
is 6.0%, MB0.8 value; 3# mechanism sand fine-
ness modulus of 3.41, stone powder content is 
6.5%, MB 0.5 value.

5. Water reducing agent: HD poly-carboxylic acid 
salt and high-efficient water reducing agent, 
with the dosage of 0.85 ∼ 1.15%.

3.2 Test method

1. The concrete mixture performance test
Slump/extension, pressure bleeding rate, bulk 
density, air content, such as setting time test 
method according to the GB/T50080-2002, 
JTG E30-2005, CECS 203:2006.

2. The hardened concrete mechanics performance 
test
Cubic compressive strength and compressive 
modulus of elasticity of the test method on the 
basis of JTG E30-2005.

3. Resistance to the chloride ion penetration test
The concrete resistance to the chloride ion pen-
etration test according to GB/T 50082-2009.

4 THE TEST RESULTS AND ANALYSIS

4.1 Benchmark mixture ratio design

4.1.1 Water-binder ratio optimization
The optimization conditions are as follows: fixed 
20% dosage of fly ash, sand ratio 44% and design 
unit weight of 2450 kg/m3. A fixed amount of gelled 
material 475 kg/m3 and 490 kg/m3, and the water-
binder ratio are 0.30, 0.31, 0.32, and 0.30. The proc-
ess of the test should be fine-tuned, and the dosage 
of water reducing agent should meet the basic 
requirements for concrete  workability. The results 
are summarized in Table 1.

From Table 1, we obtain the following results: the 
water-binder ratio below 0.31 and 28d compressive 
strength of concrete can satisfy the requirements 
of mixture strength of 62 MPa. Under the con-
dition of the same water/cement ratio, 490 kg/m3 
gelled material is more suitable for pillar height, 
upper pillar super elevation in pumping concrete 
construction needs. Comprehensively considering 
the workability, strength factor, water-binder ratio 
optimization is 0.31, the dosage of pillar gelled 
material is 475 kg/m3 and pillar gelled material 
consumption is 490 kg/m3.

4.1.2 The choice of the dosage of fly ash
Gelled material was fixed to 475 kg/m3, water/
cement ratio is 0.31, the design unit weight is 
2450 kg/m3, sand rate is 44%, with 5% of the dos-
age of fly ash step growth to 35%. Fine-tuning in 
testing the water reducing agent dosage should 
meet the basic requirements for workability. The 
test results are summarized in Table 2.

Table 2 shows that with the increasing dosage 
of fly ash, there was a downward trend basically, 
with bulk density and mixture flowing faster. With 
the increasing dosage of fly ash, 3d, 7d early age 
strength reduced, which was more complex, and 
the intensity at 28d changed. Moreover, 15% and 

Table 1. Water-binder ratio on the workability and compressive strength of concrete.

Number
Water/cement 
ratio

Dosage of gelled 
material (kg/m3)

Slump 
(mm)

Extension 
degree (mm)

Bulk density 
(kg/m3)

The compressive 
strength (MPa)

3d 7d 28d

T1 0.30 475 210 520 × 540 2461 44.1 58.9 65.7
T2 0.31 220 540 × 560 2454 43.7 56.4 62.1
T3 0.32 215 560 × 580 2452 41.6 54.9 61.2
T4 0.33 225 590 × 610 2443 40.3 51.9 58.1
T5 0.30 490 220 530 × 510 2465 45.9 60.6 67.2
T6 0.31 230 550 × 540 2459 44.7 59.9 64.8
T7 0.32 240 570 × 590 2457 44.1 57.2 62.1
T8 0.33 230 600 × 610 2450 42.8 54.1 59.3

ICCAHE15_Book.indb   1060ICCAHE15_Book.indb   1060 11/17/2015   6:38:04 AM11/17/2015   6:38:04 AM

  



1061

Table 2. The dosage of fly ash concrete workability and compressive strength of influence.

Number
Dosage of 
fly ash (%)

Slump 
(mm)

Extension 
degree (mm)

Bulk density 
(kg/m3)

The compressive strength (MPa)

3d 7d 28d

T9  0 210 540 × 550 2462 51.5 61.7 67.4
T10 15 220 540 × 570 2450 48.2 60.9 64.7
T2 20 220 540 × 560 2454 43.7 56.4 62.1
T11 25 215 580 × 530 2440 42.8 54.9 62.3
T12 30 215 580 × 550 2445 40.9 55.1 63.4
T13 35 230 570 × 600 2440 41.1 54.9 64.8

Table 3. Sand ratio on concrete workability and strength.

Number
Fineness 
modulus

Sand 
ratio (%)

Slump 
(mm)

Extension 
degree (mm)

The compressive 
strength (MPa)

Work item description7d 28d

T14 3.01 40 200 560 × 545 56.2 60.7 Slight analysis pulp, harden
T15 42 230 530 × 540 59.0 64.8 Good, soft
T17 44 215 520 × 500 59.4 63.7 Good, high viscosity
T18 3.22 42 220 570 × 530 58.7 64.5 Good, soft
T6 44 230 550 × 540 59.9 64.8 Good
T19 46 210 500 × 520 57.7 65.7 High viscosity, slow expansion
T20 3.41 44 240 570 × 545 52.6 59.9 Segregation
T21 46 230 555 × 530 54.9 63.7 Good
T22 48 210 550 × 540 58.2 63.7 Good

35% of fly ash concrete strength was basically the 
same, at about 64.7 MPa, and 20 ∼ 30% of fly ash 
content concrete strength of 28d was basically the 
same, at about 62.3 MPa.

In summary, the cable tower of benchmark of 
the main parameters of water/cement ratio was 
0.31, with 20% of fly ash, the pillar of gelled mate-
rial of 475 kg/m3, and pillar gelled material con-
sumption of 490 kg/m3.

4.1.3 Mechanism sand fineness modulus 
and the best effect of the sand ratio

Gelled material was fixed to 490 kg/m3, the water/
cement ratio to 0.31, 20% dosage of fly ash, and 
dosage of water reducing agent to 1.0%. The 
results are summarized in Table 3.

From Table 3, we can obtain the following test 
results: fineness modulus of 3.0, the optimal sand 
at a rate of 43%; sand fineness modulus of 3.2, the 
optimal rate of 44%; sand fineness modulus of 3.4, 
and the optimal rate of 46%. With the increase in 
mechanism sand fineness modulus, the optimal 
sand ratio increased. When the fineness modulus 
was larger, the workability of concrete was poor, 
and there was a significant adhesiveness deteriora-
tion of concrete.

4.2 Cable tower elevation mechanism sand 
pumping concrete nature of basic research

From the above test, we determined the theory of 
cable tower pumping concrete mixture ratio, as 
shown in Table 4. In the concrete construction, A0 
was used for the lower pillar and A1 for the high 
and middle pillar.

4.2.1 Fresh concrete workability
As can be seen from the experimental results sum-
marized in Table 5, A0, A1 two mixture work-
ability, slump and extension degree satisfy the 
requirement of cable tower construction. Pressure 
bleeding rate is less than 40% and water perform-
ance is good. The initial setting time is more than 
12 h, which meets the design requirements.

4.2.2 Hardened concrete mechanical properties 
and durability

For AO, A1 two towers of concrete hardening con-
crete mechanics performance test, the results are 
summarized in Table 6.

From Table 6, we obtain the following test 
results:, two theoretical mixture ratios of 28d the 
chloride ion diffusion coefficient of 3.2 × 10−12 m2/s 
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Table 4. Cable tower of the pumping concrete mixture theory.

Number

Dosage of 
rubber material 
(kg/m3)

Water/
cement 
ratio

Sand 
ratio 
(%)

Concrete composition (kg/m3)

Cement Fly ash Water Sand Gravel Admixtures/%

A0 475 0.31 45 380 95 147 823 1005 0.9∼1.1
A1 490 0.31 45 390 100 152 814  994

Table 5. Theory mixture workability test results.

Number
Dosage of water 
reducing agent (%)

Bulk density 
(kg/m3)

New batch slump/extensions (mm)

T50 (s)
Work item 
description0 min 60 min 90 min

A0 1.0 2455 225/555 × 540 225/550 × 540 225/550 × 540 11 Good
A1 1.0 2465 230/570 × 560 220/570 × 565 215/545 × 515 10 Good

Number Air content (%)

Pressure bleeding Setting time (h:min)

V10 (ml) V140 (ml) S10 (%) Initial set Final set

T0 2.15 9 25 36 12:15 13:10
T1 2.01 6 20 30 13:45 14:30

Table 6. Theory of hardened concrete mechanics performance.

Number

The cube compressive strength (MPa) Modulus of elasticity (104 MPa)
28d DRCM 
(10−12 m2/s)3d 7d 28d 56d 90d 7d 28d 56d

T0 44.6 56.7 63.3 69.1 74.9 4.20 4.52 4.77 3.20
T1 47.9 59.5 64.9 72.9 76.9 4.16 4.69 4.81 3.12

and 3.12 × 10−12 m2/s, are less than 5 × 10−12 m2/s, 
which meet the requirements of durability.

5 CONCLUSION

1. According to the cable tower structure design, 
concrete pumping construction, we put for-
ward the cable tower of high performance con-
crete mix proportion design of technical index 
requirements.

2. We determined the optimal dosage of the water-
binder ratio, fly ash and the dosage of gelled 
material mix gel system of the main parameters, 
such as water/cement ratio of 0.31, 20% fly ash, 
the lower pillar of gelled material of 475 kg/m3, 
high and middle pillar gelled material consump-
tion of 490 kg/m3.

3. We conducted comprehensive analysis to deter-
mine the optimal sand at a rate of 45%.

4. Dosage of gelled material was studied, and the 
dosage of the water-binder ratio, fly ash and 

sand ratio on the workability, pumping proper-
ties and strength of concrete, the influence of 
the comprehensive analysis of selected work-
ability and physical and mechanical perform-
ance meet the requirements of the cable tower 
design of A0, A1 two directional mixture. And 
the selection of proportion of the two theories 
of the research of the system, and the mechani-
cal properties, including the construction per-
formance of concrete and long age law of 
development, meet the requirement of the cor-
responding technical indicators, and the surplus 
coefficient and compressive strength are larger.
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ABSTRACT: We utilize coarse aggregate, fine aggregate, and fine ground admixture made to make 
high titanium heavy slag to compound the performance of complex high titanium heavy slag pavement 
concrete. Applying set parameters of bending strength and working property as major examining indexes, 
we adopt orthogonal experiments and extreme difference analysis method to research the influence of 
water to binder ratio, sand percentage, and composite powder replacement rate on the performance of 
high titanium heavy slag, make optimial design for it, seek optimal proportioning, and design a kind 
of high-performance pavement concrete to popularize in pavement engineering to provide good reference 
to engineering application.

Keywords: complex high titanium heavy slag; high-performance pavement concrete; mixture design; 
orthogonal experiment; experimental analysis

the concrete, we select the optimal proportion and 
design a kind of  pavement concrete made from 
the high-performance high-titanium heavy slag, 
providing further exploration and verification for 
the high-titanium heavy slag used to make pave-
ment concrete in Panzhihua.

2 ENGINEERING BACKGROUND

The road project of  double line of  Qingxiang-
ping-Wuguijing belongs to the municipal arte-
rial road project in West District, Panzhihua. 
The design length, width, and thickness of  the 
road are respectively 6.4 km, 15 m, and 250 mm. 
The road is mainly used to replace the municipal 
central prosperous artery to shunt heavy freight 
locomotives, so the road belongs to the heavy-
grade traffic pavement, and its design flexural 
strength R28 ≥ 5.5 MPa, and its design grade is 
secondary road. All the concrete in this section 
of  the road is proposed to adopt high titanium 
heavy slag thick and thin aggregates to replace 
ordinary breakstone and sand and mixed with 
levigated high titanium slag compound micro 
powder to partly replace cement to confect 
CHTHSPC 6.4 km.

1 INTRODUCTION

High titanium heavy slag is a kind of  dense slag 
that generates from blast furnace slag naturally 
cooled or hot poured in the air when vanadium-
titanium magnetite is smelted in ANSTEEL. Its 
TiO2 content is high up to around 22%; thus, it 
is called high titanium heavy slag. This project 
grades and breaks the huge heaps of  high titanium 
heavy slag into coarse aggregate, fine aggregate, 
and fineground admixture to make compound 
pavement concrete (hereinafter referred to as 
“CHTHSPC”). It is a significant measure to 
apply high titanium heavy slag to the field of 
engineering construction, as it will help in solv-
ing the excessive slag accumulation in ANSTEEL, 
economizing natural resources, reducing engineer-
ing cost, protecting the ecologic environment of 
the upper reaches of  Yangtze River, etc. Follow-
ing the previous research foundation [1] [2], this 
paper, is also based on the analysis of  the technical 
standards. The aggregates of  sand and stone and 
levigated admixture are used for the road made 
from high titanium heavy slag. We take the flexu-
ral strength index, the most important index for 
the concrete used for making roads, as the center. 
Through orthogonal proportion experiment of 
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3 EXPERIMENTAL DESIGN

3.1 Selection of raw materials

Thick aggregates. The successive graduation, 
apparent density 2.72 g/cm3 and stacking density: 
1350 kg/m3 of the 5∼31.5 mm high titanium heavy 
slag breakstone produced[3] by Huanye Co., Ltd.

Thin aggregates. For the high titanium heavy 
slag produced by Huanye Co., Ltd., the content 
of its ground-slag: 10%∼13%, the modulus of fine-
ness M x = 2.9∼3.2, the apparent density: 3.14 g/cm3 
and the stacking density: 1680 kg/m3.

Composite powder of ground titanium slag [4]. 
See Table 1.

Cement. The selected cement is produced by 
Huanye Co., Ltd.

3.2 Preliminary mix-proportion calculation

The standard mix-proportion for road concrete is 
preliminarily calculated as shown in Table 2 through 
preliminary mix-proportion calculation according 
to the given design scheme of mix-proportion in 
Construction Specification for Highway Concrete 
and Cement[5], and refer to the proportion of plain 
concrete pavement of the approaches on the south 
and north of the local Bingcaogang Bridge[6 ], which 
has been completed and opened to traffic.

3.3 Optimization design for orthogonal mix-
proportion

For further improving mechanical property of 
CHTHSPC, changes of relevant factors, such as 
the amount of composite powder, water-binder 
ratio and sand ratio, should be considered in terms 
of affecting the mix-proportion of concrete based 
on the calculation of standard mix-proportion. In 
this thesis, othogonal design is adopted to learn the 

relationship between the property of CHTHSPC 
and each factor. Then the range of the opti-
mal mix-proportion could be obtained through 
adjustment.

3.3.1 Parameter determination
Selecting water-binder ratio from 0.46, 0.44, 0.42, 
0.40; sand ratio from 33, 34, 35, 36; and composite 
powder (replacement rate%) from 16, 18, 20, 22 by 
research. Conducting orthogonal test by orthogo-
nal Table L 9(34) orthogonal Table.

3.3.2 Orthogonal mix-proportion test
Conduct trial concrete mixing based on Property 
Test Methods for Normal Concrete Mixture and 
Mechanical Property Test Methods for Normal 
Concrete. The tested orthogonal mix-proportion 
and experimental results of concrete under each 
condition are in Table 3.

4 EXPERIMENTAL RESULTS ANALYSIS

4.1 Differential analysis of orthogonal design 
results

The calculation method of column I factor range 
Ri are as follows:

Ri = max(Ii, IIi, IIIi IVi) − min(Ii, IIi, IIIi IVi) (1)

The magnitude of range Ri reflects the magni-
tude of corresponding factors. The range calcula-
tion is as shown in Table 4.

From the Table 4 associated with various factors 
analysis, conclusions can be drawn:

– The sort order within 7 days of flexural-
tensile strength influence for CHTHSPC is: 
water-binder ratio → the amount of compos-

Table 1. Quality index of ground fine high titania slag composite powder.

Material

Indicators

MgO A12O3 SiO2 CaO TiO 2 Fe2O3

Screen residue 
rate (%)

Density
(g/cm2)

Specific
surface area (m2/kg)

Ground fine high
titania slag

7.67 16.7 24.88 27 21.74 0.34 11.2 2.96 550

Table 2. Preliminary calculated mixture proportion.

Test content Sand ratio (%)
Water-binder 
ratios (%)

Test materials (kg/m3)

Cement Slag sand Slag stone Water Composite powder

Standard 31 0.42 380 695 1255 170 Undetermined
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Table 3. Mix proportion and test result of orthogonal experiment under the conditions of different levels of factors.

Block

Water-binder 
ratios

Test materials (kg/m3)

Slumps 
(mm)

7-day flexural-
tensile strengths 
(MPa)

28-day flexural-
tensile strengths 
(MPa)Set Cement

Slag 
sand

Slag 
stone Water

Composite 
powder

 1 0.46 311 647 1313 170 59 30 4.72 7.41
 2 0.46 303 666 1294 170 67 45 4.53 6.65
 3 0.46 296 686 1274 170 74 20 4.2 6.78
 4 0.46 289 706 1254 170 81 45 4.6 6.8
 5 0.44 317 642 1302 170 69 30 5.21 7.76
 6 0.44 309 661 1283 170 77 20 5.93 7.15
 7 0.44 301 680 1264 170 85 30 6.12 7.46
 8 0.44 324 700 1244 170 62 45 6.2 7.5
 9 0.42 324 635 1290 170 81 30 6.16 7.65
10 0.42 316 655 1270 170 89 20 6.38 7.58
11 0.42 340 674 1251 170 65 10 6.27 7.68
12 0.42 332 693 1232 170 73 10 6.39 7.8
13 0.4 331 629 1276 170 94 10 6.37 7.45
14 0.4 357 648 1257 170 68 10 6.51 7.86
15 0.4 348 667 1238 170 77 10 6.36 7.87
16 0.4 340 686 1219 170 85 10 6.36 7.5

Table 4. Range analysis of the orthogonal designing result.

Items Factors

Algebra sum Average value

Influence order

Water-
binder 
ratios

Sand 
ratio 
(%)

Composite 
powder 
replacement 
rate %

Water-
binder 
ratios

Sand 
ratio 
(%)

Ground granulated 
substance 
replacement 
rate (%)

7-day flexural-
tensile 
strengths 
(MPa)

K1 18.05 22.46 21.98 4.51 5.62 5.5 Water-binder ratios 
>  composite pow-
der > sand ratio

K2 23.46 23.35 23.27 5.87 5.84 5.82
K3 25.2 22.95 23.23 6.3 5.74 5.81
K4 25.6 23.55 23.83 6.4 5.89 5.96
R  1.89  0.27  0.46 1.89 0.27 0.46

28-day flexural-
tensile strengths 
(MPa)

K1 27.64 30.26 29.77 6.91 7.57 7.44 Water-binder 
ratios > Sand 
ratio > Composite 
powder

K2 29.87 29.24 29.38 7.47 7.31 7.35
K3 30.71 29.79 29.71 7.68 7.45 7.43
K4 30.68 29.6 30.03 7.67 7.4 7.51
R  0.77  0.26  0.16 0.77 0.26 0.16

Working 
property

K1 145 100 76 36 25 19 Water-binder 
ratios > Sand 
ratio > Composite 
powder

K2 130 100 76 32.5 25 19
K3 70 70 76 17.5 17.5 19
K4 40 115 76 10 28.8 19
R 26 11 0 26 11 0

ite powder → sand ratio; the sort order within 
28 days of flexural-tensile strength influence for 
CHTHSPC is: water-binder ratio → sand ratio 
→ the amount of composite powder.

– The water-binder ratio is the principal factor 
which has an impact on CHTHSPC’s flexural-
tensile strength.

– The sizes of the amount of composite powder 
is the secondary factor that has an impact on 

CHTHSPC’s flexural-tensile strength, which is 
getting smaller with the increase of the amount 
of composite powder; On the 28th day, the sand 
ratio took place of composite micro powder 
dosage and became the secondary factor that 
has an impact on CHTHSPC’s flexural-tensile 
strength. Mainly, because of accompanying 
with the development of activation effect by 
composite micro powder dosage, after 7 days, 
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the impact factors of flexural-tensile strength 
for the amount of composite powder began to 
gradually decrease. Associated with the orthog-
onal experimental results, to select group 9 from 
test block group numbers as the application 
of CHTHSPC’s optimal ratio in the pavement 
engineering.

4.2 Experimental result analysis

– The effect of water-binder ratio on CHTHSPC. 
According to Table 4, the breaking strength 
of CHTHSPC goes down with the increase of 
water-binder ratio, especially the early-stage 
flexural-tensile strength. However, after the 
age period increased to 28 days, flexural-tensile 
strengths of CHTHSPC with different water-
binder ratios, including 0.46, 0.44, 0.42 and 0.40, 
tend to approach each other. Except for 0.46, 
all flexural-tensile strengths with other water-
binder ratios are larger than designed flexural-
tensile strength, in compare with the ones with 
the age period of 7 days. When it comes to Day 
28, all flexural-tensile strengths with different 
water-binder ratios in four groups are between 
6.65∼7.87, which can totally meet the design 
requirement. Therefore, the water-binder ratio 
decides the flexural-tensile resistant perform-
ance of CHTHSPC.

– The impact of superfine composite powders on 
CHTHSPC. As the amount of composite pow-
der in CHTHSPC is not that high, ranging from 
16% to 22% only, it merely has a positive impact 
on the working performance of CHTHSPC, and 
various mixing amounts of superfine compos-
ite powders which include 16%, 18%, 20%, and 
22% do not have much flexural-tensile strength 
influence of CHTHSPC, but high amounts can 
improve the frangibility of concrete.

– The flexural-tensile strength of CHTHSPC of 
age 28 days is above 7.0.

5 CONCLUSION

– Centered on of bending and breaking strength 
index of CHTHSPC, the optimum mixture 
ratio of high-performance pavement concrete 
is obtained through the orthogonal and propor-
tion tests.

– The flexural-tensile strength of CHTHSPC 
decreases with the growth of water-binder 
ratio, especially the early-stage flexural-tensile 
strength. However, with the prolongation of 

age period, flexural-tensile strengths of con-
crete with different water-binder ratios tend to 
approach each other. The flexural-tensile resist-
ance performance of CHTHSPC is determined 
by water-binder ratio.

– Every mixing amount of 16%, 18%, 20%, and 
22% of grind stiletto titanium slag composite 
powder has little flexural-tensile strength influ-
ence on CHTHSPC, but can improve concrete’s 
workability and fragility.

– CHTHSPC’s 28-day flexural-tensile strength can 
be above 7.0 MPa; in addition, due to its rough 
surface, good concrete’s interface structure, and 
prolonged wear-resistance, it is suitable for pave-
ment concrete of heavy and extra heavy road.

– Engineering application. Via pavement investi-
gation of Qing-Wu double line project, analyz-
ing from transport rate and pavement’s damaged 
condition, CHTHSPC’s quality is good and the 
qualified rate is 100%; the amount of cement 
equals to or is below that of concrete formed 
by naturalgravel of the same level and working 
performance, possessing excellent tension resist-
ant performance; over half  a year of running, 
no phenomenon of broken slab or founding has 
occurred.
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ABSTRACT: Four recycled aggregate concrete of different replacement ratios was prepared using crushed 
cube block as recycled coarse aggregate. Replacement ratios varied from 0 to 100%, and a total of 12 pris-
matic block were loaded on the electro-hydraulic servo testing machine. The destruction process and failure 
mode were observed, the load-displacement curves of the whole process were obtained and analyzed. It is 
shown that destruction process and failure mode of recycled aggregate concrete and natural aggregate con-
crete are similar to each other. With the increase of recycled coarse aggregate replacement ratio, peak stress 
and peak strain of recycled aggregate concrete show no apparent unity law. Replacement ratio of recycled 
coarse aggregate makes a greater impact on stress-strain curves of recycled aggregate concrete. With the 
increase of recycled coarse aggregate replacement ratio, elastic modulus of recycled aggregate concrete 
gradually become larger, ductility and energy performance of recycled aggregate concrete get better.

Keywords: recycled aggregate concrete; axial compression; stress-strain curve; peak stress; peak strain

concrete were for recycled coarse aggregate, 
after 620°C heat treatment and pulp attached on 
recycled coarse aggregate was excluded, RAC 
was prepared to determine strength index. The 
results showed the mechanical properties of RAC 
decreased remarkably. Liu Qingtao[8] of  Air Force 
Engineering University adopted the double-doped 
technology with the use of fly ash of high qual-
ity and efficient admixture, experimental research 
on strength and frost resistance of RAC in airport 
pavement was carried out. It is shown that the per-
formance of the prepared RAC for pavement is 
more excellent than one of ordinary concrete, and 
the request of airport pavement can be met. Based 
on gray clustering evaluation theory, Lanzhou 
Jiaotong University Bao Xueying[9] Proposed the 
scheme that RAC coarse aggregate quality level 
can be assessed comprehensively using a number 
of parameters, and the usefulness of the evaluation 
scheme was examined through case study. Padmini 
A.K.[10] studied the effects the recycled aggregate 
of original concrete made on mechanical behavior 
of RAC. It is shown that RAC strength is related 

1 INTRODUCTION

After crushing, cleaning and grading, the recycled 
waste concrete blocks and the natural concrete 
blocks are mixed to form recycled aggregate by a 
certain percentage and gradation. Then cement and 
water are added, so Recycled Aggregate Concrete 
(RAC) can be formulated[1∼3]. On the one hand, 
RAC can resolve the process issue of waste con-
crete; On the other hand, natural aggregate are 
instead with construction waste, the consumption 
of natural aggregates, in the construction indus-
try can be reduced, ease the increasingly scarce 
natural aggregates pressure, the increasingly 
scarce pressure of  natural aggregates will be eased, 
social, economic and environmental benefits are 
obvious. So RAC is considered to be green con-
crete to achieve sustainable development of build-
ing resources[4∼6].

At present, universities or research institutes 
have conducted some research about the perform-
ance of the RAC. Peng Gaifei[7] of  Beijing Jiaotong 
University crushed and processed two ordinary 
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to the original concrete strength. RAC strength 
became higher as original concrete strength became 
higher, but the relationship was not linear.

Since the majority of  recycled aggregate of 
RAC was from the removed old building, the 
original internal damage will be bring more or less 
in the crushing process, leading a large number 
of  internal micro-cracks or cracks in aggregate. 
 Accordingly, axial compressive strength and 
stress—strain curve of  RAC prepared by the recy-
cled aggregate will be affected. Therefore, this paper 
carried out the axial compressive test of  RAC, the 
stress-strain curve of  the whole process was meas-
ured. Influence different aggregate replacement 
ratioed made on axial compressive strength was 
analyzed. So study about RAC will be enriched, 
reference for further research and application will 
be provided for RAC structure.

2 DESIGN OF EXPERIMENT

2.1 Materials of experiment

P.O 42.5R grade cement, ordinary natural river, 
urban water and natural coarse aggregate and recy-
cled coarse aggregate were adopted as materials of 
experiment. Continuous graded gravel was selected 
as natural coarse aggregate, recycled coarse aggregate 
was obtained from the crushed test cubes through 
machine. Recycled coarse aggregate and natural 
coarse aggregate were screened by the same screen. 
The maximum particle size of coarse aggregate was 
20 mm, and are coarse aggregate were all continu-
ously graded gravel. Recycled coarse aggregate was 
cleaned for number of times to meet the clay con-
tent requirement of recycled coarse aggregate, then 
recycled coarse aggregate will be dried to achieve the 
required moisture content for the pouring of RAC.

2.2 Mixing ratio of RAC

0% was selected as a benchmark of recycled coarse 
aggregate replacement ratio, there is four kinds of 
replacement ratios including 0%, 30%, 70% and 
100%, Trial strength of RAC was C40. For RAC 
of different replacement ratios, the composition of 

cement and sand were kept unchanged, and the qual-
ity composition ratio of natural coarse aggregate and 
recycled aggregate was changed under the premise 
of the equal total mass of coarse aggregate. Mixing 
ratio of RAC was shown at Table 1. For each replace-
ment ratio, three 150 mm × 150 mm × 300 mm prism 
standard test blocks were made, and curing was car-
ried out under standard conditions.

3 LOADING DEVICE AND TEST METHOD

The current national standard “Test method 
of  ordinary concrete mechanical performance” 
(GB50081-2002) was referred. Loading was 
carried out on RMT-201 rocks and concrete 
mechanic test presses. Testing Machine was shown 
in Figure 1. In order to obtain the curves of  load-
displacement of  the specimens in the load proc-
ess, displacement control system was adopted. 
Loading rate was 0.005 mm/s, by the acquisition 
system of the loading device, load-displacement 
curves of  the whole process of  the specimens were 
obtained.

4 TEST RESULTS AND ANALYSIS

4.1 Failure process and failure mode

In the early loading, there were no visible cracks in 
specimens. When the load was closed to the peak 
point, there were one longitudinal crack or several 
parallel longitudinal cracks at the specimen central. 
After peak point, crack of part of the specimens 
developed rapidly, the test blocks were split into 
several pieces, then the specimens were destroyed 
suddenly and bearing capacity became little, at the 
same time, test machine could not collect the data 
of descending branch. Based on the destruction 
process and form, there was no significant differ-
ence between the recycled aggregate concrete and 
natural aggregate concrete.

4.2 Stress-strain curve

Based on the measured load-displacement curves, 
the stress-strain curve of the whole process of all 

Table 1. Mixing ratio of RAC.

Replacement 
ratio

Water-cement 
ratio

Sand ratio 
(%)

Clean water 
(kg)

Cement
(kg)

Sand
(kg)

Natural coarse 
aggregate (kg)

Recycled coarse 
aggregate (kg)

  0% 0.45 32.7 186.8 415.2 587.7 1210.3    0.0
 30% 0.45 32.7 186.8 415.2 587.7  847.2  363.1
 70% 0.45 32.7 186.8 415.2 587.7  363.1  847.2
100% 0.45 32.7 186.8 415.2 587.7    0.0 1210.3
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the specimens were obtained using equation (1) as 
shown in Figure 2.

σ ε =εN
A

l
l

, Δ

 
(1)

In which: N—axial compression of specimen, 
A—cross-sectional areas of RAC specimens, 
Δl—specimen displacement during the load Proc-
ess, l—Measuring gauge of specimen, taken as 
150 mm.

In Figure 2, each curve was taken from the aver-
age of three prism curves. It was can be seen from 
Figure 2, replacement ratio of recycled coarse 
aggregate has a greater impact on stress-strain 
curves of RAC, but the curves are made up of 
the ascent and descent segments, and there are the 
proportional limit point, the critical stress point, 
peak point, an inflection point and convergence 
point in these curves. With the increase of recycled 
coarse aggregate replacement ratio, the slopes of 
rising section in the stress-strain curve increase 
gradually, indicating that the elastic modulus of 
RAC increase gradually. The declined segments 
of the whole process curve become more relaxed, Figure 1. Testing machine of RMT-201.

Figure 2. Compressive stress-strain curves of RAC under different replacement ratios.
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it is shown ductility of RAC is becoming greater, 
energy performance is getting better.

4.3 Peak stress and peak strain

Peak stress and peak strain of RAC under differ-
ent replacement ratios were shown in Table 2. It 
was shown with the increase of replacement ratio, 
peak stress and peak strain of RAC show no appar-
ent unity law. When the replacement ratio is 70%, 
the peak stress of RAC is maximum, When the 
replacement ratio is 30%, the peak strain of RAC is 
maximum. Figure 3 shows the relationship between 
the dimensionless peak stress and recycled coarse 
aggregate replacement ratios, and fc represents axial 
compressive strength of RAC, fc0 represents axial 
compressive strength when replacement ratio is 0%. 
Figure 4 shows the relationship between peak strain 
and recycled coarse aggregate replacement ratios.

It is shown in Figure 3 dimensionless peak stress 
and recycled coarse aggregate replacement ratio 
showed a good variation, presenting the basic form 
of a quadratic function. The fitted relationship is 
shown as formula (2).

y = 0.1954x2 + 0.1763x + 0.9977 (2)

In which, y represents fc/fc0, x represents recy-
cled coarse aggregate replacement ratio, the fitting 
accuracy is 0.962.

It is shown in Figure 4 peak strain and recycled 
coarse aggregate replacement ratio showed a good 
variation, presenting the basic form of a cubic 
function. The fitted relationship is shown as for-
mula (3).

y = 2338.1x3 − 3642.9x2 + 1425.8x + 1892 (3)

In which, y represents peak strain, x represents 
recycled coarse aggregate replacement ratio, the 
fitting accuracy is 1.000.

4.4 Dimensionless stress-strain curve 

Dimensionless analysis about average curve was 
carried out based on measured stress-strain curves 
under different replacement ratios, dimensionless 
curves were shown in Figure 5.

In Figure 5, it is shown with the increase of 
recycled coarse aggregate replacement ratio, 

Table 2. Peak stress and peak strain of RAC.

Replacement ratio of 
recycled coarse aggregate 0% 30% 70% 100%

Peak stress/MPa 37.66 38.69 38.83 36.77
Peak strain/με 1892 2055 1907 2013

Figure 3. The dimensionless peak stress under different 
replacement ratios.

Figure 4. Peak strain under different replacement ratios.

Figure 5. Dimensionless curves of stress-strain.
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dimensional curves of stress-strain become steeper. 
After peak point, curves come into the falling sec-
tion. However the falling decline curves become 
more and more moderate, especially, When replace-
ment ratio of recycled coarse aggregate was 100%, 
the decline falling curves are very moderate, and 
the post-deformation properties of the specimens 
are very favorable.

5 CONCLUSION

Based on the destruction process and form, there was 
no significant difference between the recycled aggre-
gate concrete and natural aggregate concrete. With 
the increase of replacement ratio, peak stress and 
peak strain of RAC show no apparent unity law.

Replacement ratio of recycled coarse aggregate 
has a greater impact on stress-strain curves of 
RAC, With the increase of recycled coarse aggre-
gate replacement ratio, the elastic modulus of 
RAC become bigger gradually, ductility of RAC 
is becoming greater, energy performance is getting 
better.

In this paper, dimensionless stress-strain curves 
of RAC are obtained, which establishes founda-
tion for compression constitutive equations and 
further research of RAC.
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ABSTRACT: With the aim of achieving efficient simulations on the rolling effects in practical engi-
neering and improvement of pavement performance, the mixture ratios of cement stabilized gravels 
were studied using vibratory compaction method. The maximum dry densities, optimum water contents, 
unconfined compressive strengths of mixtures obtained by vibratory compaction and static pressure com-
paction methods were compared, and evaluations on pavement performances were discussed. The experi-
mental results showed that maximum dry density and optimum water content of mixtures by vibratory 
compaction were as 1.02 and 0.88 times as them by heavy compaction respectively; cement usage could be 
saved in cement stabilized gravels by vibratory compaction, with the strength requirements guaranteed; 
and cement stabilized gravels by vibratory compaction exhibited preferable pavement performance than 
them by traditional methods. The cement stabilized gravels by vibratory compaction could not only save 
the usage of cements, but also contribute to the improvement of pavement performance.

Keywords: cement stabilized gravel; pavement performance; vibratory compaction; mixture ratio design

the material surface by vibratory roller can be simu-
lated, and steadily dense structure can also be formed 
in the vibration process [6]. Accordingly, mixture 
ratio design of cement stabilized gravels and the cor-
responding pavement performances were studied in 
present work, with the purpose to solve the problems 
occurred in the constructions of cement stabilized 
gravel base, and moreover, to improve the pavement 
performance and extend the service span.

2 EXPERIMENTAL

2.1 Properties of raw materials

2.1.1 Cement
Composite portland cement P.C 32.5 was employed 
in the experiments, with the technical indexes listed 
in Table 1, in which three days (3d) compressive 
strength and flexural strength met the require-
ments of cement strength grades in Common 
Composite Portland Cements (GB 175-2007), and 
the initial and final setting times of cements satis-
fied the demands in Technical Specifications in the 
Construction of Highway Pavement Base.

1 INTRODUCTION

China is abundant in natural gravels, especially in the 
western regions. With the development of express-
way constructions, making use of natural gravels 
from local resources will not only reduce the costs of 
highway constructions, but also avoid environmental 
destructions induced by quarrying effectively, which 
produce remarkable economic and social benefits [1]. 
As similar to the semi-rigid base materials such as 
cement stabilized macadam, the improper usage of 
cement stabilized gravel base will bring about pre-
mature damages to pavements, such as cracking, 
and impair long-term performances of pavements, 
which may result from the unconformities of meth-
ods between design and actual constructions. As is 
generally known, rolling by vibratory roller is usually 
adopted in the constructions; however, the compac-
tion and static pressure methods used in the design 
of materials, cannot simulate the conditions in prac-
tical constructions, which gives rise to an invalid field 
control on the construction quality [2–5].

With the employment of cement stabilized gravel 
vibro-moulding method, the compaction effect on 
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2.1.2 Aggregates
By sieving, gravels in the experiment were classi-
fied as four standards: 19∼31.5 mm, 9.5∼19 mm, 
4.75∼9.5 mm and 0∼4.75 mm, in which the crushing 
value of coarse aggregates was 11.8%, conformed to 
the claims in Technical Specifications in the Construc-
tion of Highway Pavement Base, and the results of 
bulk specific gravity were presented in Table 2. With 
reference to gradations in density framework struc-
tures, considering a large number of practical expe-
riences and specific conditions in construction sites, 
aggregate mixtures with dense framework gradation 
composition were investigated, as shown in Table 3.

2.1.3 Water
Underground water was employed in present 
experiments, in accordance with the standard 
requirements.

2.2 Experimental instruments

Surface vibratory compaction apparatus was 
adopted, in which vibration frequency could be 
regulated by the adjustment of rotational speed of 
electric motor; different magnitudes of exciting force 
could be obtained with the variations of eccentric 
mass; and nominal amplitude were varied with the 
addition or reduction of counterweights. Operational 
parameters of surface vibratory compaction appa-
ratus were listed as follows, frequency (30 ± 2 Hz), 
exciting force (7.5 kN), nominal amplitude (1.2 mm) 
and vibratory compaction time (100 s).

2.3 Experimental methods

To overcome the deficiencies in traditional design 
methods based on heavy compaction and static 

pressure moulding, vibratory compaction method 
and corresponding vibro-moulding method were 
advanced in view of the summaries of construc-
tion experiences at domestic and abroad.

The detailed experiment procedures were illus-
trated as follows: after bake-drying, 5∼6 samples 
were prepared by the aggregates of different 
standards, according to predetermined grada-
tion of mineral aggregates, with dry weights being 
about 5000∼6000 g in each samples; preset doses 
of cement and water were then added, stirred uni-
formly and put into testing moulds; subsequently, 
experiments were performed in accordance with 
the prescriptive vibratory compaction time, in 
which wet densities and related dry densities were 
calculated; the experiments were repeated more 
than 5 times, and the relationship curves between 
dry density and water were plotted, by which the 
optimum water contents and maximum dry densi-
ties were investigated.

Based on vibratory compaction experiments, 
the maximum dry density was taken as the stand-
ard in the vibro-mouling experiment. Testing mod-
els with 98% degree of compaction were obtained, 
which were taken into standard preservation 
chamber after weighted and further experiments 
on mechanical strength and pavement perform-
ances would be carried out.

On the basis of the relationship curves of water 
content and dry density in cement stabilized grav-
els obtained in vibratory experiments, the optimum 
water contents and maximum dry densities were 
determined. Using definitive gradation composi-
tions, experiments were performed on the samples 
with 3.0%∼6.0% cement contents in cement sta-
bilized gravels. The optimum water contents and 
maximum dry densities of samples with different 
ratios were discussed extensively using heavy com-
paction and vibratory compaction methods as 
introduced in Test Regulations on the Stabilized 
Materials in Inorganic Binder for Pavement Engi-
neering, and the results were listed in Table 4.

 In the current Technical Specifications for the 
Construction of Highway Pavement Base (JTJ 
034-2000), seven days (7 d) unconfined compressive 
strength under saturated condition was adopted 
as the index for cement stabilized  materials. 
 Concerning the reasonable usage range of the 
cement stabilized materials were between 3.0% and 

Table 1. Technical indexes of cements.

Technical indexes Experimental results

Degree of fineness (m2/kg) 343
Stability qualified
3d compressive strength (MPa) 18.3
3d flexural strength (MPa) 3.8
Setting time (min)
Initial setting time 363
Final setting time 462

Table 2. Technical indexes of aggregates.

Standard of aggregates Bulk specific gravities

19∼31.5 mm 2.660
9.5∼19 mm 2.658
4.75∼9.5 mm 2.650
0∼4.75 mm 0.590

Table 3. Gradation compositions of cement stabilized 
gravels in the experiments.

Sieves sizes 
(mm)

31.5 19.0  9.5  4.75  2.36  0.6 0.075

Mass 
percentages 
(%)

100 67.3 44.8 31.0 20.5 10.6 2.1
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6.0%, the cement contents of 3.0%, 4.0%, 5.0% 
and 6.0% were adopted in the tests, and the cement 
stabilized gravel models were produced by vibro-
moulding and static pressure moulding, which were 
given comparisons herein.

According to Test regulations on the Stabilized 
Materials in Inorganic Binders for Pavement Engi-
neering (JTG E51-2009), cylindrical specimen were 
formed on the basis of compaction experimental 
results, i.e., the maximum dry densities and optimum 
water contents with different cement contents were 
used. The specimen were then persevered under the 
conditions in which the temperature were set within 
20 ± 2˚C and the humidity were set at above 95%, 
and unconfined compressive strength tests were 
performed, with the results presented in Table 5.

3 RESULTS AND DISCUSSION

3.1 The optimum water content 
and maximum dry density

As displayed in Table 4, with the variations of 
the cement contents between 3.0%∼6.0%, the 
optimum water contents of the samples by heavy 
compaction method were within 4.9%∼5.3% 
while them by vibratory compaction were about 
4.1%∼4.8%; and moreover, the maximum dry 
densities by heavy compaction existed between 
2.394 g/cm3∼2.425 g/cm3, which were at around 
2.431 g/cm3∼2.473 g/cm3 when vibratory compac-
tion adopted. To make comparisons between two 
methods, the average ratio of optimum water con-
tent of mixtures by vibratory compaction to it by 
heavy compaction was 0.88, while the average ratio 
of maximum dry density between two methods 
was larger, to be 1.02. Conclusively, among two 

methods, larger compactness of mixtures could be 
obtained by vibratory compaction, in which aggre-
gates were rearranged.

3.2 Unconfined compressive strengths 
of cement stabilized gravels

It could be easily found from Table 5 that 7 d 
unconfined compressive strengths of cement stabi-
lized gravels by two moulding methods presented 
significant differences. 7 d unconfined compressive 
strengths (Rs) of cement stabilized gravels by static 
pressure compaction were at around 3.0∼6.7 MPa, 
while 7 d unconfined compressive strengths (Rv) 
by vibratory compaction were at 5.2∼10.5 MPa, 
i.e., the compressive strengths by vibratory com-
paction were about 1.65 times than those by heavy 
compaction. In a word, the mixtures obtained by 
vibratory compaction provided higher compres-
sive strengths than them by static pressure com-
paction, with similar material ratios and optimum 
water contents. Under vibratory compaction, the 
aggregates became more compact owing to the res-
onance motion caused by vibration, which led to 
distinctly larger compressive strengths in the speci-
mens than them by static pressure compaction.

As demonstrated in the experimental results of 
unconfined compressive strength, the strengths of 
cement stabilized gravels obtained by static pres-
sure compaction could not satisfied the standard 
requirements with the cement content being 3.0%, 
and moreover they were not satisfactory until the 
cement contents were above 4.0%. However, the 
mixture obtained by vibratory compaction could 
meet the standard requirements with the cement 
content being 3.0%. Illustratively, the strength of 
materials by vibratory compaction with 3.0%∼4.0% 
cements could be as high as them with 5.0%∼6.0% 
cements by static pressure method. Briefly summa-
rized, the enhancement of material strength could 
be achieved by vibratory compaction method, and 
moreover, 20% cement usage could be saved, which 
presented remarkable economic benefits meanwhile.

3.3 The frost resistance performance 
of cement stabilized gravels

Freeze-thaw cycle tests of base materials were 
performed in accordance with Test Regulations 

Table 4. Optimum water contents and maximum dry densities in mixtures.

Items Heavy compaction experiment Vibratory compaction experiment

Cement contents (%) 3.0 4.0 5.0 6.0 3.0 4.0 5.0 6.0
Optimum water 

contents (%)
4.9 5.0 5.2 5.3 4.1 4.4 4.7 4.8

Maximum dry 
densities (g/cm3)

2.394 2.402 2.411 2.425 2.431 2.448 2.462 2.473

Table 5. 7 d unconfined compressive strengths of 
mixtures.

Cement contents Rs (Mpa) Rv (Mpa) Rv/Rs

3.0 3.0  5.2 1.73
4.0 3.8  6.3 1.66
5.0 5.3  8.7 1.64
6.0 6.7 10.5 1.57
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on the Stabilized Materials in Inorganic Bind-
ers for Pavement Engineering (JTG E51-2009), in 
which the specimens were frozen for 16 hours and 
thawed for 8 hours, repeated for 5 times, and the 
compressive strength tests were conducted after 
freeze-thaw cycles finished. Decline of mass after 
freeze-thaw cycles and frost resistance coefficients 
K were adopted as the indexes to characterize the 
frost resistance performance of mixtures.

Experimental results on the frost resistance coef-
ficients of cement stabilized gravels were listed in 
Table 6, and the relationships of frost resistance 
with preservation period and cement content were 
discussed, from which we could observe that frost 
resistance coefficients increased gradually with the 
prolong of preservation period. Within the same 
preservation period, frost resistance coefficients 
improved steadily with the addition of cement 
content. It was assumed that, as preservation period 
or cement content raised, the hydration products of 
cements increased and then the internal void vol-
ume of cement stabilized gravels decreased, which 
gave rise to better frost resistance performance.

Under similar conditions, the frost resistance 
coefficients of cement stabilized gravel specimens 
by vibratory compaction were higher than them 
by static pressure method, on account of the speci-
mens obtained by vibro-moulding showed more 
compactness, less internal void volume, and there-
fore stronger frost resistance.

4 CONCLUSIONS

Vibratory compaction and related vibro-moulding 
method on cement stabilized gravels were pro-
posed, and mixture ratio design of cement stabi-
lized gravels and their pavement performance were 
analyzed systematically.

The maximum dry densities and optimum 
water contents by vibratory and static pressure 

compactions were discussed, by which we observed 
that the optimum water content of cement stabilized 
gravels by vibratory compaction was as 1.88 times as 
them by static pressure compaction, and the maxi-
mum dry density by vibratory compaction was as 
1.02 times as them by static pressure compaction.

By comparisons of the compressive strength in 
specimens obtained by two methods, the strength 
of cement stabilized gravels by vibratory com-
paction was significantly greater than them by 
static pressure compaction. Obtained by vibra-
tory compaction, cement stabilized gravels with 
cement contents being 3.0%∼4.0% could provide 
the compressive strength as them by static pressure 
compaction with 5.0%∼6.0% cement content; in 
other words, the usage of cements could be saved.

Cement stabilized gravel mixtures obtained by 
vibratory compaction conformed to the rolling 
mechanisms and effects more reasonably, which 
could save the usage of cements, enhance the 
strength and frost-resistance of materials, and 
reduce the cracks in base, providing remarkable 
economic and social benefits.
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Table 6. Frost resistance performance of cement stabi-
lized gravel mixtures.

Moulding 
methods

Cement 
contents 
(%)

Frost resistance coeffi-
cients at different pres-
ervation periods (%)

14 d 28 d 90 d

Static pressure 
compaction

3.0 88.4 90.4 92.4
4.0 90.5 90.7 92.7
5.0 89.3 91.2 93.6

Vibratory 
compaction

3.0 94.8 95.7 97.1
4.0 95.1 96.3 97.8
5.0 95.5 96.6 98.2
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ABSTRACT: The research on models of axial compressive strength between FRP confined concrete 
and reinforced concrete was carried out. Based on typical strength model in the past and the analysis of 
linear fitting from a large amount of experimental data, a comparative analysis on the coefficient ‘k’ and 
the form of compressive strength of models between FRP confined concrete and steel confined concrete 
was presented. Results indicates that there are quite differences between the coefficient ‘k’ of  two models. 
However, forms are the same. A conclusion can be drawn that the axial compressive strength model of 
FRP confined concrete is not safer than the steel confined concrete in contrast.

Keywords: FRP cylinder; concrete-filled tubes; axial compressive strength; computational model; fitting 
analysis

account of the interaction of steel and concrete. 
In fact, FRP confined concrete and steel tube con-
fined concrete are effective methods to enhance the 
bearing capacity and ductility of concrete.

2 THE PRINCIPLE OF CONFINED 
CONCRETE

For steel tube confined concrete, concrete sup-
ports steel tube and steel tube restrains concrete 
in the meanwhile. The concrete in tube is in three 
dimension stress state under pressure so that it can 
prevent the development of longitudinal crack. As 
a result, compressive strength and deformation 
capacity increase relatively. Geometrical stability 
is enhanced by the support of concrete in tube. In 
other word, instability and failure of compression 
gets to be avoided which results in the increase of 
the bearing capacity. When concrete is stressed in 
a complex state, its strength, ductility and tough-
ness properties of concrete are all boosted in a cer-
tain degree in virtue of the interaction of steel and 
concrete.

FRP confined concrete is a passive confinement 
model. Lateral expansion will emerge in concrete 
columns and hoop tension will appear in FRP. By 
contrast, FRP in hoop tension will restrain the 
lateral expansion of concrete columns. So the con-
crete in tube is in three dimension stress, and the 
bearing capacity and ductility are both enhanced. 

1 INTRODUCTION

The bearing capacity and ductility of concrete 
columns can be improved effectively owing to con-
fined concrete. Massive experimental research of 
FRP confined concrete columns and reinforced 
concrete columns have been carried out for many 
years[1–2]. FRP confined concrete and steel tube 
confined concrete are two of the most common 
ways of the constraint nowadays. FRP (Fiber 
Reinforced Polymer) is a high performance mate-
rial, which is a mixture of fiber material and matrix 
material (resin) in certain proportion. FRP is light, 
hard, non-conductive and corrosion resistance. 
Besides, its mechanical strength is extremely high, 
but recover ability is highly weaker. Actually, FRP 
has been aroused widespread interests and heated 
discussions in recent years. Over the last two dec-
ades, a great number of experimental and analyti-
cal studies have been conducted to understand and 
model the compressive behavior of FRP confined 
concrete. Because it can meet special needs, such as 
larger span, high-rise, heavier load, lighter weight 
and so on, for the modern engineering structure 
thanks to its excellent mechanical properties. Steel 
tube confined concrete can take advantage of ben-
efits of steel and concrete. And the compressive 
strength of concrete can be increased in a large 
scale due to the lateral compression. Moreover, 
the stiffness of steel will be improved by concrete. 
Therefore, the bearing capacity can get stronger on 
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The confinement action exerted by the FRP shell 
on the concrete core is of the passive type; that is, 
this pressure arises as a result of the lateral expan-
sion of concrete under axial compression. As the 
FRP shell is subjected to tension along its hoop 
direction, the confining pressure (fl) increases 
proportionally with the lateral expansion until 
the eventual failure of the system when the FRP 
shell ruptures. The performances of a large pro-
portion of the existing models were compromised 
when assessed against a large test database with a 
parametric range that is much wider than the data-
bases used in the development of these models. 
At the beginning of loading, the deformation 
of concrete is larger than FRP outside materials 
because the difference in stiffness and Poisson ratio 
between them. Therefore, their circumferential 
expansion deformation is not the same, and they 
crush each other resulting in the restraint stress. 
The early restraint stress delayed the appearance 
of initial crack of concrete in some degree.

Longitudinal crack turned up gradually with 
the increase of the axial load. Lateral strain went 
up rapidly which aggravated the extrusion between 
the FRP outside materials and core concrete. At 
the same time, restraint stress got higher prevent-
ing the development of longitudinal crack and 
making the compressive strength of core concrete 
improved. Finally, FRP will fail to work until max-
imum of axial load. The entire component will not 
breakdown until maximum of longitudinal stress. 
The mechanical model of FRP confined concrete 
is as shown in Figure 1.

The mechanism of Action and mechanical model 
between two constraints are similar to each other. 
The design criterion adopted in ACI 318–991[3] for 
column confinement is based on the premise that 
confined columns should maintain their concentric 
capacities after the spalling of cover concrete. This 
is achieved by providing sufficient confinement to 

the core concrete to attain strength and ductility 
enhancements. The required volumetric ratio of 
transverse reinforcement was derived based on the 
strength gain in core concrete, which was assumed 
to be (fcc – fco) = 4.1fl, where fl represents uniform 
passive confinement pressure.

3 INTENSITY MODEL

The model of fcc′/fco′ = 1 + k fl/fco′ is adopted for 
most existing confined concrete models. fcc repre-
sents axial compressive strength of confined con-
crete specimen, and fco represents axial compressive 
strength of the specimen without lateral pressure 
constraint. fl is defined as lateral restraint force, 
k1 is valid coefficient of constraint. The formula 
first proposed by Richart et al[4–5] (1928) in view of 
active confined concrete.

For compressive strength of concrete filled 
steel tube, the computational model presented by 
 Richart is as shown below:

′ +f f′ = fccff coff lff4 1.  (1)

Domestic and foreign scholars have conducted a 
lot of research and plenty of computational mod-
els concerning compressive strength of FRP con-
fined concrete are proposed.

Intensity calculation model of concrete cylinder 
confined by stirrup was proposed by Richart[4–5] in 
1928:

′ +f f′ = fccff coff lff4 1.  (2)

Empirical formula raised by Miryauchi[6] is as 
shown:

′ =
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

f
f

f
f

ccff

coff
lff

coff
1 2+ 98.  (3)

In 2002, after analyzing a large number of exper-
imental data of FRP confined concrete columns, 
Lam and Teng[7] conclude the model as follows:

′ +f f′ = fccff coff lff2 0.  (4)

4 EXPERIMENTAL DATA FITTING 
MODEL

Massive experimental research of FRP confined 
concrete columns and reinforced concrete columns 
have been carried out for many years. There are 
100 sets of experimental data of the strength of 
FRP confined concrete columns and 20 sets of 
experimental data of reinforced concrete columns.

Figure 1. The mechanical model of FRP confined 
concrete.
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As shown in Figure 2 and Figure 3, the experi-
mental data is made into scatter chart which draws 
in the ratio of constrain fl/fco′ as X and the ratio of 
strength fcc′/fco′ as Y. And then, these scatter are 
carried on the linear fitting, where fcc′ represents 
strength of confined concrete, fco′ represents in-place 
strength of unconfined concrete in column and fl 
represents uniform passive confinement pressure.

After linear fitting of 2 scatter charts, we could 
conclude the strength models of two different con-
fined concrete:

The strength model of FRP confined concrete 
columns:

′
′

=
′

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

f
f

f
f

ccff

coff
lff

coff
1 2+ 1.  (5)

The strength model of reinforced concrete 
columns:

′
′

=
′

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

f
f

f
f

ccff

coff
lff

coff
1 5+ 6.  (6)

Comparing two strength models, discrete degree 
of FRP confined concrete columns is smaller than 
discrete degree of reinforced concrete columns. 
However, when the same constraint is provided, 
the strength of FRP confined concrete is lower 
than that of reinforced concrete columns.

5 SUMMARY AND CONCLUSION

According to the research content of this paper, 
there are 3 conclusions as follows:

1. Both FRP confined concrete and reinforced 
concrete can attain compressive strength and 
ductility enhancements.

2. According to the active confined concrete 
intensity model proposed by Richart et al 
(1928)[4–5], the same form of intensity model is 
applicable for both FRP and reinforced con-
crete: f f f fccff coff l cff ff o/ff k f ffcoff lff f1kk . In addition, the 
form of linear fitting model is slightly simple. 
Furthermore, linear fitting model is a relatively 
ideal model which agrees well with the experi-
mental data collected.

3. The strength of FRP confined concrete is lower 
than that of a similarly restrained reinforced 
concrete by contrast of effective confinement 
factor k of  them.
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ABSTRACT: In this dissertation, fracture toughness of PC/ABS blend was studied. The specimens 
were prepared under various injections molding conditions, such as filling time, melting temperature, 
and mold temperature. The fracture mechanisms were examined using a scanning electron microscopy. 
The following conclusions can be drawn from the tests. The best injection molding conditions of fracture 
toughness specimen were filling time of 2 seconds, melting temperature of 260°C, and mold temperature 
of 55°C. The fracture toughness is varied according to skin layer normalized thickness. The stress-whiten, 
splits, and fibril-like surfaces were typical fracture mechanisms.

Keywords: PC/ABS; blend; injection molding condition; fracture toughness; skin layer

growth, and coalescence of crazes can be observed 
in the micro-fracture processes, and the macro-
crack propagation direction is finally determined 
by the coalesced direction of crazes. Lee S.K. et al. 
(2012) they found that addition of PC could have 
toughened recycled PMMA matrix under impact 
test conditions.

Because PC/ABS blend is processed and formed 
by some factors, it needs to find out suitable condi-
tions for its applications.

In this study, the investigative object of PC/ABS 
material was using the injection molding method 
for forming a test specimen and following ASTM 
E399 standard to explore the material propertied 
under different filling times, melt temperatures, 
and mold temperatures. It was evaluated that the 
PC/ABS plastic material propertied with molding 
conditions and low cycle fatigue testing condi-
tions. After the experiment, the specimen fracture 
surfaces were examined with the scanning electron 
microscope, in order to understand the related 
fracture mechanism.

2 METHODS

2.1 Material

The material used in this study is the GE (General 
Electric) produces granular PC/ABS plastic. 
The material brand name is Cycoloy-C1110HF. 
The volume percentage of containing the PC 
and the ABS is 60% and 40%, and the average den-
sity is 1.13 g/cm3.

1 INTRODUCTION

PC/ABS is product of amorphous, thermoplas-
tic polymer blends on the basis of polycarbonate 
(PC) and Acrylonitrile-Butadiene-Styrene (ABS). 
PC/ABS combines the excellent properties of the 
two materials, ABS formability and PC material 
mechanical, impact strength, heat resistance, and 
resistance to weather ultraviolet (UV) properties. 
The material usually used in household, electrical, 
electronic automotive interior, exterior parts, pre-
cision machine parts, food industry, etc. For parts 
forming methods, the injection molding method 
has excellent surface accuracy, short processing 
cycle, low cost, and can be used to molding com-
plex shapes.

The fracture toughness research in plastic is 
still quite limited, because of the complex struc-
ture of the plastic material and the varied fatigue 
characteristics. To make plastic materials such as 
metal materials widely used in industry and vehicle 
industry, the material fatigue properties must have 
systematic study and discussion.

Lu, M.L. et al. (1996) they studied elastic-
plastic fracture toughness of a PC/ABS blend 
by the conventional J-integral and the Crack Tip 
Opening Displacement (CTOD) methods. Abuzar 
E.O. et al. (2014) has been investigated fracture 
behavior of ABS polymeric material under the full 
range of in-plane loading conditions using a new 
loading device to obtain more reliable results. Li H. 
et al. (2015) experimentally investigated the mixed-
mode fracture of PC/ABS alloy. The appearance, 
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2.2 Specimen preparation

The injection mold layout is shown in Figure 1. 
The test specimens used in experiments are melting 
glue injection from the tail end.

The molding conditions were filling time set to 
2/6/12/14 seconds, melt temperature designed for 
200/220/240/260/280°C and mold temperature was 
set to 35/50/65/80°C. The specimen number and 
the detailed conditions of the molding are listed 
in Table 1.

During the injection molding, the material was 
preheated at 110°C for 4–6 hours to get rid of the 
moisture before it can be used in an injection mold-
ing machine. The specimens were cooled to room 
temperature in atmosphere, after the specimens 
being ejected out of the mold.

2.3 Fracture toughness test

The Experiment planning and methods were fol-
lowed ASTM E399 standard. Because of the test 

piece initial crack length a, in accordance with 
specifications should be between 0.45 W to 0.55 W 
(W = 36 mm is specimen width). The total length 
of cracks in this test is to take a = 18 mm, in which 
the injection molding crack is 7.5 mm. The crack 
length from 7.5 mm to 16 mm was produced by 
mechanical processing methods. The last 2 mm is 
by fatigue pre-crack method.

The specimens were test by MTS 810 100 kN 
servo-hydraulic testing machine. The PC/ABS 
specimens with different molding conditions after 
pre-crack were tensile loading till specimen broke. 
The load-crack opening displacement data was 
recording.

The load and displacement data on the slope 
of the linear range to take five percent deviation 
obtained material load PQ, and calculate the fracture 
toughness Kc of the material, the relationship is:

K
P

BW
f

a
WcK QPP

= ⎛
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After the test, specimen fracture surface was 
observed by a Scanning Electron Microscope 
(SEM).

3 RESULTS AND DISCUSSIONS

3.1 Normalization thickness

As showed in Figure 2, in the pre-crack and pull 
off  surface after the test, the test specimens had 
whitening phenomenon at fracture surface. This 
is a stress whiten phenomenon. The phenomenon 
are also occurs in pure PPO, HIPS, PPO/HIPS 
blend materials. Moloney (1989) had explained the 

Table 1. Specimens forming conditions.

Number

Conditions

Filling 
time (s)

Melting 
temperature 
(°C)

Mold 
temperature 
(°C)

T2  2 260 80
T6  6 260 80
T12 12 260 80
T14 14 260 80
M200  2 200 80
M220  2 220 80
M240  2 240 80
M260  2 260 80
M280  2 280 80
C35  2 260 35
C50  2 260 50
C65  2 260 65
C80  2 260 80

Figure 1. The layout in injection mold.

Figure 2. The stress whiten in damage area.
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 phenomenon: Because skin molecule along a direc-
tion perpendicular to the tension direction, when 
the force to make the epidermis molecular forward 
direction pull in the same direction, causing whit-
ening phenomenon. The color of layer is changed 
because the molecule orientation rearrange after 
external force applied. After force applied process, 
the surface layer has a lower density and a lower 
light reflectivity than the original material. A is 
damage area, B is pre-cark area, C is machining 
crack area.

The SEM microstructure of Compact Tension 
(CT) test specimen in thickness direction which 
is perpendicular to the molecular orientation is 
showed in Figure 3.

Figure 4∼6 are the skin layer normalized thick-
ness distribution under different injection mold 
conditions in the vertical compact tension speci-
men thickness direction. The figures show that 
the material’s maximum skin layer normalized 
thicknesses are in mold temperature of  35 °C, 
melt temperature of  200 °C and the filling time 
of  2 seconds. The maximum skin layer normal-
ized thickness decreases downwards as the filling 
time, melt temperature, and mold temperature 
increases.

3.2 Fracture toughness

Figures 7–9 show that the load and crack open 
displacement curves belong to TYPE I as shown 
in E399, the load that is by 5% deviation slope 
method to determine P5 and to locate Pmax.

From Figure 10, the mold temperature had little 
effect on the Kq, the difference between the maxi-
mum and minimum value is only 0 84. ,84 MPa m  
when compared to melt temperature and filling 
time conditions, the difference value is small.

Figure 3. The fracture surface of skin and core layers 
of M280.

Figure 4. The relationship between mold temperature 
and skin layer normalized thickness.

Figure 5. The relationship between melt temperature 
and skin layer normalized thickness.

Figure 6. The relationship between filling time and skin 
layer normalized thickness.

Figure 7. The load—crack open displacement curves 
under mold temperature conditions.
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And overall Kq values at mold temperature con-
ditions are higher than other molding conditions. 
Although D80 (M260, T2) in mold temperature 
conditions is order 3, but in the melt temperature 
and filling time conditions have maximum Kq 
value.

Effect of melting temperature from Figures 8–11 
observed, the Kq gradually increased from M200 to 
a maximum value M260, but M280 namely drop. 
In Figure 12, under filling time conditions, the 
time increases, and the Kq values decline. The Kq 
value of T12 and T14 is the smallest. It is showed 

that too long fill time did not help for the frac-
ture  toughness. Figure 13 shows the relationship 
between normalization skin layer thickness and 
fracture toughness. The data could be divided into 
two linear regression lines, the two lines  intersection 

Figure 8. The load—crack open displacement curves 
under mold temperature conditions.

Figure 9. The load—crack open displacement curves 
under mold temperature conditions.

Figure 10. The mold temperature conditions for Kq.

Figure 11. The melt temperature conditions for Kq.

Figure 12. The filling time conditions for Kq.

Figure 13. The relation between Kq and skin layer nor-
malized thickness.
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The central part of the core layer molecular for-
ward perpendicular to the direction of flow of 
melt glue.

2. The relation between skin layer normalized 
thickness and fracture toughness Kq has a criti-
cal value that has a skin layer normalized thick-
ness 0.67 and fracture is 5 41. MPa m .

3. For this optimum value estimates from 
 Figure 13, the injection molding conditions for 
filling time 2 seconds, melt temperature 260°C, 
mold temperature of 55 °C.

4. In skin layer area, the surface is like a sheet of 
brittle fracturing. The core section has pulled 
out fiber; it shows the core layer molecular 
orientation which is perpendicular to the cross 
section.
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point of the normalized thickness is 0.67 and the 
value of fracture is 5 41. MPa m . From the point, 
the optimum injection molding conditions will be 
filling time 2 seconds, melt temperature 260°C, 
mold temperature of 55°C.

When the skin layer normalized thickness is 
less than 0.67 and fracture toughness relation-
ship would be Kq = −1.83 + (skin layer normalized 
thickness)*10.88.

The skin layer normalization thickness greater 
than 0.67, and the fracture toughness relation-
ship would be Kq = 13.51 + (skin layer normalized 
thickness)*(−12.16).

3.3 Fracture mechanisms

From Figures 2 and 3, the main failure mechanism 
with a pre-split and pull off  during the test, the 
specimen notched end and crack edges have stress 
whitening phenomenon. The specimen fatigue pre-
crack area with pull-off  area of the fracture surface 
microscopic observations, showing: cracks in the 
front end of the pre-split region into a laminated 
sheet-like intermediate core layer of soft material.

Pull off  both sides of the zone of hard epidermis 
tissue, showing the sheet flat section. Intermediate 
core layer section into hairy pulled fiber, shows the 
core layer molecular orientation and into a vertical 
section.

4 CONCLUSIONS

The results, process conditions of this chapter for 
a comprehensive PC/ABS plastic material fracture 
toughness can be summarized as follows:

1. The destruction of compact tension toughness 
test specimens from the surface to the center 
of the fiber orientation can be divided into 
two regions, the epidermis molecular forward 
parallel to the direction of flow of melt glue. 
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ABSTRACT: In order to study the dynamic mechanical rheological properties of high modulus asphalt 
after aging, the strain sweep, viscoelasticity cumulative deformation and low-temperature creeping per-
formance of RTFOT asphalt and PAV asphalt are analyzed by Dynamic Shear Rheological (DSR) and 
Bending Beam Rheometer (BBR). The result shows that (1) storage modulus G′, loss factor tanδ and 
delayed elastic recovery index εp/εL can accurately evaluate the mechanical properties of different types of 
asphalt before and after aging, among them, and aging reduces the high modulus asphalt low-temperature 
performance; (2) the anti-aging performance are different according to the results of different mechanical 
rheological indicators. The aging resistance of low-temperature, medium, and high temperature indica-
tors are opposite. Above all, for anti-aging performance of high modulus asphalt, it is suggested to select 
reasonable experimental parameters and combine with the dominant factor indexes for comprehensive 
evaluation.

Keywords: road engineering; high modulus asphalt; dynamic mechanical rheological properties; low-
temperature creeping performance

is less in long-term mechanical analysis, anti-aging 
performance (especially long-term aging states), 
and so on. In this paper, creep recovery testing, low 
temperature creeping test and other performance 
tests under different high modulus asphalt states 
are carried out by using SHRP. The anti-fatigue 
performance and crack resistance under different 
aging states are researched. The reasons for differ-
ence of high temperature mechanical properties of 
different high modulus asphalt basing on delayed 
elastic deformation recovery features are analyzed 
by Burgers model.

2 RAW MATERIALS AND TEST PLAN

Currently, high modulus asphalt concrete using in 
highways primarily is on-site modification process-
ing, which can reduce costs and keep the excellent 
properties of modified asphalt. This test is consist-
ent with the real project. High modulus asphalt is 
laboratory batch processing product. Test instru-
ments are dynamic shear rheometer and asphalt 
thin-film oven. Test plan is as follows:

1 INTRODUCTION

High Modulus Asphalt Concrete (HMAC), which 
originated from Germany is mainly used to solve 
the plastic deformation which is produced by over-
loading, and improve high temperature rutting 
resistance by improving the dynamic modulus of 
asphalt concrete. HMAC properties is studied and 
put forward the PG grade range, and the high-
temperature rut resistance, low-temperature crack 
resistance, and water stability are evaluated in lit-
eratures [1][2]. The corresponding high modulus 
asphalt modifiers are developed by studying SBS\
PE material performance in literatures [3][4]. The 
climate, traffic conditions and vehicle operating 
conditions are quite different from foreign coun-
try, so the study of high modulus concrete can not 
completely refer to foreign research. Therefore, it 
is necessary to independently research and invent 
high modulus asphalt binder.

However, the high modulus asphalt research is at 
an early stage in China. There are no standard about 
performance evaluation and material composition 
of the high modulus asphalt concrete. The study 
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In order to analyze conveniently, three different 
basis bitumen (Shell 70 #, Panjin 70 # and Liaohe 
70 #); According to SHRP standard parameters, 
long-term and short-term aging tests are devel-
oped; In repeated creep test, temperature param-
eters is 60°C, stress is 100 pa, and 20 cycles is under 
loading 1 s and unloading 9 s. Three parameters 
are selected in low temperature stiffness creep 
experiments (BBR), which are temperature param-
eter (−5°C, −10°C and −24°C).

3 EFFECT OF AGING ON THE 
VISCOELASTIC PERFORMANCE

Under different working conditions, asphalt shows 
different viscoelastic performance. It needs to fur-
ther study viscoelastic performance because of the 
difference of high modulus asphalt, basis bitu-
men and modified bitumen. Many studies show 
that mechanical dynamic performance of modi-
fied bitumen is closed to the elastic behavior of 
material in literatures [5][6]. Through proceeding 
20 creep recovery of three kinds of asphalt before 
and after aging under 100 pa (stress) and 60°C 
(temperature), this paper analyzes the viscoelastic 
properties by Burgers model parameters.

Figure 1 shows that strain curve of three kinds 
of asphalt under former three creep recoveries. 
Because the main component content of asphalt 
is different, the creep recovery strain appeared 
differences with the extension of the time. Creep 
deformation of Shell basis bitumen is much larger 
than LH and PJ. Accumulated strain is large with 
the extension of time, while LH and PJ basis bitu-
men are smaller and show the recovery ability after 
loading. As T = 150 s, three strains are 115.6%, 
0.63%, and 1.77%. The accumulated strains show a 
significant difference. At the same time, it explains 
that sticky ingredients of Shell basis bitumen is the 
main proportion which basically does not change 
with time except having a small elastic recovery at 
beginning, and Shell basis bitumen is viciousness 
creep deformation while LH and PJ are delayed 
elastic deformation.

It proposed that strain and compliance of the 
general basis bitumen depends on temperature 
dependence is totally different from other modi-
fied asphalt in literature[6]. Basis bitumen creep 
cumulative deformation’s dependence on tempera-
ture is uniform decline and change is relatively 
simple, while the modified asphalt is more com-
plicated. Permanent deformation of high modulus 
asphalt increases significantly, after aging, and the 
anti-aging ability of three kinds of asphalt have 
significant differences. PJ asphalt is most affected 
by the factors, the second is LH asphalt, and Shell 
asphalt which is minimum. Compared with before 

aging, PJ asphalt increases 44.871 times, while LH 
asphalt increases 37.206 times and Shell increases 
32.234 times. It shows that accumulative strain of 
Shell basis bitumen increases in the minimum after 
aging and PJ improves the sharpest. Four compo-
nents of asphalt changes after aging, and viscous 
ingredient ratio increases.

4 EFFECT OF AGING ON THE 
ANTI-FATIGUE PERFORMANCE

Study of fatigue properties of viscoelastic materi-
als contributes to extend the service life of pave-
ment and has important significance to later road 
maintenance. To test three kinds of asphalt with 
RTFOT and PAV, fatigue performance is analyzed 
by using the rheological parameter G′, tan(δ) and 
G*sin(δ). The results are shown in Figure 2.

Figure 2 shows:

1. G′ and G′sin(δ) of three kinds of asphalt fur-
ther increase with RTFOT and PAV aging, and 
tan(δ) reduces. Rangeability of the rheological 

Figure 1. Asphalt before 3 creep state is restored.
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 parameters is different on account of asphalt 
types. Literature [7] indicates that RTFOT 
aging can simulate asphalt mixture perform-
ance during the construction, and PAV aging 
can simulate the road running 5–10 years field 
 conditions. It can be used 10 h TFOT to evaluate 

its  aging-resistant performance on heavy traffic 
paving asphalt and penetration index to evaluate 
the fatigue performance before and after aging.

2. G′ and tan(δ) of Shell asphalt change signifi-
cantly under different aging states.  Sensitivity 
of G′ reduced with temperature increasing 
while tan(δ) rising. For PJ and LH asphalt, 
different aging states influence to G′ is similar 
to Shell asphalt, while the change of tan(δ) is 
different. Tan(δ) affected by RTFOT aging 
is weak, and by PAV aging is stronger. Tan(δ) 
of RTFOT and original asphalt decrease with 
temperature increasing, while tan(δ) of PAV 
asphalt increases. It shows that PJ\LH high 
modulus asphalt is different with basis bitumen 
after aging for a long time. The effect of high 
modulus composite modifier gradually reduces 
after a long-term affected on asphalt, which 
urges the changes of G′ and tan(δ) are similar 
to basis bitumen. In addition, PAV aging can 
more accurately reflect anti-aging performance 
of high modulus modified asphalt for a long 
time, and found features which are not showed 
in the short time. It is an important assistance 
for analyzing and choosing modified asphalt.

5 EFFECT OF AGING ON THE LOW 
TEMPERATURE ANTI-CRACKING 
PERFORMANCE

In this paper, high modulus asphalt after aging 
is studied with BBR. Correlation analysis is pro-
ceeded by selecting 60 S stiffness modulus (S) and 
rate of change (m). The data is shown in Table 1.

Table 1 shows:

1. Creep stiffness modulus of PAV asphalt increases 
after aging and creep curve rate reduces. The low 
temperature rheological properties is reduced 
by aging, and temperature of asphalt adapt to 
the low temperature crack resistance improves, 
which is consistent with the anti-fatigue per-
formance analysis.

Figure 2. Original asphalt, RTFOT and PAV asphalt 
G′/tan (δ) along with the change of temperature curve.

Table 1. Three kinds of the original asphalt and PAV asphalt BBR rheological mechanics performance test at different 
temperatures.

Temperature 
(°C) Index

PAV Original

Shell PJ LH Shell PJ LH

−5 S/Mpa  65.8  55.6  46.9  45.9  36.6  37.9
m   0.356   0.413   0.467   0.457   0.484   0.597

−10 S/Mpa 245.5 228.8 189.2 143.3 118.8 123.2
m   0.296   0.313   0.348   0.369   0.341   0.367

−24 S/Mpa 468.6 368.8 298.5 358.2 278.7 268.9
m   0.168   0.276   0.307   0.308   0.305   0.317
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2. Anti-aging performances of three kinds of 
asphalt are significantly different. Anti-aging 
performance of LH asphalt is best and Shell 
asphalt is the worst. Analysis conclusion about 
creep stiffness modulus (S) and rate of change 
(m) is different with the results of the analysis 
about high temperature anti-rutting perform-
ance and anti-fatigue performance. It mainly 
exists between PJ asphalt and LH asphalt. 
Therefore, the analysis of Anti-aging perform-
ance about high modulus composite modified 
asphalt is suggested to be combined with multi-
factor index comprehensive evaluation.

6 CONCLUSION

1. Aging to high modulus asphalt viscoelastic 
behavior can have a significant effect. Burg-
ers model analyzes that high modulus asphalt 
belongs to the delayed elastic recovery deforma-
tion, and basis bitumen belongs to viscoelastic 
rheological deformation. εL/εp can evaluate 
the influence of aging to viscoelastic material 
delayed elastic deformation which recovers with 
time increasing.

2. Mechanical rheological parameters G′, tan(δ) 
and S can accurately reflect the dynamic 
mechanical rheological properties of different 
aging states of high modulus asphalt and avoid 
the problem of conventional index for some 
defects. But the anti-aging ability evaluation 
conclusion appears inconsistent phenomenon 
based on the different mechanical rheological 
parameters, to evaluate index of medium tem-
perature fatigue performance and high temper-
ature rutting performance.

3. The BBR low temperature susceptibility of high 
modulus asphalt is reduced after PAV aging. 
The temperature stability is improved and the 

low temperature anti-cracking performance is 
reduced. That is consistent with penetration 
index (right temperature) of specification evalu-
ating aged asphalt change law. Using BBR low 
temperature index can further evaluate the low 
temperature performance of modified asphalt 
binder. The LH asphalt low temperature anti-
cracking performance is better than the PJ 
asphalt.
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ABSTRACT: This paper aims at the feasibility of preparing a low-intensity self-compacting regen-
eration concrete using non-continuous graded recycled coarse aggregates. Using the variable-control 
method, the influences of different recycled coarse aggregates replacement rates on its performance and 
the compressive strength of concrete cubes with different ages are investigated. The results show that non-
graded recycled coarse aggregate can be formulated into self-compacting concrete to meet performance 
and strength requirements. When the recycled coarse aggregate replacement rate is 50%, its performance 
is best. The replacement rate, greater than 50%, has little influence on the concrete strength development. 
The early strength of prepared low-intensity self-compacting concrete grows fast, so the molds can be 
removed early. If  the curing time is larger than 7 days, the replacement rate has little influence on the 
strength development.

Keywords: non-continuous coarse aggregates; self-compacting recycled concrete; regeneration coarse 
aggregate; strength

concrete is larger, so that the mobility of the con-
crete blend is guaranteed but the segregation resist-
ance and water retention are difficult to meet the 
requirements. Therefore, the high mobility, segre-
gation resistance and water retention are mutually 
contradictory to each other. So the reasonable raw 
material mixture and reasonable choice of addi-
tives are necessary to reach the high mobility, seg-
regation resistance and water retention of the fresh 
concrete (Zhang et al. 2013).

Current research on the regeneration con-
crete mainly focuses on the traditional concrete, 
with little attention paid to the recycled coarse 
aggregates for the high performance concrete. 
Most of  the aggregates used are consecutive gra-
dation recycled coarse aggregates, and research 
on the simple and economic single grain degra-
dation coarse aggregates is rare. Based on the 
existing research (Kou & Poon 2009, Liu 2010, 
Ramanathan et al. 2013), influences of  the 
replacement rate of  recycled coarse aggregate 
on the regeneration self-compacting concrete are 
studied in order to find the method for prepar-
ing a low-intensity self-compacting regeneration 
concrete using non-continuous graded recycled 
coarse aggregates.

1 INTRODUCTION

The self-compacting regeneration coarse aggre-
gate concrete is a technology based on the theory 
on self-compacting concrete. It is in accordance 
with the technical route of self-compacting high-
performance concrete. Waste brick recycled aggre-
gates, waste concrete and hybrid-brick waste 
recycled aggregates are used to prepare the con-
crete with little vibration. The regeneration con-
crete solves the transport, storage and disposing 
of waste building materials, so enormous social 
and economic benefits are achieved and promising 
future is expected. Regeneration concrete technol-
ogy is generally considered the most effective solu-
tion to the waste concrete (Xiao 2008).

Available research shows that comparing with 
natural aggregates, recycled aggregates are of high 
porosity, liquid absorption and mobility due to the 
attached large amount of cement mortar on the 
surface. Therefore whether the mobility, through 
ability and segregation resistance of the regenera-
tion of self-compacting concrete satisfy the require-
ments is a key (Jia et al. 2014). Comparing with the 
high-strength self-compacting concrete, the water-
cement ratio of the low intensity self-compacting 
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2 MATERIALS AND TEST METHOD

2.1 Materials

1. The P•C 32.5 grade combined Portland cement 
with the apparent density of 3.1 g/cm3 is used in 
the test.

2. The Grade Ι flyash with the apparent density 
of 2.04 g/cm3 is used to make up of 20% of the 
cementitious material.

3. The medium sand with the fineness modulus of 
2.36 is used. Its apparent density is 2.65 g/cm3. 
Its bulk density is 1.45 g/cm3. And its sand test 
rate is 45%. The sieve analysis test of sand is 
showed in Table 1.

4. The 5–20 mm continuous grain size gravel 
with the apparent density of 2.75 g/cm3 is used 
as natural coarse aggregate. Its bulk density 
is 1.35 g/cm3. The percent passing of natural 
coarse aggregate is showed in Table 2.

5. The 10–20 mm recycled coarse aggregate with 
broken brick has the apparent density of 2.35 g/
cm3, the bulk density of 1.23 g/cm3, and the water 
absorption of 4.76%. The percent passing of 
recycled coarse aggregate is shown in Table 3.

6. The test uses TOJ800-10 polycarboxylate super-
plasticizer as admixture. The properties of 
admixture are given in Table 4.

7. The tap water is used.

2.2 Test method

The amount of cement, water, sand and fly ash 
is fixed, with the replace rate of the regeneration 
aggregates as 30%, 50% and 70%, respectively. 
Concrete is designed according to the Chinese 
codes DG/TJ 08-2018-2007 and JGJT 283-2012. 
The water is divided into two parts: the net and 
additional amount of water. The net amount of 
water is calculated based on DG/TJ 08-2018-2007. 
The additional amount of water is determined 
by the water absorption ratio of the regeneration 
aggregates. The coarse aggregates are divided into 
the natural and recycled aggregates, the amount 
of which is calculated based on the mass-volume 
relations. To investigate the influences of different 
raw materials on the performance of fresh concrete 
and the cube compressive strength, only the amount 
of materials investigated is changed during the test, 
and the amount of other materials is fixed.

2.3 Performance evaluation criteria

The study is based on the replacement ratio of 
the recycled coarse aggregates, which are 30%, 
50%, and 70%, respectively. The additional 
water consumption is 13.70 kg/m3, 22.05 kg/
m3, and 29.90 kg/m3, respectively. A slump flow 
test, a T500 test and an L-box test (Rod spacing 
60 mm) are conducted to examine the perform-
ance of  fresh concrete. The slump flow test and 
the T500 test are conducted in accordance with 

Table 2. Percent passing of natural coarse aggregate.

Nominal 
size (mm)

Cumulative retained percentage (%)

2.36 4.75 9.5 16 19 26.5

Natural coarse aggregates degradation
Group 1 98.2 93.2 70.6 24.3 2.5 0
Group 2 98.5 95.6 86.1 31.9 3.1 0
Group 3 98.7 94.3 72.7 22.9 4.7 0
Average 98.5 95.4 76.2 26.4 3.4 0

Table 3. Percent passing of recycled coarse aggregate.

Nominal 
size (mm)

Cumulative retained percentage (%)

2.36 4.75 9.5 16 19 26.5

Natural coarse aggregates degradation
Group 1 97.3 93.8 90.5 44.2  2.4 0
Group 2 96.5 90.1 86.2 40.5  3.1 0
Group 3 97.2 95.1 88.4 37.2  2.7 0
Average 97 93 88.3 40.6 12.1 0

Table 4. Properties of admixture.

Appearance
Solids 
content

pH 
(20 °C)

Total alkali 
content (%)

Cl− 
(%)

Light yellow 
powder

98 ± 1% 7–9 5 0.1

Table 1. Sieve analysis test of sand.

Sieve size 
(mm)

Sub meter sieve 
residue

Cumulative 
retained 
percentage (%)

Fineness
modulus

Sieve 
residue (g)

Rate 
(%)

4.75   1.73  0.3  0.3 2.36
2.36  18.94  3.8  4.1
1.18  38.13  7.62 11.72
0.6 169.43 33.88 45.60
0.3 167.40 33.47 79.07
0.15  86.04 17.20 96.27
Σ 481.67

Results Sand type Degradation

Medium sand ZoneII
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Table 5. Test properties and methods for evaluating self-compacting concrete.

Property Test method Performance rate
Technical 
requirements

Fill ability Slump flow (mm) SF1 550–655
SF2 660–755
SF3 760–850

T500 (s) VS1 2
VS2 2

Clearance through and 
segregation resistance

L-box (H2/H1) Ι Rod spacing 40 mm 0.8
II Rod spacing 60 mm

Figure 1. Slump flow test.

the Chinese code JGJT 283-2012, while the 
L-box test is conducted in accordance with the 
Chinese code CCES 02-2004. Evaluation details 
are given in Table 5. Meanwhile, compressive 
strength values of  different concrete cube speci-
mens (150 mm × 150 mm × 150 mm) under 3-days, 
7-days and 28-days curing periods are studied in 
accordance with the Chinese code GB/T 50081-
2002. The 60 L compulsory mixer mechanical 
stirring machine is used for all concrete mixtures, 
and specimens are placed under standard curing 
environment. The test procedures are shown in 
Figures 1–2.

Figure 2. L-box test.

3 RESULTS AND ANALYSIS

3.1 Performance of fresh concrete

Firstly, the recycled coarse aggregates are divided 
into single grains through standard screening pro-
cedure, and the gradation adjustment of recycled 
coarse aggregates is performed in accordance with 
the Chinese code GBT 25177-2010. The replace-
ment rates for recycled coarse aggregates are 30%, 
50% and 70%, respectively. The test procedure is 
shown in Figures 1–2, and the results are given 
in Table 6 and Figures 3–5. According to JGJT 
283-2012 and CCES 02-2004, the slump flow rat-
ing is SF1 (550–655 mm) when the recycled coarse 
aggregates replacement rates are 30% and 70%; the 
slump flow rating is SF2 (660–755 mm) when the 
replacement rate is 50%; T500 extended time rating 
is VS1; the L-box test (H2/H1) rating is grade II.

Figures 3–5 show the fresh concrete slump flow 
increases along with the recycled coarse aggre-
gates replacement rate. When the replacement rate 
increases from 30% to 70%, then slump increases 
first then decreases. It reaches its maximum when 
the replacement rate is 50% with the slump flow 
of 700 mm.

The T500 flow time decreases as the recycled 
coarse aggregates replacement rate increases, and 
when the replacement rate increases from 30% to 
50%, the T500 flow time decreases significantly, 
and with no further obvious decrease afterwards. 
When the recycled coarse aggregates replacement 
rate increases from 30% to 50%, H2/H1 obtained 
by the L-box test increases from 0.80 to 0.85, and 
the performance of the freshly casted concrete is 
improved. When the replacement rate increases 
from 50% to 70%, H2/H1 decreases from 0.85 to 
0.80, suggesting that the fluidity and filling property 
of fresh concrete is improved, while the through 
capacity and segregation resistance decreased. 
According to the rheology theory, the increase of 
the recycled coarse aggregates replacement rate in 
a certain range cause the increase of additional 
amount of water, which results in the decrease of 
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Table 6. Results of fresh concrete with different replacements.

Number Replacement (%) Slump flow (mm) T500 (s)

L-box

H1 (mm) H2 (mm) H2/H1

1 30 640 4.23  90 72 0.80
2 50 700 3.25 100 85 0.85
3 70 650 3.12 100 80 0.80

Figure 3. Slump flow with different replacements.

Figure 4. T500 test with different replacements.

Figure 5. L-box test with different replacements.

the plastic viscosity of concrete mixture, so the 
fluidity, through capacity and segregation resist-
ance are improved. When the replacement rate is 
70%, the additional water amount increases fur-
ther and the plastic viscosity of the concrete mix-
ture decreases below the critical point at which the 
performance can be guaranteed, resulting in the 
decrease of the performance. The test results show 
that non-continuous gradation of recycled coarse 
aggregates can be formulated to meet the perform-
ance requirements of self-compacting concrete. 
The best working performance is reached when 
the recycled coarse aggregates replacement is 50%, 
with the slump flow of 700 mm, T500 flow time of 
3.25 s and H2/H1 of 0.85.

3.2 Compressive strength of cubes

3.2.1 Failure of specimens
The stresses of self-compacting regeneration con-
crete specimen increases with the increase of load. 
Cracks occur in the specimen. Cracks began to 
appear on the surface in the middle of the test 
specimen, and then developed gradually along the 
oblique direction up and down to the corners of 
the specimen, appearing a V shape in the final. 
With further increase of stress in the concrete, sur-
face cracks heaved and crushed concrete began to 
fall, appearing an X-cone shape in the final. From 
the failure pattern, the destruction of renewable 
self-compacting concrete is similar to the ordinary 
concrete, as bonds between aggregates cement are 
destroyed and no crushing of the recycled coarse 
aggregates is found. This is in good agreement with 
Xiao et al. (2004). Figure 6 shows the compressive 
failure mode of a self-compacting recycled cubic 
concrete specimen.

3.2.2 Development of cube strengths
The compressive strength values of 3-days, 7-days 
and 28-days cube concrete specimens under differ-
ent replacement rates are given in Figure 7.

It can be seen from Figure 7 that for 3 d and 
7 d ages, the strengths of concrete with different 
ages decrease when the replacement rate of recy-
cled coarse aggregate increases from 30% to 50%. 
However, when the replacement rate increases 
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Figure 6. Failure mode of cubic specimen.

Figure 7. Cubic compressive strength versus curing time.

from 50% to 70%, there is almost no change of the 
concrete strength, and the strength development 
rate is basically the same. For 7 d and 28 d ages, 
the strength values of concrete with different ages 
decrease when the replacement rate increases from 
30% to 50%. When the replacement rate increases 
from 50% to 70%, the concrete strength is nearly 
unchanged. The strength development rate is 
basically the same under three different replace-
ment rates, which indicates that the replacement 
rate has a minor influence on the strength devel-
opment. The reason that strength decrease along 
with the replacement rate is probably that with 
the increase of the replacement rate, the addi-
tional amount of water increases, and hence the 
water-cement ratio increases indirectly. Mean-
while, it may also be attributed to the decrease of 
the performance of the interface between recycled 

coarse  aggregates and both new and old mortars. 
In addition, the 28 d compressive strengths of 
regeneration self-compacting concrete cube speci-
mens prepared under different replacement rates 
all satisfy the strength requirements. And the early 
strength develops fast as the 3 d strength can reach 
the 50% of the design strength; the 7 d compressive 
cube strength can be more than 70% of the design 
strength, so that molds can be removed early. The 
strength development in the late stage is obviously 
slower than that of the early stage, which is mainly 
due to the incorporation of polycarboxylate super-
plasticizer as the early hydration of cement is 
promoted.

4 CONCLUSIONS

1. Non-continuous graded recycled coarse aggre-
gates can be formulated to meet the working 
performance requirements of low-intensity self-
compacting concrete. The best performance is 
reached when the recycled coarse aggregates 
replacement rate is 50%.

2. The 28 d compressive strength values of self-
compacting regeneration concrete cube speci-
men under different replacement rates satisfy 
the strength requirements of C20 concrete. 
When the recycled coarse aggregates replace-
ment rate is greater than 50%, the replacement 
rate has little influence on the concrete strength 
development

3. The early strength of prepared low-intensity self-
compacting regeneration concrete grows fast 
and molds can be removed early accordingly. 
The recycled coarse aggregates replacement rate 
has little influence on the strength development 
after 7 days.
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Study on the pre-evaluation of the bench blasting effect based 
on the uncertainty measurement theory
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ABSTRACT: In order to resolve the uncertainty problem of influence factors of bench blasting effect 
pre-evaluation, the pre-evaluation model of the bench blasting effect based on the uncertainty measure-
ment theory was built. Then, this model was used to pre-evaluate the bench blasting effect in Hongshuitai 
flat engineering. The pre-evaluation results show that the information entropy and confidence identifying 
criterion were, respectively, used to ascertain the pre-evaluation index weight and identifying criterion. In 
this way, the pre-evaluation results of this model are found to be more objective, and the pre-evaluation 
index can be selected flexibly according to the actual situation. The calculation of the evaluation model is 
found to be simple, so the evaluation results can offer a decision basis for blasting workers to make timely 
adjustment of the blasting scheme.

Keywords: uncertainty measurement theory; bench blasting effect; pre-evaluation; factor index

evaluation model of the blasting effect based on the 
AHP and gray correlation analysis. In this model, 
two layers of gray correlation analysis evaluation 
mode were used. However, as there is uncertainty 
in determining the influencing factors of the blast-
ing effect, the model based on fuzzy mathematic, 
AHP and gray correlation analysis often lost the 
information, and had defects such as existence of 
subjective misjudgment in weight distribution and 
determination. In recent years, the uncertainty 
measurement theory has been used by many schol-
ars to make a comprehensive evaluation for the 
multi-factor index, and obtained many achieve-
ments. This article uses this theory to establish the 
pre-evaluation model of the blasting effect and 
study its practical application.

2 UNCERTAINTY MEASUREMENT 
THEORY

2.1 Uncertain measure of a single index

Given a1, a2, …, ai indicates n factors to be eval-
uated concerning the object, noting A = {a1, 
a2, …, ai}, which is called the ‘domain’; each sin-
gle-factor pre-evaluation index ai has j evaluation 
grades b1, b2, …, bj, then aij is used to indicate the 
observed value of single factor ai as an object to 
be pre-evaluated on the jth evaluation grade bj. 
The single-factor evaluation index ai, when it is in 
the jth grade of comment, is denoted as aij. This 
paper adopts an expert grading method, providing 

1 INTRODUCTION

With the development of national economic con-
struction, the bench blasting has been increasingly 
applied in many areas such as mining, cutting shap-
ing of rail and road, and facilities construction of 
water and hydropower. So, how to achieve an opti-
mum blasting effect has been a topic of concern for 
the majority of blasting workers. However, in the 
actual project, as there are many factors that influ-
ence the effect of bench blasting, it is difficult to 
give a reasonable prediction of the blasting effect. 
Therefore, the study on the pre-evaluation of the 
bench blasting effect is of important significance 
for making an optimal blasting scheme to improve 
the blasting effect and increase the economic effi-
ciency of blasting engineering. For making an 
accurate prediction of the bench blasting effect 
and providing a judging decision for improving the 
blasting scheme, a study on the pre-evaluation of 
the bench blasting effect is needed. However, cur-
rent studies on the bench blasting effect are scarce, 
mainly because there are many influencing factors 
in evaluating the bench blasting effect, and these 
factors are often mutually influencing, so it is dif-
ficult to make the pre-evaluation of the blasting 
effect. The current evaluation method for the blast-
ing effect mainly uses AHP, fuzzy mathematics 
and gray correlation analysis. For example, Ma Li 
established a comprehensive evaluation model of 
the blasting effect based on the fuzzy mathemati-
cal theory. Hu Xinhua established a  comprehensive 
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that the sum of the value of points on the grade of 
all the comments about each pre-evaluation factor 
is 100 points. The related experts will give 0∼100, 
respectively, to each grade bj of  the comment on 
each pre-evaluation factor ai, marking ij

j

j

=∑
=

100
1

. 
The use of uij = aij/100 indicates that the observed 
value aij makes ai stay at the uncertain measure 
angle of the grade bj of  the comment. uij, as the 
result of the measure of ‘degree’, is the possibility 
measure. From this, we can obtain the measure-
ment matrix of a single pre-evaluation index as the 
evaluated object:
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 (1)

where i = 1, 2, …, n.

2.2 Determination of the index weight

What is described about the uncertainty of observed 
values should be the quantitative measurement of 
uncertainty as well as the distribution function of 
observed values, which is called the entropy. Entropy 
was first brought forward in thermo-dynamics by 
Clautheus and used to describe the state of a sys-
tem, and in later years, it was introduced to many 
domains. For a discrete random variable, its infor-
mation entropy S k P PiPP

i

k

iPP∑
=1

l , where Pi ≥ 0, where 
PiPP

i

n

=∑
=

1
1

. Entropy has such characteristics as sym-
metric, non-negative, additive and of extreme value. 
Given the space of natural state X = (x1, x2, …, xn) 
is an uncontrollable factor. In the formula, xi is the 
state that has occurred. Given the prior probability 
distribution of each state that occurred in X is P(X) = 
{P(x1), P(x2), …, P(xn)}. The uncertain extent of this 
state is defined as an entropy function:

H p pi
i

n

i( )x ( )xi ln ( )xi= −
=
∑

1
 (2)

where 0 ≤ p (xi) ≤ 1, p i
i

n

( )xi
=
∑ =

1
1. The observed value 

xij of  the evaluated object of the quality of blast-
ing regarding ai makes the uncertain measure of 
the objects that stay at each grade bi of  comment 
become ui2, …, uij. If  the uncertain measure uij is 
regarded as pi in H(x), then we have
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where Wi (0 ≤ Wi ≤ 1, and WiWW
i

i

=∑
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1
1

) is the weight of 
the pre-evaluation index ai.

2.3 Comprehensive evaluation system

If  the measurement matrix of the single pre-
 evaluation index concerning the evaluated objects 
is known, then the classified weights of each index 
about the evaluated objects are obtained from For-
mula (3). Let

u W u
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Then, ui is a pre-evaluation vector of the blasting 
as an evaluated object, describing the classification 
of uncertainty. In order to obtain the classifications 
of certainty, the difference in confidence needs to 
be marked. Because the grade division of com-
ment is in order and because the grade bj of the jth 
comment is ‘better’ than the grade bj+1 of the j + 1 
comment, the discrimination criterion for the maxi-
mum measure is not suitable to this case. We have 
to use the discrimination criterion of confidence.

Given the confidence is λ, (λ > 0.5), then 0.6 or 
0.7 is usually adopted. Let

u j j
j ij

j

j

0jj
1

1 2j u =
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∑i :jj ,j 1 , ,λ  (5)

Then, it is judged that the pre-evaluated object 
of the blasting effect belongs to the j0th evaluation 
grade bj.

3 CASE TEST

3.1 Establishment of the index evaluation system

The theory and the method of systematic engi-
neering are applied to set up an index system of a 
complete structure, a substantial content and con-
venient use for evaluating the quality of blasting, 
so as to provide a basis for making an accurate pre-
diction of the bench blasting effect and providing a 
judging decision for improving the blasting scheme. 
This paper presents bench blasting in Hongshuitai 
flat engineering, as shown in Figure 1.
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A pre-valuation index system of the bench 
blasting effect based on the uncertainty measure-
ment theory was established. The index system for 
the pre-evaluation of the bench blasting effect is 
presented in Table 1.

3.2 Pre-evaluation of the bench blasting effect

The pre-evaluation grades of each single factor 
for judging the quality of blasting are classified 
as  follows: fine, good, general, relatively poor and 
poor, so that the experts give 100 points, respec-
tively, to each evaluation grade of single factors, as 
given in Table 2.

According to Table 2, the matrix of a single-in-
dex uncertain measure is obtained as formula (6):

uij =
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0 16 0 32 0 23 0 16 0 13
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By Formula (3) to calculate the index weight of 
the pre-evaluated factors, we can have W = (0.084, 
0.017, 0.029, 0.017, 0.068, 0.050, 0.074, 0.089, 
0.060, 0.096, 0.090, 0.074, 0.0079, 0.091, 0.084).

Figure 1. Bench blasting in Hongshuitai.

Table 1. Index system for the pre-evaluation of the 
bench blasting system.

First class Second class

Quality of 
blasting A1

Drilling cost a1

Forward and backward strokes a2

Cost of priming materials a3

Unit consumption of explosives a4

Coefficient of bulk increase a5

Shoveling efficiency a6

Boulder ratio a7

Toe a8

Safety of 
blasting A2

Explosion gas a9

Explosive shock wave a10

Flying rock a11

Blasting vibration a12

Slope stability a13

Dangerous rock a14

Blind shot a15

Table 2. Results of the points that the experts give.

Pre-valuated 
factors

Evaluation grade

Fine Good General
Relatively 
poor Poor

a1 21 43 25  9  2
a2 16 32 23 16 13
a3 23 36 15 16 10
a4 18 33 14 21 14
a5 30 41 13 11  5
a6 22 42 17 11  8
a7 31 41 13 11  4
a8 32 43 13  9  3
a9 20 44 15 16  5
a10 35 41 15  6  3
a11 35 40 15  7  3
a12 32 41 12 10  5
a13 23 47 17  8  5
a14 27 47 13 10  3
a15 26 46 16  8  4

By means of Formula (5), we determine the final 
result of evaluation as follows: u = (0.278, 0.425, 
0.154, 0.0989, 0.044).

Assuming the confidence λ = 0.7, both the dis-
crimination criterion of confidence and Formula (5) 
are applied to judge that the grade of pre- evaluation 
of the blasting effect in this bench blasting is the 
second, namely ‘good’. The way of uncertain meas-
ure takes notice of the orderliness of the evaluation 
space and gives a relatively rational criterion for 
the discrimination of confidence and the code of 
points for order, as is just what the fuzzy compre-
hensive evaluation method does not have at all.

ICCAHE15_Book.indb   1103ICCAHE15_Book.indb   1103 11/17/2015   6:38:27 AM11/17/2015   6:38:27 AM

  



1104

The pre-evaluation of the bench blasting effect 
in the blasting field in Hongshuitai flat engineer-
ing is realized by means of a programmed method, 
favorable to the improvement at the managerial 
level on the part of the construction project, pro-
moting the safe, reliable and economical and effec-
tive operation of blasting construction.

4 CONCLUSION

1. By applying the theory and method of system-
atic engineering, it conducts and establishes a 
pre-evaluation factor index system of the bench 
blasting effect.

2. A criterion is adopted, respectively, for the dis-
crimination of the information entropy and 
creditability in determining the weight of each 
evaluation index and the discrimination crite-
rion, therefore avoiding the defects of the fuzzy 
comprehensive judgment in these two aspects, 
making the result of the evaluation more 
objective.

3. A pre-evaluation of the bench blasting effect 
in the blasting field is realized by means of a 
programmed method, favorable to the improve-
ment at the managerial level on the part of the 
construction project, promoting the safe, reli-
able and economical and effective operation of 
blasting construction.
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Dynamic analysis on the ballast track application in urban railway 
tunnels

Yaqun Wang, Xingchen Zhang & Junhua Chen
Beijing Jiaotong University, Beijing, P.R. China 

ABSTRACT: Aiming at the ballasted track in urban railway tunnels, based on the coupling dynamics 
theory, a dynamic analysis model of the vehicle-ballast track-tunnel system is established in this paper. 
The safety index, vehicle stationarity index, index of track’s dynamic response, and vibration index were 
analyzed dynamically by ABAQUS. Finally, the feasibility of the ballast track in urban railway tunnels 
can be fully demonstrated from the aspects of track structure, tunnels structure, vehicle safety, and pas-
sengers’ comfort.

comprehensively the safety index (wheel-rail force, 
the derailment coefficient, wheel load reduction 
rate), vehicle stationarity index (vehicle accelera-
tion), index of track’s dynamic response (dynamic 
stress, dynamic displacement ), and vibration index 
(acceleration of rail, tunnel structure). We can ana-
lyze the dynamic characteristics of the ballast track 
in urban railway tunnels from a structure’s point of 
view, and this includes the track structure, tunnels 
structure, vehicle safety and passengers’ comfort in 
order to support the argument of ballast track fea-
sibility in railway tunnels.

2 DYNAMIC ANALYSIS MODEL

The established dynamic analysis model of the 
vehicle-ballast track-tunnel system in this paper 
consists of model for vehicle, model for track, 
model for tunnel, model for wheel-rail interaction 
and model for track irregularity.

According to the structure of the vehicle and 
characteristics of the suspension, we model the 
vehicle. We regard the train body, two bogies and 
four wheels as a rigid body. Vehicle model becomes 
a multi-rigid body system that consists of train 
body, bogie and wheelset. That is, the whole system 
can be regarded as the composition of four wheels, 
two bogies and a body, connected by a two-line 
spring damper element between each other.

The train body and bogie each has five degrees 
of freedom, that is, the ups, downs, nod, shifting, 
roll and yaw. Each wheel has four degrees of free-
dom, that is, the ups, nod, shifting, roll and yaw. 
The rotary produced by wheel speed uniform-
ity is not considered. Vehicle model is shown in 
Figure 1.

1 INTRODUCTION

Urban railway has become a top priority as the 
public infrastructure in many metropolitans in 
China; meanwhile, in most of the urban railway 
lines in China, especially in the tunnel line, the 
structural form of the ballastless track is usually 
adopted. However, applications of a large number 
kinds of ballastless track without independent 
property rights have led to the increase in the costs 
in preconstruction. Expense of maintenance and 
replacement of accessories is also a large expendi-
ture in the late stage.

Elasticity of ballastless track is mainly pro-
vided by rail fastenings; therefore, there are more 
stringent requirements for the fastenings structure 
design, material selection and technical standards. 
Beyond that, the adjustment of the track geomet-
ric status can only be realized by fastenings [1].

Various levels of vibration damping measures are 
adopted in order to meet the requirements of envi-
ronmental protection. Some of them work rather 
well; nonetheless, the problems of vibration damp-
ing cannot be solved in many areas. On the con-
trary, serious abnormal rail corrugations are caused. 
These factors have restricted the development of 
urban railway transit to a certain extent [2].

The concept of building ballast tracks inside 
tunnels has been adopted in many European cit-
ies, namely Paris, London, Helsinki, Moscow, and 
Berlin, and the tracks have been still in use since 
the last century. Hence, it is crucial for us to inspire 
their successful experiences [3].

Coupling dynamics theory is used in this paper 
[4]. A dynamic analysis model of the vehicle-ballast 
track-tunnel system is established by procedure 
software of finite element ABAQUS, analyzing 
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modifying the rail model node coordinates. Vehi-
cle-ballast track-tunnel system dynamic analysis 
model is shown in Figure 3.

3 WHEEL-RAIL COUPLING EFFECT

The coupling action between the wheel and the rail 
is achieved by the wheel-rail contact. In the system 
dynamic analysis model, we consider the wheel-rail 
normal force and tangential force in the following 
way [4].

3.1 Wheelrail normal force

We calculate the wheel-rail vertical force according 
to the Hertz nonlinear elastic contact theory:

P
G

Z( )t ( )t
/

= ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞1 3 2/

Δ  (1)

where G is the wheel-rail contact constant (m/
N2/3); for a cone-shaped tread wheel, G = 4.57 
R−0.149 × 10−8 (m/N2/3); for a worn tread wheel, G = 
3.86 R−0.115 × 10−8 (m/N2/3); and ΔZ(t) is the elastic 
compression between the wheel and the rail at T 
moment (m).

Elastic compression between the wheel and the 
rail includes the wheel loading amount, which can 
be determined directly by the wheel-rail displace-
ment at wheel-rail contact point:

Z Z ZwiZZ riZ( )t ( )t= ZZ ( )i = ~  (2)

where Zwi is the displacement of the ith wheel at 
T moment (m) and Zri (t) is the rail displacement 
under the wheel (m).

When displacement irregularity Z0ZZ ( )t  exists in 
the wheel-rail interface, expressions for the wheel/
rail force are given by

P G( )t =
[ ]Z Z ZwiZZ riZ( )t ( )t( )t ( )t− −Z )t⎧

⎨
⎧⎧
⎩
⎨⎨

⎫
⎬
⎫⎫
⎭
⎬⎬

( )

1

0

ZZ
⎧⎧

⎨
⎪
⎧⎧⎧⎧

⎨⎨

⎩
⎪
⎨⎨

⎩⎩

3 2/

 (3)

3.2 Wheel-rail tangential force

Tangential force will be produced at the contact 
spot between the wheel and the rail, which is the 
wheel/rail creep force. Kalker’s linear theory is used 
in this paper. Kalker assumes that the contact area 
is all adhesion areas and the tangential force distrib-
utes symmetrically in his linear theory. Therefore, 
longitudinal creep force and lateral creep rate are 
unrelated. The linear relationship between creep 

Figure 1. Vehicle model.

Figure 2. Tunnel model.

Figure 3. Vehicle-ballast track-tunnel system dynamic 
analysis model.

When modeling, we simplify the structure of 
the tunnel, by only considering the inverted arch 
(using C35 concrete), arch wall (using C35 con-
crete), invert backfill layer (using C20 concrete), 
shotcrete layer (using C25 concrete), and part of 
the wall rock outside of the lining. Tunnel model is 
shown in Figure 2.

The irregularity of the sample distribution 
is applied to the left and right rail by the way of 
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force T T Mx yTT zM,TyTT  and the creep rate ξ ξ ξx yξ ξξ spξ,ξyξ  is 
as follows:

T f

T f

M f

x xT fT

y yT fT sp

z yM f spf

⎫

⎬
⎪
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⎪
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⎪⎭⎭
⎪⎪

11ffff

22ffff 23

32ffffff 33

ξx

ξ ξfy s− 23ff

ξ ξfy s− 33ff

 (4)

where f11ff  is the longitudinal creep coefficient; f22ff  is 
the lateral creep coefficient; f23, f32 is the transverse/
spin creep coefficient; and f f23ff 32ff ; f33 is the spin 
creep coefficient.

The creep coefficient can be determined by the 
following formula:

f EabCEE
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/  (5)

where a is the semi-major axis of the wheel/rail con-
tact ellipse; b is the semi-minor axis of the wheel/rail 
contact ellipse; E is the modulus of elasticity of the 
wheel and rail material; CijC  is the Kalker coefficient.

Finally, the wheel/rail contact force can be 
obtained due to creep.

The longitudinal creep force of the left and right 
wheels is given by
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The transverse creep force and the spin creep force 
torque of the left and right wheels are given by
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where r rl rr rr r  are the actual rolling radius of the left 
and right wheels; δ δl rδ δδ δ  is the wheel/rail contact 
angle; and l0ll  is half  the track gauge.

In the above formula, the longitudinal creep 
force of the left and right wheels is in the opposite 
direction, and the lateral creep force are in same 
direction.

Kalker linear creep theory is only applicable 
to situation with small creepages and small spin. 
For the situation with a large creep rate, high spin 
or even completely sliding, the linear relationship 
between the creep forces breaks down. Therefore, 
we make the following nonlinear correction with 
Shen theory, in order to adapt to the actual condi-
tions of the simulation calculation of the interac-
tion between the wheel and the rail [5].

Resultant force rTT  of  TxTT  and TyTT  is given by:
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where μ  is the maximum static friction coefficient 
between the wheel and the rail; and N is the normal 
force of the wheel/rail contact point [6].

We introduce the correction coefficient 
ε = ′T T′r rT TT T/ , and then we can obtain the modified 
creep force (torque) as follows:
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′
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3.3 Main calculation parameters

Ballast track in urban railway tunnels contains 
steel, rail fastenings, sleepers, and ballast bed. 
Among them, the quality of the metro vehicle is 
22800 kg, the quality of the bogie is 2550 kg, the 
quality of the wheel set is 1760 kg, the wheelbase 
is 2.2 m, and the length of the vehicle is 12.6 m. 
Using 60 kg/m rail, spacing of rail fastenings is 
found to be 0.625 m, the vertical stiffness of the 
fastening system is 75 kN/mm, the lateral stiffness 
is 40 kN/mm, and the longitudinal resistance is 
10 kN/mm. Other related parameters of sleepers 
and concrete are seen in the relevant standards and 
related documents.

4 RESULTS OF DYNAMIC CALCULATION

The following is part of the typical time history 
curve of the simulation results after the model cal-
culation. The time history curve is derived from the 
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as given. We then analyze the safety index, vehi-
cle stationarity index, index of track’s dynamic 
response, and vibration index. Dynamically, we 
can analyze the dynamic characteristics of ballast 
in urban railway tunnels from the aspects of track 
structure, tunnels structure, vehicle safety, and pas-
sengers’ comfort.

1. The vehicle safety and comfort: the maximum 
value of the rate of wheel load reduction is 
0.412, the derailment coefficient is 0.041, the 
maximum of the transverse force is 5.54 kN, 
and the train safety can be ensured. In addi-
tion, the vehicle body acceleration is less than 
the limit value requirement, and standard of the 
passenger ride comfort can be satisfied.

2. The dynamic response of track structure: track 
dynamic stress decreases across the table, and 
the stress of the rail, sleeper and ballast bed is 
far less than the allowable stress value of the 
structure. Vibration acceleration also decreases 
from the top to the bottom, with the overall vol-
ume being small. As for the dynamic displace-
ment, the value of structure displacement is 
small because the urban rail train axle load is 
lighter than the train.

3. The dynamic response of tunnel structure: 
the vertical vibration acceleration of the tun-
nel structure is 0.194 m/s2, the lateral vibration 
acceleration is 0.048 m/s2, and the overall vol-
ume of the acceleration is minimum. When the 
train is in running, the vibration will decrease 
accordingly because of the materials used on 
the outer wall of the tunnels.

5 CONCLUSIONS

This paper analyzed the safety index, vehicle sta-
tionarity index, index of track’s dynamic response, 
vibration index of the ballast track in urban 
railway tunnels dynamically through establish-
ing the dynamic analysis model of  the vehicle-
ballast track-tunnel system. It is feasible to use 
ballast track in urban railway tunnels, no matter 
from which aspect such as the safety of the struc-
ture, dynamic response, passenger’s comfort and 
vibration.

It is important to note that due to the lack of 
measured data of the ballast track in urban rail-
way tunnels, we are unable to test the calculated 
data from the vehicle-ballast track-tunnel system’s 
dynamic analysis model established in this paper 
by practice.

Selection of the typical test is recommended in 
the new-built urban rail traffic tunnel to fully dem-
onstrate the feasibility of the application of the 
ballast track in urban railway tunnel lines.

Figure 4. Vertical displacement of the rail.

Figure 5. Transverse acceleration of the ballast bed.

Figure 6. Rail stress.

system dynamic response when the train speed is 
60 km/h.

Through the established dynamic analysis 
model of the vehicle-ballast track-tunnel system, 
we can get the peak value calculation of the model, 
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ABSTRACT: Bleeding is a critical property for successful placement and performance of concrete. In 
this paper, dormant time and initial bleeding rate were employed to evaluate the effect of different mix 
design parameters on the bleeding characteristics. The unit water consumption was shown to affect the 
initial bleeding rate significantly, while the sand-to-aggregate ratio was a key factor in dormant time of 
bleeding. The water-to-powder ratio can decrease the bleeding in the range of 0.36∼0.39.

Keywords: fresh concrete, bleeding, mixture proportion

2 EXPERIMENTAL PROCEDURE

2.1 Material characterization

The raw materials used in the experiment are listed 
as follows:

1. Cement: P ⋅ O42.5 cement with a compressive 
strength of 50.2 MPa at 28 curing days.

2. Fly Ash (FA): II grade FA with a Blaine sur-
face area of 411 m2/kg, 7% loss on ignition and 
water requirement ratio of 91%.

3. Ground Granulated Blast Furnace Slag 
(GGBFS), S75 grade with a Blaine surface area 
of 411 m2/kg.

4. Iron Mill Tailings Powder (IMTP): grounded by 
iron mill tailings with a Blaine surface area of 
444 m2/kg.

5. Aggregates: sand with a fineness modulus of 
2.10 and dust content of 3.3%; coarse aggregate 
with a continuous gradation of 5∼25 mm and 
crushing index values of 8.2%.

2.2 Experimental program and test sequence

Mix proportion design. According to the “JGJ55-
2000, the specifications for the design of concrete 
proportion design of ordinary concrete”, concrete 
mix proportions with the w/b of 0.46, 0.57, 0.78 
were designed.

1 INTRODUCTION

Bleeding is an important index to measure the 
workability of fresh concrete. However, the influ-
ence factors of concrete bleeding are perplexing. 
At present, the study on the origin of bleeding and 
on the performance of concrete is mainly qualita-
tive research, which has not achieved the expected 
control of bleeding.

The bleeding properties of concrete can be sub-
divided into the bleeding volume and bleeding rate. 
According to the dormant time and initial bleed-
ing rate, bleeding of fresh concrete can be divided 
into four types: early and quickly; early and slowly; 
lately and quickly; and lately and slowly.  Generally, 
the early and quickly type bleeding occurs in a high 
water-to-cement ratio (w/b) concrete. The early 
and slowly bleeding, and lately and quickly bleed-
ing types appear in a medium w/b concrete. The 
lately and slowly bleeding type occurs in a low w/b 
concrete.

Concrete mixture proportion has a very impor-
tant influence on the performance of bleeding. In 
this paper, the mixture proportion of concrete with 
different unit water consumption (w/b), fine/total 
aggregate ratio (βs), water-to-powder ratio (w/p) 
was prepared. The influence of mixture param-
eters of concrete on dormant time, bleeding rate 
and bleeding types was investigated.
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Specimen prepared and performance test. Fresh 
concrete was prepared according to the mixture 
proportions. The slump and bleeding water con-
tent test was conducted in accordance with the 
Chinese standard GB/T 50080-2002.

The fresh concrete was poured into a mold 
and cylinder, respectively. Early bleeding concrete 
would be classified if  surface visual bleeding was 
observed for the test sample in mold after vibra-
tion on the vibration table. For the test sample in 
cylinder, the bleeding rate was measured without 
vibration, and the dormant time of bleeding (t0) 
was defined by regression analysis. t0 = 20 min was 
considered as the cut-off  point of concrete bleed-
ing earlier or later, t0 < 20 min for the early bleeding 
type and t0 ≥ 20 min for the late bleeding type.

3 RESULTS AND DISCUSSION

3.1 Influence of unit water 
consumption on bleeding

The mixture proportion of concrete with differ-
ent w/c (0.78, 0.57, and 0.46) and unit water con-
sumption is given in Table 1. The bleeding rates 
of concrete samples are tested (see Fig. 1) and the 
dormant time of bleeding (t0) was calculated. The 
results are summarized in Table 2.

It can be seen from Figure 1a (w/c = 0.78) that 
with the increase in unit water consumption for a 
higher w/c, the concrete bleeding rate is increased 
and the maximum value of bleeding increases. The 
variation of the initial bleeding rate is low. But the 
dormant time of bleeding (t0) of D3 is earlier than 
that of D1 and D2.

Bleeding can be regarded as free water between 
the solid particles in fresh concrete floated to the 
surface. In this process, there is a variety of resist-
ance factors. When the potential energy of the free 
water is greater than the resistance force, the bleed-
ing occurs.

Table 1. Mix proportion of concrete with different 
water consumption.

Simple 
no. w/b/% β/% w/kg c/kg s/kg g/kg

D1 0.78 40 200 256 720 1174
D2 0.78 40 220 282 740 1109
D3 0.78 40 243 312 718 1077
D4 0.57 38 190 333 713 1165
D5 0.57 38 205 360 696 1138
D6 0.57 38 220 390 682 1113
D7 0.46 39 200 435 688 1077
D8 0.46 39 220 478 664 1042
D9 0.46 39 235 510 645 1009

Figure 1. Influence of unit water consumption on the 
bleeding rate of concrete.

Table 2. Bleeding of concrete with different water 
consumption.

Sample 
no. w/b/% w/kg

Slump/
mm Bleeding t0

D1 0.78 200  55 Slight 14.85
D2 0.78 220 155 Slight 13.09
D3 0.78 243 200 Seriously −7.11
D4 0.57 190  70 None 22.11
D5 0.57 205 110 Slight 22.92
D6 0.57 220 140 Slight 22.59
D7 0.46 200 110 None 23.6
D8 0.46 220 150 None 23.2
D9 0.46 235 200 None 24.85
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Unit water consumption has a close relation-
ship with bleeding, higher unit water consump-
tion, more free water and higher potential energy 
of bleeding, which resulted in more serious bleed-
ing manifested as earlier dormant time of bleeding 
(t0) and higher bleeding rate, and larger bleeding 
volume in concrete.

With the increase in unit water consumption, free 
water in concrete is also increased and “bleeding 
potential energy” is greater, the initial bleeding rate 
and total bleeding water will be improved, as shown 
in Figure 1b (w/c = 0.57) and Figure 1c (w/c = 0.46). 
On the other hand, the increase in unit water con-
sumption means the decrease in the proportion of 
solid particles. Bleeding resistance can be decreased 
dramatically with the solid particles, especially the 
fine cementitious particles and then the bleeding 
rate increases, and thus the bleeding occurs earlier. 
So, it can be considered that unit of water consump-
tion is a key factor of concrete bleeding, especially 
the dormant time of bleeding at a high w/c.

For the bleeding performance, the w/c seems 
also to play a significant role, as shown in 
Figure 1. Bleeding is much milder for the lower w/c 
concrete.

3.2 Influence of the fine/total aggregate 
ratio (βs) on bleeding

A series of concrete mixtures were designed at 
the water/cement ratio of 0.78, 0.57 and 0.46 and 
the fine/total aggregate ratio (βs) for a single vari-
able. Bleeding was measured and dormant time of 
bleeding (t0) was defined by the regression analysis. 
Influence of the fine/total aggregate ratio (βs) on 
the bleeding rate of concrete is shown in Figure 2.

The fine/total aggregate ratio (βs) play a sig-
nificant role on the workability of concrete for a 
given cement paste volume. Too large or too small 
βs both make the workability worse and bleeding 
will occur. As can be seen from Figure 2, with the 
increase of βs, dormant time of bleeding (t0) was 
prolonged, the amount of bleeding was reduced 
and the bleeding rate decreased slightly. When βs 
is the one and only variable in fine/coarse aggre-
gate binary system, with βs increase, the specific 
surface area is monotone increasing and porosity 
decrease first and then increase. Lower porosity 
will result in increased resistance of bleeding until 
a minimum porosity reached. Further increased βs 
willed result in higher porosity and higher specific 
surface area. Therefore, there is a reasonable gra-
dation exists for bleeding of concrete system.

It can be seen fine/total aggregate ratio (βs) is 
an important factor affected bleeding rate in the 
range of 32–40%. As the βs increased, bleeding 
was much milder. It seems that βs = 40% is accept-
able for controlling the bleeding of concrete.

3.3 Influence of the water/powder 
ratio (w/p) on bleeding

The influence of the water/powder ratio (w/p) on 
bleeding fixed the fine/total aggregate ratio by 40%, 
as shown in Figure 3. The relationship between the 
water/powder ratio (w/p) and slump is shown in 
Figure 4. The composition of powder in concrete 
samples is listed in Table 3.

At the same water/powder ratio, the powder 
instead of cement with 15% FA and 15% GGBFS 

Figure 2. Influence of the fine/total aggregate ratio (βs) 
on the bleeding rate of concrete.
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can reduce the bleeding slightly and improve the 
slump of concrete at the same time. As the IMTP 
powder replacing fine aggregate mixed into con-
crete increased, the bleeding rate appeared a peak 
with w/p = 0.36, corresponding to the slump also 

reached the maximum value. When w/p < 0.36 
(IMTP > 13.3%), the slump decreased rapidly. It 
can be seen from Figure 3 and Figure 4 that the 
bleeding rate and the slump are consistent, i.e. 
large slump and high bleeding rate is high, and 
vice versa. Therefore, the w/p in concrete is a 
major determinant of bleeding and slump factors. 
It seems that w/p = 39% is acceptable for control-
ling the bleeding of concrete.

4 CONCLUSIONS

1. The unit water consumption was the key fac-
tor of concrete bleeding, especially the dormant 
time of bleeding at a high w/c.

2. As the fine/total aggregate ratio (βs) increased, 
bleeding was much milder. It seemed that 
βs = 40% was acceptable for controlling the 
bleeding of concrete. βs was a key factor of the 
bleeding rate.

3. Water/powder ratio in concrete was a major 
determinant factor of bleeding and slump. It 
seemed that w/p = 39% was acceptable for con-
trolling the bleeding of concrete.
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ABSTRACT: Track irregularities are the main excitation sources of vehicle vibration that will produce 
a direct impact on the vehicle’s stability and safe running. Because the curved lines are applied greatly in 
railway lines, the irregularities of curved lines contribute to more intense interactions between wheels and 
rails that not only increase the wear of wheels and rails and vibration of vehicles, but also cause great 
damage to the track structure. Therefore, the main objective of this article is the examination of the effects 
of curved track irregularities on vehicle dynamics during motion along a curved track. For the track 
irregularity types with different breadths and wavelengths, the effects of track irregularities on vehicle 
dynamics are different. Based on the data from the curved track irregularity measurements of the Wu-Jiu 
line by track inspection car, using coherence function and computer simulation of trains running on the 
track of different irregularity types, the relationship between curved track irregularity and vehicle vibra-
tion was studied. First, based on the result of coherence function analysis and power spectrum analysis, 
the detrimental wavelengths, which will lead to more intense vibration responses, were defined. Second, 
by inputting the data from the Wu-Jiu line as the excitation source of the proposed model, the model 
was implemented via the software ADAMS/rail. On comparison with the simulation results, the defined 
detrimental wavelengths were proposed. The result of this paper can provide a theoretical and practical 
guidance for the maintenance of geometrically irregular track and relevant management.

Keywords: the curved track; track irregularities power spectrum; coherence functions analysis; 
detrimental wavelengths

inspection car include: left rail y-displacement, left 
rail z-displacement, right rail y-displacement and 
right rail z-displacement.

1.2 The curved line track irregularity 
power spectrum analysis

In order to examine the effects of curved track 
irregularities on vehicle dynamics, the track irregu-
larity power spectra are calculated and the fre-
quency components are analyzed. Figure 1 and 
Figure 2 show the power spectrum of track vertical 
profile irregularities. According to these figures, the 

1 ANALYSIS OF CURVED LINE TRACK 
IRREGULARITIES CHARACTERISTICS

1.1 Irregular areas

The data of this paper come from the on-site meas-
urements of the Wu-Jiu line by track inspection 
car. The sampling interval is 0.25 m. The spatial 
frequency is 4. Thus, for every kilometer, the total 
number of data point is 4001. The curved radius 
is 680 m. The curved length is 611 m. The average 
super elevation is 124.2 mm. The train’s  average 
speed is 101 km/h. The irregularity data from 
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dominant frequencies are 0.1094 m−1, 0.1564 m−1, 
0.194 m−1, 0.2448 m−1, 0.2788 m−1 and 0.3411 m−1. 
Therefore, the corresponding wavelengths are 
10 m, 6.5 m, 5 m, 4 m, 3.6 m and 2.8 m.

Figure 3 and Figure 4 show the power spec-
trum of track direction irregularities. From these 
figures, the dominant frequencies are 0.09644 m−1, 
0.126 m−1, 0.1553 m−1, 0.1885 m−1 and 0.3147 m−1. 
Thus, the responding wavelengths are 10 m, 7.9 m, 
6.4 m, 5.3 m and 3.1 m.

2 COHERENCE ANALYSIS OF TRACK 
IRREGULARITIES AND VEHICLE 
VIBRATION

Coherence analysis can determine the percentage 
that shows how much output response is induced 
by input. Hence, the wavelength, which corresponds 
to the maximum value of coherence functions, can 
be regarded as the detrimental wavelength. For 
a single input and a single output, the coherence 
function can be described as follows:

γ γxyγγ
x y

xy
s f

sx s fy

2 2γγ xys fxy 2
1γ xyγ 2γγf

| ssxy ) |
)f )f

y
 (1)

here, Sx(f) is the auto-power spectrum of the signal 
x(t); Sx(f) is the auto-power spectrum of the sig-
nal y(t); and Sxy(f) is the cross power-spectrum of 
x(t) and y(t). For most conditions, 0 12γ xy f )( f , 
which shows that the two physical quantities are 
coherent to some extent. If  the maximum value of 
coherent function can be found, then this wave-
length will induce the greatest vibration.

The coherence functions are adopted to analyze 
track irregularities and vehicle vertical or lateral 
vibration accelerations. By studying the coherent 

Figure 1. PSD of left-z displacement.

Figure 2. PSD of right-z displacement.

Figure 4. PSD of right-y displacement.

Figure 3. PSD of left-y displacement.
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Figure 5. Coherence of left rail vertical irregularities 
and vertical vibration of vehicles.

Figure 6. Coherence of right rail vertical irregularities 
and vertical vibration of vehicles.

Figure 7. Coherence of left rail direction irregularities 
and lateral vibration of vehicles.

Figure 8. Coherence of right rail direction irregularities 
and lateral vibration of vehicles.

extent of vehicle vibration and track irregularities, 
the detrimental wavelength scope can be  identified. 
The power-spectrum analysis can present the dis-
tribution of dynamic response of vehicle and track 
irregularities with wavelengths. Thus, in this paper, 
the combined method of coherent analysis and 
power spectrum is adopted to define the detrimen-
tal wavelengths.

According to the coherent analysis figures and 
power spectrum figures, the track vertical irregu-
larities affect the vehicles’ vertical vibrations signif-
icantly, while the track direction irregularities have 
significant effects on the vehicles’ lateral vibra-
tions. When both the power spectrum of vehicle’s 
acceleration and coherent function curved reach 
the maximum, the wavelength can be regarded det-
rimental. For track direction irregularities, the det-
rimental wavelengths are 1/0.035 m−1 (28.5 m) and 
1/0.2686 m−1 (3.72 m), and for vertical irregulari-
ties, the detrimental wavelengths are 1/0.05078 m−1 

(20 m) and 1/0.3984 m−1 (2.5 m).

3 DYNAMICAL SIMULATION 
CALCULATION

A vehicle-track system can be considered as a 
dynamic system whose inputs are track irregu-
larities and whose outputs are vertical force, lat-
eral force and vehicles’ accelerations. This study 
used the rail-wheel dynamic model of ADAMS/
Rail. By inputting the irregularity data as excita-
tion functions, the vehicles’ dynamical responses 
under different track irregularities were studied. In 
order to study the effects of different track irregu-
larity types on the vehicles’ vibrations, the model 
inputs each track irregularity type individually. 
Figure 9 and Figure 10 show the vehicles’ lateral 
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and vertical acceleration power spectra induced 
by left-rail direction irregularities. Figure 11 and 
Figure 12 show the lateral and vertical accelera-
tion power spectra induced by left-rail vertical 
level irregularities. Figure 13 and Figure 14 show 
the lateral and vertical acceleration power spectra 
induced by right-rail vertical level irregularities. 
Figure 15 and Figure 16 show the lateral and verti-
cal acceleration power spectra induced by left-rail 
vertical level irregularities.

By calculation, the main frequency scope of 
the vehicle lateral acceleration spectrum is found 
to be 0.02 m−1–0.05 m−1. According to the coher-
ence analysis, the detrimental wavelengths include 
1/0.035 m, which belong to 0.02 m−1–0.05 m−1. 
Furthermore, from Figure 10, the main frequency 
scope of the vehicle vertical acceleration spec-
trum is 0.4 m−1–0.5 m−1. According to the coher-
ence analysis, the detrimental wavelengths include 
1/0.3984 m−1, which nearly belong to 1/0.5 m−1–
1/0.4 m−1. The simulation results indicate that the 
detrimental wavelength obtained from coherence 
functions and from the simulation model can fit.

Figure 10. The power spectrum of the vehicles’ vertical 
acceleration induced by left-rail direction irregularities.

Figure 11. The power spectrum of the vehicles’ lateral 
acceleration induced by left-rail vertical level irregularities.

Figure 12. The power spectrum of the vehicles’ vertical 
acceleration induced by left-rail vertical level irregularities.

Figure 13. The power spectrum of the vehicles’ vertical 
acceleration induced by right-rail direction irregularities.

Figure 9. The power spectrum of the vehicles’ lateral 
acceleration induced by left-rail direction irregularities.
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vehicle dynamics are different. Therefore, the 
effects of different track irregularity types on vehi-
cle dynamics during motion along a curved track 
were studied. Based on the power spectrum analy-
sis and coherence function theories, compared 
with the results of dynamic simulations, some con-
clusions can be drawn as follows:

1. Combining coherence function and power spec-
trum analysis, the random track irregularities’ 
detrimental wavelengths can be defined.

2. In this paper, the coherent analysis between 
the acceleration of a vehicle at the speed of 
101 km/p and track irregularities is presented. 
According to the analysis results, the track 
vertical irregularities affect the vehicle’s verti-
cal vibration significantly, and the most detri-
mental wavelengths are 1/0.05078 m−1 (20 m), 
and 1/0.3984 m−1 (2.5 m). While the track direc-
tion irregularities have a significant effect on 
the vehicle’s lateral vibrations, the most detri-
mental wavelengths are 1/0.035 m−1 (28 m) and 
1/0.2686 m−1 (3.72 m). The simulation results of 
ADAMS/Rail indicate that the defined detri-
mental wavelengths are dependent.

3. In response to the detrimental wavelengths 
described in this paper, the special track mainte-
nance is suggested to avoid the track irregulari-
ties with the most detrimental wavelengths.
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Figure 15. The power spectrum of the vehicles’ vertical 
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Figure 16. The power spectrum of the vehicles’ lateral 
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4 CONCLUSION

The irregularities of curved lines will contribute to 
more intense interactions between wheels and rails. 
For different track irregularity types, breadths and 
wavelengths, the effects of track irregularities on 

ICCAHE15_Book.indb   1119ICCAHE15_Book.indb   1119 11/17/2015   6:38:40 AM11/17/2015   6:38:40 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-039.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-039.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-039.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-042.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-042.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-042.jpg&w=160&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-045.jpg&w=160&h=114
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-045.jpg&w=160&h=114
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-229&iName=master.img-045.jpg&w=160&h=114


1121

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Risk analysis of green building project at the decision-making stage
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ABSTRACT: The decision-making stage is the key to success in a project. From the viewpoint of the 
contractor, the paper focuses on the analysis of risks before bidding decision-making in the green build-
ing project. Based on previous results and past experience, it is at the green construction decision-making 
stage that the effects of 13 risk factors are identified. The risks are divided into four main aspects such as 
owner’s risk, design risk, policy risk, and management risk. Then the AHP method is used to determine 
the risk weights and the AHP model is constructed. The relative evaluation criteria are assigned to green 
buildings. By means of constructing judgment matrix the consistency check is completed. The probability 
of the 13 risk factors is analyzed. The results show that the risk of the design phase is a key part of influ-
ence on project decisions, followed by the owners, management, and policy. It has to be pointed out that 
the results can help the contractors to identify risk factors, which can be taken measures to avoid. All these 
provide a theory basis for the further research on risk management of green building during life cycle.

Keywords: green building; decision-making stage; risk management; AHP

green building projects to analyze the decision-
making stage. This text puts forward the concept of 
decision-making risk of the green building, based 
on the existing green building assessment system; 
the identification of risk factors, using the AHP 
method to determine the risk in weight and value. 
These can help the contractors identify the key risk 
factors of green building, and prepare to effectively 
cope with the risks of the green building[4].

2 THE CONCEPT OF DECISION-MAKING 
STAGE RISK OF GREEN BUILDING

The risk refers to the uncertainty of loss. Decision-
making stage risk refers to the strategic plan of 
the Target Corp—which is not perfect—lack of 
understanding of the Target Corp, and choosing 
the wrong acquisition targets. Green building dis-
tinguished from ordinary building is its “green” 
concept[5]. So the concept of decision-making stage 
risk of green building is: uncertain factors affect-
ing sustainable development of the project in the 
decision-making stage.

3 THE CONCEPT OF DECISION-MAKING 
STAGE RISK OF GREEN BUILDING

As the green building has its own characteristics 
and requirements, it is faced with greater risks and 
higher challenges than traditional architecture, 

1 INTRODUCTION

In recent years, with the rise of building energy 
consumption, building energy conservation has 
become the focus of the construction industry. 
According to estimates, building energy consump-
tion accounted for about 40% of global energy con-
sumption, so green architecture is the first choice. 
By 2015, the new green construction area will 
reach more than 1 billion square meters, in 2020 
our country town green building accounted for 
the proportion of new buildings will rise to 50%[1]. 
Obviously, green building will become the inevita-
ble trend of the future construction. At present, 
the research of the green building focus on tech-
nology evaluation, cost control, and other fields, 
and understanding of risk is still in the initial stage. 
Green buildings compared with the ordinary puts 
forward higher requirements on the construction 
system, efficient use of resources, reduce the impact 
on the environment, improve the living comfort, 
and so on. The risk of green building compared 
with the ordinary has expanded and changed, con-
crete manifestations of the expansion of the scope 
of the risk and the change of risk content[2]. For-
eign scholars found that, the higher the perform-
ance of the building, the higher the safety risk, and 
the data shown LEED certified project injury rate 
is 9% higher than the traditional project[3].

In order to ensure the successful promotion of 
China’s green building, this paper based on the 
perspective of contractor points out the risk of 
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thus increasing management difficulty, and making 
the risk problem more outstanding[6]. Risk identifi-
cation is to find out the possible risk in the project. 
Recognition method of project decision-making 
risk is mainly: (1) It can be through the question-
naire survey and consulting experts. (2) According 
to the previous occurrence of risk events, experi-
ence and analysis, statistics, and summary of events, 
finally obtaining the risk factors that affect the 
project[7]. Qin Xuan by way of a questionnaire sur-
vey identified 56 risk factors based on the life cycle 
of green building in the ‘Risk measurement index 
identification and assessment for green buildings 
in Haixi region’. It revealed 8 common factors that 
were extracted to form a risk evaluation function[8]. 
The extracted common factors were classified into 
three levels: macro, middle, and micro[9]. Li Zheng 
Kun[10] points out that the triangle fuzzy analytic 
hierarchy process and fuzzy comprehensive evalu-
ation method was adopted to calculate the fuzzy 
comprehensive evaluations of green building 
project risks, then the key risk factors were identi-
fied. This research, based on the basis of previous 
studies, refers to a large number of literature and 
carries out the analysis. It is concluded that the risk 
of project decision-making stage. The decision-
making phase of the project risks mainly divided 
into owner’s risk, design risk, policy risk, and risk 
management. The results are shown in Table 1.

4 TO DETERMINE THE RISK FACTORS 
OF THE WEIGHTS BY AHP METHOD

4.1 Build the hierarchical analysis model

According to the above results of risk identifica-
tion, there are mainly 13 risk factors in the decision-
making phase of the project. These risk factors are 

divided into four classes, so as to form a hierar-
chical structure. The hierarchical model is divided 
into three layers: the goal, the risk in the project 
decision-making stage, and the category. The four 
main aspects of the risk decision-making phase of 
the project are, namely, the owner risk, design risk, 
policy risk, and risk management. The subcategory: 
the 13 factors of the category, by using AHP method 
to establish the hierarchical structure of the risk fac-
tor analysis model, as shown in the Figure 1.

4.2 Confirming the relative evaluation criteria, 
constructing judgment matrix

Judgment matrix is expressed in the form of matrix 
elements in each level relative to the importance 
of the upper. In order to make the comparison 
between various factors get quantitative judgment 
matrix, the introduction of 1∼9 scale, as shown in 
Table 3, the first is the judgment matrix, the com-
parison matrix, according to the above principles, 
reference 1–9 scale settings, and according to the 
expert and the author’s experience and references. 
The judgment matrix is shown in Table 2.

Figure 1. A hierarchical analysis model of risk factors 
in the decision-making stage.

Table 1. Identification of the decision-making risk.

Goal Category Subcategory Remarks

Decision-
making 
risk A

Owner’s risk B1 The lack of accurate estimation of the return of long-term 
investment on green building  b11

The funding conditions and management level of owners b12
Green building investment estimates are inaccurate  b13
The green star target location is not accurate b14

Through the 
literature

Design risk B2 The design did not reach the owner’s goal about green building b21
Green design exceeds the level of construction technology b22

Policy risk B3 Laws and regulations of Green building are not perfect b31
The change of green building policy b32
The government bureaucracy and multifarious approval process b33

Management 
risk B4

The certification standard of green building is not clear b41
Without a proper understanding of the market demand for green 

building b42
Financial institutions are lack of enthusiasm for green building b43
The lack of experience in green building consultant b44
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4.3 To calculate the maximum characteristic 
root of judgment matrix and its eigenvector 
and consistency check

Tested by the consistency index, CI = (λmax − n/n −1) 
λmax it is the biggest characteristic value of compar-
ison matrix ‘n’ is the matrix order. The value of A 
is smaller, the closer to the completely consistent 
judgment matrix. On the contrary, the judgment 
matrix deviation has a greater degree.

1. For the judgment matrix A, λmax
(0) = 4.21, RI = 

0.9 (refer to Table 4)

CI = =
4 21 4−

4 1−
0 07. .

 
CR

CI
RI

= = =
0 07
0 9

0 07 0< 1.
.

. .07 0<

The extent of the inconsistency of A within the 
allowable range features vector of A instead of 
weight vector.

Similarly, through the consistency check on the 
above principle, the hierarchy drawn from the goal 
to calculate the factor level is shown in Figure 2.

5 ANALYSIS OF TEST RESULTS

Based on the risk identification and assessment of 
green building on the decision-making stage, use 
the AHP to establish the risk quantification model. 
Based on the comprehensive analysis of the prob-
ability of occurrence and harm degree of risk, the 
importance of risk ranking is realized and the fol-
lowing conclusions are drawn:

1. Project decision stage risk mainly includes the 
owner’s risk, design risk, policy risk, and man-
agement risk. Their probability is respectively: 
0.272, 0.522, 0.091, and 0.116. That is: design 
risk > owner’s risk > management risk > policy 
risk. The above shows that in the green build-
ing design, there is a key part of the decision-
making stage of green building project.

2. The above calculation shows that the owner’s 
risk is mainly the lack of accurate estimation 
of the return of long-term investment on green 
building. Design risk is mainly designed to 
exceed the level of construction technology. Pol-
icy risk is mainly green building-related policies 
and laws are imperfect, risk management is the 
main financial institutions lack of enthusiasm.

3. The 13 risk factors of green building decision stage, 
the risk factors affecting the decision-making stage 
of the occurrence probability and importance: 
‘Green design exceeds the level of construction 
technology’ > ‘The lack of accurate estimation 
of the return of long-term investment on green 
building’ > ‘The design did not reach the owner’s 
goal about green building’ > ‘The funding condi-
tions and management level of owners’ > ‘The 
lack of experience in green building consultant’ > 
‘laws and regulations of Green building are not 
perfect’ > ‘Green building investment estimates 
are inaccurate’ > ‘The change of green building 
policy’ > ‘Financial institutions are lack of enthu-
siasm for green building’ > ‘The green star target 
location is not accurate’ > ‘The certification stand-
ard of green building is not clear’ > ‘The govern-
ment bureaucracy and multifarious approval 
process’ > ‘Without a proper understanding of the 
market demand for green building’.

The above results show that: first of all, the 
owners play an important role in the project 
decision-making stage, the employer and the con-
tractor of the communication barriers are the root 

Table 2. Comparison matrix A-B1–4.

Table 3. 1∼9 scale table.

Scale aij Definition

1 ‘i’ and ‘j ’ are equally important factors
3 ‘i’ is a little important than ‘j’
5 ‘i’ is more important than ‘j’
7 ‘i’ is very important than ‘j’
9 ‘i’ is absolutely important than ‘j’
2, 4, 6, 8 The intermediate state standard value

If the comparison between I and j, get 
the value judgment. aji = 1/ aij, aii = 1

Table 4. ‘RI’ value.

Figure 2. Layers structure calculation results.
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of the risk, and it will inevitably lead to inconsist-
ent target owners and design target and a series of 
problems. Second, the policy and the market does 
not have an accurate grasp, which is a major cause 
for the green building to cause the error in the 
 decision-making stage. Green buildings, compared 
to ordinary buildings, have more requirements and 
market demand, there must be a strict regulation, 
the policy and the market does not have an accu-
rate grasp, there will be some problems, such as 
investment estimation is not accurate, cumbersome 
approval and financing.

6 CONCLUSION

Based on the life cycle perspective, green building 
project’s decision-making stage is the key to the 
success of  the project phase, based on the AHP 
method to analyze the green risk of construc-
tion project decision-making stage, which sets 
up the risk evaluation index system and the risk 
assessment model of  green building. It is con-
cluded that the key risk factors are in the project 
decision- making stage. The results of  the study 
for the project are to provide a theoretical basis 
for effective risk management. For the contractor, 
it is necessary to strengthen the owners under-
standing, including their funds, credit, and related 
qualification. So as to reduce the risk of the owners, 
the contractor should learn from past experience, 
a correct understanding of the objective demand 
of the market, grasp the market demand, improve 
the ability of  investment estimation, to reduce 
the risk of investment, learning green building 
related laws, regulations, the approval process, etc. 
Hope that these measures help decision-makers to 

identify risk factors for decision-making stage and 
reduce risk.
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ABSTRACT: It is difficult to meet the design requirements of large and complex projects by means 
of the traditional design mode. The design organization makes use of cooperative design based on BIM. 
In this way, there are many obstacles in the process of implementation. This paper is concerned with the 
analysis of the main content of obstacle in the process of BIM based collaborative. The emphasis of this 
study lies in summarizing 3D collaborative design method under the BIM mode. The major object of their 
further work will be research into the path of collaborative design based on BIM. The procedure they 
followed can be briefly described as five steps such as specified target, team organizing, execution plan, 
specified collaborative platform, and the implementation of the collaborative design. As can be seen from 
the barriers reduced, the accurate and efficient BIM model of collaborative design will gradually replace 
the single linear traditional model.

Keywords: BIM, cooperative work, collaborative design, collaborative work platform

construction, each stage includes a project entity 
by way of three-dimensional modeling. This is 
the most fundamental characteristics of BIM.

2. Integration: In the integrated information of 
BIM established model, it not only includes the 
form of construction project space and related 
basic information but also other relevant infor-
mation in the whole life cycle of projects.

3. Coordination: BIM can coordinate collision 
problem between all the professional designs 
in the early stage of the project, and generate 
coordinate data of available submission. This 
helps the participants of construction project to 
coordinate the problem of project.

1.2 Collaborative design based on BIM

Collaborative design is done through the coor-
dination of different individuals and platforms. 
Collaborative design is a method of design com-
munication to optimize the final design goal. With 
the raging concept of green energy-saving and 
 sustainability, it requests people to constantly adapt 
their design to the requirement of construction. 
Now a project design not only includes planning, 
 building,  structure, HVAC, water supply and drain-
age, electrical, power, also contains rack, steel struc-
ture, intelligence, landscape, etc[2].  Collaborative 
design is not only a simple file reference. The tradi-
tional collaborative design system which based on 
two- dimensional plane  visualization is no longer 
flexible to the project running.

1 THE DEFINITION OF BIM 
AND COLLABORATIVE DESIGN

1.1 The definition and characteristics of BIM

Building information model also referred as BIM 
(Building information Modeling) as a concept was 
first introduced into the building construction 
industry in the 1970s. So far, there is no concluded 
definition for BIM regionally or internationally. 
USA BIM National Committee defines BIM as 
a digital expression of the physical characteristics 
and features of facilities. Hong Kong Polytech 
University and Tsinghua University BIM team 
defines BIM as a system based on the digital 
 technology and visualization technology, method 
of information integration and management of 
construction project life cycle.

Although the above definitions are distinct, it is 
widely acknowledged that the essence of BIM is 
an emerging information technology  application 
in the field of construction engineering. BIM 
(building information model) is based on the most 
advanced 3D design and engineering software build 
“visualization” digital building model. It provides 
collaborative design platform of “simulation and 
analysis” for construction project staff  and uses 
the 3D model design, construction, and operation 
management of the project[1]. BIM has the follow-
ing characteristics:

1. Visualization: BIM can achieve real-time visu-
alization in the whole life cycle of the project 
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Collaborative design based on BIM breaking 
“information island” of  the traditional design 
mode, sharing project information to all members 
of  the professional design, replacing the tradi-
tional single linear working mode, improving the 
efficiency of  design[3]. The essence of  collaborative 
design which is based on BIM has various pro-
fessional work together under the same model. 
This way is a special concept which is completely 
different from construction drawing CAD. This 
way of  design not only meets the current archi-
tectural design project requirements of  profes-
sional collaboration, but also helps to coordinate 
communication among the design units and con-
struction units. Design unit can be combined BIM 
technology and collaborative design and provides 
collaborative work platform that does not exist 
in the traditional design pattern for the profes-
sional design. Each professional design uses this 
platform to share the design results, collision 
check and crossover design so that the purpose of 
improving the design precision and optimization 
design is achieved.

2 COLLABORATIVE DESIGN BASED 
ON BIM SOLVE THE OBSTACLES

2.1 The influence of the traditional 
thinking model

In the traditional thinking of the architectural 
design, various professional designer works are 
independent: Architectural design ahead,  structural 
design second, mechanical and electrical equipment 
design at last. The design process and working mode 
based on the traditional thinking seriously restricted 
the implementation of collaborative design.

Designers have resentment of the collaborative 
design based on BIM, mainly because it has been 
to use their familiar tools to express the design 
ideas. Compared with the methods of 3D  building 
information and two-dimensional, there are certain 
shortcomings. For example, there are some blind 
areas in display[4]. Learning BIM will consume part 
of designer’s energy, which affects the design per-
sonnel individual or design unit interest within a 
certain period.

In addition, the project managers have a  certain 
resentment of the collaborative design based on 
BIM. Although the long term, the design of enter-
prises from the traditional design pattern to the 
collaborative design mode transition is based on 
BIM which can greatly improve work efficiency, 
save unnecessary costs, get a lot of money income. 
But the enterprise will be affected in the short-
term interests. What is more worried about using 
BIM technology is to change design mode and 

 management mode, which may eventually lead to 
the failure of the project.

2.2 BIM software support functions less

Project personnel involved in BIM is common feel-
ings of most of the BIM-related software applica-
tions not like the long traditional software meeting 
the engineering requirements in the process of col-
laborative design based on BIM. Block collabora-
tive design implementation based on BIM has two 
main problems:

1. BIM model diagram unable to meet the project 
specification requirements
Although the mainstream BIM core modeling 
software is based on the BIM model output 
2D drawings, these softwares are all foreign 
products[5]. The expression and the details 
from the BIM model output of the horizontal 
and vertical part information section  drawings 
of two dimensions is not consistent with 
requirements of our country projects,  resulting 
in two- dimensional drawings BIM export 
cannot be directly applied to the project. So 
design units in China are often not only with 
the BIM output of 2D drawings but also to the 
BIM output of the secondary processing using 
of  traditional software, wasting unnecessary 
 manpower, reducing the efficiency.

2. Information flow between the software
Although associated with BIM software vari-
ety, there was no software on the market today 
that can simultaneously satisfy all the necessary 
functions of the BIM design projects. There-
fore, BIM design project generally needs to be 
applied to multiple softwares through which the 
information flow between software transfers 
becomes the key factor of collaborative design[6]. 
Now, however, almost the import or export of 
all across software platform model can result 
in the loss of  information. This greatly affected 
project implementation with collaborative 
design based on BIM. Many domestic software 
vendors are used for traditional BIM software 
and professional software, but it is difficult to 
completely solve the problem of poor infor-
mation flow between BIM software in a short 
period of time. So, BIM design will be mainly 
used in local projects, local specialty, and the 
local process in the future transition period[7].

3 THE PROMOTION OF COLLABORATIVE 
DESIGN BASED ON BIM

The promotion of collaborative design based on 
BIM have different kinds of obstacles. This paper 
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mainly research on the approach of promoting col-
laborative design based on BIM, also touches on 
its application in the design industry.

3.1 Specify the BIM object

Specifying the BIM object is to clarify the results 
of project achieved by using BIM technology, 
which is the core of project implementation of 
BIM. According to the project using BIM technol-
ogy in different stages, the main object is not the 
same. In the design stage, the main goal of BIM is 
to realize the collaborative design. The main way 
of application has demonstration project, design 
modeling, and 3D coordination.

3.2 Headings

The BIM design team constitutes by BIM man-
ager, BIM engineer, BIM coordinator, and BIM 
modeler according to their role played in the whole 
process. The responsibilities of these four positions 
are shown in Figure 1.

BIM manager as the most important role must 
have a thorough understanding of the entire design 
process, from concept design to design documen-
tation to contract administration. Certain knowl-
edge of project management is also required in 
order to specify the plan, management team, the 
implementation of the monitoring plan, etc. In 
addition, BIM manager bears the responsibility of 
communicating with clients and understand their 
intention, and inform the client if  BIM technology 
can be potentially helpful to achieve their require-
ments over the proposal.

BIM coordinator is to assist the communication 
between BIM manager and BIM designers. BIM 
manager is very scarce talent in BIM project, in gen-
eral, who will be responsible for multiple projects 
at the same time. Therefore, the BIM managers do 
not devote themselves into one single BIM project. 
The main duty of the BIM coordinator is to assist 
BIM manager in their work, including the speci-
fied implementation plan and supervise the work 
process. In addition to this work, the BIM coordi-
nator is also responsible for building collaborative 
work platform and managing coordination model 
of BIM component library.

Apart from BIM manager and BIM  coordinator, 
a BIM project team also includes multiple expe-
rienced BIM designer and BIM modeler who 
specialized in using the BIM software. BIM 
designer or engineer is mainly divided into three 
 professional of construction, structure, electrical, 
and mechanical. BIM engineers of different profes-
sional each lead a BIM modeling team composed 
of the professional BIM modeler. BIM engineer 
is responsible for arranging the specific work for 
the professional staff  in BIM modeler and coordi-
nate with problems of the professional team in the 
 process of BIM modeling.

3.3 Specify the BIM implementation plan

Compared with the common design approach, the 
collaborative design based on BIM demands high 
hardware and more resources. Therefore, design 
units accept the commission of the BIM projects 
and determine the BIM target, giving full consid-
eration to the project and the design team, forecast 
problems may arise in project, forecasting feasible 
implementation plan. BIM implementation plan 
of construction project should include the project 
information, application goal, the specific content 
of the work mode, and resource requirements.

3.4 Building of BIM collaboration platform

Building of BIM collaboration platform is the 
foundation of collaborative design used in BIM 
technology in construction projects. First, by com-
bining the design personnel information with the 
related construction project information. Second, 
based on the personnel related information, aim 
to determining the project BIM model split prin-
ciple, detail and delivery standards. Finally create 
essential project template and share coordinates 
and folders in the collaborative work platform. 
Collaborative work platform to realize the col-
laborative design based on BIM among different 
professions, its core is to achieve a smooth infor-
mation exchange process between different profes-
sional deliveries (Fig. 2).

In addition to realize the seamless exchanged 
transfer process between different professional 
BIM model information, the collaborative work 
platform has another function that is to achieve 
comprehensive and efficient management informa-
tion which includes information management and 
personnel management.

Information management includes two aspects 
of information sharing and information security. 
A BIM model file storage space is far more than 
an ordinary CAD file. As a unified platform of 
collaborative work platform for the professional 
work together, which meets the characteristics of Figure 1. BIM design team responsibilities.
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producing a large number of data transmission and 
improve the design efficiency, realize the sharing 
of information. Meanwhile, the collaborative work 
platform as a unified platform to ensure the infor-
mation security of BIM project. The BIM project 
contains related information of core technology.

In personnel management, the designers need 
their own user name, log into collaborative work 
platform, and have their own working set and cor-
responding operation permissions. Such a clear 
division of responsibilities, the responsibility to 
the people promote the smooth implementation of 
the plan in accordance with the implementation of 
BIM project.

3.5 Implementation process of the BIM project 
collaborative design

Collaborative design includes two kinds of col-
laborative design of the same professional within 
and different professional. The former is the pro-
fessional design personnel in the respective model 
collaborative conflict in place, the latter is the pro-
fessional person in charge of collaborative models 
in conflict between the professional.

The structure and mechanical and electrical 
professional to start drawing at this stage, first the 
construction of the professional establish their 
own center files, second the structure and the elec-
trical professional establish the  professional file 
center through building professional established 
construction center files. Professional internal 
divided by the working set, professionals with 
links manner. After major changes from 2D to 
3D, eventually reaching a full professional BIM 
 collaborative design stage that is truly collabora-
tive design by the complex transition cooperation.

4 CONCLUSION

Along with the social development, the large and 
complex projects increase gradually. The traditional 
design methods have been approved gradually los-
ing its capability to meet the design requirements. 
Collaborative design based on BIM changed the 
single linear model of the traditional cooperated 
work, which meets the construction design should 
achieve the high standard requirements. But there 
are many obstacles in the implementation process. 
In this paper, putting forward the paths in the 
design units through studying the implementation 
barriers of collaborative design based on BIM. It 
contains five steps of the choice of target, the work 
team, execution plan, collaborative work platform 
construction, and the collaborative design process 
implement. This allows the designers to be able to 
working and communicating with contractors on 
the same platform, thus achieving the cross collab-
oration design which both sides can have a correct 
and instant understanding of the division of labor 
resource. With BIM technology development, the 
application obstacles of collaborative design based 
on BIM will reduce gradually. Eventually BIM 
platform will become a trend in the construction, 
which will lead to the change of design industry.
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ABSTRACT: Fire safety in tunnels is a concern due to the large traffic flow, especially in a tunnel with a 
great slope. Experimental studies on the smoke spread in a small-scale titled tunnel are carried out. Effects 
of the titled gradients and longitudinal ventilation speed on the temperature distribution and smoke 
stratification downstream from the fire along the tunnel will be studied. The results show that the smoke 
spread upwards much faster with the slop gradient increasing, and a thick smoke layer was formed when 
smoke moved to the upward part of the tunnel and filled it up. The ventilation speed had a great influence 
on temperature distribution along the tunnel. Lower ventilation speed should be kept at the start of the 
fire to ensure the smoke layer not be destroyed downstream of the fire to give the tunnel users more time 
to escape.

Keywords: underground tunnel; reduced-scale model; smoke spread; fire

logistically complicated to perform. The informa-
tion obtained is often incomplete due to the limited 
number of tests and the limited instrumentation. 
Reduced-scale tests can be used as a complement 
to large scale testing. They can provide informa-
tion which is difficult to obtain otherwise as their 
relatively low cost allows for parameter studies[3,4].

The urban tunnel always having slopes compar-
ing with other kinds of tunnels, and the slope would 
influence the smoke spread greatly due to the stack 
effect. Although there were a lot of works having 
been done on studying the smoke spread in tilted 
tunnels by experimental or numerical methods[5–8], 
smoke movement pattern in these kind of tilted 
tunnels is not fully understood, further studies are 
needed[9].

2 REDUCED-SCALE MODEL 
EXPERIMENT

A 1/6 scale tunnel model with rectangular cross sec-
tion was constructed by the fire glasses boards, and 
the model tunnel itself  is 6 m long, 1.5 m wide, and 
1.3 m high, as shown in Figure 1. Similarity rules 
impose a strict conservation of Froude number so 
that, for a geometrical reduction factor α, veloci-
ties are given in the scale α1/2 and both flow rates 
and heat release rates are scaled according to α5/2[10]. 

1 INTRODUCTION

In order to mitigate the traffic congestion prob-
lems, more and more urban tunnels have been and 
will be constructed due to the heavy traffic in dense 
urban areas in China in recent years. Comparing 
with other kinds of tunnels, traffic in urban tunnels 
may have larger traffic volumes due to its special 
site. Fire accidents may occur due to the collision of 
the cars, the engine overheating, the mechanical or 
electrical failure, etc. Fire safety in these kinds of 
tunnels is becoming a major issue following the 
catastrophic losses experienced in the Mont Blanc 
tunnel fire in 1999 and the Gotthard tunnel fire in 
2001. Consequences of a tunnel fire can be very 
serious, which might lead to tragic injuries and 
fatalities, considerable infrastructural damage, loss 
of income due to the breakdown in operation and 
loss of public confidence in the use of road tunnels. 
Due to the confined conditions, such fires can be 
more severe, in terms of rate of growth and tem-
perature, than that in the open field[1,2].

To assess the hazards arising from tunnel fires 
and draw some effective mitigation strategies, fully 
understand the smoke and heat propagation in 
tunnels is necessary. Knowledge about smoke and 
fire spread in tunnels has generally been obtained 
from large scale testing. However, sometimes large 
scale testing is expensive, time consuming and 
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Different titled gradients of 0, 3% and 5% were 
built by raising the one end of the model tunnel. 
Smoke spread in these three tunnels would be stud-
ied respectively.

Longitudinal ventilation was achieved by driv-
ing inlet air flow by a fan at one end. The rota-
tional speed, and thereby the capacity, could be 
controlled using an electrical device coupled to the 
motor. Longitudinal ventilation velocities of 0 m/s, 
0.6 m/s, 0.9 m/s and 1.2 m/s are used in the test 
series.

The fire source was a 0.3 m × 0.3 m (L × W) 
porous bed burner with its top surface set flush 
with the tunnel floor, LPG was used as fuel, 
metered through a rotameter. Fire sizes of 57 kW 
was produced by changing the flow rate of the LPG 
respectively in the experiments, these fire sizes cor-
respond to fires of approximately 5 MW when the 
scaling procedure was applied. They thus represent 
typical vehicle fire sizes in urban traffic tunnel[11]. 
The burner is located at the center of the tunnel, 
0.3 m away from the tunnel entrance.

Thermocouple trees (K-type) distributions in 
longitudinal direction along the tunnel were shown 
in Figure 3, and vertical distributions of thermo-
couples in one thermocouple tree were also shown 
in Figure 2, measuring the temperatures at the rela-
tive positions.

Figure 1. Reduced-scale model tunnel.

Figure 2. Distribution of the thermocouples.

Figure 3. Temperature distributions along the tunnel 
under different longitudinal ventilation velocities (level 
tunnel).

3 RESULTS AND DISCUSSION

Vertical temperature distributions at differ-
ent height above the tunnel floor at the center-
line of  the tunnel and longitudinal temperature 
distributions along the tunnel under different 
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Figure 5. Temperature distributions along the tunnel under different longitudinal ventilation velocities (tunnel slope =5%).

Figure 4. Temperature distributions along the tunnel under different longitudinal ventilation velocities (tunnel 
slope = 3%).
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longitudinal ventilation velocities and differ-
ent inclined gradient for fire size of  60 kW were 
shown in Figure 3, 4 and 5 respectively. It can 
be found that the temperature of  the smoke is 
higher at the zone close to the fire source, and 
it will be cooling down when it propagates along 
the tunnel due to the combined effects of  the 
convective heat exchange with walls and mixing 
between the smoke the fresh air layer. The smoke 
stratification is found clearly along the tunnel 
with no ventilation. With the longitudinal venti-
lation speed increasing, temperature at the higher 
position above the tunnel floor would decrease 
due to the flame deflected by the wind, hot smoke 
will spread at the lower level, this lead to the lon-
gitudinal temperature gradients become small, 
and temperature at the zone far away from the 
fire source would increase. At the mean time, the 
vertical temperature gradients were also found to 
be reduced along the tunnel, and this means that 
the stratified smoke would be disturbed. This 
might be dangerous for the tunnel users at down-
stream of  the fire, they need to pass through the 
hot smoke layer to escape from the tunnel. With 
the gradient of  the slop becoming large, higher 
temperature would be found at the downstream 
from the fire, another factor the main factor to 
hot smoke is found to spread much faster to the 
top exit than that in the level tunnel. This might 
be dangerous for the occupant’s evacuation.

3 CONCLUSION

The smoke spread in a titled tunnel with different 
titled gradients under different longitudinal veloc-
ity is studied by the reduced-scale model test in 
this paper. The results show that hot smoke spread 
much faster to the top exit due to the stack effect 
in a titled tunnel than in the level one, and a thick 
smoke layer is formed when smoke moved to the 
upward part of the tunnel and filled it up. This will 
be dangerous for the occupant’s escaping. Some 
special smoke control measures should be taken 
when the fire occurs in a tunnel with slope. The 
ventilation speed is found to have a great influence 
on temperature distribution along the tunnel, max-
imum temperature in tunnel due to the fire would 
be reduced, and the smoke stratification would be 
distributed when the longitudinal ventilation speed 
becomes large. Lower ventilation speed should 
be adopted at the beginning to ensure the smoke 

downstream of the fire keep stratified to give the 
tunnel users more time to escape. The results might 
be useful for the smoke control design and opera-
tion in these kinds of tunnels.
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ABSTRACT: With the rapid development of China’s economy, water shortage and pollution are seri-
ous in many river basins. Water storage projects have the potential to simultaneously improve the water 
supply guarantee and protect the water’s environment. In this paper, the degree of water supply guarantee 
and the degree that standard water quality reaches are defined. Based on dualistic water cycle framework, 
the hydrological model and the water supply system are integrated. Then multi-objective optimization 
model for water quantity and quality in River Basin is established. An example proved that water supply 
indicators and water quality indicators significantly improved. The rationality and validity of the model 
can be verified. The model provides an effective way to reduce water shortage and water quality deteriora-
tion in river basin.

Keywords: water quantity and quality; operations optimization; river basin; dualistic water cycle

means the water cycle of human community often 
involves the natural cycle and artificial cycle to 
maintain dynamic relations between the two cycles; 
the second is dual function of water services, which 
means water, in its conversion process, supports 
socio-economic system and ecological systems 
(Wang, H. et al. 2010).

According to the theory of dual water cycle, the 
basin water resource allocation is based on mutual 
coupling of natural water production and social 
water use. Natural water circulation describes 
the process from slope to the river, social circula-
tion focuses on water regulation, supply, use, and 
drainage. It means the joint operation optimiza-
tion models of water quantity and water quality 
include hydrological model, water quality model, 
simulation model of project operation, and opti-
mization model.

Hydrological model calculates evapotranspira-
tion and runoff from precipitation in each sub-ba-
sin and gets the export flow of each sub-basin. The 
export water of each sub-basin enters downstream 
of the river or enters a reservoir if  there is a project 
at sub-basin export. According to water user loca-
tion, the water is allocated to the right place for 
human living use, industrial use, agricultural use, 
and ecological use. The dualistic water cycle system 
of a river basin is shown in Figure 1.

2.2 Basic unit definition and system design

Natural water cycle model calculates runoff from 
precipitation every 24 hours. So large basins should 
be divided into several sub-basins according to the 

1 INTRODUCTION

With the rapid development of China’s economy 
and urbanization, water shortage and water pol-
lution is becoming more and more serious. Water 
quality of many rivers is worse than Class III. On 
one hand, this is due to natural factors, such as the 
large difference between the space-time distribu-
tions. On the other hand, multi-objective optimiza-
tion of water projects is absent for water quantity 
and quality. The basic idea of this paper is to inte-
grate precipitation, runoff, water supply, consume, 
return, and projects operation. Thus, the joint 
operation optimization model of water quantity 
and quality is established. The ideas considered are 
as follows: a) based on dualistic water cycle system 
on natural and artificial rules, nature, society, econ-
omy, and environment factors are combined into 
an organic system; b) by defining the guarantee 
degree of water supply and then reaching degree 
of water quality standard, an optimization model 
is established. It is more reasonable than ever to 
avoid results that depart from the actual.

2 SYSTEM DESIGN BASED ON 
DUALISTIC WATER CYCLE

2.1 Basic dualistic water cycle framework

Under modern conditions, large-scale human 
activities cause hydrological cycles showing a sig-
nificant Natural-Artificial duality (Wang, H. et al. 
2006). The first is duality of cyclic nature, which 
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hydrological model. Since artificial collateral cycle 
focuses on water demand and uses each period, the 
basin is divided into several user partitions accord-
ing to administrative districts. To solve inconsist-
ent time and space scales of natural cycle and 
artificial cycle, the basic unit is defined as num-
bered polygons, made by overlaying administrative 
region layer on sub-basin layer by GIS software. 
An example is shown in Figure 2 in section 4.

This method has obvious advantages. Each basic 
unit can completely belong to a particular sub-
basin or user district to facilitate decomposition 
and polymerization. It is the smallest independ-
ent area producing and consuming water inside. 
It also exports or imports water. It keeps integrity 
and independence to facilitate description of the 
relationship between multiple water sources and 
multiple users. The topological relations between 
sub-basins for producing water, project for stor-
ing water, and user districts for consuming water 
are convenient to be established. It is the founda-
tion of the joint operation optimization model for 
water quantity and quality.

2.3 Topological relations of the system

Based on the definition of the basic unit, topo-
logical relations between water producing, water 
project operation, water supply, water return, and 

sewage discharge can be determined. The example 
of topological relations can be seen in Figure 3 in 
section 4. According to Figure 3, the system can be 
simulated stepwise from upstream to downstream.

3 WATER QUANTITY AND QUALITY 
JOINT OPERATION OPTIMIZATION 
MODEL

3.1 Water quality model determination

Because of too many water quality indicators, 
the optimization model is impossible to control 
all indicators. Since concentration of various pol-
lutants generally being associated, so long as key 
indicators are controlled, other indicators will be 
synchronized to be improved. According to the 
characteristics of river water quality, select CODMn 
as the representative of the pollution index (Liu, 
Y.N. et al. 2009). The purpose of the model is to 
find out optimization strategy in the statistical 
sense to control the average annual concentration 
of pollution, so steady-state one-dimensional river 
water quality model is appropriate to calculate pol-
lutant concentration along river.

3.2 Objective functions

3.2.1 Guarantee degree of water quantity
If  guaranteed water amount (Zhang, S.P. et al. 
2014) or probability is selected as objective func-
tion of the model, maybe water shortage in a 
number of unit period is too large but not dis-
tinguishable. The certain periods sacrifice to save 
water to benefit other periods. But even small 
number of period with large water shortage rate 
is unacceptable in the actual. To overcome these 
problems, the relative water shortage rate is better 
for objective  function. This paper defines guaran-
tee degree of water quantity as key indicator. The 
guarantee degree of water quantity equals to ratio 

Figure 1. Dualistic water cycle system of a river basin.

Figure 2. The definition of the basic unit.

Figure 3. Topological relation of the system.
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of water supply and water demand, and equals to 
1— water shortage rate. It is the basis of the objec-
tive function. The objective function of water 
quantity is average of the minimum guarantee 
degree each year. See Equation 1.
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where, y = the year number, ranging 1 to Y, Y = the 
number of years; t = period number in a year, rang-
ing 1 to T, T = the number of periods; k = the res-
ervoir number; i  = unit number; j = the department 
number of water use, including living use, produc-
tion use, and ecological use; Gkij

(t) = water supply 
of project k to department j, unit i; G = the plan 
{Gkij

(t)} constituted by Gkij
(t); Xij

(t) = water demand 
of department j, unit i; S(G) = average of minimum 
guarantee degree each year.

Equation 1 fits to situation of small water short-
age, focusing on controlling the maximum water 
shortage rate. In situation of big water shortage, 
it is appropriate to control the average guaran-
tee degree in place of the minimum each year. In 
addition, arithmetic mean cannot restrict very low 
guarantee degree appearing because of linear rela-
tionship, nonlinear geometric mean is better. The 
objective function is Equation 2.
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3.2.2 Reaching standard degree of water quality
The water quality optimization means to make use 
of water storage capacity of projects to improve 
the water quality along river. If  the improvement 
of water quality level is set as high as possible (Liu, 
B.J. et al. 2009), or it is only controlled by con-
strains (Shao, D.G. et al. 2000), will result in deple-
tion of all water supply capacity. It is unacceptable. 
Relative indicator seems reasonable (Zhang, Y.Y. 
et al. 2010). Therefore, this paper defines reach-
ing standard degree as the index of how close is 
water quality indicator to certain standard (such as 
Class III standard), see Equation 3.
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where, G = the plan {Gkij
(t)}, same as Equation 1; 

xtl(G) = CODMn concentration in period t at river 
section l; μl* = water quality standard, namely, 

CODMn concentration of class III water standard 
at l river section; ϕti = reaching standard degree of 
water quality in period t at river section l.

This definition facilitates the flexibility to 
choose right target standard in accordance with 
local requirements or water functional division 
standard, so as to effectively guide the behavior of 
water resources management. The objective func-
tion is defined to control the closeness to standard 
in each river section and each period. Take the geo-
metric mean to raise the low end value. Assumed 
the standard is level of class III water CODMn, 
water quality objective function see Equation 4.
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where, Φ(G) = multi-year average of reaching 
standard degree of water quality.

3.3 Main constraints

Main constraints of the model are relationship 
of decomposition and polymerization. The first 
is the water balance between water projects and 
their subordinate units, see equation 5; the second 
is water balance between sub-basin and its subor-
dinate units, see equation 6; the third is the water 
balance between water user district and its subor-
dinate units, see equation 7.

V V I G O Sk tVV k tVV k tI i tG
i I

k tO k tS
kI

, ,t k , ,t i , ,t k+ +Vk tVV ∑∑1 −G  (5)

where, Ik = members of units controlled by project 
k; Vk,t = project k beginning storage capacity 
in period t; Vk,t+1 = project k end storage capac-
ity in period t; Ik,t = project k inflow in period 
t; Ok,t = project k abandon water in period t; 
Gi,t = project k supply unit i water including living 
use, production use, and ecological use in period t; 
Sk,t = project k loss of water with evaporation and 
infiltration in period t.

R U G D Ub tR b tU i tG
i I

b tD b tU
bI

, ,t b , ,t b ,U Gb tU G =∑  (6)

where, Ib = members of units in sub-basin b; 
Rb,t = sub-basin b production of water in period t; 
Ub−1,t =  sub-basin b import water from upstream 
sub-basin b − 1 in period t; Gi,t = sub-basin b 
supply unit i water in period t; Db,t = sub-basin b 
return water from user in period t; Ub,t = sub-basin 
b export water to downstream in period t.

A E
i I

i t
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∑ ∑Li tL ,t ∑ ∑Di tD ,t=Ai tA  (7)

ICCAHE15_Book.indb   1135ICCAHE15_Book.indb   1135 11/17/2015   6:38:50 AM11/17/2015   6:38:50 AM

  



1136

where, Ic = members of units in district c; Li,t = unit 
i receiving water in period t; Ai,t = unit i using water 
locally in period t; Ei,t = unit i consumption of 
water in period t; Di,t = unit i getting return water 
in period t.

4 EXAMPLE OF THE MODEL

4.1 Introduction and definition of basic unit

Hongruhe River is a tributary of Huaihe River in 
east China. It is composed of Xiaohonghe River 
and Ruhe River. In this paper, research area is the 
basin of Bantai watershed, area 11,280 km2. There 
are 4 large reservoirs in the basin, named Shiman-
tan Reservoir, Banqiao Reservoir, Baoshan Res-
ervoir, and Suyahu Reservoir. The area involves a 
total of 11 county-level administrative regions, and 
is also made of 10 sub-basins to produce water. The 
definition of basic unit is shown in Figure 2. Whole 
area is divided into 24 units, encoded as BY1, BY2, 
etc. The letters portion represents county-class 
area. The digital portion represents sub-basin 
code. For example, the sub-basin numbered as 7 
decomposed to WG7 and XP7. The region named 
as WG can be decomposed to WG6 and WG7.

4.2 Topological relationship

Based on dualistic water cycle in the basin, the sys-
tem topological relationship is shown in Figure 3. 
The river control sections of water quality numbers 
1 to 4, correspond to Shimantan section,  Xincai 
section, Xiatun section, and Bantai section.

4.3 Data and calculation

According to the joint optimization model of 
water quantity and quality, input the precipita-
tion data, runoff data, sewage discharge data 
(1997–2006), and water demand data of the plan-
ning year (2030). The average of annual water 
demand is 1227  million m3. Non-optimization cal-
culations results are basic indicators for compar-
ing. Operation rules of prioritize order is living 

water,  ecological water, industrial water, agricul-
tural water, and each part have different water con-
sumption rate. Non- optimization results show that 
water shortage mainly exists in Xiaohong River 
valley. Due to the lack of reservoir capacity, the 
minimum Guarantee Degree is low by 65.7%.

4.4 Results and solutions

In order to solve the model, multi-objective parti-
cle swarm optimizer is designed. The program run-
ning results prove that water quantity and quality 
indicators are better than non-optimization results 
in each reservoir control areas. Two typical Pareto 
solutions are compared in Table 1.

Solution 1 greatly enhances the minimum 
monthly guarantee degree; it increased from 
65.7% to 91.6%. The maximum water short-
age rate decreased from 34.3% down to 8.4%. 
In all water quality control sections, average 
CODMn concentration decreased from 25.6 mg/l 
to 19.6 mg/l. The reaching standard degree to 
Class III increased by 10%.

In comparison, solution 1 and solution 2 both 
ensure average guarantee degree to 99%, mean-
time CODMn of solution 2 is 19.5 mg/l, little less 
than solution 1, almost the same. But the mini-
mum monthly guarantee degree is 96%, less than 
98% of solution 1. In summary, we recommend 
 solution 1.

4.5 Evaluation

The example illustrates that the joint operation 
optimization model of water quantity and quality 
can greatly enhance the guarantee degree of water 
quantity and significantly improve the reaching 
standard degree of water quality. The rationality 
and effectivity of the model was verified.

5 CONCLUSION

The joint operation optimization model of water 
quantity and water quality in river basin based 
on dualistic water cycle, gives a way to reduce the 

Table 1. Optimization solutions comparison.

Solutions

Water supply
Ave*
GD**

Min
GD**

CODMn

RSD***106 m3 mg/l

Basic solution 1215 99% 91% 25.6 44.5%
Opt.Solution 1

(Recommend)
1212 99% 98% 19.6 54.5%

Opt.Solution 2 1211 99% 96% 19.5 54.5%

*Ave = Average; **GD = Guarantee Degree; ***RSD = Reaching Standard Degree.
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severe situation on water supply and water envi-
ronment. The features of the model are as follows:

a. The definition of guarantee degree for water 
quantity and reaching standard degree for water 
quality provides reasonable objective functions.

b. Since system topology is based on realistic water 
cycle, the model is convenient to be adjusted. So 
the model has good applicability.

c. The model can give fully utilize potential of 
water storage projects by optimal policy with a 
long series of runoff.

The model solution is given under various cer-
tain runoff conditions. In next research, rule opti-
mization with stochastic runoff will be improved.

REFERENCES

Liu, B.J. et al. 2009. Water resources allocation model 
based on the dual-control of water quantity and qual-
ity. [J]. Advances in water science 04: 513–517.

Liu, Y.N. et al. 2009. Union dispatch model for water 
quality and quantity in the middle reaches in Huaihe 
River. Advances in water science. Vol. 20, No. 2. Mar, 
2009.

Shao, D.G. et al. 2000. Sustainable management model 
of water quantity and quality for multi-purpose reser-
voir. Journal of hydraulic engineering 08: 10–15.

Wang, H. et al. 2006. Theory and methodology of 
water resources assessment based on dualistic water 
cycle model. Journal of hydraulic engineering 17(3): 
1496–1502.

Wang, H. et al. 2010. Subject system of modern hydrol-
ogy and water resources and research frontiers and 
hot issues. Journal of hydraulic engineering 21(4): 
479–489.

Zhang, S.P. et al. 2014. Basin/region water quality and 
quantity allocation I theory and method. Journal of 
hydraulic engineering 07: 757–766.

Zhang, Y.Y. et al. 2010. Study on optimal dam operation 
of water quantity and quality based on a distributed 
SWAT model. Journal of hydroelectric engineering 05: 
159–164+177.

ICCAHE15_Book.indb   1137ICCAHE15_Book.indb   1137 11/17/2015   6:38:51 AM11/17/2015   6:38:51 AM

  



1139

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Design of long-span double-layer steel bracket for the roof of squat silo
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ABSTRACT: The long-span double-layer steel bracket for the roof of squat silo is designed and the 
vertical deflections of structure are calculated by finite element software SAP2000, which is compared 
with the actual measured results of this structure by loading experiment on site and the rationality of 
simulated deflections is fully verified. Then, this software is used to analyze the internal force, stress ratio, 
and overall stability of double-layer steel bracket. It can be seen from the analysis result that all structural 
members meet the requirements of corresponding design specification. Therefore, the section of steel 
members can provide a reference for the design of similar engineering project in the future.

Keywords: steel structure; bracket; long-span; design

strength and stability are analyzed, which provides 
a reference for similar engineering design.

2 DESIGN OF STEEL BRACKET

2.1 The selection and arrangement of structure

The circle or conical structure is the main form 
for the roof of squat silos, in particular, the coni-
cal thin shell has more advantages. As for conical 
shell, the formwork erection and pouring concrete 
on the steel bracket at the process of construction 
are much easier than for spherical shell because the 
conical shells only have radians in one direction[6,7]. 
The design of double-layer steel bracket for the 
conical roof of squat silo is mainly discussed in 
this paper.

The height of this conical steel bracket for roof 
of squat silo is about 4.14 m, the diameter of coni-
cal ring beam at the bottom is about 25.9 m, and the 
diameter of the upper platform similar to the tradi-
tional concrete structure is about 8 m. The 20 radial 
steel beams connected by 6 ring steel beams are 
uniformly arranged around the structure. From 
bottom to top, the vertical steel braces are set down 
on the fourth ring beam and many other braces are 
placed inside of structure. The detail design of steel 
bracket is shown in Figure 1.

1 INTRODUCTION

The concrete dome or single-layer steel reticu-
lated shell is used for the roof of squat silo which 
is mostly applied in the food industry at present 
from the need of building function of storage. But 
for long-span squat silo, the direct use of concrete 
dome will lead to increasing construction diffi-
culty and construction period of project becomes 
longer[1]. The design of steel bracket for roof of 
squat silo should take into account the self-weight 
of steel structure and concrete dome which is sup-
ported by the steel bracket, the other vertical loads, 
wind load, snow load, and various construction 
live loads and so on[2,3]. If  the technical scheme at 
the construction site is unreasonable, there is glo-
bal or local instability and even overall collapse of 
structure under the construction condition at the 
steel bracket. The high strength of steel material 
cannot be used fully and designed bracket is not 
economic[4,5]. So, the strength and overall stability 
of steel support on the roof of squat silo should 
be carefully considered. This problem can better 
be solved by the use of double-layer steel bracket 
with the various bracing members inside. A typi-
cal kind of design of long-span double-layer steel 
bracket for roof of squat silo as an actual engi-
neering example is introduced in this paper and its 

ICCAHE15_Book.indb   1139ICCAHE15_Book.indb   1139 11/17/2015   6:38:52 AM11/17/2015   6:38:52 AM



1140

2.2 Key point of structural design

The single-layer steel bracket for the roof of squat 
silo will lead to excessive deflection when the span 
is large. The maximum deflection usually occurs at 
the middle of radial beam which needs to be set 
with vertical braces and diagonal braces[8]. Also, 
a larger deflection value is produced at the center 
of upper structural platform, and so this location 
should be also set using diagonal braces, which will 
increase the vertical stiffness of upper structural 
platform and improve the whole stiffness of steel 
bracket. Because steel bracket is a completely sym-
metrical structure, the internal feature of structure 
is illustrated by taking a piece of the inner brace. 
A detailed drawing is shown in Figure 2.

2.3 Load distribution

The main bearing loads of steel bracket are dead 
load and variable load. Dead load includes the 
weight of steel structure by itself  and concrete 
dome. Variable load includes the live load of roof, 
construction load, and wind load perpendicular to 
the structural surface. Specific load calculation is 
based on the way the surface load is distributed on 
the surface of the double-layer steel bracket. The 
design load of region i is q = 11.82 kN/m2, region ii 
is q = 9.95 kN/m2, and region iii is q = 9.91 kN/m2. 
The design load at each partition is shown in 
 Figure 3.

2.4 Section design of steel members

The structural analysis model used for steel bracket 
is created by finite element software SAP2000 and 
the surface loads are applied on the upper surface 
of the structure. The appropriate sections and 
materials of designed steel members that can satisfy 
requirements of the related design  specifications 

Figure 2. A piece of inside brace.

Figure 3. Load distribution.

Table 1. Section and material of each member.

Location Section Material

Bar H220 × 125 × 6 × 9 Q345B
Bar H140 × 90 × 5 × 8 Q345B
Bar H100 × 75 × 6 × 8 Q235B
Bar 2Φ25 Q235B
Bar 2Φ20 Q235B
Bar 2Φ25 Q235B
Bar Φ159 × 4.5 Q235B
Bar Φ127 × 4.5 Q235B
RB1 GB-[28C Q235B
RB2 H194 × 150 × 6 × 9 Q235B
RB3 H220 × 125 × 6 × 9 Q235B
RB4 H200 × 100 × 5.5 × 8 Q345B
RB5 GB-i16 Q235B
RB6 H300 × 150 × 6.5 × 9 Q345B
CB H350 × 175 × 7 × 11 Q235B
TB Φ14 Q235B

Figure 1. Three-dimensional diagram of steel bracket.

are shown in Table 1. RB1 is expressed as the first 
ring beam, RB2 is the second ring beam counting 
from bottom to the top, and so on. CB is expressed 
as the center braces of upper platform and TB is 
the tie bar between the fifth ring beam and sixth 
ring beam.
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3 ANALYSIS OF EXPERIMENT 
AND THEORY

3.1 Deflection values of loading experiment 
on site and theoretical analysis

According to the loading experiment on site shown 
in Figure 4 and Figure 5, the maximum applied 
load is 500 t and the largest deflection at the center 
of steel platform is 30.3 mm. The actual measured 
deflection and calculated deflection are shown in 
Table 2. Position 1 to 6 in Table 2 is, respectively, 
the middle point of the first ring beam to the sixth 
ring beam counting from down to up. The position 
7 is the center of upper platform and position 8 is 
the middle point of radial beam.

Figure 4. Steel bracket on site.

Figure 5. Loading experiment.

Table 2. The contrast of deflection values.

Position
Measured 
deflection/mm

Calculated 
deflection/mm

Error
/%

1 3.1 3.5  12.9
2 10.5 11.2   6.7
3 14.5 12.8 −11.7
4 8.2 8.0  −2.4
5 12.2 10.8 −11.5
6 4.5 3.7 −17.8
7 30.3 27.2 −10.2
8 11.1 9.7 −12.6

Figure 6. Overall deflection.

The contour map of overall deflection for the 
steel bracket is shown in Figure 6.

3.2 Comparison of experimental results 
and theoretical analysis

It can be seen from the comparison of  experi-
mental data and the deflection calculated by soft-
ware SAP2000 that these simulative deflections 
are close to the actual measured values obtained 
from the loading experiment on site. It also shows 
that this finite element method simulating steel 
bracket is relatively accurate, and so the numerical 
calculation method is used to analyze the internal 
force, stress ratio, and overall stability of  double-
layer steel bracket. What is more, whatever the 
experimental result of  1/852 or calculated result 
of  1/963, the ratio of  deflection at the middle of 
radial beam to the total length is far less than the 
given allowable ratio of  1/250 which is provided by 
the design code for the steel structure. Of course, 
it can also be seen from Table 2 that these deflec-
tion values of  loading experiment on site are a 
little different from calculated data of  theoretical 
analysis because there are maybe the following 
inevitable deviations at the process of  actual steel 
construction:

1. The installation error that exists at the steel 
members. Connections at the ends of bars do 
not achieve the ideal rigid joint or hinged joint. 
Because the different connection types will 
affect the effective length of bar, the deflection 
of bar is not the same.

2. There are inevitable initial bending of  mem-
bers, initial eccentricity at the node and the 
initial stress due to various reasons such as 
the steel transportation and manufacturing 
process.
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4 STRESS RATIOS OF MEMBERS

The stress ratio distribution of steel bracket is 
shown in Figure 7. It can be seen from Figure 7 
that the stress ratios of most members are about 
0.65 to 0.8 and the stress ratios of very little bars 
are less than 0.3. So not only can the strength 
requirement be met, but it can also make full use 
of the steel strength and does not cause a lot of 
steel material waste.

5 OVERALL STABILITY OF STRUCTURE

Structural stability analysis is different from 
strength calculation. It is mainly because of the dif-
ference between the external applied load and the 
internal resisting capacity of structure that leads 
to the sharply increasing structural deformation. 
The purpose of stability analysis is to determine 
the buckling modes and buckling loads where the 
structure becomes unstable.

The function of buckling analysis included in 
the software SAP2000 is used to calculate overall 
structural stability for the steel reticulated shell. 
The eigenvalue λ is sometimes called buckling fac-
tor or safety factor. The ultimate buckling load is 
equal to the product of buckling factor multiplied 
by the given load. When the buckling factor is 
greater than 1, the given loads must be increased in 
multiples of the buckling factor and the structures 
that cause buckling. If  the buckling factor is less 
than 1, the applied load on the steel structure must 
be reduced to prevent buckling.

The first-order and second-order buckling 
modes of double-layer steel bracket for the roof of 
squat silo are respectively shown in Figure 8 and 
Figure 9. The first-order buckling factor under the 
action of vertical load is 4.8. The overall instability 
of steel structure will occur only when the applied 
loads are enlarged 4.8 times the standard values of 
dead load and live load. Because the buckling fac-
tor of 4.8 is greater than the buckling safety factor 
of 4.2 given by technical specifications for space 

Figure 7. Stress ratio.

Figure 8. The first-order buckling mode.

Figure 9. The second-order buckling mode.

frame structures, the overall stability requirement 
of double-layer steel bracket of the latticed shell 
will be satisfied.

6 CONCLUSIONS

1. The above designed long-span double-layer steel 
bracket used for the roof of squat silo has good 
structural strength and overall stability, which 
can satisfy the technical requirements included 
in the related design specifications. The section 
of steel members can provide a reference for 
the design of similar engineering projects in the 
future.

2. The simulative deflections through finite ele-
ment analysis are close to the actual measured 
values obtained from the loading experiment on 
site. The experimental deflection of 1/852 and 
calculated result of 1/963 are far less than the 
given allowable ratio of 1/250.

3. The first-order buckling factor used for evalu-
ating overall stability of the double-layer steel 
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bracket under the action of vertical load is 4.8 
and is greater than 4.2 given by technical speci-
fications for space frame structures.
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An empirical study on the task assignment model building 
of indemnification for housing construction project—take a case 
of Guangzhou
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ABSTRACT: This paper takes the indemnification house construction project task assignment model 
as the entry point of the study, with problem-oriented method, and by site visiting, etc., studies the rea-
sonable assignment mechanism of Guangzhou indemnification housing construction tasks shared by the 
city and by districts, building the weight model with expert evaluation, and on the basis of model analysis, 
relevant suggestions are raised in the conclusion.

Keywords: indemnification housing; task assignment; weight model

the housing issues of some straitened people. Cur-
rent large-scale construction of indemnification 
housing in our country has its reasonability[2]. 
But, behind the completion of the indemnifica-
tion housing construction many problems are still 
existing.

In the construction of indemnification housing, 
insufficient land and shortage of funds are two 
main problems, which are seriously hindering the 
progress and effects of the indemnification hous-
ing construction tasks[3]. Studies and experiences 
in other countries show that when the funds for 
indemnification housing construction are not suffi-
cient, the better and effective solution is to use fund-
ing leverage, to absorb social capitals or revitalize 
stock assets[4–5]. In China, many experts are of the 
opinion that[6–7] leverage of financing with admin-
istrative funding should be sufficiently utilized I 
the indemnification housing construction, and the 
assets of indemnification housing construction 
should be securitized and capitalized, and the model 
of public-private cooperation should be used in the 
financing for indemnification housing construction. 
In other countries, the governments actively provide 
lands for the indemnification housing construction 
is the key of solution of such issues[8].

Many studies show that either funding issue or 
land issue, the sources usually may be summarized 
as problem of upper-level system. The appraisal 
mechanism and land finance as the reality have 
seriously affected the progress and quality of the 
completion of the indemnification housing tasks[9]. 
Our experts have many researches and studies in 
this respect.

1 INTRODUCTION

From 2011, Guangzhou has begun the trial of 
indemnification housing construction tasks shared 
by the city and the districts. In three years of 
practice, certain achievements are obtained, and 
certain obstacles are met. The main problems in 
the obstacles are the issues of how to effectively 
establish the assignment model shared by the city 
and by the districts for the indemnification hous-
ing construction tasks with the principles of equal 
rights and responsibilities. With such background, 
this study tries to take problem study as the ori-
entation, by site investigations, obtaining relevant 
information, and on such basis, the indemnifica-
tion housing construction tasks assignment model 
is built, to provide foundation and reference for the 
reasonable assignment of indemnification housing 
construction tasks in Guangzhou and in cities of 
same type.

2 STATEMENTS IN RELEVANT 
DOCUMENTS

Construction of indemnification housing is an 
important measure to realize the policy of the 
central government “home to live in”. During the 
period of the 12th 5 Year Plan, the target of con-
struction to build 3.6 million sets in the indemni-
fication housing projects may basically solve the 
insufficient supply problem of the indemnification 
housing[1]. The research shows that construction 
of indemnification housing has practically solved 
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Mr. Wang Yueping[10] has studied the behavior 
changes of local governments in the indemnifica-
tion housing construction with the theories of 
reasonable selections and new institutionalism, 
etc., and he has found that the behavior changes 
of local governments are mainly limited by the 
financial system, the authority structures of differ-
ent levels of governments, and the relationship of 
local benefits, etc.

Different hierarchies studies and analysis have 
been done by the experts in the respects such as the 
completion situation of the indemnification hous-
ing construction tasks, the problems facing, their 
causes and solutions, etc., providing foundation 
for the followed studies. The indemnification hous-
ing construction practice in other cities are worth 
learning and reference. In this paper, the intention 
is to try to build the indemnification housing con-
struction task assigning model as the follow-up 
study on the basis of the studies and researches of 
so many experts, and to raise relevant suggestions, 
as the supplement and verification to the relevant 
studies.

3 INDEMNIFICATION HOUSING 
CONSTRUCTION TASK ASSIGNING 
MODEL BUILDING

3.1 Brief introduction of changes of the sharing 
situation between the city and the districts 
for the indemnification housing construction 
from 2011 to 2014

In recent years, in the Guangzhou indemnifica-
tion housing construction, the mode changed 

from mainly responsible by the city to the mode 
of mutually sharing by the city and the districts, 
it is shown in the transfer of the housing security 
tasks to the districts step by step. According to the 
data provided by Guangzhou Housing Manage-
ment Bureau (see Table 1), the building coefficient 
Γ the proportion of tasks between the city and the 
districts is measured:

Γ = yt/(1 − yt) (1)

yt: proportion of indemnification housing con-
struction task assignment of city level itself  in year 
t (of which t = 2011…2014).

The smaller Γ value shows the heavier tasks at 
the district level layer. Table 2 shows that the Γ 
value drops from 2.02 to 0.99.

From Drawing 1, we may see that the Γ value 
changing tendency is like a parabola, dropping 
together with the time lasting. The decomposition 
of the indemnification housing tasks is mainly 
by the mutual sharing between the city and the 
districts.

3.2 Building up the task assignment 
estimated model: weight model

As the assigned tasks of the districts in the past 
years are of large occasionality and subjectivity, 
it is hard to take them for the scientific estimates. 
For this reason, on the basis of the task volumes 
of the past years, certain variables are added and 
the expert evaluation is also added to establish the 
weight model.

Table 1. 2011–2014 indemnification housing construction tasks quantity and percentage in districts (unit: flats,%).

2011 2012 2013 2014

Quantity Percentage Quantity Percentage Quantity Percentage Quantity Percentage

Whole city 81457 100 36200 100 16736 100 11682 100
City level 54500 66.91 26370 72.85 10967 65.53  5800 49.65
Yuexiu   500  0.61   200  0.55   100  0.60   100  0.86
Haizhu  1500  1.84   500  1.38   200  1.20   300  2.57
Liwan  3000  3.68   100  0.28   300  1.79   200  1.71
Tianhe  1500  1.84   500  1.38   300  1.79   100  0.86
Baiyun  1300  1.60   200  0.55   100  0.60   200  1.71
Panyu  4000  4.91  1000  2.76   500  2.99   400  3.42
Huadu  1800  2.21   500  1.38   336  2.01   200  1.71
Huangpu  1500  1.84   500  1.38   300  1.79   200  1.71
Luogang  6100  7.49  2000  5.52  1000  5.98  1000  8.56
Nansha  2300  2.82  2100  5.80  1733 10.35   882  7.55
Conghua  1000  1.23   730  2.02   400  2.39   300  2.57
Zengcheng  2457  3.02  1500  4.14   500  2.99  2000 17.12

Source of data: Guangzhou Housing Management Bureau.
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 The setting principle and selection variables
Model is based on the actual situations of the 
districts, with the principles of “construction 
by demands, shared by the city and the dis-
tricts, equal rights and responsibilities, balancing 

among areas”. Considering the short comings of 
the deduced model, first it is suggested to take the 
application volumes of indemnification housing 
into consideration of indemnification hous-
ing construction task assignment indexes, while 

Table 2. Shared between city and districts of the tasks 
2011–2014.

Time (years) 2011 2012 2013 2014

Proportion between 
city and districts

2.02 2.68 1.90 0.99

Drawing 1. City-districts proportions of indemnifica-
tion housing construction tasks in years.

Table 3. District housing security data statistics.

District

District annual 
financial income 
(100 million Yuan)

Annual GDP 
(100 million 
Yuan)

Annual application 
volume (new 
applications)

Regular 
residents 
(10 k headcounts)

Annual 
inspection 
volume

Clerk 
quantity

Yuexiu  46.88  2384.71  4500  1157277 15458  9
Haizhu  40.76   871.49  4347   898204 10771  8
Liwan  46.43  1142.75  2926  1558663  9520 11
Tianhe  58.18  2781.61   964  1432431   964  8
Baiyun  17.14   704.03   227   457930   415  2
Panyu  51.95  1329.35   810  2222658  1262  5
Huadu  72.98  1353.23   199  1764869   744  8
Huangpu  52.59   908.03   167   259899   167  4
Luogang 109.18  1892    25   373670    25  1
Nansha  66.43   902.14    70   945053    70  2
Conghua  29.67   284.15    91   593415    91 10
Zengcheng  62.99   989.45    31  1036731    75 11
Total 655.18 15542.94 14354 12700800 39559 79

Notes:   Data source: District annual financial income and GDP are from Guangzhou City Statistic Yearbook.
  District annual application volumes, inspection volumes and clerk quantities are from the actually reported data 
from the districts.

Table 4. District housing security relevant index proportion form.

District

District annual 
finance income 
(100 million Yuan)

Annual GDP 
(100 million 
Yuan)

Annual application 
volume (new 
applications)

Regular 
residents

Annual inspection 
volume (new 
applications)

Clerk 
quantity

Yuexiu 7.16% 15.34% 31.35% 9.11% 39.08% 11.39%
Haizhu 6.22% 5.61% 30.28% 7.07% 27.23% 10.13%
Liwan 7.09% 7.35% 20.38% 12.27% 24.06% 13.92%
Tianhe 8.88% 17.90% 6.71% 11.28% 2.44% 10.13%
Baiyun 2.62% 4.53% 1.58% 3.61% 1.05% 2.53%
Panyu 7.93% 8.55% 5.64% 17.50% 3.19% 6.33%
Huadu 11.14% 8.71% 1.38% 13.90% 1.88% 10.13%
Huangpu 8.03% 5.84% 1.16% 2.05% 0.42% 5.06%
Luogang 16.66% 12.17% 0.17% 2.94% 0.06% 1.27%
Nansha 10.14% 5.80% 0.48% 7.44% 0.18% 2.53%
Conghua 4.53% 1.83% 0.63% 4.67% 0.23% 12.66%
Zengcheng 9.61% 6.37% 0.21% 8.16% 0.19% 13.92%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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adding some independent variables are shown 
in Table 3. In order to assure the objectivity of 
the model calculation, mainly the average data of 
2012 and 2013 of the annual application volume 
and annual inspection volume are taken.

From 2011 to 2014, the city level itself  has 
undertaken separately 66.91%, 72.85%, 65.53% 
and 49.65% of the indemnification housing 
construction tasks, and the remaining parts are 
assigned among the districts according to their 
demands and construction abilities. According 
to above form the proportions of the relevant 
indexes of the districts are calculated, as shown 
in Table 4.

 Assignment of weight coefficient
By sufficient demonstration of model A and 
model B, combining with site visit, we may 
find that different variables are playing differ-
ent functions in the assignments of the tasks. 
 Considering the basic principles of the mutual 
sharing between the city and the districts of 
“construction by demands, shared by the city 
and the districts, equal rights and responsibilities, 
balancing among areas”, the weight of financial 
income is appropriately raised, and the relevant 
weights evaluations are listed in Table 5.

According to the importance of the relevant 
factors of the indemnification housing tasks 
and the actual situations of the districts, the 
relevant factors are evaluated by expert scoring 
method. By the evaluations of the indexes, the 
indemnification housing proportions under-
taken by districts are calculated with the results 
in Table 6.

It has to be emphasized that it is only the 
proportions of public-rental housing, exclud-
ing demolition settlement housing, construc-
tion volume of which should be calculated by 
the actually involved quantity of the large sized 
or emphasized projects in the cities in all the 
years.

4 MODEL ANALYSIS

Therefore the model is a choice. Surely it is obvi-
ous that it is an indemnification housing construc-
tion task city and district sharing model among 
districts based on certain preconditions such as 
equal rights and responsibilities, right resources 
distributions, multiple housing security products 
(including rental allowance), it is feasible only 
when above conditions are available. At the same 

Table 5. Indemnification housing assignment weights in districts.

District
Financial 
income GDP

Indemnification 
housing application 
volume

Regular 
residents

Clerk 
quantity

Inspection 
volume

Weight 
coefficient

0.45 0.3 0.25 0.05 0.1 −0.15

Table 6. District housing security task volume proportions.

District

Annual 
financial 
income GDP

Annual 
application 
volume

Regular 
residents

Annual 
inspection 
volume

Clerk 
quantity

Total percentage 
of undertaken 
task volume

Weight coefficient 0.45 0.3 0.25 0.05  −0.15  0.1 1
Yuexiu 3.22% 4.60% 7.84% 0.46%  −5.86%  1.14% 11.39%
Haizhu 2.80% 1.68% 7.57% 0.35%  −4.08%  1.01% 9.33%
Liwan 3.19% 2.21% 5.10% 0.61%  −3.61%  1.39% 8.89%
Tianhe 4.00% 5.37% 1.68% 0.56%  −0.37%  1.01% 12.25%
Baiyun 1.18% 1.36% 0.39% 0.18%  −0.16%  0.25% 3.21%
Panyu 3.57% 2.57% 1.41% 0.88%  −0.48%  0.63% 8.57%
Huadu 5.01% 2.61% 0.35% 0.69%  −0.28%  1.01% 9.40%
Huangpu 3.61% 1.75% 0.29% 0.10%  −0.06%  0.51% 6.20%
Luogang 7.50% 3.65% 0.04% 0.15%  −0.01%  0.13% 11.46%
Nansha 4.56% 1.74% 0.12% 0.37%  −0.03%  0.25% 7.02%
Conghua 2.04% 0.55% 0.16% 0.23%  −0.03%  1.27% 4.21%
Zengcheng 4.33% 1.91% 0.05% 0.41%  −0.03%  1.39% 8.06%
Total 45.00% 30.00% 25.00% 5.00% −15.00% 10.00% 100.00%
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time, it should be realized that there is no unified 
standard of indemnification housing construction 
task assignment proportion between the city and 
the districts. The assignments of indemnification 
housing construction task between the two level 
layers of city and district, in its nature, is the trans-
fer of public affairs and responsibilities among dif-
ferent governmental management layers. Different 
assignment proportions and methods will lead to 
different results. Combining with practice of other 
cities, it is sure that when “Funds transferring with 
projects, rights transferring with responsibilities” is 
realized, any types of proportions may be admit-
ted and accepted by the parties. In the contrary, 
huge obstacles and difficulty may appear in the 
promotion.

5 CONCLUSION

The original mode of the indemnification housing 
construction task shared by the city and the districts 
in Guangzhou has obtained certain achievements, 
but there are still many difficulties and obstacles. By 
document study and empirical study it is confirmed 
that that the mode of construction task share by 
the city and the districts is with strong realistic 
necessity. But if  current resources configuration 
is not making important adjustments, putting the 
indemnification housing construction task to the 
district level fully would not get good result. There-
fore, the limited resources must be adjusted and the 
original rules for rights and responsibilities must 
be refined and regulated. Only above this, the built 
indemnification housing construction task assign-
ment model may provide important foundation 
for reference in the refining of the indemnification 
housing construction task assignment between the 
city and the district layers.
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Research on spatial morphology characteristics of traditional 
“bottom-up” settlements—a case study of Licha Village 
and Xiangang Village in Gaoyao, Guangdong Province

Yan Lin & Jian-guo Wang
School of Architecture, Southeast University, Nanjing, China

ABSTRACT: The research of traditional “bottom-up” way of urban development serves as an approach 
to reflect on the current mainstream “top-down” planning and construction way. Through integration of 
field research, graphic analysis and theoretical generalization, and by selecting Licha Village and Xian-
gang Village in Gaoyao, Guangdong Province as case study, the paper probes into characteristics of 
roads, public spaces and building clustering way in traditional settlement spaces. It concludes that, in 
traditional “bottom-up” settlements, roads present natural and organic morphological characteristics 
under the influence of human’s action modes; public spaces are rich in levels, flexible in utilization and 
concerned about comfort degree of utilization; building clustering way is affected by natural topographic 
conditions, appropriate residential density and spacing. Also, the paper points out that, the main spatial 
morphology characteristics of such settlements are to fully reveal characteristics of natural topographic 
features, to be adaptable by adjusting space according to conducts of daily life, and to be rich both in 
spatial morphology and geographical features. The paper intends to provide a reference for correction and 
improvement of urban construction approaches.

Keywords: bottom-up; urban design; spatial morphology of traditional settlement; “Eight Trigrams vil-
lages” of Gaoyao, Guangdong Province

Built in the Southern Song Dynasty with a history 
over 700 years, Licha Village, relying on moun-
tains and waters around, presents a circular shape 
with radius of 90 m in general and gets its name 
of “Eight Trigrams village” from the eight trigram 
shape of houses constructed in rows by conform-
ing to the topography. Currently, the well preserved 
and virtually unpopulated village is already devel-
oped into a tourist scenic spot. Xiangang Village, 
another “Eight Trigrams village”, although similar 
to Licha Village in spatial morphology, has an area 
ten times of that of Licha Village with radius being 
300 m. with over 600 years history, 8,900 residents 
and three administrative villages, the village scale 
falls in between a village and a town.

Since the two villages adopt the traditional 
“bottom-up” construction way and well preserve 
spontaneously formed spatial morphology of tra-
ditional settlement so far, with the two as research 
samples, the interpretation of morphology char-
acteristics concerning traditional settlements may 
bring significant basic research value for analysis 
of the “bottom-up” development way.

The physical space environment of settle-
ments largely incorporate roads (including streets, 

1 INTRODUCTION

In the process of rapid urbanization of China, 
most domestic cities are planned and constructed 
by following the “top-down” mode, which leads 
to poor practicability and lack of local character-
istics in terms of urban community. During the 
same period, numerous vernacular settlements 
built in the “bottom-up” mode, compared with cit-
ies with the “top-down” construction means, have 
more unique spatial morphology characteristics, 
the sense of place belonging and practicability in 
life. Through field research on typical traditional 
settlements, the paper intends to delve into the 
morphology characteristics, residents’ behavior 
characteristics and spatial utilization habits of 
traditional “bottom-up” settlements, attempting 
to provide a reference for improving urban con-
struction way by reflecting on and interpreting the 
spontaneous formation mechanism of traditional 
settlement spaces.

The paper selects two traditional settlements 
in the Xijiang River Basin, i.e. Licha Village and 
Xiangang Village in Gaoyao, Zhaoqing of Guang-
dong Province as main research objects (Fig. 1). 
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 sidewalks, steps, alleys, etc.), buildings (including 
residential and public buildings, etc.), and public 
spaces (such as squares, natural landscapes, sketch 
sculptures, etc.). The paper intends to study the 
spatial morphology of traditional settlements in 
the perspectives of road, public space and building 
clustering way.

2 SPATIAL FEATURES OF ROADS

In traditional settlements, apart from compli-
ance with the natural topography and catering 
for facilities (mainly drainage) requirements, the 
formation of roads is greatly affected by human’s 
action modes. Characterized by slow speed, physi-
cal fatigue limit and strong randomness of path, 
human action is thus leading to the natural and 
organic forms of roads.

2.1 Spatial composition of roads

Both built on an island surrounded by water, 
the two villages are similar in overall structure 
of  roads: outside villages is a loop of  carriage-
way, and inside lie alleys arranged in compliance 
with hills. To the specific, the 5 m wide outer ring 
cement road serves for vehicles and pedestrians 
and has roads leading outside every one or two 
hundred meters; mainly serving for pedestrians, 
internal roads are changeable since they have to 
adapt to hills and connect all dwellings. The links 
between the outer ring roads and internal roads 
of  Licha Village and Xiangang Village are gate-
houses and footpaths perpendicular to the outer 
ring roads respectively (Fig. 2).

Figure 1. Satellite map of “Eight Trigrams” villages.
Source: Google map.

Figure 2. Overall structure of roads of the two villages.
Source: The author draw.

Internal roads, serving for pedestrians only and 
being the typical “bottom-up” construction, is the 
focus of the research. Seen from the internal traf-
fic space composition of the villages, not all spaces 
have roads, thus the traffic system formed by inter-
nal roads might as well be interpreted as accessible 
space beyond inside for people.

Taking Licha Village as an instance, the inter-
nal traffic space can be divided into three forms as 
below (Fig. 3):

1. The space under eaves such as corridor under 
gatehouse, freely accessible ancestral hall with 
side-room opened: unlike general ones in cities, 
the width of spaces under eaves in Licha Village 
is about the same as other roads and even supe-
rior in terms of identification and road condi-
tions, thus, the guide tempting access shall be an 
indispensable part of traffic system.

2. Open space such as vacant area in front of and 
behind gatehouse, small square in front of pub-
lic building and mountain top square: the space 
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Figure 3. The internal traffic space of Licha Village.
Source: The author draw.

may accommodate some special behaviors such 
as worship in ancestral hall and water taking in 
wellbay. But it is hard to be distinguished from 
roads due to its limited spatial scale (generally 
3–8 m2). Incorporated into road system, the 
space is basically used for passing through.

3. Road space with diverse road forms such as 
roads serving as main alleys (upward direction 
along the hill), cross alleys assuming main entry 
function (along contour line direction) and 
cracks. Such combination of roads in diverse 
forms generates complex traffic organization 
type inside villages.

Yet judged from practical utilization situation, 
form types with distinct features of  roads are still 
be seen partially (Fig. 4). The local form of roads 
can be divided into three types as below accord-
ing to combination relationship among roads 
(Fig. 5):

1. Fishbone type: in this road type, obvious main 
alleys are available along building gable and 
branches perpendicular to main alleys are 
available to connect building entrance. Most 
fishbone roads are found along village radius 
direction and a few long main alleys start from 
peripheral gatehouse and terminate at moun-
tain top.

2. Cross alley type: in this road form, roads in front 
and back sides of buildings are much wider than 

those along gables, making cross alleys become 
the main road in this area. Buildings on both 
sides of the road mostly follow contour line and 
building entrances can be found on both sides 
of some cross alleys.

3. Free type: this road type is not definite in spa-
tial logic or can be called residual space beyond 
buildings. The road presents irregular road net-
work structure or irregular road shape, such as 
triangle and trapezoid spaces.

2.2 Road pavement

As for Licha Village, most road spaces are nar-
row, but the relationship of paving modes, pave-
ment materials, drainage and plant configuration 
is  complex. Pavement components include the 
ground near the building generally paved with rub-
bles or cement, drainage ditch set along building 
exterior walls or in road centre according to the 
actual situation and the pavement for pedestrians 
mainly laid with large stones.

Being about 300–400 mm wide and 
1000 mm–1300 mm long, stones for pedestrian 
roads constitute appropriate road width for one 
person and for accommodating one’s feet exactly if  
laid horizontally and vertically respectively. Road 
width is basically determined by stone dimensions 
and a multiple of single stone dimension. Behavio-
ral momentum is inclined to be transformed into 
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paving mode of materials and especially the paving 
form, as can be seen in most places. For example, 
the laying location of stones shall avoid drainage 
ditch and the laying direction shall give a hint to 
building entrance; straight roads are rarely seen at 

any position, even main alleys; some places may 
even present abrupt change in width or strange 
shapes. All these have something to do with 
human’s walking flexibility (Fig. 6).

The importance of roads is more related to elab-
orate degree of road construction than the road 
width. some important roads, although the width 
is suitable for one pedestrian only, are complex in 
the stone laying and elaborate in the interface with 
drainage ditch; some unimportant roads with spa-
cious space leave very limited pavement for pedes-
trians with other spaces overgrown with weeds to 
fail passing (Fig. 7).

2.3 Impact of bicycles on roads

In terms of bicycles, compared with walking, they 
just improve the speed and release fatigue and as a 
daily action relying on body, do not require a lot for 
road conditions. Therefore, the utilization of bicy-
cles falls into a phenomenon of the “bottom-up” 
influence on road space.

When it comes to Licha Village, the utilization 
of  bicycles has some impact on its road traffic: 
although bicycles are basically active on external 
roads so far, bicycle trace in the village and espe-
cially bikeway on several entry steps (bikeways are 
built late) are still found. Take the step of  Suiyuan 
Village platform, torsiversion of  bikeway and step 
are formed due to inconsistency between turn-
ing radius requirement of  bicycles and  existing 

Figure 4. Local form of roads.
Source: The author draw.

Figure 5. Three types of roads.
Source: The author draw and shot.
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3 CHARACTERISTICS OF PUBLIC SPACE

The abundance of public space is determined 
by diversification of human community public 
 activities. Therefore, compared with other func-
tional spaces, the public space has the most diverse 
forms, rich elements and multi-layered types.

3.1 Composition of public space

Taking Licha Village as an example, its public 
space can be divided into three types according to 
the spatial scale, composition content and applica-
tions (Fig. 9):

1. Wellbay—the space relevant to facilities: the 
research finds that, the inner and outer diam-
eters of well are 550 mm and 770 mm respec-
tively; the ground around the well is built into 
a rectangular area (being auxiliary operating 
space of wellbay) with stones to be distin-
guished from other areas, with side length being 
2,100 mm (about three and half  steps) and area 
being 4 m2.

2. Ancestral hall—the space relevant to special 
activities (worship): the space is hard to define, 
since externally, the outer spaces of wine course 
of the village are mixed with other waterfront 
recreational areas, and internally, they are linked 
with road system. The actual space for sacrifice 
rites is limited, ranging from 1–2 m2 to 4–5 m2 
and requiring incense arranging position. The 
importance degree of worship space is related 
to complexity level of altar form. And other 
auxiliary worship activities such as assembly, 
communication and leisure activities shall share 
the space.

3. Leisure space—the space relevant to leisure 
activities: such space enjoys the most diverse 
forms and the leisure activity space with intact 
form basically locates at places with desir-
able  landscape. These spaces have something in 

Figure 8. The step of Suiyuan Village platform.
Source: The author shot.

Figure 6. Complex pavement.
Source: The author shot.

From left to right:
The tilted stone relate to the path of the people.
The drainage is in the centre of the road.
The direction of stone imply the entrance of building.

Figure 7. The expression of importance of roads.
Source: The author shot.

From left to right:
Important road: Narrow space with complex pavement
Unimportant road: spacious space with limited pavement

step conditions, and bikeways are built in the 
step center with view to individual handedness 
(Fig. 8).

Seen from the analysis above, roads deriv-
ing from the “bottom-up” settlement mode are 
paved as per human action needs and vary with 
objective conditions. Therefore, the actual road 
information, unlike urban planned road net-
work with the “top-down” construction, cannot 
be accurately read from site plan as the current 
situation is much more complex than the draw-
ing with the roads shaded by massive roofs. In 
most cases, roads are built along with houses and 
constrained by many other factors, as they have 
to give way to buildings, plants and even drain-
age ditches. Human’s free actions make roads 
become one of  the most flexible components of 
the settlements.
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Figure 9. Composition of public space.
Source: The author draw.

Figure 10. Public nodes in Licha Village.
Source: The author draw.

 common: for waterfront, it is related to the vil-
lage terrain and the hilly topography of “Eight 
Trigrams Village” results in a relatively spacious 
waterfront space; big tree logo-banyan trees 
with large volume are common there and com-
fortable shade space is available under trees; 
public buildings around-leisure activities are 
easily associated with public activities; spatial 
link with all entrance & exits-either exits lead-
ing outside or gatehouse leading inside, as lei-
sure activity space prefers places with large flow 
of people.

Yet in fact, the public space with the intact 
image is always so interconnected and nested 
that it is hard to be clearly distinguished from 
other types, thus together forming public activity 
nodes, which center on waterfront of outer ring 
roads in terms of the two villages (Fig. 10–11). 
This implies that site selection of residential pub-
lic activity space is closely related to the comfort 
degree of environment and rich degree of land-
scape. In total, Licha Village has five public activ-
ity nodes and Xiangang Village eleven.

3.2 Typical public nodes

To further understand the concrete forms of pub-
lic nodes, the paper implements pacing research on 
three typical public nodes (Fig. 12).

Node 1: “Four in one” public node of Xiangang 
Village
Being a waterfront leisure space to the south of 

Xiangang Village, the public node, through pac-
ing, is generally 28-step (about 18 m) long and 
16-step (about 9.6 m) wide. In this limited space, 
four space levels may be seen: a 3.5 m × 6 m 
slightly lofty worship space, a 2.5 m × 5 m chess 
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Village platform for worship events, outdoor 
space at entrance of wine hall including Suide 
Well and worship space and leisure space under 
tree of waterfront. These spaces are relatively 
spacious, independent and equipped with spe-
cial application, yet they have territory feeling 
of one space and dramatic visual interconnect-
edness (Fig. 15–16).

Figure 11. Public nodes in Xiangang Village.
Source: The author draw.

Figure 12. The position of nodes.
Source: The author draw.

Figure 13. Pacing section of node 1.
Source: The author draw.

Figure 14. Pacing plan of node 1.
Source: The author draw.

space under tree, a 6 m × 6 m TV viewing space 
under roof and a leisure activity space accom-
modating seats and sports facilities. Each space 
is so limited that it is directly related to body 
dimension (Fig. 13–14).

Node 2: Public node of Suiyuan Village in Licha 
Village
Located at the north entry of Licha Village and 

connected with Suiyuan Village platform lead-
ing inside, the node’s spaces include Suiyuan 

Figure 15. Pacing plan of node 2.
Source: The author draw.

Figure 16. Pacing section of node 2.
Source: The author draw.
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Node 3: Public node at entry of Xiangang Village
Being the entry to the south of Xiangang Village, 

the node includes a rest platform with long strip 
stone benches of diverse dimensions to cater for 
different sitting habits. The different spacing of 
stones makes single-row or face-to-face sitting 
available, some longer stones enables lying and 
the ring-shape stone benches around trees are 
also popular since they create a dependency 
feeling by leaning on trees (Fig. 17–18).

Through observation and experience, it is found 
that these public spaces possess abundant levels, 
such as the “four in one” node, which realizes 
multi-level activities via a small-scale space sepa-
rated from an intact site, and Suiyuan Village, the 
level of which is divided as per spatial elevation 
difference. But as for lots of spaces without fixed 
applications to be served as corridors, squares, 
gathering spaces and even doors, residents tend 
to develop their talents and wisdom to make them 
work interestingly. Since seats constitute the most 
significant part of public space with leisure func-
tion or any sitting space may be called public lei-
sure space, the comfort degree of sitting become 
one vital factor to judge the vitality of the space.

4 BUILDING CLUSTERING WAY

As human shelters, buildings arise with inhabita-
tion and are one of the most fundamental con-
stituent substances of settlements. As buildings in 
traditional settlements are mostly built by residents 
themselves and the development of building and 
update of environment are fueled according to the 
actual life needs and mutual learning of technical 
skills, the building clustering way is always a reflec-
tion of residents’ living habits and conditions.

4.1 Integral form of building clustering

The integral form of building clustering of the two 
villages seems to be specially planned and designed, 
both presenting irregular shape—the eight trigram 
shape. This design is related to the topography for 
one thing: the relatively rounded edges of lonely 
island make the architecture complex boundary 
become circular due to land boundary limit; with 
hills rising toward island center, houses are built 
against slopes to cater for construction and use 
habits, so houses are arranged in the direction that 
follows the contour line, presenting ring shape; the 
sunlight in Lingnan area is so sufficient that the 
sunny side and night side of mountain slope can 
both satisfy residents’ normal life, so houses are 
evenly distributed in all sides of the hills. On the 
other hand, with view to flood control and defense 
needs, most civilian houses are built on higher ele-
vation of hills and the most external buildings are 
relatively closed to take on “self-defense” gesture. 
Meanwhile, the eight trigram shape derives from 
geomancy and faith, as data shows, exquisitely 
arranged Licha Village has hidden mystery of Hetu 
Luosliu (the ancient Chinese mythological fiction) 
and the construction as per eight basic graphics in 
the Book of Changes—the Eight Trigram symbol 
is to express villagers’ best wishes for being pros-
perous both in family and purse and keeping life 
thriving.

But through careful scrutiny on the architec-
tural form of the two villages, it is found that, 
constrained by actual construction situation, they 
are somewhat in a mess and quite distinct from 
the established eight trigram shape. They are com-
posed of several building groups following a few 
of unified directions other than even and orderly 
rings, with Licha Village having five directions 
and Xiangang Village six (Fig. 19). The consistent 
orientation is formed due to two reasons: first, it 
is easily be found in adjacent houses since houses 
are actually constructed one by one; second, it 
is related to the distribution of extended family, 
as it is said in the very early period, the Su and 
Cai families in Licha Village settled in the east or 
southeast of hills and later the Cai family moved 

Figure 17. Pacing plan of node 3.
Source: The author draw.

Figure 18. Diverse sitting habits.
Source: The author draw.
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to the west. As the most significant building of 
an extended family, ancestral halls are located in 
the center of building groups in all directions and 
have relatively intact exterior space (Fig. 20). The 
sequence of building construction is thus clear: 
first to guarantee the favorable position of ances-
tral hall and other buildings are expanded outward 
gradually by clinging to the ancestral hall. In con-
trast, the junction of building groups seems to be 
very casual, leaving numerous “residual” spaces in 
irregular shapes.

4.2 Building arrangement rule

Observed separately, the two villages are both 
arranged evenly with sparse buildings having dra-
matic contrast in scale. Individual residential build-
ing generally has three rooms with depth of 4–6 m. 
The building spacing is basically 1.2–1.5 m that 
allows two people passing side by side and wider if  
building entrances are available on both sides.

Besides the above similarity, compared in the 
same scale, main mountain roads of the two have 
similar spacing, mostly being 40–50 m (Fig. 21). It 
means, in micro environment, actual construction 

Figure 19. The directions of clustering.
Source: The author draw.

Figure 20. The position of ancestral halls.
Source: The author draw.

Figure 21. The main roads of the villages.
Source: The author draw.

environment is not affected by the overall structure 
of villages but by the scale necessary to lives of 
residents.

In general, the integral form of buildings, 
although constrained by natural topography, has 
some randomness on the premise of compliance 
with natural environment and group needs. But the 
clustering form of buildings (especially residential 
buildings) itself  is even and rational, since they 
always present relatively consistent density and 
spacing and regular repetition, with queer build-
ings rarely seen.

5 MORPHOLOGY CHARACTERISTICS 
OF THE “BOTTOM-UP” SETTLEMENT 
SPACE

Through above research on roads, public spaces 
and building clustering way, the spatial morphology 
characteristics of Licha Village are listed below:

1. To fully reveal characteristics of natural 
topography
Settlement form is directly affected by topog-
raphy, which is conspicuous in traditional 
settlements where human tend to adopt corre-
sponding strategies to adapt to environment in 
most cases due to their limited nature transfor-
mation ability. It is found that the life bound-
ary is directly constrained by territory area, the 
arrangement direction of buildings and road 
trend are directly affected by topography, and 
public spaces prefer places with favorable natu-
ral landscape. The similarity in form structure 
of the two villages with diverse scales discloses 
that, the areas with the same natural topogra-
phy type are easy to form the settlements similar 
in form ethics, as the form characteristics of set-
tlements are interconnected with characteristics 
of natural topography.

2. To adjust space according to conducts of daily 
life
During spontaneous construction, human 
always build the individual space based on daily 
behavior needs. The construction of residential 
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buildings, road pavement and living facilities are 
daily necessity to people and constantly created 
and altered during use and as time passed by, 
human tend to adjust the established spaces to 
make environment reach a balanced state suit-
able for life. Thus, the space enjoys a progressive 
development way.

3. To be rich in environment form and regional 
features
Due to local materials and building technology 
limitations, the construction way and architec-
ture style in the same region seem to be relatively 
unified. But the outdoor space of traditional 
settlements has rich forms, especially the small-
scale public spaces, which are full of vigor due 
to their strong relevance with residential life. 
Public spaces are abundant in type levels and 
distinctive in dimension, form and application. 
It is the unified architecture image and diversi-
fied outdoor space that endow the overall envi-
ronment of traditional settlements with rich 
forms and regional characteristics.

Thus it can be seen that, the traditional 
“bottom-up” built settlements are characterized 
by acting according to local conditions and cir-
cumstances and constructing appropriate space 
according to human needs. Modern cities shall 
be developed by referring to the “bottom-up” 
development path, hoping to reserve the desira-
ble nature of cities by revering characteristics of 
natural environment and giving consideration 
to lifestyle and occasion needs of natives while 
digging the development potential of cities.

6 CONCLUSIONS

Based on the research above, the paper draws the 
following conclusions:

1. In traditional settlements, apart from compli-
ance with the natural topography and catering 
for facilities (mainly drainage) requirements, 
the formation of roads is greatly affected by 
human’s action modes, as the combination way 
of roads and pavement tend to vary with build-
ing locations, human’s main path directions and 
practical applications. Characterized by agility, 
human action thus endows road forms with the 
natural and organic features.

2. The rich degree of public space is determined 
by diversity of human groups’ public activities. 
As for public space in settlements, its spatial 
level is achieved through small-scale division 

and definition of elevation difference; as for lots 
of spaces without fixed applications, they tend 
to be flexibly utilized as per residents’ needs and 
habits. The utilization frequency of public space 
depends on its actual comfort degree.

3. As buildings in traditional settlements are 
mostly built by residents themselves, the devel-
opment of building and update of environment 
are fueled according to the actual life needs and 
mutual learning of technical skills. The integral 
form of buildings, although constrained by nat-
ural topography, has some randomness on the 
premise of compliance with natural environ-
ment and group needs. But buildings themselves 
always present relatively consistent density and 
spacing and regular repetition.

4. Main spatial morphology characteristics of 
“bottom-up” settlements are to fully reveal 
characteristics of natural topography, to adjust 
space according to conducts of daily life and 
to be rich in environment form and regional 
features. That is to be characterized by acting 
according to local conditions and circumstances 
and constructing appropriate space according 
to human needs.

REFERENCES

A Case Study from Settlements in the Form of Eight 
Trigrams in Gaoyao Region [J]. Architectural  Journal, 
2011 (11): 6–10.

Kostof, Spiro. The City Shaped [M]. Translated by Deng 
Dong. Beijing: China Architecture & Building Press, 
2005.

Leatherbarrow, David. The Roots of Architectural 
 Invention: Site, Enclosure, Materials [M]. Cambridge 
University Press, 1993.

Luo Deyin & Sun Na. Li-cha, the Eight Trigrams  Village: 
Living with Flood [J]. South Architecture, 2014, (01): 
30–33.

Qi Wenfei. Research of the Forms of Vernacular Houses 
along Downstream of Xijiang River Basin [D]: South 
China University of Technology, 2013.

Wang Jianguo. Modern Urban Design Theory and Method. 
Nanjing: Southeast University Press, 2001.

Wang Jianguo. On the Large Dimension Spatial mor-
phology of Cities Based on Urban Design [J]. Science 
China (Series E-Technological Sciences), 2009, (05): 
830–839.

Wang Jianguo. Top-down or bottom-up-exploration 
on design methods and values of modern cities [J]. 
 Architect, 1988, (31): 9–14.

Yu Benzhe. Research of Bagua Village, Xiangang Town 
Gaoyao City [D]: South China University of Technol-
ogy, 2011.

ICCAHE15_Book.indb   1162ICCAHE15_Book.indb   1162 11/17/2015   6:39:09 AM11/17/2015   6:39:09 AM

  



1163

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Bamboo tower—the design exploration of landscape tower in Zunyi 
Normal College

Zhenyu Song
Architecture Design Research Institute of SCUT, Guangzhou, Guangdong, China

Xueqing Liu
School of Architecture, South China University of Technology, Guangzhou, Guangdong, China

Xiaoshan Fang
State Key Laboratory of Subtropical Building Science, School of Architecture, South China University of 
Technology, Guangzhou, China

ABSTRACT: The landscape tower is an important composition element of view in the regional envi-
ronment. It plays a significant role in discerning the regional environment, stressing the local culture and 
controlling the sequence of spaces. This paper probes into the project of landscape tower in Zunyi Nor-
mal College with the overall design by several dimensions as the landscape planning design, external space 
design and the architectural design. This paper also deeply analyzes the sight, the volume, the texture and 
some other elements in the process of design.

Keywords: landscape tower; campus; symbolic; view analysis; volume analysis

steel structure with 42 meters high, is located on 
the top of the retained mountain, 900 levels above 
the ground. Judging from the location, the east 
of the site towards the entrance of the campus, 
Fine Arts Building and the music-dance Building 
are on its south and west, respectively, while the 
reserved forest on its north.

3 DESIGN CONCEPT

3.1 Site analysis

The designing concept of the landscape tower fol-
lows the principles of campus landscape planning, 
which is defined as “according to the mountain 
topography and rooting in regional culture and 
indigenous landscape.” As a result, shaping the 
landscape tower as a node on the northern land-
scape belt is our starting point. The new tower 
should be integrated into the framework of the 
planning of the campus; meanwhile, it should 
have its own peculiarity. Therefore, we retain the 
flat area on the top of the mountain as the base of 
the tower. The tower is kept far away from teach-
ing buildings so that pressure from evacuation can 
be reduced. Besides, the tension of space, which 
is formed by the distance and morphological dif-
ferences, will make it easier to blend the building 

1 INTRODUCTION

In ancient times, the tower is a symbol of religious 
belief. While in modern times, it has become a rep-
resentative landmark of the city and region. The 
“landmark”, which has been described in detail by 
Kevin Lynch in The Image of City, has a significant 
meaning for beautifying the environment and fig-
uring the shape of the city [1]. It needs to be unique 
and with a certain fixed style and  format [2]. As a 
carrier of local culture, the landscape tower fully 
demonstrates deep cultural details and charms the 
campus. This paper discusses the design strategies 
and conception of the landscape tower in Zunyi 
Normal New College for creating a campus cul-
tural characteristic.

2 PROJECT PROFILE

The new school in Xinpu belongs to Zunyi Nor-
mal College. It contains three campuses namely the 
northern, the southern and the eastern. The school 
managers felt it is necessary that the  cultural tra-
dition should be protected and continued; there-
fore, a new landscape tower laden with cultural 
significance was built in the northern  campus. 
The new landscape tower, which is designed in 
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structure with landscape organization together. 
People on the road can easily see the tower because 
the main entrance of the campus is 866 meters 
above the ground and 34 meters lower than the 
tower, which makes the tower look much higher 
than it was. The location and the master plot plan 
of the tower are shown in Figure 1 and Figure 2.

3.2 The spatial construction

The level on the base of the tower is 38 meters 
higher than the main entrance. The top of the tower 
is 80 meters high, which is the highest point of the 
reserving terrain on the northern campus. The 
tower changed the flat sky-line of the campus, and 
has a positive impact on the improvement of the 
campus’ overall planning and carries on the spirit 
of exploitation and enterprising in Zunyi  meeting. 
Among the various factors determining the rich-
ness of space, the details of its interface, that is, 
the place where the space comes into  contact, 

with the outside is particularly important [3]. This 
place ought to be designed taking into account not 
only the exigencies of outward appearance but 
the demands made on the boundary from within. 
Therefore, the square under the tower is divided 
into multi-level, fluency garden by the base and 
the structures around the tower so that the proper-
ties of space change from the resting space to the 
commemorative space. In addition, the square on 
the mountain gets its genius loci by the memorial 
of the landscape tower. This is similar to Chinese 
landscape paintings, which never depict the visual 
image statically, but rather convey a perception of 
the experience of traveling amidst the real land-
scape of natural beauty, accompanied by memo-
ries and imagination [4].

3.3 The shape design

As a well-known city, Zunyi, which is the turning-
point place of China’s Revolution, has its special-
ties like the bamboo shoot and the red sandstone 
(see Fig. 3 and Fig. 4). In addition, our designing 
concept comes from their symbol. Growing from 
ground with the fluency water around it, the tower 
raises and contracts like a common bamboo shoot 
in local place, steadily rising towards into the sky. 
Symbolic forms can bring some connotation to 
space, that is, it can give different meanings to dif-
ferent people to understand [5].

We try to employ symbolic measures to repre-
sent the revolutionary tradition in Zunyi city, so the 
structural form of the tower is given the meaning of 
“twist”. The landscape tower has vivid shapes and 
neat edges, while its base is triple-tired from inside 

Figure 1. The overall plan of the three campuses.

Figure 2. The surroundings of the tower (the red point 
indicates the location of the tower).

Figure 3. The dispositions of the material of the tower.

Figure 4. The conception of the landscape tower.
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to outside and clustered around by the structures. 
The interesting form is fashioned by changing 
details and small textures. The tower is a triangular 
prism in shape and topped by indented cutting, the 
combination of which makes them look like bam-
boo shoots just breaking out of the earth. Also, the 
spiraling structural members take concerted with 
uplifted stairs, creating tortuous climbing experi-
ence to visitors. The first-floor plan and the section 
of the tower are shown in Figure 5 and Figure 6, 
respectively. The design of the bionic form conveys 

the philosophy of “unity of the heaven and human 
beings” and represents the moral of rising steadily 
for higher education.

3.4 The landscape design

The program emphasizes “person’s participation”: 
not only it is a work of art to be appreciated from 
different locations and various angles, but also a 
landmark in campus students, which can simply 
recognize their position. The landscape tower is 
located on the highest point of central landscape 
belt with a fine extensive view. It is also an impor-
tant node of the main landscape axis. Two groups 
of appendages are set around the base to form the 
layout of radiation so that the surroundings get 
more harmonious. The design combines original 
water sources with elevation planning so that the 
ladder of cascades and the path to the hill top can 
be integrated together. Also, the vegetation around 
the tower is set in a well-conceived composition. 
Meanwhile, the tower can also serve as a sightsee-
ing platform and illuminant.

3.5 Continually perfected design

In order to suit for the inner environmental order, 
some factors such as the axial counterpoint of the 
tower, harmonious with the surroundings, and 
landmark of character have to be considered. We 
keep the balance of the relationship between “see” 
and “be seen”. Nature observed is immanent: it has 
an extraordinary allure because it bequeaths the 
“consciousness” of an immanence in nature—the 
sense of that man is part of the landscape [6]. So, 
this paper combines the urban design theory, mak-
ing a conclusion that the landscape tower should 
be controlled in 40 meters high for good vision as 
well as budgetary control.

Figure 5. The first-floor plan of the landscape tower.

Figure 6. The section of the landscape tower. Figure 7. The tower of the square plan.
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After analyzing the plan shapes in square, circular 
and triangle, we found that the triangle plan is more 
practical than the circular plan and more compact 
than the square plan. It is even closer to our initial 
designing concept, which represents the moral of 
rising steadily like a bamboo shoot. With repeated 
siftings, the triangle plan was chosen instead of 
the traditional hexagon and octagon. The other 
two plans are shown in Figure 7 and Figure 8. The 
sketch of the triangle tower is shown in Figure 9. 

4 HIGH DEGREE OF THE DESIGNING 
RESULT

4.1 High quality of architecture details

Homely but looking at the future, architects’ ambi-
tion was to create a manifesto for public space 
design: not just a decoration, but an urban strat-
egy [7]. The above ideas were followed at the stage 
of designing exploration. By the redefinition of 
construction and by making it glow in the dark, 
the steel structure and the local red sandstone were 
adopted to make a contrast with the penetrating 
and lightsome glasses. The tower body is barred 
with LED light to stand out the spiraling steel 
members. Besides, in order to strengthen the visual 
impression, the base of the tower is up lightly while 
the top is hung over the down lightly.

4.2 Energy-saving technology

The tower was set up with the solar energy and 
wind power combined electric device so that the 
supply of electricity of water pump and automatic 
mechanism can be ensured. Based on the natural 
ventilation effect, the wind suction was set at each 

Figure 8. The tower of the circular plan.

Figure 9. The sketch of the triangle tower.

Figure 10. The rendering of the landscape tower.

Figure 11. The lighting effects of the landscape tower.
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level and the shutter was set on the top to regulate 
the temperature of the room by organized wind 
pressure and hot press. As the natural ventilation 
in summer will predominate in organizing the 
wind pressure while hot press is in winter, which 
makes it to control the ventilation quantity with 
the automatic mechanism on the top of the tower, 
the greenhouse effect of the glass building can be 
fully used; therefore, the temperature of the room 
can meet the demand.

5 CONCLUSION

With the development of living standards, people 
will get a higher aesthetic level in the regional archi-
tecture and landscape designing. Meanwhile, the 
landscape tower gets increasing attention from the 
general public. This paper mainly probes into 
the project of the landscape tower in Zunyi Normal 
New College, which not only is the summary and 
thinking for the preceding stage, but also the sug-
gestions and ideas for the landscape tower design. 
When this tower was designed, it was just the 80th 
anniversary of Zunyi Conference  convened. This 
paper hopes that people can introspect this period 
of history as well as look into the future when they 
visit the landscape tower.

(Source: All the above figures were provided by 
the authors.)
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gradually weak roughness, increased weakness in 
the body taste and sense of weight, and vice versa. 
These three different transparent materials, hav-
ing completely different visual effects and lighting 
effects, form the shape of the space and the atmos-
phere, and the impact on people’s psychological 
feeling that is completely different.

3 BUILDING MATERIALS’ 
TRANSPARENCY EFFECTS 
ON BUILDING SPACE

3.1 Opaque material

Opaque and translucent materials do not have the 
penetrating gaze. Common opaque materials are 
wood, stone, brick, concrete, and metal, which all 
have different natural attributes and characteris-
tics, such as their texture and texture, background 
color and texture, shine and reflection, color and 
other surface properties and features, shaping 
space shape and atmosphere.

Wood is a natural organic material, being light-
weight, strong and flexible, easy to get and used 
for simple construction. Its diverse texture, color 
and texture provide designers with a rich choice. 
Natural wood has good perception and touch, 
giving elegant, relaxed, comfortable and warm 
feeling, can produce other construction materials 
that are not natural aroma and unique beauty and 
a comprehensive “environmental” content, in line 
with modern close to nature, i.e. green concept. 
Different specifications, timber and construction 
practices in different varieties of texture formed 
are different, and the impact on the architectural 
space is also different (Fig. 1).

Stone is one of the most basic materials. It has 
a solemn, classical, durable quality. Different types 
of stone have a different texture and background. 

1 INTRODUCTION

Architecture is the unification of technology and 
art. The progress of the construction is mainly in 
the construction of function and form, construc-
tion technology and the development of art and 
performance on the use of building materials. 
From a certain perspective, a history of architec-
ture is also the history of materials. It is said that 
architecture is frozen music, then building materi-
als are the movement of the beat note. A reason-
able and effective use of each note alone would 
compose a wonderful and moving music. The 21st 
century science and technology changes with each 
passing day, and new building materials emerge 
in endlessly. The different material performances 
lead to the architectural design process in structure 
and art, and great changes have taken place in all 
aspects. Architectural art form is also changing. 
So, the progress of the construction and develop-
ment and innovation of construction material and 
use are inseparable. Building materials itself  also 
exist various attributes, including the transparency 
of materials largely affects the performance of the 
architectural space.

2 THE INFLUENCE OF TRANSPARENCY 
ON THE MATERIAL

A translucent material and visual penetration to 
define the transparency of the building can be 
divided into an opaque, transparent and translu-
cent interposed between transparent and opaque. 
Therefore, the material may be classified as an 
opaque material, a transparent material, and a 
translucent material. The influence of the trans-
parency of the material is generally associated 
with increasing transparency, decreasing material 
color saturation, gradually weak texture clarity, 
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Different species, different colors, different tex-
tures, different processing methods and different 
design methods can create a variety of stone walls. 
Stone size, proportion, shape, and assembled way 
arrangement patterns also affect the final texture 
effects of the wall (Fig. 2).

Brick is a clay and cement mixture of long box 
body, because of the inherent characteristics of the 
art, classic charm and low cost, dual aesthetic and 
economic attractiveness and revival. Brickwork 
in the visual and tactile nature easily gives simple, 
homely feeling. Constructed with brick masonry 
building with a rich texture, it will be displayed to 
the rich local. Brick facade design should primarily 
consider the overall tone and texture of the walls, 
tile size and proportion, arrangement, and point-
ing width.

Concrete is made of cement, sand, water and 
a mixture of small stones, because in the con-
struction industry in the magical performance as 
“gray gold.” It is not only the basic framework 
for building materials, but also with durability 
and distinctive artistic expression, its rough and 
rustic character ensures that the structural details 
are fully expressed. It may present shape only by 
its restrictions template, depending on the flow 
of concrete, freezing and hardening characteris-
tics template pouring process improvements, will 
form the concrete and sensory effects of a differ-
ent nature. Common types of concrete include cast 
fair-faced concrete, precast concrete and decora-
tive concrete.

A lot of metal materials are used for the devel-
opment of synthetic polymer industry, aluminum, 
steel and for civil construction. Sheet metal cover 
panel consists of a stainless steel plate, color steel 
plate, aluminum plate, galvanized steel, and plated 
plastic panels. The common denominator is the 
ease of installation, superior durability, and good 
decorative effect. From the visual experience in 
terms of building soil improvement features using 

traditional materials such as wood and stone, 
there are machines craft gloss, precision and inten-
sity. As the Arab world’s cultural center in Paris, 
France (Fig. 3), using aluminum decorative con-
crete structure inside the package, as a whole like 
a skin stretched out to form a highly rhythmic pat-
tern, unique bright shining metal. For example, the 
Bird’s Nest: the main body of revolution by a series 
of radiation door type steel truss around the bowl 
seating area, the spatial structure of simple science, 
architectural and structural integrity and unity 
design creative, unique for domestic buildings.

3.2 Transparent material

Transparent material because of its transparency, 
and lost the opaque material rich simple sense, but 
it has yet another warm hide. Glass material is now 
the most common application of a wide range of 
transparent materials.

Glass material is now the most common applica-
tion of a wide range of transparent materials. Dur-
ing the long construction history, the glass is the 
most landmark building materials; it completely 
changes the traditional architectural form, as well 
as the construction of spatial relations with people. 
Before the 18th-century building, mostly opaque 
materials such as stone, brick and wood building 
were used, where the building appeared thick and 
closed. Until the end of the 19th century, metal and 
glass were widely used, and modern architecture 
movement subverts the traditional to the pursuit of 
transparent quality, with transparent building skin 
gradually expanding, even as the main body of the 
construction epidermis, building by the previous 
close, hard to open and transparent. In the early 
20th century, designed by Belem, Germany ge tur-
bine locomotive, and designed by gro skin uz FaGu 

Figure 1. Wood building.

Figure 2. Wright’s fallingwater.
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factory (Fig. 4), it may be said that the beginning 
of Western modernism architecture used a large 
area of the transparent glass walls, with buildings 
becoming simple, transparent, and light.

Glass material of transparency, other opaque 
material is unable to match the material prop-
erties and construction performance potential. 
Completely transparent glass material transparent, 
connect fully, not only give a person the feeling of 
pure, crystal clear light, but also convey the pure, 
psychological feeling of freedom. It is transpar-
ent, connects fully, but still has a physical presence. 
Due to the hard glass, impermeability can satisfy 
the rain, such as safety containment building func-
tional requirements. At the same time, the glass 
material unique pervious to light quality can make 
the outside natural light transmission to the build-
ing, make interior space becomes bright, warm and 
soft, to meet the visual and psychological needs. At 
the same time, it can create a completely different 
building from the traditional building in opaque 
material, and give a person the visual perception 
and the space effect. Completely transparent glass 
material can let the line of sight through building 
inside and outside, people can from the construc-
tion of external perspective to the building interior 
space, structure and decoration can also see from 
building interior building outside of the natural 
beauty, life in which people can feel the outside 
world through transparent glass time, light, weather, 
and the change of seasons. Therefore, it makes the 
construction of indoor and outdoor penetrate 
each other, and in harmony with the surrounding 
natural environment and perfect together. Applica-
tion of transparent glass blurred the boundary of 
the architectural space, the sense of isolation and 
closed, weakened the architecture and dispelling 
the architectural dimension sense, and give a per-
son with a transparent, open, visual and psycho-
logical feeling of lightness (Fig. 5).

Glass products have good pervious to light, 
transparent, heat insulation, heat preservation 

performance, so widely used in construction. 
Especially, the emergence of a new type of glass, 
such as safety glass, thermal insulation glass, laser 
glass, glass block and expand its application space, 
and improving the performance of building. In 
addition to the windows and doors, it can also be 
used for exterior wall, roof, awning and railings and 
other parts. Shanghai grand theatre using a novel 
net printing white glass curtain wall glass from 
top to bottom with fine white dot from small to 
large, the architectural appearance during the day 
there is a fine gauze of hazy transparent texture, 
reflected light and night translucent. Due to the 
high strength, heat insulation, sound insulation, 
glass block and water resistance and good pervi-
ous to light the advantages of not through the line 
of sight, very suitable for quiet, hidden places.

3.3 Translucent material

Translucent material transparency in a transpar-
ent and opaque materials between a fuzzy state, 
presents a kind of like that does not fully appear, 
hazy vision effect, with numerous levels and possi-
bility of change. Neither like transparent material 
perspective and transmit the light completely, nor 
like opaque material completely blocking the line 

Figure 3. The Arab world’s cultural center in Paris.
Figure 4. Fagus factory.

Figure 5. Farnsworth house.
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of sight and light. “In a transparent and opaque 
materials some ambiguous condition between 
the interesting to both the characteristics of the 
two, present a transparent have qualitative feel-
ing, and this trait changed the architectural space 
and form, also changed the way architecture and 
communication”.

Building common translucent materials are 
paper, poly-carbonate vinegar, ETFE film, and 
through the study of the processing of the trans-
parent material such as glass and translucent glass 
material, such as frosted glass, silk screen printing 
glass, glass block, and u-shaped glass. In addition, 
through to the opaque material for a variety of 
processing and translucent material, such as thin 
and pervious to light stone, perforated metal plate, 
aluminum louvers, and wire mesh.

Translucent material used in construction can 
the fuzzy boundaries between opaque and trans-
parent, ever changing space form. While assure 
indoor illicit close sex, and can provide sufficient 

for building internal space and the soft natural 
light, to avoid the traditional building materials is 
too depressing to surround close feeling. Natural 
light through a translucent material happens 
reflection, refraction, and a large number of dif-
fusion, which is layer upon layer filter, avoids the 
transparent glass the shortcoming of the light is 
too strong, play a sunshade. Night, soft and radiant 
with indoor lamplight, building into a lightsome, 
pure light, the whole building show a kind of quiet, 
hazy, implicit beauty. That is like concealed, unreal 
dim light image, make the building has a subtle 
dynamics, also conveys a mysterious color, give a 
person with infinite daydream space (Fig. 6).

4 CONCLUSION

In numerous property characteristics of the mate-
rial, the influence degree of the transparency of 
space can be said to be the biggest of all. During 
the long architectural history, it has experienced 
from opaque to transparent, and changes to trans-
lucent. For transparent materials, opaque, translu-
cent material, the shape of the building space form 
is completely different visual effect and smooth 
shadow effect, influence on people’s psychological 
feelings also completely different.

In addition, three kinds of materials through 
a certain way of processing, its transparency can 
be change, also can be mutual transformation, 
resulting in numerous levels of transparency, enrich 
the variety of building materials, also provides the 
new concept of space form and the possibility of 
more.

As an architect, the use of materials is an impor-
tant link in building design, choice of materials is 
one of the important ways to express the design 
concept of architects, which is a very important 
means of expression. Reasonable selection of dif-
ferent transparent materials can create a rich vari-
ety of architectural space.Figure 6. Translucent material building.
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ABSTRACT: Urbanized hydrological process and its consequent urban waterlogging presents a major 
challenge to urban planner and civil engineer. This paper aimed to improve urban drainage ability through 
landscape architectural measures based on Storm Water Management Model (SWMM). The west campus 
of China Agricultural University is selected as a case of typical build-up regions in Beijing. This optimiza-
tion process includes to model the infiltration ability of subcatchments, flooding volume of nodes with 
overload time of conduits in the platform of SWMM, to locate the potential water accumulation area 
using the spatial information of the above three parameters, and to choose the suitable design method of 
ecological landscape infrastructures for different water hazard zones. It is hoped to contribute the solid 
belt between the quantitative evaluation model and parametric landscape planning and design.

Keywords: SWMM; storm water; landscape architecture; drainage engineering; Beijing

2 METHODOLOGY

SWMM can simulate the rainfall and runoff proc-
ess in the whole city. The steps consist of gener-
alizing subcatchments, preparing the database of 
sewer, inputting the parameter data and analyzing 
simulation results.

2.1 Generalization of the case area

The case area is a typical built-up area in Beijing. 
It is located in the west campus of China Agricul-
tural University (Fig.1), which occupies an area of 
33.3 ha, including teaching and dormitory build-
ings, squares and roads, stadium area and green 
spaces (Fig.1). It is calculated that the pervious 
surface is 6.16 ha, accounted for 18.5% of the total 
area; alternatively, the impervious surface accounts 
for 81.5%, about 26.14 ha.

A separate sewer system was built in the case 
area, and connected with the city’s drainage net-
work via three outlet points. The primary sewer 
is along the east-west direction, while secondary 
sewer along the north-south direction. The whole 
system was generalized as 49 subcatchments, 

1 INTRODUCTION

Water is the important resource supporting human 
life and activities. However, in the context of rapid 
urban development, urban hydrology and process 
have changed that lead to a series of urban environ-
ment problems, such as the shortage and pollution 
of water, as well as urban waterlogging, etc. There 
is no doubt that how to prevent urban waterlog-
ging by optimizing the drainage infrastructure has 
become one hotspot in the field of urban hydro-
logic infrastructure and civil engineering. The 
Storm Water Management Model (SWMM) is a 
comprehensive simulation model developed by 
USA Environmental Protection Agency. It pro-
vides a flexible platform for examining the impacts 
of drainage network structure on hydrologic 
response (Meierdiercks et al. 2010).

The aim of this paper is based on SWMM to 
integrate the quantitative capacity evaluation of 
current drainage networks into the landscape 
improvement measures. It is hoped to contribute 
the solid belt between the quantitative evaluation 
model and parametric landscape planning and 
design.
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73 nodes (including gutters and inspection wells), 
70 conduits and 3 outlet nodes (Fig. 1).

2.2 Establishment of the basic database

The parameters were divided into two categories: 
the measured parameters and the calculated param-
eters. The measured parameters include the area of 
subcatchment, the pervious area of subcatchment, 
the slop of subcatchment, the invert elevation of 
node, the maximum depth of node, the diameter 
of conduit and the length of conduit.

The calculated parameters refer to the typical val-
ues in the user manual of SWMM model. In this case, 
for green spaces are the main permeable surfaces, 
this paper utilized the Horton infiltration model to 
stimulate the process of subcatchment runoff. The 
required parameter values are as  follows: maxi-
mum infiltration rate (ƒ0) = 76.2 mm/h, minimum 
infiltration rate (ƒ∞) = 38.1 mm/h and attenuation 
coefficient (α) = 2 h−1 (Zhao, S.Q. et al. 2009). Then 
we use the nonlinear reservoir to simulate the con-
fluence calculation. Here, the value of depression 
storage capacity of permeable surfaces is 12 mm 
(Cong X.Y. et al. 2006) and its manning coefficient 
is 0.03 (Rossman L.A., 2005); the value of depres-
sion storage capacity of impervious surface is 2 mm 
(Cong X.Y. et al. 2006) and its manning coefficient 
is 0.011(Rossman L.A., 2005); the value of sewer’s 
manning coefficient is 0.013(Rossman L.A., 2005). 
In the process of simulation, the runoff flow vol-
ume is calculated by dynamic wave formula.

According to the statistic rainfall data in the 
hydrologic handbook of Beijing, three scenarios 
of rainfall frequency were set as follow: P = 5%, 
P = 10% and P = 20% (Fig. 2).

2.3 Optimization of parameters for higher nodes

On the basis of sewer data, the invert elevation and 
buried depth have been collected from section Y1 
to section Y9. Figure 3 shows the change of sur-
face and invert elevation about section Y1 (node 
J1 to J9), which depicts that the invert elevation of 
node J5 is obviously higher than adjacent nodes’ 
invert elevation. The stormwater within the sewer 
should have flow from J1 to J9, while the raised 
node (J5) would conduct congestion of J1 to J5. 
Therefore, these nodes are defined as the potential 
risk point. Here, it would be much more reasonable 
to simulate the actual hydrologic process by replac-
ing the “pump” button with the “link” button. 
Thus, Y1, Y2, Y7 and Y9 have been optimized.

3 RESULT

3.1 Synthesis of runoff simulation

As Table 1 shows, with different rainfall frequency, 
runoff volume raises with increasing rainfall fre-
quency. The runoff volume contains two parts: one 
part flows into the sewer network; the other part is 
the stagnated runoff at the surface depression as 
the overland flow converges.

3.2 Analysis of the surface infiltration ability

Subcatchment infiltration volumes under three 
scenarios indict that the infiltration capacity of 
ZMJ1, ZMJ3, and other red ones in Figure 4 is 
higher than black ones. From the generalization 
map (Fig.1), it is showed that subcatchments 
with higher infiltration capacity are in the north 

Figure 1. The location and generalized map of case area.

Figure 2. Rain volume data under the different 
scenarios.

Figure 3. Change of surface elevation and invert 
elevation from J1 to J9.
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Table 1. The runoff summary under three different scenarios.

Scenarios
Total 
precipitation/mm

Total 
infiltration/mm

Total 
runoff/mm Flood node

Surcharge 
conduit

P = 5% 276.23 32.74 243.94 41 42
P = 10% 213.02 31.051 182.286 40 40
P = 20% 153.3 27.668 125.842 39 39

Figure 4. The proportion of rainfall infiltration of total rainfall.

Table 2. The flooding node summary under different scenarios.

Node

Hours flooded (h) Maximum rate (L/s) Total flood volume (106 L)

P = 5% P = 15% P = 20% P = 5% P = 15% P = 20% P = 5% P = 15% P = 20%

J6 10.05 6.72 2.10 167.87 146.37 124 1.815 1.073 0.618
J7 15.23 12.73 8.57  92.88  81.47 69.6 1.720 1.299 0.743
J29 2.10 1.15 1.08 248.94 191.89 132.62 0.917 0.675 0.454
J30 3.60 2.02 1.20  21.11  20.86 19.88 0.142 0.076 0.063
J31 16.17 16.00 15.68 559.06 471.99 381.08 6.309 4.588 2.986
J48 10.13 6.88 2.10  11.38  10.76 11.3 0.258 0.148 0.071
J49 15.60 15.42 15.13 172.99 143.58 113 1.712 1.251 0.799
J50 12.53 11.13 7.00 106.36  87.05 66.97 0.781 0.526 0.320
J51 15.23 14.98 13.13  2.79  2.77 2.79 0.117 0.104 0.073
J27 16.22 15.77 14.63 300.67 265.56 231.66 4.799 3.935 2.782
J63 17.05 16.65 15.93 537.51 449.70 358.5 6.730 5.371 4.031
J64 17.42 16.98 16.22  83.99  69.95 55.37 0.989 0.784 0.589

where many green spaces are located. However, 
in the south, there are more buildings and pave-
ments to meet the daily needs of  teaching and 
pedestrian commuting. Thus, less surface runoff 
would infiltrate, and more surface runoff  might 
challenge to the sewer drainage network in the 
southern area.

3.3 Analysis of the node ability

Nodes are the join of sewer drainage network, 
comprised of rainwater inlet and inspection wells. 
Based on hours flooded, maximum flow rate and 
total flood volume, Table 2 records the nodes easy 
to overflow under the different rain frequency. 
These nodes are mainly located in the regions with 

more impervious surfaces or narrower pipelines. 
More impervious surface respectively leads to 
more instantaneous rainwater volume, while nar-
rower pipes only support parts of rainwater. This 
results in the flooding around these nodes.

3.4 Analysis of the conduit ability

Figure 5 displays the conduit sectors which would 
overload under different rain frequency, particu-
larly G7, G21, G42, G41, G48, G53–50, G64 and 
G66–69 (with red colors). It results from the limit 
of pipeline diameters. Most of these overload sec-
tors have pipes with the diameters of 300 mm or 
400 mm. But the new canal sections’ diameters 
are 1,000 mm, such as the whole sector of Y6 and 
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some sectors of Y5 and Y9. Additionally, the lay-
out pattern of nodes among conduits affects the 
drainage ability too. Where there is few rainfall 
gutters, it is easier to accumulate rainwater, such as 
the downstream of Y7 and Y9.

4 DISCUSSION

4.1 The potential water hazard zone

Combining the analytical result of surface infiltra-
tion, nodes and conduits, this paper concluded five 
potential water hazard zones, displayed in Figure 6.

Figure 5. The flooded hours of congested conduits under different scenarios.

Figure 6. The generalized map of hazard area.

These water accumulation zones include three 
types. The first has the lower nodes and narrower 
pipelines, such as zone I and zone II. The second 
has more impervious paving which increases the 
runoff volume and the overload risk, such as zone 
IV and V. The last one, as the primary discharge 
canal, has much more input volumes than output, 
such as zone III.

4.2 The improvement measures

In the north, where the drainage capacity is bet-
ter than the south, but there still are some sectors 

Figure 7. Stormwater facilities.
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existing waterlogging risk, for instance, the upper 
part of the Y1 (zone I) and the middle of Y3 
(zone II). Aiming at these risk point, the sugges-
tion is relieving the pressure of drainage network 
and improving the drainage ability by stormwater 
facilities (Fig. 7a). However, in the southern region 
with limited spaces (zone IV & V), replacing the 
impervious pavement by pervious surface and 
expanding green roofs are recommended (Fig. 7b). 
As for zone III, it is suggested to distribute the dis-
charge pressure from secondary pipeline via the 
above methods.

5 CONCLUSION

SWMM has a good effect on the simulation and 
evaluation of rainstorm process in urban typical 
region. Based on SWMM, this paper have located 
the potential water hazard zones and provided the 
corresponding green stromwater infrastructure, 
which is a more scientific and reasonable method 
for landscape engineering practices. It provides the 
technical support for contributing the solid belt 
between quantitatively evaluating the capacity of 
existing drainage infrastructures and improving its 
bug by the low impact method.
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ABSTRACT: River channel is an important resource for the existence and development of humans, and 
the material carrier of cultural inheritance. Well-designed river channel landscape not only dramatically 
improves the urban outlook, but also may bring good social, environmental and economic benefits. This 
article carries out a comprehensive analysis to summarize the features and characteristics of Lianjiang 
River New Town’s river channel landscape design in order to provide direction and reference for the future 
river channel landscape design.
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drive from the Shenzhen-Shantou Highway. It is 
a key new urban area in governmental planning 
with convenient transportation and broad land 
resources as well as a bright future prospect for 
development entrusted by the government. The 
design pays great attention in combination with 
peripheral environment, and simultaneously con-
siders a future development planning on account 
of the position, particularly in order to carry cur-
rent functions and reserve a development oppor-
tunity for the future. The landscape design shall 
reflect the harmony between man and nature, pays 
great attention to connect with surrounding land-
scape environment around architecture, for exam-
ple venue, context, transportation, terrain, garden 
path and planting for greening. In addition to 
satisfying functions, it provides the condition for 
tourists to view the scenery, and a growth space for 
the plants, thus to achieve a harmonious coexist-
ence friendly condition between man and nature.

2 INTRODUCTION TO PROJECT 
BACKGROUND AND BASE

The planning area is located in the north of the 
Lianjiagng River, Chaoyang District, Shantou, 
Guangdong, adjoining the Chaoyang urban area 
with a total length of 500 meters and width of 
40 meters. The total area of the project is approxi-
mately 20,000 square meters. This region is a part 
and parcel of Lianjiang River New Town. Moreo-
ver, it is an important region for the communica-
tion between Chaoyang District and Chaonan 
District. As the Shenzhen-Shantou Highway passes 

1 INTRODUCTION 

River channel is an important resource for the 
existence and development of humans, and the 
material carrier of cultural inheritance. Well-
designed river channel landscape not only dra-
matically improves the urban outlook, but also 
may bring good social, environmental and eco-
nomic benefits. The practices of many cities tes-
tify to this. Proper understanding of the urban 
river channel landscape is the premise of making 
a good design. The understanding of the urban 
river channel landscape shall be analyzed from the 
perspective of landscape ecology. The key point is 
to make account of the huge ecological function 
and entertainment value of the urban river channel 
landscape. Water is the most basic condition for 
life, and the aquatic ecosystem is considered to be 
the most important ecosystem. A complete urban 
river channel landscape consists of riverbed, sand-
bank and river bank forest belt. Such spatial struc-
ture that provides a good living environment and 
migration corridor for various fishes, birds, insects, 
small mammals as well as plants is a self-maintain-
able and self-renewable natural garden in the urban 
area. Meanwhile, rich historic and cultural traces 
are retained in the urban river landscape owing to 
the close relation between urban rivers and urban 
development. Therefore, the urban river channel 
landscape can be thought of as a landscape with 
the most active vitality and changes.

Lianjiang River New Town river channel land-
scape design project is a quite typical river chan-
nel landscape design, located in Guangdong and 
adjoining to the Haimen Port, only a 10-minute 
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through Chaoyang District, the base gets a conven-
ient transportation, only a 10-minute drive from 
the Highway, half  hour drive from the Xiamen-
Shenzhen Railway Station (Chaoyang Station), 
30-min drive from the Shantou urban area, and 
40-minut drive from the Chaoshan International 
Airport. Chaoyang District, in which Lianjiang 
River New Town is located, has massive outstand-
ing tourist resources, Wenguang Tower, Dongshan 
Scenic Area, Lingshan Temple, Haimen Lianhua 
Peak Scenic Area, and Heping Grand Peak Scenic 
Area, which provide high-quality tourist resources 
for Chaoyang District and even for Chaoshan.

Chaoyang District has abundant cultural details. 
Heroes-praising Dance, paper-cut and flute set 
music are honored as the three treasures in folk art. 
Traditional art and crafts such as the Chao Opera, 
woodcarving, stone carving, wood clay as well as 
folk customs cultural events including Guiyu Color 
Street Awning Exhibition and Gu Rao Sacrificial 
Fete enjoy a high reputation at home and abroad.

The base has a smooth geography. At present, 
it is used for agricultural purpose, and the terrain 
structure is quite solid, which is quite good for 
reducing the construction hardiness and provides 
a good platform for landscape design.

3 DESIGN THINKING ANALYSIS

With a total length of 500 meters and width of 
40 meters, the Lianjiang River new town river 
channel landscape design project is situated in the 
north side of the Lianjiang River, Chaoyang Dis-
trict, Shantou, Guangdong, and covers the total 
area of approximately 20,000 square meters. The 
landscape planning design includes several aspects 
as follows: square, water body, green land, build-
ing, sculpture, billboard, and lighting fixture. The 
design is based on the following principles:

1. Sustainable development of natural ecology: 
the design shall adequately consider diverse 
plants with long life to sustain and enrich plant 
diversity. The overall and partial disposal meth-
ods shall meet requirements such as ergonom-
ics, rich landscape terrace and material and type 
variation.

2. Suitability: classify venue function according to 
different groups and design different function 
zones to meet the demand of different groups; 
resort to small functional items to make the 
landscape zone manifest and serried.

3. Spatial segmentation based on the venue 
geology: use the uniform and individual plane 
type matching with landscape elements with 
varied geometric levels to build the diverse spa-
tial sense of the road environment.

4. Visualization: adequately resort to varied ele-
ments of the landscape design, and provide 
cooperation in terms of design diagram, mate-
rial application, quality sense, plant shape and 
color, plane style, and strengthen visual impact 
and aesthetics of the sidewalk and walkway.

4 DESIGN PLAN ANALYSIS

The eco-superior principle is followed throughout 
the river channel landscape design by involving 
high-level technologies and high standard land-
scape design in order to coordinate with the local 
ecological environment to the maximum extent 
and to obtain a perfect combination of land-
scape and environmental protection, thus creating 
the most resplendent river channel landscape in 
Lianjiang River New Town, and even in the entire 
east Guangdong region.

4.1 Design idea

As the Chaoshan people have the custom of catch-
ing fish since old times, and this project is right 
along the river channel, fishery is involved in the 
landscape design elements. Unique modeling of 
fishing boat and special texture of fishing net 
are implanted into the design, making people 
to pay attention to the fishery culture while see-
ing the view. Meanwhile, along with the increas-
ingly strengthened environmental consciousness, 
the green environmental friendly scenic areas are 
increasingly favored by tourists, and a great deal of 
energy conservation environmental protection sci-
ence and technologies are adopted in the Lianjiang 
River New Town river channel landscape design. 
Besides, with the subject bright design proposal, 
this project can achieve the combination of science 
and technology and environmental protection as 
well as the integration of modern and nature.

4.2 Design style

The design style of Lianjiang River New Town 
river channel landscape is a combination of mod-
ern style and new Asian style. Modernistic char-
acteristic is reflected in the simplification on the 
basis of modernism, stressing the idea of “less is 
more”, with trees embellishing the hard scenery, 
forming activity spaces for the stream of people, 
local treatment stressed and intense color contrast 
to stress the advancing freshness and fashion. The 
new Asian style is also adopted by using modern-
ism hard scenery combining with Asia’s landscape 
gardening idea, i.e. applying a modern technique 
to the Asian traditional botanical garden form, 
retaining the traditional charm in bold innovation 
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of the local culture element, demonstrating a new 
kind of Asian style.

5 LANDSCAPE PLANNING ANALYSIS

5.1 Design of garden path

The design of garden path first satisfies the basic 
function, and coordinates the relationship between 
path planning and ambient environment, making 
the path planning manifest the harmonious unifi-
cation of function beauty and art beauty. In this 
plan, a long main path connects all nodes to each 
viewing site with various tracks in-between, pro-
viding a convenient channel for tourists, especially 
the integration of tree shade makes the entire path 
system closer to the nature. Meanwhile, steps over 
water embellishes the road system and increases 
vitality to the Lianjiang River New Town river 
channel landscape. Fishing net modeling is used 
as nodes for path distribution, connecting major 
landscapes, thus forming the overall landscape 
design. Besides, the nodes scatter like various rare 
treasures caught by fishing nets in rivers.

5.2 Design of landscape architecture

Landscape architecture functions as an embellish-
ment and a resting place for tourists during sight-
seeing. In this project, the design idea of the main 
landscape architecture is to use the modeling of 
fishing boat in the landscape architecture, com-
pared with a person, only one who has experienced 
enough adventure can be more self-confident on 
life journey.

5.3 Design of greening

The all-round urban green landscape considers the 
plant’s ecological habit as well as its ornamental 
value; we not only understand the plant’s own tex-
ture, beauty, color and greening effect, but also pay 
attention to the portfolio group beauty of plant 
varieties and harmony with the surrounding envi-
ronment and other geological and environmen-
tal conditions. Different plant dispositions in the 
green space form a diverse botanical garden view-
ing space, create a different landscape effect, and 
add splendor to the urban landscape. The selection 
of reasonable plants is crucial for the success of 
the green land landscape as well as the main fac-
tor for forming urban green land style and creating 
different feeling.

Different plant dispositions in the green space 
form a diverse botanical garden viewing space, cre-
ate a different landscape effect, and add splendor 
to the urban landscape. This project applies 

a large footprint of green plants to manifest the 
design idea of green space protection. In order to 
obtain a peaceful and neat leisure environment, 
the project has planted a great deal of landscape 
plants in partition of the landscape architecture. 
The airborne greening over the landscape archi-
tecture and plants in part of the landscape nodes 
mainly are palms that can prevent direct sunlight 
on the main line and guarantee a broad vision. 
Other landscape regions are mainly planted with 
green bushes, forming a level contrast in plant 
disposition. As Guangdong varies little in sea-
sons, planting of alternative vegetation of differ-
ent climate manifests the seasonal variation. At the 
same time, planting divides a relatively peaceful 
space, which enables the surrounding populace a 
relatively peaceful leisure environment in the open 
space away from urban noise.

5.4 Design of water scene

Water is one of the essential substances for human 
living as well as the aspiration and source for the 
artistic creation. Along with the urban develop-
ment, people demand a higher quality of urban 
public space environment and urban landscape 
art. “Water” is introduced into people’s life as 
an important landscape essential factor, using 
water to make environment space art creation has 
become one of the important means for architects 
and landscape designers in creating an urban space 
landscape environment. In addition, large area of 
water can also absorb dust in the air and purify 
air, which is of great help to the health of urban 
inhabitants.

The water scene design of this project pays great 
attention to the function of river channel landscape 
in Lianjiang River New Town, combining with 
the peripheral development environment, using 
the height scattered musical fountains and shal-
low pool to build a overpowering fountain water 
scene, trying to make a true urban square water 
scene with current relevance that fits the disparity 
in ages and humane backgrounds and be loved by 
the populace.

5.5 Design of square

The square is a broad and smooth open-air space 
in the traditional city center, which manifests the 
richness and complexity of city life. Modern square 
has many functions including a place for citizens to 
walk, rest, holding assembly or concert, or starting 
flea markets. The landscape design of this project 
considers the peripheral environment for future 
development quantity, as well as relations between 
land limit and amount of space occupied. This 
square covers an area of 0.5 hectare. The square 
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ground uses buried lamp belt, integrates the ele-
ment of fishing net, and uses the straight line 
staggered design. In the meantime, it uses the new 
tread dynamoelectric floor tiles, which reduces the 
operation cost besides environmental protection.

6 NEW TECHNOLOGY APPLICATION 
IN LANDSCAPE PLANNING

6.1 Wind electricity complementary street light

In this project, the designer adopts an innovative 
street light design that is powered by solar energy 
and wind energy. It not only uses sustainable energy 
power for illumination, but also has a fashionable 
modeling. In virtue of its large capacity accumula-
tor cell and highly effective power technology, this 
kind of street light hardly needs the urban electrical 
network’s electric power, thus reduces the burden 
of urban electrical network, and effectively reduces 
the administration expenditure of Lianjiang River 
New Town.

6.2 Electricity generation floor tile

In recent years, with more importance attached to 
the environment importance, our demand on clean 
energy also becomes more. Thus, the electricity 
generation floor tile comes out. Its principle is as 
follows: once step on it, 5% of the electric energy 
converted will be collected for lighting one LED 
in the center of the tile; the remaining 95% electric 
energy can be directly applied to other purposes or 
saved in the battery for other purposes.

Electricity generation floor tile is used in this 
project. It is made by stainless steel and renewable 
material, its green surface is made of recycling old 
tires, the internal piezoelectricity part is made by 
secondary aluminum, and its process of electricity 
generation is pollution-free. The service life of this 
floor tile is 20 years. In consideration of the large 
number of tourists in the future, the electricity gen-
eration floor tile will make a significant progress in 
Lianjiang River New Town. The coordination of 
large capacity accumulator cell and new technol-
ogy will greatly reduce the power supply pressure 
without doubt, i.e. both energy-saving and envi-
ronmental friendly.

6.3 Water-permeable brick

Water-permeable brick is a new high-permeable 
road surface material, while comparing with an 
ordinary brick, with its biggest feature being the 
high permeability coefficient. In rainy days, rain 
water can permeate promptly underground, or be 
stored in the gap between bricks, thus reducing 
ponded water on the road. Water-permeable brick 
can beautify the environment, and can prevent the 
outflow of precious water resources, which has 
good social, environmental and ecological effects. 
The application of water permeable brick in Lian-
jiang River New Town, on the one hand, adds a 
pretty color to the landscape, and, on the other 
hand, makes a contribution to water resources 
protection.

7 CONCLUSION

Rivers have always been the origin of life since 
the ancient times. River channel is an important 
resource for the existence and development of 
humans, and the material carrier of cultural inherit-
ance. At present, the river channel landscape design 
is the focus of new town construction, whether the 
waterfront landscape is characteristic, or whether 
it has the vitality, depends on whether we can fully 
unearth and inherit the local nature and historical 
culture. Lianjiang River New Town river channel 
landscape design is based on Chaoyang District’s 
profound cultural details, in line with natural skin 
texture, cultural infiltration, and continued design 
idea. It uses a diverse landscape modeling means 
to express and strengthen the cultural connotation 
of landscape, and has given the landscape brand-
new vitality.
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ABSTRACT: This paper reviewed the ecological concept and its significances based on its history. The 
features of ecological concept to integrate in planning were also reviewed. By employing the ecological 
concept, this paper proposed some principles to solve the environmental problems faced by the Northwest 
Plateau of Sichuan by integrating the ecological concept with planning. The results showed that equality, 
respect of history, moderate development, and integrated were important principles, which should be 
integrated to the village planning in this region.
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2 ECOLOGICAL CONCEPT

2.1 Significance of ecological concept

The evolution of the ecological concept contributes 
significantly to solve environment problems and 
sustainable development. First, it pointed out a 
fundamental solution to the environmental issues 
(Song, Y.Q. 2005). The starting point of the 
evolution of ecological connotation is to solve the 
environmental problems faced by humans, which 
is the synchronized way for humans to look for a 
solution to the environmental issues. Second, it is 
a guideline for current practical works. The con-
tinuous development of ecological concept would 
guide the practical work in a clear direction.

2.2 Features of ecological concept

In the eye of ecology, the world is regarded as an 
organism, including human, natural and society. 
Based on that, ecological implications from the 
initial ‘residence status of creature’ extend to the 
‘existence of the state of the life system’, which 
endowed the ecological concept with four charac-
teristics (Xue, W.C. 2003). The first characteristic 
is integration. It means the abandonment of the 
conception that humans occupy a priori absolute 
dominance in the whole world (Xue, W.C. 2003). In 
other words, on the value orientation, the ecological 
world view is inclined to ‘non-anthropocentrism’. 
It is impossible to achieve sustainable development 

1 INTRODUCTION

Since the ecological planning that was studied 
from the perspective of a single discipline in 1980, 
Chinese ecological planning has been framing a 
set of Chinese characteristic theoretical systems of 
ecological planning after 30 years of development. 
Nowadays, ecological planning is classified as the 
concept category, which should be integrated, 
guided and constrained in land ecological planning, 
urban ecological planning, and landscape ecological 
planning to advance the sustainable development 
of urban and region (He, X. et al. 2013).

According to the research results of  scholars, 
the ecological status of the  Northwest Plateau 
of Sichuan is not optimistic. The  ecological 
protection situation of the Northwest  Plateau 
of Sichuan is grim with problems, such as 
wetland shrinkage,  wetland degradation 
(Zhou, H.M. et al. 1999),  grassland desertification 
(Zhang, G.Y. & Zhang, L.X. 2013), vegetation deg-
radation (Chen, L.K. et al. 2013), weakened biodi-
versity (The Academic Group in Sichuan Academy 
of Social Science  Researching on the Tableland 
 Pastoral Areas’  Developing  Policies in Upper 
Reaches of the Yangtze River 2013), and frequent 
geological disasters.

Under the new urbanization background, how 
to guide the development of villages by the eco-
logical concept becomes significant, especially for 
the villages in the Northwest Plateau of Sichuan 
under the dramatic ecological threat.
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if  humanity still adheres to the ‘over nature’, ‘dom-
inate nature’ and other concepts.

The second characteristic is organism (Xue, W.C. 
2003). In this point, the whole world and everything 
in the world are taken as an organism. The organic 
link between them is emphasized. Humans are no 
exception. Human beings, environment relied by 
humans, and other living organisms in the same 
environment all constitute an organic ecosystem. 
All of them are ecological factors in the world of 
this ecosystem. The close intrinsic relevance between 
human beings and other ecological factors also con-
stitutes the human growth and order of life.

The third characteristic is equality. Several 
ecological factors constitute an ecosystem. They 
coexist and interact within this ecosystem equally. 
As one of the ecological factors in earth’s eco-
systems, humans are equal with other ecological 
factors. The past values ‘anthropocentrism’ are 
inconsistent with the concept of equality of eco-
logical characteristics.

The fourth characteristic is individuality. In 
the ecological concept, integration, diversity and 
self-growth are emphasized at the same level. 
Individuality implies the law and order of a variety 
of different ecosystems (Xue, W.C. 2003). In a 
word, to achieve sustainable development, human 
beings should respect other ecological factors in the 
ecosystems, identify their value of existence, and 
are not free to interfere in its development law.

3 PRINCIPLES OF SPATIAL LAYOUT 
OF THE VILLAGE BASED ON THE 
ECOLOGICAL CONCEPT

3.1 The features of the Northwest Plateau 
of Sichuan

The Northwest Plateau of Sichuan is located in 
Aba Tibetan and Qiang Autonomous Prefecture 
in the northwest of Sichuan Province in China. 
The area of the Northwest Plateau of Sichuan is 
around 166,000 square kilometers. It is part of the 
Qinghai-Tibet Plateau, and one of the four pasto-
ral areas in China, and is also the largest animal 
husbandry based in Sichuan.

In 2008, Aba, Ganzi were included in ‘the farm-
ing and pasturing transitional areas with a vulner-
able ecosystem in the southwest mountain region’. 
The wavy terrain, the complexity of the geological 
structure, the visible change of vertical variation 
of water/thermal conditions, hypoplasia of soil 
depths, barren soil, and sparse vegetation are the 
phenomenon of ecological fragility in this region. 
To some extent, ecological vulnerability limits 
the development and construction in this region, 
which causes a great challenge to the sustainable 
development of this region.

The sparsely populated, the complexion of the 
ethnic groups, and the fragility of the ecological 
environment are the three characteristics of the 
Northwest Plateau of Sichuan.

3.2 The principle of equality

In the eye of ecology, any factor in the same organic 
ecosystem has no priority. The reasonable value 
of ecological movement would only sustain when 
there is a symbiotic interaction and self-growth 
between one factor and the others (Xue, W.C. 2003). 
Therefore, as a part, every factor is equal within the 
ecosystem, which is regarded as the whole.

First, equality exists between man and the natu-
ral environment. It emphasizes that the equality 
between man and the natural environment is not 
just the equality between man and organisms, 
but also equality between man and other organic 
life, such as rocks, rivers and soil. There are rich 
resources, including biological resources, mineral 
resources and land resources in the Northwest 
Plateau of Sichuan, which are ‘vulnerable groups’ 
compared with humans. According to the eco-
logical concept, other living organisms should be 
respected fully when designing the planning, such 
as respecting the wild life habits to ensure its sur-
vival growth environment of integrity, using the 
land resources rationally, and exploiting mineral 
resources rationally.

Second, equality exists between different ethnic 
people. The elimination of the ecological crisis is 
not to achieve the equality relationship between 
man and nature, but to achieve the equality of 
human relations (Xiong, Y.B. 2013). In the North-
west Plateau of Sichuan, the ethnic composition 
is complex with diversity of ethic culture and 
different levels of development. Integrating the 
ecological concept, the principle of equality of 
planning should fully consider the development 
of the local culture when planning with mutual 
respect between people, between ethnic groups and 
between civilizations.

3.3 The principle of the respect for history

The principle of the respect for history is shown 
in the following aspects. First, it is reflected in the 
respect for the original village’s spatial pattern. 
The vernacular settlement is gradually caused by 
the specific conditions of nature and geography 
as well as the development of cultural histories 
(Meng, H.N. et al. 2008). Besides, the external mor-
phology of the village reflects the local nature and 
geography as well as the characteristics of cultural 
histories. Thus, to some extent, the  interaction 
between human activities and the external devel-
opment of the natural environment has created the 
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form of the village. Furthermore, those  villages 
that linger to this day are the result from a state 
of sustainable development. The state takes shape 
because we humans are frequently in contact with 
nature. Therefore, the continuation of the spatial 
pattern of the original heritage village is not only to 
inherit the historical context, but also to maintain 
harmonious development between man and nature. 
What’s more, it implements the necessary require-
ment of ‘ecological’ concept.  Second, it shows the 
respect for the village’s tangible cultural heritages, 
including traditional architectures and structures. 
Third, it shows the respect for the village’s intangi-
ble cultural heritage, including traditional custom, 
which means planners should consider the specific 
space for worship, traditional festivals and other 
needs when planning.

3.4 Moderate development principle

With a fragile ecological environment, the 
 Northwest Plateau of Sichuan is the water con-
servation of the Yangtze River and the Yellow 
River in the upper reaches. Moreover, it is the 
most important part of the ‘Chinese water tower’. 
Therefore, the natural carrying capacity should be 
fully considered when designing the planning of 
the villages in this region. The over-exploitation 
should be prohibited. On the other hand, since 
the area is sparsely populated, the development 
scale of the village should be determined by sci-
entifically forecasting the population in the future. 
To avoid ‘empty village’, ‘ghost village’ and to 
eliminate unnecessary waste and reduce ecological 
pressure, blindly expanding a village or building a 
new village should be prohibited.

3.5 Livable industry principles

While protecting the environment, a good liv-
ing environment should be created to villagers. 
Thus, planning should be based on a clear pic-
ture of the local natural ecological background 
and topography and natural mechanism to maxi-
mize the preservation of biodiversity (Song, Y.Q. 
2005). Besides, the creation and maintenance of 
a high level life also needs the scientific industry 
structure as the economic support. According to 
the Shenzhen, experience in building low- carbon 
 cities, villages in the Northwest Plateau of Sichuan 
industrial planning should always adhere to the 
‘ecology’ of development. The development 
direction and structure of the industrial plan-
ning should be based on the village’s geographic 
conditions, resources and other environmental 
 conditions. Furthermore, the infrastructure layout 
is intimately connected with the industrial distribu-
tion (Shen, Q.J. 2000). Therefore, when planning 

the infrastructure, not only the local natural and 
geographical conditions, but all sorts of time out-
side of the human history should be considered. 
The infrastructure planning should consider a 
more long-term effect of human behavior.

3.6 Integrated principles

On the one hand, integration means the  ecological 
harmony between the historical environment 
and the natural environment (Song, Y.Q. 2005). 
The historical environment is full of information 
resources (Song, Y.Q. 2005). Historical information 
resources can be converted into energy in certain 
situations, which helps to save energy and protect 
the natural environment. Besides, the protection of 
historical environment means reuse. It is a waste of 
resources and not conducive to the natural envi-
ronment protection that demolishes everything to 
reconstruction. But appropriate reuse will play a 
catalytic effect for the natural environment. Thus, 
there is a close relationship between the protection 
of historical environment and nature conservation. 
On the other hand, the integration of the environ-
ment is reflected in the synchronous development 
of the artificial and the natural environment. 
During the production of human life activity, man 
must absorb the material and energy from nature 
to meet human survival needs (Shen, Q.J. 2000). 
To achieve this goal, measures have been taken by 
humans based on the traditional ‘anthropocen-
trism’. However, to implement the ‘ecological’ con-
cept, human needs change their conception from 
the ‘anthropocentrism’ development model to the 
‘eco-centrism’ paradigm, which lays the ecological 
basis for human survival and sustainable develop-
ment (Hu, D. 1996).

4 SUMMARY

In this paper, the ecological concept was reviewed 
from its history. The significances and features of 
ecological concept to integrate in planning were 
also reviewed. To explore a way to solve the fragile 
environment problems that the Northwest Plateau 
of Sichuan faced, the ecological concept was intro-
duced in planning. Specific to the characteristics of 
the Northwest Plateau of Sichuan, equality, respect 
of history, moderate development, and integrated 
principles were proposed to provide some reference 
to the village planning in this region.
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ABSTRACT: Carrying out an evaluation of the suitability of gentle-slope hilly lands for urban con-
struction is a precondition and a crucial base for the analysis of development potential thereof, and will 
provide a firm base for establishing reasonable objectives, and layout as well, for the integrated develop-
ment thereof. With integrated development and utilization of gentle-slope hilly lands as well as effective 
ecological protection therein in mind, this paper has established a system of indicators, methods and 
grading proposal for suitability evaluation to be made at county-level throughout Yunnan Province of 
its gentle-slope hilly lands. This system of suitability evaluation indicators and methodology have been 
adopted in “The Technical Guidelines of Yunnan Province for County-Level Preparation of Special-
ized Planning for Integrated Development and Utilization of Gentle-slope Hilly Lands (Trial)” to be an 
authentic guide for the preparation of such plans province-wide.

Keywords: gentle-slope hilly land; construction land; suitability evaluation; index system; evaluation 
method; county level

sustainable development in Yunnan Province. In 
2011 the Government of Yunnan Province devised 
the important strategy of “Protecting Farmlands 
in Flatlands and Building Cities & Towns on 
Mountains”. At the same time, Yunnan Province 
was listed by the Ministry of Land and Resources 
of China as one of the pilot provinces for compre-
hensive exploitation and utilization of unused land 
and wasteland on the gentle slope of low moun-
tains and hills.

It shall give a priority to the planning for 
comprehensive development and utilization of 
gentle-slope hilly land. Therefore, according to 
the arrangement of the government of Yunnan 
Province in recent years, it made specialized prepa-
ration for comprehensive development and utiliza-
tion planning of gentle-slope hilly land in county 

1 INTRODUCTION

In recent years, the contradiction between protect-
ing arable land and ensuring construction land is 
being aggravated by rapid urbanization. As one 
of typical mountainous provinces in west China, 
it is very rigorous to protect arable land, especially 
the quality cultivated land in flatland. For properly 
dealing with the relationship between urbanization 
and farmland protection and containing the disor-
derly expansion of urban construction in flatland, 
it sets out on a characterized path of urbanization 
development and promotes the economic and social 

*Supported by National Natural Science Foundation of 
China (41261018).
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level. For scientifically preparing the rational and 
feasible specialized planning of comprehensive 
development and utilization of gentle-slope hilly 
land in county level, it shall first take the suitability 
evaluation by adopting scientific and reasonable 
evaluation indicator system and method. In line 
with the principle of adjusting measures to local 
conditions, it evaluates following parts in gentle 
slopes of low mountains and hills: geological dis-
asters, earthquake fault zone, mineral resources, 
soil erosion, construction suitability and ecological 
suitability. Especially, it divides the gentle slopes 
of low mountains and hills into suitable area and 
limited area for urban construction and concludes 
the suitability evaluation on the construction land. 
It can provide theoretical basis for preparing plan-
ning goal and layout of comprehensive develop-
ment and utilization of gentle-slope hilly land by 
making construction land suitability evaluation 
in gentle-slope hilly areas and calculation land 
resources potential in one county. Therefore, it is 
of great practical significance in carrying out suit-
ability evaluation for urban construction in gentle-
slope hilly areas in a deep-going way.

2 INDICATOR SYSTEM OF SUITABILITY 
EVALUATION FOR URBAN 
CONSTRUCTION IN GENTLE-SLOPE 
HILLY AREAS

In Yunnan, the gentle-slope hilly land refer to the 
low mountainous areas at an inclination between 8 
and 25 degrees beyond the range of designated flat-
land (the intermountain basin, valley bottom and 
other flatland with the slope ≤8° and continuous 
area ≥ 1 km2) (Zhang et al., 2007; Yang et al., 2014).

The most essential link in the suitability evalu-
ation is to reasonably select and determine the 

 evaluation factors (Yang, 2015). Upon the require-
ment of comprehensive development and utilization 
planning and ecological protection in gentle-slope 
hilly areas, it shall screen and determine the evalu-
ation factors according to the significance of mode 
of land use as well as present situation of land use 
and the nature of construction. Evaluation factors 
include general factors and special factors.

Firstly, it shall take qualitative analysis on the 
special factors. The area involved in following situ-
ations shall be determined as unsuitable for con-
struction: any irreversible geological disasters and 
other natural disasters, 500 meters within the scope 
of the earthquake fault zone, important minerals 
below construction, mineral properties, concerning 
with basic farmland protection areas, constructive 
expansion prohibited zone, nature reserve core or 
buffer, important water source, state public welfare 
forest or provincial public welfare forest.

The general factors mainly include topogra-
phy and morphology (slope, direction, relief  form 
and relative elevation), geological and earthquake 
conditions (rock and soil type, foundation bear-
ing capacity and fault distance), natural geological 
disasters (types of geological disasters, geological 
hazards and soil erosion), social and economic 
conditions (traffic conditions and urban crowding 
effect) and human factors (land use type).

In the suitability evaluation of construction land, 
it makes analysis the special factors and general 
factors respectively, and uses “extreme conditions 
method” (also known as a veto) to directly determine 
the suitability or unsuitability of evaluation units for 
urban construction by analyzing the special factors. 
This method can effectively ensure the accuracy of 
the evaluation results (Yang et al., 2013).

In conclusion, in this article, the indicator sys-
tem of land suitability evaluation for construction 
in gentle-slope hilly areas refers to Table 1.

Notes: M is required and O, optional.

Table 1. Indicator system of land suitability evaluation for construction in gentle-slope hilly areas.
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3 METHOD OF SUITABILITY 
EVALUATION FOR URBAN 
CONSTRUCTION IN GENTLE-SLOPE 
HILLY AREAS

In this article, it takes the multifactor weighted sum-
mation method to calculate score and determine 
suitability grades with qualitative analysis results on 
the basis of special factor analysis. The confirma-
tion of evaluation units will affect the application 
value and the accuracy of the evaluation results. For 
accurately reflecting the spatial difference of suita-
bility of construction land in the planning area and 
reasonably using every inch of land, it takes regular 
grid (suggested 50 × 50 m) as the basic unit of the 
construction land suitability evaluation.

Using present land use map as the base map, the 
evaluation takes the multifactor weighted summation 
method and grading on the Arc-GIS platform on 
the basis of field investigation and the topographic 
map and other relevant information. It determines 
the weight of indicators by using Analytic Hierarchy 
Process (AHP) or expert investigation method (Del-
phi method). The evaluation model is as follows:

P Wi AWW ii
n WiWW=∑ 1

in which, P is integrated evaluation value; Ai is a 
quantitative score of single index (centesimal sys-
tem) (refer to Table 2); Wi is the weight of single 
index (refer to Table 3).

4 GRADING OF LAND SUITABILITY 
FOR URBAN CONSTRUCTION IN 
GENTLE-SLOPE HILLY AREAS

According to the evaluation results, the suitabil-
ity degree of  gentle-slope hilly land for construc-
tion is divided into four different levels, namely: 
first class, second class, third class and unsuitable 
(refer to Table 4). It shall arrange the construc-
tion land on the area of  high suitability and take 
corresponding engineering measures to meet the 
construction requirements for the third class area. 
For the inappropriate area, it shall be arranged 
as forestation or farming land rather than urban 
construction according to land rearrangement 
planning, forest land use planning and gen-
eral land use planning in combination with the 
local agricultural development conditions, natural 
geographical conditions and the way of  life and 
production.

Table 2. Marking table of evaluation factors of land suitability for construction in gentle-slope hilly areas.

Table 3. Reference weights of evaluation indicators of land suitability for construction in gentle-slope hilly 
areas.
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5 CONCLUSIONS

To take suitability evaluation of gentle-slope hilly 
land for construction is the premise and founda-
tion of potential analysis of exploiting gentle-
slope land in low mountainous and hilly areas. 
Furthermore, it shall provide basic information 
for preparing planning goal and layout scheme 
of comprehensive development and utilization of 
slope land. The suggested indicator system and 
method of suitability evaluation for construction 
in gentle-slope hilly areas has been absorbed in 
“The Technical Guidelines of Yunnan Province for 
County-Level Preparation of Specialized Planning 
for Integrated Development and Utilization of Gen-
tle-slope Hilly Lands (Trial)” as an authentic guide 
and the direction of the special planning preparing 
province-wide. As of June 2013, it has completed 
preparation of special comprehensive development 
and utilization planning (2012–2016) in 110 coun-
ties (cities or districts) except 19 counties (cities or 
districts) due to location of alpine and cold region 
or other reasons. According to the special planning, 
it has 649 suitable construction plots in gentle-slope 
hilly areas and covers an area of 338,905 hectares, 
including 159,396 hectares for construction with a 
budget of RMB584.28 billion Yuan.
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ABSTRACT: With the strong development of China’s social economy, tourism, such as vacation and 
business, is in high-speed growth as well as the hospitality industry. People begin to pay more attention to 
vacation tourism, and more traditional villages try to renovate traditional residence into a boutique resort 
hotel. This article discusses how to replace the function of traditional residence into a resort hotel on the 
premise of properly keeping its characteristics, and satisfy the function of the resort hotel.
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According to the existing experience abroad, the 
complete block and houses can be developed again, 
as a way of protection, while the unique ones usu-
ally make the best boutique hotels and stores. In 
order to protect the old city residential heritage, 
the European government has a special depart-
ment for guidance for the renovation of ancient 
residence, no matter from the law or technology, 
and they strictly control the style of the buildings. 
For example, Paris, which has a long history as 
Beijing, has over 1200 hotels, and most of them 
are renovated from traditional residence, such as 
France Perth Hotel, built in the nineteenth Cen-
tury to twentieth Century, 60 years ago, where the 
castle was transformed into a hotel (Fig. 1).

1 COMBINATION OF TRADITIONAL 
RESIDENCE AND RESORT HOTEL

With the strong development of China’s social 
economy, tourism, such as vacation and business, 
is in high-speed growth as well as the hospitality 
industry. In the meantime, as people are increas-
ingly demanding on the quality and variety of life, 
the pure ornamental type of tourism can not meet 
the needs of tourists to tourism product diversity. 
People tend to prefer a travel in which they can 
obtain both visual beauty and cultural experience, 
and scenic spots of strong cultural characteristics 
such as ancient villages and ancient towns. When 
the tourist season comes, an endless stream of 
tourists can be seen everywhere in famous tradi-
tional scenic spots in China.

On the other hand, with the development of 
modern cities, a large number of traditional villages 
and ancient towns are forgotten, in which exist a 
large number of traditional residences. Many of 
these traditional residences are being demolished 
or abandoned, and only a few with high histori-
cal and artistic value ones are properly protected. 
How to treat this architectural cultural heritage is a 
challenge that we must face. Making flexible use of 
these traditional local-style dwelling houses is an 
important way. In the process of traditional resi-
dence switching to other functions, it is a necessary 
demand to repair and renovate a large number of 
these residences, which to a certain extent protects 
them and make them alive. Figure 1. France Perth Hotel.
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In order to renovate traditional residence into 
boutique hotels, the elevation, structure, decora-
tion of traditional residence needs to be repaired, 
and through reasonable management, traditional 
residence can obtain a good economic benefit. We 
can use a part of the economic benefit to make per-
sistent protection of traditional residence, and in 
this way, it may bring sustainable development of 
the good condition. With more and more tourism 
development, the ancient villages and towns attract 
more and more visitors to experience a new way of 
vacation. Traditional residence becomes boutique 
hotels through renovation, improving the environ-
ment and introducing modern facilities. Thus, in 
this way, tourist accommodation problems in these 
traditional villages can be effectively solved and 
traditional residence obtains good protection and 
inheritance at the same time. These resort hotels, 
which are renovated from traditional residences, 
not only emphasize the traditional hotels’ residen-
tial function, but also make the regional and cultural 
experience more valued. On the one hand, there are 
quaint houses, secluded courtyards and chairs with 
history and memories; on the other hand, there are 
leisure time, delicious coffee, fascinating light and 
elegant furniture. The combination of these diver-
sified elements seems not to be tough but makes 
the traditional residence shining with glory. This 
method of renovation brings an impressive holiday 
experience to visitors What’s more, it promotes the 
sustainable development of traditional residence 
and reduces the traditional villages’ environmental 
stress given by the excess population so as to make 
the Chinese traditional regional heritage well-
 preserved without being influenced by rapid urban 
development and numerous old town renewal. This 
combination not only makes the resort hotels more 
cultural, but also protects the Chinese traditional 
residence effectively.

2 THE STRATEGY ON THE 
TRANSFORMATION OF TRADITIONAL 
RESIDENCE INTO RESORT HOTEL

There are generally two kinds of modes for the 
transformation of traditional residence into resort 
hotel: one is the transformation of the ancient vil-
lage into resort hotel; the other is the transforma-
tion of courtyard residence into resort hotel.

2.1 Transformation of the ancient 
village into resort hotel

Resort hotels that are transformed from ancient 
village are located in the beautiful scenery and 
general scenic suburbs or near the village, with 
most of the original inhabitants being move out. 

This transformation model should be based on the 
style, quality level and other factors, taking different 
transformation and protection modes on the aban-
doned traditional residence. When protecting and 
renovating traditional residences, we should also 
take into consideration the settlement pattern 
and the surrounding environment of traditional 
village. By analyzing the traditional settlement 
pattern, especially using the traditional gathering 
space, such as water, village, pond and trees, Tem-
ple Square in front, to create a public space, can 
be convenient for visitors to leisure activities, and 
life feel the atmosphere of traditional settlements. 
In the renovation of the protection of the natural 
environment, we should pay more attention to the 
traditional farmland, rivers, streams, forests and 
other protection landscape geomancy, and should 
forbid random destruction. For the settlement of 
the landscape, tree log activities can be made and 
regional characteristics can be created on the part 
of the landscape space node, such as Shaoxing 
Kaiyuan Resort by Da Yu (Fig. 2), Yu Ling Cun 
transformation, buildings to form a loose river 
of natural ecological environment, focusing on 
the overall planning of Yuling Village, without 
destroying the village stage, every tree and bush, 
brick, stone, patio, streets, Xiang River Boat Quay, 
such as scenery of Jiangnan folk customs reflect 
the gain by contrast.

2.2 Transformation of the courtyard 
into resort hotel

These houses are generally located in the old city 
or tourist resort area, and are generally historic 
houses into the courtyard. This transformation 
model should reduce architectural form, general 
layout, plane, facade, internal structure and deco-
ration of the traditional residence deeply. When 
we renovate these traditional residences, we should 
try to retain the original appearance and focus on 
the protection of the mansion, halls, courtyards 

Figure 2. Retaining the traditional settlement pattern 
and the surrounding environment of Shaoxing Kaiyuan 
Resort Da Yu.
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and  natural environment of nodes. For example, 
Hua jian tang⋅Tan hua fu (Fig. 3) was the four-
courtyard combination of Suzhou Pan’s old house, 
according to the drawings and monograph in 1952 
Mr Chen Congzhou painted as an important ref-
erence and careful restoration, while retaining the 
original pan Zhai; according to the needs of mod-
ern life and the hotel function was improved, at 
the same time in the courtyard carefully arranged 
waterside pavilions, embodies the garden of 
Suzhou the essence of the landscape.[1]

3 THE PRINCIPLES ON 
TRANSFORMATION OF TRADITIONAL 
RESIDENCE INTO RESORT HOTEL

The transformation of traditional residence to 
resort hotel would meet many conflicts; at the 
same time, there are also various standards bound 
in those processes. For example, the height of the 
floor to the roof is about 4.5 to 6 meters, which is 
higher than the modern residential space. In this 
way, the above room may be too empty and cause 
visual discomfort, so we can enrich the vertical 
space by increasing the thermocline in the transfor-
mation process. For example, Hua jiang tang Yan 
yuan (Fig. 4) in Si chuan increases the thermocline 
in the room to be the tourist activities space. The 
tourist can see the courtyard through the skylight.

Traditional residence mostly use civil structure, 
and most of these structures are very old. So, there 
are some security risks in the traditional residence 
and cannot meet the needs of modern living. We 
should renovate the traditional residences by pass-
ing on exterior wall renovation, replacing wood 
component, renovating roof, and strengthening 
the main structure. In addition, the structure of 
traditional residence is generally flammable, not 
conducive to building fire. Therefore, we should 

design reasonable evacuation stairs and improve 
the fire resistance of combustible materials. Fire 
hydrant, fire extinguishers should be placed in the 
obvious position, at the same time in the courtyard 
of the pool can be used as fire water source.

When the transformation of traditional resi-
dence, there are two kinds of commonly used 
methods; one is the “repair old as the old”. For 
example, Hangzhou Amanfayun Resort (Fig. 5) 
was retained and preserved in the transforma-
tion process of village of old houses the original 
walls, woodwork and famous and ancient trees, in 
the process of construction of new buildings, and 
the construction process of the old building, with 
mud, straw, suiwa compaction, and build a road 
some were still on the wall, the wall covered with a 
layer of brown film, even the new public toilets and 
other mountain houses maintained a unified style, 
to achieve a “repair old as the old” effect.[2]

Another method is to emphasize the “new” and 
“old” contrast. The transformation will build or 
transform part of the modern materials and styles, 
such as glass curtain wall and frame structure. This 
method can easily damage the body of traditional 
residence. For example, as part of the Zhou zhuang 

Figure 3. Suzhou flower hall, third Court Village 
Landscape.

Figure 4. Sunshine courtyard room small thermocline 
of Hua jiang tang Yan yuan.

Figure 5. Aman fayun resort.
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residential (Fig. 6), in order to transform into the 
inn, the whole building was demolished, and then 
rebuilt as antique buildings. This practice has 
caused great damage to the traditional residence, so 
attention should be paid to the process of reform. In 
fact, some new additions should be hidden, such as 
cabling infrastructure and structure reinforcement, 
and the old part should be explicit as far as possible 
to retain the original structure and decoration.

4 CONCLUSION

Nowadays, globalization and localization develop-
ment has become the mainstream of architecture. 

Figure 6. The transformation of traditional residence 
completely dismantled the internal structure.

How to treat the valuable traditional residence is a 
worthwhile topic, which should not be ignored and 
blindly overthrown. “Fusion and transformation” 
is an effective method, which not only respects and 
protects the traditional residence, but also makes 
use and creates value. Because of their own cul-
tural values, traditional residence fulfills people’s 
personal and cultural pursuit, and effectively keeps 
the traditional architectural style and the tradi-
tional cultural heritage while they are renovated to 
resort hotels.

REFERENCES

[1]  Liu Su, Zhang Bei. Flowers hall The Inn Boutique 
design aesthetic humanistic interpretation of [J] era 
building 20142 49–54.

[2]  From the Amanfayun website http://www. 
amanresorts.com/amanfayun/home.aspx.

ICCAHE15_Book.indb   1194ICCAHE15_Book.indb   1194 11/17/2015   6:39:31 AM11/17/2015   6:39:31 AM

  

http://www.amanresorts.com/amanfayun/home.aspx
http://www.amanresorts.com/amanfayun/home.aspx
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-244&iName=master.img-013.jpg&w=190&h=65


1195

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Finite element analysis of confined precast concrete shear wall

Li Jun Dou & Ming Ling Gao
Changchun Institute of Technology, Changchun, China

ABSTRACT: This article mainly studies the end of the prefabricated shear wall with steel constraints, 
the internal distribution of reinforcing welded together with steel. In case of the axial compression ratio 
unchanged, discuss the different height-to-width ratio on the properties of the shear wall stress research. 
Design of a total of 1 general whole cast-in-situ shear wall contrast specimen and the constraint of 3 precast 
prefabricated shear wall specimens, a total of two groups. The results of finite element analysis show that: in 
general, cast-in-situ monolithic shear wall, the concrete crushing, and exit the work first. With the decrease 
in the aspect ratio, the bearing of capacity is increasing in precast constraint prefabricated shear wall.

Keywords: steel confined; prefabricated; shear wall; finite element analysis

With steel reinforced concrete, composite struc-
ture can effectively improve the ductility perform-
ance of the structure. At the same time, the stress 
performance and energy consumption have a raise. 
The structure can help to ensure the reliability. It is 
used in important structure in prefabricated shear 
wall structure.

2 SPECIMEN DESIGN

2.1 Shear wall design

In order to study the influence of different height-
to-width ratios on mechanical properties, design 
of geometry size is 700 mm * 800 mm * 800 mm, 
1600 mm * 800 mm * 800 mm, 2500 mm * 800 mm * 
800 mm[1], as in the following figure.

Two kinds of section forms are designed, one 
is with steel reinforced concrete composite struc-
tures, the other is general reinforced concrete col-
umn structure (Fig. 2).

3 THE FINITE ELEMENT ANALYSIS

3.1 Summary

ABAQUS is one of the most advanced large-scale 
general finite element softwares in the world, with 
a large ability of solving nonlinear mechanics 
analysis function and is advanced. At present, it 
has been widely used in some complex and ultra 
structures of engineering analysis. It also has a lot 
of different kinds of unit model, material model, 
such as reinforced concrete and metal, rubber, 
polymer materials, such as soil rock geological 

1 INTRODUCTION

With the development of the city, the problem of 
environment is becoming more and more serious; 
people’s awareness of the environmental protec-
tion is becoming more and more stronger. The 
development of housing industrialization can help 
mankind to protect the environment, improve the 
environment condition, and realize the sustainable 
development path.

Housing industrialization is to make the con-
struction of production from extensive to intensive, 
from the traditional field of large-scale operations 
to the industrial machinery manufacturing plant. 
It can save labor, improve labor productivity, save 
resources, avoid the unnecessary waste of material 
mass, control the construction production waste 
effectively, and protect the environment.

Prefabricated shear wall structure is an impor-
tant one of the components of housing industri-
alization. Many of them used for high-level and 
high-rise buildings, bearing horizontal direction 
and vertical load stress in the main, providing a bet-
ter overall stability for overall structure, improving 
stiffness requirements, and superior performance 
characteristics in the energy dissipation capacity. It 
is applied widely in high seismic fortification inten-
sity area. At present, although many studies of pre-
fabricated shear wall has a progress, the influence 
factors of prefabricated shear wall mechanics not 
only just one or several factors can decide, but also 
to be connected by multiple factors influence each 
other. So far, the study of the prefabricated shear 
wall had a long way to go. There is a lot of research 
for new prefabricated shear wall structure will also 
continue to be developed and researched.
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Figure 1. Physical dimension of shear walls (unit: mm).

materials, and detailed analysis of the process. 
Based on the analysis of different materials, under 
complex loading process and contact condition of 
complex nonlinear combination problem, it can 
achieve more satisfactory results. When a nonlin-
ear problem analysis, ABAQUS can automatically 
select the corresponding load increment and con-
vergence limit, not only can choose the appropri-
ate parameter, but also can adjust the parameters 
to ensure continuous get accurate solution in the 
process of analysis.

3.2 Modeling

Select the corresponding finite element unit type, 
steel truss, steel chooses entity model, and wall-
board choose solid model. With reference to “Code 
for design of concrete structures[1]” and “Code for 
design of steel structures[2]” input the constitutive 
relation of concrete, steel bar, and steel. Selected 
parts of cross-section features, specified cross-
section shape, define material, and enter the cor-
responding reinforcement area. And assembly, 
creating analysis step, placed inside the steel and 
concrete in the entire model. Meshing seeding in 
the first place, and then use rules of hexahedral 
unit division. Parts of model adopt quadratic inte-
gral unit completely. On the bottom of the wall 
boundary conditions are set to completely fixed 
with the ground (U1 = U2 = U3 = UR1 = UR2 = 
UR3 = 0), uses the uniform set axial pressure, refer 
to “technical specification for concrete structures 
of tall building”, way to control the displacement 
under horizontal loading, exert[3] maximum dis-
placement and the ratio of height to 1/1000, the 
following figure.

3.3 The results of the finite element analysis

1. 100 km on SW-1 shear wall axial force, horizon-
tal displacement of 0.0016 m, the results are as 
follows:
Results show that at the bottom of concrete sus-
tains the main stress. At the top of the body has 
much area with a large displacement.Figure 2. Steel reinforcement of shear walls (unit: mm).

Table 1. The parameters of experimental specimens.

Specimen 
number

Cross-section 
type

Wall body 
geometry size

Horizontal 
bar

Vertical reinforcing 
steel bar

H-beam section 
size (mm)

SW-1 1) a) ϕ6@100 14ϕ6
SW-2 2) b) ϕ6@100 14ϕ6 60 × 60 × 5 × 4
SW-3 2) a) ϕ6@100 14ϕ6 60 × 60 × 5 × 4
SW-6 2) c) ϕ6@100 14ϕ6 60 × 60 × 5 × 4

Note: At the end of shear wall at both ends of the SW-1 double limb hoop configuration; SW-6/7 
2/3/4 / cross  section of steel at a rate of 1.00%; the SW-5/5-5 of section steel at a rate of 1.25%.
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Table 2. Parameters and bearing capacity table.

Specimen 
number

Cut across 
than

Axial compression 
ratio

Steel area 
Aa (mm2)

Horizontal bar 
gap (mm2)

Shear capacity 
V (KN)

SW-1 2 0.13   0 100  51
SW-2 0.875 0.13 800 100 117
SW-3 2 0.13 800 100  86
SW-6 3 0.13 800 100  78

Figure 3. Model of shear wall.

Figure 4. Results of SW-1.

Figure 5. Results of SW-2.

2. Analyze the SW-2 shear wall
The results showed that at the bottom of H-steel 
sustains the main stress. At the top of the body 
has little area with a large displacement.

3. Analyze the SW-3 shear wall
The results showed that at the bottom of H-steel 
sustains the main stress. At the top of the body 
has little area with a large displacement. 

4. Analysis of the SW-6 shear wall
The results showed that at the bottom of H-steel 
sustains the main stress. At the top of the body 
has much area with a large displacement.

3.4 Comparative analysis

Through comparative analysis of shear wall with 
H-steel and general shear wall, it shaw the wall 
with H-steel than general shear wall has larger 
capacity reserve. Under the condition of the 
maximal displacement in a given specification, 
with the increase of aspect ratio the displacement 

Figure 6. Results of SW-3.
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increases obviously, at feet of the steel yield stress 
also increase. In the bottom of the steel yield fail-
ure first. The performance of the concrete charac-
teristics is finer than the general shear wall. It is 
concluded that the shear wall with steel constraints 
can be very good to have the first force and energy 
dissipation effect.

4 CONCLUSION

1. Equipped with steel shear wall play a role in 
constraining concrete, sustaining load in the 
previous, protecting concrete, providing higher 
bearing capacity.

2. With the increase in aspect ratio, displacement 
scope also increases, larger stress mainly appears 
at the bottom of H-steel.
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Figure 7. Results of SW-6.
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architecture—Take I.M. Pei’s Architectural Design Works for Example
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ABSTRACT: Building technology and art have the dialectical unifying relationship, and Ieoh Ming 
Pei’s architectural goal is to seek harmony and unity between them. This article mainly discusses the 
detail management and design methods in Ieoh Ming Pei’s works, helping to understand the unification 
of architecture and art, and the combination of technology and art.

Keywords: I.M. Pei; architectural; technology; art

designs to achieve the unification of architecture 
and art.

2.1 The building as an independent work of art

Sculpture is a typical feature within many of Ieoh 
Ming Pei’s works of architecture. When he noticed 
purification in the morphology of buildings, he 
specializes at portraying the building using a vari-
ety of geometry, the architectural and artistic unity, 
such as the Des Moines Art Center, East Wing of 
The National Gallery in Washington, and Iverson 
Museum of art. These architectural specimens have 
the appearance of sculptural style. (Figs. 1, 2, and 3).

2.2 The usage of the rich architectural space 
of modern sculptures and paintings

Ieoh Ming Pei are of the opinion of that the abstract 
sculptures can enrich large modern architectural 

1 INTRODUCTION

With the development of society, the construction 
requirement is getting higher and higher. In other 
words, with the development of social economy, the 
requirements of architecture will become higher as 
people’s living standards increase. Although the con-
struction and functions of modern society become 
more and more complex, the nature of the buildings 
functionality stays constant, the architecture works 
with the perfect combination of modern technology 
and artistic attributes will attract more attention.

Ieoh Ming Pei is one of the most successful 
world architects of the twentieth century, and he 
is also the most influential modernist architect in 
the world as well. Pei has designed many land-
mark buildings, and gets a lot of symbolization in 
architecture industry’s highest honor international 
awards. Through the analysis of his works, it is not 
difficult to see that Pei’s focus on the unification of 
architecture and art as well as the combination of 
technology and art.

2 THE UNIFICATION OF 
ARCHITECTURE AND ART

With the development of society, the construc-
tion Ieoh Ming Pei once said: “Architecture and 
art though somewhat different, but essentially 
the same, my goal is to seek harmony and unity 
between the two.” Pei always regards the building 
as an independent art, and makes full use of the 
rich architectural space and resources in the sculp-
ture, paintings, and other art forms. These design 
methods are commonly used in Pei’s architectural Figure 1. Des Moines Art Center.
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structures, and architecture and art should main-
tain closeness. Choosing a style or theme of unity 
within modern sculpture, painting and other works 
of art can enrich architectural space, to become a 
part of the whole building’s design, processing tech-
niques of architecture and art unity are often used 
by Ieoh Ming Pei. Such as The National Gallery’s 
famous Calder Henry Moore’s sculpture and the 
tapestry works by Spanish artist Huang Milo [1], 
Iverson art museum entrance use Henry Moore’s 
sculptures, the French Fragrance Hill Hotel use 
famous Chinese painter Zhao Wuji’s works, well 
embodying Ieoh Ming Pei’s design concept and 
unification of architecture and art.

3 THE COMBINATION OF 
TECHNOLOGY AND ART

3.1 The building as an independent work of art

Ieoh Ming Pei accomplishes geometry as an artis-
tic form for the combination between technology 
and art. Pei’s successful architectural works make a 
great use of geometry, such as the Louvre Pyramid, 
the Washington National Gallery’s East Pavilion, 

the Miho Museum in Japan, and Bank of China 
in Hong Kong.

Le Louvre Museum in Pyramid is one of the most 
representative buildings designed by Ieoh Ming Pei, 
and it is also a very typical architectural work show-
ing the combination of technology and art. From 
the artistic perspective, the stable triangular Pyra-
mid form is very suitable for the old rear roof form 
of Le Louvre museum building; Pyramid’s glass 
surface can reflect Le Louvre museum’s old pal-
ace, and helps people indoor to see the old palaces 
through it, which skillfully makes the Pyramid to 
integrate into the surrounding environment; Pyra-
mid’s highly transparent glass also injects light to 
the ancient Le Louvre Museum for a special charm. 
In addition, the north, south, east sides of this large 
glass Pyramid all has a five meter high glass Pyra-
mid and seven triangular fountain, it becomes a 
beautiful geometric scenery complementing each 
other with the main Pyramid. From a technical 
perspective, the four sides of Pyramid is from by 
673 pieces of diamond glass, and the total weight of 
Pyramid is 200 tons, of which the glass net weighs 
105 tons, the metal stent is only 95 tons [2]. The 
load of the metal stent is more than its own weight, 
that fully embodies the unique use of modern sci-
ence and technology in Pyramid. (Fig. 4).

In the Design of Washington’s National  Gallery’s 
East Pavilion, Pei’s extreme application of this 
method created the perfect combination of technol-
ogy and art. First is the layout, the irregular trap-
ezoidal area that combines two large triangles and a 
small triangle, forming the overall framework of the 
museum architecture and space form. The internal 
space is divided in strict accordance with the trian-
gles and the deformation of the form. It carries on 
the segmentation to the whole space, so that each 
sub space has a strict correspondence on the whole. 
The whole sequence of space is filled with change, 
and is highly unified. On the technical level, the tri-
angular atrium skylight roof structure of triangu-
lar, using a slide bearing support, not only solves 

Figure 2. East wing of national gallery.

Figure 3. The Everson Art Museum.

Figure 4. Louvre pyramid.
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the problem of thermal expansion, but also covers 
the top of the lighting equipment, in addition to the 
snow and rain water drainage system. In order to 
solve the problem of strong ultraviolet sunlight pro-
ducing damage to the art exhibition, Ieoh Ming Pei 
is also developing tubular aluminum louvers, this 
barrier can reduce light and heat projected into the 
exhibition interior, and transition any remaining 
room light on the art into soft and stable. In addi-
tion, glass skylights placed in addition to the hot-
line, melt the snow accumulated on the roof; made 
of synthetic rubber, small channels discharge rain 
water into the drains hidden within the walls. The 
technical treatment of these series creates a trian-
gular atrium space filled with a warm, comfortable 
and pleasant feeling. (Figs. 5–7).

The use of geometry is also reflected in the 
design of Ieoh Ming Pei’s Japanese Miho Museum. 
Affected by Japan’s Natural Park Act, less than 20% 
of the Japanese Miho museum is exposed above 
ground. The top of the triangular structure is made 
up of many different sizes, intertwined as a geomet-
ric painting. From afar, roof peaks and undulating 
curves are interconnected as if it is one, in the artistic 
sense. In the waterproof aspect; the basement walls 
of the library collection are insulated with thermal 
insulation material to avoid a frosting phenomenon 
caused by the temperature difference between indoor 
and outdoor. In order to prevent seepage of moun-
tain soil, the construction site is covered with a cold 
and corrosive resistant foundation and Swiss water-
proof agent and finally a layer of cement. Carefully 
designed shockproof walls 20 meters high, provide 
good protection and security to the architecture and 
the separated ground floor. (Fig. 8).

Ieoh Ming Pei designed the Hong Kong Bank 
of China Tower, which makes full use of the build-
ing structure to create geometric elements, in turn 
the combination of art and technology has created 
a classic masterpiece. This work was completed in 
1990 and is the tallest skyscraper in Hong Kong, 
the whole building (70 floors, 315 meters high) 
uses only the four corners of the giant 12-storey 
steel columns for support, no internal pillars are 

used [3]. In the square construction of the build-
ings foundation, stands four groups of diago-
nally placed triangular facades varying in height, 
like the bamboo trees to give a full vigor, “rising” 
feeling, and the buildings base is rooted with the 
granite stones from the Great Wall of China, like 
the bamboo tree symbolizing a booming future of 
development for Hong Kong and China, spreading 
its wings and soaring high. (Fig. 9).

The designs of Le Louvre Museum Pyramid, 
The National Gallery in Washington East Hall, 
Japanese Miho Museum and Hongkong Bank 
of China fully embodies Ieoh Ming Pei’s design 
theories of using triangle geometry to modeling 
architectural space and the perfect combination of 
technology and art characteristics.Figure 5. East Wing of National Gallery Aerial View.

Figure 6. East Wing of National Gallery General.

Figure 7. East Wing of National Gallery’s Atrium.

Figure 8. Japanese Miho Museum.
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3.2 Detail management

Ieoh Ming Pei architectural works pay great atten-
tion to detail and technologies, in particular, his 
designs always regard detail for god. He said: 
“A good design, not only has a good idea, but also 
in detail.” [4]

As one of Ieoh Ming Pei’s beloved works— 
Iverson Art Museum for example, its shape is 
created by the use of concrete with a sculptural 
architecture style. People who understand concrete 
know that concrete is a kind of rough and easy 
deformation of building materials, especially in the 
joint continuous irrigation portion and is easily 
prone to cracks and crevices, and every little flaw 
can lead to permanent defects.

Construction of the Iverson museum of art, Ieoh 
Ming Pei adopted the method in NCAR (American 
National Center for Atmospheric Research)—all 
the main outer wall surfaces are smooth and seam-
less as marble, glowing red granite plaques, the 
museum and the surrounding red sandstone and 
brick city buildings all blend seamlessly into one 
harmonious whole. The architecture benefits from 
Ieoh Ming Pei’s design not only for his good idea, 
but also by his handling of each architectural detail. 
Especially in the construction of large concrete sur-
face areas that are chiseled out to form oblique tex-
tures, which contrasts to the relationship between 

certain and uncertain cut textures, and because it 
entirely belongs to the same material, the overall 
effect is unity and coordination.

In the design of East Wing, The National Gal-
lery in Washington, the treatment of the construc-
tion details are admirable. In order to save costs, 
exterior building stone of East Wing, The National 
Gallery in Washington is very thin, but for the pur-
pose of quality and visual effect, Pei adopted the 
double wall structure. [5] The wall has paved a layer 
of ordinary brick wall firstly, and then use the stain-
less steel strip to fix on the wall, finally the marble is 
covered on the outstanding wall. For creating solid 
and perfect effect, each piece of stone is cutting 
to fit evenly into the preset position. In order to 
prevent the building stone from experience thermal 
expansion and contraction, a 1/8 inch gap between 
the stones has been reserved, and the gap is also 
filled with an expansion joint, and the gap is filled 
with neoprene tape which is painted with the same 
color of the marble stone, so the whole wall looks 
smooth, neat and beautiful. Especially the corner 
node (traditional oblique tenon joints) is inlaid 
with neoprene tape to make up the insufficient and 
unsightly bevel butt in the marble.

4 CONCLUSION

New technology, new materials and new equipment 
in today’s era not only enhance the quality of peo-
ple’s lives, but also improve the level of architectural 
design. However, the technical skill is still low, and 
the artistic architecture is few and far between. This 
article focuses on the outstanding architectural 
works of Ieoh Ming Pei’s success as an example, 
from the building as an independent work of art and 
the usage of the rich architectural space of modern 
sculpture works to analyze the design style of the 
unification of architectural works and art works; 
from the usage of geometry and detail management 
to introduce the combination of art and technology 
in Pei’s works, intended to provide certain inspiration 
and reference value to the contemporary architects.
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ABSTRACT: The traditional residence features of our national longitudinal valley areas in Hengduan 
Mountains in the southwest present a unique style, while, in recent years, the large-scale concrete square-
box architecture activities have appeared. Newly built houses lose the aesthetic value of traditional residence 
and cut off the development venation of dwellings, which suffer a barrage of criticism. This paper selects 
middle–upper basin of Nu-Jiang River as research area, and makes contrasting analysis about thermal 
performance of conventional building materials-concrete hollow block and conventional building materials-
wooden flute, immature soil with the method of the physical environment test. The test results show that the 
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material. It is even more so in architectural prac-
tice, so that the society throws doubts upon the 
newly built concrete dwellings.

Longitudinal valley areas of Hengduan Moun-
tains in West China are national nature protection 
area, multi-ethnic mixed area, and extremely dis-
tressed area. The typical vertical three-dimensional 
climate makes the types of traditional residence 
in this area diversified, respectively including 
pile dwelling type of bamboo split house, well-frame 
house, immature soil house, etc. All these types 
present bright regional characteristics. However, 
local civil firewood and dwelling structure lead to 
a huge consumption of fire wood, which consists 
of principal factors of local forest resources con-
sumption mode and quantity. According to some 
statistics, for a 70 m2 well-frame house, its roof, wall, 
and floor need total 43.3 m3 woods with 84.0 m3 

1 INTRODUCTION

In the past, our national house cladding material 
of masonry structure is mainly of agglutination 
loam brick. To save land resources, our country 
starts to research a series of new building materials 
to replace agglutination loam brick step by step. 
At present, one of the widely used building materi-
als in our national rural areas is concrete hollow 
block. Research results on this building material 
mainly are reflected in economic benefits, physical 
properties (thermal insulation and sound insula-
tion property) of material and several problems to 
be prevented in the process of construction. Please 
see literature [1] to [4] for more details about the 
research results. These researches mainly refer to 
the aspect of engineering practice application, 
but to ignore the research on aesthetic values of 

ICCAHE15_Book.indb   1203ICCAHE15_Book.indb   1203 11/17/2015   6:39:42 AM11/17/2015   6:39:42 AM



1204

forest resource consumption; furthermore, a well-
framed house is the dwelling type with the largest 
consumption of forest resources among all tradi-
tional residence types [5]. With the sudden increase 
tendency of national minority population, forests 
cannot bear the heavy burden, which leads to forest 
changed into meadow, meadow desertification, and 
other ecological crisis. To prevent further degen-
eration of forest resources, local government car-
ries out the policy of closing hillsides to facilitate 
afforestation, and encourages local people to adopt 
slag hollow brick as the primary building material 
for new dwellings. The results cause that “barrack” 
type of brickwork dwellings appear on a large scale. 
Relevant researches show that those problems like 
uncomfortable dwelling and rigid appearance exist 
in newly built dwellings, which leads to the author’s 
exploration toward concrete hollow brick applica-
tion in regional architecture. Researches in this paper 
are expected to standardize the application mode of 
new-type building materials in less developed areas, 
guide brickwork dwellings to actively adapt to local 
climate, and reflect minority culture traditions, and 
get newly built brickwork dwellings stepping on 
development road of regional architecture.

2 OVERVIEW

Nu-Jiang River originates from Tanggula Moun-
tains in Qinghai-Tibet Plateau, directing to the 
south once entering into Yunnan and then direct-
ing to Burma renamed as Salween River, and 
finally flowing into Andaman Sea of  the Indian 
Ocean. The east side of  upper-an-middle drain-
age basin is Biluo Snow Moutain, and west side is 
Gaoligong Mountain. The flowing areas are from 
alpine and gorge region of  two mountains infibu-
lating a river which is Nujiang Canyon. Nujiang 
Canyon presents a reverse “V” tendency from 
north to south, mainly containing Gongshan and 
Fugong County (northern latitude 26°28′∼28°23′, 
east longitude 98°08′∼99°02′). The ridges at both 
sides of  Nujiang Canyon have over 3000 m average 
elevation, while the average canton depth is more 
than 2000 m. The deepest point is Bingzhongluo 
area in Gongshan County, reaching 3500 m.

Quanzhou is subtropics hilly monsoon climate, 
and the difference in latitude and elevation leads 
to difference in air temperature. The latitude has 
different air temperatures from different eleva-
tions, or the same elevation has different air tem-
peratures from different latitudes, which forms 
a prominent three-dimensional climatic feature. 
Once the elevation increases above 100 m, the air 
temperature will decline by 0.59°C; once latitude 
directs northward by 1°, the air temperature will 
decline by 1.2°C–1.7°C. Compared with horizontal 

 climate difference, vertical climate difference is 
more prominent. The diversified landforms and 
different microclimate characteristics generate 
diversified microenvironmental habitation.

This paper takes the Baizi District of warm 
temperate zone in the north of Nujiang Canyon—
Bingzhongluo as research area (Fig. 1). Gongshan 
County has abundant rainfall capacity, and, from 
February, to October the whole year is a long rainy 
season with extremely abundant rainfall capacity. 
Gongshan areas stay in low-temperature climate 
all year round. It will be winter in rainy days with 
insufficient heat, and it is a typical clammy climate. 
The annual mean rainfall capacity in Bingzhongluo 
is 1657.3 mm; annual average temperature is 
13.1°C to 15.4°C; the average temperature of the 
coldest month is 5.9°C, while the average tempera-
ture of hottest month is above 20°C, and it is warm 
temperate zone climatic region. The research site 
is located in Chongding Village, situated in north-
ern latitude 28°01′38″ and east longitude 98°37′31″ 
with 1580 m elevation.

3 ADAPTATION OF HOUSE MATERIALS 
AND ENVIRONMENT

3.1 Test object and test result

1. Test object
This time of test is forwarded in winter with 

research objects (Fig. 2) as representative dwellings 
R1 (immature soil house), R2 (well-frame house, 
two floors), and R3 (brickwork house). The three 
architectural structures locate in a same courtyard, 
and the difference in outdoor environment can be 
ignored. R1 is a traditional immature soil—flat 
pedestal house with an 80-year history and the 
thickness of wall reaches 0.5 cm. And it consists of 
soil, macadam, and straw by punning. R2 is a newly 
built family hotel with two floors in the structure of 

Figure 1. Nu-Jiang River region environment.
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concrete and wooden frame. The wall of first floor 
is hollow brick masonry, and the second floor is 
simulated traditional well-frame wall by overlaying 
half  round solid wood with up-and-down two ends 
chipped off. Its thickness is 5 cm, and the internal 
surface of wall is stuck with about 3 mm wooden 
board as facing material. The test object is a room 
in the middle of second floor. R3 is a newly built 
brickwork house with two floors. This house is 
built with concrete frame structure, and masonry 
wall is from hydraulic-pressure slag hollow block. 
The block size is 390*200*190, and the thickness 
of wall is about 22 cm (including 10 mm plaster 
layer of its internal and external surfaces).

The test time is 12:00, December 8, 2010 to 
12:00, December 10, and it is rainy from 6:00, 
December 9 to 6:00, December 10. In Gongshan 
areas, the amount of precipitation is large, and 
average relative humidity reaches above 78% all 
year round. Thus it can be seen that it is of great 
practical significance to take physical environment 
test toward houses in rainy days, and to know more 

about the indoor temperature and humidity in 
rainy days in winter.
2. Test result

1. Indoor and outdoor air temperature
Figure 3 is relative air humidity test result of 

indoor and outdoor air. This time of test experi-
ences a sunny day and an overcast day. During test 
period, average outdoor temperature is 11.06°C. 
In whatever sunny day or rainy day, the appeared 
time of minimum and maximum air temperatures, 
respectively, are 5:00∼5:30 and 16:00∼17:00; daily 
range in sunny day is 7.6°C, and daily range in 
rainy day is 3.6°C. The test results of various rooms 
are shown as below:  for immature soil house 
(R1), the indoor average temperature is lower 
than outdoor air temperature, and both its mini-
mum and maximum air temperatures appearing in 
sunny days, respectively are 9.5°C and 12.3°C. The 
daily range is 2.8°C. In rainy days, range ability 
of indoor temperature is very little, and the daily 
range is 1.3°C. Therein, 7:00∼9:00 is minimum 
temperature, 10.1°C; Indoor temperature at night 
rises slowly with opposite variation trend toward 
outdoor temperature. We can find that for clammy 
areas, indoor temperature of immature soil house 
changes a little, and it has favorable heat insulation 
performance; however, humidity within the house 
is large (medial humidity reaches 80.4%). Besides, 
no heat resource is available indoor, which results 
in lower indoor temperature than outdoor tem-
perature. The earth houses in cold and arid regions 
of China’s northwest are provided with the climate 
characteristics of hot summer and warm winter. 
By contrast, earth buildings cannot give play to the 
thermal insulation properties in clammy regions. 

 For the dry-type house (R2), the indoor mean 
temperature was slightly higher than outdoor tem-
perature, and its minimum value and maximum 
value, respectively, were 10.3°C and 13.3°C, both 
happened in fine days. The daily range was 3°C. 

Figure 2. Survey rooms and survey points.

Figure 3. Indoor and outdoor air temperature.
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During rainy days, the temperature change was not 
very little with 0.9°C daily range for the whole day. 
And the indoor temperature during 10:00 to 11:30 
was 10.7°C, which was the lowest in that day; at 
night, the indoor temperature basically remained 
unchanged. 3) For the brick house, the indoor 
mean temperature was the highest; the minimum 
value happened in cloudy day, which was 10.8°C; 
while the maximum value happened in fine days, 
which was 13.6°C. The daily range was 2.8°C. 
 During rainy days, the temperature change was all 
day long with daily range 1.1°C; At night, indoor 
temperature gradually dropped.

2. Relative humidity of indoor and outdoor air
Figure 4 is the test result of relative humidity 

of indoor and outdoor air. It can be seen from 
the figure that the average value of outdoor rela-
tive humidity was 83.8°C. At 15:30, of the 8th day, 
the relative humidity was 41.9°C; afterwards, the 
humidity gradually rose; the 9th day was a rainy 
day, the average humidity was the highest. For 
all the tested houses, the low-to-high sequence of 
indoor mean relative humidity was: R2 (dry-type 
house), R3 (masonry house), R1 (earth house), 
which respectively were 75.4%, 77.7%, 80.4%; the 
tendency of relative humidity change of all houses 
were as follows: it was fine in the 8th day, and the 
lowest humidity happened during 14:30 to 16:30. 
When night fell, and it rained in the 9th day, the 
humidity gradually rose.

3.2 Environmental adaptability of new and old 
palisade components

According to test result, the high-to-low sequence 
of the mean value of base room temperature was 

R3 (masonry house), R2 (dry-type house) and 
R1 (earth house); and the high-to-low sequence 
of the relative humidity was R1 (earth house), 
R3 (masonry house) and R2 (dry-type house). 
It can be seen that the thermal performance of 
brick house and dry-type house is better than 
earth house, which reflects the adaptability of new 
materials to the complicated natural environment 
in Nu-River basin. Although from the perspective 
of long-term development, concrete material cer-
tainly will be replaced by more ecological environ-
mental protection material. However, its current 
utilization is in line with the reality.

4 PROBLEMS EXISTING IN CURRENT 
MASONRY DWELLING HOUSES

Cinder bricks are processed and made of industrial 
waste, which are provided with good performance 
of energy conservation, soil saving, environmental 
protection, thermal insulation, heat preservation 
and sound insulation, so that they are environmen-
tal friendly and new type building materials that 
can replace fired clay bricks. The manufacturing 
technique of slag hollow bricks is as following: 
waste slag lime parget, stirring digestion grinding, 
green brick molding steam curing finished prod-
ucts [4]. Since 1990s, this product has been devel-
oped rapidly. Currently, it has been widely applied 
in eastern coastal regions and western regions in 
China. Since the implementation of “closing hill-
sides to facilitate afforestation” policy in Nu-River 
basin, the government has funded the promotion 
of this product in the vast mountainous areas. For 
its application in house construction in mountain-
ous areas, it is provided with following advantages: 

 at present, its replacement of wood reduces the 
load of forest resources.  it utilizes industrial 
waste as the aggregate, which reduces environ-
mental pollution.  it can be processed within a 
small scale nearby, which is free of space limits 
and reduces energy consumption during transpor-
tation process.  it is convenient for manual han-
dling. In Nu-River basin, the mountains are high 
and slopes are abrupt, resulting in inconvenient 
transportation. Small-scale building blocks can 
be transported by tractors, handcarts, while it is 
inconvenient for larger wagons. At present, hollow 
bricks have the following problems:  the strength 
is low due to low material density.  The level of 
manufacturing technique is low, resulting in rough 
surface and broken corners (Fig. 5). Above-men-
tioned problems can be solved by improving the 
level of manufacturing technique.

The overall economic level of this region is low, 
and it is the extreme poverty region in China. Due 
to limitations of economy and a lack of related Figure 4. Indoor and outdoor air relative humidity.
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technical guidance and masonry dwelling, houses 
develop fast with the feature of low technology, 
which results in a large number of problems: the 
constructional column in the brick-concrete struc-
ture lacks steel ties, leading to hidden danger in 
seismic fortification; the spatial composition is 
rigid, incomplete, and not in line with the climate; 
the scene of buildings is stereotyped, and even 
disgusting. In a word, the newly built dwelling 
houses fail to improve people’s housing quality, and 
even are far less comfortable than traditional dwell-
ing houses (Fig. 6). In the condition that economy 
bearing capacity is limited, it is the research objec-
tive of this thesis to provide comfortable and pleas-
ant living environment for national minorities.

5 OPTIMIZED DESIGN RESEARCH 
ON MASONRY HOUSES IN NU-
RIVER BASIN

In order to facilitate the development of regional 
architecture and change the architectural image 
of newly built masonry dwelling houses in less 
developed areas and the dwelling level, the author 
explores the approaches to application of this 
material mainly from the perspective of aesthetic 
value of concrete hollow bricks and the climatic 
adaptation of mountainous environment.

1. Architectural decoration
Parts of the newly built dwelling houses are 

constructed on the basis of previous old houses. 
The traditional Muleng, girders and other compo-
nents dismantled from the old houses are applicable 
for reuse for new dwelling houses. The mixed use of 
new and old material has two construction ways:  
the ground floor utilizes concrete hollow bricks, 
and the top utilizes traditional materials. In such 
way, the top room can be used in summer; and the 
ground room can be used in winter.  The kitchen 
and bedrooms utilize concrete hollow bricks, which 
are fireproof and thermal insulation. Function 
rooms, such as living room, storeroom and bath-
room, utilize the enclosure of traditional woods. 
On one hand, the mixed use of new and old mate-
rials saves building materials, on the other hand, 
it reflects the regional characteristics of traditional 
dwelling houses.

Besides, the most common materials are uni-
fied gray bricks. Color hollow bricks can be pro-
duced so as to satisfy the demands of architectural 
ornament of multiracial dwelling houses in mixed 
dwelling regions. Figure 7 shows the ornaments on 
the eave walls and plinth of the building scheme 
for new dwelling houses of the Nu nationality in 
Gongshan area.
2. Form expression

In the construction of new dwelling houses, 
architects should respect the living customs of the 
minority, and introduce new functional space for 
living, such as living room, dining room, and bath-
room, so that dwelling buildings that combine the 

Figure 6. Concrete box houses.

Figure 5. Slag hollow bricks made in Nu-River basin.

Figure 7. Color concrete used for architectural 
decoration.
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Figure 8. Gongshan area dwelling houses scheme.

traditional and the modern and reflect national fea-
tures can be designed. In such way, the form expres-
sion of new architecture will certainly be enhanced, 
and the visual performance of new dwelling houses 
can be strengthened. Figure 8 shows the dwelling 
houses scheme in Gongshan area, which reflects 
the humanized design philosophy. (Designed by 
the author)
3. Building construction

The building space of traditional dwelling houses 
in Nu-River basin, no matter it’s dry-type house 
or bamboo split house, is full of gaps and holes, 
like ventilating bamboo cages, so that it can adapt 
to the wet climate. The eave wall top, gable, and 
the wall body of newly built dwelling houses take 
advantages of the characteristics of hollow bricks 
and the wall body with holes in the masonry. Its 
unique building mechanism reflects the excellent 
likeness with traditional dwelling houses.
4. Structure safety

At present, masonry dwelling houses in Nu-River 
basin mainly have one or two floors, which mostly 
utilize brick-concrete structure. The buildings lack 
technical support, and the constructional column is 

not provided with reinforcement. Besides, there are 
no steel ties between constructional columns and 
wall body. The consequence cannot be imagined 
once earthquake happens. The newly built dwelling 
houses should enhance the brick concrete of rein-
forcing bars and the composite bearing structure 
of frame. On one hand, it improves the earthquake 
resistance of houses, on the other hand, it provides 
technical guarantee for the scale enlargement of 
dwelling houses (increase of floors).
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Landscape pattern dynamic variation for 30 years in Chuanjiang River 
Basin
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ABSTRACT: Based on the Landsat TM Images in 1985, 1995, 2000, 2005, and 2014, spatial and tempo-
ral dynamic variation of landscape pattern for 30 years in Chuanjiang River Basin was analyzed to obtain 
its characteristics and to transfer features in space and time by software platform of ENVI5.1, ArcGIS10.1 
(ArcView) and FRAGSTAT4.2. The results showed that: (1) there were conspicuous differences between 
characteristics of the landscape components, with the area ratio of grassland and forest landscape lower 
relatively; (2) as a whole, the landscape structure of the research basin was simple, the diversity was low, 
the fragmentation degree had an increase trend, and the vulnerability was high; (3) the distribution of 
different landscape gravity centers reflected the certain zonality in different periods. The movement of 
the gravity center of the built-up landscape was the most significant in a single landscape type, which was 
closely related to frequent and intense human activities; and (4) a typical landscape type and the compre-
hensive landscape dynamic changes shows the significant changes of landscape on different time scales 
from  several angles, and the consistency with the landscape gravity center migration significance.

Keywords: landscape analysis; spatio-temporal dynamic variations; transfer modle; Chuanjiang basin

(Da F.Q., 2001, McIntyre, S. & Lavorel, S., 2007). 
Under the influence of strength human activity 
and nature, its ecological environment is quite vul-
nerable. Supported by RS and GIS, together with 
the software of FRAGSTAT4.1 (grid mode), the 
variation changes of landscape pattern and com-
position for 30 years in Chuanjiang River Basin 
were analyzed. It will provide a scientific reference 
to adjust landscape structure in the upper Yang-
tze River, enhance the utilization efficiency of 
land and natural resources, promote the western 
economic development, and improve environment 
quality in the upper Yangtze River. On the other 
hand, it explores integrated analysis for landscape 
dynamic changes.

2 OVERVIEW OF STUDY AREA

Chuanjiang River Basin, located in the  southwest 
of China, between 102°49′E–109°15′E and 
26°15′N–31°41′N, covering a total area of 
164,000 km2, occupies the border region of 
four provinces/municipality, including Sichuan, 
 Chongqing, Yunnan and Guizhou. It is also the core 
economic zone of the upper Yangtze River and an 
important region of the West China Development 
Drive. The research area is the southern margin 

1 INTRODUCTION

A river basin is a complete natural geographical 
unit, with its landscape pattern formed by superpo-
sition of natural and human’s activities, and at the 
same time, the evolution of watershed landscape 
pattern restricts the occurrence and development 
of the natural processes directly, such as hydrologi-
cal processes, biological processes, and also ensures 
the ecological safety of river basin as well as 
guarantees the production and living activities of 
human- beings (Fu B.J. et al., 2001, Wu J.G., 2000, 
Xiao D.N. & Li X.Z., 1997). It is the key measure 
to watershed comprehensive management that ana-
lyzing the dynamic changes of landscape pattern 
and then formulating reasonable landscape control 
countermeasures, with basins being treated as the 
research scale, based on the theory of landscape 
ecology and watershed ecology (Zhao J.Z., 1990, 
Robert T.W. & William D.S., 1999, Verbrug PH, 
et al., 1999).

Chuanjiang River Basin refers to the upper 
reaches of the Yangtze River from Yibin to 
 Chongqing. The basin is the transition zone from 
mountain area to the low hills in general, with com-
plex geomorphology and topography, severe rocky 
desertification, sharp contradiction between human 
and land, and quick  urbanization  development. 
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part of the Sichuan Basin, the transition zone from 
the hilly to the mountainous, with gentle hill ter-
rain along the river sides. The main stream length 
is 969.6 km, including the main tributaries of Min-
jiang River, Jialing River, Wujiang River, Tuojiang 
River, and Jinsha River (as shown in Fig. 1).

It has a moist, subtropical monsoon climate. 
The annual average temperature is 15.4°C and 
the maximum and the minimum temperature are 
18.9°C and 7.4°C respectively. The annual average 
rainfall is 1040.1 mm, while the annual maximum 
and minimum precipitation are 1371 mm and 
779 mm, respectively. Soil types and distribution 
are diverse in the study basin, with the main soil 
type including paddy soils, purplish soils, yellow 
earths, limestone soils etc. The main plant types 
in the river basin are cultivated vegetation, shrubs, 
brushes, coniferous forest, broadleaf  forest, mead-
ows, and coniferous broad-leaved mixed forest.

3 DATA AND METHODS

3.1 Data sources

Landscape information source is based on the 
Landsat TM data in 1985, 1995, 2000, 2005, and 
2014 in Chuanjiang River Basin, composed by 

4th, 3rd, 2nd (GRB) bands, corresponding to 30 m 
ground resolution ratio and 6–10 month phase.

3.2 Data processing

3.2.1 Landscape classification
Based on the data processing platform of ENVI5.1 
and ArcGIS10.1, according to the Current land use 
classification ISBN: GB/T 21010-2007,  promulgated 
by Ministry of land and resources of the People’s 
Republic of China, combined with the practical situ-
ation of river basin, the landscape of research area 
was divided into 6 landscapes: agriculture landscape, 
forest landscape, grassland landscape, waterbody 
landscape, built-up landscape, and desert landscape.

3.2.2 Characteristics evaluation system 
of landscape pattern

There are many indexes to evaluate the landscape 
pattern. Considering the specific characteristics 
of Chuanjiang River Basin, this study selected 
the indexes as follows to reveal the characteris-
tics of the watershed landscape spatial structure: 
the number of patches, patch density, landscape 
shape index, Simpson-landscape diversity index, 
 landscape fractal dimension, and fragmentation 
(Wu J.G., 2000, Fu B.J., et al., 2001). The combi-
nation of ArcView and Fragstat4.2 software plat-
form was used to rasterize the landscape data and 
to calculate the corresponding parameters.

3.2.3 Spatial variation and landscape types 
transfer model

In order to quantify the watershed landscape type 
spatial change trends, a gravity center model (Yan 
D.H., 2004), a single dynamic model, and a system-
atic dynamic model were integrated to (Wang X.L. 
and Bao Y.H., 1998) carry out the analysis study.

1. The gravity center model
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 (1)

where x j  or y j  = the longitude or latitude 
coordinates for landscape category “j”; 
Mi = the area (km2) for landscape patch “i”; xi 
or yi = the  longitude or latitude coordinates for 
landscape patch “i”; and n = the number of land-
scape patches in the basin. Latitude and longitude 

Figure 1. The location of study area in the Yangtze 
River basin and drainage map with DEM (Digital Eleva-
tion Model).
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coordinates of landscape patches mass center are 
calculated through  Arcinfo 9.3 platform.

2. The single dynamic model

K
U U

U TiKK b aU U

aU
= × ×

1 100% (2)

where Ki  = the annual variable rate of landscape 
category “i” in river basin; Ua or Ub = the amount 
of the certain landscape category in early and 
late periods, separately; and T  = the time length. 
If  T is set as a year, Ki would be the annual vari-
able rate of landscape in the river basin.

3. The systematic dynamic model

LC
LU

LU T
i jUn

iUn= ×j ×∑
∑

Δ
i=1

i=1
2

1 100% (3)

where LC = the integrated dynamic; LUi−j = the 
area of landscape category “i” from the start of 
monitoring; ΔLUi−j = the absolute value of land-
scape area that landscape category “i” transfers 
to landscape category “j” during the period; 
and T is the time of monitoring. If  T is set as 
a year, LC would be the annual variable rate of 
landscape in the river basin.

4 RESULTS AND DISCUSSION

4.1 Overview of the landscapes composition 
in Chuanjiang River Basin

As for the landscape composition in Chuanjiang 
River Basin, the agricultural landscape occupied 
the dominant position, accounting for about 53 
percent from 1985 to 2014, followed by the forest 
landscape and grassland landscape, whose distri-
bution ratio are nearly 33 percent and 11 percent, 
respectively. However, the distribution of water 
landscape, built-up landscape, and desert landscape 
are relatively lower (as shown in Table 1). In terms 
of spatial distribution of landscape, the northern 
region is dominated by the agricultural landscape, 
while the southern region and basin boundary are 
the main areas of the cross landscape of forest and 
grassland, and the built-up landscape is concen-
trated in the North-East flat areas near waterbody 
and is likely to spread outside (as shown in Fig. 2).

4.2 Landscape pattern dynamic change 
characteristics

It is assumed that there are different structure 
characteristics of different landscapes and land-
scape index could be used to describe the landscape 

*: A refers to the area of all kinds of landscape type and 
its unit is km2. P presents the percentage of landscape 
type area and its unit is %.

Table 1. Landscapes composition and percentage of 
the landscape categories in Chuanjiang River Basin form 
1985 to 2014.

Figure 2. Landscape spatial distribution of the land-
scape categories in Chuanjiang River Basin from 1985 
to 2014.

structure dynamic changes quantitatively, from the 
perspective of ecology (as shown in Table 2). Over-
all, the landscape patches number firstly decreased, 
then increased, then decreased, and then increased 
during the period of 1985 to 2014, with the number 
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of landscape patches significantly increasing in 
2014. It could be proved that landscape fragmen-
tation degree showed a wave-like curve: down-up-
down-up, and the increase trend sustained until 
2014. Generally, the patch density became larger; 
the landscape fragmentation also became larger. 
So the patch density could reveal the degree of 
the landscape fragmentation. In addition, the 
landscape fractal dimension index appeared at a 
high-low-high-low curve, fluctuating change such 
that taking landscape edge effect into account, the 
landscape fractal dimension index reduced. This 
will negatively affect the stability of the water-
shed landscape, and, to some extent, it will also 
increase the fragility of the landscape. Seen from 
the diversity index, it maintained between 0.5921 
and 0.601 showing a weak increasing trend and the 
landscape complexity and stability were low.

4.3 Different landscapes spatial migration and 
temporal dynamic evolution

4.3.1 Landscape gravity centers and migration
The landscape spatial and temporal change proc-
esses in Chuanjiang River Basin could be analyzed 
by the gravity center migration model: the gravity 
centers migration of all kinds of landscape types 
reflects the regional landscape spatial change 
pattern, and the direction, distance related with 
regional natural conditions could mirror the trend 
of the land use/coverage‘s gravity center migration 
qualitatively (Wang H. & Wang C.M., 2003).

In the Figure 3 and Table 3, gravity centers spa-
tial characteristics of various landscape types have 
obvious spatial aggregation and difference, which 
means that the location of these gravity centers 
obey a certain zonal distribution pattern. Except 
gravity center of grassland landscape concentrating 
in the south of the Yangtze River, gravity centers of 
other landscape types are scattered in the north val-
ley basin of Yangtze River evenly. From north to 
south, the landscape gravity centers of waterbody 
landscape, desert landscape, agriculture landscape, 
forest landscape, and grassland landscape were 

located in order. The grassland landscape gravity 
center was around the boundary of the basin, while 
the gravity centers of agriculture and forest land-
scape mainly distributed in region 1 and 2 and the 
rest of others concentrated in area 4, 5, and 6.

As shown in Figure 4 and Table 4, in terms of 
gravity center’s migration distance, from 1985 to 
2014, was examined to be the most significant for 
agriculture landscape, followed by desert landscape 
and grassland landscape. The movement of gravity 
center of waterbody landscape was slight and that 
of and forest and agricultural landscape was not 
remarkable. In terms of orientation of migration 
of gravity centers, there was no obvious change 
law about different landscape types gravity cent-
ers migration direction in different the research 
period. The landscape spatial migration pattern 
could reflect, to a certain extent, the gravity cent-
ers migration significance.

The gravitational center of agricultural landscape 
moved to the northeast by a relatively far distance: 
moving to northeast from 1985 to 1995 by 39.73 m, 
to northwest from 1995 to 2000 by 27.47 km, to 
southeast from 2000 to 2005 by 23.90 km, to 
southwest from 2005 to 2014 by 23.90 km, and, 

Table 2. Different landscape index in Chuanjiang River 
Basin from 1985 to 2014.

**: L-Disversity is the landscape diversity index, L-Shape 
Index is the landscape shape index, and L-Fractal is 
landscape fractal dimension. Figure 3. Gravity centers distribution of different land-

scape types in the Chuanjiang River Basin.
***: The numbers 1, 2, 3, 4, 5, 6 present the gravity center 
position of the agriculture landscape, forest landscape, 
grassland landscape, waterbody landscape, built-up land-
scape and desert landscape, respectively.

Table 3. Gravity centers coordinates of landscape unit: 
degree.
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And the range of agricultural and forest landscapes 
migration were small implying that they were more 
stable than other landscape types.

In addition, the correlation within the gravity 
center migration of different landscape types in 
Chuanjiang River Basin and between the regional 
economic, population growth, urbanization and 
other driving factors of migration will be further 
analyzed in the later research.

4.3.2 Landscape dynamic changes
According to dynamic changes in different periods 
of all landscapes and integrated landscape dynamic 
changes (as shown in Table 5), regional landscape 
pattern changes in Chuanjiang River Basin were 
analyzed: the proportion of build-up landscape rise 
up to 44.62%, by 12.87% in period of 1995–2000 and 
29.78% from 2000 to 2014, reflecting the significant 
urbanization speed. Agriculture landscape increased 
by 0.32% and forest landscape decreased by 0.31% 
during 1985–2014. Urbanization accelerated, at the 
same time, forest landscape were construct which 
influenced the agricultural landscape, like cultivated 
land, while the grassland landscape and desert land-
scape both changed in different degree.

The integrated landscape migration rate of 
Chuanjiang River Basin were 0.45%, 0.39%, 
0.23%, 0.39% in 1985–1995, 1995–2000, 2000–2005 
and 2005–2014, separately, which means that there 
were 0.45 km2, 0.39 km2, 0.23 km2 and 0.34 km2 of 
every 100 km2 landscape area had changed. With 
the economic and social development, land use in 
the Chuanjiang River Basin was affected by vari-
ous interferences in nearly 30 years, thus the area of 
each landscape significantly changed. Especially in 
the early 20th century, the population growth has 
accelerated, the contradiction between human and 
land sharpened and land use was faced with great 
pressure due to the advancement of urbanization 
(Shu R.Q., He T.R. & Ban B.R., 2013).

Figure 4. Different landscape types shift variation.

****: The unit of number is meters, and the capital letter 
monogram is shift directions.

Table 4. Landscape Gravity Centers and Their 
 Migration UNIT: m.

 generally, migrating to southeast from 1985 to 
2014 by 53.08 km. Compared with other migra-
tion orientation, the relatively significant south-
eastward migration showed that, in this direction, 
 urbanizing speed is faster. In contrary, the desert 
landscape gravity center migrated to northwest. 

*****: The number of 1, 2, etc. presents the different land-
scape respectively, namely the agriculture  landscape, for-
est landscape, grassland landscape, waterbody  landscape, 
built-up landscape and desert landscape. The bold is the 
maximum and underline presents the  minimum.in the 
column, and the bold Italic is the value of the LC.

Table 5. Dynamic migration of landscape types of 
Chuanjiang River Basin from 1985 to 2014 UNIT: %.
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5 CONCLUSIONS

1. The composition of landscape was obviously dif-
ferent, with the percentages of forest landscape 
and grassland landscape being relatively lower.

2. The overall landscape pattern is simple, land-
scape diversity is low, and the increase trend 
of landscape fragmentation sustained and then 
aggrandizes the fragility of the landscape. So 
land use resources utilization should be adjusted 
to improve the integrity and diversity of water-
shed landscape and to enhance the anti-interfer-
ence of landscape itself.

3. Gravity center distribution of different landscape 
types has particular zonal distribution patterns 
in different periods. Gravity center migration of 
a typical landscape type is significant, especially 
the agriculture and desert landscape, which indi-
cates that the spatial changes of agriculture and 
desert landscape are largest under the influence 
of natural force and human activities.

4. A typical landscape type and the comprehen-
sive landscape dynamic changes shows the sig-
nificant changes of landscape on different time 
scales from several angles, and the consistency 
with the landscape gravity center migration sig-
nificance. The most significant change is built-up 
landscape for it bears the population and urban-
ization. The integrated landscape dynamic rate 
of Chuanjiang River Basin was 0.99% during 
1985–2014, which means there are 0.99 km2 of 
landscape areas per 100 km2 have changed.
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Effect of motor vehicle emissions on air quality of green urban community
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ABSTRACT: Green building is the core topic of human habitat construction. A comprehensive index 
of NOx pollutant was proposed to evaluate the effect of motor vehicle emissions on green buildings. The 
evaluation index was extracted from the regulatory requirements of Urban Residential Area Planning 
Design standard (GB50180-93) and Ambient Air Quality Standard (GB3095-2012). The effect of local 
meteorological wind field on the comprehensive index was considered. The component transport (species 
transport) model was adopted to simulate the pollutant distribution of motor vehicle emissions. The air 
quality of the urban community was evaluated under the condition of typical wind of different seasons. 
The weight of each season was determined by analytic hierarchy process method. The result showed that 
the proposed comprehensive index was favorable to evaluate the air quality of green buildings.

Keywords: air quality; green buildings; motor vehicle emissions; urban community

wind speed and direction of different seasons. The 
outdoor motor vehicle emissions diffusion was 
simulated by CFD and the weight of each season 
was determined by the analytic hierarchy process 
(AHP). The results showed that the proposed com-
prehensive index is favorable to evaluate the quality 
of atmospheric environment in windy cities.

2 MATHEMATICAL MODEL

Air flow around buildings is a low speed incompress-
ible turbulent flow. The widely used RNG k − ε model 
was introduced to consider the effects of turbulence 
and the control equations are the same as those in 
the reference (Chen et al., 2011). The average inlet air 
velocity is as following ( Liu et al., 2011):

U
U z
( )z

0 0U zU
=

z⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

0.25
 (1)

where U(z) and U0 is air velocity at the height of z; 
and the reference height of z0 = 10 m.

At the outlet boundary, the air velocity is 
assumed to be fully developed. The non-slip wall 
boundary is applied to the ground and walls of 
buildings.

1 INTRODUCTION

Currently, motor vehicle emissions are considered 
as a major source of urban ambient air pollution. 
NOx is the main substance near the surface atmos-
pheric which forms photochemical smog. Further-
more, NOx delivery leads to regional acid rain, 
eutrophication and other large-scale pollution.

The study of motor vehicle emissions began 
in the mid 20th century in Europe and America. 
(Zhang et al., 2013) estimated on- and near-road 
NO2 concentrations and the health risks for free-
way and arterial scenarios attributable to traffic for 
different traffic volumes during rush hour periods. 
(Madalozzo et al., 2014) investigated numerically 
the wind flow and pollutant dispersion with a two-
dimensional street canyon model by considering 
three different aspect ratios and four different wall 
heating configurations. (Tang et al., 2014) inves-
tigated the effects of real-time road condition on 
each vehicle’s speed, acceleration, headway, fuel 
consumption, CO, CH and NOX under uniform 
flow with a car-following model.

The wind effects are not fully considered in the 
existing evaluation methods to achieve a compre-
hensive evaluation of motor vehicle emissions of 
complex buildings, especially in windy areas. In 
this paper, a comprehensive evaluation index is 
proposed by considering the frequency of local 
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Pollutant convection-diffusion equation:
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where, C is concentration of pollutant; SC is Schmidt 
number; and S is source term of pollutant.

The vehicle pollution was assumed as a line 
source located in the center of the street and the 
flow field in the street is not affected by the pres-
ence of pollutant. Emission source intensity of 
motor vehicle was determined by:

ENN /3600  (3)

where Q = vehicle emission source intensity on 
the road, g/(km ⋅ s); N = road traffic discharge, 
vehicle/h; and E = integrated emission factor of 
NOx, g/km/vehicle.

Refer to the literature, N is 2175 vehicle/h (Ye et 
al., 2007), E is 4.4 g/km/vehicle (Liu et al., 2008) in 
the study area. The emission source was supposed 
to be at the height of 0.4 m in order to simulate the 
emission of vehicles.

3 MODEL ESTABLISHMENT AND 
SIMULATION WIND CONDITIONS

The community of the present approach is 
located in the centre of Tianjin city. The height 

of computational domain is 5 times of that of the 
tallest building of the community, which is about 
250 meters. Horizontal length and width of the 
computational domain is taken as the center of 
the surrounding streets. Since the wind field far 
above the buildings is affected weakly by them, the 
computational domain is divided into two zones 
by the mid-height of the domain. Dense unstruc-
tured grids are used in the lower zone, while sparse 
structured grids are used in the upper zone. After 
grid independence is checked, two million grids 
are suitable to the present simulation. The control 
equations are discreted by finite volume method 
with second order upwind scheme. Pressure-
velocity coupling is realized by the SIMPLEC 
algorithm.

According to meteorology wind rose of Tianjin 
(Lu et al., 2013), the selected typical scenes of 
Tianjin meteorology were shown in Table 1.

4 REQUIREMENTS AND EVALUATION 
INDEX

According to the Urban Residential Area Planning 
Design standard (GB50180-93) and Ambient Air 
Quality Standard (GB3095-2012), the air quality 
of residential area is the secondary level, where 
the average concentration of NOx is less than 
100 ug/m3 (2.173 × e−09 kmol/m3) in 24 hours. 
Based on the above requirements, one evaluation 
index called as Standard Area Ratio of Character-
istic Pollutant Concentration Limit (SARCL) was 
proposed. It is the area ratio of the pedestrian area 
with pollutant concentration above 100 ug/m3 to 
that of outdoor at 1.5 m height.

The outdoor comprehensive index of motor vehi-
cle emissions of a season is calculated as follows:

R P f jf
j

M

K jR P
=

100
1

∑  (4)

Table 1. The selected typical simulated scenes of Tianjin.

Typical season

Typical simulated scenes

Winter Summer
Spring and 
autumn

Wind velocity (m/s) 4.1 2.2 2.2
Wind direction Wind frequency (%) 

N 11.5  3.1  4.7
NNE  3.8  4.3  1.4
NE  1.6  3.3  1.9
ENE 11.2  5.1  1.9
E  0.0  0.0  5.6
ESE  9.3  8.4  2.8
SE  4.8 12.0 10.7
SSE  4.8 12.0  3.7
S  4.8 12.0 11.7
SSW  8.3  9.2 11.2
SW  9.3  7.9 13.6
WSW  0.0  0.0  3.7
W  5.4  3.8  7.5
WNW  8.3  7.1  2.3
NW  6.7  5.1  9.8
NNW  9.9  6.6  7.5

*The wind velocity refers to the wind speed at the height 
of 10 m.

Table 2. Assessment standards of effect of motor 
vehicle emissions on outdoor air quality.

Outdoor 
air quality Poor General Good Better Very good

R <60 60–80 80–90 90–95 95–100

Table 3. Weight of typical season.

Typical season Winter Summer Spring and autumn

Weight 0.25 0.25 0.5
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where, RK is the outdoor comprehensive index of 
motor vehicle emissions of a season. Large RK 
means good outdoor air quality. M is the number 
of typical wind cases. fj is the wind frequency of 
jth typical wind of the season and Pj is the value of 
index (SARCL) at jth typical wind. For the present 
case, M=16 is for all seasons.

Considering the season of winter, summer, 
spring and autumn, the outdoor comprehensive 
index of motor vehicle emissions for a whole year 
is calculated as:

R W Rk kWW R
k=
∑

1

3
 (5)

AHP method (Li et al., 2012) was adopted to 
the determine index weight. Assuming the equal 
weight for all seasons, the weight of typical seasons 
was shown in Table 3.

5 NUMERICAL RESULTS 
AND DISCUSSION

Figure 1a showed the concentration distribution of 
NOx on the plane z = 1.5 m under the typical 2.2 m/s 

W wind in summer. The maximum concentration 
is 6.77 × e–09 kmol/m3. High concentration of NOx 
is mainly near the inlets. Figure 1b shows the NOx 
concentration distribution that meets the require-
ment of Ambient Air Quality standard. Because 
the street is the generation place of pollutants, high 
concentration of pollutants is close to the inlet. At 
this case, SARCL is 93.8%. The areas not satisfy-
ing the standard requirements should be improved 
by appropriate measures, such as rearranging the 
buildings to reduce NOx concentration.

Figure 2a showed the NOx concentration dis-
tribution on the plane z = 1.5 m under the typical 
4.1 m/s S wind in winter. The maximum concen-
tration is 7.47 × e–09 kmol/m3. High concentration 
of NOx is in the region of the inlets mainly. Areas 
with eddies are poorly ventilated and they are 
easy to accumulate high pollutant concentration. 
Figure 2b showed the NOx concentration distribu-
tion that meets the requirement of Ambient Air 
Quality standard. For this case, SARCL is 85.7%.

Similarly, the outdoor NOx diffusion of motor 
vehicle emissions of different wind directions in all 
seasons was simulated and the results of SARCL 
are shown in Table 4.

The outdoor air quality of the studied commu-
nity of winter, summer and spring and autumn is 

Figure 1. Concentration contours of NOx (kmol/m3) at 
the height z = 1.5 m under the typical 2.2 m/s W wind in 
summer.

Figure 2. Contours of molar concentration of NOx 
(kmol/m3) at height z = 1.5 m under the typical 4.1 m/s 
S wind in winter.
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86.96, 89.76 and 89.93, which is all corresponding 
to the grade of good, respectively. The outdoor air 
environmental quality of the studied community in 
the whole year is 89.1, which is also in the grade 
of good.

6 CONCLUSIONS

The outdoor NOx concentration of motor vehicle 
emissions of a community in central Tianjin city 
were simulated by considering typical local winds. 
The outdoor comprehensive index of motor vehicle 
emissions was proposed by considering the stand-
ard for Urban Residential Area Planning Design 
standard (GB50180-93) and Ambient Air Quality 
Standard (GB3095-2012).

The results indicated that the outdoor air qual-
ity of the studied community in all seasons and 
the whole year is in the grade of good. Obvious 
eddies and low wind zones were found between the 
buildings in the seasons of spring, summer and 
autumn. The windward sides of buildings need to 
be reduced for small wind obstruction and eddies. 

The high concentration of pollutant near the inlet 
boundary was found to exceed the Ambient Air 
Quality Standard of China. The areas should be 
improved through reasonable measures, such as 
rearrangement buildings.
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NE 84.4 86.6 85.5
ENE 82.1 83.6 82.8
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The old town of Wubu the forgotten stone castle
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College of Architecture and Civil Engineering, Taiyuan University of Technology, China

ABSTRACT: In a class trip, we happened to get acquainted with a centenarian at the west of the Yellow 
River—the Old Town of Wubu. The Old Town of Wubu awed us greatly with its vigorous and majestic 
momentum, and profound historical values are embedded in its dilapidated appearance that went through 
ages. Rammed earth walls, cave dwellings built with bricks as well as streets and roads built under the principle 
of “adjusting measures to local conditions” all show the wisdom and effort of ancient Chinese people. How-
ever, with transportation streamlines moving to the south, the Old Town of Wubu gradually lost its geographic 
advantages and was abandoned, leaving a “ghost town” standing in the rubble. How should the historical 
values of Wubu be re-evaluated? In addition, what should be done to protect the Old Town of Wubu?

Keywords: old town; current situation; brick and stone masonry structure; protection

the natural barrier of the Yellow River—the Stone 
Mountain, the Old Town of Wubu was known as 
“Bronze Wubu” at ancient times. It is shown in 
Figure 1 that Wubu is situated on the key gateway 
of Lvliang Mountain Range. As early as the Spring 
and Autumn Period, this position was an important 
checkpoint between the State of Qin and the State 
of Jin, playing an indispensable role in the aspect 
of strategic defense. However, nowadays as the 
important traffic road moving to the new County of 
Wubu, the Old Town of Wubu lost its geographical 
advantages and was gradually abandoned.

2 A VISIT TO THE OLD TOWN OF WUBU

An accidental occasion brought us to the sleeping 
old town with a history of more than thousands 
of years. The destination of our class trip was 
Lvliang County of Shanxi Province. Originally, 
we were planning to end our trip at the Town of 
Qikou, Liulin County, hoping to make the view 
of the magnificent ferry of the Yellow River the 
highlight of the whole trip. We did not have the 
intention of traveling across the Yellow River. 
However, while passing by the Village of Jundu, 
we were deeply attracted by the hundreds-meter 
Yellow River Bridge. Impulsively, we went across 
the trembling Bridge and arrived at Wubu County 
across the river.

Exploring the Old Town of Wubu, we found 
a dilapidated yet exquisite Taoist temple. After 
traveling along the winding mountain road for doz-
ens of Li, we encountered with fragments of the 
city wall. The stone town cast a touch of ancient 

1 LOCATION ANALYSIS

The Old Town of Wubu, also called the Stone Town 
of Wubu, is located at the mountain peak on the west 
bank of the Yellow River. Only 2.5 kilometers to the 
north of the Town of Songjiachuan, Wubu County, 
the Old Town of Wubu is the best-remained ancient 
town with a history of more than a thousand year 
at northwest China. Located at the east border of 
Yellow River Plateau and the west side of the mid-
stream of the Yellow River, Wubu is an important 
transportation hub at the road connecting Shanxi 
and Shaanxi. The Yellow River at its east and the 
natural moat to its west provide natural covers for 
defense; meanwhile the town connects with the 
bank on the south and the mountain to the north 
by a state road and a strategic passage. Located on 

Figure 1.
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style to us. About 300 meters away from the wall, 
an abandoned building was standing quietly, as if  
it was a housekeeper welcoming guests from afar. 
Since it must been abandoned for a rather long 
period of time, the building appeared very humble. 
Entering the only yard of the building, we identified 
the grand hall in the middle with two blurred stone 
tablet at the east and west side. The yard was cov-
ered with barbed wild grass, and brick rubble and 
broken tiles scattered around. Picking up a piece 
randomly, I identified the engraved “dragon scale” 
on it. It might be a piece from the dragon engrav-
ing on the stone pillar. The head of the engraved 
dragon was missing, maybe it was picked home 
as a collection. While pitying about the pillar, we 
also found that the structure of the grand hall was 
rather completely remained. The outline of the hall 
was in the shape of a cubic with a flat top, and the 
inside was a traditional structure of a stone cave. 
The plaque above the door was engraved with char-
acters “Yu Xu Gong (Temple of Yu Xu)”, from 
which one can tell that the construction was an 
abandoned Taoist Temple. The statue of Celestial 
Yuxu had already disappeared, yet the mark of its 
base can still be found on the floor. Soft color wall 
paintings can be seen from the wall and the ceiling, 
yet they were all blurry under the power of weath-
ering. Thus, contents of the paintings were difficult 
to tell. Later I also failed to find relevant resources 
regarding this temple from the internet. We could 
only tell from the degree of the weathering that the 
temple was constructed at the same period with 
the old town of Wubu. Passing this dilapidated yet 
meaningful Taoist temple, we finally entered the 
Old Town of Wubu.

Ancient city wall, the weather-beaten stone guard-
ian. The ancient wall of the old town was weathered 
seriously, standing now with a dilapidated overall 
structure and grass growing at the crack of stones. 
The mark of bomb and fire reminded us of the cruel 
situation during the period of the Anti-Japanese 
War. It seems that this ancient city had encoun-
tered with not only the weather beaten of time, but 
also the damage brought by the invader. Nowadays 
it is still sitting quietly and strongly at there, wait-
ing for its visitors. The gate tower above the wall 
had collapsed yet the gate was still firm. The char-
acter “Ying En” can be seen from the stone plaque 
over the gate. I reckoned that the gate used to be 
an abustle place, yet with the development of time, 
it was neglected by people. The two characters 
presented a feeling of loneliness. Quietly standing 
under the gate and gazing it, we were overwhelmed 
with complicated feelings. Climbing onto the wall 
and walking to the eastern part of it, we looked at 
the view down from a height. Through the crenel 
we can see the Yellow River stretching dozens of Li 
with a magnificent momentum. The eastern side of 

the wall was better retained. I reckoned the reason 
was that the eastern part was next to the cliff  that 
was able to prevent the town from the attack of 
enemies. The advantageous geographical location 
retained its appearance, leaving valuable materi-
als for researches at later times. At the connection 
point of southern and eastern wall, there was a 
three-story masonry-timber structured hexagonal 
building. An awe-inspiring statue of Kuixing was 
standing on the top floor. With its red face, bushy 
beard, red calligraphy brush in his hand and wood 
bowl on his foot, the statue as if  was intimidating 
enemies from dozens of Li to stay away from the 
town. Walking along the wall to the south gate, we 
saw a well-structured barbican with a complete and 
magnificent Temple Of Guan Yu in it. There were 
three masonry-timber structured grand halls in 
the Temple, and the statue of Guangong was also 
remained thus we can identify the function of the 
temple. Constructing a barbican at this side indi-
cating that the spot was of strategic importance. 
Although the town does not contain strategic func-
tion nowadays, the solid structure and the marks 
remained from wars still prove its heroic position 
in people’s mind.

Visiting the dwellings in the old town and feel-
ing the mingling of history and present. Stepping 
down the city wall and feeling reluctant to leave, 
we realized that the city wall only contained assis-
tive functions to the old town and cannot represent 
the folk culture and customs of the town. Thus we 
decided to enter the town and visit our real desti-
nation: the residential area. The roads and streets 
in the old town were built under the principle of 
adjusting measures to local conditions. Houses 
were built alongside the mountain without an 
obvious axis. Stone cave was the major construc-
tion form of the residential building group. Brick 
caves and wood houses lined alongside the winding 
and narrow road. Different kinds of constructions 
echoed each other and formed a harmonious pic-
ture, presenting an exquisite beauty that was rarely 
seen in northern China and bringing pleasant feel-
ings to passersby.

A depiction of major characteristics of  the 
dwellings in the old town—taking an abandoned 
house as an example. The appearance of the aban-
doned house is shown as in Figure 2. Just like 
major construction groups in northern China, the 
house was a quadrangle dwelling. Unlike usual 
quadrangle dwellings, houses around the yard 
were all stone caves. From the decayed window 
and doorframes as well as knee-high grass, one 
can tell that this house had been abandoned for 
years. The time of its construction was also very 
difficult to tell. The four rooms on the main side 
were caves built with square stones, the cliffs on 
two sides supported the outer wall of  the caves, 
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bearing side thrusts from the caves and making 
them stand firmly. Thus after being abandoned for 
years, the caves can still standing steadily as new. 
Exquisite decorations made by bricks were placed 
on the tiles at the top of the cave, telling people 
that the original host may be a rich and influential 
family. Other constructions at the old town were 
similar to this. Most of  them were quadrangle 
dwellings, yet with less structured orders. Thus 
this house can be analyzed as a typical residential 
construction in the Old Town of Wubu.

3 ANALYSIS ON THE HISTORICAL 
VALUE OF THE OLD TOWN OF WUBU

Analysis on the geographical location of Wubu: 
why was the city such a firm fortress? From the 
geographical location of Wubu as well as relevant 
documents, one can see that as early as the Spring 
and Autumn Period and Warring States Period, 
Wubu was an important strategic point as well as 

a business checkpoint. Thus the town had a very 
high demand for its defensive function. The reason 
why ancient people built the Town of Wubu as a 
firm stone fortress was more or less related to its 
important geographical location. As two impor-
tant counties at the border of the State of Qin and 
the State of Jin, Yulin and Lishi, with Jundu and 
Wubu as their frontier towns, stood opposite to 
each other on the two banks of the Yellow River. 
The Old Town of Wubu, located on the hill to the 
west of the ferry, offered a clear view of dozens of 
Li. Naturally the view of the town of Jundu can 
be seen from the gate tower of Wubu. The Yel-
low River that stretches dozens of Li on the bor-
derline between the State of Jin and the State of 
Qin played the role of a natural barrier, in addi-
tion, Wubu, the stone fortress at the peak of the 
hill, enhanced the degree of protection. Casting 
their eyes on each other, the two States never dared 
to step forward. This kind of strategic confronta-
tion that formed since very long time ago, on the 
contrary played a decisive role for promoting the 
“alliance between the State of Qin and the State 
of Jin”. Hundreds of years later, with the eastward 
expansion of the State of Qin, China is gradually 
unified. Yet the strategic significance of Wubu still 
remained. After being unified, ancient China had 
experienced long-standing conflicts with nomads 
from the north, while the middle and lower reaches 
of the Yellow River became the major area suf-
fered from the conflicts. The County of Yulin thus 
became the northern gateway of the capital city 
(near today’s City of Xi’an). If  the county of Yulin 
once was occupied by the invaders, other cities and 
counties of the ancient China will be easily invaded. 
Thus the significance of the old town of Wubu in 
guarding the country became more obvious. With 
the changes of many dynasties and the expansion 
of the territory of China, the old town of Wubu, 
once a border city, gradually became an inland city. 
With the changing of its geographical meaning, 
the old town of Wubu entered its transformation 
period. The major function of it changed from 
defense to trade, meanwhile the residents moved 
gradually from the hill to the field by the river. Due 
to the disadvantage of traffic inconvenience, the 
stone city of Wubu was neglected by people and 
was downgraded to a county. During the years of 
Anti-Japanese War, residents moved back to the 
stone fortress due to special historical reasons, and 
Wubu for another time became an important mili-
tary post of the anti-Japanese revolutionary base 
area. During this period, the town of Wubu suf-
fered from Japanese Army’s artillery attack. The 
wall of the town was seriously damaged, yet the 
town survived from the war and was not occu-
pied by Japanese Army. After liberation, the old 
town of Wubu was again seriously destroyed in 

Figure 2.

Figure 3.
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Cultural Revolution. Residents for another time 
demolished their houses and moved to the field by 
the river, leaving only four to five households living 
at the old town. Thus Wubu became an abandoned 
town at present. And we could only catch a glimpse 
of this building group that contains a history of 
more than thousands of years by accident.

4 SUGGESTIONS ON THE PROTECTION 
AND PROMOTION OF THE OLD TOWN 
OF WUBU

What should be done to protect historical living 
fossils like the Old Town of Wubu? My suggestions 
are as follows. It is expected that readers of this 
article can gain certain inspirations from my sug-
gestions and realize the significance of the protec-
tion of regional culture.

4.1 Traffic

Smooth mountain roads should be paved to con-
nect the Old Town of Wubu with the outside world 
so that people will not refuse to live there due to 
traffic inconvenience. This is the most important 
measure that should be conducted. The biggest 
disadvantage of Wubu is that rough and rug-
ged roads seriously affect people’s daily traveling. 
Transforming and optimizing traffic conditions 
as well as setting striking road signs can not only 
make local people willing to live in the Old Town 
of Wubu, but also allow more travelers passing by 
to notice its existence.

4.2 Reasonable planning

The original constructions of the Old Town of 
Wubu should be retained; meanwhile residential 
areas should be designed and built around the 
old town. The dilapidated appearance of the Old 
Town of Wubu can still reflect the style of its his-
toric beauty. Thus rebuilding or repairing ancient 
constructions should not be the only target of our 
effort, since only rebuilding or repairing may lead 
to further damages to historical relics. Building new 

residential areas around the original old town can-
not only protect the historical and cultural relics 
to the largest extent; the economy of the old town 
can also be driven by the development of the new 
residential area. Indeed the two accomplishments 
can be achieved by conducting this one measure.

4.3 Cultural education

Cultural education to local residents should be 
further enhanced thus to make people realize the 
significance of protecting cultural relics. Through 
holding festival activities at the Old Town of 
Wubu, the County Government has conducted 
cultural education and publicity to local residents. 
Efforts have been made to promote the idea of “Be 
Proud of Old Town of Wubu” and lead people 
to spontaneously protect cultural and historical 
relics. Experts studying local cultural relics were 
also trained and supported to conduct researches, 
make surveys and write books on the old town, 
thus to promote to the largest extent the Old Town 
of Wubu.

4.4 Advertising

More advertising publicity should be conducted 
to push forward the development of Old Town of 
Wubu as a tourist spot. Travel routes should be set 
in the Old Town of Wubu and business commer-
cials should be shot thus to further promote the 
fame of the old town in Shaanxi Province or even 
larger area and attract more tourists. These meas-
ures can not only drive the business development 
of the surrounding areas, but also make local resi-
dents focus more on the protection and repair of 
cultural and historical relics.
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Different countries make use of different means 
of expression of historic site. The essay makes 
simple comparison on the names in China, Japan, 
Britain, and America (Fig. 1).

2 EVALUATION CRITERIA 
OF HISTORIC SITE OF UNITED 
NATIONS AND BRITAIN, AMERICA, 
JAPAN, AND CHINA

The protection way for cultural heritage in world-
wide scale can be divided into appointment sys-
tem, listed system, and mixture of appointment 
system and listed system. [2] Most of countries in 
Europe and America adopt listed system or mix-
ture of appointment system and listed system. In 
1996, Japan also added the heritage listed system 
in the evaluation criteria while it retained the her-
itage appointment system by revising the herit-
age protection law—Protection Law of Cultural 
Properties.

2.1 Evaluation criteria of “outstanding universal 
value” of world cultural heritage

As the only criteria for listing World Heritage Lists 
that was formulated by World Heritage Committee, 
Outstanding Universal Value (shorten for OUV in 
the following) mainly emphasizes that the cultural 
and natural value or some value of heritage is rare. 
Since the Operational Guidelines of World Cul-
tural and Natural Heritage Convention were issued 
in 1977, it is revised nearly every year. In the cur-
rent 2005-version Operational Guidelines, the OUV 
definition of world heritage is illustrated as: “OUV 
means the cultural/historic meaning. It is so special 

1 THE REFLECTION OF THE 
DEFINITION OF HISTORIC SITE 
UNDER DIFFERENT STATE CONTEXTS

With the development of world cultural heritage 
protection movement, when the historic protec-
tion develops from the historic relic protection to 
the integrality protection of historic and cultural 
environment protection, an extremely important 
definition emerges out of demand and oppor-
tunity. “Historic District/Historic Site” refers to 
those the areas with urban historic features, land-
scape and image which can reflect social life and 
cultural diversity in the aspects of natural environ-
ment, artificial environment, and humanistic envi-
ronment, and it is the witness of urban history. [1] 
In China, when publishing the second batches of 
famous historic cultural cities in 1986, the defini-
tion of historic site was officially proposed the 
definition of historic site—“it refers to the sites 
with rich relics which can completely and really 
reflect the traditional scene or national and local 
features in certain historic period, and it is the area 
of certain scale existing more cultural relics and 
historic sites, and modern historic relics and his-
toric building.”

Figure 1. Relevant definitions of historic site.
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that it exceeds the national boundaries, which is 
of common significance to all mankind’s contem-
porary and future generations. Therefore, protect-
ing these heritages permanently has the greatest 
importance for international society which is as a 
whole.”

Assessing 10 criteria of OUV, first six criteria 
are used to measure cultural heritage, covering all 
the definitions of historic sites mentioned in the 
essay: [3]

             i.  represent a masterpiece of human creative 
genius; 

      ii.  exhibit an important interchange of human 
 values, over a span of time or within a cultural 
area of the world, on developments in architec-
ture or technology, monumental arts, town-plan-
ning or landscape design; 

iii.  bear a unique or at least exceptional testimony 
to a cultural tradition or to a civilization which is 
living or which has disappeared; 

 iv.  be an outstanding example of a type of building, 
architectural or technological ensemble or land-
scape which illustrates (a) significant stage(s) 
in human history; 

         v.  be an outstanding example of a traditional 
human settlement, land-use, or sea-use which 
is representative of a culture (or cultures), or 
human interaction with the environment espe-
cially when it irreversible change; 

 vi.  be directly or tangibly associated with events 
or living traditions, with ideas, or with beliefs, 
with artistic and literary works of out-
standing universal significance. (The Com-
mittee considers that this criterion should 
preferably be used in conjunction with other 
criteria).

2.2 Criteria of listed heritage in Britain, 
America, and Japan

  I.  The conception of listed protection for historic 
site in Britain appeared in Law of Urban Plan-
ning in 1944. The definition of listed architec-
ture was given by the law, but the revised Law of 
Urban Planning in 1947 was the law to officially 
establish the criteria framework. The Planning 
(Listed Building and Conservation Areas) in 
1990 gave the definition of listed building and 
conservation areas: “it refers to the architecture 
with special architectural art value or historic 
value whose features and appearance are worth 
conserving.” The listed process of building and 
listed conservation areas is: first, the experts of 
architectural history go to the site to investi-
gate the candidate architecture; then the archi-
tecture which was assessed to reach the listed 
criteria should be listed in “tentative list” to 

vend; and the suggestions of local government, 
protection communities, and ordinary citizens 
should be heard. If  there is no objection, the 
notification will be sent to local government 
after the official identification of DNH, and 
then the local government notifies the owner 
or user of architecture.

The main criteria and objects for selection 
of Listed Building and Conservation Areas 
include: [4]

 1.  The building which has special value in the 
aspects of building type, building art, plan-
ning and design, or the display of social and 
economic development history, such as indus-
trial building, train station, school, hospital, 
theater, city hall, poorhouse, and prison and 
so on;

 2.  The master work of technological reform or 
exquisite workmanship, such as cast iron, pre-
cast technology, and the early building with 
concrete technology;

 3.  The building which is related to impor-
tant historic events and important historic 
figures;

 4.  The building with the complete architec-
tural complex, especially with the examples 
of urban regulations, such as square, town-
house, and typical village and so on.

II.  America formulated The National Historic 
Preservation Act as early as October 1966. The 
national listed system of Historic Places could 
be regarded as the footstone of historic and 
environmental protection system in America, 
which is one of the important means of The 
National Historic Preservation Act to protect 
historic environment. The listed criteria for the 
national historic places are: it has important 
meaning in the aspects of American history, 
building, archeology, engineering technology, 
and culture; it has the complete area, relic, 
building, structure, and object in the aspects of 
site, design, environment, material, craft, emo-
tion, and association; it has a history of over 
50 years and complies with the following con-
ditions: [5]

 1.  It is associated with important historic 
events;

 2.  It has relation to the life of outstanding fig-
ures in the history;

 3.  It should be the work which reflects the 
unique characteristic of some type, some 
period, or some construction method, the 
representative work of masters, the work 
with high art value, or the ordinary work with 
group value; 

 4.  The prehistoric or historic important infor-
mation may be found or has been found 
in it. 
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III.  The heritage protection and assessment in 
Japan is dominated by the appointment sys-
tem, being assisted by the listed system. Com-
pared with the listed system, the content and 
procedure of the appointment system is more 
detailed and strict. While the listed system 
is more flexible, whose feature is regarding 
culture as the “resource” to continue to give 
development space for it and the necessary 
protection should be done as well. The Protec-
tion Law of Cultural Properties issued in 1950 
is the fundamental law of historic protection 
in Japan. In June 1996, Japanese Congress 
passed the new round of revise of Protection 
Law of Cultural Properties. Influenced by 
similar systems in various countries of West 
Europe, Japan also introduced the listed sys-
tem into laws. In Japan, the listed system can 
be regarded as a report and declaration and 
record system. If  the owner or user wants to 
be listed, they can apply to the local public 
group; local public group can also recommend 
to the state to be listed.

The listed criteria for cultural properties are: 
it should be the building, which has a history 
of more than 50 years and it should comply 
with one of the three following conditions: [6]
1. It may be the landscape with land historic 

meaning;
2. It should be the example of modeling art;
3. It should be the one which is hard to reappear 

or to be rebuilt. 

2.3 Evaluation criteria of Chinese historic site

Conforming to the trend of international protec-
tion movement, the historic and cultural herit-
age protection work in China keeps up with the 
trend of international protection movement, and 
experiences the protection process from “point” 
to “surface”—namely the protection concentrat-
ing on cultural building and architectural complex 
gradually develops into the protection of historic 
site concentrating on historic area, which gradu-
ally establishes the protection system of famous 
historic and cultural cities and the protection sys-
tem of scenic spots.

The declaration conditions for the famous his-
toric and cultural cities and towns and villages in 
China: the cities, town, and villages which comply 
with the following conditions can be declared as 
the famous historic and cultural cities, towns, and 
villages: [7]
1. It has rich cultural relics;
2. There are many concentrated historic 

buildings; 
3. It should keep the traditional layout and historic 

style;

4. It was the political center, economic center, cul-
tural center, traffic center, or important mili-
tary area in the history, or the place where the 
important historic events happened once; or its 
traditional industry and important projects in 
the history had important influence on the devel-
opment of local area, or the place which could 
reflect the cultural features and national features 
of local buildings.

3 THE COMPARISON AND ANALYSIS 
ON THE EVALUATION CRITERIA 
OF HISTORIC SITE OF UNITED 
NATIONS AND BRITAIN, AMERICA, 
JAPAN, AND CHINA

In summary, by analyzing and comparing the eval-
uation criteria of historic site sof United Nations 
and Britain, America, Japan, and China, the essay 
finds that:

  I.  In the World Heritage List of the United 
Nations, the evaluation criteria of OUV are 
more detailed and comprehensive, which can 
summarize the evaluation criteria of historic 
site of China, Japan, Britain, and America 
from different perspectives without anything 
uncovered. Moreover, it describes from the 
more bigger perspective with more flexible 
description. For example, the content about 
“building, technology, relic art, urban plan-
ning, or landscape design” mentioned in the 
second criterion of OUV, which cover com-
prehensive and concrete fields, while other 
countries only simply describe them by the 
relevant definitions of “important events”.

 II.  In the similar content of criteria of different 
countries, the value of cultural heritage in his-
toric site is especially emphasized rather than 
only limited to the definite object of cultural 
heritage itself  in the criteria for the assess-
ment of OUV in the World Heritage List of  
the United Nations. “Spirit” (first criterion), 
“value” (second criterion), and “witness of 
civilization or culture” (third criterion) appear 
multiple times in the criteria. By making com-
parison, it can be found that the descriptions 
of the criteria in other countries are static and 
monotonous, which only focus on the cultural 
heritage itself  and don’t explore the deeper 
historic value and cultural value.

III.  It is remarkable that it can be found in the 
comparison that the criteria of Japan, China, 
Britain, and America are reflected in the first 
four criteria of OUV, while there is almost 
no relevant illustration about the fifth and 
the sixth criteria of OUV in the criteria of 
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these countries. However, the fifth and the 
sixth criteria emphasize the relation between 
“human and environment,” is emphasized in 
the fifth and the sixth criteria, which is the 
core of assessment of OUV. The fifth and 
the sixth criteria take the abstract “culture” 
and “belief” as the assessment requirement 
directly. It shows that historic and cultural 
value is attached more importance, but these 
content and ways are not mentioned in the cri-
teria of other countries.

4 THE INSPIRATION OF THE 
EVALUATION CRITERIA OF 
INTERNATIONAL HISTORIC 
SITE TO CHINA HERITAGE 
PROTECTION SYSTEM

By making comparison, there are following inspi-
rations to China heritage protection system:

1. The declaration requirement for famous historic 
city, town, and village is too closed and static in 
China.
It can be seen from the comparison from third 
criterion of OUV in Figure 2 and the similar 
criterion (1) and criterion (3) of China that 
now Chinese assessment of historic site only 
focuses on the description of quality and style 
of current situation of building, which doesn’t 
consider the historic information, scientific 
value, art value, and emotional value of build-
ing. The assessment only focuses on the stage 
of horizontal comparison, whose measurement 
standards only fix on relic quantity, wholeness 
of building and architectural complex, and relic 
age. These criteria are too stiff  and closed, and 
the delimitation for protection range and con-
struction control zone can only keep the protec-
tion in the state of isolated, static, and negative 
state. For the protection of historic site, it is not 
only reflected on the expansion of protected 
object, but also is reflected on the understand-
ing of material value of historic environmental 
protection, the understanding and assessment 
of spiritual value and cultural value of historic 
environment.

2. China should strengthen the assessment of cul-
tural value of heritage
Except for having precious value in the aspect of 
material space environment, the deep human-
istic value of historic site should also be paid 
more attention. The real value of historic site 
and historic environment is not the building or 
structure itself; it is the outcome of culture and 
spirit, which creates and carries one or more 
historic atmosphere(s) with historic value, art 

value, and cultural value at the same time. They 
not only witness the environmental change of 
this region for a long time, but also record the 
change of culture, thought and concept, and 
lifestyle in different periods. They reemerge the 
history and the mutual reform of human and 
nature at any time. Thus, in the formulation of 
China heritage protection system the attention 
to the humanistic value in historic site and his-
toric block must be drawn more..

Figure 2. Similarities of evaluation criteria of various 
countries.
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3. Suggest for brigning in cultural listed system in 
China 
The emergence of new cultural heritage system 
doesn’t mean to deny or replace the original 
cultural system, but also bring new conception 
with available value in China protection system 
to supplement and improve the deficiency. For 
the current system in China, the formulation of 
it is mainly from the standing point of state to 
strictly select and “designate” the one which is 
important, prominent, and with special value in 
cultural heritages, and then some necessary lim-
its are added to their owners with the coercive-
ness more or less. The advantage of listed system 
lies in that it not only expands the range of her-
itage relic and protects some modern building 
and industrial relics, but also the sustainable 
protection can be deployed on these objects on 
the purpose of development and a new flexible 
protection system will be established, which is 
the trend of world heritage protection.

4. Strengthen the promotion and improvement of 
laws and regulations
It can be found in Figure 3 that the protection 
awareness of historic site in Britain, America, 

and some European and American countries is 
formed earlier than that of the United Nations 
and Asian countries. Britain established the 
framework of current listed system in Law 
of Urban Planning in 1947, while American 
enacted The National Historic Protection Act 
issued in October 1966 which became the foot-
stone of protection of historic site in America. 
However, from the perspective of assessment 
content, the evaluation criteria of OUV of the 
United Nations are more detailed and compre-
hensive, because the criteria for the assessment 
of cultural heritage will be revised every year 
in United Nations. The revise of the criteria 
is the constant illustration of the definition of 
“OUV” in Convention. The OUV is endowed by 
people, which is relative and changeable.

It can be seen that the value of historic site 
is dynamic and changeable. In the formula-
tion of China heritage protection system, the 
international vision and acute perspective for 
international heritage protection trend should 
be possessed, and the mutual promotion and 
improvement of laws and regulations should be 
paid attention.
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by  complying with the module definition and by 
combining the features of modeling, function, and 
science and technology. The module feature for the 
modular building is very obvious. A series of basic 
modules with relatively independent and standard 
structures and functions are designed and pro-
duced by analyzing the modeling, structure, func-
tion, crafts, and technology and so on. These basic 
modules can be wall unit, door and window unit, 
stair unit, balcony unit, bathroom unit, kitchen 
unit, and bedroom unit, which shape the architec-
tural industrial products that meet individual con-
sumer’s demand and meet the demand of market 
by selecting and combining the modules.

2.2 The development situation in rural areas

The study on modular building is late in China with 
slower development. There is less study on modular 
building in the aspect of residences in rural areas.

As China is increasingly focusing on residences 
in rural areas, China has also opened up studies 
on application of modular buildings to rural resi-
dences. For example, the 11th Five-Year topic—
Modular Technology and Software Development 
of Design for Residence Building in Rural Areas 
proposed by Ministry of Science and Technology 
that Beijing Jintumu Software Technology Co., 
Ltd has completed the study on Jinzhong area, 
Lijiang area, and Huizhou area, but there are 
some rural buildings with national and traditional 
features to be studied, such as the CHouse CAD 
three- dimensional software system designed for 
rural residence building. These research results lay 
a solid foundation for the application of modular 
building in rural areas.

1 INTRODUCTION

Earthquake disasters are very severe in China, with 
has features of great magnitude, high frequency, 
wide distribution, and shallow source. In recent 
years, earthquakes have happened often in China: 
an earthquake measuring 8.0 on the Richter Scale 
struck Wenchuan and Beichuan in Sichuan in 2008; 
anther measuring 7.1 occurred in Yushu county 
of Tibetan Autonomous Prefecture of Yushu in 
 Qinghai in 2010; in 2011, anr earthquake measuring 
5.8 on struck Yingjiang of Yunnan; another meas-
uring 7.0 happened in Lushan county of Ya’an city 
in Sichuan in 2013; earthquake quake measuring 
6.6 happened in the boundary between Min county 
and Zhang county of Dingxi city in Gansu in 2013; 
another measuring 6.5 happened in Ludian county 
of Shaotong city in Yunnan in 2014; and an earth-
quake measuring 5.0 Richter Scale happened in 
Jinkou river area of Leshan city in Sichuan in 2015.

The epicenters of these earthquakes are gener-
ally located in rural areas. There was no earthquake 
resistance measure or fortification measure for the 
residences in rural areas, so the earthquakes brought 
a lot of losses to these areas especially. Modular 
buildings have multiple values, so applying the mod-
ular buildings to the post-disaster reconstruction in 
rural areas is helpful to reduce the difficulties.

2 INTRODUCTION TO MODULAR 
BUILDING

2.1 Definition

Modular building is the building which is 
designed, produced, and constructed modularly 
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3 THE APPLICATION VALUE OF 
MODULAR BUILDING IN THE 
PROCESS OF POST-DISASTER 
RECONSTRUCTION IN RURAL AREAS

3.1 Improve the earthquake-resistance function 
of rural residence

Most rural residences are self-built houses, whose 
earthquake-resistance quality doesn’t reach the 
national or local relevant standards. Rural areas 
tend to be harder hit by earthquakes. The good 
 earthquake-resistance function of modular build-
ing can improve the earthquake-resistance function 
of the residences in post-disaster reconstruction and 
reduce the loss that earthquake brings to rural areas.

3.2 Speed up post-disaster reconstruction and 
make reasonable reconstruction plan

The technological level and construction efficiency 
of rural residence building are lower. Especially 
under the special situation of post-disaster recon-
struction, the traditional construction way and tech-
nology cannot meet the urgency of post-disaster 
reconstruction in rural areas. The efficient way of 
production and construction modular building 
can speed up the post-disaster reconstruction in 
rural areas and play the consoling role of building. 
 Furthermore, as the production efficiency of mod-
ular building is fixed, it is beneficial to the post-
disaster reconstruction, providing the reliable data 
support and reference frame for making scientific 
plan of post-disaster reconstruction work.

3.3 Raise the usage ration of resources

The main material for modular building is steel, so 
the retrievability of whole materials of buildings 
should be higher than that of ordinary buildings. 
Only in this, can it save resources. The materials for 
wall and floor slab are light, which can reduce the 
column load and therefore reduce the basic con-
struction cost. Under some conditions, the disaster 
relief  funds can be used directly to buy the mod-
ular building that is needed in rural areas, so the 
cycle chain of disaster relief  funds will be reduced 
to raise the usage ratio of funds and to avoid the 
uncertain factors to some degree.

3.4 Improve the post-disaster rural environment 
effectively

The ecological environment of post-disaster rural 
areas is destroyed severely, which becomes very 
weak. Thus, post-disaster reconstruction should be 
focused on the scientific, environmentally-friendly, 
and sustainable construction. Compared with the 
traditional building mode of rural residence, the 

production and construction mode of modular 
building is more environmentally friendly and sci-
entific, which can improve the rural environment 
after disaster effectively.

3.5 Motivate people to attend and diversify the 
building space types

The functions of modular building are better than 
that of the residences built by peasants with their 
limited knowledge and experience. Moreover, due 
to its special universal system, the non-professional 
construction staff  are able to design and construct 
residences with some professional knowledge. 
Local residents can make use of spare time to select 
the modules that they need and assemble their own 
residence, which is nearer the individual’s special 
demand than that of the residencea designed by 
professional staff  with a shorter time, and exerts 
the enthusiasm of the people in disaster areas in 
the post-disaster reconstruction.

3.6 Raise the energy-conserving and environment-
friendly index of residences

Modular building combines the advanced produc-
tion technology for low-carbon and energy-saving 
residences in developed countries. Compared with 
the traditional building, modular building can save 
over 47% of energy and reduce 51% of carbon 
emission, whose energy-saving index has reached 
65% of the energy-saving compulsory standard of 
heating of buildings in the third stage and is devel-
oping to the four-step energy-saving requirement.

3.7 Be helpful to promote residence 
industrialization

Residence industrialization began late in China and 
it is developing slowly. At present, although there 
are some residence production enterprises, they 
don’t promote residence industrialization remark-
ably due to the limit of their own technological 
ability and other factors. Some buildings can be 
designed and produced like products, if  modular 
building is released.

4 THE APPLICATION OF MODULAR 
BUILDING IN THE PROCESS OF POST-
DISASTER RECONSTRUCTION IN 
RURAL AREAS

4.1 Special post-disaster situation in rural areas

Rural residence construction is always a problem 
that is ignored and needs to be solved. It is very 
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severe especially in the process of post-disaster 
reconstruction in rural areas.

4.1.1 Multiple types and strong regional features 
of rural residence

Rural residences are different features in different 
regions. For example, the building forms and space 
structures are different among Hui-style buildings 
in Huizhou area, quadrangle dwellings in Beijing, 
and residences in Jinzhong and so on. Thus, it 
adds the difficulty to the fast, ordered, and sci-
entific post-disaster reconstruction in rural areas. 
However, modular building can meet the demand 
of space structure of different residences to the 
maximum degree due to its flexible and changeable 
spatial organizational ways.

4.1.2 Complicated and changeable post-disaster 
environment in rural areas

Rural areas spread all over China, whose environ-
ment is different, such as collapsed loess regions 
with the continental monsoon climate, and saline 
areas with the temperate continental climate and 
so on. Due to the complicated and changeable 
environmental conditions, and the destruction of 
earthquake, it adds the difficulty of post-disaster 
reconstruction in rural areas. Owing to the special 
physical and structural functions, modular build-
ings can adapt to the complicated environment.

4.2 The application analysis of modular building 
in post-disaster reconstruction in rural areas

Rural residence building spaces have strong regional 
features, so the post-disaster reconstruction in rural 
areas must be combined with local regional envi-
ronmental conditions. The flexible and changeable 
spatial assemble forms of modular building are 
suitable to the regional features of post-disaster 
rural areas, so the post-disaster reconstruction will 
be more reasonable and scientific.

According to modular thinking, post-disaster 
reconstruction work can be divided into the com-
bination of organic space of architectural complex 
and the spatial structure of single building unit. 
According to demand, it can be further divided. 
Finally, various modules can be combined organi-
cally. With the help of the effective leading and 
feedback system of organic space and unit space, 
both sides can be combined reasonably (Fig. 1). 
The difficulty in post-disaster reconstruction in 
rural areas can be reduced by simply facing the 
complicated situation and stably changing the 
same.

4.2.1 The combination modes of organic space
The regional feature of organic space is obvious, 
which emphasizes the organic integration with the 

surrounding environment. It can reflect the  modern 
sense at the same time of keeping the original geo-
morphic features, thereby improving the quality 
of environment of post-disaster reconstruction in 
rural areas. The organic space design of modular 
architectural complex mainly refers to combine 
several single building unit modules into a harmo-
nious and complete organic space of architectural 
complexes, whose forms are as shown in Figure 2. 
Various single building unit space modules need to 
respond and connect with each other, so the inter-
nal space and external space can be interweaved, 
harmonious, and uniform, whose basic combina-
tion modes are as shown in Figure 3.

The interaction and flexibility of building mod-
ules can make architectural complexes combine 
properly with the special environment to adapt to 
the complicated and changeable environment in 
rural areas. For example, the courtyard combina-
tion can combine with the forms of “three out-
sider courtyards and five insider courtyards” and 
“broking two courtyards with three courtyards” 
in Jinzhong area of Shanxi; it can also combine 
with the single courtyard or multiple courtyards in 
Beijing; it can freely combine with the topographic 
form of Shanxi to shape the form of architecture 
complex that is suitable to the local features. This 
comprehensive combination can combine with 
the complicated environment to shape the archi-
tectural form in harmony with regional culture.

4.2.2 The structural form of unit space
Comparatively speaking any relatively  independent 
single building in the organic space can be called 
the unit space. The inferior modules of the unit 
space of single building can be divided into the 
architectural internal space module and architec-
tural unit module.

4.2.2.1 Architectural internal space module
Architectural internal space module can be divided 
into functional space module, traffic space  module, 

Figure 1. Diagram of construction principle for modu-
lar building space.
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and assistant space module. The distribution of 
functional module plans divides the reasonable 
internal space, whose space structure forms are 
as shown in Figure 4. Its flexible and reasonable 
space division can meet the different demands of 
residents in post-disaster rural areas to building 
internal space.

Series combination: Various functional space 
modules punch through. It is usually suitable for 
the situation of functional space modules with 
strong continuity or without independent separa-
tion. For example, the series combination can be 
used in kitchen or dining room.

Parallel combination: It is the combination 
which connects various functional spaces by traf-
fic space module and assistant space module. This 
combination form makes various space modules 
relatively independent to reduce the disturbance 
with each other. For example, the parallel combi-
nation can be used between master bedroom and 
guest bedroom to reduce the disturbance.

Blended combination: It flexibly uses series 
combination and parallel combination so that the 
architectural internal space can be combined rea-
sonably and scientifically in accordance with the 
demand of architectural space. It can be used in 
the complicated space to divide the functional divi-
sions reasonably.

4.2.2.2 Architectural unit module
Architectural unit modules can be divided into 
wall, door and window, balcony, stair, and some 
decorative units with local features to divide the 
inferior modules in accordance with color, mate-
rial, and scale, such as the grill, suspended ceiling, 
and doors in different sizes and different qualities. 
These architectural unit modules can be combined 
flexibly to shape multiple-form architectural styles 

to meet the style demands with different regional 
features in rural areas.

The division of modules should consider reduc-
ing the dependence on each other to make modules 
have independent functional features, and make 
modules be divided, combined, and repeated with 
good interchangeability. For the series standards of 
the modulus of module size, Chinese Coordinate 
and Uniform Standard of Architectural  Modulus 
can be referred, whose basic value is 100 mm and 
whose symbol is M—1 M = 100 mm. The  multiple 
of basic modulus is the modulus size of  modular 
building. For example, the architectural unit 
 module should adopt the horizontal basic modulus 
number sequence from 1 M to 20 M and adopt the 
horizontal expansion modulus number sequences 
of 3 M, 6 M, 12 M, 15 M, 30 M, and 60 M to be 
the modulus sizes of architectural internal space 
module.

5 MODULAR BUILDING CASES

The demonstration project of the building of vaca-
tion room on the mountain developed by Yi De 
construction consulting (Shanghai) Co., Ltd. is not 
located in Ba’nan area of Chongqing in Chong-
qing. The building includes two single houses, 
whose floor area is 80 square meters and construc-
tion area is 160 square meters. The house includes 
two families which are connected by the stairs. The 
living room is in the middle of each house. The 
bedroom with bathroom or the dining room with 
kitchen is on both sides, which can be allocated 
flexibly in accordance with user’s demand.

The modular system of light steel is used in 
the project, which hass high intensity and good 
 earthquake-resistance function. It can resist earth-
quakes measuring 8.0 on the Richter Scale. Its 
deadweight is lighter than that of the traditional 
buildings, which can reduce 60% of deadweight. 
The thermal conductivities for outer wall and roof 
are 0.26–0.45 (W/m2 ⋅ K) and 0.3 (W/m2 ⋅ K), respec-
tively; the fire endurance could reach 1–2 hours; the 
sound insulation requirement is ≥45 db. Dry proc-
ess is adopted during the construction without wet 
operation, which can save 90% of water. There is 

Figure 2. Diagram of combination patterns of building 
modules.

Figure 3. Diagram of combination modes of building 
modules.

Figure 4. Diagram of structure forms of architectural 
internal space.

ICCAHE15_Book.indb   1232ICCAHE15_Book.indb   1232 11/17/2015   6:40:00 AM11/17/2015   6:40:00 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-252&iName=master.img-001.jpg&w=189&h=53
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-252&iName=master.img-002.jpg&w=189&h=52
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-252&iName=master.img-003.jpg&w=189&h=62


1233

6 CONCLUSION

Now, a complete modular building system that 
is suitable for rural areas has not been shaped in 
China, which adds the difficulty of applying mod-
ular building in the post-disaster  reconstruction 
in rural areas. However, with the development of 
standardization, serialization, supporting, and 
universalization of architectural units in China, 
the architectural products can be produced in 
plants with modular construction. Meanwhile, due 
to the development of information technology, the 
connection between all industries is more conven-
ient and fast, which is helpful to gradually establish 
a set of complete and reasonable modular build-
ing systems in China which is suitable for different 
regions, different residents, and different cultural 
features. When the earthquake disaster happens in 
rural areas, the reconstruction work can be organ-
ized and started rapidly in accordance with the 
stocked relevant information of building and con-
struction, and residents can return to the original 
life rapidly. The booming development of modular 
building will help the post-disaster reconstruction 
work in China start smoothly, and meanwhile will 
bring a new industry updating and huge reform in 
architecture industry, logistics industry, building 
material industry, and construction industry and 
so on.
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less operation on the construction field, which has 
less destructive influence on the surrounding envi-
ronment. Compared with the traditional concrete 
construction mode on the field, it can reduce 50.9% 
of carbon emission. The construction is fast with 
a shorter construction cycle. It only takes 10 days 
for the whole project. Compared with the tradi-
tional construction mode, its construction cycle 
can reduce 30%–50%. The accurate quantization 
of industrial production can realize the minimum 
error of budget and final accounts. The project 
reaches the centimeter error of construction on 
the field and the millimeter error of manufacture 
in plant, whose quality can be improved and the 
cost can be controlled effectively. The main steel 
structure can be recycled. Owing to the industrial 
production and high-accuracy control, the loss of 
raw materials is less than 3%. It can save 75% of 
energy in the whole lifecycle from production, con-
struction, to utility.
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Analysis of development trend of country parks in China
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ABSTRACT: Based on the need for rapid development of the construction of country parks in China 
in recent years, as well as 389 research literatures on country parks through retrieval from CNKI (China 
National Knowledge Infrastructure) in 30 years from 1984 to 2014, this paper has classified statistics of 
these documents from four aspects, such as the year of publication, sources of database, research point 
of view, and research methods. It has summarized the progress, results, and trend of related theoretical 
researches at home and has analyzed the characteristics of the current research in order to provide refer-
ences for the construction and study of country parks in the future.
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There is a total of  389 research literatures 
containing “country park” included in CNKI 
in 30 years from 1984 to 2014 through retrieval. 
This paper has conducted statistics of  these doc-
uments from four aspects, such as the year of 
publication, sources of  database, research point 
of  view, and research methods to make analysis 
of  the progress, results, and trends of  current 
research on country park in the hope of  playing 
a guiding role in research and construction of 
country parks.

2 AN INCREASING TREND OF 
RESEARCH ON COUNTRY PARKS

By statistical analysis of  the year of  publishing 
research literatures on country park, in 1984, 
Chinese scholars began to conduct research on 
the country parks, with less number of  research 
papers from 1984 to 2005, for at this time, the 
research on the country park is still in the initial 
stage of  exploration, developing slowly. From 
2006 to 2009, the number of  research papers 
began to increase, the overall showed a rising 
trend, and the study of  country parks became the 
hot spot. Thus at this time, the study on country 
parks in our country has begun to develop. From 
2010 to 2014, the number of  research papers 
tended to change smoothly, with small differences 
in research papers each year. Thus at this time, 
the research on country parks in our country has 
entered into a relatively stable period of  develop-
ment (See Fig. 1).

1 INTRODUCTION

In the rapid process of urbanization, as environ-
mental issues are increasingly projecting, building 
ecological and livable cities have become wide-
spread concerns. Construction of country parks 
aim to create ecological and livable cities so as to 
enhance the quality of urban and rural residents. 
Country parks belong to a mosaic in the city’s 
overall level or a large plaque, and its mosaic and 
distribution pattern is repeatable to some degree. 
Being an important part of an urban green space 
system, country parks not only protect the fine 
natural resources at the junction of urban and rural 
areas, but also can restore the resource conditions 
that have been destroyed. With important ecologi-
cal functions, it serves to improve the ecological 
environment, blocking the city’s infinite sprawl. 
In addition, with the accelerated pace of urban 
life and magnified work pressure, the demand for 
pleasure and leisure has been growing. City Park 
has been unable to meet the needs of residents, and 
country parks in peri-urban areas have favorable 
ecological environment and superior geographical 
advantages, and have become a crucial option of 
weekend getaways for urban residents. Based on 
these reasons, there is a rapid development in con-
struction of country parks in various regions of 
China in recent years. Practice in the development 
of country park is far ahead of the theoretical 
development of the construction of country parks, 
resulting in the great blindness in the construction 
of country parks. Thus, further improvement and 
perfection is needed in all aspects.
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3 A RISING TREND OF ACADEMIC 
DEPTH AND INNOVATION OF 
RESEARCH ON COUNTRY PARK

By statistical analysis of the source database of 
research literatures on country parks, the original 
source database of research literatures on country 
parks has low academic value, while as research 
progresses, the academic value of source database 
has begun to increase, especially in the high aca-
demic value in China Doctoral Thesis Full-text 
Database (See Table 1).

The number of research literatures from China 
Academic Journals Full-text Database, Proceed-
ings Papers of Chinese Meetings Full-text Data-
base, and China’s Major Newspapers Full-text 
Database shows an overall upward trend, while 
the proportion displays an overall downward 
trend. There is less number of research literatures 
from Featured Journal and Proceedings Papers 
of International Conferences Full-text Database, 
and the proportion is on a declining curve. There 
is an upward trend in the number of articles from 
China Outstanding Master’s Thesis Full-text 
Database as a whole, while the proportion shows 
the overall upward trend. Research literatures from 
China Academic Journal Series Full-text Database 
and China Doctoral Thesis Full-text Database 
have just appeared in recent years with very few 
research papers. In 2005, the literature on support 
of research funds has begun to arise in the study of 
country parks in our country, and the number of 
literatures on funds support has shown an overall 
upward trend (See Fig. 2).

Overall, academic depth and innovation of 
research literature on country parks in our coun-
try has been on the rise, and the type of  database 

sources of research literature has gradually 
increased.

4 TRANSFORMATION FROM A SINGLE 
DISCIPLINE TO INTERDISCIPLINE 
FROM THE PERSPECTIVE OF 
RESEARCH ON COUNTRY PARKS

By statistical analysis of  the perspective of 
research literature on country parks, with the 

Figure 1. Change in number of research literature on 
country parks from 1984–2014.

Table 1. Starting year of different sources of databases 
of research literatures on country parks.

Figure 2. Change in source of database of research lit-
erature on country park from 1984–2014.
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development of  the research, the angle of 
research literature on country parks has begun to 
increase, gradually involving all aspects of  them 
(See Table 2).

The overall number of articles each year is 
firstly increased and then decreases from two 
research perspectives of  country park manage-
ment and description of the construction and 
development in various regions, and the propor-
tion shows an overall downward trend. The over-
all number of research papers each year shows a 
rising trend from two research perspectives of 
country park planning and design, and vegetation 
landscape, and the proportion shows a steady rise 
after decline as a whole. There are less number of 
research papers each year from two research per-
spectives of  relation between country park and 
city as well as ecological protection and ecological 
benefits, and the proportion first decreased and 
then stabilized. There is a less number of research 
papers each year from three research perspectives 
of  tourists’ behavior and experience in country 
park, concluding thoughts and review and con-
struction, and the proportion shows a steady trend 
as a whole. There are a less number of research 
papers each year from the research perspective of 
tourism development in country parks, and the 
proportion shows a declined trend as a whole. The 
overall number of articles each year first increased 

and then decreased from the research perspective 
of  measures taken and guiding and inspecting con-
ducted by government in construction of country 
parks in various regions, and the proportion firstly 
increased and then decreased. The overall number 
of research papers each year shows a rising trend 
from the research perspective of  tactics of  country 
park, and the proportion shows a steady trend as a 
whole. There are a less number of research papers 
each year from the research perspective of  con-
cepts and capabilities of  country parks, and the 
proportion shows a rising trend as a whole (See 
Fig. 3).

Overall, the research angles are gradually trans-
formed from introduction to construction of 
country parks in various regions, country parks 
management, tourism development, vegetation 
and landscape, and planning and design to research 
perspective of relation between country parks and 
urban areas, ecological protection and ecologi-
cal benefits of country parks, strategy, tourists’ 
behavior and experience, the concept and function 
and so on.

Table 2. Starting year of different research perspectives 
of research literatures on country parks.

Figure 3. Change in research perspective of research 
literature on country park from 1984–2014.
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5 STATISTICAL ANALYSIS OF RESEARCH 
METHODS IN NEARLY 30 YEARS

With the development of the study, the method 
adopted in research literature on country parks 
has gradually enriched, and the use of a variety of 
methods can promote research and development 
of country parks (See Table 3).

Using frequency of descriptive research and 
mathematical method first increased and then 
declined as a whole, and the proportion shows an 
overall downward trend. Using frequency of case 
study and qualitative analysis firstly increased 

and then declined as a whole, and the proportion 
firstly increased and then declined as a whole, 
and  gradually stabilized. Using frequency of sur-
vey method firstly increased and then declined 
as a whole, and the proportion shows an overall 
steady trend after decline. Using frequency of lit-
erature research shows an overall upward trend, 
while the proportion shows an overall downward 
trend. Using frequency of quantitative analy-
sis method shows an overall upward trend, while 
the proportion shows a steady trend as a whole. 
Using frequency of simulation, systematic science, 
experience summarizing, interdisciplinary research 
method adopted each year is less, and the propor-
tion shows a steady trend as a whole (See Fig. 4).

Overall, the research methods are transformed 
from descriptive study, case study, qualitative anal-
ysis, mathematical method, investigation method 
and others gradually to quantitative method, sys-
tems research, interdisciplinary research, and sim-
ulation and so on.

6 CONCLUSIONS

Since the initial research on country parks in 1980s 
in China, there has been faster research and devel-
opment of country parks, and especially in the 21st 
century, considerable achievements have been made 
in the related theories and the number of applied 
research literatures. But currently, the theoretical 
system of research on country park is imperfect, 
requiring further development and improvement. 
The discussion on the above research and sum-
mary is as follows.

6.1 Future development trend of country parks

Chinese scholars have been increasingly concerned 
with country parks, the number of research liter-
atures on country park shows a rising trend as a 
whole, and research on country park has become 
a hotspot, and it can be predicted that in the next 
period of time, research on country parks will 
continue to be the hot issue studied by domestic 
departments of construction and planning.

6.2 The theoretical system of country park 
research is still not perfect

Although academic depth and innovation of 
research literature on country parks in our country 
continues to rise, the theoretical system of domes-
tic research is inadequate. Firstly, the authoritative 
standard of defining country parks has not formed 
yet. Secondly, there are still less points of innovation 
in domestic research. Thus, the theoretical system 
according with China’s reality fails to be formed.

Table 3. Starting year of different research methods of 
research literatures on country parks.

Figure 4. Change in research methods adopted in 
research literature on country park from 1984–2014.
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6.3 Forecast of future country park research 
perspectives

Although research on the country parks in our 
country has already begun to be involved in the 
relationship between country park and city, eco-
logical protection and ecological benefits of coun-
try parks, tourists’ behavior, and experience in 
country parks, it is still in the exploratory stage, 
with shallow research findings. Nevertheless, the 
ecological function and recreation function is the 
most important function of country parks, and in 
order to give full play to the function, the study 
on the ecological function of country parks and 
recreationists’ demand is essential, and for country 
parks as an important part of the urban greening 
systems, the research on the relationship between 
country park and city helps to curb unlimited 
sprawl of urban “overspreading” style so as to 
achieve the sound development of relationship 
between country park and urban space. Therefore, 
the relationship between country park and city, 
ecological protection and ecological benefits of 
country park, visitors’ behavior and experience in 
country park should become a crucial perspective 
of research on country parks in the future.

6.4 Forecast of future country park 
research methods

As for research methods of  country park, 
although a number of  methods has begun to be 
adopted, such as quantitative method, systematic 

approach, interdisciplinary research, simulation 
and others, the using frequency is less, and quan-
titative method and simulation can make more 
scientific and precise analysis of  country parks 
to forecast the growing trend of  country parks. 
Systematic approach can make the question and 
conclusion of  research on country park become 
more systematic and clear, and interdisciplinary 
research method can conduct a comprehensive 
study of  country parks through mutual reference 
and penetration of  a variety of  research methods 
so as to attain the reuse and innovation of  knowl-
edge and technology. Therefore, quantitative 
method, systematic approach, interdisciplinary 
research, and simulation should become signifi-
cant methods of  research on country parks in the 
future.
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of experience on the utilization of urban under-
ground space. With the further development and 
utilization of urban underground space, people’s 
functional requirements are gradually transformed 
into the pursuit of “people-oriented” environmen-
tal comfort. To achieve the comfortable relationship 
between people and the environment has become 
the new trend of underground space development. 
“Comfort” is the assumption that people will strive 
to achieve and ultimately reach the “most comfort-
able environment”. Based on the relationship of 
people’s needs, behavior, and environment, people 
should design underground space from the point 
of environmental comfort, to realize the coordi-
nated development between urban underground 
space and over-ground space, to gradually con-
struct three-dimensional integrated future urban 
space in the future.

2 THE PROBLEMS OF URBAN 
UNDERGROUND SPACE 
DEVELOPMENT

Throughout the current development of urban 
underground space in recent years, the main prob-
lems are in the following aspects.

2.1 The lacks of coordination 
and integration on city’s 3D space

Three-dimensional space of the city means the city’s 
upper ground, ground, and underground space. At 
present, China’s comprehensive and multi-functional 

1 THE STATUS OF URBAN 
UNDERGROUND SPACE 
DEVELOPMENT

1.1 The embryonic stage

Began in the 1960s, China started to construct 
urban underground projects in large-scale and 
most of the projects were civil air defense projects. 
After decades of effort, it has achieved remark-
able results in guaranteeing national defense 
security and become an important part of urban 
underground space. However, since its function is 
relatively simple, the civil air defense construction 
can only be regarded as the initial stage of urban 
underground space utilization.

1.2 The rapid development stage

Since the mid of 1980s, with urban redevelopment, 
the number of underground space projects has con-
tinued growing and the type has become increas-
ingly rich. It has built a number of projects, like 
Shanghai People’s Square underground mall,  Beijing 
Xidan underground mall and so on. Meanwhile, 
underground transportation facilities have also 
been well developed in many Chinese cities, such as 
Guangzhou and Tianjin. Qingdao, Harbin, Chong-
qing. Other cities are also actively being constructed 
their own underground transportation system.

1.3 Future development stage

From the air defense projects to underground com-
mercial street, people have accumulated a wealth 
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urban underground space design is still on embry-
onic stage. It lacks the coordination between the 
underground and ground projects. It also lacks the 
combination of various subsystems and overall 
planning of the future development. The lacks of 
3D space integration effectiveness directly lead to 
a predicament: the underground space is relatively 
in a large number, but still can not effectively solve 
the traffic problems of the city and the city center’s 
ground contradiction is still not eased.

2.2 The lack of advance planning

Whether it is from the perspective of engineering tech-
nology, or from the point of urban space reasonable 
hierarchical planning and sustainable development, 
urban underground space hierarchical planning 
and construction should have been given priority in 
spatial planning and construction. Because China’s 
underground space development started late, most 
of urban underground space construction lags 
behind the over-ground projects. It not only results 
the waste of underground space resources, but also 
causes increased construction costs.

In some areas, large-scale underground space 
development causes a shortage of underground space 
resources. Municipal pipeline, subways, underpasses 
and other different facilities emerge contradictions 
in the underground space occupation. Constructors 
often meet such situation: When they plan to bury 
pipelines; they find there are already a completed 
underground works, so that the pipelines have to 
change their routes. Some areas even spend a lot of 
energy to move the completed shallow underground 
pipelines to utilize deeper space.

2.3 Poor environment and low comfort 
of underground space

With the development and utilization of under-
ground space, many shortages of underground 
space environment have been concerned. 
 Insufficient natural light, inadequate ventilation, 
humidity, and other physical characteristics are 
not conducive to people health. At the same time, 
the poor artistic environment and unclear sign-
post also cause psychological damage to people. 
For instance, people will feel anxious, nervous, 
fear in underground space. From this perspective, 
underground space environment cannot meet peo-
ples’ basic needs and is not suitable for long-term 
residence.

2.3.1 Factors influencing physical health

1. Insufficient natural light
Since the underground space is relatively a 
closed environment, it deeply relies on artificial 

lighting. Compared to natural light, artificial 
light does not have bactericidal function and 
cannot prevent diseases and other bad effects 
from human body.

2. Inadequate ventilation
Windowless underground structure is often dif-
ficult to achieve natural ventilation resulting in 
lack of fresh air. It causes people in the under-
ground environment feel shortness of breath.

3. High humidity
In the underground space, when moist air con-
tact with cold wall, it will be cooled and turned 
into water droplets gathering on the wall. This 
will lead to high humidity in underground envi-
ronments, which will cause mold growth and 
rheumatic diseases.

2.3.2 Factors influencing psychological health
1. Unclear sign system

Lack of clear indicating information, which fails 
to provide proper guidance to pedestrian, makes 
them easy to get lost in underground. Terminol-
ogy and specifications are not standardized and 
unified. On some signposts, text, language and 
symbols do not use national norms, standard 
and international customary symbols, which are 
not conducive to people to understand. Labeled 
small amount of information, some signs only 
mention in some of the main streets and build-
ings, but there are still some important places 
that are not being mentioned. Perhaps, those 
unmentioned places are the real destinations of 
pedestrians.

Psychologist has proved that acknowledging 
and obtaining the environmental information 
is one of the basic biological needs of human. 
If  you lose this precondition, people will not 
be able to establish contact with the surround-
ing environment. To identify their location in 
the environment is also an indispensable basic 
condition. A person who has no idea about his 
location in a chaotic space always tends to feel 
nervous and produce a sense of emotional insta-
bility. Unclear signposts make people easily lose 
sense of direction in underground space. Thereby 
it causes nervousness, anxiety, and fear.

2. Low overall culture of art
At present, in China, overall artistic design 
for underground space is still in its infancy. 
 Underground space usually designed by a single 
color. Single color in the underground space, 
where space lacks of natural light, makes peo-
ple feel  tedious. It may cause depression and 
other psychological disorders over time. Similar 
underground space artistic design in different 
place, which lacks of geographical and cul-
tural characteristics, can not improve the city’s 
image.
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3 URBAN UNDERGROUND SPACE 
ENVIRONMENTAL PLANNING BASED 
ON THE ENVIRONMENTAL COMFORT

Through the expansion, urban underground 
space utilization meets the city’s need for space 
that is essential to city’s continued develop-
ment. Ultimately, it should achieve the goal of 
“harmonious cities”. Development and utiliza-
tion of  urban underground space involve several 
aspects, and environmental space design is one of 
the most important parts. Compared with over-
ground space, underground space environment 
has significant differences mainly in the closed 
space, the lack of  natural light, the poor air cir-
culation etc. These will have certain influence 
on human physiology and psychology. So, for 
a long time, a social consensus has formed that 
underground environment is inferior to over-
ground environment. Therefore, people’s reac-
tion towards underground environment, to some 
extent, determines the outcome of  underground 
space utilization.

According to the characteristics of underground 
space and function principles of environmental 
adaptability, combined with the experience and 
technology of underground space environment 
development at home and abroad, the future urban 
underground space development should include 
the ventilation system of underground space, 
moisture-proof system, lighting system, and sign 
system.

3.1 Ventilation systems of underground space

Ventilation design of  urban underground space 
can be divided into two basic types: decentralized 
and centralized. Decentralized ventilation system 
mainly takes small independent ventilation sky-
lights, patio and basement high side windows. 
Centralized ventilation system usually takes 
underground central courtyard, atrium, wind 
tunnel and other methods. Due to the large con-
tact area between underground construction and 
soil, construction has strong energy storage and 
high thermal inertia. So, the temperature change 
is far less severe than over-ground buildings. 
 According to the particularity of  underground 
space, the local regional climate, geographical 
conditions, considering the use of  features such 
as personnel-intensive, air permeability and 
equipment fever, we should make full use of  ven-
tilation shafts, high side windows, courtyards and 
light pipes underground, wind tunnel and other 
methods. Then the design of  underground space 
ventilation system can better meet the ventilation 
requirements to create a comfortable and energy-
efficient space.

3.2 Underground space dehumidification system

Two factors led to the increased humidity in under-
ground space: (1) Leakage: water enters inside 
through structural layer of underground space 
and by evaporation into the air, causing increased 
humidity; (2) Improper Ventilation: people use 
ventilation in rainy season, the high humidity out-
side leads air into the underground space, resulting 
in increased humidity.

To reduce the underground space air humid-
ity, we must prevent two factors mentioned above 
and design specifically underground space dehu-
midification system: (1) Build seamless waterproof 
system: to prevent leak water into the underground 
space; (2) The reasonable control of ventilation: 
ventilate in the dry season with low temperatures 
to purge the humid air out of the underground 
space; (3) The use of mechanical or chemical dehu-
midification process: strengthen the underground 
space dehumidification to further reduce the water 
vapor in the air content.

3.3 Underground space lighting system

A striking feature of most of today’s underground 
space is the interior space with no natural light 
and no direct access to outside sight. Humans 
have depended on natural light to survive for gen-
erations. This feature of underground space could 
make people feel a big difference, psychologically 
and physiologically, between over-ground and 
underground. It may even cause adverse physi-
ological consequences due to lack of sunlight. In 
underground construction, the use of traditional 
artificial illumination will consume a lot of power. 
The use of natural lighting can not only meet the 
requirements of saving energy, but also meets the 
people’s psychological requirements for natural 
sunlight, sense of direction, sense of diurnal vari-
ation, seasonal climate and other perception. The 
research on directing sunlight into underground 
construction and forming diffuse natural light, 
which increases space openness, greatly reduces 
the negative effects of closed underground space. 
Therefore, the advanced design of underground 
space lighting system not only meets the physi-
cal needs of people, but also improves the under-
ground construction environment in many ways.

3.4 Underground space sign system

With the increasing size of urban underground 
space, underground space network becomes 
increasingly complex. So setting the underground 
space sign system is especially important. Sign sys-
tem should be regarded as an important part of the 
underground space environmental design to design 
and layout. By accurate and effective sign system, 
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people, even in a strange underground public envi-
ronment, can also rely on a sound signpost to their 
destination.

At present, compared with Japan, Canada and 
other countries’ sound underground space sign sys-
tem; China’s underground system has some short-
comings, such as unclear direction, no- standard 
sign, less information on sign as well as uneasily 
recognizable sign. According to these existing 
problems, when we design underground space 
sign system: (1) Signs should maintain continuity; 
(2) Setting proper transition sign between under-
ground and ground; (3) Signs should keep visibility 
under emergency condition; (4) Setting the map at 
appropriate place makes pedestrians have a macro-
scopic realization of underground environment.

4 OVERALL ARTISTIC PLANNING 
OF UNDERGROUND SPACE 
ENVIRONMENT

Urban Underground Space Design should meet 
people’s psychological needs, paying attention to 
environment art design, improving underground 
physical environment to attract people to use. It 
should create a good cultural atmosphere to elimi-
nate closed underground space and cold environ-
ment, so that users could get spiritual enjoyment.

Combined with the environment art design prin-
ciples of creating comfort, producing spacious-
ness, strengthening a sense of direction, and using 
the knowledge of human factors engineering, we 
re-create the underground space from color, light-
ing, decorative graphics, materials and other parts 
to build a comfortable aesthetically pleasing inte-
rior. When we carry out underground space overall 
artistic planning, we should uphold the people-
centered concept in human factors engineering 
and fully consider the impact of color on mental 
and physical. Scientific color adjustment and light-
ing design, let’s people work effectively in the com-
fortable underground space environment.

5 CONCLUSIONS

With the constant urbanization process in China, 
we are confronted with the acute shortage of land. 
So, the development and utilization of urban 
underground space will get more and more atten-
tion. With the expansion of the underground 
space, the number of people living and working 
in the underground space is also growing rapidly. 
 People requirements for underground environ-
ment on environment quality and comfort become 
increasingly high. Underground space environment 

design and planning has become an important 
point of future underground space development. 
In modern underground space design, we should 
combine the traditional design studies with human 
factors engineering and other emerging cross-
 disciplinary to promote users experience and 
comfort.  Furthermore, by the design of under-
ground space based on environmental comfort, it 
can reverse people stereotype about underground 
space and improve people’s production efficiency 
in underground space.

From the perspective of environmental comfort 
and artistic design, we research urban underground 
space in this article. Through analysis of its current 
situation of the underground space environment, 
we discuss the method to create a comfortable and 
attractive urban public space underground, mainly 
from the physiological factors, like ventilation, 
moisture, light; and from psychological factors, 
like sign system and overall artistic planning. In 
physiological factors, we should take appropriate 
measures, such as using natural light, improving 
natural ventilation, promoting dehumidification 
system, to make underground space as comfortable 
as over-ground with similar living conditions. To 
psychological factors, by improving underground 
sign system, it will enhance the user’s sense of secu-
rity and a sense of direction; By the use of color, 
lighting, decorative graphics, and other artistic 
elements, it creates a clever and vivid visual sense, 
which can ease human adverse feelings in under-
ground space.

Interaction between environmental factors of 
urban underground space is an organic whole, so 
that we should consider rational allocation of these 
factors. Through above new design ideas, from the 
physical and psychological perspectives, meet the 
human needs of the urban underground public 
space, to achieve the comfortable and arts stand-
ard, so as to achieve modern urban underground 
space development goals.
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American scholar Jan Jacob believes that the 
most dynamic place in the city is the city’s public 
activity space. Public space refers to by the city 
building, building materials, plant perpendicu-
lar to the interface and the road, water and sec-
tor level, using combination of elements of urban 
space. It is the important place for the exchange of 
material, energy and information between human 
and nature. It is also the important manifestation 
of the city image, and it is the “sitting room” and 
“window” of the city.

2 BACKGROUND AND PURPOSE 
OF THE RESEARCH

City Park is the recreation place for urban resi-
dents, and is the urban green infrastructure, but 
also the main public open space. More caring 
about users, understanding their needs and inter-
ests is the successful design of the park. Which is 
advocated “people-oriented” ideology today.

The main body of the evaluation of the build-
ing environment is the following five factors: users, 
developers, designers, government, business manag-
ers. The main body of the evaluation should be con-
sidered in the choice of the city public space after 
the use of the evaluation of its own characteristics. 
First, the use of the post- evaluation means that the 
user is the center of the evaluation of the subject. 
Second, the characteristics of public space in the 
city are still the main body of the evaluation. To 
some extent, the concept of the public is equiva-
lent with the user. But on the other hand, users of 
the evaluation tend to have tacit, clear and stable, 
more subjective shortcomings, so this topic choice 
another evaluation subject, from the point of view 

1 THE RELATIONSHIP BETWEEN 
ENVIRONMENTAL ASSESSMENT 
AND POST-EVALUATION

Building Environmental Evaluation is the value 
of the study built environment, namely, the rela-
tionship between the built environment and the 
subject need. In the development and practice of 
the discipline of architecture and the built environ-
ment evaluation, and it can promote to realize the 
value of building environment, to reflect the sci-
entific theory of building design and management 
feedback, making theory to guide practice. The 
research into the environmental assessment is to 
make people correct their own behavior, and realize 
the environmental value of the greater sense. Post-
Environmental Evaluation widely spreads. Mainly 
it includes two aspects, Pre-Design Evaluation and 
Post-Occupancy Evaluation.

Post-Occupancy Evaluation is the core content 
of building environmental evaluation. It empha-
sizes the comprehensive technology research in 
the building environment. Preiser (1988) in his 
book “post use evaluation,” the definition of POE 
is:”after the construction and use of a period of 
time, the construction of the strict evaluation 
process.1 Focusing on the architectural needs of 
the user, the success of the architectural design 
and the performance of the building after the 
completion of the building POE. All of this will 
provide the basis and foundation for future archi-
tectural design”. The POE intends the purpose of 
architectural design and the actual use for the con-
struction of the actual benefits and performance 
standards which are compared, give feedback and 
for the future improvement of architectural designs 
that provides reliable basis.
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of a more professional designers. In the evaluation 
of the entire process, such as the construction of 
the evaluation factor set, beauty of form factors of 
the evaluation, for measuring, sorting environment 
physical properties and the user’s behavior can give 
professional advice. Most of the results of the eval-
uation of data can make more accurate and com-
prehensive evaluation of the space environment. 
It also can lay the foundation for the evaluation 
from the user’s angle. Anyway, according to the 
evaluation goal, the evaluation content, the integ-
rity of the people and the environment of the sys-
tem from the point of view, we all need to subject 
and object view of combination of evaluation main 
body wherein the user is still the core subject.

There are different classification methods for 
urban public space. The square is characterized by 
multi-function and comprehensive, which consti-
tutes the public activity center of the public. The 
park is a pleasant place to enjoy, and relatively 
square, there is a certain circumference of nature. 
The street is a pedestrian system, which is closely 
related to urban public space. Such as the mall, com-
mercial pedestrian street etc. Waterfront space is an 
important marginal in city, which plays an impor-
tant role in the connection of city public space, and 
it is usually the main green space of city.

3 CASE INTRODUCTION

Total garden area is 63 hectares. The Yingze Lake 
area is 20 hectares, lake and Nanhu separated by 
Qikongqiao. Landscape park to plant landscap-
ing, 39 million lines of the existing landscape 
plants, 130 varieties, 24 hectares of lawns, built 
square, decorated archway, the rockery, the peony 
garden, rose garden and so on. The core of the 
building is the park celebration, the floor assembly, 
a variety of cultural activities center.

4 OBSERVATION AND INTERVIEW 
ANALYSIS RESULTS

4.1 Research on landscape planning and analysis

Built in the Park rockery in the northwest of the 
rolling hills, the aim is to reduce the impact of local 
climate on plant and ecological environment, and 
to stop the strong wind from northwest during 
winter. Water park layout is single, only the North 
Lake, South Lake and lake. Lake should be number 
one or two human activities and natural ecological 
integrated design, the park waters system intercon-
nected add radiance and beauty to each other. This 
will be closer to nature and weaken the interference 
of artificial factors. The layout of the combination 

should be used to increase the river course and 
flow through a good ecological resource chain. 
There are no independent green spaces for visitors 
and sun bathing, just some small forest. It sets a 
real public open space to visitors. Holiday night is 
the perfect place to launch a movie. Park within 
the majority of the elderly and no sports should 
be added, such as basketball courts, small football 
field, tennis courts, etc. To attract more young peo-
ple to increase the vitality, the mini basketball and 
football field construction reference park along 
the Fen River Fen river. The lack of open theater 
or amphitheater Park, research noticed beside the 
park building at the heart of the Tripitaka floor 
has many of the elderly in next to rehearse the 
songs, the apparent lack of suitable for mass of 
public entertainment buildings. On the south side 
of the north gate of the musical fountain layout is 
reasonable, but designers will the north is between 
the north and the musical fountain increases the 
rockery, seriously blocked from the north gate to 
watch the musical fountain sight. (Figs. 1 and 2).

Figure 1. Yingze lake.

Figure 2. Public green space.
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4.2 Building environment analysis

The harmonious charm and the landscape of the 
public space itself  can bring people a wonderful 
visual to enjoy. Public space makes person pro-
duce upward, happy, yearning mood, physical and 
mental pleasure to achieve the purpose of relax-
ing, and to realize the beauty of artistic concep-
tion creation. An attractive public space belongs 
to own the special atmosphere, solemn, serene, 
dynamic and lively. In short, according to their 
own characteristics, it seems to create a bright spot 
to attract people.

North Gate imitation can not deeply reflect 
Taiyuan profound cultural heritage. Because it 
is not the history of the remains, just a taste of 
the construction of antique buildings is not the 
essence of its urban culture. Personally, the design 
fails, and the construction fee is expensive and can 
not get the effect. The core building of the park is 
the relocation of the Taigu County, and there are 
800 years of history, which is a non local architec-
ture can not reflect the historical and cultural herit-
age of Taiyuan. The park of the antique building is 
similar to more, the Summer Palace garden. How-
ever, the Summer Palace is the imperial garden 
built during the Qing Dynasty, and it is the legacy 
of the world heritage.

Park design techniques should not be confined 
to the use of Chinese classical garden gardening 
practices, combining Chinese and Western design 
can reflect the inclusive flowing. Artificial factors 
within the park lose its natural beauty, such as the 
construction of the large number of antique build-
ings which doesn’t make any sense, and it should 
be more than the construction of a number of life 
elements. At the edge of the lake, with artificial 
stone and marble railing, the structures of human 
and nature of isolation shall dismantle these struc-
tures, and it will narrow the distance between man 
and nature. Some of the platform design, based on 
the platform of some arbor below placed some of 
the tables and chairs; some of the park scattered 
selling snacks trolley flooding seriously damaging 
the natural landscape. We should stop and design 
some small buildings, and checkered shaft uni-
form network layout, increase convenience; grass-
land and roads separated by a fence will let man 
and nature produced the distance. In a word, we 
should respect all life forms with the basic features, 
not easily change them, the artificial factors to 
blend natural factors.

Scale is one of the major elements of the design, 
the width of public space (D) and the height of 
adjacent building (H) ratio (D/H) of human psy-
chology and the vitality of the space, which has a 
great impact. Japanese scholars Yoshinobu ashi-
hara said “when D/H > 1, with the increase of the 

ratio will be formed gradually away from the sense; 
more than 2 are produced when the broad sense; 
when D/H < 1, with the ratio of reduced generated 
close to the feeling; when the D/H = 1, height and 
width between existence with a balanced sense.” If  
the adjacent building height 2 times more than the 
width of the square, it will produce the empty feel-
ing, a sense of separation, no polymerization; on 
the contrary, if  the width of the square building 
is less than the height, between buildings interfere 
too strong and too close, which makes people have 
a sense of depression.

Therefore, different scales and proportion of 
space has different atmosphere and vitality, in the 
design we should adjust measures to local con-
ditions, create a pleasant interesting city public 
environment space. Urban public space within the 
facility image compared to “furniture city”, and 
how to make “furniture city” rational and human-
ized. It will give a person with the cold feeling of 
material; and people will have the features of local 
pool depth should not be too deep, lest children 
stay at the edge of the water, playing accidents.

Entertainment facilities are dilapidated, so it 
needs to update, a torrent of children's recreational 
facilities such as a roller coaster. The lack of food 
and Rest Area, and we should build the lake con-
struction of dining and leisure development and 
a platform of waterscape construction, such as 
the introduction of food street restaurants, coffee 
hall introduction part bars, and other leisure and 
entertainment. To increase the vitality and popu-
larity of Yingze park, we shall set up a number of 
irregular and can reflect the nature of the material 
paving in the park; playground and park should be 
separated, because of the large Happy Valley old 
amusement park will be built after the playground 
should be replaced, so the new children's learning 
and entertainment facilities, some of the charac-
teristics of the park; small Ferris wheel is not to 
enhance the landscape effect. We should build a 
large skyscraper wheel to increase the charm of 
the city. Such as the eyes of the domestic Tianjin 
etc. Will park tour bus replacement for European 
style carriage can be some of the highlights of the 
artificial factors weakened, better integrated into 
the natural. Park Lake local can add some land-
scape corridor rich vertical design. At the edge of 
the lake, it could be some interesting design plant 
pieces.

5 DEADLINE

The real value of the park is primarily reflected 
in the pleasure of providing the public with the 
harmonious coexistence of nature. Then, it is the 
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important part of the city to increase the vigor of 
the city, such as the Central Park in New York, 
Paris La Villette Park. In addition to provide leisure 
and recreation for the public, these two parks also 
become a place of exchange visitors everywhere. 
Tourists come here to rest, enjoy the city charac-
teristics, to talk with local residents, to understand 
the different customs. They are attractive, parks, 
and it’s still a place for a city in the living room, 
a city resident in order to display its own features 
and entertain the guests. So now the Yingze park 
is not likely to become a landmark and an impor-

tant part of Taiyuan, and it is impossible to make 
foreign tourists, if  the park’s planning and archi-
tecture can not reflect the Taiyuan historical and 
cultural heritage as a more vibrant park.

REFERENCE
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Influence of the Chinese traditional Feng-shui theory on the layout 
of contemporary residential space

B. Wang & T. Li
College of Architecture and Civil Engineering, Taiyuan University of Technology, Taiyuan, Shanxi, China

ABSTRACT: The Oriental attaches importance to feng-shui, feng-shui is the Chinese people’s pursuit 
of an important yardstick of the ideal living environment. But the object of feng-shui research is how 
people can get along with the environment better, and the core idea and the contemporary design idea 
have many consistent place. We should study the essence of feng-shui theory, and apply it to the modern 
design, establish the harmonious coexistence between man and nature of the ecological environment, 
build and integrate the system of interior design concept.

Keywords: chinese traditional culture; feng-shui theory; interior space design

Chinese traditional culture, and it is also the core of 
Feng-shui theory. As the “Qi” is divided into aus-
picious and inauspicious. If  it can gather “Ji Qi” it 
is good. While the scattered “Ji Qi” is fierce. When 
we live in houses, ventilation can product “Ji Qi”, 
but the air circulation can not. It is easy to lead 
to physical weakness, then it is not belong to the 
“auspicious gas, and it need to spread out”, is com-
monly known as the “Drafty”, the people also do 
not have good effect. The theory is actually related 
to the physiological characteristics, discusses how 
to better to ensure people’s health. And feng-shui 
also discusses some Interior design. Feng-shui is 
through the “Qi” and “form” of the dialectical rela-
tionship between the use of, feng-shui is the essence 
of the Chinese people for thousands of years are 
summarized and the survival experience, are based 
on Chinese people physiological and psychological 
needs and summed up the rule of thumb.

2.2 The inheritance of context

As a part of Chinese traditional culture, feng-shui 
has been deeply rooted in the hearts of every Chi-
nese people, and it is the ancient Chinese context. 
This is similar to the historical development of the 
West. Roots of western culture in ancient Egypt, 
the construction of the pyramid can be seen, the 
pyramid construction group construction is to 
ensure that the dead Pharaoh can continue to enjoy 
the superior environment and rebirth. In fact, this 
is the ancient Egyptian “Fengshui”. The essence 
and inheritance of Chinese Fengshui is similar. 
Regardless of the theory of the East and the West 
are by the ancient life experience  accumulated and 

1 INTRODUCTION

Feng-shui is an important part of Chinese tra-
ditional culture, and it is also a unique cultural 
manifestation of Chinese millennium culture her-
itage. The concept of “Feng-shui” first appeared 
in Guo Pu’s “Zang jing” of the Jin Dynasty: “The 
Tibetan people gathered together to produce” “qi, 
and the ancients used it to make it effective, so is 
called feng-shui.” The ancient Chinese Feng-shui 
theory is based on the Chinese traditional phi-
losophy, which has the unique Chinese traditional 
culture mark. The pursuit of “harmony” realm of 
thought in western modern space environment of 
train of thought is such that it coincides with the 
embodiment.

2 THE THOUGHT OF FENG-SHUI 
IN THE CONTEMPORARY HOUSING 
SPACE PATTERN

With the rapid development of residential buildings, 
and the influence of social benefits, the residential 
buildings may have all kinds of improper places in 
the design. People tend to be in fixed location based 
residential choice, and then the choice of residential 
living space may exist in all kinds of unreasonable 
places, which requires designers to space transfor-
mation to meet the housing needs of the people.

2.1 Physiological and psychological aspects

In the feng-shui theory, the essence parts are “Jing” 
“Qi” and “Shen”. Qi is a very important concept in 
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 inherited the rule of thumb, but  Chinese feng-shui 
theory, theory have its own unique theoretical 
 system, and few people use western scientific meth-
ods to test and analyze. “feng-shui theory,” is often 
cast a mysterious color, mistaken for the super-
stitious said, in fact, many parts of the feng-shui 
theory, are based on Chinese ancient and unique 
cultural heritage of a sense of identity, which is one 
kind of each country’s unique cultural heritage, 
and not simply to science two words to explain.

3 THE APPLICATION OF FENG-SHUI 
THEORY IN THE PATTERN OF 
RESIDENTIAL SPACE

In the traditional architectural composition of 
China, a large number of balanced symmetry is 
applied, and the plane and facade of the axis are 
emphasized. feng-shui believes that the founder of 
the building plane, the symmetrical symmetry of 
the trapezoid, the complete lack of environmen-
tal patterns are auspicious manifestations. Such 
as housing of too high to low, building shape of 
clutter, the door two door width different will is 
considered unlucky.

Residential space is a whole space, which due to 
the different functions and separated into differ-
ent space, every space through different furniture 
display, decorative furnishings and camp to cre-
ate a different atmosphere of space and function 
space. When the Fengshui theory is applied to the 
study of residential, in fact, is according to feng-
shui “Jing, Qi, Shen” concepts to improve residen-
tial place that does not accord with people’s living 
habits and psychological, making it more in line 
with the requirements of the people living. While 
the living rooms are closely related with the behav-
ior of the people, bedroom, kitchen, bathroom and 
other parts, the following is a feng-shui point of 
view to analysis. (Figs. 1 and 2)

3.1 Living room

In Feng-shui theory, living room as a space point 
eye “is a key to residential” with the wind to get 
together “Qi”, we must see the sun, and if  hall 
bright room is dark, parlor, families get together 
and the main space of living room, the sunshine 
will give people a psychological comfort.

Doors and windows of the hedge in feng-shui 
is taboo, by the gate of wealth not through the 
loop is through the window out, is not conducive 
to the fortunes of the aggregation. Feng-shui will 
have this kind of view, because windows and doors 
hedge causes air to flow without blocking, easily to 
cause “Drafty”. This is not good for health; there-
fore need to set up between the living room and the 

door entrance to change a gas flow path. Second, 
to meet the privacy requirements to prevent the liv-
ing room “Porch” is in the traditional local style 
dwelling houses in “Zhaobi” evolution. It discusses 
the traditional geom-antic omen contains simple 
life experience and in real life used, indicating that 
traditional geom-antic omen in some elaboration 
is the scientific truth, just need us to use modern 
ideas to interpret it.

Sofa is the important furniture of the living 
room, so it has a very important position. The best 
sofa places against the wall, and feng-shui is known 
as the “patron”. It will make people have the feel-
ing of stability in psychology. Sofa and tea table is 
 usually a combination, and it should also be unified 

Figure 1. The case of a feng-shui unfavourable.

Figure 2. The case of a feng-shui unfavourable.
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and harmonious. In the theory, low for the water, 
the higher the sofa for the mountain. The tea table 
is shorter for the water, there are mountains and 
water to produce a good feng-shui effect and this 
belongs to the context of the heritage of feng-shui.

3.2 Bedroom

Bedroom is a very important area of residential 
space, people have 1/3 of the time in sleep, so the 
bedroom feng-shui is closely related to the physical 
health of people.

Master bedroom should be located in the “pos-
session of the wind to get together gas range, in 
the South or East, and it is the most ideal because 
of the South and east of the sun can be sufficient 
irradiation range, people have the sun would” Jing, 
Qi, Shen, and as a place to rest and sleep, must be 
placed on a sunny range. While the bedrooms area 
should not be too large, is not satisfied that the 
“Qi”, and from the psychological point of view, the 
bedroom is too crowded to open, it gives a person 
a kind of insecurity. Yangxin Hall of the Imperial 
Palace in Beijing is the emperor’s bedroom area 
only about ten square meters, which also shows the 
ancient architectural design and feng-shui theory 
is closely related to, until now still with our lives is 
closely related to. And feng-shui study said the bed-
room door is unfavorable be opposite the bathroom 
or kitchen door is on the physiological aspects, the 
fumes from the kitchen and bathroom filthy gas will 
flow into the bedroom and detrimental to human 
health.

Placing bed, feng-shui school also has a lot of 
exposition, “bed to avoid pressure beam” “bed 
back door” and “straight to avoid door” “bed 
bogey there after the gap” are the ancients sum-
mary of experience living and modern also prove 
a lot of content and western psychology is con-
sistent. Therefore, when we go to decorate the 
bedroom space, we can learn from the theory of 
feng-shui to avoid some inappropriate places.

3.3 Kitchen

Traditional geom-antic omen that the kitchen 
is housing the main, like one of  the five inter-
nal organs of  the body organs, it is the key to a 
healthy family, saying it is “people with food,” said 
and the location of  the kitchen should according 
to the Yin Yang and the five elements theory to 
arrange. And Yin Yang and the five elements the-
ory is geom-antic learn important part tradition 
for thousands of  years, rooted in the hearts of  the 
Chinese people, so in the kitchen space arrange-
ment, consider feng-shui theory requirements 
and taboo, which is the cultural heritage of  the 
embodiment.

From the viewpoint of feng-shui theory, the 
kitchen is unfavorable to the south, the south is fire, 
kitchen also belongs to fire is disadvantageous to 
the home, in the modern scientific point of view. 
South is not conducive to food preservation. At the 
same time, the kitchen door is not right is the door 
to see the stove, it means omen. The kitchen is also 
not the toilet, bacteria and filth can damage health.

Kitchen stove and water is too close to avoid the 
two water clip a fire, such as stove caught between 
the dishes and washing machine, two water grams 
of a fire, the family will health and harmful. At the 
same time, the kitchen is very sacred, the kitchen 
god, this washing dirty clothes, will affect the luck. 
These claims in the science of place, if  the stove 
and sink and so too close, water easily splashed on 
the stove, causing rust, dirty water if  splashed into 
the pot, health effects.

3.4 Bathroom

In feng-shui theory, bathroom is called the “run-
off” and “water” is residential to drainage, in rela-
tion to a family’s wealth and health. Bathrooms 
should not be opened in residential center, heart 
center is like room, and central pollution is not 
only unsightly and stench easily convection to the 
other room and health adverse. And the central is 
soil, toilet placed in the central will occur the soil 
grams of water, these feng-shui in the taboo are in 
line with our contemporary scientific truth.

Residential space not only includes the above 
four parts, but feng-shui theory is broad and pro-
found, and it is not only the part of the point of 
view, but from the above analysis of the feng-shui 
in the residential space of several large. The overall 
core can be attributed to the “Jing, Qi, Shen” con-
notation, whether from the point of view of human 
physiological habit the “Qi” of the paper, or from 
the psychological habit of “Jing, Shen” is discussed, 
and some inherent in our traditional cultural herit-
age in cognitive habits, which constitutes a complete 
residential feng-shui theory. Therefore, there are 
many traditional geom-antic and modern science 
with content, only limited to the level of the expres-
sion of the ancients, so it will appear to discuss the 
too profound to be understood, with a sense of 
mystery, and we need the scientific theory of com-
position of traditional residential feng-shui inherit 
and applied into the scientific design method.

4 SUMMARY

The essence of Feng-shui theory is the environmen-
tal assessment system of ancient China. Although 
its interpretation system and operating system 
with ambiguity, coupled with the interpretation of 
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ancient occult things on the inside, it will give the 
human one kind of mystical and mysterious feeling, 
which will lead to being misunderstood as super-
stition. But the pursuit of “harmony”, the “Jing, 
Qi, Shen” as the core of the theory of discourse, 
passing the overall concept and natural humanism 
thought, it is modern residential environment eval-
uation system can reference and inspired.

The inheritance of feng-shui has its own ration-
ality and scientific nature, and it inevitably mixed 
with many superstitious elements during the course 
of inheritance. This mainly reflects in three aspects: 
one is the feng-shui of ancient architectural envi-
ronment of site selection and design experience 
summary is has certain practical and scientific; sec-
ond is the ritual of the art of geomancy, assimilated 
by Confucian metaphysics; three is to  theology 
based superstition thought origins. Feng-shui is 

not superstition. On the contrary, “Residential of 
Feng-shui” is suitable for building practical com-
ponent, and the essence is a summary of ancient 
building experience. We should learn to inherit and 
develop it.
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ABSTRACT: Urban green space provides resources for human and maintains ecological diver-
sity, which plays a major role within the ecological security system. Thus, the ecological security of 
urban green land is the crucial barrier and foundation of the regional ecological security. Scientific and 
objective assessment of urban green land ecological security could provide a reference for the establish-
ment, maintenance, management of a guaranteed ecological security system, as well as related laws and 
regulations. This article in the first place systematically summarized the scope and progress of  existing 
research on ecological security assessment of urban green space. At last it discussed the developmental 
opportunities of  the ecological security of  urban green space in Beijing particularly, and put forward its 
assessment strategy.

Keywords: urban green space; ecological security assessment; ecological security of  Beijing urban 
green space

2 RESEARCH SCOPE OF ECOLOGICAL 
SECURITY OF URBAN GREEN SPACE

Ecological security assessment refers to a series of 
methods and specifications, which are about: 1. 
Analyzing, predicting and assessing the regional 
ecological security values of waters, atmosphere, 
forest, mineral, animal and plant species; 2. Putting 
forward the countermeasures and measures to pre-
vent or reduce the ecological risks; 3. Tracing and 
monitoring the ecological risks. While the research 
scope of ecological security assessment on urban 
green land is relatively wider, which mainly research-
ing on urban green land resources as the core of all 
kinds of green space. Within this research scope, 
at present scholars at home and abroad has done a 
lot of research work on “other green space” among 
the urban green space types (emphasizing on key 
scenic areas and nature reserves, forest park, wet-
land, etc.) The study found that with the excep-
tion of some well-preserved local area enjoying 
high-quality natural ecological environment (room 
use, etc., 2007; Zhang Pin etc., 2013), the overall 
situation of China’s urban green land ecological 
security is below average.

According to Urban Green Space Classification 
Standard, urban green space is divided into five cat-
egories, in which the fifth class type of “other green 
space” refers to the urban ecological environment 

1 INTRODUCTION

Ecological security refers to the environment 
security status which is able to sustain the devel-
opment of  society, economy and nature, as well 
as safeguarding the social ecological safety, eco-
nomic safety and natural environment safety. At 
the beginning of  2000, China announced in its 
“national ecological environment protection pro-
gram”, the first clear target of  national ecologi-
cal environmental security. It presents the overall 
ecology protection strategy called “protection 
first, prevention first, protection and prevention 
combined”, which opened the prologue of  eco-
logical security research in China. While urban 
green area able to provide resources for human 
meanwhile maintains ecological diversity, which 
acts as the main component within the con-
struction of  the entire ecological security, and 
the important guarantee of  regional ecological 
security.
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quality, the residents’ leisure life, the urban land-
scape and biodiversity conservation has a direct 
effect of green space. It includes scenic area, water 
conservation, country parks, nature reserves, forest 
park, scenic forest land, urban greening belt, parks, 
wetlands, green space reclaimed from landfill etc. 
They mostly have large area and intense influ-
ence on the ecological environment of the city. At 
present, research on urban green land ecological 
security assessment mainly concentrated in the sce-
nic areas and nature reserves, forest park, wetlands 
and other green space types.

2.1 Research on ecological security assessment 
of scenic spot and nature reserves

Ecological security assessment of scenic spot and 
nature reserves is an important part of the assess-
ment of overall urban green space. Researches 
show that, one of world cultural and natural her-
itage, the Wuyi Moutain has ecological footprint 
which is 1.503 hm2/person, ecological carrying 
capacity of 4.1476 hm2/person, ecological occu-
pying rate being 0.3015, ecological occupying rate 
of grassland being 11.535 and that of water area 
being 5.386. These data indicate that Mount Wuyi 
is in a relatively safe condition as a whole, while 
its grassland and water area are still in unsecured 
situation (Tan Dehua etc, 2009). Moreover, from 
1986–2009 the ecological security degree of Mount 
WuyiScenery District showed an increasing trend 
(You Weibin etc, 2011). In year 2004, the tourism 
ecological footprint per capita of Jiuzhaigou was 
0.105190274 hm2, with local resident’s humanism 
ecological footprint being 0.994925 hm2.

That the coefficient of ecological security was 
between 1.093158∼1.159388, a safe stage for sus-
tainable development. However, there were some 
main factors influencing the jiuzhaigou ecological 
security, such as increasing tourist amount and 
tourism market radius, along with the change of 
residents' consumption patterns and residents’ 
strong dependence on the natural environment 
resources (Zhang Jinhe, 2008). When it comes to 
Mount Qilian Nature Reserve, its ecological secu-
rity index is 0.5146, which is a very “unsafe” condi-
tion (Tang Feifei, 2013).

2.2 Research on ecological security assessment 
of forest parks

Research on ecological security assessment of for-
est parks indicates that the ecological security index 
of Beijing Jiufeng National Forest Park in 2007 was 
0.8421, a relatively high standard (Mi Feng etc,, 
2010). Wang Chaohui (2012) systematically studied 
the ecological security assessment of mountain-type 
forest parks through scoping into 7 moutain-type 

forest parks in Wenzhou, among which are 5 
national forest parks and 2 provincial ones. His 
research found that the ecological security condi-
tion of these parks was misogynistic, that except the 
flower rock national forest park being “safe” condi-
tion, the other parks suffered various safety risks. 
Security indexes of humanistic environment of 
most parks are in unsafe levels. Similar unsafe stage 
is the indexes environmental pressures such as: water 
supply and demand balance; prevention and control 
of forest diseases and insect pests; and the preven-
tion and control of geological disasters. Reversely 
the conservation levels on water, air, sound and 
soil environmental quality are considerably high. 
In particular, study on Zhangjiajie National For-
est Park found that its indexes are in “unsafe” stage 
on the following aspects: visitors receive strength; 
the strength of local residents growth; water supply 
and demand balance; meteorology; the prevention 
and control of geological disasters; surface water 
environment quality; the protection of animals; the 
strength of waste-water treatment, development 
of the education system,; development of the legal 
guarantee system. The threatening factors to its eco-
logical security are mainly made of unreasonable 
tourism behavior, environmental pollution resulted 
from weak ecological consciousness of residents 
and tourism practitioners, environmental capacity 
pressure of golden tourist line, disturbance to the 
forest park ecosystem made by adjacent tourism 
development, imperfection of the ecological educa-
tion, monitoring and guarantee system.

2.3 Research on ecological security assessment 
of wetlands

In recent years, domestic scholars in the area of 
wetland ecological security assessment have done 
a lot of work. The study on Guizhou Liupan-
shui Ming-Lake National Wetland Park indicated 
that the parks’ connection degree of pressure and 
response is 0.9315 and 0.6529 respectively, which 
is unsafe stage. Connection degree of condition 
elements, a relatively safe stage. Its comprehensive 
ecological safety connection degree is 0.6726, within 
the unsafe level (Qin Qu etc., 2014). The study on 
Zhejiang Leqingwan Wetland showed that 9.66% 
of the wetland in Leqingwan was at risk, 7.14% 
being unhealthy, 46.54% being sub-healthy, 27.08% 
being safe and only 9.58% being healthy. According 
to the maximum membership principle, the wet-
land in Leqingwan area could be defined as a spe-
cialty (Songguoli etc. 2011). Another study was on 
China’s current highest-elevation paludification 
meadows wetland—the Dabao Mountain Wetland 
in Yunnan Province. It shows that at current the 
ecological security assessment of Dabao Mountain 
Wetland is in an ordinary, with most of ecological 
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function not exerted. However, some particular eco-
logical pressure indexes have exceeded the bearing 
capacity of the ecosystem (Gao Xingguo etc. 2013). 
More over, a study on wetlands of different phases 
in tumen river basin of Jilin province indicates that 
in 1976 and 1990 the value of ecological security 
was 0.650 and 0.620 respectively, which suggested 
that the wetland ecosystem was in a safe condition. 
While in 2000 and 2010 the value was 0.536 and 
0.454, which implied that the ecosystem has been 
an alerting states, that certain arrangements should 
be made to protect it (Zhu Hongwei etc., 2014).

3 MODELS AND SYSTEMS OF 
ECOLOGICAL SECURITY ASSESSMENT 
OF URBAN GREEN SPACE

3.1 The assessment models

Among the core of the research on urban green 
space ecological security are the indicator system, 
evaluation methodology and the evaluation stand-
ard (safety criterion). The establishment of the con-
ceptual model could clearly illustrate the relationship 
between social activities, economic development 
and ecological process. Therefore the method struc-
turing indicator system through conceptual model 
is widely applied (Wei Bing etc., 2009).

It is best to first retype the first words manually 
and then to paste the correct text behind. When 
the new file contains all the text, the old tags in the 
text should be replaced by the new Balkema tags 
(see section 3). Before doing this apply automatic 
formatting (AutoFormat in Format menu).

3.1.1 The P-S-R model
The P-S-R Model is named for the Pressure-
State-Response (Allen et al., 1996 Tong, 2000; 
Wolfslehner et al., 2008) model raised by the 
United Nations agency for economic cooperation 
development and the OECD. This model reflects 
the interactive relationship between human and 
environment. In this model one particular type 
of issue can be described by three indicators that 
are in different but interrelated types.: Pressure 
refers to the load caused by human activities to 
the system; the State refers to characterization 
of environmental quality, natural resources and 
the status of the ecosystem; the Response refers 
to humans’ corresponding measures when facing 
humanity environmental problem. This model is 
widely applied in the ecological security assess-
ment at home and abroad. The R-S-P model has 
clearer cause-and-effect relationship than other 
models, that it classifies environmental indicators 
starting from the interaction of human and envi-
ronmental systems. Thus having strong systemic 

and maneuverability. However, this model singu-
larly regards human activities as pressure without 
considering natural pressure, resulting from the 
lack of natural indicators (Liu Zhancai, 2008).

3.1.2 The D-S-R model
The D-S-R Model refers to the Driving Force-
State-Response Model raised by the UN Depart-
ment for Policy Coordination and Sustainable 
Development (DPCSD, 1996). The Driving Force 
is describing the natural disasters and human 
activities to ecological system pressure; The State 
refers to the ecosystem’s structure and function, 
also the reflection that natural ecosystems provides 
services and resources to human; The Response 
indicates the operating capability to deal with the 
ecological environment problem and maintenance/
improve the ecosystems’ security status.

3.1.3 The D-P-S-I-R model
The European Environment Committee combined 
and improved the former two models, then came 
up with the Driving Forces-Pressure-State-Influ-
ence-Response Model (Smeets et al., 1999; Span-
genberg et al., 2009). In another word, it insert 
into the former P-S-P model with the D (Driving 
Forces), which describes human economic activi-
ties and natural disasters, and the I (influence), 
which illustrate the impact on human or ecosys-
tem by the change of state. The D-P-S-I-R model 
can remedy the limitation of the P-S-P model and 
interpret clear logical relations while offering solu-
tions, as a result preferred by many scholars.

3.1.4 Other models
Based on the study on the cons and pros of all 
the above models, Corvalan and fellows further 
developed the DPSIR model and raised the Driv-
ing Force-Pressure-State-Exposure-Effect-Answer 
DPSEEA model Waheed et al., 2009. This model 
introduced the Effect-Answer indicators from risk 
evaluation and regard pollution exposure as a 
independent part, emphasizing its pressure on the 
ecosystem (Zuo An, 2004). Zhang Zhiguang (2013) 
proposed FES-PSIR model. His model is based on 
the symbiosis of Ecology and industry, structurally 
analyzing the compounding system which ecologi-
cal security (FES) concerns. It also contrastively 
analyzes the studies on P-S-R, D-S-R, D-P-S-I-R 
models by domestic and international scholars. 
Specific to the ecological security issue of urban 
green space, it establishes the Pressure-State-Influ-
ence-Response model.

3.2 Indicator systems

The indicator system of ecological security 
assessment of urban green space requires for 
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comprehensive evaluation on related issues through 
multi-layer indicator system, whose contents 
involve ecological, economic and social factors 
comprehensively reflecting the compound system 
of society-economy-ecology. The system usually 
consists of 3 layers which are the target layer, cri-
terion layer and indicator layer. The target level 
reflects the comprehensive ecological security situ-
ation; the criterion layer is composed of the main 
factors of ecological security which can be further 
divided; The indicator layer is on the most basic 
level of the system which is made up of measur-
able indicators. The specific measures have clear 
ecological economic significance there for they are 
convenient for analyzing the cause of ecological 
security problems. However, in order to get the syn-
thesizing value, the method mentioned above need 
the nondimensionalization action to each index, 
which may result that the synthesized value lost its 
ecological economic significance and becoming dif-
ficult to understand and use. Never the less, when 
it comes to setting the index weight, the above 
method suffers the problem of being subjective.

Zhang Zhi-guang (2013) developed the FES-
PSIR structured model which is made up of the 
social and economic pressures (FES-P) subsys-
tem, resources and environment condition (FES-s) 
subsystem, ecological impact (FES-I) subsystem 
and human response (FES-R) subsystem. Social 
and economic pressures (FES-P) subsystem con-
tains the development of social economy and for-
estry industry demands for forest resources and 
the ecological environment destruction and so on 
pressure; Resources and environment condition 
(FES-s) subsystem, include forest resources, qual-
ity, coverage, distribution, type, structure, and the 
concentration of greenhouse gases, and other state; 
Ecological impact (FES-I) subsystem, including 
forest ecosystem health and vitality, ecosystem pro-
ductivity, ten-fold increase forest, the forest disas-
ters incidence, biological diversity, soil erosion, air 
quality, climate warming effect; Human response 
(FES-R) subsystem, improve the ecological status 
of human input, artificial afforestation, industrial 
circular economy, science and technology support, 
integration, legal policy guarantee, ecological civi-
lization consciousness, crisis response mechanism 
response. Wang Chaohui (2012) type of moun-
tain forest park, population pressure, ecological 
safety evaluation and study of land and resources 
pressure, pressure natural disasters, the quality of 
environmental factors, ecological factors, quality 
of science and technology input, intellectual sup-
port and legal support, community involvement, 
and visitors safety as the main factors of ecologi-
cal security, 21 indicators to determine type of 
mountain forest park, ecological security evalua-
tion index system, including visitor reception, local 

residents growth strength, strength, construction 
land use intensity, water supply and demand bal-
ance, forest fire prevention and control, forest 
diseases and insect pests prevention and control, 
meteorology, the prevention and control of geo-
logical disasters such as, atmospheric environmen-
tal quality, surface water environment quality and 
acoustic environment quality, soil environment 
quality, plant protection, the protection of ani-
mals, landscape resources protection, exhaust gas 
treatment strength, the strength of wastewater 
treatment, waste management strength, the perfect 
degree of the education system, the perfect degree 
of the legal guarantee system, and community 
economic development and the management level 
and visitors safety protection, etc. On the basis of 
wetland edge soils, plants, aquatic plants and water 
quality of four features a total of 13 indicators, 
Spencer (1998) conducted the assessment for the 
health status of the Murray Darling basin in the 
southeast Australia permanent floodplain wetland. 
While Zhao Zhenhe (2005) assessed the health of 
lake wetland ecosystem, choosing lake ecological 
structure index (including the biomass of phyto-
plankton, zooplankton, and the ratio of the two) 
and lake ecosystem indicators (including quality 
and structure can quality) as evaluation index.

4 ECOLOGICAL SECURITY OF BEIJING 
URBAN GREEN SPACE TEXT AND 
INDENTING

Urban green space is the main part of the regional 
ecological civilization construction, but also the 
important guarantee of regional ecological secu-
rity. Under the background of serious deterioration 
of Beijing’s ecological environment as well as great 
development of urban ecological civilization, it has 
been more and more significant to study and conduct 
urban green space ecological security assessment.

4.1 Development opportunities of Beijing urban 
green space for ecological security

Rapid urbanization and expansion resulted wors-
ening ecological environment in cities, along with 
the “city disease” such as severe air pollution and 
water shortages. In his three time’s visit of Beijing, 
our General Secretary emphasized on the strategic 
positioning to a foothold in the capital city Beijing, 
accelerate the construction of ecological environ-
ment construction, the international first-class har-
mony and livable city. The “twelfth five-year” is a 
crucial period for Beijing to develop into a globally 
recognized livable city. The impression of urban 
forest is important city, is an important symbol of 
degree reflect the livable city, and expand the city 
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livable space, and promote social harmony and sta-
bility, enhance people happiness is important carrier 
and rely on, so the construction of urban forest is 
Beijing livable environment construction, urban and 
rural ecological network construction of main job.

Urban forest is capable of dust noise reduction, 
reduce the concentration of PM2.5, emissions 
increase sinks, conserving soil and water, water 
conservation, reason fully functional and structural 
stability directly affect the Beijing urban ecological 
security. Build reasonable planning and complete 
functions and benefits of urban forest ecosystem, 
to ensure ecological security in the capital, improve 
the ecological environment of the city and meet the 
demand of residents ecological, world urban con-
struction with Chinese characteristics, the construc-
tion of “humanistic Beijing, science and technology 
Beijing, green Beijing” has important strategic 
significance. In 2009 Beijing seventh landscaping 
resources census results show that the city forest 
area of 658900 hectares, including plain area in the 
city forest area of 14.41 hectares, the forest cover-
age of 14.85%. Plain area of forest land accounts 
for only 15.8% of the city’s forest area. Forest area 
accounted for 87.14% of forest land area in the 
plain area. By 2010, the total area of 1.047 million 
hectares of forest land in the city, 63.8% of the total 
land area, the forest coverage rate was 37%, 53% 
green area of forest, mountainous forest, trees affor-
estation rate reached 50.97%, 71.35% respectively. 
“Beijing 2013–2017 clean air action plan is put for-
ward, to strengthen the construction of afforesta-
tion and beautify, increase forest resources, improve 
the quality of forest construction, in the plain area, 
after the end of 2016 millions of acres of afforesta-
tion project, by 2017, the city green greening rate of 
more than 60%. A few days ago, Beijing one mil-
lion mu of plain afforestation task has been com-
pleted ahead of schedule, puts forward nine project 
of Beijing gardens green bureau points out that in 
2020 years ago, the land use is given priority to with 
horticulture in Beijing, to add 380000 mu of plain 
afforestation, 100000 mu of high efficient orchard 
construction, renovation, 100000 mu of inefficient 
orchard. Beijing, therefore, the existing total forest 
and gradually perfect the forest network construc-
tion for the development of Beijing urban green 
land ecological security provides a new opportunity 
and challenge.

4.2 Strategy of Beijing urban green space 
ecological security assessment

4.2.1 Choose reasonable method for the urban 
green space ecological security assessment

Urban green land ecological security assessment 
makes more use of ecological security evaluation 
method or its improved version. At present the 

study of urban green land ecological security eval-
uation method is still in its infancy. Beijing urban 
green land ecological security evaluation methods 
should be considered the particularity of Beijing 
urban environment, the characteristics of Beijing 
forest layout, the structure and function of urban 
forest in Beijing and Beijing composite factors 
such as social and economic development needs, 
choose the suitable Beijing urban green land eco-
logical security evaluation method.

4.2.2 Construct scientific system for the urban 
green space ecological security assessment

The establishment of sustainable management of 
Beijing urban green land ecological security evalu-
ation system will involve a lot of natural elements 
such as vegetation, soil, hydrology, and also includ-
ing forest structure, function such as ecological 
indicators, as well as social, economic, human pres-
sure, and many other factors. Therefore in the proc-
ess of the construction of evaluation system should 
be selected as little as possible, easy to control and 
operation of indicators to reflect the characteris-
tics of Beijing urban green space ecology system, in 
order to increase urban green land ecological safety 
observation index of practicability, avoid too much 
evaluation index will make the ecological security 
problem is more complicated, or incomplete infor-
mation index, the evaluation index system covering 
the phenomenon of overlap between information 
or indicators, in order to increase the difficulty of 
the actual evaluation work.

4.2.3 Conduct objective and accurate assessment 
for urban green space ecological security

The ultimate goal of urban green land ecological 
security research is the guarantee of urban green 
land ecological security, maintenance and manage-
ment research, urban green land ecological security 
evaluation, prediction and early warning research, 
is to establish a comprehensive security system, 
formulate scientific and reasonable ecological 
security maintenance and management measures, 
action, and lay the foundation and basis by the 
relevant laws and regulations. Therefore, should be 
objective and accurate in Beijing urban green land 
ecological security evaluation.

5 CONCLUSION

As environmental pollution and ecological envi-
ronment have seriously affected and threatened 
human survival and social development, ecological 
environment issues has risen to ecological security 
issues. Ecological security is the guarantee of the 
ecological—economic—social system and sustain-
able development. Ecological security assessment is 
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of great significance for regional urban green space 
system. For urban green space ecological security 
assessment, the main challenge is how to combine 
various characteristics of the urban environment to 
build the evaluation index system. There for, eco-
logical security assessment of Beijing urban green 
space should be combined with the demand of city 
development and functional needs, should choose 
the urban green land ecological security evaluation 
method, should build urban green land ecological 
security evaluation system on scientific approaches, 
should conduct accurate and convenient evalua-
tion. It should also provide the basis for the estab-
lishment, maintenance and management of the 
system, as well as related laws and regulations.
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ABSTRACT: Rural landscape is different from urban landscape. The purposes of studying on types 
of rural landscape are to strengthen types of landscape with rural characteristics and highlight unique 
style of rural landscape in the planning designs of rural landscape in the future. Types of rural landscape 
can be classified into natural landscape and human landscape, which include material and immaterial 
attribute, and not one of them can be dispensed with. Starting with material and immaterial attribute, the 
article makes a further classification.
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are involved in the studying and constructing of 
urban landscapes, hoping to establish perfect 
homelands. However, in fact, China is a large agri-
cultural country. Agriculture is always the root of 
the people’s livelihood, since ancient times and 
farmers are major productive forces in China. 
Agricultural lands make up the largest portion of 
the land-use type in China. From the development 
point of view, agriculture is the root of China’s 
development. With respect to the industry of land-
scape planning designs, the key is the development 
of urban landscapes and the basis is the develop-
ment of rural landscapes. China put forward the 
strategy of new rural development, and formulates 
guidelines of industry re-feeding agriculture, city 
supporting village and giving more taking less 
and loosening control, and clarifies the funda-
mental requirements of simultaneously carrying 
out modernization of agriculture in the process of 
 developing in-depth industrialization and urbani-
zation, and quickens formation of new pattern of 
urban-rural integration, which all in all provide 
with new development and research thoughts for 
the industry of landscape planning designs.

Rural landscape is a type of regional landscape. 
However, the defining of region is becoming more 
and more difficult with the continuous developing 
in depth of city and countryside integration. For 
the present, a relatively common approach is to 
define urban and rural region from the local admin-
istrative domination area and land usage. To differ 
urban from rural region from landscape viewpoint, 
the differences among types of landscape can 
basically be made from visual points, which are pos-
sibly fixed feelings toward the differences between 
city and countryside in people’s mind. For  example, 

1 SUMMARY OF RURAL LANDSCAPE

1.1 Landscape

In China, the word “landscape” is not a vocabulary 
and concept that has existed from time  immemorial. 
It is a newly rising field in twentieth century, and its 
concept meaning is different from the Chinese tra-
ditional garden and landscape architecture. Land-
scape is more of a visual vocabulary, which refers to 
people’s feeling toward the environment’s external 
characteristics. As a concept in the sense of visual aes-
thetics, “landscape” is similar to the word “scenery” 
(Fengjing) and “view” (Jingzhi) in Chinese. From 
the perspective of subjects, it has more applications 
and correlations in and with geography, ecology, 
architecture, etc. In  geography, as a scientific termi-
nology, landscape refers to terrain scene within one 
geographic unit. In ecology, landscape is an ecologi-
cal system and ecological resource. In architecture, 
landscape is a design consideration and scenery type.

1.2 Rural landscape

The concept “rural landscape” derives from the 
concept “landscape.” Based on landscape, rural 
landscape places restriction to the region. It is a 
type of landscape that taking the countryside as 
its study objects. With the development of China, 
people begin to recognize landscape with new 
requirements, and are in the hope of improving 
their living environments. More and more  people 
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one can distinguish one place as city or countryside 
at a glance from its environment. Now, such dis-
tinguishing is becoming more and more difficult 
due to the continuous integration between city and 
countryside, and thus, the differences of landscapes 
between them have narrowed gradually. People in 
cities have constantly explored methods of natural-
ization, and in countryside have gradually changed 
life-style with human landscapes being more and 
more urbanized. The purposes of studying on 
types of rural landscape are to strengthen types of 
landscape with rural characteristics and highlight 
unique style of rural landscape in the planning 
designs of rural landscape in the future.

2 OVERALL CLASSIFICATION OF RURAL 
LANDSCAPE

Different subjects have different emphasizes toward 
rural landscape. Aesthetically, rural landscape 
conveys pure, clean and rural natural scenery, and 
unsophisticated cultural customs. Geographically, 
rural landscape is different from urban landscape 
from the regional attribute. Ecologically, rural 
landscape has more abundant natural qualities 
and biological diversities. I think that those points 
of  view emphasize particularly on the natural 
qualities of  rural landscape. In fact, besides natu-
ral scenery, characteristic historic cultures, folk 
traditions, and folk customs also make up unique 
style of  rural landscape. They cover a wide range 
of contents, and it is necessary to categorize them, 
which establish the foundation to certain extent 
for the planning designs of rural landscape.

2.1 Principles of classification

While study on classification of countryside is 
made, both variety and uniqueness of rural land-
scapes should be taken into consideration, based 
on which principles as below should also be mainly 
considered:

1. Integral principle
Integrity, but not certain individual condition, 
should be taken into comprehensive considera-
tion in classifying types of rural landscape. For 
instance, the influences of many factors such as 
climate, soil, landform, vegetation, hydrology, 
human activities, etc. toward rural landscapes 
should be comprehensively considered. Natu-
ral and human factors are especially not to be 
neglected. The classification of rural landscape 
would be incomplete without taking integral 
principle into consideration.

2. Characteristic principle
Among the overall factors, each factor has dif-
ferent functions in different landscape types of 

different levels. In certain sub classification, 
the dominant factor that affects the formation 
transformation of rural landscape should be 
highlighted and the essence of problem should 
be taken so as to scientifically and effectively 
make more precise classification toward rural 
landscape.

3. Scale principle
In the overall classification of rural landscape, 
not only the contents should be solved, but also 
classifying scale should be considered. In fact, 
it has much relativity with the concept of rural 
landscape. Due to the lack of unified definition 
concerning the concept of rural landscape as 
yet at home and abroad, scholars have different 
understandings toward it, and thus, there is no 
unified standard for the scale of landscape stud-
ies. Basically, the study of concept of rural land-
scape determines the grasp of landscape scale. 
The article simply defines the concept of rural 
landscape as: the region that outside the urban 
built-up area with abundant natural and human 
attributes. Based on the concept, the overall 
classification of rural landscape is a region type 
classification of large scale.

4. Level principle
Gradually, progressive level principle of classifi-
cation should be noticed when region type clas-
sification of large scale is made. Scale should be 
gradually reduced and classification of large scale 
should be refined to divide types of small scale, 
so as rich and varied types of rural landscape can 
be reflected comprehensively and in detail.

2.2 Overall classification of rural landscape

In the classification of large scale, rural landscape 
can generally be classified into natural landscape 
and human landscape (see Table 1). Natural land-
scape refers to true type of landscape formed by 
original material ecology in the nature, which has 
been affected and reformed by humankind only to 
a small extent. Human landscape refers to the land-
scape with regional characteristics in the countryside, 

Table 1. Overall classification of rural landscape.

Number Overall 
classification of 
rural landscape

Examples

1 Natural 
landscape

Such as: woodland, 
grassland, water area, 
farmland, etc.

2 Human 
landscape

Such as: folk traditions and 
folk customs, religion, 
garden, architecture and 
music, etc.
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which has been affected and reformed by humankind 
to a relatively large extent, and based on humanistic 
background, human landscape has certain atmos-
pheres such as culture, tradition, history, living habit, 
appreciation of the beauty (includes religious faith), 
etc. From the meaning of the word “human” we can 
make out that: (1) the principal part of human land-
scape is human’s creative thought and subjectively 
transformative capacity; (2) landscape perception 
created from human’s wisdom has historical and cul-
tural attributes, and in contrast to the nature, it has a 
higher spiritual and cultural meaning.

With respect to the visibility of landscape, overall 
rural landscape can be classified into material and 
immaterial attribute. In general division of land-
scape types, visibility is always taken as standard 
of division of landscape, and immaterial attributes 
influencing characteristics of landscape are often 
neglected. In human landscape, more immaterial 
attributes are especially included, in which new 
meanings are given to the human landscape from 
human’s wisdoms and creations. Therefore, the 
superposition of nature and human landscape 
with material and immaterial attribute in general 
classification is stated as in the Figure 1.

3 CLASSIFICATION OF MATERIAL 
ATTRIBUTE

3.1 Standard of classification

Taking China’s current land use classification (PRC 
National Standard GB/T21010-2007) as the stand-
ard of classification, rural landscape can be fur-
ther classified into natural landscape, semi-natural 
landscape, and artificial landscape. In accordance 
with the standard, with generalizing and improving 
the classification, the article proposes classification 
of material attribute concerning rural landscape in 
Table 2 as below.

3.2 Classification declaration

In the classification of material attribute, natural 
landscape mainly includes types of landscape in 
rural region naturally formed such as natural wood-
land landscape, natural grassland landscape, etc. In 
semi-natural landscape, artificial woodland land-
scape, artificial grassland landscape, and artificial 
water area landscape are the major three landscapes 
that should be necessarily explained. Though being 
artificially built, but they are similar to natural land-
scape so as to be called semi- natural landscape, but 
not artificial landscape. So are farmland, orchard, 
tea garden, etc. Semi-natural landscape both has 
landscape of natural scenery and human landscape. 
Artificial landscape mainly includes types of land-
scape influencing human’s life to a relatively large 

Figure 1. Classification and attribute division of rural 
landscape.

Table 2. Classification of material attribute concerning 
rural landscape.

Number Classification 
of material 
attribute

Concrete contents

1 Natural 
landscape

Natural woodland  landscape, 
natural grassland 
 landscape, natural water 
area landscape, natural 
mudflat landscape, glacier 
and snow cover landscape, 
saline-alkali soil landscape, 
wetland landscape, sand, 
bare land, etc.

2 Semi-natural 
landscape

Artificial woodland 
 landscape, farmland 
 landscape, garden 
 landscape, artificial 
 grassland landscape, 
 artificial water area 
 landscape, etc.

3 Artificial 
landscape

Settlement landscape, road 
landscape, engineering 
facilities landscape, etc.
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extent, such as rural  settlement, road landscape, 
engineering facilities landscape, etc. The overall 
classification of natural and human landscape 
stated in the last section can be seen in Figure 2.

4 CLASSIFICATION OF IMMATERIAL 
ATTRIBUTE

Immaterial attribute is quite different from mate-
rial attribute. It refers to the immaterial attribute 
of cultural and artistic value. It has implicit 
characteristics of landscape with various forms. 

 Combined with Chinese cultural characteristics, it 
includes folk literatures, folk customs, traditional 
medicines, traditional manual skills, folk arts, acro-
batics and athletics, Chinese folk art forms, tradi-
tional dramas, folk dances, folk music, etc.

Immaterial cultural landscape is of an indispen-
sable part in rural landscape, which is the display 
and inheritance of rural historical and cultural 
characteristics. Its various cultural expressions 
bring about meanings and features to rural land-
scapes. It is also an important part that should 
be necessarily noticed in planning designs of 
landscape.

5 CONCLUSION

The article has made an explanation toward clas-
sification methods and types of rural landscape, 
and finally reached to some basic classification 
systems. Diversity and uniqueness of rural land-
scapes are determined by region. More detailed 
summarizations and analyses of types of rural 
landscape would be made in accordance with dif-
ferent regions in the future.
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ABSTRACT: With the intensification of the building energy consumption problem and the general sub-
health status that the current working group faces, create a low-carbon, efficient and livable working space 
has become the development goals of the green office buildings. Green technologies as the important way 
to achieve this goal, how to optimize the integration of active and passive technologies combine with the 
regional climate characteristics to seek the best balance between the energy use and environmental qual-
ity becomes the key point for green office building design. This paper takes the management committee 
office building in a scenic area of Wuhan city as an example, made a comprehensive analysis of its design 
objectives, design principles and the specific green design strategies, and in order to provide some useful 
reference for the future of green building design, in view of the current green building development, puts 
forward some relevant suggestions from the aspects of architectural design strategy formulation and green 
technology selection around the essence of green building design.
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project locates, eliminate the negative impact 
brought by the “portability Copy.”

2. Passive Priority and Active Optimization
Building design should first pay attention to the 
design itself, allow natural acting by using the 
rational design means to optimize the layout of 
the building, interior space and detail design, 
and give priority to use the passive technology 
of natural ventilation, natural lighting, high 
insulation external retaining system, and ver-
tical greening to reduce energy consumption. 
Then, consider using active technologies as sup-
plement to improve efficiency.

3. Optimizing Integration with Ultra Technologies
Avoid focusing on the technology itself, but 
focus on the suitability, interoperability, eco-
nomic rationality, and energy efficiency of the 
technologies when making the choice of tech-
nology strategies.

2 MATERIALS AND METHODS

The office building located within a well-known 
scenic spot in Wuhan City, the planned total land 
area is 10438 m2, with a total construction area 

1 INTRODUCTION

As an important place in people’s daily work activ-
ities, the functional attributes which office building 
carries should not only provide the necessary space 
itself, but also to meet the spiritual needs of the 
office staff. With the intensification of the build-
ing energy consumption problem and the general 
sub-health status that the current working group 
faces, creates a low-carbon, efficient, and livable 
working space has become the development goals 
of the green office buildings. Green technologies 
as the important way to achieve this goal, how 
to optimize the integration of active and passive 
technologies combine with the regional climate 
characteristics to seek the best balance between 
the energy use and environmental quality becomes 
the key point for green office building design.

The main principles that the green office build-
ing design should follow include:

1. Adjust Measures to Local Conditions
Create a native, low carbon green high quality 
construction and has the era characteristics that 
according to the climatic conditions, regional 
characteristics, resource conditions where the 
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of 5760 m2. This project site has a very beautiful 
landscape environment. Its base surface is close to 
the mountains in the north, Liangzi Lake in the 
south, and region development plot in the east and 
west. Based on the need of this study, this paper 
select the main building orientation and distribu-
tion, outside micro-climate, natural lighting, and 
natural ventilation as the four elements, by use the 
computer simulation software of Phoenics and 
Ecotect to make analysis and comparison between 
the multiple design scenarios, and then take opti-
mize and adjust measures according to the simula-
tion results to get the most ideal design scenario.

According to the Evaluation Standard for Green 
Office Building, these four elements corresponding 
to the entry requirements were:

1. Building orientation and distribution
Wind speed of the pedestrian area around the 
building at the 1.5 m height should be less than 
5 m/s, the site should not appear vortex and 
dead space, Wind velocity amplification coef-
ficient should be less than 2.

2. Outdoor environment
Landscape design should choose a suitable 
local climatic and soil conditions of local, using 
a complex layer containing shrubs, grasses. etc, 
and the planting area should have sufficient 
overburden depth and good drainage.

3. Natural Lighting
More than 75% of the main function space’s 
daylight factor to meet the requirements of 
“Standard for Daylighting Design of Building” 
GB/T 50033-2013.

4. Natural Ventilation
Architectural design and structural design 
should have induced flow measures to promote 
natural ventilation.

3 RESULTS AND DISCUSSION

3.1 Building orientation and distribution

Good natural ventilation and sunlight effect are 
the factors that should be considered in the phase 
of planning and construction layout. In consid-
eration of there has no affectable surrounding 
buildings, only take the natural ventilation as the 
primary factor in this project planning and build-
ing layout considerations.

Northeast wind direction perennial dominant 
wind direction of Wuhan, according to this fea-
ture, in order to reduce the impact of cold air 
infiltration in winter, and get a better natural ven-
tilation effect in summer, the building layout finally 
select the toward that close to the south. Since the 
building height and space changes in the organiza-
tional relationship will bring a different effect of 

indoor and outdoor ventilation, using simulation 
software of Phoenics to make analysis and com-
parison between the multiple programs, and take a 
corresponding adjustment according to the simu-
lation results.

In the optimized layout pattern, the maximum 
wind speed around the building is less than 5 m/s in 
both the summer and winter, wind speed amplifica-
tion factor is less than 2, the wind pressure between 
the windward and leeward side o is greater than 
1.5 Pa, and the site around the construction site 
has no swirl and dead ends (Figs. 1–4), the overall 
natural ventilation condition is good, and meet the 
comfort requirements of pedestrian.

3.2 Outdoor environment

There has an outward Green Square in the south of 
the main entrance area of the office building, and 

Figure 1. Outdoor pressure contours in summer.

Figure 2. Outdoor wind velocity contours in summer.
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with the combination of the space which enclosed 
by the building body design an inward-looking 
garden in the north, thereby forming a north-south 
landscape visual corridor through the building, at 
the same time, set up a sunken garden green space 
by using of terrain elevation in the west of the site, 
thus makes the most functional space have good 
visual accessibility combined with the design of 
glass walls and French window design.

In addition to the function of beautify, the more 
important function of outdoor environment is to 
improve the micro-climate of the office building. 
For this reason, the project pays special attention 
to greening in the aspect of outdoor environment 
creation. And using the simulation software of 
Ecotect to simulate the photosynthetic effective 

radiation of the field around the building prior 
to the landscape design, which provide the basis 
for plant configuration. According to the simula-
tion results (Fig. 5), combine with the habits of 
plants, in the area where the solar radiation is less 
than 3 MJ/m2d planted hi shade plants, in the area 
where the solar radiation is between the 3 MJ/m2d 
and 6 MJ/m2 planted neutral plants, and in the 
area that larger than 6 MJ/m2d planted heliophi-
lous plants. And through the multi-layer green 
means, by planting local native trees and shrubs to 
reduce the noise, block cold wind in winter, adjust 
the solar radiation according to the season change. 
in addition, by setting the landscape pool, sunken 
lawn forming organisms climate buffer zone, thus 
to play the role of water conservation, and regulat-
ing outdoor air temperature and humidity.

3.3 Natural lighting

Compared with other public buildings, the service 
time of office buildings is mainly in the daytime, 
each room of the office has designed the glazed 
facades to reduce lighting energy consumption. 
In the south side space of the office blocks, the 
 interior design carries forward the open architec-
ture features, emphasizes open space and clarity 
skillfully, the continuous glass facade not only can 
make the interior office staff  enjoy the full sun, but 
also Join together the indoor and outdoor environ-
ments effectively, creating a pleasant work envi-
ronment; In the multi-purpose hall block, through 
setting an inner courtyard to introduce external 
light and air into the reception lounge space.

For larger spaces, such as employee dining area, 
just rely on the limited one-sided lighting cannot 
fully meet the indoor lighting demand, by extend-
ing outwardly 1.5 meters wide of the second floor 
flat with the stainless steel bottom pane to let out-
side natural light enter into deeper indoor space 
throughout reflecting, which greatly improves the 
effects of indoor lighting. Meanwhile, the over-
hanging floor settings also played a role in shade.

Figure 3. Outdoor pressure contours in winter.

Figure 4. Outdoor wind velocity contours in winter.

Figure 5. Photosynthetic effective radiation analysis.
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According to the natural lighting simulation 
results, interior lighting coefficient of 75% indoor 
space are above 3.0% (Tables 1–2; Figs. 6–7), meet 
the requirements of “Standard for daylighting 
design of building.”

3.4 Natural ventilation

Besides setting large windows that can be opened 
on the exterior walls, the office building also design 
an inner courtyard to increase natural ventila-
tion. In the layout stage, by using the simulation 
software of Phoenics to analyze the indoor natu-
ral ventilation effect, so as to provide the basis to 
develop the most reasonable design program.

The indoor air environment simulation results 
of summer shows that the indoor space has a good 

natural ventilation effect: the wind speed is within 
0.2–1.0 m/s range in most indoor areas, the indoor 
air pressure on both sides is more than 1.5 Pa, and 
the air age is relatively small (Fig. 8).

4 CONCLUSIONS

This study is a useful attempt to the design phi-
losophy of “Optimize Passive and Priority Active” 
in the green office buildings, by the means of rea-
sonable building orientation and distribution, effi-
cient building envelope design and natural lighting, 
ventilation, etc, giving full play to the role of pas-
sive energy-saving. Meanwhile, use suitable active 
technologies as supplementary to achieve.

The goal of enhancing the practical perform-
ance, energy performance and environmental per-
formance, its investment is not high, but it made a 
good effect, providing a reference t for future green 
building design.

In terms of design strategy formulation, nowa-
days, with the rapid development of green building 
and under the guidance of energy-saving policy, 
more and more designers are introducing green 

Table 1. Daylight factor of first floor.

Contor Ba 
(from–to)

Within Above

pts (%) pts (%)

0–2 1696 22.8 7438 100
2–4 3114 41.8 5742 77.2
4–6 1040 13.98 2628 35.33
6–8  513  6.9 1588 21.55
8–10  328  4.41 1075 14.45

Table 2. Daylight factor of fourth floor.

Contor Ba 
(from–to)

Within Above

pts (%) pts (%)

0–2 1255 35.73 3512 100
2–4 1281 36.47 2257 64.27
4–6  484 13.78  976 27.79
6–8  195  5.55  492 14.01
8–10  133  3.79  297 8.46

Figure 6. Interior lighting coefficient distribution of 
first floor.

Figure 7. Interior lighting coefficient distribution of 
fourth floor.

Figure 8. Indoor wind velocity contours in summer.
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concept in the office building design. However, due 
to lack the awareness of the essence of green build-
ing, there has been emerging some problems that 
one-sided pursuit of “high input, high- quality,” 
blindly take the expected energy savings effect in 
the use of green technology, while ignoring the 
phenomenon of architectural design itself, which 
resulting in economic investment of the buildings 
is much greater than the social and environmen-
tal effects it produces, and contrary to the origi-
nal intention of green buildings. At the beginning 
green building design, should according to the 
actual situation of the site conditions and natural 
resources, excavating the energy-saving potential of 
architectural detail designs, so as to reduce build-
ing energy consumption from the source.

In terms of green technology selection, the key 
point is to focus on suitability, combine the actual 
situation of the project with the technology’s prac-
ticality and efficiency, avoiding piling up the tech-
nologies blindly, and selectively learn and use local 
traditional technology to achieve implementation 
technology of human ascension. In addition, the 
choice making of green technology should con-
sider the economical efficiency, optimize and 
integrate the active and passive technologies to 

improve environmental quality of buildings based 
on a reasonable cost.
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ABSTRACT: This article first defined Beijing’s rural greenway areas, took two successful examples of 
the Baili Landscape Painting Gallery and the Shen tang yu Landscape Road to draw four main appropri-
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greenways within 5 years, connect more than 200 
parks, scenic spots, and historical and cultural sites.

The present article divides the greenway into three 
parts based on different zones: municipal greenway, 
suburban greenway, and rural greenway. At present, 
Beijing’s construction planning is concentrated 
in urban and suburban zones and form a chronic-
 system post. There are few researches on rural 
greenway. Yet, the rural zone of Beijing is not only 
the ecological zone of the city, but it also provides 
natural landscape to the whole city, as well as rec-
reational opportunities and precious historical and 
cultural heritage. Therefore, conducting a research 
on rural greenway has a great and important value 
for the municipal greenway system. In his research 
about Beijing’s suburban greenway, Qin (2014), 
based on the set-up of the greenway separation 
between Beijing five ring roads and six ring roads, 
defined the suburban zone as the zone between the 
five ring and the six ring. The present article took 
the above classification method to fix the scope of 
the research, determined as the zone outside Beijing 
six ring roads. The article cards about the Baili Land-
scape Painting Gallery and the Shentangyu Natural 
Scenic Area to put forward the main Beijing munici-
pal greenways to give a general view on the future 
planning and construction of rural greenways.

2 GREENWAY-RELATED CONCEPTS

There are lots of definitions about greenway. Little 
defines “greenway” as a kind of linear open space, 
generally a natural corridor (such as rivers, val-
leys, and mountains) or a common roadway which 
has been converted into a recreational way (such 
as canal, water channel, scenic trail and abandoned 

1 INTRODUCTION

The concept of greenway originated in the 19th-
century in America. The world’s first park system, 
Boston Park System, was planned by Olmsted, and 
was the first greenway ever built in its true mean-
ing in America. In the 1950s, the idea of greenway 
was more about theoretical research and practice. 
Today, the concept of greenway has developed into 
a more comprehensive meaning, the E-way (envi-
ronmental way, ecological way, entertainment way, 
educational way, esthetic way, economic way, exit 
way, etc.). The E-way has various functions such as 
ecological protection, recreational, popular science 
education, aesthetic ethic experience, and safety 
evacuation. (Liu, 2012).

The greenway experienced few courses. It went 
from park system, to open space, and then to 
greenway. The study subject also changed, from 
city to city-and-town combined. (Flink, C.H. 
Searns, R.M., 1993) (Little, C.E., 1990).

When we see the greenway system of the Pearl 
River Delta, we know that greenway construction 
has been developing very quickly in China. (Sun, 
Pan, 2011) (He, etc., 2010) In 2013, Beijing Munici-
pal Government Executive Council adopted the 
Beijing Municipal Greenway Construction Overall 
Plan to determine Beijing’s municipal greenway, 
the “three-ring, three-wing, multi-gallery.” The plan 
has an objective to construct 1000-km municipal 
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railway, etc.), or any natural and scenic roads for 
bicycle and pedestrian. (Little C.E., 1990) But 
 Bertie Ahern is stressing out the comprehensiveness 
of greenway. He believes that greenway is a land 
network built through meticulous planning, design 
and management, and that this network has various 
functions including ecological, recreational, cultural, 
aesthetical, as well as many other functions. These 
functions can all be found in the land network.

The greenway proposed by Bertie Ahern 
includes 5 meanings: first, greenway has a linear 
contour; second, greenway must have connectivity; 
third, greenway has versatility; fourth, greenway 
has multiple functions; fifth, greenway must sat-
isfy the requirements of the sustainable develop-
ment, but most important, greenway planning is 
an important supplement of nonlinear landscape 
architecture greenway planning. Greenways con-
nect the other non-linear landscape architecture 
system to form an integral body aiming to protect 
the landscape ecology. (Ahern J., 1995).

3 CASE STUDIES ON BEIJING 
RURAL GREENWAY

Although the concept of greenways has been heard 
from abroad only these recent years, Beijing rural 
zone has already few successful cases about roads 
complying with the greenway design concept. Let’s 
take the Baili Landscape Painting Gallery of Yan-
qing and the Shentangyu Natural Scenic Area of 
Beijing as examples and give more details.

3.1 Baili landscape painting gallery

The Beijing Yanqing Baili Landscape Painting 
Gallery is located in Qianjiadian Town, in the 
northeast of Yanqing County, and is the core zone 
of Yanqing Ecological Conservation Development 
Area. There are 56km main waterfront roads con-
necting 6 scenic spots, Guihuamuqun, Wulong 
Canyon, Dishuihu Scenic Area, Chaoyang Tem-
ple, Longwang Temple, and Guandi Temple, and 
numerous geological science and natural landscape 
such as Kunlun mountains, Shujian peak, marine 
deposits remains, Caimugou aleolithic ruins, Wen-
chang monument, Datan natural reserve, Qianmiao 
Sunflower Sea, Wanmiao huangqin tea plantation, 
and Yanshan Painting Academy.

Thanks to the ecological resources, land-
scape and cultural resources of Baili Landscape 
Painting Gallery, since their integration, the tour-
ism industry of Qianjiadian Town has boosted and 
increased the farmers’ income. Plus, the recreational 
activities in the gallery are done in cycles, and the 
majority of accommodations are farmhouses. This 
system limits the over-exploitation and develop-
ment of resorts and lands in the area. Therefore, 
not only the scenic spot provides to  Beijing citizens 

a tourism greenway rich in natural and cultural 
landscapes, but as a waterfront greenway, it also 
protects the habitat of wildlife, reduces the dam-
ages due to flood, and safe keeps water quality and 
groundwater level.

Having great cycling roadway, Bali Landscape 
Painting Gallery was named one of the “Ten Best 
Cycling Route of Beijing” in 2007.

The Bali Landscape Painting Gallery was not 
meant to be a greenway. But, the site possesses the 
5 characteristics given by Ahern: has linear con-
tour, connect many natural scenic spots and cul-
tural landscapes, has various functions (tourism, 
recreation, education, and protection of historical 
heritage), contribute to the economic develop-
ment of surrounding countryside, and satisfy the 
requirements of the sustainable development.

The waterfront ecological corridor links each part 
of the valley together to form an ecological network. 
Bali Landscape Painting Gallery awoke the local 
tourism resources and its construction is appropriate 
from the local geographical position point of view, 
forming a rural green land with strong local charac-
teristic, a very successful rural greenway in Beijing.

3.2 Shentangyu natural scenic area

The Shentangyu Natural Scenic Area is located in 
the Yanqi Valley in Buyegu. The total length from 
Buyegu Tourism Service Zone to the Shentangyu 
Natural Scenic Area is 7.558 km; it is Beijing’s long-
est pedestrian plan road alongside cliffs with moun-
tains and waters. The plank road and the roadway in 
the valley zone are parallel. The natural scenic area 
crosses fourteen sites, Chuangulanxiu, Taigongchuid-
iao, Linkongtingquan, Shanyedenghuai, etc., worth 
seeing, with mountain roads, appropriate for climb-
ing. The place is just simple and natural, near moun-
tains and waters. Shentangyu Natural Scenic Area is 
at the foot of a hill and beside a stream, a beautiful 
roadway for sightseeing, recreation, and fitness.

Shentangyu Natural Scenic Area adopts the 
following measures to reduce the contact between 
humans coming for recreation in the area and the 
wild animals living in the site: decrease the width 
of the greenway so to reduce the interference of 
wild animals; the greenway must keep distance 
with the river from vertical and horizontal levels to 
stay far away from wild animals’ habitat; humans’ 
sightseeing, education, experiential activities are all 
done from far away or from an observation space; 
reduce the environmental impact by using natural 
and impermeable materials.

4 BUILDING BEIJING RURAL 
GREENWAY PLANNING SYSTEM

Based on the specific ecological characteris-
tics in Beijing and by combining Beijing’s rural 
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topography, cultural characteristics and road net-
work, the present article divides Beijing’s rural 
greenways mainly into 4 types: riverfront type 
greenway, valley type greenway, cultural heritage 
type greenway, and natural ecological greenway.

4.1 Riverfront type greenway

For many greenways, the most important landscape 
is the water landscape. The riverfront type greenway 
is the most important and the most used greenway. 
Main rivers in Beijing belong to the Hai River Drain-
age System, such as Yongding River, Chaobai River 
and Juma River, and to Ji River Drainage System 
such as Ju River. Most of the river basins are in the 
countryside, the source of water of  Beijing city, and 
the lifeline of Beijing ecology and residents’ life. The 
establishment of a waterfront type greenway has a 
very significant importance to the whole city of 
Beijing and to its ecological network. The ecologi-
cal values of waterfront greenways are: provide eco-
logical corridor to migratory species, use vegetation 
along the river to filter pollutants, reduce stream 
pollution, mitigate air pollution, regulate local cli-
mate. Since the waterfront greenways shall connect 
the city, the suburbs and the countryside, they run 
through the northwest of Beijing in the mountain 
areas, the city in the center and the southwest plain 
area to form an important ecological corridor. The 
greenways are the keys to connecting the city’s eco-
logical system with the forest ecosystem, garden 
ecosystem, and wetland eco-systems.

From the point of view of the importance of 
the ecological use of the waterfront greenways, 
the author thinks that the primary objective of 
Beijing’s rural waterfront greenway must be eco-
logical protection.

To protect wild animals, numbers of visitors in the 
site have been limited, and this is one of the impor-
tant protective measure set. On the other hand, the 
design of greenway planning shall have close rela-
tion with river training work, ecological recovery, the 
city’s drainage management. And when necessary, 
build a buffer at the appropriate point. The width of 
the greenway shall be determined based on the status 
of the area. As well, when needed, give all efforts to 
recover the natural vegetation, so that humans and 
cars stay far from the river edges. If there is really a 
need to approach the water, the plank road must be 
the first choice in order to avoid the complication of 
natural terrain and environment impact.

4.2 Valley type greenway

Beijing has 7 counties in mountainous areas 
(Fangshan, Mentougou, Changping, Pingyong, 
Huaiyi, Miyun County, and Yanqing County), 
83 villages and towns in mountainous and half-
 mountainous areas, a bit more than 1600 villages 

committees, a total acreage of 1.04 km2, 62% of 
Beijing total area. Beside Wenyu River, the four 
drainage systems, the Daqing River, Yongding River, 
Chaobai River, and Liyun River all are in moun-
tainous areas with large drainage area. The many 
stream tributaries form lots of valleys. In recent 
years, Beijing started to develop the valley economy. 
With valley economy as unit, Beijing began to build 
greenways to connect each industrial node together, 
develop the valley with the surrounding areas and 
plains, set a general plan for city and towns to pro-
mote and enrich the industry and provide more 
functions. (Chen etc., 2012) The boundaries of the 
valley are not administrative borders; they are mostly 
connecting most of the villages in the mountainous 
areas and coincide with main line of communica-
tions (Zhang, etc., 2009). At present, Beijing’s val-
leys follow a model of economic development with 
Beijing mountains areas’ local characteristics and a 
pattern of space network. Based on this pattern, the 
communication network within the valley economy 
and the surrounding lands are categorized into the 
rural greenways. All these contribute to the rational 
development and use of rural lands, to water pro-
tection, to recreational activities and also to increase 
the income from economic growth.

Since most of the valley greenways disperse the 
main river streams of Beijing city, valley greenways 
are mostly for ecological protection, and then for 
recreational and education of the people. Today, 
the development of valleys in Beijing has already 
benefit the city, significantly boosted the develop-
ment of the rural economy. However, it has also led 
to some environmental problems. Taking Yebohai 
in Huairou as an example, it is located on reser-
voir of the upstream of Huairou river basin, one 
of the key valley constructions in Huairou district. 
 Following the increase of the number of tour-
ists, rainbow trout farms have been expanding. 
 According to the Environmental Protection Admin-
istration test, these farms have already caused a cer-
tain degree of contamination on the water quality 
of the Huairou reservoir. (Shi, 2014) In the mean-
time, lots of resorts and hotels have been developed 
and entered the area, causing a great environmental 
burden. Thus, there is an urgent need to introduce 
more about the concept of greenways, strictly con-
trol the land development and limit the public rec-
reational activities in the valley to protect the rural 
ecological environment. This has a great signifi-
cance for the healthy development of Beijing.

4.3 Cultural heritage type greenway

Beijing is a world famous historical and cultural 
city, one of the most ancient capitals. The city has 
large number cultural resources such as numerous 
cultural heritage protection units, historical and 
cultural route, and historical river drainage systems. 
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Rural greenways that connect historical and cultural 
heritage can form a green network for heritage pro-
tection and let people experience in real the memo-
ries of history and tradition, witness history and 
revisit ancient villages, buildings, ruins, tombs, mod-
ern building, historical, and cultural neighborhoods. 
Besides all, there are lots of historical and cultural 
routes in Beijing, such as Beijing-Hangzhou Grand 
Canal, the Royal Road of the Ming and Qing Dynas-
ties, Jingxi Ancient Roads. They often connect with 
historical and cultural heritage points, have great 
value. They are important resources for the con-
struction of Cultural Heritage-type Greenway.

4.4 Natural ecological greenway

Beijing’s natural ecological greenway is mostly land-
scape fragmentations due to road construction or 
mining work combined together and transformed 
into greenway, a space with greenery connected 
with wildlife habitats. Natural ecological greenway 
helps keep alive and healthy the diverse living beings 
in an area and reduce the facilities destroying the 
wildlife region within the area; it is a different kind 
of connecting network ecological corridor.

Beijing’s natural ecological corridors are mainly 
along the western part of Taihang mountains and 
the northern side of Yanshan mountains, forming a 
linear space, building connections between natural 
reserves, forest parks and scenic areas, and provide 
migration corridors to living being. Simultaneously, 
implementing greening strategy contributes to reduc-
ing the uncertainty of the lands’ situation and stop-
ping the exploitation in the western mountainous 
areas, therefore would achieve the ecological protec-
tion, the safety of land and water quality and the 
survival of living beings in the area. (Wang, 2012).

This kind of natural ecological greenway mainly 
focuses on the requirements of biodiversity; there-
fore, the people in charge of the related planning 
shall have close relationship with wildlife experts 
to implement the related project. It is necessary 
to identify the wild animals within the area, the 
location of the habitats and the breeding-sites, as 
well as the animal tracks and migratory routes of 
the animals. The strategic points for wildlife con-
versation include knowing the animal tracks and 
migratory routes, the corridor interchanges, the 
intersection point of the animal biological corri-
dor and the urban road, at least basic information 
related to the ground and the wildlife in the area. 
Then based on these key notes, arrange an ecologi-
cal restoration, set up animal routes. (Yu, 2009).

5 CONCLUSION

The construction of rural greenways in Beijing 
must suit Beijing’s geographical position, fully 

respect the existing road network, forest network, 
water network, take into account ecology, land-
scape science, economy and other field techniques, 
and reflect multi-functionality and connectivity of 
the greenway. (Jack Ahern etc., 2011).

Greenways can help protect the countryside’s 
environment since greenways protect natural ridges, 
rivers and nature, and human and cultural resources, 
therefore can project the countryside, prevent the 
countryside to rapidly become a city. Greenways 
are important supporting planning to protect farm-
land and open spaces. All the characteristics of 
greenways combined are protective measures. The 
whole system forms the rural greenway network, a 
significant key point for Beijing ecological safety.
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house. The analysis results show that, for alkaline soil dwelling, the values of thermal resistance R0, 
 thermal inertia index data D, reduction coefficient of thermal wave transferring V0, and thermal trans-
ferring delaying time ξ0 are much bigger than current brick house. Therefore, regarding climate adaptive 
capability, traditional alkaline soil dwelling is much better than brick house.
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rainfall 398.4 mm, annul sunshine 2919.4 hours and 
abundant solar energy resources. Average daily tem-
perature change curves and passive design strategy 
of Baicheng city are shown in Figures 1 and 2.

In order to adapting alkaline land and harsh cli-
mate in northeast China, cultivation farmers created 
a unique residential—alkaline soil dwelling, which is 
made of local alkaline soil and based on the perspec-
tive of nature and aesthetic, adjusting measures to 
local conditions. There is sparse population in the 

1 INTRODUCTION

Alkaline soil is widely distributed in the western of 
northeast plain. In west Jilin province, alkaline soil 
are mainly distributed in the Baicheng, Tongyu, 
Daan, etc., that most of them are alkaline soil 
swamp without any plant growth. The local climate 
belongs semi-arid continental monsoon climate with 
long and cold winter and short and cool summer. 
The typical city of this area is Baicheng city with 
annual average temperature 5 °C, average annual 

Figure 1. Average daily temperature change curves of 
Baicheng city.

Figure 2. Passive design strategy chart of Baicheng city.
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local area, so local people used to choose shadow 
embrace sunny area to build houses. Village layouts 
are usually opening matrix or spread-point distri-
bution. Courtyard layout is usually opening and 
spacious. Local buildings possess some uniform 
features—small, compact, sunny exposure, and 
attached worm room. All of these measures reflect 
the typical climates adaptability and ecological char-
acteristics. Elevation, cross-section, and plan of typ-
ical alkaline soil dwelling are shown in Figure 4 and 
typical alkaline soil dwelling is shown in Figure 5.

2 MATERIAL AND STRUCTURE 
OF ENVELOPE

Owing to severe natural environment of alkaline 
soil area such as scarce wood resources, sandy cli-
mate, and low temperatures, the envelope and roof 
of local buildings are usually structured by wood 
and enclosed by mixture of alkaline soil, sorghum 
stem, and Chinese wild rye. Alkali soil is grey, 
very fine particles, no sticky, no hygroscopicity, 
fine waterproof performance and cheap material. 
Grasses are widely used for wall, roof, kang mat, 
and shade curtains because of their properties of 
wide distribution, diversity species, good flexibil-
ity, local materials, and economy.

Rammed soil wall, also known as “cross wall”, 
is built by ramming alkaline soil incorporation of 
bits of cathayense. While constructing, well-mixed 
alkaline soil is filled in the timber formwork. Every 
2 meters wall is regarded as one construction seg-
ment. Finally, 700 mm bottom width, 500 mm top 
width, and 600 mm thick wall has been finished. 
Adobe wall is made of adobe with 440 mm thick 
gable and 360 mm thick eaves wall. As adobe wall 
is difficult to avoid the gap space easy to leak wind, 
rammed soil wall has better thermal protection 
capability than adobe wall.

There are two types of roof for alkaline dwell-
ings: flat roof and arch roof with slightly curve. 
Alkaline roof constructing approach is ( Fig. 4): 
first, resting beams on the top of the wall or 
column and purlins on beams; second, paving 
100 mm thick tile baling reed or sorghum stalk; 
third, paving 100 mm thick chinensis; fourth, and 
claying 200 mm thick strawed alkaline mud; and 
finally, compacting 30 mm thick alkaline mud 2 ∼ 
3 layers. This approach can extend the building life 
more than one hundred years, even if  the beams 
damaged, roof still will not fall. Exterior wall and 
roof of typical alkaline soil dwelling are shown in 
Figure 6.

Figure 3. Effect of different passive designs strategies 
of Baicheng city.

Figure 4. Elevation, cross-section, and plan of typical 
alkaline soil dwelling.

Figure 5. Typical alkaline soil dwelling.

Figure 6. Exterior wall and roof of typical alkaline soil 
dwelling.
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3 THERMAL PERFORMANCE ANALYSIS 
OF ENVELOPE

3.1 Thermal performance analysis of exterior 
wall

Two types of exterior wall have been calculated: 
600 mm thick rammed earth wall and 440 mm 
thick adobe wall. Thermal physical properties cal-
culation results are shown in Tables 1 and 2.

Thermal physical properties calculation for two 
kinds of normal brick wall with 240 mm thick and 
370 mm thick have also been carried out. Calcula-
tion results are shown in Tables 3 and 4.

Insulation performance: the thermal trans-
fer resistance of rammed earth wall, adobe 
wall, 240 mm thick normal wall and 370 mm 
thick nomal wall is 1.06 m2 ⋅ K/W, 0.98 m2 ⋅ K/W, 
0.57 m2 ⋅ K/W, 0.77 m2 ⋅ K/W respectively. The 
external walls’ thermal insulation performance 
of alkaline soil dwelling is much better than nor-
mal brick wall house. As a result, in winter, the 
external walls’ of  alkaline soil dwelling can more 
effectively reducing heat energy outflow.

Thermal inertia performance: the thermal iner-
tia of  rammed earth wall, adobe wall, 240 mm 

thick normal wall and 370 mm thick nomal wall 
is 7.86, 6.44, 3.68, 5.40 respectively. The results 
show that the external walls’ of  alkaline soil dwell-
ing can more effectively reducing temperature 
fluctuations.

In summer daytime, the surface temperature 
of external walls rise by means of absorbing heat 
from outdoor environment. The peak surface 
temperature is reached at afternoon. Under the 
action of thermal inertia, heat storage perform-
ance and delay performance, the heat flux, heat 
flux amplitude and temperature amplitude will 
reduce greatly, so the peak value of inner surface 
temperature will be delayed to the early morn-
ing. At that time, cooling indoor conditions can 
be achieved by opening the doors and windows to 
increase ventilation.

In winter daytime, the external walls absorb 
and save a large amount of  solar heat radiation. 
When the outside temperature plunge to the low-
est at night, under the action of  thermal inertia, 
heat storage performance and delay perform-
ance, the heat accumulated in external walls dur-
ing the daytime radiation from outside can heat 
the indoor environment at night. Strong thermal 
inertia of  alkaline soil dwelling can keep the wall 

Table 1. Alkaline soil room rammed earth wall thermal 
performance calculation table.

20 mm thick 
plaster

600 mm thick 
rammed earth

20 mm 
thick plaster

λi (W/m ⋅ K)  0.15  0.93 0.15
Ri (m2 ⋅ K/W)  0.133  0.645 0.133
Si (m2 ⋅ K/W)  2.79 11.03 2.79
Di  0.372  7.116 0.372
R0 (m2 ⋅ K/W)  1.06
ΣD  7.86
V0 585.4
ξ0 (hour)  23.68

Table 2. Alkaline soil room adobe wall thermal 
 performance calculation table.

20 mm 
thick plaster

440 mm 
thick adobe

20 mm 
thick plaster

λi (W/m ⋅ K)  0.15  0.78 0.15
Ri (m2 ⋅ K/W)  0.133  0.564 0.133
Si (m2 ⋅ K/W)  2.79 10.10 2.79
Di  0.372  5.709 0.372
R0 (m2 ⋅ K/W)  0.98
ΣD  6.44
V0 208.2
ξ0 (hour)  19.82

Table 4. Normal 370 mm thick brick wall thermal per-
formance calculation table.

20 mm 
thick plaster

370 mm 
thick brick

20 mm 
thick plaster

λi (W/m ⋅ K)  0.87 0.64  0.87
Ri (m2 ⋅ K/W)  0.023 0.375  0.023
Si (m2 ⋅ K/W) 10.75 8.49 10.75
Di  0.247 4.908  0.247
R0 (m2 ⋅ K/W)  0.77
ΣD  5.40
V0 59.80
ξ0 (hour) 17.97

Table 3. Normal 240 mm thick brick wall thermal per-
formance calculation table.

20 mm 
thick plaster

240 mm 
thick brick

20 mm 
thick plaster

λi (W/m ⋅ K)  0.87 0.64 0.87
Ri (m2 ⋅ K/W)  0.023 0.375 0.023
Si (m2 ⋅ K/W) 10.75 8.49 10.75
Di  0.247 3.184 0.247
R0 (m2 ⋅ K/W)  0.57
ΣD  3.68
V0 17.68
ξ0 (hour) 13.31

ICCAHE15_Book.indb   1275ICCAHE15_Book.indb   1275 11/17/2015   6:40:22 AM11/17/2015   6:40:22 AM

  



1276

surface temperature at a higher level whole day 
in winter.

From the above analysis results, thick heavy 
envelope of alkaline soil dwelling can effectively 
reduce indoor outdoor heat transfer, and reduce 
the indoor temperature fluctuation.

3.2 Thermal characteristics analysis of roof

The roof of alkaline soil dwelling is consisted of 
200 mm thick clay layer, 100 mm thick chinensis 
layer and 100 mm sorghum stalk layer. The roof 
configuration layers of brick house are 30 mm 
waterproof mortar, 100 mm RC slab, and 20 mm 
thick plaster. Calculation results are shown in 
Tables 5 and 6.

To the calculation results, for alkaline soil 
dwelling, the values of  four thermal physical prop-
erties are significantly larger than brick house. 
Therefore, the roof  of  alkaline soil dwelling can 
also provide ideal thermal stability and thermal 
comfort.

In general, by means of  its own thermal 
property of  the soil, the thermal transmission 
speed for wall and roof  of  alkaline soil  dwelling 
is very slow. As a result, this type of  envelope 

structure can easily adjust the temperature fluc-
tuation and create a pleasant internal thermal 
environment.

4 THERMAL PROPERTY COMPARISON 
BETWEEN ALKALINE SOIL DWELLING 
AND ENERGY-SAVING CODE

The comparison results of thermal property 
between alkaline soil dwelling and energy-saving 
code are shown in Tables 7 and 8. The results shows 
that the thermal resistance of envelope of alkaline 
soil dwelling is very close to the demand of energy-
saving code and is much better than brick house. 
Although thermal resistance of external wall still 
have to meet the code, it is also better than brick 
house. In the process of old residential renovation 
and new residential construction, improvement the 
thermal property of envelopes will greatly promote 
indoor comfort property, reduce the cost of reno-
vation and reduce the waste of resource.

Table 7. Thermal property comparison of wall between 
alkaline soil dwelling and energy-saving code.

Code
Alkaline soil
dwellings Brick house

Ri (m2 ⋅ K/W) 2.5 4.32 0.26
Percentage – 172% 10%

Table 8. Thermal property comparison of roof between 
alkaline soil dwelling and energy-saving code.

Code
Alkaline soil 
dwellings Brick house

Ri (m2 ⋅ K/W) 1.67 1.06 0.57
Percentage – 63% 34%

Table 5. Thermal performance of roof in alkaline soil room calculation table.

30 mm 
thick plaster

200 mm 
thick clay

100 mm 
thick chinensis

100 mm thick 
sorghum stalk

λi (W/m ⋅ K)  0.93 0.349 0.047 0.07
Ri (m2 ⋅ K/W)  0.032 0.573 2.128 1.429
Si (m2 ⋅ K/W) 11.03 6.36 0.83 0.94
Di  0.36 3.64 1.77 1.34
R0 (m2 ⋅ K/W)  4.32
ΣD  7.11
V0 547
ξ0 (hour) 21.22

Table 6. Thermal performance of roof in normal brick 
house calculation table.

30 mm 
thick plaster

100 mm 
thick RC slab

20 mm 
thick plaster

λi (W/m ⋅ K)  0.93  0.78  0.87
Ri (m2 ⋅ K/W)  0.032  0.564  0.023
Si (m2 ⋅ K/W) 11.03 10.10 10.75
Di  0.36  5.709  0.247
R0 (m2 ⋅ K/W)  0.26
ΣD  1.60
V0  4.10
ξ0 (hour)  8.34

ICCAHE15_Book.indb   1276ICCAHE15_Book.indb   1276 11/17/2015   6:40:22 AM11/17/2015   6:40:22 AM

  



1277

5 CONCLUSION

In the process of  old residential renovation and 
new residential construction, masses of  house in 
rural area mindlessly aping city building to build 
brick house. These brick houses look capacious 
and bright; therefore, their thermal properties are 
much worse than traditional alkaline soil dwelling. 
In present study, the climates adaptive capabil-
ity of  traditional alkaline soil dwelling has been 
evaluated. The comparisons to different thermal 
physical properties such as thermal resistance R0, 
thermal inertia index data D, reduction coeffi-
cient of   thermal wave transferring V0 and thermal 
transferring delaying time ξ0 have been performed 
between alkaline soil dwelling and brick house. 
Comparing result shows that the alkaline soil 

dwelling has much better thermal properties than 
brick house. As a result, this type of  residential 
house type can easily adjust the temperature dif-
ference and create a pleasant internal thermal 
environment.
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mainly distributed in west Baicheng and Tongyu, 
Jilin province. In the local, there is alkali swamp 
land without any plant growth. In order to adapt 
to the local alkaline land and harsh climate, local 
people created a unique northeast shape alkaline 
dwelling, a kind of civil house with soil wall and 
soil flat.

Baicheng, Tongyu, and Dan’an locate in the 
sub temperate zone with a sub-humid continen-
tal monsoon climate. There are long cold winter 
and short cool summer. Baicheng is located in the 
northwest of Jilin Province, altitude of 155.3 m. 
Average daily temperature change curves and Pas-
sive design strategy of Baicheng city are shown in 
Figure 1.

2 CLIMATES ADAPTABILITY AND 
ECOLOGICAL CHARACTERISTICS 
OF ARCHITECTURAL FORM

2.1 Settlement location—shadow embrace sunny

West Jilin alkali soil area is sparsely populated 
area. Local people building used to choose shadow 
embrace sunny area to build houses.  Experimental 
data show that, in the mountain area, the total 
temperature of sunny side is about 10 °C higher 
than shadow side due to more sunlight  temperature 
which effectively improve the comprehensive 
 outdoor temperature in winter and create more 
comfortable indoor thermal environment.

1 INTRODUCTION

The production of traditional houses are masses 
of working people in the long-term production 
and life practice, according to their own require-
ments, combining with local climate conditions, 
geographical environment, customs and habits, 
with wisdom and skills to create products. Various 
forms of traditional local-style dwelling houses 
everywhere reflect the harmony of man and nature, 
and give us a large number of valuable experience.

Alkali soil in the western of northeast China 
plain distribute wide, there into Jixi alkaline are 

Figure 1. Average daily temperature change curves of 
Baicheng city.
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2.2 Village layout—opening matrix 
or spread-point distribution

In sparsely populated northeast area, local people 
choose open flat field to build independent build-
ing whereas forming matrix distribution in city and 
spread-point distribution in countryside. Both lay-
outs can provide large spacing between each build-
ing that winter sunshine can maximum project on 
the window or outside wall without shade in order to 
meet the demands of directly winter heat gain for the 
building. Typical village layout is shown in Figure 2.

2.3 Courtyard layout—open and spacious

The courtyard of alkaline dwellings is unique spa-
cious courtyard patter in northeast zone. In each 
building, foreyard is used for producing and living 
and backyard is used for food storage. Surrounding 
1.5 meters high low alkaline walls are built around 
the building. Open up channels have been created 
between houses and walls for the convenience of 
food conveying; therefore, the separate form between 
houses and walls have been developed (Fig. 3).

The width-to-depth ratio of Binary compound 
space is 0.8 ∼ 1.9 in northeast zone and 0.3 ∼ 1.0 
in Shaanxi province, thus courtyard scale is large 
more than warm temperate region. The reason 
is that in cold weather northeast zone, the use of 
open broad courtyard layout to avoid block build-
ing by each other, the south walls and windows 
can get more sunshine in winter, thus more winter 
sunlight and indoor heat gain be carried out. At 
the same time, computer CFD compound wind 

environment simulation results show that even the 
opening courtyard will not increase the winter air 
volume and wind speed.

2.4 Building shape features—small, compact, 
and sunny exposure

The statistical results of 9 representative farm-
house in the Qing Shan Bao Village, Baicheng, 
Jilin province show, room depth is about 5.46 m, 
width is about 3.02 m, clear height is about 2.37 m, 
building shape coefficient average is about 1.04, 
and window wall area ratio of south direction is 
about 18%. First, large depth and square layout 
of Alkaline dwellings can effectively reduce shape 
coefficient and surface heat dissipation area. 
 Second, large south area can get more winter solar 
radiation heat gain. The calculation results show 
that, in alkaline dwellings, south interface absorp-
tion of sunlight heat radiant in winter is greater 
than its heat lost.

2.5 Plain layout—compact and attached 
warm room

Alkaline dwellings usually include three or five 
rooms. For example, in a three-room dwelling, the 
kitchen with tanks and stove is located at center 
of house. (Fig. 4). Heaven is around pass through 
chamber of fire resistance. The warm room, 
equipped with small heaven in order to warm 
cloths in winter is located at back part. Warm 
room isolated cold air from north wall and gateway 
together with stove in kitchen. Bed room is located 
on the right sides and left side of the main room. 
One straight heatable brick bed with flue directly 
going through outside is set up in each bed room. 
Elevation, cross-section and plan of typical alka-
line soil dwelling are shown in Figure 3.Figure 2. Typical village layout.

Figure 3. Typical courtyard layout.
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3 CLIMATES ADAPTABILITY AND 
ECOLOGICAL CHARACTERISTICS 
OF ENVELOPE COMPONENTS

3.1 Wall

There are two types of wall shape: rammed soil 
wall and adobe wall. Rammed soil wall, also 
known as “cross wall”, is built by ramming alka-
line soil incorporation of bits of cathayense. While 
constructing, well-mixed alkaline soil is filled in the 
timber formwork. Every 2 meters wall is regarded 
as one construction segment. Finally, 700 mm bot-
tom width, 500 mm top width, and 600 mm thick 
wall has been finished. Adobe wall is made of 
adobe with 440 mm thick gable and 360 mm thick 
eaves wall. As adobe wall is difficult to avoid the 
gap space easy to leak wind, rammed soil wall has 
better thermal protection capability than adobe 
wall.

3.2 Roof

There are two types of roof for alkaline  dwellings: 
flat roof and arch roof with slightly curve. 
 Alkaline roof constructing approach is shown in 
Figure 4: first, resting beams on the top of the wall 
or column and purlins on beams; second, paving 
100 mm thick tile baling reed or sorghum stalk; 
third, paving 100 mm thick chinensis; fourth, and 
claying 200 mm thick strawed alkaline mud; and 
finally, compacting 30 mm thick alkaline mud 2 ∼ 
3 layers. This approach can extend the building life 
by more than one hundred years, and even if  the 
beams damaged, the roof will not fall.

Owing to its good thermal inertia property, enve-
lope structure of alkaline dwellings possess slow heat 
absorption and dissipation characteristics, which 
can effectively reduce the heat transfer between 
indoor and outdoor, avoid indoor  temperature 
fluctuation, and adjust the temperature difference 
between day and night naturally, so as to create a 
pleasant indoor thermal environment.

Figure 4. Elevation, cross-section and plan of typical 
alkaline soil dwelling.

Figure 5. Alkaline soil wall.

Figure 6. Roof of alkaline soil dwelling.

Figure 7. Roof construction detail.
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Figure 8. South wall surface of the sun direct radiation.

Figure 9. Incidence sunshine analysis.

South eaves are over hanged at 420 mm. The 
incident angle of the sunlight is low in winter, so 
the sunlight can completely enter indoor at noon 
(home invasion depth of 5082.16 mm). The inci-
dent angle of the sunlight is high in the summer; 
the sunlight can only enter on windowsill at noon 
(home invasion depth of 190.61 mm). At the same 
time, south roof on the entrance can guide snow 
away from the foot of the wall, so as to secure and 
extend the durability of wall. In summer, weather 
is not so hot, so east–west side of the house need 
not shade. In winter, maximum sunlight can heat 
the wall; simultaneously, high heat storage of wall 
body can also improve indoor comfort level.

4 CONCLUSION

Alkaline dwellings have many ecological character-
istics such as land resource saving vertical village 
distribution, functional plain layout, local material 
use, simple construction method, economic, as well 
as many climate adaptabilities that modern ordi-
nary residential housing do not possess.  Therefore, 
we should focus on improving the structure node 
and the construction technology of traditional 
alkaline dwellings, taking full advantage of local 
resources, developing built technology, and car-
rying forward the traditional local-style dwelling 
houses into modern residential buildings.
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3.3 Window

There are removable window consisting of two 
fans on the north and south wall of back room. 
The upper fan can be lifted by the iron hook or 
with short stick for ventilation. The lower fan can 
be removed at any time. Outside of the window can 
be pasted with paper, such as most common Korea 
paper, a paper tubed oil, or brine-processed special 
paper in order to effectively prevent the rain and 
snow wet paper leading to the loss.

Considering the local climate differences, differ-
ent demands of accepting and rejecting direct solar 
radiation, almost all traditional dwellings, use over-
hanging length of eaves to control window shadow. 
Calculation results of relationship between casting 
light depth and eave overhanging length are shown 
in Figure 9.
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Plant configuration discussion of urban riparian park in the loess 
plateau region: Setting Taiyuan Fenhe Park as an example

J.Y. He & J. Gao
College of Architecture and Civil Engineering, Taiyuan University of Technology, Taiyuan, Shanxi, China

ABSTRACT: Urban riparian park is a characteristic element in urban green space system. It not only 
assumes the function of urban ecological corridor, but also becomes the bridges in the urban green space 
network system as its strip shape, waterfront location. Setting Taiyuan Fenhe Park as an example, this 
paper expounds the concept and characteristics of urban riparian park, explaining the principles of plant 
configuration. Then, the paper discussed the existing problems of fen river park in Taiyuan, seeking for 
the ecological plant configuration mode of the urban riparian park of the loess plateau region.

Keywords: urban riparian park; the loess plateau region; plant configuration; ecological

developed at the macro level using the theory of 
urban planning, and there are few studies at the 
micro-level suited to local conditions conducted in 
the local waterfront plant landscape. Part of them 
is limited to theory of plant gardening in city park, 
failed to closely integrated with the specific char-
acteristics of the waterfront environment. Taking 
Fenhe Park in Taiyuan as an example, this arti-
cle has made analysis of its plant configuration 
guidelines and existing problems in order to seek 
more scientific and suitable way of ecological plant 
configuration.

2 CURRENT SITUATION OF FENHE 
PARK IN TAIYUAN AND THE 
FUNCTIONAL CHARACTERISTICS 
OF URBAN RIPARIAN PARKS

Taiyuan is located in the central of Shanxi. Its east, 
west, north three sides are surrounded by moun-
tains, besides its middle and southern parts are 
plains of the valley. Its average elevation is about 
800 m. Its average annual rainfall is 442 mm and its 
annual average temperature is 9.5 °C. The coldest 
month in Taiyuan is January, the average tempera-
ture is 6.8 °C, and the hottest month in Taiyuan 
is July, the average temperature is 23.5 °C; Frost-
free period is 116 d to 165 d. The soil in Taiyuan 
is slightly alkaline or alkaline, and the brown soil 
is the main kind [1]. The climate in Taiyuan is 
north temperate zone continental climate. Taiyuan 
has rich plant resources, ancient origin, and many 
single species. Existing greening tree species has 
235 species, belonging to 61 families, [2].

1 CONCEPT OF RIPARIAN PARK 
AND SIGNIFICANCE OF PLANT 
CONFIGURATION

According to the” Urban Green Space Classifi-
cation Standard” (CJJ/T85-2002), riparian park 
the park green space in the five urban green space 
types, at the same time belongs to belt-shaped park, 
one of the five park green space types.  Riparian 
park is the essence of green space system, usually 
combined with city water system. And it bears 
the function of urban ecological corridor. As the 
land conditions affect the width, the riparian park 
shape is long and narrow. It is through the land-
scape node with waterfront greening.

Throughout history, rivers not only provide 
water to the city and constitute transportation, so 
that the humans can thrive, creating civilization, 
but also are closely related to the urban ecological 
plaque architecture, which has profound signifi-
cance to the attenuation of the urban heat island 
and flooding, composition of landscape diver-
sity, and the protection of species diversity. Plants 
grown thereon, ornamental characteristics, spe-
cies composition, and community structure have 
largely determined the quality and its exertion of 
ecological role in waterfront landscape, affecting 
the quality and level of urban waterfront landscape 
and the ecological development of the city. Hence, 
to create a scientific and rational waterfront plant 
landscape with urban characteristics is of great sig-
nificance to conservation of biodiversity in urban 
waterfront, and to create a harmonious and green 
living environment. Currently, researches on plant 
configuration in urban riparian parks are mostly 
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Taiyuan Fenhe park laid on both sides of  fen 
river, which place is flat, and with more than 
18 kilometers long. The green space of  the first 
issue is 1.3 million square meters, contains 24000 
plants and shrubs which belongs to 183 species, 
and 820000 square meters of  lawn, more than 
10000 Outdoor perennial root flowers. The park 
formed an one hundred meters wide, 6 km long 
green ecological corridor. Launched in 2014, the 
third phase extends to the north and the south, 
throughout the city.

In comparison between urban riparian parks 
and other types of green areas, the two have both 
general feature and its individual features. General 
feature includes: recreation, disaster prevention, 
landscaping, sound ecology, and spiritual culture. 
Individual features: 1 banding form. 2. Waterfront 
area. 3. Strong openness. 4. Significant effect of 
corridor. Role of corridor in urban riparian parks 
is reflected in the form. First, its linear band is a 
natural form of corridor; second, in promoting 
the flow of urban air, it has become airy corri-
dor of the city, while it allows the spread of natu-
ral plants more convenient and the ecology more 
diverse, with quite obvious ecological corridor role. 
5.  Network connectivity. In the network of urban 
green space system, the linear and banding urban 
riparian parks have function of network connec-
tion. It can connect green points and green surface 
distributed in different sections of the city by the 
extension of linear band, so as to weave the city’s 
green network structure [3].

3 THE DESIGN PRINCIPLES OF PLANT 
CONFIGURATION IN URBAN 
RIPARIAN PARKS OF LOESS PLATEAU

3.1 Follow the systematic principle from 
a macro perspective of the whole region

Systematic principle refers that in plant configu-
ration of urban riparian parks, the system theory 
is regarded as the principle, and the urban ripar-
ian parks, taken as constituent elements of the 
entire city green large system, and other forms of 
urban green spaces are interrelated and interact 
on each other to form a unified system of urban 
green space. Plant configuration in urban riparian 
parks is required to comply with two ways, namely, 
the coordination with urban master planning and 
overall urban environment.

Fen River Park runs through the city in belts, 
and is connected to the city expressway, thus it 
shall obey the overall urban planning, regulating 
various types of urban land-use in strict accord-
ance with the overall urban planning, to achieve 
coordinated and balanced urban development.

3.2 Follow ecological principle from the micro 
perspective of city parks

The natural environment of each region is the most 
basic guarantee to maintain the city’s ecological 
functions as a whole. During the planting design in 
urban riparian parks, the ecological environment 
of the urban riparian parks should be given high 
priority and strict protection. According to the 
principles of ecology, natural ecological landscape 
is simulated in terms of configuration of biological 
populations and communities, as well as settings 
of topography, geomorphology and river waters to 
manually create a living environment adapted to 
its evolution for biological species and community, 
so as to make artificial landscape “naturalized, so 
that the application of the method of ecological 
greening in “approx-natural” community” can be 
promoted. The application of the method of eco-
logical greening in “approx-natural” community” 
refers to regard the potential natural vegetation 
and community succession in ecology as basic the-
ory to select suitable native plants [4].

Natural plant communities in waterfront of 
Fenhe Park are located at the boundary of two 
ecosystems of waters and land, ecologically called 
ecotone. Its flow and exchange of material and 
energy is very frequent, with quite high biodiver-
sity and environment productivity, and its natural 
vegetation is characterized by the community form 
of abound species and complex structure.

3.3 Follow humanized principle 
from perspective of visitors’ feelings

From the view of visitors, the core of the design 
is to focus on humanized site design. People 
have the nature to be close to nature and water. 
 Accordingly, in the configuration of plants and on 
the basis of meeting safety specifications, we shall 
do our best to imitate nature and increase acces-
sibility. “Design with Nature” is put forward by 
the designer McHarg, and its essence is to design 
landscape with the environmental studies and 
other related disciplines theory as a guide, and its 
purpose is by introducing natural environment, to 
ecologically create woods, lawns, streams, etc.[5].

Fenhe Park has open Structure, should be using 
good color and formation to well-integrated sur-
rounding buildings into the environment, which 
enables visitors to feel more natural. Waterfront 
plants have a complex structure, multiple levels 
and rich types, so that it can take advantage of 
scale, the degree of enclosure, to combine with the 
road and architectural pieces. And it can be divided 
into primary and subordinate fields, public and 
private spaces, which improves the possibility for 
people to choose and meet diverse needs.
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4 DISCUSSION ON THE EXISTING 
PROBLEMS IN FENHE PARK AND 
RECOMMENDATIONS FOR THE 
PLANT CONFIGURATION IN URBAN 
RIPARIAN PARKS OF LOESS PLATEAU

Plants have become the main material of land-
scape planning and design and construction, for 
they can not only improve the ecological environ-
ment which humans rely for existence, but also can 
create a beautiful space of realm, playing a very 
important role in construction of garden space [6]. 
There still exist several aspects that need to be fur-
ther improved in Fenhe Park in Taiyuan at present, 
such as the lack of systematicness and stability in 
plant community structure, landscape heterogene-
ity to be enhanced, insufficient plant community 
level, inadequate considerations for storm water 
management, and the enjoyment of tour. Hence, 
plant configuration can be improved from the fol-
lowing aspects:

a. Ecological community structure of natural river 
shoreline shall be simulated, with emphasis on 
matching species with the site, and specialized in 
native trees. Choice of varieties should be in line 
with various demands of the landscape and ecol-
ogy, focusing on maintaining structural stability. 
Final-period management shall be strengthened 
to avoid ecological imbalance caused by exces-
sive inundation of aquatic and wetland plants. 
For instance, some floating plants should be 
planted in a small pool of water, or their growth 
ranges are delineated with a fence to prevent 
water eutrophication caused by the large accu-
mulation of plant residues, resulting in second-
ary pollution of aquatic and wetland plants.

b. Landscape heterogeneity should be increased to 
emphasize the landscape character and to pro-
mote the circulation of natural objects, thereby 
framing urban habitat corridor. Elements of 
natural vegetation should be introduced to 
ecologically sensitive areas in the waterfront, 
including the proper construction of ecological 
protection areas of the waterfront, as well as the 
establishment of a variety of wildlife habitats, 
and division of the specific scope of protection.

c. In addition to focusing on ornamental require-
ments, also combined with the vertical design of 
terrain, typical landscape features (such as estu-
aries, beaches, wetlands, etc.) formed in natural 
process of forming drainage are simulated to 
create terrain environment suitable for water-
front plants. With naturalization and diversity 
of plant as the guiding principle, configuration 
of aquatic, near-water, terrestrial plants shall be 
conducted according to the natural distribution 
and characteristics of the system of waterfront 

waters and land areas, to reflect the characteris-
tics of natural evolution, creating a continuous 
waterfront green band. In addition to choice 
of conventional ornamental trees, we must also 
focus on nurturing water-resistant plants or 
aquatic plants locally, paying attention to the 
complex vegetation communities of waterfront.

d. In allusion to the rainy summer in Loess Pla-
teau, from the angle of urban stormwater man-
agement, the urban sponge technology is used to 
reduce hardening of plant and to increase perme-
able paving. For the catchment area with serious 
pollution, vegetation buffer zones are increased 
for pretreatment of rainwater runoff. In area of 
water purification in rainwater wetland, accord-
ing to water depth, different types and levels 
of aquatic organisms are planted. Vegetation 
buffer zones should be increased, and the flow 
velocity of overland runoff is retarded through 
action of vegetation interception and soil infil-
tration. Also, part of pollutants in runoff are 
removed, slope of forest buffers generally being 
2% to 6%, the width not less than 2m. The func-
tion of waterfront plants absorbing harmful 
substances can also be fully used, applied to be 
self-purification of water in the design, so as to 
improve environmental quality.

e. Multifaceted features such as space and appre-
ciation requirements shall be considered focus-
ing on topographical fluctuation and slope and 
change of bent and straight, so that the plant 
configuration and the natural environment can 
be in harmony with ecological environment, 
with balanced effects of short-term and long-
term landscape. It is appropriate to employ the 
combination of tree, shrub, flower, grass, and 
rattan, integrated with evergreen and deciduous 
trees. Spaces are separated by trees, shrubbery 
mass, and greenbelt, equipped with a certain 
depth of field, then to reach a large space after 
passing by several winding small spaces. In 
configurations with different focuses, one or 
most multiple ornamental trees are utilized to 
implement vast clump planting or mass plant-
ing, so that each locality can exhibit different 
characteristics. The effects of landscape con-
struction are taken into account from the many 
aspects, such as use of color, texture matching, 
seasonal changes, and so on. For instance, emu-
lational rustic landscape is simulated to intro-
duce the nature by the side of residents, so that 
the landscape can be more accessible.

5 EXPECTATIONS

The plant configuration of Urban riparian park 
is a major issue in ecology, behavior psychology, 
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economics, botany, aesthetics, literature, and other 
related theories, the issue is difficult to explain 
clearly, nor can it be realized only by the per-
sonal thinking and the subjective desire of land-
scape architects. This article discusses the plant 
configuration of Loess Plateau Urban riparian 
park of China from the perspective of theoretical 
research, emphasizes the systematic, ecological, 
humanization three principles, and through the 
analysis of the current situation of Taiyuan Fenhe 
Park, proposes some suggestions of the waterfront 
landscape plant configuration, in order to provide 
helpful reference to the plant configuration of the 
Loess Plateau Urban riparian park in the future.
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Taking Jiajiazhuang historical and cultural district in Xiaoyi as an 
example
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ABSTRACT: The traditional settlement is the carrier of people’s living, and the basic cell of China’s 
social structure and urban development. The vast basin of the Yellow River has a unique and abundant 
geographical feature, which is a unique and abundant traditional settlement of the protection of many 
well-preserved villages. This paper takes the protection of the old city dwelling houses in Xiaoyi as an 
example, and discusses the Protection Countermeasures of the traditional residential buildings.
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it is called Jiajiazhuang. The historical district 
of Jiajiazhuang is composed of two regions of 
Shangjie and Houjie. In the past, Jiajiazhuang vil-
lage in Shangjie, largely regarded Sanhuang Temple 
as its center, and had Dongdao Street, Xitou Street 
and Miao Street. Miao Street, a total length of less 
than 500 meters, is the north–south, Dizang Tem-
ple to the south, central temple of Sanhuang. The 
Shangjie is from Jinhuanyi Courtyard in the west, 
south to Xiao River, east on the Bandao Road, 
north next to the Houjie Street. With the develop-
ment of history, Jiajiazhuang’s residents continue 
to expand, people of insight who were from out-
side gradually moved to settle down, and the for-
mation of Jiajiazhuang, completing Jiajiazhuang 
historical and cultural blocks from then on.

3 HISTORICAL RELICS

Jiajiazhuang historical cultural district has a long 
history and rich cultural heritage, and its ancient 
architectural structures are most well preserved. 
Houjie Street high lies to the west of the village, 
lower east side, district court seat in southern and 
in northern built in accordance with the East–West 
ramp, through hundreds of years, it still retains its 
original pattern and historical style. These local 
characteristics of ancient buildings, concentrated 
reflects the building layout of Ming and Qing 
dynasties. They are the layout of rigorous, mag-
nificent, exquisite workmanship, full-featured 
architectural style and level. The history of the 
settlement building orderly has a strong sense of 
unity.

1 INTRODUCTION

As the historical remains of the settlement and res-
idential space, the traditional dwelling house is the 
main building form of the settlement building, and 
is the main place for people to live and live. With 
the further development of the society and the 
continuous improvement of the economic level, 
the protection of historical buildings is increasingly 
concerned about the whole society. This paper will 
address this issue in Xiaoyi, Jiajiazhuang historical 
and cultural district, as an example and discusses 
the protection planning countermeasures.

2 THE BASIC SITUATION 
OF JIAJIAZHUANG

Jiajiazhuang is located in the east of Lvliang 
Mountain in Xiaoyi City, Shanxi Province. It is 
situated in the northwest corner of West Bank of 
Fenhe River, in the northwest corner of Jinzhong 
basin. Traditional block is an important part of 
Chinese architectural heritage, and its abundant 
resources are left to state, which is a history and 
can be called the Chinese cultural treasures.

Jiajiazhuang has a long history, according 
to “Xiaoyi County Records”, in the Neolithic 
period, the unearthed Lanwenyi red sand pottery 
in Xiaoyi region belongs to Jiajiazhuang’ second 
level terrace unearthed relics of Yangshao culture. 
There were two families in Jiajiazhuang whose 
names are Jia and Li first, gradually formed a set-
tlement, then other families moved in. Because 
of Jia’s large population and earlier immigration, 
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3.1 Defensive architecture

The long-term complex and unstable social environ-
ment makes the defense consciousness as a psycho-
logical accumulation, directly affecting the settlement 
pattern of Jiajiazhuang. There is no danger accord-
ing to the flat land of the village optional site, so the 
construction of the settlement has a strong sense of 
Fortress form, which mainly depends on the artificial 
defense construction. In history, Jiajiazhuang had 
East gate, West gate, South Gate, and North gate, 
these four Fort gates combined with high build cas-
tle walls, combining linear fortification and defense 
nodes, and forming a solid defense system. This level 
of fortification reality defense operation is a typical 
Jiajiazhuang defense mode.

3.2 Temples and other public buildings

The typical public buildings in historical and 
cultural blocks is a temple in Jiajiazhuang. The 
present temples Sanhuang Temple in the north of 
Xiao Fen Road, Xiao Fen avenue to the south of 
the Guanyu Temple, and Dizang Temple. These 
public buildings are the concentrated reflection of 
the emotional needs of the villagers’ religion and 
social intercourse.

3.3 Streets

Road system is contact settlements within and out-
side the transport hub. It is the basic skeleton of 
the settlement, and it is divided into different func-
tional areas and the basis of defining the village 
spatial axis, which plays a pivotal decisive role on 
the overall layout. Jiajiazhuang village is located in 
the plain area, the village streets using chessboard 
layout of traditional. In all, the road system of 
the village can be divided into three levels, namely 
main streets, secondary streets, and alleys.

4 PROTECTION PLAN

4.1 The strategies of protection plan

According to the status of Jiajiazhuang historical 
and cultural blocks of historical and cultural rel-
ics, the planning and the “overall protection with 
emphasis on the protection of the combination, 
supplemented by the key historical information 
moderate repair” countermeasures. Jiajiazhuang’s 
protection of historical and cultural blocks plan-
ning blocks as a whole and protection of historical 
and cultural relics of moderate repair is composed 
of two parts.

A. The historical and cultural protected area of 
Jiajiazhuang consists of three parts of pro-
tected areas, construction control area, and 

environmental coordinated area. The protection 
plan for different protection areas determines 
the contents of the protection and protection 
measures.

B. We must moderately repair the parts of the his-
toric block, and analyze the important material 
and cultural relics that constitute the block, 
and analyze the status of the material culture 
remains and the historical form.

4.2 The content of protection plan

A. On the basis of Jiajiazhuang’s natural envi-
ronment, history and culture, the overall plan-
ning, traditional style, space form of in-depth 
research and analysis, this study summarizes the 
value characteristics, clear protection, and utili-
zation of some important contents.

B. According to the current situation of distribution 
of Jiajiazhuang’s cultural relics, historic build-
ings, historic street, in conservation planning 
regulation protection area, a construction con-
trol area, construction of secondary control area, 
environmental coordination area four degrees of 
protection and the scope of protection, and then 
put forward protection requirement, construc-
tion control index, environment coordination.

C. According to the present situation of  Jia-
jiazhuang buildings and environment, they will 
be divided into the protection, the preserva-
tion, the renovation, and the renewal of  four 
categories. To protect the classic construction, 
structures, including mapping, images, text 
descriptions and protection of  the archives and 
the listing of  the public, were proposed for the 
repair, maintenance, and other measures. The 
maintenance and improvement of  the reserved 
classic construction are put forward. For the 
improvement of  the construction and struc-
tures of  the remediation, the improvement and 
the renovation are proposed; also for the con-
struction of  the renewal classic construction, 
structures, respectively, a targeted renovation, 
remediation, removal, and other measures.

D. In accordance with the principle of overall pro-
tection plan, it concludes Jiajiazhuang’s historical 
and cultural paths and internal historical environ-
ment and the surrounding natural environment 
the protection and remediation requirements.

E. According to the Ming and Qing Dynasties of 
the office, county annals and witness the oral 
history, and the textual research of archaeologi-
cal researchers identified, Jiajiazhuang’s histori-
cal and cultural blocks for repairing improves 
Jiajiazhuang’s Traditional Pattern and histori-
cal style.

F. Under the condition of keeping the traditional pat-
tern and historical style, Jiajiazhuang’s historical 
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and cultural blocks of infrastructure and envi-
ronmental of comprehensive planning, puts for-
ward the concrete improvement measures.

G. We need to put forward the protection plan imple-
mentation measures and suggestion, formulate 
the protection management method, establish the 
protection fund raising mechanism, encourage 
the public participation protection, and so on.

5 ANCIENT ARCHITECTURAL 
HERITAGE PROTECTION MEASURES

In any country or time, architecture cannot exist 
in isolation. It is hard to understand the ancient 
architecture without studying the relevant factors. 
In the same way, the protection of architectural 
heritage cannot be isolated from other human cul-
tural heritage, even nearly a hundred years of herit-
age protection movement is no exception. I believe 
the future of the construction heritage protection, 
from the following aspects, to expand further.

5.1 The study of the ancient architecture as 
sociology and cultural anthropology

The building was built by human. There are dif-
ferent societies, different ethnic groups, in thinking 
about a problem, although they are common human 
cognition; but, there are also inevitable differences. 
Now, the research methods of sociology and cul-
tural anthropology in the world are very mature. 
We want to study the important living beings of the 
history of human development—architectural her-
itage, and can learn from the sociological method. 
Nowadays, certain primitive tribes of social life 
phenomenon can also serve as our reference to live 
fossil. The results of sociological research in the 
past century are also available for us.

5.2 The relationship between ancient architecture 
and family, private ownership and state

For example, documents related to the rites of 
Ming Dynasty provisions in Nanjing, if  you catch 
the time conflict of visiting Xiaoling Tomb and 
Confucian Temple, Xiaoling Tomb will visit first. 
For example, during the reign of Zhu Yuanzhang, 
Xiaoling engineering has been repeatedly visited. 
The responsible person must be simple and firm.

5.3 The study on the aesthetic of ancient 
architectural heritage

To examine our architectural aesthetics study in 
addition to the aesthetic vision of our time, we 
also need to put ourselves from the point of view 
of the past to examine. For example, Xiao He 

 created Weiyang Palace for Liu Bang to live, Liu 
Bang looked with a big temper. Xiao He said a 
“The non magnificent no heavy prestige” explana-
tion, Liu Bang would no longer say anything. This 
is the performance of people’s aesthetic in the Qin 
and Han Dynasties. Sima Guang in Song Dynasty 
disagreed with this. He thought that Xiao could 
not say that. Because at that time the world be kept 
constantly on the run. As the party was respon-
sible for logistics, he was better than anyone who 
was clear. This is the aesthetic view of the opposi-
tion in the background of “Wang Anshi reform” in 
the Northern Song Dynasty.

5.4 The study on the economic of ancient 
architectural heritage

Why did Tang Wuzong want to destroy Buddha? 
Because his father emperor Wenzong early to he 
calculated “In ancient times, three people eat need 
a person cultivated land, now with soldiers and 
monk is five people dining needs a person farming, 
which will bring people’s dislike of Buddhism.” 
The history of China on the rise and fall of Bud-
dhism, not the emperors did not know Buddhism 
had value, but because in the development of 
Buddhism in the head, economic forces strongly 
endanger the national economy and the people’s 
livelihood situation, had to pain determination.

6 CONCLUSION

We protect the historical and cultural heritage of 
a town, and we are not to limit the involvement of 
the new towns and the environment. In principle, 
in addition to the heritage architecture, the other 
parts can be a new creation, but we must have 
the idea that people build cities in a city. Its goal 
is “On the one hand, we should ensure to archi-
tectural history and culture heritage protection for 
the continuity of the basis of urban texture, on the 
other hand, we should ensure the coordination of 
the modern urban texture, in consideration of the 
quality of architecture, urban and landscape.”
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Study on the application of iron tailings for the improvement 
of saline-sodic soil

A.L. Shao
Mining Company of Anshan Iron and Steel Group Corporation, Anshan, China

ABSTRACT: A new soil amendment was prepared in this study, which was comprised of iron tailings 
(65%), active slag (20%), acid fertilizer (12%) and other additives (3%). Through comprehensive utilization, 
the iron tailings can be reused. The pH, salinity, density, porosity and permeability velocity of the soil 
from the test fields were detected. The results showed that the pH value of the soil decreased from 9.30 to 
6.95, and the salinity decreased from 0.42% to 0.25% in one year. The density of the soil was lower 
by 7.80% than before improvement, while porosity and permeability velocity were higher by 9.35% and 
72.73%, respectively. The new soil amendment could effectively resolve the problems of soil secondary 
salinization and re-alkali. The improvement of the saline-sodic soil by using this soil amendment has not 
only ecological, environmental and social benefits, but also economic benefits.

Keywords: iron tailings; saline-sodic soil; soil amendment; salinity

2 MATERIALS AND METHODS

The iron tailings of magnetic separation were used 
in this study. Soil amendment was comprised of 
iron tailings (65%), active slag (20%), acid fertilizer 
(12%) and other additives (3%), such as starter 
cultures, precipitants, and humic acid. The saline-
sodic soil was taken from Baicheng Town of Jilin 
Province. The weight of the soil was 150.89 kg and 
the volume of the water was 60.49 L. The soil was 
soaked in the water for about 3 days.

Soil amendment was mixed in the saline-sodic 
soil. The experiment was conducted at 8°C. Various 
indicators of the soil were tested every 5 days, such 
as pH value, Cation Exchange Capacity (CEC), 
Exchangeable Sodium Percentage (ESP), and 
contents of K+, Na+, Ca2+, and Mg2+.

The industrial tests were undertaken on two 
fields in Jilin Province, named as A and B. The 
fields A and B were 23 hectares and 3.1 hectares, 
respectively. The tests were divided into the 
following several stages: the capital construction of 
the paddy field, salinity regulation, dynamic test of 
soil parameters, and result analysis.

3 RESULTS AND DISCUSSION

3.1 Iron tailings analysis

In order to verify the feasibility of magnetic 
separation iron tailings used as soil amendment, 
its composition and particle size distribution 

1 INTRODUCTION

With the unprecedented rate of  mining and min-
eral processing over the last decade, there has been 
an increasing level of  concern worldwide about 
the fate of  tailings. An estimated above 10 billion 
tons of  tailings have been discharged in China. 
The proportion of  iron tailings as a solid waste 
is growing faster. The storage of  iron tailings not 
only covers huge land and pollutes the environ-
ment, but also gives rise to security risks. At the 
same time, iron tailings as secondary resources 
have been of  great importance worldwide. At 
present, there are several ways of  utilization of 
iron ore tailings, which are as follows: useful metal 
recycling, producing building materials directly, 
filling goaf  and using as a soil modifier and mag-
netization fertilizer.

The improvement of saline-sodic soil has a 
great significance at this stage of China’s popu-
lation growth and reduction of arable land. The 
traditional methods for improving saline-sodic soil 
include the physical method, the chemical method 
and the biological method.

A new high-efficient amendment for improving 
the saline-sodic soil was studied. The amendment 
was composed of iron tailings and organic matters. 
It is a new method to realize the resource utiliza-
tion. In the laboratory research foundation, the 
new technique of saline-sodic soil improvement 
was carried out on industrial tests and obtained 
success.
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were determined. Table 1 presents the chemical com-
position (%) of the iron tailings. Table 2 presents 
the particle size distribution of the iron tailings. 
The results indicated that the iron tailings selected 
in this study did not contain any substance that 
was poisonous or noxious to crops. The content of 
SiO2 was 76.10% in the chemical composition of 
the iron tailings. It could be instead of the sand 
mixed with soil. In addition, the particle size of the 
iron tailings met the requirements. Therefore, the 
magnetic separation iron tailings could be used for 
the improvement of the saline-sodic soil.

3.2 Laboratory analysis of the soil

The saline-sodic soil is distributed mainly over 
the Northeast China, and the soil parent materi-
als were made of clayey or sandy sediments, which 
have the characteristics of  poor permeability 
and strong capillarity. The improvement of the 
saline-sodic soil is a problem in the world. How to 

effectively control soil secondary salinization and 
re-alkali is the key to solving the problem. Accord-
ing to the survey, the phenomenon of secondary 
salinization and re-alkali often occurred after 
planting in paddy for about 2 months, and the 
pH value returned to the baseline level, i.e. before 
improvement.

Table 3 presents the variation of the solu-
ble salt contents and the properties of the soil 
after improving. As can be seen from Table 3, 
the pH value of the soil decreased from 10.58 to 
6.93 within 15 days by adding the composite soil 
amendment. The concentration of Na+ decreased 
from 6511.45 mg/kg to 3566.15 mg/kg, with a 
decline of 45.23% in 15 days. The concentration 
of K+ decreased about 37.25%. Meanwhile, the 
concentration of Mg2+ increased from 10.90 mg/kg 
to 131.65 mg/kg, and the concentration of Ca2+ 
increased about 39.09%. With the decreasing pH 
value, the concentrations of HCO3

−, Cl−, SO4
2−, and 

CO3
2− decreased about 75.69%, 69.67%, 40.67%, 

and 50.29%, respectively. The Cation Exchange 
Capacity (CEC) changed from 92.91 mold/100 g to 
165.65 mold/100 g. It indicated that the fertilizer 
preservation ability of the soil is enhanced after 
improvement. At the same time, the Exchangeable 
Sodium Percentage (ESP) and salinity of the soil 
were lower than before improvement. Thus, it can 
be seen that the soil amendment has a pronounced 
effect on the improvement of the saline-sodic soil.

Table 1. Chemical composition of the iron tailings.

Element Fe Fe3O4 SiO2 CaO

Content (%) 11.31 4.8 76.1 0.28
Element Al2O3 MgO P MnO2

Content (%) 0.43 0.32 0.037 0.12

Table 2. Particle size distribution of the iron tailings.

Particle size range (mm) −0.01 0.01–0.02 0.02–0.03 0.03–0.043 0.043–0.06
Particle size (mm) 39.25 5.28 10.83 12.03 11.02
Particle size range (mm) 0.06–0.076 0.076–0.10 0.10–0.0154 +0.154 /
Particle size (mm) 5.00 12.75 3.43 0.41 /

Table 3. The soluble salt contents and the properties of the soil after improving.

No. S-1 S-2 S-3 S-4

Time (day) 0 5 10 15
pH 10.58 8.43 7.02 6.93
K+ (mg/kg) 136.12 112.52 95.13 85.41
Na+ (mg/kg) 6511.45 5859.45 4020.91 3566.15
Ca2+ (mg/kg) 2217.10 2685.18 2950.18 3083.82
Mg2+ (mg/kg) 10.90 67.36 112.83 131.65
HCO3

− (mg/kg) 3494.47 3075.96 2401.94 849.60
Cl− (mg/kg) 303.46 296.46 286.62 92.03
SO4

2− (mg/kg) 43.20 42.58 41.21 25.63
CO3

2− (mg/kg) 1.75 1.70 1.62 0.87
CEC (mold/100 g) 92.91 117.32 137.58 165.65
ESP (%) 57.81 44.10 46.30 28.60
Salinity (%) 2.13 1.95 1.65 1.12
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Because the fine particles in the iron tailings 
have a porous structure, which could control the 
concentration of Na2CO3 and NaHCO3, the iron 
tailings had a good performance in controlling the 
soil secondary salinization and re-alkali. In addi-
tion, the elements Fe, Si, Mg and S in the iron tail-
ings were essential for crop growth.

In addition, unformed activated carbon was 
contained in the active slag, which had good 
adsorption and filtration properties for metal ions. 
The addition of the acid fertilizer had a clear effect 
on salt absorbing, and ensured that the crops can 
be protected from salt damage. The pH value was 
adjusted to the acidic conditions by adding the 
other additives, which was beneficial to crops.

The new soil amendment, which was composed 
of the iron tailings, active slag, acid fertilizer and 
other additives, could effectively resolve the prob-
lems of soil secondary salinization and re-alkali. 
Through comprehensive utilization, the iron tail-
ings can be reused. This soil amendment used in 
the saline-sodic soil has not only ecological, envi-
ronmental and social benefits, but also economic 
benefits.

3.3 Analysis of the test fields

The test fields were leveled first, and then ploughed 
20 cm deep. The height difference between the par-
cels was in the range of 10–15 cm, and the height 
difference in one parcel was not beyond 2 cm. After 
leveling, the ditches were constructed.

Iron tailings about 550 t were transported from 
Anshan tailings ponds to the test fields in May 
2013. Active slag, acid fertilizer and livestock 
manures were also carried to the test fields. After 
mixing the raw materials at certain proportions, 
the soil amendments were obtained. According 
to the plan, the amendments were scattered in the 
fields and then irrigated. Water was changed every 
5 days. After repeating twice, the fields were har-
rowed, which made the amendments to function.

Table 4 presents the salinity (%) of the test fields. 
In field A, the salinity of the soil decreased from 
2.53% to 0.65% in 2 months. The salinity of the 
soil in field B decreased from 0.42% to 0.25%. The 
results show that the soil amendments could sig-
nificantly reduce the salinity of the fields. It turned 
the strongly salinized soil into the middle salinized 
soil, and turned the middle salinized soil into the 
mild salinized soil. The control of soil secondary 
salinization and re-alkali was proved to be success-
ful. The improvement of the strongly saline-sodic 
soil was feasible.

Table 5 presents the pH value of the test fields. 
Rice could grow normally in this condition. Because 
of the heavy rains, the data of field A from August 
to September were missed, but the pH value of field 

A decreased from 10.27 to 8.03 in about 2 months. 
The pH value of field B was decreased from 9.30 
to 6.95. The change in the pH value was slow, but 
stable. It indicated that the pH value decreased by 
adding the soil amendments.

Table 6 presents the properties of the soils before 
and after using the soil amendment. The addition 
of the soil amendments played an important role 
in the improvement of the soils, which decreased 
the density and significantly increased the poros-
ity and permeability velocity. The density of field 
B decreased by 7.80%, its porosity increased by 
9.35% and its permeability velocity increased by 
about 72.73%. The trends were beneficial to the 
growth of rice.

The fields, where the rice cannot grow earlier, 
became the rice cultivable areas after improvement. 
In field B, for example, the production of rice was 
6800 kg/ha before improvement, and the produc-
tion reached up to 9300 kg/ha after improvement. 

Table 4. The salinity of the test fields (%).

Data

Test fields

A B

1 Jun 2.53 0.42
16 Jun 1.20 0.25
1 Jul 0.95 0.26
16 Jul 0.75 0.27
31 Jul 0.65 0.25
15 Aug –* 0.24
31 Aug –* 0.26
14 Sep –* 0.26
29 Sep –* 0.25

*The field A was flooded because of the heavy rains, 
and the test was forced to be terminated.

Table 5. The pH value of the test fields.

Data

Test fields

A B

1 Jun 10.27 9.30
16 Jun 8.12 7.52
1 Jul 8.05 7.41
16 Jul 8.06 7.50
31 Jul 8.03 7.31
15 Aug –* 7.45
31 Aug –* 7.38
14 Sep –* 7.10
29 Sep –* 6.95

*The field A was flooded because of the heavy 
rains, and the test was forced to be terminated.
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The improvement of the saline-sodic soil by the soil 
amendment showed a significant effect. It was also 
technically feasible and economically affordable.

4 CONCLUSIONS

A high-efficient soil amendment was obtained, 
which comprised iron tailings, active slag, acid fer-
tilizer and other additives. It decreased the pH value 
of the saline-sodic soil and solved the problem of 
secondary salinization and re-alkali. The results 
showed that the pH value of the soil decreased 
from 9.30 to 6.95, and the salinity decreased from 
0.42% to 0.25% in one year. The density of the 
soil was lower by 7.80% than before improvement, 
while porosity and permeability velocity were 
higher by 9.35% and 72.73 than before improve-
ment. The addition of the soil amendment played 
an important role in the improvement of the soil, 
which decreased the density and significantly 
increased the porosity and permeability velocity. 

The improvement of the saline-sodic soil by using 
iron tailings not only restored the soil function, but 
also reduced the environmental pollution. It has an 
important significance to the work of ecological 
environmental protection and mining sustainable 
development of mining areas.
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Table 6. The density, porosity and the permeability 
velocity of the soils.

Test fields
Density 
(g/cm3)

Porosity 
(%)

Permeability 
velocity 
(mm/min)

A
Before the 

improvement
1.48 42.19 0.08

After the 
improvement

1.38 46.10 0.12

B
Before the 

improvement
1.41 45.01 0.11

After the 
improvement

1.30 49.22 0.19
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The general solution of the Sturm–Liouville equation in heat 
conduction problems

F.B. Lu, Y.Z. Fu & S.Y. Su
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ABSTRACT: In this paper, the method of variable separation is applied to solve the thermal problem, 
which leads to the Sturm–Liouville problem, also known as the SL problem. Using the solution of Ref. 
[2] on the SL problem, it then combines own reasoning calculation and gives a more general solution to 
the SL problem. It considers the orthogonal characteristic functions including weight function, and draws 
the corresponding coefficient expressions of primary function. Finally, through an example, it shows the 
solution of the SL equation.

Keywords: variable separation; SL problem; orthogonality; primary function

Suppose that = t t− ft , then (1) can be trans-
formed as follows:
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In order to use the method of integral transform 
to handle the form of differential equations, sup-
pose that θ τ τ( ,θθ ) ( ) ( )ττ )τ x)(x) , and substitute this 

1 INTRODUCTION

Unsteady heat conduction and more than one-
dimensional partial differential equation of heat 
conduction problem cannot be solved by the direct 
integration. Variable separation is one of the 
methods for solving such partial differential equa-
tions. In addition, after the adoption of variable 
separation, the solution can be written in the form 
of θ θ∑ nθθ , that is, the real variable separation is 
actually a series expansion of the mathematical 
problem, which involves the eigenvalue and eigen-
function issue, also known as the Sturm–Liouville 
problem (SL problems).

2 VARIABLE PREPARATION METHOD 
TO SOLVE THERMAL PROBLEMS

For the one-dimensional unsteady heat conduction 
problem, suppose there is an endless planomural, 
then the thickness is 2δ , the initial temperature is 
t0, the two sides are cooled by the fluid, in which 
temperature is tf and the heat transfer coefficient 
is h (see Fig. 1).

The mathematical description is as follows:

∂
∂
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∂
∂
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∂

=
∂
∂
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Figure 1. Schematic diagram of heat conduction.

ICCAHE15_Book.indb   1297ICCAHE15_Book.indb   1297 11/17/2015   6:40:31 AM11/17/2015   6:40:31 AM

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-267&iName=master.img-000.jpg&w=139&h=160
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-267&iName=master.img-000.jpg&w=139&h=160
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-267&iName=master.img-000.jpg&w=139&h=160
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-267&iName=master.img-000.jpg&w=139&h=160


1298

formula into differential equation (2), and then 
through variable separation[1], we can obtain the 
following equation:

T
aT

X
X

′ ″X
= = μ  (3)

From Solution (3), we can obtain the expression 
of X ( )x  and T ( ))), respectively, and substitute in 
the corresponding boundary conditions, and the 
expression of θ τ( ,θθ )τ  can be obtained. The variable 
separation method is successful because the solu-
tion can be written as follows:

θ ∑ ∑θ =θ n∑θθ nA Xnn n  (4)

It means that the solution of heat condition equa-
tion θ can be developed into a series based on Xn. 
If  it really can, then θ already becomes the solution 
of the problem. Therefore, the essence of variable 
separation is a series expansion of mathematical 
problems. The details of this problem include why 
written series, why can write the series, and the 
series should take the number of items. This is the 
famous eigenvalue and eigen function problem.

3 SERIES OF ORTHOGONAL FUNCTIONS 
TO ARBITRARY FUNCTION-BASED 
SERIES EXPANSION

In mathematics, the eigenvalue and eigenfunction 
problem were known as the Sturm–Liouville prob-
lem, referred to as the SL problem. The following 
questions deal with the matter of ordinary differ-
ential equations:

d
dx

p
du
dx

u( )x⎡
⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

+ [ ]q s( )x ( )x+q( )x =s 0  (5)

c u u
d u b d u b
1 2u c

1 2d ud d
0
0

( )aa ( )a( )
(bb ( )b

+ =c u2c ( )a
=d u2dd )b

⎧
⎨
⎧⎧
⎩
⎨⎨

′
′  (6)

Equation (5) is called the SL equation, Equa-
tion (6) corresponds to the boundary conditions of 
the third boundary condition, also known as the 
SL boundary condition problem, or SL problems 
overall.

According to Ref. [2], the orthogonality of the 
characteristic function series can be proved from 
the equation and the boundary conditions of the 
SL problem directly. The solution is as follows:

Suppose that the eigenvalue λmλ  and λnλ  correspond 
to the characteristic function of un( )x  and um, then:

pum mp u m mu″ ′ ′+ +p ump u =umu(q ms)ss+ λ 0

pun np u n nu″ ′ ′+ +p unp u′ ′ =unu(q ns)ss+ λ 0

Multiplying the left-style by un and the right for-
mula by um, the left-style subtracts the right, which 
is as follows:

p p su um n n m m n n m m nu u m n( )u u um nu u n mu uu ( )u u um nu u n mu u ( )m n )″ ″ ′(u ′+)u unu u +)u umu u =)λ λm nm n 0

The type integral between [a, b] is as follows:

s
p

u u dx

d u
dx

u
d u
dx

u dx udd u u

m n
m nu

a

b

m
n

n
ma

b
n mu m

( )m nλ λm n

−u=
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
u u

∫a

∫a∫
2

2

2

2 ′ uu

u b u u u b

u u u u

n a

b

n mu m nu

n mu m nu

′

′ ′b b

′

⎡⎣⎡⎡ ⎤⎦⎤⎤

−uu= ⎡⎣⎡⎡ ⎤⎦⎤⎤

−uu−

)bb)bb ( )b)bbb )bbb ( )b

)aa( )aa ( )a( )aa ( )aa ′′ ( )⎡⎣⎡⎡ ⎤⎦⎤⎤  (7)

Contrast boundary conditions can prove that 
(7) is equal to 0. For example, the first term, at the 
boundary conditions of x b, is as follows:

λu bλλ hn nhu′ )bb ( )b( )b+ =hunhu ( )b 0

λu bλλ hm mhu′ )bb ( )b( )b+ =humhu ( )b 0

Multiplying um by the left-style and un by the 
right-style, and then subtracting two of them, we 
obtain

λ λ

λ

λλ uλλ b hu b u b

u b u b
n m n m m mu hu nu

n mu u

′λuλ

′

( ) ( ) (bb(b ( )b ( )b

)bb)b ( )b)b

uλ (b

−u= λ u )b )b −−
+ =

⎡⎣⎡⎡λλλλ ⎤⎦⎤⎤
[ ]

u b u b
h[ −

m nu u)bb ( )b
0

As this second term is 0, the first term is also 0. 
Similarly, we demonstrate that the second term of 
(7) is also 0.

Therefore, when λ λm nλλ m na

b
dλnλ ∫a∫ 0m nd, =m nu um dx∫ , i.e. the 

function um and un  are orthogonal.
From the above solution, we can see Ref. [2], 

the authors regard the function of s and p, respec-
tively, as a constant function to solve this SL prob-
lem, is one-sided. In fact, s and p are the function 
of x, namely s(x) and p(x). For s(x) and p(x), at 
the corresponding different eigenvalue λm and λn of  
characteristic function um(x) and un(x) orthogonal 
under certain conditions, i.e., the general solution. 
It can be proved as follows.

Suppose that eigenvalues λm and λn are charac-
teristic function corresponding to um(x) and un(x), 
which in turn is satisfied as follows:

d
dx

p u x um mx m( )x [ (q ) (sm )] ( )x′⎡⎣⎡⎡ ⎤⎦⎤⎤ + xx[ (qq ) =λm 0  (8)

d
dx

p u x un nx n( )x [ (q ) (sn )] ( )x′⎡⎣⎡⎡ ⎤⎦⎤⎤ + xx[ (qq ) =λn 0  (9)
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Multiplying (8) by un and multiplying (9) by um, 
and subtracting two of them, we obtain

u
d
dx

p u u
d
dx

p u

s u u

n md
p u m nd

p u

m n m nu

( )xx ( )xx

( )m n ( )x ( )xx ( )x

′d′⎡⎣⎡⎡ ⎤⎦⎤⎤ ⎡⎣⎡⎡ ⎤⎦⎤⎤

+ ( =λ λm nm 0  (10)

Substitute (10) integral in [a, b]:

u
d
dx

p u u
d
dx

p u dxn mu
d

p u m nu
d

p u
a

b
( )xx ( )xx ( )x ( )xx ( )xx ( )x

(

′d′⎡⎣⎡⎡ ⎤⎦⎤⎤ − ⎡⎣⎡⎡ ⎤⎦⎤⎤
⎧
⎨
⎧⎧
⎩
⎨⎨
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⎬dd⎫⎫
⎭
⎬⎬

+

∫a
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b
x xx xx x xλ ∫a∫) (ss∫ ) (mumuu ) (nunuu ) 0dx =dx

 (11)

For (11):

u
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dx

p u u
d
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p u
a

b
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b
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⎡⎣⎡⎡ ⎤⎦⎤⎤
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−

a

b
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n
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′ ′

m mmmu n x ap um un′up u′ (x( )x (x( )x ( )xx ( )x⎡⎣⎡⎡ ⎤⎦⎤⎤

 (12)

For formula (12), contrasting the boundary con-
ditions, this term is equal to 0. For the first term, at 
the boundary conditions of x b, it is as follows:

λ
λ

u bλλ h
u bλλ h

n nhu

m mhu
)bb ( )b
)bb ( )b( )b
+ =hunhu ( )b
+ =humhu ( )b

0
0

Multiplying p b umbb ( )b  by the left formula, and
p b unbb ( )b  by the right formula, and then subtract-
ing the two equations, we obtain

p b u b u b hu b

p b u b b hu b

p

m nu m

n mu m

bb (bb ( )b ( )b

bb b(b ( )b(b ( )b

λu

λ

λ pp
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′

⎡⎣ ⎤⎦⎤⎤

umu (bu′un− p bb (bb ⎡⎣ ⎤⎦⎤⎤
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u) u) u) u)

p x( un u) x p) u) m(

m n( )u) n m( )u)

m

′
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′⎡⎣ ⎤⎦⎤⎤

) ( (p( un u) )= λ uuun x b
′ ( )x⎡⎣⎡⎡ ⎤⎦⎤⎤ = 0

Similarly, we prove that the second term of (12) 
is also equal to 0.

So

u d
dx

p u u d
dx

p u dxn md
p u mp um da

b
( )xx ( )xx ( )x ( )xx ( )xx ( )x′d′⎡⎣⎡⎡ ⎤⎦⎤⎤ − ⎡⎣⎡⎡ ⎤⎦⎤⎤

⎧
⎨
⎧⎧
⎩
⎨⎨

⎫
⎬
⎫⎫
⎭
⎬⎬ =∫a

0

Therefore, ( ) ( ) ( ) ( )λ λm n m n( )a

b s( u ( u ( dx∫a = 0.
So, when λm ≠ λn, corresponding to different 

eigenvalues λm and λn characteristic functions um(x) 
and un(x) in the interval [a, b] with weight function 
on s(x) orthogonal, i.e. u u dxm na

b
]

( )x ( )x ( )x .∫a = 0  
Arbitrary function can be expanded based on 
un(x):

f x A un nA u
n

)x ( )x=
=

∞

∑
0

 (13)

where An is the nth coefficient, which is associated 
with n.

Here, we use the nature of the orthogonal 
function to solve the coefficient An, calculated as 
follows:

For (13), multiplying both sides by s(x)um(x), 
and integrating in [a, b], we obtain

f x s u dx

A u s u x dxdd

mu
a

b

n nA uA mu
n

a

b

)x ( )x ( )x

( )x ( )x ( )x dd
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∑∫a
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∞
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xxxx≠ n ∫a∫, (s∫ ) m) (um (n) (unu ) 0d =dx
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b
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b
∫ ∫( ) ( ) ( )f x( x( x( ))na

b
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2
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( ) ( ) ( )

( ) ( )
A

f x( s( u ( dx

s( u ( dx
nA

na

b

na

b= ∫a

∫a
2

That is, arbitrary function can be expanded 
based on: u f x xn nf n

n
( )x : ff ) (A un n )

=

∞

0
, where

A
f x s u dx

s u dx
nA

na

b

na

b= ∫a

∫a

)x ( )x ( )x

( )x ( )x
.

2

4 ILLUSTRATION OF THE SL ISSUE

As shown in the example of Figure 1, to solve the 
x is a SL problem, variable separation is used in 
one-dimensional unsteady heat conduction prob-
lem of convection boundary conditions, at this 
point: p(x) = 1, q(x) = 0, s(x) = 1, λ = −ε2. So, the 
SL equation is a differential equation of 2nd-order, 
linear, homogeneous, constant coefficients. See the 
concrete solution on Ref. [2].

For (5), take the derivative of  the 2nd deriva-
tive p(x) and get the 1st derivative p′(x), namely 
all of  them are function of  x, and the SL equa-
tion is a differential equation of  2nd-order, linear, 

ICCAHE15_Book.indb   1299ICCAHE15_Book.indb   1299 11/17/2015   6:40:36 AM11/17/2015   6:40:36 AM

  



1300

 homogeneous, variable coefficients. Although the 
λ of  the SL equation can get its values according 
to the requirement of  the boundary conditions, 
q(x) + λs(x) can still express arbitrary func-
tions. This is the reason that q(x) exists in the SL 
equation.

For example, the temperature distribution of 
spherical: to get the solution of harmonic function 
u within a radius of 1, which makes it meet the 
sphere of u r= =1

2cos θ . The question boils down 
to solve the following problem:

1 1 0 0 12
2

2

1

r r
r

u
r r

u
r

u r

∂
∂

∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

+
∂

∂
∂
∂

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠
⎞⎞
⎠⎠

= <0 0 <

==

sin
si ,0n

∂
⎞
⎠⎟
⎞⎞
⎠⎠

= 0

co
θ θ

θ
θ

ss2 θ

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩
 (14)

Using variable separation, suppose u(r,θ) = 
R( )r ( )Θ )) and substitute it in (14), we get

r R rR
R

2 2″ ′R2 ″ ′+
= − =

ΘΘ″ +
Θ

ΘΘ λ  (15)

So, (15) can turn into

r R2 2 0R″ ′2 R+ 2rR2 R λR  (16)
Θ″ ′( ) t (Θ′Θ ) (Θ )ΘΘΘ θ λ)) ΘΘ θ ))(Θ′ΘΘΘΘΘ θ )) = 0  (17)

Solution function (17), in the boundary condi-
tions on [0, π]

Θn n( ) (cos )θnPn)) (cos ))

However, (16) is the SL equation, namely a dif-
ferential equation of 2nd-order, linear, homogene-
ous, variable coefficients. The general solution is:

R C r C rnRR n C r( )r ( )n= +C rn (n
1 2C r CC+C rC

To make u bounded, RnRR ( )r  must also be in 
bounded, so C2CC 0= , namely R C rn nRR C n( )rr = .

So the solution of original problem is

u n
n

n
n

( ,r ) (n n) (n s )θ ) () C r PnC n
nPP cos ))

=

∞

∑
0

 (18)

The solution of the coefficient is (18), thus the 
problem of the solution is obtained.

5 CONCLUSIONS

By inference calculations for the SL problem, when
λ λm nλ λλ , different eigenvalues λmλ  and λnλ  corre-
sponding to the characteristic function um ( )x  and
un( )x  in the interval [a, b] with the weight func-
tion s( )x  orthogonal, i.e., s u u dxm na

b ( )x ( )x ( )x .=∫a 0  
Arbitrary function can be expanded based on 
un( )x  as follows:

f x A un nA u
n

)x ( )x=
=

∞

∑
0

where AnA  is the nth coefficient, which is associated 
with n, with

A
f x s u dx

s u dx
nA

na

b

na

b= ∫a

∫a

)x ( )x ( )x

( )x ( )x
.

2
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Solar Decathlon—entries of Tongji University

Li Yang & Feng Qian
Key Laboratory of Ecology and Energy Saving Study of Dense Habitat (Tongji University), College of 
Architecture and Urban Planning, Ministry of Education, Tongji University, Shanghai, P.R. China

ABSTRACT: International Solar Decathlon (Solar Decathlon, SD) was launched, and hosted by the 
United States Department of Energy, for universities globally that have an interest in participating in solar 
building technology competitions. With the technology and originality of the world’s top research and 
design team, goals of the solar energy and energy savings are combined closely with architectural design. 
This incorporates new methods of design and building to run a fully functional, comfortable, livable, and 
sustainable solar house. During the competition, solar power alone must provide the energy needed for 
the solar house. The competition will comprehensively assess each of the entries based on various aspects, 
including the energy conservation, architectural and environmental physics regulation, and quality of the 
produced solar energy. The competition determines the final ranking through ten key aspects; therefore it 
is called a “decathlon” competition.

Keywords: Solar Decathlon; building energy consumption; Tongji University works

1.2 Influences of the Solar Decathlon in China

The solar powered building will be an impor-
tant direction of development for the future in 
our country, being that the total size of building 
stock is 44 billion square meters, with two billion 
new square meters per year. This development is 
where there exists huge building energy consump-
tion and ecological problems. Participating in the 
competition not only relates to innovations in 
domestic construction, but also works to improve 
public consciousness, both of which are critical for 
a change in current consumption.

1.3 Five objective of introduction 
of Solar Decathlon in China

Education: The application of renewable energy in 
construction and the important role that new 
energy plays in future life, college students are 
motivated to participate in this challenge, in 
order to put the technological innovations to 
practical use.

Public awareness: as an international competition, 
the Solar Decathlon has attracted research teams 
from around the world to participate and is also 
open to audiences around the world. The entries 
are lined up for the competition, using realistic 
living conditions to directly reflect the energy 
saving technology and the reduction of envi-
ronmental impact. This method allows for the 

1 SOLAR DECATHLON IN CHINA

1.1 Solar Decathlon introduced to China

On January 18, 2011, China National Energy 
Bureau, Peking University, and The U.S. 
Department of  Energy signed a cooperation 
agreement called the, “Solar Decathlon Memo-
randum of  Understanding” in Washington, D.C. 
It introduced the world’s highest level of  solar 
application in China. On October 10, 2014, the 
competition’s global launch ceremony in China 
was held.

The Solar Decathlon in China is the first 
Sino-US Energy Cooperation Program and 
included a U.S. visit by Chairman Hu Jintao.

The competition in China was jointly organ-
ized by China National Energy Bureau and the 
United States Department of Energy, contracted 
by Peking University.

Currently, energy use has become increasingly 
important and a topic of international affairs. 
The goal is to reduce and end dependence on 
high-emission energy resources. It has become an 
urgent issue of the people, asking the government 
to provide alternatives to the current unsustain-
able and contaminating options. The goal of the 
Solar Decathlon in China is to solidify attention 
on the promotion of the new energy technology 
and encourage social responsibility for energy 
conservation.
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public and judges to directly see and  understand 
 renewable energy sources, the implementation 
of the latest energy-saving technology and the 
individual designs, which encourages awareness 
of consumption and importance of sustainable 
development.

Promote new solar technology market process: 
By showing the entry designs for this competi-
tion, interest and public understanding of solar 
energy can be greatly improved. For the entries, 
the design teams innovatively use industrial con-
struction and solar technologies closely, which 
integrates the two with architecture design. 
These innovative technologies include solar 
photovoltaic technology (independent/micro 
network technology and network systems), 
solar thermal cooling, and indoor physical envi-
ronment of intelligent control.

Conservation and utilization of water resources: 
The application of new technologies and materi-
als, as well as household appliances, solar energy 
technology research and integration, involve a 
number of new water-efficient technologies.

Promotion of solar residential outcomes: Present 
a living pattern that contains comfort, appeal 
and functionality, which satisfies the sustain-
able development and creates profitable market 
potential for the future.

2 CHINA’S ATTENTION TO THE SOLAR 
DECATHLON

On January 19, 2011, Chairman Hu Jintao signed 
the first Sino-US Energy Cooperation Program 
called, “Solar Decathlon” in China, with the state 
visit. Hu Jintao met with the U.S. President, Barak 
Obama, at the White House, specifically to meet 
regarding the matter. The two leaders showed a 
high degree of attention and support for the com-
petition. Dozens of Chinese and foreign media 
such as Economy, China Daily, China Youth Daily, 
People’s Daily, Xinhua, Sina, Sohu, Netease, the 
White House press, the financial community, HC, 
Xinmin, Qianlong, the International Energy Net-
work, the China Energy Information Network, 
reported that “Peking University will host the 
international Solar Decathlon”.

3 TEN STANDARD’S OF THE 
COMPETITION

The competition requirements include the global 
universities participating to design and construct 
solar, energy-saving homes that’s energy usage can 
solely be supplied by solar power equipment.

The competition selected 10 aspects of solar 
power use and efficiency, and through professional 

analysis, the final ranking score is determined. 
The comprehensive assessment is of each entry’s 
energy-saving technology, building physics, envi-
ronmental regulation and the ability of energy 
efficiency. This solar power competition is called a 
“decathlon” competition because of the ten indica-
tors of the assessment. The Solar Decathlon is also 
called, “solar session of the Olympic Games” due 
to the introduction of solar technology.

4 ENTRY PROCESS

The organizing committee will send the invita-
tion to the universities world-wide. After review, 
the top 20 University entries are selected for the 
Solar Decathlon competition finals. Competition 
requires each participating University to design and 
construct a 60 square meters to 92 square meters 
solar energy powered house. The final step of the 
competition is to move entries to designated loca-
tions (successive games were held at the National 
Mall in Washington America) after assembling 
construction. After comprehensive evaluations, the 
entries will be displayed to the public.

Every solar building that participates should 
meet the daily requirements of a household. This 
includes use of a complete set of household appli-
ances, furniture and other basic living facilities, 
such as TV, refrigerator, cooking stove, dishwasher, 
washing machine and computer. In the competi-
tion evaluation period of one week, the organizers 
will cut off the outside water, and electricity  supply. 
The solar buildings should not only meet the energy 
consumption, indoor temperature, humidity and 
comfortable environment that 3 to 6 participating 
students need to live, but also supply enough energy 
for dinners for 8, when students invite other inter-
national students into the buildings.

5 CASE ANALYSIS—TONGJI UNIVERSITY

5.1 China 2010: Solar Bamboo House

In June 17, 2010, an entry, “Solar Bamboo House”, 
by the team from Tongji University, was submitted 
for the “Solar Decathlon” for a period of ten days 
in the Spanish capital Madrid, at the Manzanares 
River East Bank. The “Solar Bamboo House”, 
with an area of 74 square meters, was a green eco-
logical house. The external facade of the house 
was composed of bamboo. Indoor flooring, wall 
decoration, and furniture were also mostly made 
up with the bamboo as well. A solar photovoltaic 
system was used in the bamboo house, completing 
the “solar power” requirement of the competition. 
The bamboo house used the original ecological 
architectural style of southern China. The anti-sky 
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roof structure of classical Chinese architecture was 
adopted, to maximize power generation efficiency 
of the photovoltaic panels and ensure  ventilation. 
The Bamboo House integrates a number of 
energy-saving technologies and systems, includ-
ing passive and active energy-saving technology in 
order to achieve an efficient use and management 
of energy and hydropower required by normal life 
inside the house. The high-performance vacuum 
insulation panels, or VIPs, were installed inside the 
Bamboo House, and phase change materials were 
applied on the interior wall to maintain the indoor 
temperature. The wall’s interlayer of the phase 
change material adjusts the room temperature by 
storing heat and coolness from the day and night. 
The highest level of vacuum insulation and hollow 
triple glazing were adopted in the design of the 
windows, which helps heat insulation performance 
4 times that of the ordinary window. The roof of 
the Bamboo House was covered with solar pho-
tovoltaic modules, with cooling and heat recovery 
equipments set up on the back. These equipments 
could not only recycle heat, but also ensure the 
high efficiency of power generation.

5.2 2011: Sunshine container house

In the Solar Decathlon held in late September in 
Washington, the entry from Tongji University was 

a “Y type container”. It was composed of 6 ship-
ping containers, from Shanghai’s port, that are 
convenient for movement, economical and com-
fortable in size. The Sunshine Container House 
was built to be a Y-shaped structure composed 
of 3 containers, and the intersection angle of two 
adjacent containers was 120 degrees, providing a 
greater perspective. A container was hollowed out 
as the room, which could be divided into two small 
rooms by clapboard. In order to connect the indoor 
and outdoor, the wall can be folded. The terrace is 
not only useful to the have social activities, but it 
also can collect and store rainwater. The rainwater 
was then used after filtration. Large windows and 
glass doors out from the platform allowed light 
into the house, making it a modern, fully function-
ing apartment. The “Y type container” was able 
to become two small bedrooms using clapboard at 
night, while in the day the bed could be folded up 
and pushed into the cupboard. A triangle bench 
was used to be assembled into many different 
forms of furniture.

5.3 2012: Para Eco-House

In 2012, the Solar Decathlon competition was 
held in Madrid, Spain. Tongji University partici-
pated in the competition with a solar house named 
“Para Eco-House”. The entry combined indoor 
and outdoor architectural spaces with ecological 
technology. “Para Eco-House” was covered with a 
diamond mesh that interleaved with the body of 
the house and stretched across roof supporting the 
solar photovoltaic power generation tracking sys-
tem on the roof. The three-dimensional greenery 
hanging down on the west side of the house was 
embedded into a thin-film photovoltaic module. 
It combines solar energy, ventilation and shad-
ing as a whole, constituting a gray outdoor space 
that adjusted the outdoor microclimate. The tacit 
understanding of construction technology was 
shown in the use of the solar energy. The paramet-
ric method was integrated in the logical language 

Figure 1. “Solar Bamboo House”
(Source: http://info.bamboo.cn/detail_26026_1.html).

Figure 2. “Y type container”
(Source: http://blog.ifeng.com/article/14194380.html).
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of architectural design. The integration of passive 
and active energy saving technology was achieved 
in the ecological strategy.

This entry made full use of the competition site 
conditions and many ecological technologies, such 
as a mono crystal line silicon PV system installed 
on the roof of Eco-House that could automatically 
track solar elevation angle, thin film photovoltaic 
system with good and weak light, high efficient 
solar flat plate collectors cooperated with the 
house, PVT system, water source heat pump air-
conditioning system that used diurnal temperature 
to save and release heat, drip irrigation system that 
recycled water and made wastewater treatment, 
outdoor spray evaporative cooling system, build-
ing shade system, patio hot-pressing ventilation 
system, VIP high-performance insulation, heat and 
moisture individually controlled air-conditioning 
systems, intelligent home energy information sys-
tem and LED lighting.

6 CONCLUSIONS

The Solar Decathlon provides a platform for stu-
dents to understand the application and impact 
of sustainability and energy saving technology. It 
allows them to participate directly against com-
petition from around the world and teaches skills 
to become global leaders. Through the publicity 
of the competition and displays of functional liv-
ing in solar buildings, it provides an opportunity 
to improve the understanding of solar technology 
and energy-saving products for the public, and also 
raises awareness of reducing consumption to allow 
for environmental protection. Furthermore, the 
regional development of strategic emerging indus-
tries is promoted. Solar Decathlon competitions 
around the world are a great platform to drive gov-
ernments, universities, businesses and non-profit 
organizations to communicate and cooperate to 
achieve future sustainable goals.
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ABSTRACT: The study on the ecological restoration of landfills has gradually become a hotspot in 
recent years. The ecological restoration project of garbage landfill in Tangshan South Lake and of building 
landfill in Tianjin Nancuiping has been proved to be successful. Taking the two successful experiences as 
examples, we describe the technologies and processes of ecological restoration of the two types of landfills 
systematically, in order to provide reference for the ecological restoration of other landfills.
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public entertainment meets the requirement of 
urbanization more than others. It can provide large 
areas for public activity. It can meet other purposes 
including nature protection and forestry develop-
ment at the same time, achieving double harvest 
of ecological benefits and social benefits. Many 
practices have been reported abroad. La Valldén 
Joan Park was a typical waste landfill field in val-
ley before ecological engineering [Battle 2006]. 
Byxbee Park in George Hargreaves built in 1991 
was built at a landfill with 18 meters high [Wang & 
Lin 2002]. Fresh Kills Park, which is about three 
times the size of Central Park in New York, was 
the Fresh Kills Landfill before ecological engineer-
ing [Yu & Ding 2006]. Korea built golf  courses and 
World Cup Park in the landfill sites [Chen et al. 
2013]. Seattle Gasworks Park set up in the landfill 
site, which was piled with trash and scrap [Chen 
et al. 2013]. The above examples are successful eco-
logical restoration of landfills.

For garbage landfills, the effects of landfill gas 
on plant growth should not be neglected, and land-
fill leachate is good to plant growth because it has 
higher amounts of organic components [Li & Ju 
2005]. However, building landfills are different, 
kinds of pollutants and concentration of landfill 
leachate are less, and there is scarcely any landfill 
gas in a building landfill [Yuan et al. 2006]. Based 
on the differences between building landfill and 
garbage landfill, the method of ecological restora-
tion of the two types of landfill is different. In this 
paper, we take the garbage landfill in Tangshan 
South Lake and the building landfill in Tianjin 
Nancuiping as examples, the technologies and 
processes of ecological restoration of the two types 
of landfills are described systematically, and thus 
hope to provide reference for ecological restoration 
of the two types of landfills.

1 INTRODUCTION

A lot of wastes are generated in the process of 
industrialization and urbanization, which mainly 
includes industrial waste and city garbage [Yang & 
Wang 2010]. The three main techniques are land-
fill, waste incineration, and recycling [Li & Ju 
2005]. Landfill is an important component of the 
solid waste treatment system because of its obvi-
ous advantages, such as small investment, high 
yield and convenient operation [Huang 2003]. 
However, landfills take up large areas of land in 
order to meet the capacity and service time. At 
the same time, landfills affect the surrounding 
water environment, soil environment, atmospheric 
environment and ecological system. What’s more, 
landfills can produce acute and chronic damage 
to surrounding residents, causing a series of dis-
eases. How to control environment pollutions and 
renovate the ecological environment of landfills is 
a urgent and outstanding problems in the field of 
environmental protection [Peng et al. 2002].

Ecological restoration of landfills can bring 
many benefits. On the one hand, it will reduce the 
pressure on the ecological environment. On the 
other hand, it can restore the use value of land. 
There are three types of land that a landfill site 
can reform: agricultural land, forest land and land 
for public entertainment [Yang 2009]. Agricultural 
land is an ideal landscape that can bring economic 
benefits and is easily accepted by local residents. 
However, its restoration project costs are high, and 
the high management cost is also a problem. Forest 
land meets the guidelines of urban planning and 
construction, and it has the potential value of tour-
ism development and business development. Nev-
ertheless, adapting to the use of urban residents is 
different for forest land. Comparatively, land for 
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2 GARBAGE LANDFILL IN TANGSHAN 
SOUTH LAKE

2.1 Background

Tangshan South Lake landfill was located in the 
south suburb of Tangshan, covering an area of 
9.8 hm2. The total landfilled mass was 4.5 million 
tons, forming a garbage mountain about 50 meters 
high. The garbage mountain damaged the appear-
ance or environment of Tangshan. What’s more, 
landfills produced acute and chronic damage to the 
surrounding residents, causing a series of diseases 
[Zhou 2012]. The ecological recovery project of 
Tangshan South Lake landfill was completed in 
April 2009, with 110,400 trees and shrubs planted. 
The whole mountain greening area achieved 130 
thousand square meters after the project [Wang & 
Li 2009]. The garbage mountain that was once 
avoided by everyone in the past has now turned 
into a “phoenix platform”, which is the symbol 
landscape of the South Lake area.

2.2 Recovery process

2.2.1 Leachate control system
Before the recovery, we changed the shape of the 
garbage mountain with 1:3 slopes. Then, we laid a 
blind ditch of 2360 meters length along the retain-
ing wall back to collect leachate. Landfill leachate is 
a kind of liquid containing a high concentration of 
suspended substances and a high concentration of 
organic and inorganic compounds. Landfill leach-
ate is produced from soluble substances, rainwater 
and surface water percolating through the waste. It 
is formed by the biochemical and chemical degra-
dation processes of the waste [Liu et al. 2006]. The 
leachate backfilling area was laid 11 double row 
tubes. Then, leachate was transported to adjust the 
pool for disposal. There were 35 leachate junction 
wells in the leachate control system.

2.2.2 Landfill gas control system
Organic matter in landfills could be degraded by 
facultative and specificity of microorganisms, pro-
ducing landfill gas. Landfill gas contains a lot of 
CH4 and CO2 and other trace elements. If  a large 
amount of landfill gas accumulated within the soil, 
the growth of vegetation will be affected seriously 
and even results in an explosion. There were 24 
wells for gas collection at the top of the slope and 
at the 28 meter-elevated platform. We laid blind 
ditches at other areas to collect horizontal gas. The 
landfill gas was then funneled to a torch burning 
furnace for combustion.

2.2.3 Surface covering
According to the design, we laid geotechnical 
cloth, geomembrane, composite geotechnical grid 

and geosynthetic at the garbage mountain that 
shaped according to order from top to bottom and 
side to bottom. We covered with clay of 30 cen-
timeters thickness, and then with compact clay by 
a large crawler machine in order to prevent rain-
water infiltration. We also covered planting soil of 
50 centimeters thickness to provide a good growing 
environment for the subsequent recovery of vege-
tation. When the waste rots, it will emit flammable 
gases and make the soil alkali-affected, leading to 
difficulty in vegetation survival, so soil ameliora-
tion is necessary. We added organic manure and 
peat soil to the planting soil, resulting in three 
planting soils for every one organic manure and 
every one peat soil. Then, we stirred them well and 
covered them. The soil disposed was rich in N, P, K 
and other nutrients, and air permeability and water 
permeability were also good, which are character-
istics that are beneficial to the plant growth.

2.2.4 Vegetation recovery
A total of 57 kinds of plant species, which were 
tolerant to drought, poor soil and strong wind, 
were selected, including 6 species of evergreen 
trees, 10 species of deciduous trees, 24 species 
of shrubs and 17 species of ground covers and 
flowers. We planted these plants with a dense 
mixture. Considering the land use of landfill after 
restoration, we planted pioneer plants, constructive 
plants and auxiliary fertilizer plants with rational 
coordination to speed up the formation of a sta-
ble plant community. Planting trees with grass and 
shrubs is good to the formation of the plant com-
munity. According to the different slopes of the 
mountain, we selected adaptive species to shape 
and adjust the slope. The engineering measures 
can help the formation of the terrain to a certain 
extent, while the plants planted on the mountain 
can shape the natural terrain. Plants can guide the 
mountain runoff in the right direction and form a 
good microclimate in some part of the area.

3 BUILDING LANDFILL IN TIANJIN 
NANCUIPING

3.1 Background

Nancuiping Park is located in the south-west of 
Tianjin, adjacent to the water park. It was a build-
ing landfill before the ecological recovery project, 
which piled up waste including project dregs, mass 
concrete and harmless industrial waste, totaling 
3.2 million cubic meters. Nancuiping Park is the 
product of ecological restoration of the building 
landfill. There have been more than 6 thousand 
tourists per day and about 90 delegates per year 
who visit the Nancuiping Park since it opened 
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in 2009. Nancuiping Park has become a bright 
business card of Tianjin [Chen et al. 2013].

3.2 Recovery process

3.2.1 Earthwork
Earthworks included cleaning mud, digging lakes, 
transporting muck, shaping mountain and cover-
ing planting soil. The original topography is fish 
pond, with the thickness of the mud layer being 
7 to 9 meters, which affected the project of piling 
up hill. So all the silt particles were removed and 
filled by muck layered to ensure the stability of the 
mountain.

3.2.2 Covering soil and greening
We covered the planting soil with a thickness of 1.2 
to 1.5 meters after the formation of the mountain. 
The planting soil covered is about 190 thousand 
cubic meters, and the green area is about 210 thou-
sand square meters. The ground is mainly covered 
with the ryegrass (Loliumperenne), with all slopes 
covered with the buffalograss (Buchloedactyloides) 
as well as with the wild Zoysia (Zoysia japonica). 
Native tree species were mainly planted at the park 
based on the climate and environment in Tianjin.

3.2.3 Irrigation system
Every plant was equipped with an automatic 
water-saving irrigation equipment, which was an 
internationally leading one and adjusted to local 
conditions. The use of the automatic irrigation 
equipment compared with artificial water-saving 
fuel consumed electricity by 60% and water saved 
by 60%, so labor costs was lowered and irrigation 
efficiency was improved. Precise irrigation was 
good to the formation of wet microclimate, which 
improved the survival rate of plants greatly.

3.2.4 Ecological landscape design
The government of the city of Tianjin carried 
out a new round of comprehensive environmental 
control in 2008, and Nancuiping Park was in the 
list. According to the principle of layout optimi-
zation, space connection and function improve-
ment, the park was divided into two parts, which 
were further subdivided into six landscapes. The 
six landscapes include the lotus area, big lake area 
and tortuous channel area in the lake landscape, 
and grass area, trees area and flowers area in the 
mountain landscape.

The lake landscape has a changeable waterfront 
space by making the space open or closed. Both 
the mirror of water and the twists and turns of the 
river were included. In a word, the lake landscape’s 
style ranged widely. Accessibility, hydrophilic-
ity, and security were emphasized in the details 
of the treatment. For example, the revetment of 

high straight rubble was replaced by low natural 
stone and hydrophilic terraced revetment. We set 
the shallow water in nearshore, and planted a large 
number of local hygrophilous plants in the shallow 
water, forming a wetland landscape with distinctive 
local characteristics. The wetland vegetables played 
an important role in softening the rigid retaining 
wall and guaranteeing the safety of tourists. The 
mountain landscape emphasized the diversity of 
the plant landscape. The large areas of landscape 
forest are the main component of the mountain 
landscape. We planted trees with grass and shrubs. 
Evergreen trees and deciduous trees were planted 
in a mixed pattern, which formed a stratified plant 
community. According to the difference in terrain 
and orientation at different positions of the moun-
tain, we selected different accent plants, forming 
a series of characteristic plant landscapes, which 
included flowering shrubbery, colorized shrubbery, 
evergreen coniferous forest and gentle slope lawn.

4 CONCLUSION

The ecological restoration of a landfill provides a 
long-term strategy based on the natural evolution 
and the plant’s life cycle. It uses ecological engineer-
ing that is mainly based on the interaction between 
the plant and the soil and the microorganism to 
deal with waste and to improve the soil. The ulti-
mate aim is to restore and build a virtuous circle 
ecological environment that is close to the natural 
environment [Wang & Li 2009]. In this paper, we 
have taken the garbage landfill in Tangshan South 
Lake and the building landfill in Tianjin Nancuip-
ing as examples, and the technologies and proc-
esses of ecological restoration of the two types of 
landfills have been described systematically. The 
following points can be used for reference.

Special attention should be paid to landfill gas 
control and landfill leachate control. In the proc-
ess of ecological restoration of garbage landfill in 
Tangshan South Lake, special research on landfill 
leachate contamination and landfill gas was car-
ried out. We laid pipelines to collect and transport 
leachate and landfill gas, and also built leachate 
equalization basins to treat leachate together. The 
landfill gas was funneled to a torch-burning fur-
nace for combustion. Measures were also taken 
to control leachate and gas in the process of eco-
logical restoration of building landfill in Tianjin 
Nancuiping.

Special attention should also be paid to the land 
subsidence caused by the degradation of waste, 
whether in building landfill or in garbage landfill. 
Some measures were taken to maintain the sta-
bility of the mountain for the garbage landfill in 
Tangshan South Lake, changing the shape of the 
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garbage mountain with 1:3 slopes and building 
security platform and retaining wall were included. 
For the building landfill in Tianjin Nancuiping, all 
the silt particles were removed and filled by muck 
layered to ensure the stability of the mountain.

Plants growing in landfills will face many serious 
environmental stresses, which include landfill gas, 
landfill leachate and high temperature, drought and 
poor environment of the final layer. So, it is impor-
tant to select tolerant species. There were some 
species selected to be plated in the two types of 
landfill because of their characteristics of drought 
resistance, shallow root and stain resistance.
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ABSTRACT: With the growing urbanization, the city rubbish is also growing, and consequently its 
effect on the environment and the ecological restoration of sanitary landfill have become major social 
problems. There are many different practices at home and abroad. In this paper, with the clue of process, 
we commented on the key technologies of ecological restoration of sanitary landfill, hoping to provide 
reference for ecological restoration of sanitary landfill.
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of sanitary landfill, hoping to provide future 
reference for ecological restoration of sanitary 
landfill.

2 POLLUTION CONTROL

2.1 Landfill leachate control

Landfill leachate is a kind of  liquid containing a 
high concentration of  suspended substances and 
a high concentration of  organic and inorganic 
compounds. Landfill leachate is produced from 
soluble substances, rainwater and surface water 
percolating through the waste. It is formed by 
the biochemical and chemical degradation proc-
esses of  the waste [Liu et al. 2006]. In order to 
prevent the vertical infiltration of  leachate, anti-
leakage lining is necessary. There are many mate-
rials for the impermeable layer. It can be a single 
clay layer with the permeability coefficient of 
less than 10−7 cm/s and the thickness of  at least 
1 meter. It also can be a composite liner, which is 
made by laying an elastic anti-seepage film on the 
clay layer [Cui 2005]. Generally, we need to lay 
a blind ditch or a perforated pipe to collect and 
guide leachate. The pipe’s slope to the sump or 
sewage adjust the pool with more than 40-percent 
slopes. The main methods to dispose leachate 
both at home and abroad include dispose leach-
ate and urban wastewater together (outside field), 
separately in situ dispose, and pre-dispose-merged 
dispose (both inside and outside landfills). It is 
better to combine the leachate dispose with urban 
sewage treatment. We can discharge leachate into 
a sewer system after the in situ dispose, and then 
introduce leachate to municipal sewage treatment 
plants.

1 INTRODUCTION

Urban domestic waste is solid waste produced 
by people’s daily life activities, turning out with 
the city and soaring emissions in the process of 
urbanization, and currently our cities are facing 
the predicament of being surrounded by waste 
[Yang & Wang 2010]. According to information sta-
tistics, the annual per-capita output of urban waste 
extends to 440 kilograms. In 2010, the amount of 
urban waste was reported to be 3.52 billion tons 
in China, ranking the first in the world, and is 
growing 8% to 10% per year. The four main tech-
niques for the disposal of rubbish include landfill, 
waste incineration, high-temperature compost-
ing and recycling. Landfill becomes an important 
component of the solid waste treatment system 
because of its obvious advantages, such as small 
investment, high yield and convenient operation 
[Li 2005, Liu 2007]. It has been found that nearly 
95% of the world’s urban domestic waste is bur-
ied [Wang 2011]. On the other hand, landfills also 
lead to many problems. They take up large areas of 
land in order to meet the capacity and service time. 
At the same time, landfills affect the surrounding 
water environment, soil environment, atmospheric 
environment and ecological system. What’s more, 
landfills will produce acute and chronic damage 
to the surrounding residents, causing a series of 
diseases [Zhou 2012]. How to control environment 
pollutions and recover the ecologic environment of 
landfills is an urgent and outstanding problems in 
the field of environmental protection at home and 
abroad with people’s continuous improvement of 
environmental awareness [Cao 2010, Kwon & Gary 
2010, Mutasem et al. 1997, Zhao et al. 2012]. In 
this paper, with the clue of process, we commented 
on the key technologies of  ecological  restoration 
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2.2 Landfill gas control

Organic matter in landfills could be degraded by 
facultative and specificity of microorganisms, 
producing landfill gas. Landfill gas contains a lot 
of CH4 and CO2 and other trace elements. If  a 
large amount of landfill gases accumulated within 
the soil, the growth of vegetation will be affected 
 seriously and even result in an explosion. So, it is 
necessary to collect and dispose landfill gas for the 
safety of landfill and the smooth progress of veg-
etation restoration. There are two methods to col-
lect landfill gas: sealing method and air-permeable 
method [Cheng 2009]. Sealing method is the 
method with no permeability barrier and gas only 
passes through the top cover, or use the wall to pre-
vent air from flowing. The bottom or the side wall 
of the landfill with a thickness of 0.5–1.2 meters 
can be made with compacted clay holding cer-
tain moisture, in order to prevent air that escapes 
from the bottom or side wall. We can also use a 
thin film made of synthetic materials to cover the 
 bottom or side wall in order to  prevent air and pro-
tect the groundwater from polluting. Air-permeable 
method is a method that uses the pebble channel 
or the groove filling pebble to guide and collect 
landfill gas. We can set ventilation tubes at the top 
of the garbage and set branch pipes within the shal-
low gravel channel, and then connect the branch 
pipes with vertical ventilation tubes. We can also 
arrange access shafts evenly in the site, so that the 
access shafts will both collect vertical landfill leach-
ate and permit a free passage of air. Landfill gas is 
a kind of precious energy. Only rational utilization 
can make the landfill gas contribute to humans. 
The following are the main utilization ways of 
landfill gas control:  electricity generation, used as 
a civil gas, used for a compressed natural gas and 
used as a boiler fuel [Gong 2006].

2.3 Surface covering

Surface covering for ecological restoration in 
landfills is a technology that includes both the 
selection of proper covering materials and the 
design of effective and reasonable cover thickness 
and shape. It tends to meet the goals of prevent-
ing the escape of landfill gas and decreasing the 
concentration of landfill leachate. Using surface 
covering, we can construct an artificial ecosys-
tem, which is mainly vegetation, and make the 
recovered land for other uses [Peng et al. 2002]. 
Landfill covering layers can be mainly divided into 
two parts. One is for ecological restoration, the 
other is for  drainage and seepage control, which 
is made up of drainage layer, venting layer, seep-
age control layer ( protective layer is included) and 
base layer. The  ecological restoration part includes 

nutritive layer and vegetable layer. It can beautify 
the surroundings and reduce soil erosion, which is 
good to collect and guide surface runoff. Drain-
age layer is made up of sand or soil materials with 
a larger permeability coefficient (generally more 
than 10−4 cm/s). It can collect rainwater and avoid 
the anti-seepage layer in direct contact with the 
ecological restoration part, which can protect the 
anti-seepage layer by preventing plant roots from 
intruding into the anti-seepage layer [Chen 2013]. 
The anti-seepage layer material usually includes a 
high-density polyethylene film, geosynthetic clay 
liner and clay. It can keep rain from penetrating 
into the rubbish material, and also prevent the 
landfill gas  diffusion through soil porosity. Base 
layer has the effect of support and stability on the 
whole cover. Its cover material include soil, gravel, 
and even some hard solid waste, such as construc-
tion waste. The  surface covering materials of a city 
landfill in the ecological restoration project mainly 
depend on both input costs and output benefits of 
ecological restoration; at the same time, the surface 
covering materials vary between the landfill site 
and the restoration project.

3 VEGETATION RESTORATION

3.1 Soil amelioration

During the rotting of waste, flammable gases are 
emitted and make the soil alkali-affected, leading 
to difficulty in vegetation survival, so soil amel-
ioration is necessary. For soil amelioration, green 
manure or organic fertilizer is mainly used to 
increase organic matter content and improve the 
soil’s physical and chemical characteristics. In the 
place where landfill gas is relatively small, a signifi-
cant negative correlation was observed between the 
content of mineral nitrogen and the quality of dry 
matter of vegetation. It proves that it is necessary 
to apply nitrogen fertilizer in landfill. Organic sub-
stances can stimulate the growth of plants obvi-
ously, so some compost is useful [Chang 2008]. 
Loosening the final soil appropriately improves 
the soil’s physical characteristics because the final 
soil compressed by the device frequently during 
construction restricts the growth of plant roots 
severely. In the process of ecological restoration 
of garbage landfill in Tangshan South Lake, we 
added organic manure and peat soil to the planting 
soil, resulting in three planting soils for every one 
organic manure and every one peat soil. Then, 
we stirred them well and covered them. The soil 
disposed was rich in N, P, K and other nutrients, 
and air permeability and water permeability were 
also good, which are the characteristics that are 
beneficial to the plant growth [Li 2010]. In the 
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process of ecological restoration of garbage land-
fill in Wenzhou Yangfushan, nitrogen fertilizer and 
compost fertilizer were applied to improve soil fer-
tility, and humus soil sieved out from the garbage 
was also used. At the same time, loosening the final 
soil appropriately also had a positive effect on the 
improvement of soil fertility [Han et al. 2008].

3.2 Vegetable selection

Plants growing in landfill will face many serious 
environmental stresses, which include landfill gas, 
landfill leachate and high temperature, drought 
and poor environment of the final layer. So, it is 
important to select tolerant species. The basic 
principle of selecting plants is that the species must 
be able to endure the stress from landfill gas and 
landfill leachate and have a stronger tolerance 
to drought. There are two main different ways 
of selecting suitable species. One way is to select 
through the planting experiment. Guo et al carried 
out a planting experiment at Dongtan Lake land-
fill, Jiaozhou Bay, Qingdao, Shandong, screening 
several plants that have good resistance [Guo et al. 
1994]. The other way is to select through vegeta-
tion investigation in landfill. Ji et al investigated 
the vegetation of a landfill site in Shenyang closed 
for 2 years, recommending six plant species that 
were suitable for ecological restoration of land-
fill [Ji 2005]. Summarizing different plant species 
planted in different landfills reported by different 
researchers is helpful to select suitable plant species 
for the ecological restoration of landfill. However, 
the selected species cannot always be employed 
universally, because there are many differences in 
the background of landfill. We must combine only 
with the particular local case.

3.3 Vegetation reconstruction process

At the beginning of vegetation reconstruction, we 
can plant some herbs, because herbs have devel-
oped roots that can improve the soil and create 
conditions for the growth of other plants including 
trees and bushes. After that, we should plant some 
trees that grow slowly, are small, have shallow roots 
and are not susceptible to pests to improve the sin-
gle herb plant landscape. Trees can also accelerate 
soil improvement. At the same time, trees can cre-
ate better conditions for the growth of other plants 
because they can intercept rain water and reduce 
leachate through absorption and transpiration. In 
the middle and the development phase, combined 
with ecological planning and development plan-
ning, we need to plant trees with grass and shrubs 
on a large scale according to the different func-
tional regionalization and green design.

4 ENVIRONMENTAL MONITORING

The process of ecological restoration of landfill is 
long term and dynamic, so environmental moni-
toring must be done on a continuous basis during 
the end-to-end process [Han et al. 2013]. The main 
inspection factors include landfill gas, leachate 
and plants. In the process of ecological restoration 
of Shenzhen Guoqiaowo landfill, we laid many 
monitoring wells from upstream to downstream. 
The samples were taken regularly to monitor the 
migration of landfill gas and leachate, guarantee-
ing the minimum pollution to the environment 
after closure [Guo & Zheng 2004]. The vegeta-
tion system established at the initial stage is always 
unstable, so it is necessary to monitor the plant 
growth. A scientific way of maintenance is very 
important. We need to adjust the species composi-
tion and community structure of green vegetation 
constantly. At the same time, we should cultivate 
the plants’ power of self-renewal.

5 CONCLUSION

In this paper, with the clue of process, we com-
mented on the key technologies of ecological res-
toration of sanitary landfill systematically from 
two aspects, namely pollution control and vegeta-
tion restoration, hoping to provide reference for 
ecological restoration of sanitary landfill. At the 
beginning of ecological restoration, a scientific and 
reasonable planning and design is necessary, and 
we need to attach importance to pollution control 
and utilization of rehabilitation land. It is better 
to determine the ultimate way of land use in the 
future before the construction or close of landfill. 
We should study the critical factors for ecological 
restoration of sanitary landfill, such as landfill sta-
bility, harmful gases and leachate, the nature of the 
final soil and the selection of plant species. During 
and after ecological restoration, environmental 
monitoring must be done on a continuous basis. 
During ecological restoration, environmental mon-
itoring can help managers and decision-makers to 
know the degree to which the ecosystem is restored 
and whether ecological restoration is effective or 
not. Environmental monitoring after ecological 
restoration is important for the evaluation of the 
ecological recovery technique.
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ABSTRACT: Passive design has widely been identified as one of the most economical and effective 
strategies for reducing energy demand. However, the employment of passive design strategies is often 
based primarily on experience that often lack long-term effective validation data to prove or disprove their 
effectiveness. This research is based on the physical surveillance, and has adopted physical environment 
fieldwork test and data analysis methods to evaluate the effectiveness of passive space design strategies 
and their influence on the main body spaces. The two selected experiment platforms shared various com-
monalities such as climate environment, layout, structure, designers, construction time, etc., which offered 
numerous opportunities for parallel comparisons. Therefore, this research adopted a pair-group analysis 
method to isolate and analyze a single variable through one-year monitoring of one typical passive spaces 
(a sunlight space) to verify the effectiveness. The experiment tested several physical parameters such as 
temperature, humidity, wind speed, CO2 concentration index in winter, summer and trans-seasons, and 
analyzed the impacts of the passive space on the entire building. This test research also incorporates the 
results of the quantified data regarding the impact levels of the passive spaces and summarizes its advan-
tages and disadvantages, and provides suggestions regarding possible improvements. The research results 
indicate that passive space design strategies need to balance the entire year’s climate characteristics, and 
consider matching technologies with technical strategies that approach design problems from both the 
environment and the human comfort perspectives.

Keywords: passive design; building space; pair-group analysis; field work test

2 EXPERIMENTAL PLATFORM

2.1 Platform 1: O-house at Tsinghua University

The O-house is an experimental building designed 
by a Tsinghua University research team; it took 
three years to design, construct, and monitor. It 
is a net-zero house that relies completely on solar 
energy to supply its energy consumption [6]. To 
achieve net-zero energy consumption, works on the 
inflow and outflow of energy were both necessary. 
A ground floor plan plays an important role in the 
reduction of a building’s energy dissipation. In a 
building functioning as a house, spaces that are the 
most often used and user-related should be opti-
mized for physical comfort as much as possible. The 
O-house is based on a principle of passive priority. 
The most cardinal and comfort-demanding space is 
at its very center, and three layers of space encircle 
this core. The micro-environment transitions from 
outside layer to inner layer. (as shown in Fig. 1).

1 INTRODUCTION

The lack of quantitative research on passive strat-
egies was one of the bottlenecks faced by this 
present study [1–3]. Current evaluations of sus-
tainable building designs only consider whether 
or not they are involved in environmental factors, 
use the regulating function of passive space, or 
employ new types of thermal insulation materials 
or construction details. Consequently, the existing 
body of research is insufficient, and needs to pro-
vide answers to questions such as: how might these 
designs be optimized by the use of technology-
based strategies? To what extent might such strate-
gies provide further optimization? And, how should 
architects go about such optimizations? With the 
majority of scholarly attention being focused on 
sustainable concepts and green buildings in recent 
years, building design needs to proceed beyond the 
fuzzy qualitative research stage and on to the pre-
cise quantitative research stage [4–5].
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2.2 Platform 2: Waterfowl Pavilion in Beijing Zoo

The Waterfowl Pavilion is located inside of the Bei-
jing Zoo which has a superior natural environment, 
and vegetation coverage of more than 90% [7]. On 
the south side of the site, there is a large wetland 
area used as a bird habitat. To avoid destroying 
the building’s ecological status and to provide a 
natural and livable environment for the birds, this 
project aims to build a net-zero energy demonstra-
tion building that intricately combines green and 
low carbon concepts. There are two domain spaces 
in the Waterfowl Pavilion, each based on a differ-
ent design target. One is an open space used as a 
bird habitat. To better coordinate with the natural 
environment and ensure that the birds’ living space 
allows for sufficient sunshine, the birdhouse is 
located on the southernmost point of the building. 
The second domain space is related to people’s 
needs, rather than birds’ needs. This space includes 
an exhibition hall, meeting rooms, service rooms, 
etc. Therefore, after considering the relationship 
between the building’s shape factors and functional 
organization, the building envelope was formed into 
two layers of nested spaces [8] (as shown in Fig. 2).

2.3 Platform 1 vs. platform 2

The two experimental platforms’ building infor-
mation is compared below (as shown in Table 1). 
The two buildings were built during the same time 

Figure 1. Passive strategy for three layers of spaces.

Figure 2. Plan of Waterfowl Pavilion.

Table 1. Building information comparison between the two experimental platforms.

O-house Waterfowl Pavilion

Climate zone Cold climate zone Cold climate zone
Build time 2013 2013
Surrounding 

environment
In sculpture park, surrounded by green 

space
In zoo, surrounded by 90% green space and 

water
Building area 74.9 m2 390.6 m2

Building structure Steel frame Steel frame
Passive space Sunshine space Wind tower, Underground wind tunnel
Details and 

parameters
Four layers of Low-e insulating glass with a 

thickness of 5 mm/42 mm and a U-value 
of 0.48 W/(m2 ⋅ K), a shading coefficient 
of 0.443 for the south glazing wall

Wall material: 80 mm mineral wool + HIP, a 
U-value of 0.2 W/(m2 ⋅ K)

Roof material: 130 mm mineral wool & HIP, 
a U-value of 0.1 W/(m2 ⋅ K)

Three layers of Low-e insulating glass with a 
thickness of 5 mm/42 mm and a U-value 
of 0.7 W/(m2 ⋅ K), a shading coefficient of 
0.443 for the south glazing wall

U-value of the wall is 0.3 W/(m2 ⋅ K);
U-value of the roof is 0.3 W/(m2 ⋅ K);
U-value of the ground floor is 0.35 W/(m2 ⋅ K);

Other strategies PV system: 70 m2 PV panels with a capacity 
of 11.5 kW, thin film photovoltaic panels

Solar thermal: solar vacuum tube collectors
HVAC: WSHP (cop = 6) & ASHP
Water system: membrane bioreactor water 

treatment

PV system: 110 m2 PV panels with a capacity 
of 18 kW, thin film photovoltaic panels

Solar thermal: solar vacuum tube
GSHP: rated 20 kW cooling capacity, power 

3.7 kW
HVAC: radiation cooling system
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period, designed by the same design group, adopted 
the same building structures, and are located in the 
same climate zone and almost identical surround-
ing environments. Moreover, they have the same 
topological relationships and spatial layouts that 
the core spaces are surrounded by functional space 
to the east, north, and west sides, in response to cli-
mate factors. Both of the two core spaces are large 
and without division Both buildings’ southern 
sides have large areas of glazing provided by the 
same manufacturer, and the window-to-wall ratios 
of the two are 0.6 and 0.52, respectively. One of 
space design differences between the two buildings 
is platform one (the O-house) has an extra layer of 
openable sunspace in the southern façade.

3 FIELDWORK TEST SCHEME

The two selected experiment platforms had vari-
ous commonalities such as climate environment, 
layout, structure, designers, construction time, etc., 
which offered the possibility of parallel compari-
sons. Therefore, this research adopted a pair-group 
analysis method to make a comparison of the two 
the topic of this research. In order to test the effec-
tiveness of passive space in different climate con-
ditions over the course of an entire year, the test 
period had four separate phases. Together, the four 
phases lasted more than one year, from December 
of 2013 to January of 2015. (as shown in Table 2). 
To minimize the interference of other factors, the 
two buildings were not left open to active system 
equipment such as the air conditioning system, 
lighting, and other electrical equipment.

4 RESEARCH RESULTS AND ANALYSIS

The test points were located at the east and west 
doors in the southern façades of the two buildings, 

the sunspace of the O-house, and outdoors. The 
outermost layer of sunspace in the O-house was 
dark thin-film solar PV shutters were closed but 
not sealed during the test period. It was expected at 
the design stage that the sunspace would serve as a 
buffer, preheating the indoor spaces in cold winters 
and providing shading to reduce the indoor tem-
perature during hot summers.

The test results indicated that there was a sub-
stantial gap between the actual test results after the 
building was constructed and the designer’s subjec-
tive judgment during the design stage. The curve 
of the winter test results (as shown in Fig. 3) indi-
cates that the sunspace was greatly influenced by 
outdoor temperature fluctuations. The mean tem-
perature in the sunspace was just 0.9°C higher than 
the outdoor temperature during the winter test 
period, and the indoor temperature was only 1.6°C 
higher than the outdoor space. Conversely, in the 
Waterfowl Pavilion, the mean indoor and outdoor 
temperature differences reached 7.2°C and over 
16°C between 12:00 pm and 5:00 pm (as shown 
in Table 3). The sunspace in the O-house experi-
enced only a slightly greater preheating effect than 
it would have without the addition of this passive 
space. The reason for this very different result 

Table 2. Test periods and test contents.

Dec 2013 –Jan 2014 Apr–May 2014 June–July 2014 Dec 2014 –Jan 2015

Winter Trans-season Summer Winter

Platform 
one

Air temperature PMV, air temperature and 
humidity, wind speed, 
black ball radiation 
temperature

PMV, air temperature and 
humidity, wind speed, 
black ball radiation 
temperature, lighting

PMV, air temperature and 
humidity, wind speed, 
black ball radiation 
temperature, lighting

Platform 
two

Air temperature Air temperature Air temperature and 
humidity, CO2 
concentration, lighting, 
wind speed

Air temperature and 
humidity, CO2 
concentration, lighting, 
wind speed

Figure 3. Test temperature curve for platforms 1 and 
2 in winter.
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between the built performance and the first design 
concept is that although the designer had a basic 
understanding of the sunspace’s preheating func-
tion in winter, in practice, due to the vertical layout 
demands of the photovoltaic panels on the south-
ern facade, the solar spectrum of infrared light was 
resisted by the dark glazing blinds and generally 
did not penetrate into the sunspace. Moreover, 
air leakage and the lack of an up-and-down ven-
tilation device in the PV blind panels were other 
factors worsening the cold air resistance and pre-
heated warm air exchange.

The curve of the summer test results (as shown 
in Fig. 4) indicate that the temperature in the sun-
space fluctuated greatly with the outdoor tempera-
ture. Although the highest temperature appeared 
in the outdoor space, the mean temperature in 
the sunspace was 1.2 °C higher than that of the 
outdoor space. The test results indicate that the 
thermal environment in the sunspace did not ben-
efit from the envelope itself  because the unsealed 
shading blinds on the southern façade offset the 
heat between the shading’s cooling and the solar 
radiation’s penetration. With a real-time thermal 
exchange in and out of the sunspace, the tempera-
ture remained almost the same. However, the test 
data obtained on the 5th of June showed that the 
sunspace provided a good shading effect to the 
interior space. The highest temperature occurred 
at 12:26 pm and reached 38.8°C. The temperature 
in the sunspace was 36.6°C, while the indoor tem-
perature on both sides of the gate was only 29.2 °C 
and 29.9 °C, respectively, nearly 10 °C lower than 
the outside air temperature. The highest indoor 
temperature occurred at 5:00 pm, thus, the indoor 
temperature peak obviously lagged behind the 
outside air temperature. The indoor temperature 
stayed within a stable range for a long time, and 
had smaller swings than the outdoor variations.

Comparing these results to the temperature test 
curve of the Waterfowl Pavilion (as shown in Fig. 4), 
it can be seen that 90% of the stable temperature in 
summer conditions was a benefit provided by the 
passive strategy of the south side sunspace in the 
O-house. The indoor south side temperature curve 
in summer was almost synchronous with the out-
door space in the Waterfowl Pavilion, regardless of 
whether the openings were closed, the indoor and 

outdoor temperature changes were nearly simulta-
neous. On the one hand, these results demonstrate 
that with southern façades with similar window-
to-wall ratios, the buffer and shading functions 
of the sunspace had a significant effect, reach-
ing to a 10°C temperature difference between the 
indoors and outdoors. On the other hand, these 
results demonstrate that a large glazing area on the 
southern façade without shading can significantly 
increase indoor temperatures and cooling loads in 
summer weather conditions, even in a cold north-
ern climate zone such as in China.

5 CONCLUSION

The research results yielded quantified data 
regarding the impact levels of the passive spaces, 
and allowed researchers to summarize their advan-
tages and disadvantages and provide some possible 
improvements. The test results indicated the fol-
lowing conclusions with regards to sunspaces:

1. Don’t just “pick up” passive strategies.  Different 
from what was expected from the initial design 
concept, the passive strategy of using a sun-
space in winter may have no effect on the cold 
air buffer and preheating effect in cases where 
there are issues of inappropriate glazing color, 
glazing air tightness, or ventilation measures 
between the sunspace and the interior space. 
Therefore, with regards to winter weather 

Table 3. Average temperature in winter test results (unit: °C).

Winter Summer

T–outdoor T–indoor T–sunspace T–d T–outdoor T–indoor T–sunspace T–d

P1 1.9 3.5 2.8 1.6 24.7 27.5 25.9 2.8
P2 1.9 9.1 – 7.2 27.9 28.9 – 1

Figure 4. Test temperature curve for platforms 1 and 
2 in summer.
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 conditions, a sunspace should not only be con-
sidered an easy “pick up” of one kind of pas-
sive strategy, but rather designers should strive 
to create cooperation within the design between 
the sunspace and the main space.

2. Maximize advantages. The O-house is an exam-
ple of how the solar radiation can be blocked by 
an unsealed dark blind on the southern façade, 
in order to maintain better ventilation inside of 
the sunspace. The indoor temperature benefit-
ted from this design that the temperature was 
10°C lower than it was in the outside space dur-
ing the test period. The dual function of shad-
ing and providing natural ventilation in the 
buffer zone maximized these advantages during 
summer weather conditions.

3. Weigh the pros and cons. considering the cli-
mate conditions that occur throughout year, a 
designer should weigh the pros and cons regard-
ing pursuing a preheating effect in the winter or 
shading and ventilation effects in the summer. 
Such decisions do not have to be either/or, but 
precise research and designs are required to 
achieve a “win-win” effect.

4. Pay attention to shading in the summer. Even 
in cold climates such as those experienced in 
northern China, large areas of south-facing 
glazed façades without shading devices may 
result in a sharp increase in the building’s cool-
ing load in summer weather conditions. In addi-
tion, a well-designed buffer zone could perform 
significantly better than simple shading devices 
with regards to creating a shading effect.
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of the carbon capture ability of Italian poplars
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ABSTRACT: Carbon storage can offset more CO2 emission, creating a broader space for Chinese eco-
nomic development. By dynamically predicting the carbon sink function of such trees as Italian poplars, 
we can acquire a reference basis for working out the plan of industrial production and emission reduction. 
It is one of the important contents and the easiest approaches for China to develop low-carbon economy. 
This thesis introduces the development process and research tendency for the measurement detection and 
line optimization of the carbon capture ability of Italian poplars, and explores the measurement detection 
and line optimization measures and implementation paths of the carbon capture ability of Italian poplars, 
which can help to boost the construction of ecological civilization, enhance industrial level and achieve 
the concerted promotion of social and economic benefits.

Keywords: carbon capture; forestry carbon sink; measurement detection; line optimization

wetlands and oceans to absorb and store CO2
[2]. 

Ecological carbon sink refers to the ecological sys-
tem which can effectively absorb CO2. Ecological 
carbon sink chiefly includes the ecological system 
of forests, wetlands and oceans. At present, the 
collection of CO2 contains two aspects: the con-
struction of ecological carbon sink and the tech-
nology of CO2 capture. Since the global carbon 
programme was started in 2001, many countries 
worldwide have been dedicating themselves to 
relevant researches. With the clean development 
mechanism of Kyoto Protocol[3], China has already 
set up several pilot projects, and has signed a con-
tract of carbon emission reduction with a dozen 
developed countries worldwide. The pilot projects 
that have been carried out in China include: Inner 
Mongolian Carbon Sink Pilot Project, Guangxi 
Pilot Project[4], Sichuan and Yunnan Carbon Sink 
Project, Zhejiang Carbon Sink Pilot Project and 
Beijing Carbon Sink Project.

2.2 Research actuality

The rapid development of carbon sink trade 
requires people to put forward the measurement 
methods of artificial forest carbon sink. So far, 
scholars worldwide have already carried out inten-
sive research into the measurement methods of 
forest carbon sink, and have put forward the fol-
lowing two methods: 1) the method of counting 

1 INTRODUCTION

Nowadays, people advocate developing low- carbon 
economy, which means the highly-efficient utili-
zation of energy as well as the development and 
utilization of clean energy in essence. Low-carbon 
economy chiefly includes: saving energy, reducing 
emission; promoting the rate of energy utilization[1]; 
developing clean energy including renewable energy, 
nuclear energy and hydrogen energy; improving 
the structure of energy consumption; achieving 
the control of carbon emission; reducing the emis-
sion of CO2 and its impact by building ecological 
carbon sink and developing the technology of car-
bon capture and utilization. Therefore, developing 
low-carbon economy requires the strong support 
of the technological innovation of energy-saving 
and emission reduction, clean energy and carbon 
capture and utilization.

2 RESEARCH BACKGROUND AND 
ACTUALITY OF THE MEASUREMENT 
DETECTION AND LINE OPTIMIZATION 
OF THE CARBON CAPTURE ABILITY 
OF ITALIAN POLARS

2.1 Research background

Carbon sink refers to the process of absorbing CO2 
in the air, chiefly referring to the ability of forests, 
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the existing biomass which reflects the cumulative 
amount of carbon which is closely related to bio-
mass; 2) the method of measuring the CO2 flux of 
forests by using microclimate theory and technol-
ogy, and then converting the amount of CO2 into 
the storage of carbon. With the second method, 
a lot of achievements have been made overseas. 
So far, over 150 observation stations have already 
been set up. This method is applied to measure 
the flux of water vapor, and has been expanded to 
the research into the flux of CO2 since the 1980s. 
Scientists of Euroflux Laboratory have applied the 
method of eddy correlation to intensively study 
the change of CO2 fluxes of European forests at 
different latitudes. Malhi et al applied the method 
of eddy correlation to study the seasonal change 
model of tropical, temperate and northern forests, 
with the research findings being: tropical forests 
manifest net carbon sink all the year round, while 
forests in the high latitude area manifest sink in 
the growth season and manifest source in winter. 
China started later in this regard. In 2002, Chinese 
Academy of Sciences officially started the project 
of observing the carbon fluxes of Chinese terres-
trial ecosystem. So far, 4 CO2 flux fixed position 
observation stations of typical forest ecosystems 
in Changbai Mountain, Qianyan Sandbar, Dinghu 
Mountain and Xishuangbanna respectively.

3 RESEARCH CONTENT OF THE 
MEASUREMENT DETECTION AND 
LINE OPTIMIZATION OF THE CARBON 
CAPTURE ABILITY OF ITALIAN 
POPLARS

3.1 The main content of research 
and development

The implementation content of this project is the 
system development of the measurement detection 
and line optimization of the carbon capture ability 
of Italian poplar. The system consists of: a central 
control machine and a large-screen display system; 
a sound and wind velocity meter, an infrared CO2 
analysis meter, a data recording and data compari-
son device, a conduit system; wireless sensor nodes 
and a relay base station, etc.;

The demonstration system of development has 
the following functions: capable of automatically 
increasing/decreasing the measurement frequency 
of each test point according to the external envi-
ronment and the expert system. When the carbon-
absorbing ability of Italian poplars is in a stable 
state and within a safety scope in spring and sum-
mer, the frequency of measurement is reduced. 
When the weather variation and wind velocity are 
in an unstable state and at a critical point of safety 
scope, the frequency of measurement is increased. 

Relevant parameters are adjusted dynamically 
according to the situation of measurements; wire-
less sensors are networked and relay nodes are set 
up according to the distribution of monitoring 
sites, and data transmission free from distance 
limitation is carried out.

3.2 Key technological problems to be solved 
emphatically during project implementation

3.2.1. The substitution scheme of  energy (wind) 
measurement. The project summarizes empiri-
cal data and weather and other factors while 
combining the fuzzy algorithm method 
and expert system to substitute the three-
 dimensional ultrasonic anemoscope, which is 
the key technological problem to be solved in 
the project.

3.2.2. The problem of the dynamic network-
ing of wireless sensors. Considering that the 
woodlands of carbon sink measurement are 
independent of one another, each woodland 
of Italian poplars is different from others, and 
Italian poplars have different carbon capture 
abilities in different seasons, the dynamic net-
working of wireless sensors is also one of the 
key technological problems.

3.2.3. The maintenance-free problem of the moni-
toring system. For large-sized woodlands, the 
around-the-clock continuous work of CO2 
concentration analyzer needs to consume a lot 
of electric energy. The around-the-clock con-
tinuous data transmission and receipt of sen-
sor nodes need also to consume a lot of electric 
energy. The maintenance-free power supply car-
ried by wireless sensor nodes has also become a 
key problem to be solved.

4 MAJOR RESEARCH METHODS

4.1 The overall technological line of this project

The design of the overall scheme → the design of 
various modules → system integrated manufactur-
ing → equipment debugging → system operation.

4.2 Module design

4.2.1 The design of wireless sensor network nodes
At present, against different applications, the struc-
tures of sensor nodes are almost the same, chiefly 
including the collection unit, the processing unit, 
the transmission unit and the power supply unit, 
just as shown in Figure 1.

Against the demand of measurement of CO2 
concentration and the characteristics of wireless 
sensor network, this project will focus on studying 
and developing the new-type wireless sensor nodes 
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based on ZigBee technology. These nodes shall be 
designed separately and hierarchically in a modu-
larized way, consisting of the frond-end sensor col-
lection module, the signal processing module, the 
radio frequency transceiver module and the power 
supply module.

1. The front-end sensor collection unit.
The selection of  sensors: The system sensors 
shall be selected on the principle of  high reli-
ability, low cost, simple interface and conven-
ient line connection, and the equipment with a 
high-cost performance shall be selected accord-
ing to the situation and the actual project 
demand.

2. The processor unit: According to the charac-
teristics of wireless sensor nodes: low energy 
consumption, complete functions, high inte-
gration and large memory capacity, embed-
ded microprocessor is adopted. This system is 
expected to use the MSP430 series processers of 
TI Company and compile signal processing and 
corresponding decision-making management 
software.

3. Communication unit: In the wireless transceiver 
chips, both the TR1000 of RFM Company and 
the CC1000 of Chipcon Company are ideal 
choices of low power consumption. However, 
considering the conflict-free frequency band, 
node safety, performance and other factors, 
the CC2420 wireless transceiver chips of Chip-
con Company will be used in the system design 
because they work on general ISM frequency 
band, carry their own hardware encryption 
mechanism and conform to the ZigBee tech-
nology designed exclusively for wireless sensor 
network.

4. Power supply unit: Power supply unit sup-
plies power to various circuits of the system. 
According to the actual requirement of field 
monitoring, this project is expected to use stor-
age battery for power supply, and can consider 
adding a solar panel if  necessary.

4.2.2 The design of monitoring system
The monitoring system is used to exert manage-
ment over nodes, process incoming data, auto-
matically generate database statements, carry out 
intelligent management according to prepared 
operation procedures, and deliver the results of 
system processing to a large screen for display.

4.2.3 The design of relay node 
communication system

The designed communication system is used to 
complete the wireless communication between relay 
nodes and central control machine. Zigbee com-
munication protocol, communication frequency 
band of 2.4 GHz and band width of 8 MHz will 
be adopted.

5 INNOVATIVE POINTS OF THE PROJECT

5.1 The wireless monitoring technology 
and system integration of the carbon 
capture ability of Italian poplars

In connection with the demand of parameter mon-
itoring of Italian poplar woodlands and the char-
acteristics of wireless sensor network, the wireless 
monitoring network is used for real-time percep-
tion of carbon-capture information and processing 
of Italian polar, and transmission of results to the 
central server. The server uses the method of sig-
nal processing and the expert system for integrated 
decision-making, and commands the processing of 
relevant data. All the sensors used in the network 
work intermittently according to requirement, 
capable of effectively saving limited electric energy 
resources. The utilization of wireless sensors is 
characterized by no cable wiring, low expense and 
no network maintenance.

5.2 Energy (wind) measurement 
monitoring technology

The high price of three-dimensional ultrasonic 
wind velocity meter has become a problem for 
the detection application of Italian poplar carbon 
sink ability. The project summarizes empirical data 
and weather and other factors while combining 
the fuzzy algorithm method and expert system 
to substitute the three-dimensional ultrasonic 
anemoscope.

5.3 The dynamic networking of wireless sensors

Considering that the woodlands of carbon sink 
measurement are independent of one another, 
each woodland of Italian poplars is different from 
others, and Italian poplars have different carbon 
capture abilities in different seasons, the sensors 

Figure 1. The structure chart of wireless sensor net-
work nodes.
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in the wireless sensor monitoring network work 
in a state of dynamic changes. The central control 
machine can issue relevant instructions according 
to weather and other factors, so as to carry out the 
optimization of monitoring network.

6 CONCLUSION

Since the Forestry Property Exchange was estab-
lished, China has successively set up carbon sink 
exchange centers in such cities as Beijing, Shang-
hai and Tianjin. The measurement detection and 
line optimization system of carbon capture abil-
ity of Italian poplars enjoys a broad development 
space and a brilliant industrialized prospect. China 
boasts a huge potential of carbon emission reduc-
tion, and the property of forest carbon sink and 
the compensation and marketing of ecological 
service have already become a development trend. 
 Carrying out research into carbon sink projects 
can play a very important role in enabling China 
to take an active part in international coopera-
tion and become familiar with the trading rules of 
international carbon market. Developing forestry 
carbon sink and establishing and perfecting the 
long-term mechanism of forest ecology compen-
sation can help to save energy, reduce emission, 

optimize energy structure and improve ecological 
environment. Furthermore, it also plays an impor-
tant role in enriching farmers and boosting the 
construction of new rural areas.
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ABSTRACT: Ecological restoration and landscape construction of urban wetlands are gradually 
becoming a research hotspot at home and abroad. In China, urban wetland reconstruction projects have 
achieved remarkable results. Tianjin Lingang ecological wetland park is a typical urban wetland park, 
which was constructed on artificial reclamation land. Earlier, the park was deserted salinity tidal flats; 
however, by the water system design, plant configuration, ecological reconstruction, engineering meas-
ures, it became a multifunction park integrating water landscape and ecological restoration. After ecologi-
cal restoration, the biodiversity level of Tianjin Lingang ecological wetland park increased significantly, 
reaching up to 149 kinds of plants, belonging to 56 families and 113 genera. Plants were widely distributed 
in the habitat types of forests, grassland, lawn, flower border, and near water’s edge belt. The construc-
tion of the vegetation ecosystem was achieved not only through bringing in varieties of cultivated plants, 
but also by keeping a certain percentage of the wild native species in some sections. The case of Tianjin 
Lingang ecological wetland park provides an important theoretical guidance and application reference for 
the similar ecological restoration in the future.

Keywords: Lingang ecological wetland park, plant species, habitat types, status analysis

ecological wetland park will directly affect the 
Tianjin’s urban ecological environment. As one of 
the successful cases in the city wetland ecological 
restoration, Tianjin Lingang ecological wetland 
park provides an important theoretical guidance 
and application reference for similar ecological 
restoration cases in the future.

2 RESTORATION METHOD

2.1 Sample area introduction

Tianjin Lingang ecological wetland park is located 
in the Tianjin Binhai Lingang industrial zone, whose 
total area is about 6.3 × 105 square meters, and it 
was constructed on artificial reclamation land. The 
park is located in a typical muddy tidal flat in the 
Bohai bay. Owing to the long-term development 
of the coastal zone area, it has accumulated a fair 
degree of pollution. Through kinds of ecologi-
cal restoration measures and landscape construc-
tion measures, such as water system design, plant 
configuration measures, salt exclusion engineering 
design, ecological reconstruction engineering, hard 
landscape design, and landscape sketch design, it 

1 INTRODUCTION

In 2000, London wetland park nearby the Thames 
River was opened, which provided a successful 
model for urban wetland protection and devel-
opment [1]. With the speeding up of urbaniza-
tion, urban wetland ecological restoration and 
landscape construction are gradually becoming a 
research hotspot at home and abroad [2]. In our 
country, urban wetland ecological restoration has 
made a breakthrough. The construction of Xixi 
wetland park [3], Chongming wetland park [4], 
Dongying wetland park and Dongtan wetland 
park has provided a strong reference for the urban 
wetland park construction.

In the perspective of landscape ecology, urban 
wetland park is a wetland landscape, which is con-
structed on the urban artificial landscape matrix 
and composed of wetland corridor and wetland 
patches [5]. Wetland park has important roles in 
adjusting the balance of atmosphere carbon and 
oxygen as well as reducing the greenhouse effect [6], 
and it has a very high ecological value. As an eco-
logical park that was constructed on salinity tidal 
flats, the ecological benefit of Tianjin Lingang 
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became a multifunction park integrating water 
landscape and ecological restoration. Meanwhile, 
by using the combination of undercurrent wetland 
technology and surface current wetland technol-
ogy, its sewage purification treatment function has 
realized the local wastewater zero discharge in part 
of the Lingang economic zone. It became a park 
that possessed the ability of sewage water treat-
ment as well as the landscape effect. The entirety 
shape of the park is like a butterfly, which mainly 
includes three big scenic spots, namely undercur-
rent wetland, regulating lake, the main body of the 
landscape area.

2.2 Field investigation

After the ecological restoration in Lingang ecolog-
ical wetland park, the vegetation was investigated 
in this paper in July 2014. The optimal size of sam-
ples used for plant community surveys is as follows: 
the idiomatic sample size of the arbor layer is 
10 m × 10 m; the idiomatic sample size of the shrub 
layer is 5 m × 5 m; and the idiomatic sample size of 
the herb layer is 1 m × 1 m. According to the differ-
ent geographical locations, habitats, climate zones, 
investigation objects (arbor, shrub, herb) and the 
ecological system types, it has a flexible choice in 
setting the sample area and samples, but it must 
abide by the principle of typical sampling, integ-
rity and representative, and the sample area cannot 
be less than the minimum area of community. For 
community samples, the longitude, latitude and 
elevation, and the types, quantity, and height of 
the dominant species are recorded.

2.3 Data analysis

The survey data were analyzed and entered in 
Excel software.

3 RESULTS AND ANALYSIS

3.1 Plant species richness

Lingang ecological wetland park has a high level 
of endemic species: a total of 149 plant species 
were found in the survey, and these kinds of plants 
belong to 56 families and 113 genera. As shown 
in Figure 1, the number of species contained 
in specific families is as follows: the majority is 
Rosaceae, which contains 24 species (account-
ing for 16.11% of the total species), the second is 
Leguminosae (13 species, accounting for 8.72% of 
the total species), Gramineae (12 species, account-
ing for 8.05% of the total species), Compositae 
(8 species, accounting for 5.37% of the total spe-
cies), Salicaceae, Oleaceae and Chenopodiaceae 

(all 6 species, accounting for 4.03% of the total 
species), respectively. The majority of the above-
mentioned families contain the species accounting 
for 50.34% of the total species, and the rest are less 
than 6 species.

3.2 The habitat types of plants

Tianjin Lingang ecological wetland park has really 
made lots of efforts in the aspect of building wet-
land parks, except for bring in lots of aquatic or 
hygrophilous plants, such as Schoenoplectus taber-
naemontani, Pontederia cordata, Canna glauca and 
Lythrum salicaria. Also, the considerable quantity 
of aquatic, hygrophilous wild herbs in the water 
area and near water’s edge belt, such as Scirpus 
planiculmis, Rorippa islandica, Eclipta prostrata 
and Ceratophyllum demersum is retained.

After investigation, the habitat types of Lin-
gang ecological wetland park mainly included for-
est, grassland, lawn, flowers border, water area, or 
near water’s edge belt. According to the survey, 
the distribution of the plants varies in the habitat 
types based on their different ecological habits, 
which is shown in Figure 2. The plants of Lingang 
ecological wetland park are mostly distributed in 
forest/grassland: first, the plant species that are 
mainly distributed in this kind of habitat reach 
up to 80 species (accounting for 53.69% of the 
total species); second, the plants that are mainly 
distributed in water area or near water’s edge belt 
reach up to 30 species (accounting for 20.81% of 
the total species). The plant species used to create 
flower border reach up to 30 species (accounting 
for 20.13% of the total species). The rest of the 
plant species that are obligatorily distributed in 
canopy frame, palings and lawn are few, i.e. reach-
ing up to only 8 species (accounting for 5.37% of 
the total species).

Figure 1. The number of species contained in the 
families.
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4 CONCLUSION

After ecological restoration, Tianjin Lingang eco-
logical wetland park was significantly improved 
in biodiversity level: a total of 149 plant species 
were found in the survey, and these kinds of plants 
belonged to 56 families and 113 genera. Lingang 
ecological wetland park had really made lots of 
efforts in the aspect of building wetland parks. 
After investigation, the habitat types of Lingang 
ecological wetland park mainly included forest, 
grassland, lawn, flowers border, water area, or near 

Figure 2. The habitat types of plants.

water’s edge belt. The plants in the Lingang eco-
logical wetland park were distributed in the habitat 
types of forest and grassland.
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The analysis of Lingang Wetland Park’s eco-efficiency

Y.Y. Wan & H.Y. Li
College of Environmental Science and Engineering, Nankai University, Tianjin, China

J. Hu, J.W. Hou & T. Wen
Tianjin Lingang Industrial Zone Construction Development Co. Ltd., Tianjin, China

ABSTRACT: Wetland park has a huge environmental adjustment function, eco-efficiency and high 
ecological value. Earlier, the Tianjin Lingang Ecological Wetland Park was deserted saline-alkali tidal 
flats, which was built on artificial reclamation land. During the construction of the park, by the methods 
of ecological reconstruction, and vegetation restoration measures, it has become a multi-function park 
that is completed integrated with hydrophilic landscape and ecological restoration. Wetland’s wastewater 
treatment capacity has reached the partial zero emissions. After restoration, the Tianjin Lingang Ecologi-
cal Wetland Park’s eco-efficiency improved significantly. After investigation, at the initial stage of the wet-
land park, its total biomass was 11.61 t/hm2, with a relatively small amount of biomass. The post real-time 
monitoring should be strengthened. Lingang Wetland park plant carbon reserves were 1607.2245 tons 
with a net carbon reserve calculation. This study will be carried out for the future similar ecological resto-
ration project to provide important theoretical guidance and application of reference.

Keywords: Lingang Ecological Wetland Park; carbon fixation; oxygen release; biomass; ecological benefits

2 MATERIALS AND METHODS

2.1 Sample and introduction

Lingang Wetland Park is located in the Binhai New 
District of Tianjin, Tianjin Lingang Industrial Zone 
where is the South of the estuary of the Haihe River 
shoals area, and built with a total area of about 
630,000 square meters on the reclaimed land. The 
typical park is located in the Bohai Bay muddy tidal 
flat, which had accumulated a considerable degree 
of pollution due to the long-term development of 
the coastal zone. Typical ecological recovery meas-
ures, such as water system design, plant configura-
tion measures, salt-removing engineering, ecological 
reconstruction engineering, hardscaping design, 
landscape sketches design and the landscape create 
measures, have been used to build a multi-function 
park integrated with hydrophilic landscape and 
ecological restoration. Combined with the under-
current technology and table flow technology of 
wetland, its sewage purification processing func-
tion achieved partial sewage zero emissions, and the 
park gives consideration to the function of sewage 
processing and also brings about landscape effects. 
The overall shape of the park looks like a butter-
fly, and there are three main major scenery plots in 
it, namely Subsurface Flow Constructed Wetlands, 
Adjusting Lake and Main Landscape.

1 INTRODUCTION

In 2000, the wetland park opened in London on 
the Bank of the River Thames, for the protection 
and development of urban wetlands, has provided 
a successful model. With the accelerated process 
of urbanization, urban wetland ecological resto-
ration and landscape has gradually become the 
hot spots at home and abroad. Regulating func-
tion of wetland park has huge environmental and 
ecological benefits, which also had core effects on 
the protection of biodiversity, the maintenance of 
fresh water resources, regulating climate, and the 
degradation of pollutants, providing production as 
well as living resources.

Utilization of urban wetland resources is under 
the premise of protecting wetlands, on the rational 
development and utilization of urban wetland 
resources. Lingang Wetland Park acts as a ecologi-
cal park that possesses a high ecological value and 
was established in saline-alkali tidal flats. It plays 
a significant role in adjusting the balance of car-
bon and oxygen in the atmosphere and exerts a big 
influence on reducing the greenhouse effect. The 
park’s ecological benefits will take a direct impact 
on the city itself, and will also provide a theoretical 
guidance and application reference for subsequent 
ecological restoration cases as a very successful 
example.
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2.2 Field investigation

Vegetation surveys were carried out after the eco-
logical restoration of Lingang Wetland Park July 
2014. The optimal quadrat size for community 
investigations is as follows.

Arbor stratum used the qadrat size of 
10 m × 10 m, the fruticose stratum of 5 m × 5 m 
and the herb layer of 1 m × 1 m. As for commu-
nity plots, the data of the community’s longitude, 
latitude and elevation, and within the community’s 
species are recorded, especially the dominant spe-
cies, number and height.

3 CALCULATION METHOD

3.1 Method of calculating the biomass of arbor

3.1.1 Method of logging
This method includes the clear-cutting method, 
the average method and size selection.

3.1.2 The biomass
The biomass of the individual tree model is as 
follows:

W aDb
 (1)

W a b( )D H2
 (2)

where W is the biomass; D is the Diameter at 
Breast Height (DBH); and H is the height of the 
tree; and a, b are the estimate parameters.

3.2 Fruticose biomass calculation method

Implementing the quantification dispose on each 
factor effect plant volume, the dependent variable 
y relies on the independent variable x, reading the 
specific value when x acts as number indicators 
(e.g. diameter, tree height, crown diameter and 
stand age) and qualitative indicators (e.g. growth 
situation, and stand density), and these quantifica-
tion indicators of factor and classes are collectively 
known as category (Ck), which are graded using 
expectations on its seeking derivatives.

3.3 Data analysis

The survey analysis and collation of data were 
processed and analyzed by Excel software.

3.4 Conclusions

Conclusions should state concisely the most 
important propositions of the paper as well as the 
author’s views of the practical implications of the 
results.

4 RESULTS AND ANALYSIS

4.1 Calculated results of Lingang Wetland 
vegetation biomass

4.1.1 Estimation of arbor biomass
Biomass can be divided into arbor biomass and 
non-tree biomass two parts, and arbor biomass 
was calculated according to the formulas of ‘lum-
ber timber volume’s fast calculation table:

V D H5 7468552 10 5 1D 9155590 0 92659720. .H9155590 0
 (3)

where V is the volume (m3); D is the diameter at 
breast height (cm); and H is the height (m).

Single-tree volume calculation was used in 
58 species of trees in the Lingang wetland park, 
resulting in a total volume of 306.40 m3. This was 
in accordance with the individual tree biomass 
model law, by the empirical formula for calcula-
tion. Arbor totaled 41382 trees, and total arbor 
biomass was calculated as 307.61 t. The specific 
results are summarized in Table 1.

4.1.2 Non-tree biomass estimation
Biomass estimation of non-arbor’s part (shrubs, 
hedges, flower) increased with plant age. Plant 
parameters (diameter, height and crown width) and 
biomass changes were very small, so they were cal-
culated with the direct empirical value. The specific 
results are summarized in Table 2.

4.1.3 Lingang Wetland Park total biomass
. Biomass:
B = B (arbor) + B (others)

= 306.40 + 444.05 + 72.02 + 198.29 + 0.78
= 1021.54 t

Table 1. Empirical formula.

Species Formula

The paulownia lgw = 0.8925lgD2H − 1.2409
Koelreuteria Paniculata lgw = 0.915 + 0.1 D2H
Black locust lgw = 0.253 (D2H)0.646

Acer mono lgw = 0.714 + 0.0295 D2H
Ginkgo biloba lgw = 0.09 D2H − 0.684
Poplar lgw = 0.13513 (D2H)0.802003

Table 2. Biomass estimation of non-tree’s part.

Type
Total 
number

Average 
individual 
biomass (Kg)

Total 
biomass 
(t)

Deciduous shrub 120994 3.67 444.05
Hedgerow 122063 0.59  72.02
Perennial flowers 271624 0.73 198.29
Chinese rose   7091 0.11   0.78
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Biomass per unit area:
B = [B (arbor)+ B (others)]/S

= (306.40 + 444.05 + 72.02 + 198.29 + 0.78)/88
    = 11.61 t/hm2

Or
. Biomass:
B = B (arbor)+ B (others)
    = 307.61 + 444.05 + 72.02 + 198.29 + 0.78
    = 1022.75 t
Biomass per unit area:
B = [B (arbor)+ B (others)]/S
    = (37.61 + 444.05 + 72.02 + 198.29 

 + 0.78)/88 hm2

    = 11.62 t/hm2

By the two estimate methods of arbor biomass, 
slight differences were found between the results, 
which can be ignored basically. The total biomass is 
small to some extent. The possible reasons for this are 
as follows. a. Neglect the part from the park’s aquatic 
plant biomass. b. Large errors were caused due to the 
calculation by using the empirical formula. c. Wet-
land park itself at the initial period after building 
and plants at the young stand age so that the biomass 
was little small to some extent, especially the arbor.

4.1.4 Net carbon reserves calculation
Garden plants biomass and types of plants average 
carbon content, Tianjin Lingang calculated net car-
bon storage in wetland park gardens plant taxonomy 
(Table 3) can be calculated by the following formula:

Ni Wi CFiFF= ×Ni × ÷CFiFF 106
 (4)

where Ci (105 t) is the type i of the net carbon reserves; 
Ni is the general investigation number of type i plant; 
Wi (g) is the plant individual biomass of type i; CFi 
is the average rate of carbon of type i plant; and 10−6 
is the unit conversion factor (1 g = 10−6 t).

Characteristics of carbon content are given in 
Table 3. The plant carbon rate ranging between 0.4 
and 0.6 is basically stable, with all less than 0.6 and 
the total average being 0.485; aiphyllium, hedgerow 
color blocks displays more than 0.50, while the 
smaller carbon content results from perennial flower. 

The reason may be due to evergreen trees’ dense 
material caused by slow growing.

Many studies have proved that little differences 
in the carbon content of the plant exist and its 
value is usually between 0.45 and 0.55 in different 
regions. The IPCC recommends using the average 
carbon content of 0.5 (2006, National Greenhouse 
GasInventories). The results of this study further 
validates the conclusions of previous research. 
Meanwhile, it also supplements the local region 
parameters with respect to the carbon content of 
plant communities in Tianjin wetlands.

5 CONCLUSION

After investigation, the Lingang ecological wetland 
park’s total biomass was found to be 11.61 t/hm2; 
this overall value was a small to some extent. 
Plant carbon rate ranging between 0.4 and 0.6 is 
basically stable, and plant carbon reserves were 
1607.2245 tons. After restoration, the Tianjin 
Lingang Ecological Wetland Park’s eco-efficiency 
improved significantly, and subsequent real-time 
monitoring should be strengthened as well.
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Table 3. Tianjin Lingang Wetland carbon reserves.

Type
Total 
number/105

Average 
individual 
biomass/kg

Total 
biomass/t

Carbon 
content

Individual 
carbon 
reserves/kg

Carbon 
reserves/t

Aiphyllium  0.072 69.72   50.1984 0.51 35.5572   25.6012
Deciduous trees  3.1297 85.88 2687.786 0.48 41.2224 1290.1373
Deciduous shrub 10.1239  3.67  371.5471 0.49  1.7983  182.0581
Hedgerow  9.4834  0.59   55.9521 0.51  0.3009   28.5356
Perennial flowers 25.1811  0.73  183.8220 0.44  0.3212   80.8817
Chinese rose  0.6748  0.11    0.7423 0.48  0.0528    0.3567
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A study on the influence of space expansion in the urban fringe area 
in megalopolis on urban land used for carbon source and sink: A case 
of Shanghai

M.L. Qin, J. Zhao, H. Li, J. Ya & Y. Tang
College of Civil Engineering and Architecture, Guangxi University, Nanning, China

ABSTRACT: Urban fringe area has three characteristics, namely spatial transformation acceleration, 
urban and rural land boundary fuzziness and carbon sink function sensitivity. To explore the particu-
larity of the urban fringe space expansion on land used for carbon source and sink in megalopolis, the 
research uses the GIS to have a quantitative analysis of the land used for carbon source and sink fringe 
areas in Shanghai from the year 1990 to 2013. It is found that the land used for carbon sink in the fringe 
areas of Shanghai is mainly composed of cultivated land. And in the process of expansion, most culti-
vated land is transformed into the land used for carbon source, and a part of it is replaced by the garden 
land; the area of the woodland first falls and then rises. The important ways for megalopolis to realize 
low carbon include adjusting population distribution, controlling urban development pattern, regulat-
ing energy structure, developing sustainable energy sources, protecting carbon sink land, and improving 
carbon sequestration capacity. In the end, it is found that problems such as land structure confusion and 
excessively fast erosion of carbon sink land are quite significant in megalopolis.

Keywords: megalopolis; fringe area; land used for carbon source and sink; space structure; expansion 
pattern

carbon sequestration capacity[3]. In the study of 
the transformation of fringe areas in megalo-
polis, overseas scholars have mainly focused on 
the research of regional land-use and land-cover 
change (LUCC)[4–6]. Because the landscape pattern 
in the fringe areas of  megalopolis has significant 
features of  locality and accumulation[7], the acute 
change of landscape pattern has accelerated the 
transformation from traditional agricultural land 
to industrial land or other non-agricultural land[6]. 
For example, Wu Yanfang[4] performed a quantita-
tive analysis of  the dynamic change of land utili-
zation in Pinggu District of  Beijing from 1993 to 
2008, and it was found that within 15 years, the area 
of the cultivated land in Pinggu District decreased 
sharply, the area of garden land increased greatly, 
and urban and rural construction areas increased 
year by year. Taking Shunyi District of  Beijing as 
an example, Li Can[8] carried out an analysis from 
the perspective of  the influence of land utilization 
and cover on the regional landscape fragmenta-
tion pattern and its spatial heterogeneity, and 
explored the action mechanism of the landscape 
pattern in the fringe areas of  metropolis. The 
fuzziness of  urban and rural land boundaries is 
another feature. The boundary of the fringe areas 
in metropolis is more difficult to recognize. The 

1 INTRODUCTION

The expansion process in urban fringe areas is 
a centrifugal and extensional urbanized space 
process[1, 2]. In this process, problems such as wast-
ing of land resources, land structure confusion, 
carbon source land’s continuous erosion of car-
bon sink land and serious ecological damage are 
becoming increasingly prominent. Such problems 
are even more remarkable in megalopolis where the 
rate of urbanization is higher and the transforma-
tion of carbon source land is faster. Megalopolis 
has an early urbanization process, a more complete 
and complex urban system network, and a wide 
radiating area in the inner city area, so the transfor-
mation process of carbon source land is undoubt-
edly irreversible. The space expansion in the fringe 
areas of megalopolis on the land used for carbon 
source and sink is of its own particularity.

The acceleration of the land transformation 
process in the fringe areas of  megalopolis is one of 
the most significant features of  used land for car-
bon source and sink. Serious waste of  cultivated 
land resource, low utilization efficiency and unrea-
sonable space structure all lead to the fact that the 
land used for carbon sink is excessively occupied 
by land used for carbon source, causing a serious 
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drastic expansion in urban fringe areas drives the 
process of  urban and regional integration. The 
urban fringe area breaks the single space expan-
sion scope of suburbanization and becomes the 
core regional space of urbanization, leading to a 
fuzzier boundary between urban and rural land 
utilization. From the research on Fanyu District 
of  Guangzhou, Li Kaiyu[10] found that metropolis 
adopted the method of “withdraw county (city) 
and set up district” to expand the interior of  the 
city, which leads to the continuous expansion of 
the urban fringe area. With the top-down expan-
sion in the city and the bottom-up spreading in 
villages and towns, the dualistic development 
means is more significant in the fringe areas of 
metropolis. Fan Lingyun[9] found that the fringe 
area of Guangzhou is influenced by the central 
city area and the peripheral subcenter, and urban 
and rural development interweaves with each other 
and different land plaque intersections within the 
district are more complex. Land utilization and 
cover caused by human activities has become the 
second largest source of the increase in carbon 
content in the atmosphere, whose effect is only 
second to the burning of fossil fuels[11]. The rapid 
process of  urbanization and industrialization in 
metropolis leads to the drastic shrink of agricul-
tural land, and the rapid expansion of urban resi-
dential land strongly influences regional carbon 
sink and emission. Shan Fuzheng[12] conducted a 
research on the land utilization and carbon emis-
sion of Zhangjiang High-tech Park, and found 
that the agricultural land similar to the cultivated 
land decreased dramatically, which brought the 
negative effect of  continuously declining carbon 
sequestration capacity. In 2009, the carbon seques-
tration volume reduced by 85.1% compared with 
that in 2000, while the carbon emission volume is 
3037.7 times more than that in 2000. The park is 
faced with a serious carbon deficit.

The space expansion in urban fringe areas 
results in drastic changes of  land utilization struc-
ture as well as a serious unbalance of  the carbon 
cycle, which is more significant in metropolis where 
transformation of  land used for carbon source is 
quicker. So far, research on the space expansion 
in fringe areas of  metropolis has mainly focused 
on the change of  land utilization and cover from 
the perspective of  regional landscape pattern, 
while only a few have focused on different space 
expansion patterns in fringe areas to study the 
change of  land used for carbon source and sink, 
and there is a lack of  quantitative and qualitative 
studies on land used for carbon source and sink. 
In this article, taking fringe areas of  Shanghai 
as an example, we study the influence of  space 
expansion in fringe areas on land used for carbon 
source and sink.

2 SPACE EXPANSION PATTERNS

2.1 Finger type

Finger type usually occurs in the starting stage or 
initial stage of a city’s rapid development period. 
It relies on the city’s traffic lines and expands out-
wards in a certain axis direction in a linear pattern. 
Relying on traffic lines, fringe areas’ outward devel-
opment is of rapid driving effect, so the expan-
sion speed of finger type is usually very fast and 
has a high-efficient driving effect on the regional 
construction of surrounding areas. That is to say, 
finger-type expansion can quickly transform the 
land for carbon sink into land for carbon source. 
Generally, the transformed land used for carbon 
sink is cultivated land or garden land, and because 
of the action of road planning, its invasion of for-
est is relatively less. The scope of the transformed 
carbon sink land mainly centers on the surround-
ings of the traffic line, so relatively, its scope is not 
quite large but the expansion speed is relatively 
fast. Meanwhile, the transformation degree in the 
fringe area is not complete, and there exists a large 
amount of scattered land for carbon sink, most of 
which is unconstruction area, having little erosion 
on land for carbon sink.

2.2 Satellite type

Satellite-type expansion usually occurs in the mid-
dle stage of a city’s rapid development period, when 
the city’s development has formed a large scale and 
the expansion in urban fringe areas chooses to rely 
on original towns to generate development by leaps 
and bounds or select a new place to build in order 
to obtain a better living environment. Not relying 
on the major city to develop, the city’s planning and 
implementing efficiency is relatively low. Relatively 
speaking, the satellite-type expansion pattern 
has a slower speed of transforming carbon sink 
land, but simultaneously relatively complete. The 
satellite-type fringe areas relying on original towns 
present a slow circle-layer shape, and the carbon 
sink land transformed into carbon source land is 
mostly the original cultivated land surrounding the 
villages and towns, whose scale is relatively small. 
Because of the urban planning and site selection, 
the newly built satellite town is relatively large, and 
the carbon skin land within the area has a com-
plex constitution. However, if  the two can be better 
planned and regulated, it will do little damage to 
the ecological structure of carbon sink land.

2.3 Group type

Group type occurs in the middle stage or later 
stage, when the city’s development had begun 
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to take shape and the expansion in fringe areas 
manifests as the newly planned development area 
or industrial area. The expansion in urban fringe 
areas presents a planned and regular form, and the 
city is able to largely control the scope and function 
of the expansion in the fringe areas and control 
the expansion speed and the degree of carbon 
sink land transformation. However, the group-
type expansion will encroach a large area of car-
bon sink land, whose constitution will be more 
complex. The transformation speed of cultivated 
land and garden land into carbon source land is 
the fastest. Meanwhile, a large area of forest will 
be transformed into construction land. Without 
control and planning, the group expansion will do 
great damage to the ecological structure of fringe 
areas. At the same time, the group-type expansion 
pattern has a slower speed of transforming carbon 
sink land, but simultaneously more complete.

2.4 Spreading type

Spreading type usually occurs in the initial stage 
or later stage of a city’s rapid development, which 
manifests as the unordered and uncontrolled expan-
sion in fringe areas. The spreading is formed arti-
ficially and spontaneously, whose expansion is of 
significant blindness and randomness. It is formed 
because of a lack of planning management in the 
initial stage and because of uncontrolled rapid 
development in the later stage. The area of a single 
spreading is relatively small and fast, which has lit-
tle erosion on carbon sink land. However, because 
spreading is of highest occurrence probability, its 
influencing scope is the largest. The carbon sink 
land eroded by spreading is mainly cultivated land 
and unconstruction area, and because of a lack of 
unified planning, its transformation degree is rela-
tively low and it is easy to form repeated demoli-
tion and construction.

2.5 Wheel type

Wheel type occurs in the later stage of a city’s 
development, which usually relies on the city’s cir-
cuits to expand outwards, with a significant circle-
layer feature. Because of the construction of urban 
traffic circle lines as well as its dependency on the 
development of the main city, the expansion speed 
in fringe areas of wheel type is generally slow, and 
at the same time, the surrounding directions present 
the characteristic of unbalanced transformation 
degree. The influencing scope of wheel-type expan-
sion is relatively wide, which mainly centers on the 
surroundings of traffic circuits, whose periphery is 
generally surrounded by forest and the transformed 
carbon sink land is usually cultivated land or gar-
den land. Relatively, wheel-type expansion also has 

high erosion on carbon sink land, the transforma-
tion degree is relatively high and the reserved car-
bon sink land within the circle is relatively small. 
Without proper control, it may cause a series of 
“overspreading” problems in urban development, 
causing great damage to the ecological structure of 
carbon sink land.

2.6 Filling type

Filling occurs in any stage of urban development. 
Filling refers to self-improvement and supplement 
of infrastructure or complete district in fringe areas 
or core areas. Filling has a fast speed in transform-
ing carbon sink land into carbon source land, but 
the area is relatively small and scattered. Generally 
speaking, the transformed carbon sink land is the 
unconstruction land or urban green land in the 
city. The transformation of filling is complete, but 
its erosion on carbon sink land is small.

3 AN EXAMPLE OF THE FRINGE 
AREA IN SHANGHAI

3.1 Definition method of the fringe areas

The study chooses the remote-sensing image of 
American Landsat TM in the mid-1990s, cover-
ing China as the data source, and has a super-
vised classification of the land in the fringe area 
in 1990, 2000, 2006 and 2013 (from September 
to December). After that, remote-sensing image 
screen digital technology as well as man-machine 
interaction numerical analysis is adopted to have a 
manual visual interpretation, directing the extrac-
tion of the inner margin and outer edge of the 
fringe area of Shanghai from ArcGIS. Based on 
the interpretation of Shanghai’s core district in 
1990, at the end of every time period later, a new 
urban form is formed until the information of 
urban core districts and fringe areas in different 
periods is abstracted. The sketched boundary can 
be directly input into the GIS, and statistics of the 
area will be done in ArcInfo so as to obtain the 
area of core area and fringe areas of Shanghai as 
well as the occupation information of carbon sink 
land in the expansion process. The spatial form of 
the fringe area of Shanghai in 1990, 2000, 2006 
and 2013 is shown in Figure 1.

3.2 An analysis of the influence of different 
expansion patterns formed in different stages 
on land used for carbon source and sinks

Taking the year of 1990, 2000, 2006 and 2013 as the 
research timings, this paper studies on the change 
in the features of land used for carbon source and 
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sink in the fringe areas of Shanghai to discuss the 
changing rules of expansion patterns in different 
stages. The distribution and data of the land used 
for carbon source and sink in the urban fringe 
areas during the four periods of time are shown in 
Figure 2 and Table 1.
1. 1990–2000: this is a rapid development stage. 

The expansion pattern in urban areas centers on 
wheel type and satellite type and the land used for 
carbon sink is mainly cultivated land. 

In 1990, the urban form of Shanghai was 
relatively divergent and fragmentized, and the 
expansion pattern in urban fringe areas was 
mainly spreading type. In the 1990s, Shanghai 
was already developed well enough, and it was 
originally one of the Chinese metropolises. At 
that time, the city needed rapid development, 
and there was not a proper unified planning and 
management. As a result, the city was still con-
tinuously spreading outwards and it was out of 
control as a whole. At that time, the total area 
of the core district was 24663.21 ha, and the 
total area of the fringe area was 40710.66 ha, 
in which the carbon source land was 28143.3 ha 
and the carbon sink land was 12567.36 ha, with 
the proportion of 2:1. Most of the carbon sink 
land was cultivated land, which was 7573.67 ha, 
accounting for 60.26%; unconstruction area 
was in the second place, which was 3244.22 ha 
in total, accounting for 25.81%; forest was in the 
third place, which was 324.77 ha, accounting 
for 2.59%; the rest was garden land, which was 
117.14 ha, accounting for 0.93%.

After the year 1990 and 2000, the city entered 
a rapid development stage. The major feature 

of  expansion in urban core district was river-
crossing, while the major feature of  expansion 
in fringe areas was the emergence of  the satellite 
town, whose expansion patterns were mainly 
wheel type and satellite type. At that time, the 
development of  the city was under control, and 
the city started to use total planning to carry 
out construction. By 2000, the total area of  the 
core district was 51925.04 ha and the total area 
of  fringe areas was 75029.33 ha. Within the 
fringe area, the total area of  land used for car-
bon source was 28523.76 ha, and that of  land 
used for carbon sink was 46505.57 ha, with a 
proportion of  1:1.6. The proportion of  land 
used for carbon sink increased. Among the 
land used for carbon sink in fringe areas, culti-
vated land still accounted for the most, which 
was 20566.51 ha, accounting for 44.22%; gar-
den area was in the second place, which was 
10350.54 ha, accounting for 22.27%; uncon-
struction land was in the third place, which 
was 8871.85 ha, accounting for 19.08%; forest 
was in the last place, which was 6414.99 ha, 
accounting for 13.76%.

Altogether, from 1990 to 2000, the growth 
rate of carbon source land in the fringe areas 
of Shanghai City was 1.35%; 270.05% for car-
bon sink land; 171.55% for cultivated land; 
1875.24% for forest, experiencing a large 
amount of growth; 8736.04% for garden land 
and 173.47% for un-construction land.

2. 2000–2006: this is a rapid development stage, 
when the expansion pattern of fringe areas 

Figure 1. Urban fringe areas form of Shanghai City 
during the four periods of time from 1990 to 2013. Figure 2. Land used for carbon source and sink distri-

bution in the urban fringe areas of Shanghai City during 
the four periods of time from 1990 to 2013.
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centers on finger type and the land used for car-
bon sink is mainly cultivated land. 

From 2000 to 2006, the city entered a rapid 
development stage, the fringe areas expanded 
continuously and the original fringe area was 
quickly transformed into the core district, 
and the urban form became divergent and 
incomplete. At that time, the major expansion 
pattern was finger type and the fringe area 
presented the tendency of  connecting to the 
original satellite town outwards along the road. 
Until 2006, the total area of  the core district of 
Shanghai was 81943.77 ha, and the total area 
of  fringe area was 107361.48 ha. In the fringe 
area, land for carbon source was 41060.93 ha 
and land for carbon sink was 66300.55 ha, 
maintaining the proportion of  1:1.6. Among 
the land used for carbon sink, the majority was 
still cultivated land, accounting for 23232.12 ha, 
35.04% of the total; garden land was still in the 
second place, which was 21579.62 ha in total, 
accounting for 32.55%; forest was in the third 
place, which was 14967.23 ha, and account-
ing for 22.57%; unconstruction area was in the 
last place, which was 5664.02 ha, accounting 
for 8.54%.

Altogether, from 2000 to 2006, the growth 
rate of carbon source land in fringe areas of 
Shanghai was 43.95%; 42.56% for carbon sink 
land; 12.96% for cultivated land; 133.32% for 
forest, 108.49% for garden land and −36.16% 
for un-construction land, experiencing a fall.

3. 2006–2013: this is a stage of stable development, 
when the expansion model of fringe areas centers 
on wheel type and group type and the land used 
for carbon sink is mainly cultivated land. 

From 2006 to 2013, Shanghai entered a stage 
of stable development, and the urban construc-
tion was under a unified planning and manage-
ment with a strong control force. The land of 

the city was mostly constructed in the form of 
group development and the edge of the core dis-
trict became smooth and square. Until 2013, the 
core district of the city expanded rapidly, con-
stantly filling the gap with the fringe area, whose 
total area reached 153655.1 ha. The edge of the 
fringe area gradually expanded to the city’s 
whole area under administration, the shape 
tended to be regular, and the inner edge con-
stantly approached the outer edge, whose total 
area was 427801.37 ha. The expansion models 
were wheel type and group type. The total area 
of land for carbon source in fringe areas was 
106805.59 ha and the area of land for carbon 
sink was 320995.78 ha, with a proportion of 
1:3, in which the land for carbon sink rose a lit-
tle. Among the land for carbon sink, cultivated 
land was the most, which was 119030.8 ha, 
accounting for 37.08%; garden land was in the 
second place, which was 84724.57 ha, account-
ing for 26.93%; unconstruction land was in the 
third place, which was 84541.66 ha, accounting 
for 26.33%; forest was in the last place, which 
was 18232.26 ha, accounting for 5.68%.

Altogether, from 2006 to 2013, the growth 
rate of carbon source land in fringe areas of 
Shanghai was 160.11%, experiencing a signifi-
cant increase in this stage; 384.15% for carbon 
sink land; 412.35% for cultivated land; 21.81% 
for forest, experiencing stagnation; 292.61% for 
garden land and 1392.61% for unconstruction 
land, experiencing a large increase.

4 SUGGESTIONS OF FRINGE AREAS 
IN METROPOLIS BASED ON LOW-
CARBON DEVELOPMENT

The development of metropolis is becoming com-
plete, the urbanization rate is basically up to 70%, and 

Table 1. Situation of constitution of lands used for carbon source and sink in the fringe areas 
of Nanning City at the four periods of time from 1990 to 2013 (unit: hm2).

Land for carbon source and sink

Year

1990 2000 2006 2013

Land for carbon sink
Water  1307.56   301.68    857.56  14466.49
Forest   324.77  6414.99  14967.23  18232.26
Garden land   117.14 10350.54  21579.62  84724.57
Cultivated land  7573.67 20566.51  23232.12 119030.8
Unconstruction land  3244.22  8871.85   5664.02  84541.66
Total 12567.36 46505.57  64611.52 320995.7
Land for carbon source
Construction land 28143.3 28523.76  41060.93 106805.6
Total 40710.66 75029.33 107361.45 427801.40
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the transformation from urban sink land to carbon 
source land has entered a plateau. In going through 
the process of thrilling and divergence expression as 
well as large-scale and high-density carbon sink land 
transformation, the problem of carbon deficit in 
metropolis is becoming more significant. Therefore, 
aiming at the characteristic of expansion in the fringe 
areas of metropolis, it is the only way for metropolis 
to face low-carbon development by adjusting popu-
lation distribution, controlling urban development 
pattern, regulating energy structure and developing 
sustainable energy sources.

1. Adjusting population arrangement and con-
trolling urban development pattern. The strong 
radioactivity of the center of metropolis makes 
the expansion pattern of the fringe area present 
the significant feature of satellite type, and the 
peripheral villages, towns and counties become 
the hinderland for the development of the cen-
tral city. Because of the complete infrastruc-
ture, public facilities and mature function of 
residence and working, the satellite town in the 
fringe areas of the metropolis differs from the 
traditional “dormitory town”, which is the major 
feature distinguishing the development pattern 
in the fringe areas of metropolis from that in the 
middle and small cities. In order to relieve the 
excessively centralized pressure and energy con-
sumption, the metropolis should inevitably carry 
out population distributing, while the mature 
satellite towns in the fringe areas thus become 
the best direction for population distributing of 
the central city and the gathering of the rural 
population. Therefore, in the urban development 
pattern of metropolis, it has become an irresist-
ible trend to establish the development zone 
for cities and towns, guide urban-rural integra-
tion development, control the self-development 
scale of the central city and lead population and 
industries in the central city to the satellite town. 
Therefore, it is necessary to establish a complete 
“central city-satellite city” system for metropolis, 
define the industrial orientation of the satellite 
town, establish ecological industrial parks, pro-
mote circular economy and cleaner production, 
improve energy efficiency, and reduce carbon. 
Meanwhile, it is also needed to further develop 
the tertiary industry, transform the industrial city 
into a metropolis supported by tertiary industry, 
and reduce its dependence and consumption of 
energy and industry.

2. Regulating energy structure and develop-
ing sustainable energy. There is no doubt 
that metropolis consumes a large amount of 
energy. In China, fossil energy accounts for 
the majority in urban function, and most of 
it is coal and petrol. In cities, carbon emission 

is mostly caused by fossil fuel. Thus, it is una-
voidable for metropolis to carry out energy 
structure adjustment while guaranteeing its 
development. In future development, the 
metropolis should try to take natural gas as 
the main fuel, reduce the consumption of  pri-
mary energy, develop the research and usage 
of  sustainable energy such as wind energy 
and solar energy, and increase energy use effi-
ciency, and reduce carbon emission. What’s 
more, the carbon emission caused by a large 
number of  vehicles in metropolis is also diffi-
cult to ignore. Therefore, it is essential to con-
trol the carbon emission of  vehicles, encourage 
cars, buses and taxies to use hybrid power 
energy, increase filters of  automobile exhaust, 
and control carbon emission of  automobile 
exhaust. Furthermore, the city should further 
enhance the coverage and transport capacity 
of  urban mass transit so as to reduce people’s 
dependence on vehicles. In the fringe areas of 
metropolis, a binary interweaved mixed situa-
tion is formed in land used for carbon source, 
and taking towns and villages as extension, 
the city constantly permeably encroaches the 
land for carbon sink surrounding towns and 
villages. As a result, a large area of  land for 
carbon sink centering on cultivated land is 
transformed into land for carbon source. In 
public administration, the metropolis should 
strengthen its control over towns and villages, 
strictly plan the development land of  towns 
and villages, strictly designate that cultivated 
land and garden land do not allow being 
encroached, change the residential model of 
residents in towns and villages, advocate cen-
tralized residence, and strictly prohibit the 
encroachment of  cultivated land.

3. Protecting land used for carbon sink and 
increasing carbon sequestration capacity. The 
metropolis has entered the stage of balance in 
urban development, when it should start to pay 
attention to the cultivation and development 
of land used for carbon sink such as forest. 
So, it is important to build large-scale for-
est, water conservation forest and protection 
forest, strengthen the greening of river banks 
and roads, and protect the wetland resources. 
Native trees and subtropical broad-leaf  spe-
cies should be selected. Meanwhile, it is also 
necessary to promote the community devel-
opment and expansion of forest, maintain the 
self-renewal ability of  communities, increase 
tree age, improve the carbon sequestration 
capacity of  forest, increase the carbon seques-
tration capacity of  soil, conserve and fertilize in 
a scientific and reasonable way, and reduce the 
carbon wastage rate of  soil.
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5 CONCLUSION

The metropolis is of  a large economic aggregate 
and population scale, so it is still considered as a 
large carbon source. The metropolis is still in the 
process of  developing continuously, strengthening 
scale and rapidly developing economy. In the proc-
ess within a period of  time, because of  the loss in 
early development, metropolis is still facing a large 
carbon deficit. The land for carbon source is still at 
a level of  continuous expansion, but the expansion 
rate has slowed down to some extent. The change 
of  the land structure for carbon source and sink in 
the fringe areas of  metropolis is a typical process. 
In the initial stage of  urban development, and that 
is, a slow expansion period, the expansion of  land 
for carbon source and sink in the fringe areas of 
the city, is basically within the controlled scope, 
the form is relatively structured and the expansion 
model mainly centers on the wheel type. Once it 
enters the stage of  rapid expansion, the city turns 
to the state of  uncontrolled exploitation and 
spreading, whose form is spreading type and the 
expansion model centers on finger type with a sig-
nificant feature of  divergence. Once it enters the 
stage of  stable and rapid development, with uni-
fied planning and construction, the development 
of  the city is again under control, the form tends 
to completeness and the expansion model centers 
on spreading type. In the expansion process of  the 
fringe area, although there are lots of  construc-
tion land within the fringe area, the construction 
is not perfect and the total construction level is 
relatively low, so the land for carbon sink has been 
in the majority. However, with the increasing per-
fect of  land utilization and continuous decrease of 
land for carbon sink in the core district, the land 
used for carbon sink in fringe areas is gradually 
replaced by land for carbon source. The land for 
carbon sink in fringe areas is mostly cultivated 
land, garden land is in the second place, and the 
proportion of  forest is inconstant. To reduce the 
carbon deficit in metropolis, we should first get 
down to the land used for carbon source and sink. 
Increasing the carbon sequestration capacity is 
the development direction for the metropolis in 
the future.
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The study on the characteristics of the spatial structure of carbon 
source and carbon sink in megalopolis: Shanghai as a case

Menglin Qin, Hang Li, Jing Zhao & Jing Ya
College of Civil Engineering and Architecture, Guangxi University, Nanning, China

ABSTRACT: Compared with other areas, there are highest density and most destructive interruptions 
in metropolis. With the expansion of the city and the high speed of the urbanization, the metropolitan 
areas have become the ones where characteristic and varieties of field are changing most dramatically. 
These changes have directly influenced the carbon fluxes in one area, even the whole world. So, analysis 
of the spatial characteristics of the carbon source and carbon sink in the metropolis is a crucial premise to 
reintegrate and plan on the whole area. Based on the orientation that Shanghai is a global metropolis, this 
paper regards Shanghai as the study area. With the help of the techniques of the RS and GIS, this paper 
analyzes the distribution of various kinds of lands from 1990 to 2013 in Shanghai, and puts forward some 
suggestions about the balance between the carbon source and carbon sink, in order to set a foundation 
for the low-carbon urban planning.

Keywords: land-use for carbon source and sink; spatial structure; low-carbonization; Shanghai

from the dimensions of urban fringe, city field and 
districts, which has achieved systematic research 
results at the urbanization level, cultivated area 
change, efficiency of farmland conversion and the 
driving factor of cultivated land conversion[3–4]. In 
terms of ecological environmental influences, rel-
evant studies have shown that the changes in urban 
land use and land cover could bring relevant envi-
ronmental changes under the combined action of 
multiple factors, and urbanization could make the 
surface runoff of the expanded area increase at 
various degrees[5], and that the expansion of differ-
ent administrative units has different influences on 
the varieties of the soils in the process of urbani-
zation, making the general environmental quality 
decrease, especially heavy metal pollution[6]. Mean-
while, it has also been shown that the changes in 
land use resulting from urbanization also generate 
negative effects on vegetation ecological functions 
and flood discharging capacity.

The aforementioned literature is about the study 
on the characteristics, patterns and dynamic mech-
anism of the changes of land use and land cover. 
However, spatial arrangement in the metropolis is 
rarely studied from the aspect of land use balance 
of carbon source and carbon sink in China. This 
paper attempts to study the land use of carbon 
source and sink in Shanghai as the entry point with 
the aim to obtain the core characteristic of spatial 
change in the land use of carbon source and car-
bon sink in metropolitan areas.

1 INTRODUCTION

Developing low-carbon city is one of the most 
important strategies of global climate change, 
while increasing the carbon sequestration capacity 
of urban carbon stock is the core of developing 
low-carbon city. Metropolitan area, the most sen-
sitive area of balancing carbon source and carbon 
sink in various global habitats, is the concentration 
with the largest carbon flux gap. So, studies on 
the spatial structure of carbon source and carbon 
sink in the metropolitan area and exploration of 
the core characteristics of its change can provide a 
theoretical basis for the low-carbon planning and 
design of carbon source and carbon sink in met-
ropolitan areas, which is realistically significant to 
the development of low-carbon cities. At present, 
research on the changes in the spatial structures 
of city carbon source and carbon sink is focused 
on land use and the land cover change, especially 
for the development of “International Geosphere 
and Biosphere Plan” in 1995 and “International 
Human Dimension of Global Environmental 
Change Program (IHDP)”[1] as well as the abun-
dant scientific results achieved after “Land Use and 
Cover Change Plan (LUCC)” was raised jointly[2]. 
Taking advantage of the GIS and RS technologies 
and the multi-period remote-sensing image and 
detailed data of land use, characteristics, patterns 
and impetus of the changes in the spatial struc-
ture of land use and land cover have been studied 

ICCAHE15_Book.indb   1339ICCAHE15_Book.indb   1339 11/17/2015   6:40:58 AM11/17/2015   6:40:58 AM



1340

2 DEFINITIONS OF RELEVANT 
CONCEPTS

2.1 Carbon source and carbon sink

United Nations Framework Convention on Cli-
mate Change (UNFCCC) gives specific definitions 
to source and sink. Source refers to the process or 
activity with the possibilities of discharging green-
house gases and aerosols to the atmosphere or 
with the possibilities of discharging greenhouse 
gases and aerosols to the atmosphere, while sink 
refers to any process, activity or mechanism of 
removing greenhouse gases from the atmosphere. 
Referring to the definitions, carbon source refers 
to the process or activity of discharging CO2 to the 
atmosphere, while carbon sink refers to the proc-
ess, activity or mechanism of removing CO2 from 
the atmosphere.

2.2 Land use of carbon source and carbon sink

The defined scope of carbon source and carbon 
sink corresponds to the town and country land 
of Urban Land Classifications and Standards for 
Land Planning for Construction, i.e. various land 
covers, including carbon source land and carbon 
sink land. Carbon source land includes urban con-
struction land and regional transportation land, 
while carbon sink includes water area, cultivated 
land, garden plot, forest land, grassplot, greenbelt 
and unused land. Judging whether a land is for car-
bon source or carbon sink depends mainly on the 
size of the flux of CO2 of the land cover and soil 

of certain land within a rather long period ( e.g. the 
time span of this study is from 1990 to 2013). If  
the flux is positive, the land is carbon source land, 
whereas if  the flux is negative, the land is carbon 
sink land. Though harvest of crops could make the 
carbon enter the next cycle, taking the capacity of 
fixing carbon of soil into consideration, it could be 
regarded as the carbon sink land, and meanwhile, 
water region with weak carbon sink capacity is 
regarded as carbon sink land.

2.3 Relevant research index

1. Increasing and decreasing the speed of carbon 
sink (S, unit: hectare/year)

 Increasing and decreasing the speed of car-
bon sink refers to the land areas increased or 
decreased within a year, which could be repre-
sented by the formula as follows: S = (CSl–CSe)/
year, where CSe refers to the area of one type of 
land in the earlier stage, while CSl refers to the 
area of one type of land in the later stage. When 
(CSl–CSe) is a positive value, S is the increasing 
speed of carbon sink land. When (CSl–CSe) is a 
negative value, S refers to the decreasing speed 
of carbon sink land. The larger the absolute 
value is, the faster the increasing or decreasing 
speed is, and the larger the influence on the car-
bon source and carbon sink land of the city is.

2. Cover intensity of carbon sink land (R, unit:%)
Cover intensity of carbon sink land refers to 
the percentage of the carbon sink land (CS) 
in the total carbon source and carbon sink 
land (CES), the expression of which is given 

Table 1. Classification of land types.

Name Types of land use CO2 flux
Carbon source 
or sink

Forest land Forest land, shrubland, other forest land – Carbon sink land
Garden plot Garden plot, tea garden, other garden plot – Carbon sink land
Cultivated land Paddy field, irrigable land, dry land – Carbon sink land
Grassland garden Natural grassplot, tame pasture, other 

grassplot
– Carbon sink land

Unutilized land Idle land, saline-alkali soil, wetland, sand, 
bare land, mud flat, grass land not used 
for animal husbandry, as well as facility 
farm-oriented land and ridge of the field

– Carbon sink land

Water area Rivers, lakes, reservoirs, ponds, channels,
 glacier and perpetual snows

– Carbon sink land

Construction land Various lands not included greenbelts in 
urban and rural residents, as well as 
municipal utilities, including buildings 
and facilities land

+ Carbon source 
land

Transportation land Roads, railroads, airport, ports and lands 
for inside and outside transportation as 
well as squares and parking lots

+ Carbon source 
land
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as follows: P = CS/CES*100. It represents the 
overall coverage of carbon sink land. The larger 
it is, the more beneficial it is to the balance of 
urban carbon source and carbon sink.

3. Increasing and  decreasing the range of carbon 
sink land (I, unit:%) 

 Increasing and decreasing the range of carbon 
sink land refers to the ratio between the increased 
or decreased carbon sink land and the area of the 
carbon source and carbon sink land, the expres-
sion of which is given as follows: S = (CSl-CSe)/
CES*100. When (CSl-CSe) is a positive value, 
it means the carbon sink land is increasing and 
when the CSl-CSe) is a negative value, it means 
the carbon sink land is decreasing. The variable 
P expresses the relations between the increased or 
decreased carbon sink land and the overall car-
bon source and carbon sink land. The larger the 
absolute value is, the larger the influence of its 
increasing and decreasing on the balance of the 
carbon source and carbon sink land of the city.

3 ANALYSIS OF SPATIAL STRUCTURE 
CHANGES OF CARBON SOURCE AND 
CARBON SINK LAND

3.1 Survey region and research method

3.1.1 Survey region
Shanghai is located at N31°14´ and E121°29´. It 
is at the front edge of the Yangtze River, border-
ing Jiangsu in the west, the Hangzhou Bay in the 
south and the entrance of the Yangtze River in the 
north. It is one of the cities with the most devel-
oped economy in China and first-tier cities. In 
2013, its population in the downtown was about 
24,151,500, with per capita GDP of 73,297 yuan 
and urbanization rate of  89%. It is the center 
of  economic and financial activities in China. 
Therefore, it is selected as the representative of 
the megalopolis cities in this study. Based on the 
requirement of the study and the availability of 
the data, the survey region is the administrative 
region of Shanghai City, with the east-west width 
of 100 km, the south-north length of 120 km and 
the total area of 6410.03 km2.

3.1.2 Research method
This study takes the TM image as the informa-
tion source to extract the information of carbon 
source and carbon sink land. The spatial data used 
in the research region are from Shanghai remote-
sensing images of the same season (September 
to December) of 1990, 2000, 2006 and 2013, the 
resolution ratio of which is 30 m. Supervised clas-
sification is adopted to extract the distributed 
data of carbon source and carbon sink land at 

different times with Erdas. Through interpretation 
and analysis, the spatial interpretation chart and 
the structural data of carbon source and carbon 
sink land at the four periods of time are shown in 
Figure 1 and Table 2. Since there are few grassplots 
in Shanghai, they are ignored in this study.

3.2 Feature analysis of spatial structure changes

Continuous decrease in carbon sink land is one of 
the core characteristics of spatial structure changes 
in rural-urban areas, so the cover intensity of car-
bon sink land (S), increasing or decreasing speed 
of carbon sink (R) and change in the ratio of car-
bon sink land (I) are used to conduct the feature 
analysis of the spatial structure changes of carbon 
source and carbon sink land. Their results are sum-
marized in Table 2.

3.2.1 Intensity analysis of carbon sink land 
increase and decrease (S)

The increasing and decreasing rates during 1990 
to 2000, 2001 to 2006 and 2007 to 2013 were, 
respectively, −4543.14 ha2/year, −17549.26 ha2/year 
and −4227.51 ha2/year. In other words, the increas-
ing rate of carbon sink land during 1990 to 2000 
was retained at about 45 square kilometers; since 
2001, the decrease in carbon sink land reached 
its climax, with an annual decrease of about 
175 square kilometers, and from 2006 to 2013, 

Figure 1. Spatial distribution of lands used for carbon 
emission and sequestration at the four periods of time 
from 1990 to 2013.
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the speed slowed down, with the annual speed 
decreasing to 42 square kilometers. On the whole, 
the increase and decrease in carbon sink land were 
imbalanced, decreasing about 1,053 square kilom-
eters from 2001 to 2006 and about 296 square kil-
ometers from 2007 to 2013.

3.2.2 Analysis of carbon sink land cover 
intensity (R)

With three periods of time, the average carbon sink 
coverage intensity during 1990 to 2000 (end of the 
last century) was 81.9%. During 2001 to 2006 (the 
beginning of this century) was 70.14% and during 
2007 to 2013 (the first 10 years of this century), it 
was 59.1%. The carbon sink land coverage inten-
sity in 1990, 2000, 2006 and 2013 were, respectively, 
85.44%, 78.35%, 61.92% and 57.30%.

From the end of the last century until the begin-
ning of this century, as the pioneer of the reform 
and opening-up, Shanghai was in the period of fast 
expansion, growth and development, with its car-
bon sink land decreasing from 85.44% to 78.35%, 
lowering by 7.09%. During this period, not only 
Shanghai developed rapidly, but also the towns 
and villages in the suburbs of Shanghai put into 
the upsurge of urbanization, especially the city 
outskirts such as Pudong and Minhang districts[8]. 
Implementing “Pudong reform and opening-up 
policy”, the Jinqiao development zone, the Lujia-
zui development zone, the Waigaoqiao develop-
ment zone and the Pudong international airport 
were constructed one after another, covering much 
cultivated lands. Urban construction land includ-
ing industrial parks of all levels grew continuously 
like mushrooms after the rain. Pushed by urbani-
zation, traffic construction was also designed and 
constructed, for example, Luojing harbor district 
of Port of Shanghai, metro line 2 at phase I and 
the road to the Pudong international airport[9].

During 2000 to 2006, urbanization in Shang-
hai developed dramatically. The downtown, the 
suburbs and the outskirts advanced urbanization, 
with the development of Fengxian, Qingpu and 
Songjiang being the fastest. Meanwhile, the car-
bon sink land decreased sharply from 78.35% to 
61.92%, decreasing by 16.43%, while the carbon 

source land cover increased continuously. Limi-
tation of the scope of administrative regions and 
guarantees of basic farmland also became the bot-
tleneck to further development of the city.

From 2006 to 2013, urbanization of Shanghai 
transformed from the pattern focused on quantity 
to the pattern focused on quality, with the changes 
of various lands becoming steady, which revealed 
the process of the metropolis growing towards 
maturity after a certain increase. The spatial struc-
ture of the land use in the city tended to be stable, 
with its average carbon sink land coverage inten-
sity decreasing from 61.92% to 57.30%, lowering 
altogether by 4.62%.

From 1990 to 2000, the carbon sink land 
decreased sharply. However, from 2006 to 2013, the 
change of carbon sink land was small. Because dur-
ing this period, urbanization of Shanghai changed 
from quantitative promotion to interior organic 
renewal. Nevertheless, the carbon sink coverage 
intensity continued to decrease during the study, 
dropping from 85.44% in 1990 to 57.30% in 2013, 
lowering altogether by 28.14%. These 23 years had 
witnessed the period when Shanghai developed the 
fastest.

3.2.3 Analysis of increasing and decreasing range 
of carbon sink land (I)

The increasing and decreasing intensities of carbon 
sink land during the periods from 1990 to 2000, 
2001 to 2006 and 2007 to 2013 were, respectively, 
−7.09%, −16.43% and −4.62%, i.e. The increasing 
and decreasing intensities of carbon sink land dur-
ing 1990 to 2000 were small. The increasing and 
decreasing intensities during 2001 to 2006 were 
with a large fluctuation, while during 2007 to 
2013, they reached their climax. Generally speak-
ing, compared with the total amount of carbon 
source and carbon sink land, the increasing and 
decreasing scopes were not large, but from the bal-
ance of carbon source and carbon sink, the carbon 
source had surpassed far the carbon sink. On the 
one hand, it was because the carbon sink land was 
decreasing and, on the other hand, urbanization 
discharged a great amount of greenhouse gases. 
Therefore, the core reason of carbon imbalance 

Table 2. Index analysis of carbon sinks land change.

Analysis index

Periods

1990–2000 2001–2006 2006–2013

Increasing and decreasing 
speed (S, ha2/year)

−4543.14 −17549.26 −4227.51

Cover intensity (R, %) 85.44–78.35 78.35–61.92 61.92–57.30
Alternative range index (I, %) −7.09 −16.43 −4.62
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was the development of urban industry, but not the 
decrease in carbon sink capacity. Since the existing 
metropolis is still at the stage of expansion, which 
means the invaded carbon sink land could not be 
restored within a short time, it is a problem that 
must be dealt with for metropolis development to 
guarantee the quantity of the existing carbon sink 
land and to increase the carbon reserve of unit 
area carbon sink land.

4 SUGGESTIONS AND LIMITATIONS

4.1 Ensuring the compact growth of Shanghai at 
different dimensions

The urban construction land of Shanghai increased 
from 72843.39 ha in 1990 to 242477.16 ha in 2013, 
at the speed of 68.80% per year. If  it could be said 
that the previous urbanization of Shanghai used 
the land development bonus in return for urban 
development, this kind of development would 
severely limit the development of the limited lands. 
Compact development is the most efficient and 
sustainable way to use limited spatial resources and 
land resources. The key of the compact growth is 
to coordinate the relations between growth points 
and the even aspects at different dimensions, and 
to guarantee the fast growth of various dimensions 
within the limited space. Macroscopically, the ques-
tion is how to coordinate the whole Yangtze River 
Delta with central Shanghai as well as how to 
coordinate Shanghai and Hangzhou and Ningbo. 
In the medium aspect, Shanghai, as the growth 
point, shall coordinate the relations between the 
central city and the peripheral clusters and even 
new towns (including Chengqiao, Lingang New 
City and Jinshan New City). Microcosmically, it is 
to coordinate the relations between the residential 
centers and various residential districts.

4.2 Controlling and adjusting to combine 
Shanghai greenbelts and soil features

The forest land of Shanghai decreased from 
87288.53 ha in 1990 to 21622.58 ha in 2013, at the 
speed of 6.26% per year, and the cultivated land of 
Shanghai decreased from 202842.75 ha in 1990 to 
126008.44 ha in 2013, at the speed of 6.26% per 
year. Based on the survey of the actual conditions 
of Shanghai and analyzing relevant documents, it 
has been found that the forests of Shanghai were 
basically man-made forest, with a high cultivation 
index and young age, which is less than the average 
national level, so it is with a high carbon sequestra-
tion potential. It is suggested to increase the rota-
tion of the woods so as to guarantee full exertion 
of carbon reserve capacity. Though the quantity 
of cultivated lands is continuing to decrease, it 

is undeniable that it is the indispensable land of 
Shanghai, and its carbon sequestration capacity 
could not be ignored. Under the premise of ensuring 
basic supply of fruits and vegetables, it is suggested 
to adjust the farming system from the original triple 
cropping to double cropping per year, to lower the 
resolving speed of organic carbon and to promote 
the reservation of soil organic carbon.

4.3 Establishing the joint controlling system

Keeping the balance of metropolis carbon source 
and carbon sink is actually a part of constructing a 
low-carbon city, which could be defined as “the city 
with low-carbon economy as its development pat-
tern and direction, whose citizens take low-carbon 
life as the philosophy and characteristic and the 
governmental management layer regard low-carbon 
society as their construction specimen and blue-
print”. This definition differentiates the traditional 
management pattern relying purely on the govern-
ment and stresses on the participation of govern-
ment organizations, commercial enterprises and 
non-profit organizations and the public. Its goal is 
to educate the common people with harmonious 
and win-win strategies and to guide the enterprise 
with the market. Joint control of the carbon source 
and carbon sink balance can be completed through 
“the government issuing policies, the enterprises 
investing the capitals and the public participating”.

4.4 Insufficiencies of the study

There are also some limitations of this study, which 
are as follows. 1. The resolution of the satellite 
remote—sensing pictures was low in the supervised 
classification and limited auxiliary materials, which 
caused some errors in the supervised classification; 
2. To simplify the classification and based on the 
actual conditions of Shanghai, the areas of grass-
plots and greenbelts were not calculated; 3. More 
years should be calculated as the statistic periods 
to ensure the accuracy of the conclusion. Based 
on these shortcomings, the patterns and dynamic 
mechanism of spatial structures will be researched 
further so as to obtain a relevant theoretical basis 
for the low-carbon spatial planning and design.
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ABSTRACT: This study first sets forth some basic theory of the WHA (Waste Household Appliances) 
reverse logistics and three recycling models of the WHA reverse logistics, namely simple recycling mode, 
individual workshops processing mode and diversified recycling mode. Based on the three modes, we then 
calculate the environmental impact and resource consumption load for the three recycling models using 
life cycle assessment from the aspect of environmental load and resource utilization. Finally, we provide 
some suggestions about building the reverse WHA logistics system in China and promoting diversified 
recycling modes according to the above analysis.

Keywords: WHA reverse logistics; life cycle assessment

2 THE RECYCLING MODES OF THE WHA 
REVERSE LOGISTICS

2.1 Simple recycling mode

This recycling mode has two characteristics: single 
method of collection and small number. Generally, 
it only takes apart the main elements using manual 
sorting, the residues are usually thrown out directly 
or buried under the ground, and heavy metals dis-
solved from the WHA have a large impact on the 
environment.

2.2 Individual workshops processing mode

In this recycling mode, individual handicraftsman 
bought a great deal of WHA from the domes-
tic and abroad to extract the valuable materi-
als through manual workshop, acid leaching and 
open-burning. However, the final handling method 
has a great deal of impact on the environment.

2.3 Diversified recycling mode

In this mode, collected appliances from factories, 
commodities and individuals are handled through 
disassembly and metallurgical technology to 
reclaim valuable units. The recycling residues are 
handled by burning and burying. Nevertheless, it is 
not suitable for small factories because of high cost 
of investment and handling.

1 INTRODUCTION

With the development of  economy and improve-
ment of  technology, the lifecycle of  household 
appliances has been shortening, and the appli-
ances have been upgraded quickly. China is 
entering the peak period of  scrapped appliances. 
The revolved heavy metals from the WHA could 
have a large influence on the environment and 
person’s health if  the metals cannot be handled 
correctly, and thus people are paying more atten-
tion to the recycling of  WHA. WHA reverse 
logistics is the process of  planning, implement-
ing and controlling of  logistics activities from 
the point of  consumption to the point of  origin. 
The logistics activities include recycling, detect-
ing, taking apart, abstracting, regeneration and 
final treatment[1]. There are many benefits to 
build the WHA reverse logistics: it could lower 
the cost of  logistics, the abandoned goods can 
be recycled and reused effectively, and it also 
could effectively control the harm caused to the 
environment[2]. This paper analyzes the impact 
degree of  three recycling modes on the resource 
and environment to explore suitable management 
methods and recycling technology for reducing 
energy consumption and environmental pres-
sure. It has an important reference significance 
for building recycling modes of  WHA and WHA 
reverse logistics system, and regulating the treat-
ment technology of  WHA.
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3 THE EVALUATION OF 
ENVIRONMENTAL FACTORS 
ABOUT THE RECYCLING MODES 
OF THE WHA REVERSE LOGISTICS

3.1 The analysis of environment factor about 
recycling modes of the WHA reverse logistics

This paper holds that the environmental factors 
refer to the factors that have an influence on envi-
ronmental quality and resource consumption in 
the process of collecting, taking apart, abstract-
ing and final handling. It includes environmental 
pollution factor and resource consumption factor. 
The former contains the environmental pollution 
factor in the WHA recycling process and the elec-
tronic wastes environmental pollution factor. The 
latter contains resource consumption factors in the 
WHA recycling process and the electronic wastes 
resource factor[3].

3.2 Life cycle assessment

LCA is defined by the ISO as a tool to evaluate and 
solve the environmental problems from the whole 
life cycle of products: the acquirement of materi-
als, producing, using and recycling[4].

It involves four steps. The first phase of LCA 
is defining goals and scopes to determine the pur-
pose of the study, system boundaries and selection 
of suitable functional units. The second phase is 
Life Cycle Inventory (LCI), which is the process of 
data collection of all relevant inputs and outputs in 
the life cycle of product. The third phase is the Life 
Cycle Impact Assessment (LCIA), which evaluates 
potential environmental impacts and estimates 
resource consumption. The last phase is the inter-
pretation, which identifies some significant issues, 
gets conclusions, explains the limitations and pro-
vides recommendations[5].

3.3 The LCA of recycling modes 
of the WHA logistics

3.3.1 The goals and scopes of assessment
The goal is to analyze the resource utility and envi-
ronmental pollution of the three recycling modes, 
and evaluate the impacts of the three recycling 
modes on the environment.

We identify that the scope is from recycling, 
sorting, dismantling and final disposal. Not 
including the transportation process. Resource 
consumption is mainly considered as the non-
renewable mineral resources in this paper. Energy 
consumption is mainly considered as electric-
ity, coal and oil. And pollution emissions are 
mainly considered as wasted gas, wasted water 
and wasted solid.

3.3.2 LCI
LCI is the analysis about the energy, material utility 
and environmental pollution of WHA. It includes 
three types: date collection, calculating and analyz-
ing of the results.

Data collection includes input of all resources 
and energy, the output of production and pollu-
tion emissions. We suppose that all WHA have the 
same parameters, and the electricity is all from fire 
coal in the process of recycling and handling, and 
the efficiency of energy transferring is 30%[6].

3.3.3 The evaluation of environmental impacts
Impact assessment is the main stage of LCA. It 
evaluates the index by transferring the data from 
LCI to comparable index. It includes data classifi-
cation, characterization and quantification.

From the goal of assessment, we divide the data 
into two types: resources consumption and envi-
ronmental pollution. The former includes non-
renewable resource consumption and renewable 
resource consumption. The latter includes global 
warming, acidification, eutrophication and eco-
toxicity. Then, we describe each type of pollutants 
with the method of reference. CO2 is the reference 
of global warming; SO2 is the reference of acidi-
fication. The effect equivalence of reference is 1, 
and the others can be achieved by comparing with 
the contribution of reference to the environmental 
impact, as shown in Table 1.

The environmental impact potential could be 
obtained by using Equation (1):

EP j Q iEF jiQ j( )j ( )jj ( )j×⎡⎣⎡⎡ ⎤⎦⎤⎤∑ ∑EP jEE i)j( )j =EPE i)j  (1)

where EP(j) is the potential value of the product 
system to type-j of the environment effect; EP(j)i is 
the potential contribution for pollution category i to 
impact j; Q(j)i is the release of emission i, EF(j)i is 
the effect equivalent factor for pollution i to effect j.

We set the normalization data to compare their 
contribution to the environment. It can be obtained 
by using Equation (2):

NEP jEE EP j
Te ER j

EP j

ER j
pro( )j ( )j

( )j
( )j pp

( )j
=

⋅
=

1

90 90
 (2)

where NEP(j) is the standard value of environment 
for type j; Te is the time of product service; ER(j)90 
is the reference of the environmental effect; ER(j)pro 
is the present potential value of environment for 
type j.

The standardized resource potential value can 
be obtained by using Equation (3):

NRC j RC j
Tr RR j

RC j

RR j
pro( )j ( )j

( )j
( )j pp

( )j
=

⋅
=

1

90 90
 (3)
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Resource depletion factor index can be obtained 
by using Equation (6), the unit of which is 
PEWCnEast90:

RDI
RC j

RES j
pro∑ ∑WR jWW =WRW jjj

( )j pp

( )PEj 90
 (6)

Environmental effect load can be obtained by 
using Equation (7):

EIL WII P jWW
EP j

RE j
Q j j
ER j

pro

T

i ij

T
∑ = ∑

∑
∑( )j

( )j pp

( )j
[ (Q ) (EFi EF× ) ]i

( )j2000 2000

 (7)

Resource depletion coefficient reflects the share of 
product resource consumption in the whole resource, 
reflecting the scarcity of resources; it also reflects the 
pressure on the natural environment. Through the 
data classification, characterization, quantification, 
we explore environmental factors of a more suitable 
mode to meet the environmental impact standards.

3.4 Case analysis

Guiyu is the largest rubbish processing factory, 
which is closely monitored because of the severe 
electronic pollution. This paper evaluates the car-
rying capacity of resource and environment by tak-
ing waste plastic boxes and printed circuit boards 
in Guiyu as the research object, and explores the 
suitable recycling technology to give some refer-
ence for improving recycling technology in Guiyu.

3.4.1 Simple recycling mode
These modes only dismantle components and bury 
the wastes, and have no energy consumption, and 
so the scope of evaluation is resource consumption 
and pollutant emissions.

The resource input is metals, such as iron, cop-
per and aluminum. Through normalization and 
weighing, we obtain a potential value of the metal 
consumption and resource depletion coefficient, as 
given in Table 2.

From Table 2, we can obtain the resource deple-
tion coefficient as 22345.31. The consumption of 
copper has the biggest pressure on the resource 
system.

The pollution emissions are mainly produced by 
solid waste stacking or release of heavy metals. The 
results are summarized in Table 3.

From Table 3, we can obtain the carrying capac-
ity of environment as 55.55, which indicates that 
the heavy metal pollutants that are released directly 
will cause pressure on the environment.

3.4.2 Individual workshop processing mode
The recycling processes of waste plastic and 
printed circuit board include four steps: welding, 

Table 1. The effect equivalence of environmental 
impacts.

Types Emissions
The equivalent 
value

Global warming CO2 1
(gCO2eq./g) CH4 25

N2O 320
CO 2
NMHC 3
3,4-Benzo 

pyrene
3

Chlor.HC 3300
Acidification SO2 1
(gSO2eq./g) NOx 0.7

HF 1.60
H2S 1.88
HCI 0.88
NH3 1.88

Photochemical ozone VOC 0.5
(gC2H4eq./g) CO 0.03

CH4 0.007
Eutrophication NOx 1.35
(gNO3eq./g) NH3 3.64

COD 0.23
Eco-toxicity Cadmium 1.8
(gEFm3 soil eq./g) Chromium 0.01

Copper 0.02
Lead 0.01
Mercury 5.3
Nickel 0.05
Zinc 0.005

where NRC(j) is the standard value of resource 
consumption for type j; Tr is the time of using 
product; RR(j)90 is the reference of resource con-
sumption; RC(j)pro is the present potential value of 
resource consumption for type j.

The resource weighting factors can be obtained 
by using Equation (4):

WR j RR j RRES j( )j ( )j ( )PEj= 90 90  (4)

where RES(PEj)90 is the per capita reserves in 
1990.

The environmental weighting factors can be 
obtained by using Equation (5):

WP j ER j EER jEE T( )j ( )j ( )j= 90 2000  (5)

where ER (j)T2000 is the per capita level of environ-
mental impact for type j in 2000.

WR(j) and WP(j) reflect the amount of  occu-
pied average resource and environmental space, 
which can be compared with different potential 
values.
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Table 2. Normalization and weighting of resource consumption.

Type of resource Iron Copper Aluminum

Consumption (kg/a) 2.05 × 106 1.3 × 106 0.63 × 106

The reference of standardization 
ER [kg/(per capita a)]

103 1.7 3.4

Standardized value 19920.91 764705.88 185294.12
Period (a) 120 36 200
Weighted value 166.01 21241.83 946.47
Resource depletion coefficient 22354.31

Table 3. The potential value of pollution emission.

Pollution
Emissions 
(kg/a)

Effect of equivalence 
factor EF(gw)

Impact potential 
value EP(gw)

Eco-toxicity (gEFm3 soil eq./g) (kgEFm3 soil eq./a)

Cadmium 143.66 1.8 258.59
Chromium 293.91 0.01 2.94
Copper 483360 0.02 9667.20
Lead 8481.06 0.01 84.81
Mercury 7.22 5.3 38.27
Nickel 1091.38 0.05 54.57
Zinc 13500.16 0.005 67.50
PE90 – – 56.55

pickling, burning and mechanical crushing. The 
scope of evaluation is resource consumption and 
environmental emission.

We can get the energy consumption list convert-
ing the power consumption into coal consumption 
according to “the Chinese Energy Statistical Year-
book” and “People’s Republic of China Environ-
mental Protection Industry Standard”.

The resource input is mainly iron, copper or alu-
minum. We can obtain the recycling rate of com-
mon resource from the “Industrial Pollution and 
Emission Index Manual”, and then get the results 
by calculating, as given in Table 4.

From Table 4, we can obtain the resource deple-
tion coefficient as 442.21. The recycling rate of 
copper is highest; however, consumption of cop-
per has the largest pressure on the resource system. 
Thus, we should pay more attention to improve the 
recycling rate of copper and reduce the consump-
tion of copper deposits.

The pollution emissions include waste gas, 
waste water and heavy metals. Through normaliza-
tion and weighting, we can obtain the results, as 
summarized in Table 5.

From Table 5, we can see that the global 
warming has the largest effect on the environ-
ment; the carrying capacity of  the environment is 
5838005.35.

3.4.3 Diversified recycling mode
This mode usually adopts the way of centralized 
processing, and the scope of the evaluation focuses 
on the evaluation of energy recovery and discharge 
of pollutants. Through calculating, we can obtain 
the results, as given in Table 6.

We can get the results by characterization and 
normalization and weighting, as given in Table 7.

From Table 7, we can see that the potential 
value of acidification and eutrophication decreases 
obviously, and the environmental effect load is 
627753.41. The results indicate that this mode real-
izes the optimization compared with the individual 
workshop processing mode.

3.5 The comparison of resource and environment 
load for the three modes

To further understand the positive effect on the 
environment with the centralized processing mode, 
we compare the resource and environment load of 
the three modes.

3.5.1 The comparison of resource load
From Table 8, we can get the following results: the 
centralized processing mode can save 98.67% of 
coal and can slow the shortage condition of sup-
plying electric, and the diversified recycling mode 
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Table 4. Normalization and weighting of recourse consumption.

Types of resource Coal Iron Copper Aluminum

Consumption (kg/a) 5.26 × 106 1.94 × 106 0.02 × 106 0.03 × 106

Reference [kg/(per capita a)] 574 103 1.7 3.4
Standardized value 91.6 19730.66 7590.13 13282.73
Period (a) 170 120 36 200
Weighted value 0.54 164.42 210.84 66.41
Resource depletion coefficient 442.21

Table 5. The standardized and weighted analysis of pollution emissions.

Type Global warming Acidification Eutrophication Eco-toxicity

Potential value EP 6.58 × 109 1.35 × 108 2.09 × 108 961.56
Standardized reference 8700 36 62 358
Standard value 0.75 × 106 3.75 × 106 3.38 × 106 2.69
Weight factor 0.83 0.73 0.73 1.99
Weighted value 6.28 × 105 2.74 × 106 2.47 × 106 5.35
Environmental effects load 5838005.35

Table 6. The list of resource consumption and reusing.

Energy Coal (kg/a) Recycling power (KWh/t) Coal Consumption (kg/a)

Mechanical grinding 0.38 × 106 – –
Welding components 0.03 × 106 – –
Burning 0.15 × 106 6.75 –
Total Consumption 1.01 × 106 6.75 0.07 × 106

Table 7. The normalization and weighting of environmental impacts.

Type Global warming Acidification Eutrophication Eco-toxicity

Potential value EP 6.58 × 109 245.28 100.33 13.14
Standardized reference 8700 36 62 358
Standard value 0.75 × 106 6.81 1.62 0.037
Weight factor 0.83 0.73 0.73 1.99
Weighted value 6.28 × 105 1.18 1.18 0.073
Environmental effects load 627753.41

can recycle resource through the advance technol-
ogy, equipment and reasonable management.

3.5.2 The comparison of carrying capacity 
of environment

The carrying capacity of the environment of the 
simple recycling model is from heavy metals. The 
environmental impact load of individual work-
shops processing pattern can be divided into the 
new environment impact load and  environmental 

impact load caused by heavy metals. The envi-
ronmental impact load of the heavy metals is 
lower than the simple recycling mode because 
of recycling of some heavy metals. However, the 
air pollutants and water pollutants generated by 
dismantling account for 89% in the individual 
workshop processing. Diversified recycling mode 
adopts advanced technology and uniform manage-
ment to reduce environment pollution from acid 
leaching, and it effectively reduces metal emissions. 
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Table 9. The comparison of environment load.

Pollution 
emission 
(kg/a)

Simple 
recycling 
mode

Individual 
workshop 
mode

Centralized 
processing 
mode

Atmosphere
CO2 – 6.58 × 109 6.58 × 109

SO2 – 1.98 × 107 197.81
HCI – 6 × 104 0
NOx – 1.55 × 108 67.82

Water
COD – 38.16 38.16
HCI – 1.94 × 106 0

Ecotype
Cadmium 143.66 143.52 0.4
Chromium 293.91 293.62 89.04
Copper 483360 25440 128.47
Lead 8481.06 8077.2 156.88
Mercury 7.22 7.21 0.51
Nickel 1091.38 606.32 71.11
Zinc 13500.16 8437.6 234.47

Table 8. The analysis of resource load.

Resource and energy consumption (kg/a) Coal Iron Copper Aluminum

Simple recycling mode – 2.05 × 106 1.03 × 106 0.63 × 106

Individual workshop processing 5.26 × 106 1.94 × 106 0.02 × 106 0.03 × 106

Centralized processing mode 0.07 × 106 – – –

The recycling rate of metals can reach up to 70%, 
and all the indices meet the national standards.

4 CONCLUSION AND ADVICES

From the above analysis, we can draw the follow-
ing conclusions: in the aspect of resource con-
sumption, the resource depletion coefficient of 
the simple recycling mode is 22354.31, and it is 
442.21 in individual workshop processing; the coal 
consumption in the centralized processing mode is 
0.07 × 106, which saves 98.7% of coal comparing 
with individual processing. In the aspect of envi-
ronment factors, the environment load of the sim-
ple recycling mode is 56.55, the load of individual 
mode is 5838005.35, and the load of centralized 
processing mode is 627753.41. By comprehensively 
considering the resource consumption and envi-
ronment load, it can be found that the centralized 
processing mode is superior to the individual treat-
ment mode and simple mode. Therefore, the diver-
sified recovery and centralized processing mode is 
the development direction based on building the 
WHA reverse logistics system. There are some 

advices for the building WHA reverse logistics 
system.

1. Pay attention to the construction of the WHA 
reverse logistics system. The investment and 
cost of the diversity recycling mode is high, 
which is suitable for large-scale manufacturers, 
so that it should be guided by government, and 
the special finance funds at all levels of govern-
ment should promote enterprise and private 
capital investments in the field as soon as pos-
sible, and further promote its industrialization 
development.

2. Push the concept of green design of home 
appliances. Instead of passively recycling home 
appliances, it is better to reduce initiatively its 
environmental harm, and we can adopt the 
green design method to solve the problem of 
environmental pollution and resource recycling 
WHA reverse logistics.

3. Establish suitable recycling policy regulations 
of WHA. At present, China is in the home 
appliances scrapped peak, so it is especially 
important to reasonably handle the WHA. The 
regulations clear the responsibility of each side, 
and enhance operability; the policy can prevent 
the emergence of improper recycling for the 
pursuit of economic growth.
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Practice of interprovincial public transport in Beijing–Tianjin–Hebei 
region
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ABSTRACT: This paper first analyzes the interprovincial public transport demand in Beijing–Tianjin–
Hebei region on the basis of studying the development status and problems of road passenger transport 
in this region, and then summarizes the influencing factors of public transport operation organization, 
finally puts forward public transport transformation mechanism mode and route operation mode and 
studies the public transport operation management policies.
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2 DEVELOPMENT STATUS 
AND PROBLEMS

2.1 Operation of existing routes

2.1.1 Interprovincial passenger transport routes
According to incomplete statistics, there are over 
900 road passenger transport routes and over 2200 
operating regular buses among these three prov-
inces. Currently, the public transport of Beijing 
has covered 14 counties of Hebei Province with 
26 operating routes, over 800 operating vehicles 
and a daily number of passengers originating from 
300,000 person-time. It has supported integration 
development of areas around the capital in Hebei 
Province with Beijing. However, due to different 
financial subsidies among administrative  divisions, 
the margin of preference of interprovincial buses 
is different in Beijing and Hebei. For some buses 
with sixty percent discount for cardholders in 
Beijing, the margin of preference is changed or 
canceled after they drive away from the provincial 
boundary. Due to the low ticket price of interpro-
vincial buses driven from Beijing, Beijing buses 
have been resisted by local public transport com-
panies in Hebei for several times.

2.1.2 Operation of intercity public transport
The opening of intercity public transport is 
an inevitable trend of Beijing–Tianjin–Hebei 
integration development, which will drive the 
development and utilization of Beijing–Tianjin–
Hebei suburbs effectively and can provide powerful 
support for the circulation of production factors 
among Beijing, Tianjin, and Hebei.

According to incomplete statistics, there are over 
40 bus routes in Beijing leading to various places 

1 INTRODUCTION

1.1 Research background

With the acceleration of urban and rural passen-
ger transport integration, the voice of the masses 
for enjoying equal travel services has been increas-
ingly stronger. To deeply implement the strategic 
deployment of the Party Central Committee and 
State Council on Beijing–Tianjin–Hebei synergetic 
development and adapt to the new situation and 
requirements of Beijing–Tianjin–Hebei traffic inte-
gration development, the Ministry of Transport 
proposed the implementation of pilot reform of 
urban and rural passenger transport integration 
in Beijing, Tianjin, and Hebei in the program of 
deepening pilot transportation reform compre-
hensively. Under this background, the exploration 
on new development mode of public transport 
in interprovincial adjacent areas will promote 
the realization of policy coordination, resource 
 sharing, reasonable layout, smooth connection 
and integrated service of road passenger transport 
in Beijing, Tianjin, and Hebei and provide power-
ful support for synergetic development of Beijing, 
Tianjin, and Hebei and the establishment of inter-
linked comprehensive transportation network.

1.2 Determination of the study scope

Areas within the scope of 200 km radius with 
 Beijing and Tianjin as two cores are defined as main 
adjacent areas, including Beijing, Tianjin, Tangshan, 
Langfang, Baoding, Zhangjiakou, Chengde, and 
Cangzhou. Areas within the scope of 200–300 km 
radius are defined as secondary adjacent areas, 
including Shijiazhuang, Qinhuangdao, and Xingtai.
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in Hebei. Residents in the urban area of Langfang, 
Dachang, Xianghe, Gu’an, Zhuozhou, Huailai, 
Xinglong, and Luanping can take the bus to Beijing 
in the local place. Intercity public transportation 
plays an important role in the exchange of Beijing, 
Tianjin, and Hebei.

2.1.3 Operation of intercity rail
Currently, the process of traffic integration in Beijing, 
Tianjin, and Hebei is accelerated obviously and an 
intercity railway network covering Beijing, Tianjin 
and Hebei is spreading densely. Besides Beijing–
Tianjin intercity railway and Tianjin–Qinhuangdao 
passenger special line built and opened to traffic, 
Beijing–Chengde passenger special line, Beijing–
Zhangjiakou intercity  railway, Beijing–Hengshui 
passenger special line and  Beijing–Tangshan inter-
city railway have entered the stage of planning, 
exploration or  environmental assessment.

2.2 Existing problems

Currently, road transport in Beijing, Tianjin 
and Hebei has a good overall development level. 
However, due to different development strategies 
and emphases in these three provinces, many unco-
ordinated phenomena exist. One the one hand, 
regional policies and legal systems are incomplete. 
Various regions often start from local interests and 
intervene in market activities with administrative 
order, thus influencing the rational allocation of 
transportation resources. On the other hand, com-
petent authorities go their own way in the planning 
of transportation system and cross-departmental, 
trans-regional, and multi-level transportation 
planning coordination mechanism is lacking. 
Therefore, problems such as local protection and 
inadequate resource sharing are caused. It is diffi-
cult to meet the development demand of economic 
integration in Beijing, Tianjin, and Hebei. The fol-
lowing problems exist currently.

2.2.1 Non-smooth transport corridor 
and interlinked level of infrastructure 
to be improved

Currently, many parts of fast highway corridor 
among provinces (districts and cities) in the area 
are not interlinked. There are many dead end high-
ways and bottleneck roads between Hebei and 
Beijing and Tianjin.

2.2.2 Slow overall progress of integration
The extension of public transport causes conflicts 
in operation and intergovernment coordination 
has a great difficulty. The extension of urban pub-
lic transportation in Langfang and Zhangjiakou 
around the capital to 14 counties in Beijing is a 
typical example. It has caused impact on opera-
tors of road passenger transport in the same route. 

Therefore, they resist it and even stop the traffic 
and exchange blows, thus seriously influencing 
traffic safety and the travel of the masses. The gov-
ernment should balance interest subjects and pro-
vide public transportation service for the public.

2.2.3 Management mode to be further specified
The opening of public transport in interprovincial 
adjacent areas aims at facilitating the travel of the 
masses and improving the quality of passenger 
transport service. The operation mode of interpro-
vincial passenger transport route is reformed and 
adjusted appropriately with the use of operation 
service pattern of urban public transportation for 
reference. It belongs to interprovincial road pas-
senger transport and should be managed accord-
ing to interprovincial passenger transport.

2.2.4 Construction of supporting system 
to be strengthened

There are insufficient system, standard and speci-
fication with respect to the route length, vehicle 
standard, safety supervision, site setting, service 
quality assessment, and management of opera-
tion market in the operation of intercity passenger 
transport route of public transport, which cannot 
provide basic support for the operation of public 
transport.

3 PUBLIC TRANSPORT DEMAND

3.1 Interprovincial passenger travel demand

With the acceleration of integration process in 
Beijing, Tianjin, and Hebei and constant deepening 
of regional cooperation, an integration pattern of 
support of regional central city and joint develop-
ment of hinderland has gradually formed. Trans-
provincial commuter flow in the region will increase 
rapidly and passenger travel structure and purpose 
will change. Therefore, it is imperative to establish a 
traffic system dominated by public transport.

Traditional long-distance road passenger trans-
port mode is operating in Beijing–Tianjin–Hebei 
region. Its in adaptation to the increasing com-
muter flow demand becomes prominent gradually. 
Therefore, it is necessary to transform the way of 
route planning, site setting, vehicle disposition, 
and bus run arrangement for public transport so 
as to adapt to new features of interprovincial pas-
senger flow in the synergetic development process 
of Beijing, Tianjin, and Hebei.

3.2 Relevant policies, regulations, and standards 
demand

It is an urgent need to issue a unified manage-
ment method in Beijing, Tianjin, and Hebei and 
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standardize the opening condition, route selection, 
site setting, vehicle condition, ticket pricing, and 
operation subject in the transformation of road 
passenger transport for public transport so as to 
provide guarantee for promoting the transforma-
tion of road passenger transport of main passages 
for public transport in Beijing–Tianjin–Hebei 
interprovincial adjacent areas.

It is an urgent need to discuss and issue a policy 
of fiscal subsidies for the transformation of road 
passenger transport for public transport in Beijing, 
Tianjin, and Hebei. Ticket pricing and the establish-
ment of ticket system in the transformation of road 
passenger transport for public transport in Beijing, 
Tianjin, and Hebei involve various interests of dif-
ferent travelers,  passenger transport enterprises 
and government sector. Due to its social publicity, 
governments of these three regions should discuss 
and issue appropriate  fiscal subsidies to maintain 
the sustainability of its operation.

It is an urgent need to establish a unified service 
standard for the transformation of road passenger 
transport for public transport in Beijing,  Tianjin, 
and Hebei. Currently, there is a great urban- rural 
gap in these regions and a great gap between  Beijing 
and Tianjin and Hebei in the level of transportation 
service. To guarantee the consistency of regional 
transportation service provision after the transforma-
tion of road passenger transport for public transport, 
it is urgent to establish a unified service standard.

4 TRANSPORT OPERATION 
MANAGEMENT

4.1 Influencing factors

4.1.1 Passenger flow characteristics
Interprovincial passenger flow is characterized by 
large passenger flow volume in the morning and 
evening, great seasonal variation of passenger 
flow volume and its great variation in festivals 
and holidays. It is required to fully consider the 
unbalance of passenger flow in time and space and 
the possibility of future rapid increase during the 
organization of operation.

4.1.2 Network layout structure
Net layout structure not only plays a decisive role 
in organization means of specific routes, but also 
is the foundation of space organization form of 
routes. Many route organization forms are available 
for a net structure with complete layout. Generally, 
multiple organization forms are combined.

4.1.3 Urban layout structure and pattern
Urban layout structure and pattern features 
directly influence the planning of route and further 
influence the organization arrangement of route. 
Different geographic properties have restrictions 

on route planning, transport capacity, and vehicle 
choice. Therefore, geographic features, indus-
trial distribution, and development and resource 
distribution in the region should be considered in 
terms of route organization arrangement.

4.1.4 Transport benefit and cost
Public transport enterprises of interprovincial road 
passenger transport should conduct comprehensive 
analysis and feasibility evaluation on the operation 
efficiency of the route, reduce transportation costs, 
and improve the profitability of route and service 
quality through efficient operation organization 
management and show coordinated development 
of fairness and efficiency.

4.2 Mechanism mode

4.2.1 Selection standard of passenger transport 
route for public transportation

Interprovincial road passenger transport 
route meeting the following conditions can be 
transformed for public transportation:

1. A large number of passengers traveling back 
and forth along the route, large passenger flow 
volume and daily average passenger capacity 
more than 1000 person-time in principle;

2. Route operation distance within 100 km in 
principle;

3. Good road condition. Roads pass the inspec-
tion of the police and traffic administration 
and meet requirements of vehicle meeting and 
loading and unloading of passengers in public 
transportation operation.

4. Repetition rate of urban public transportation 
routes not more than 50%.

4.2.2 Examination and approval method for 
passenger transport route for public 
transport

It is required to accelerate the improvement of 
periodical coordination and joint examination and 
approval mechanism for the operation of interpro-
vincial passenger transport for public transport and 
implement “one examination and approval for one 
route” so as to provide convenience for the input 
of transport capacity and ensure the opening and 
operation of mature routes as soon as possible.

4.2.3 Report of passenger transport route for 
public transport

It is required to report the opening situation of 
interprovincial passenger transport routes to the 
competent department annually and list routes for 
public transportation separately.

4.3 Route operation mode

Passenger flow and regional urbanization level are 
judgment standards for determining the operation 
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mode of intercity road passenger transport for 
public transport-complete public transport mode 
and incomplete public transport mode. Whole-
process public transport operation mode should 
be adopted in urbanized areas with the formation 
of intercity urban traffic corridor in adjacent areas 
and connection.

The same passenger transport route should be 
operated by the same operation subject in corpo-
ratization form. Affiliation or contract operation 
is prohibited. Routes parallel to direct passenger 
transport route should be operated by the same 
operation subject or with joint-stock partnership 
in corporatization form.

4.4 Operation management policies

4.4.1 Establishment of coordinated management 
mechanism

It is required to establish a daily coordinated 
management organization composed of  Beijing 
Transport and Communications Committee, 
Tianjin Transport and Communications Com-
mittee and Hebei Department of  Transportation, 
hold coordinated working conference periodically, 
establish Beijing–Tianjin–Hebei joint conference 
system, conduct consultative management over 
the preparation of  integration development plan 
of  road passenger transport in Beijing–Tianjin–
Hebei region, the establishment of  relevant stand-
ards, specifications and fiscal guarantee system, 
examination of  interprovincial passenger trans-
port routes for public transport, credit rating of 
transport enterprises and emergency disposal, 
and report the opening situation of  interprovin-
cial passenger transport routes to the competent 
department annually.

4.4.2 Connection of regulations, standards 
and policies

1. Organize the preparation of integration devel-
opment planning of road passenger transport 
in Beijing–Tianjin–Hebei adjacent areas 
positively
It is required to break geographic segmentation 
according to the principle of “rapid connection 
and convenience for transfer”, conduct unified 
planning, construction and management of 
road passenger transport network and public 
infrastructure such as station, urban and rural 
road and bus stop along the route and realize 
coordinated development of “road, station 
and transport”; adhere to the dominant role of 
transformation of existing routes and the help-
ing role of opening of new routes, study and 
establish the development plan and annual plan 
of passenger transport routes for public trans-
port in adjacent areas and make them public.

2. Improve relevant service standards on the trans-
formation of road passenger transport route for 
public transport
It is required to establish and improve passenger 
transport service quality specification and qual-
ity assessment system, strengthen urban–rural 
passenger transport service quality assessment, 
use assessment results as the basis of various 
capital subsidies, link up with tendering and 
bidding of passenger transport route and enter-
prise development support policies, supervise 
and urge enterprises’ standardized manage-
ment, cooperate with relevant departments to 
accelerate the improvement of standards and 
specifications on the route length, vehicle stand-
ard, site setting and service quality assessment 
in the operation of passenger transport route 
for public transport, and provide basic support 
for the standardization of public transport serv-
ice of passenger transport route.

3. Study and establish fiscal guarantee system
The competent department of transportation 
should cooperate with other departments posi-
tively to study and establish low ticket price pol-
icies for road passenger transport and propose a 
preliminary scheme for ticket system and ticket 
price according to the compensation of public 
fiscal subsidies so as to improve the attraction 
of public transport. It is required to determine 
ticket price management policies according to 
Road Transport Price Control Regulations and 
Rules of Freight Rate of Buses jointly issued by 
the Ministry of Transportation and National 
Development and Reform Commission and 
implement cost pricing and the same price for 
the same route; implement specific ticket price 
optimization policies according to local fiscal 
subsidies; establish price evaluation system, 
strengthen effective supervision on financial 
management of enterprises engaged in road 
transport, conduct periodical dynamic moni-
toring on route cost and benefits and provide 
basis for scientific pricing of the government.

4. Strengthen integration and informatization 
management level of public transport regions
It is required to build a road passenger trans-
port information management command center 
integrating transport management and control 
decision centers, propose the framework of 
public transport information system, strengthen 
information collection, storage, search and 
transmission functions, guarantee accurate, and 
rapid transmission of orders and implement 
“one-card” positively.

5. Attach great importance to safety and green 
production
It is required to make technical standard exami-
nation of vehicles strict. Operating vehicles 
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should be supplied with satellite positioning 
vehicle terminal and video surveillance equip-
ment meeting the standard. It is required to fur-
ther specify safety supervision responsibilities, 
implement supervision responsibilities of safety 
source of road transport management organi-
zation, supervise and urge relevant operators to 
strengthen the management over vehicles, driv-
ers, and attendants, implement responsibilities 
of the subject of safety production in enterprises 
and improve the ability of emergency disposal 
in public transport of interprovincial passenger 
transport.

4.4.3 Resource sharing mechanism
1. Make reasonable use of existing routes, site, and 

vehicle resources
Make reasonable use of existing routes and 
site resources; consider the demand for public 
transport of passenger transport in areas with 
large passenger flow volume such as important 
towns and villages, important industrial belt and 
tourist attractions based on existing routes and 
sites; form rational division of work and easy 
transfer with urban public transport, road pas-
senger transport and rail transport in terms of 
site setting; increase the proportion of nonstop 
and one transfer in the total amount of travel of 
the public, reduce the average times of transfer, 
plan passenger transport, and public transport 
network structure rationally, and meanwhile 
select appropriate vehicles based on existing 
road operating vehicles and buses according to 
road conditions and passenger source.

2. Establish information sharing platform
Promote intelligent dispatching system and IC 
system positively, expand the system module 

of public transport service information search 
of passenger transport positively based on the 
existing information platform, exert the role of 
scientific and technological means in the supervi-
sion on operation and analysis on the operation 
of industrial economy, and constantly improve 
the industrial service quality.

5 CONCLUSIONS

In allusion to new situation and new problems of 
Beijing–Tianjin–Hebei integration development, 
for the development of Beijing–Tianjin–Hebei 
road passenger transport, it is required to  promote 
the reform of public transport operation in road 
passenger transport routes in adjacent areas posi-
tively based on the new situation, promote the 
integration of urban and rural passenger trans-
port into regional traffic integration system, estab-
lish a safety and green intercity road passenger 
transport service system with equal service and 
efficient information through constant deepening 
of transformation work and support the integra-
tion construction of Beijing, Tianjin, and Hebei 
comprehensively.
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ABSTRACT: Eucalyptuses are the mass agricultural plant in Guangxi province. The sawdust of euca-
lyptuses were used as the raw materials for the magnetic activated carbon, then analyzed for the adsorp-
tion of single factor such as amount of magnetic activated carbon by Eucalyptuses, adsorption time, and 
initial concentration of methyl orange solution and then gave the fitting and analysis by dynamic model 
and isothermal model.
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2 MATERIAL AND METHODS

2.1 Materials and reagents

The stock solution (1000 mg/L) of MO was pre-
pared by dissolving 1 g of solid dye in 1 L double 
ultrapure water and the working concentrations 
daily were prepared by its suitable dilution. 
 Chemicals were methyl orange, K2CO3, and FeCl3 
(all were analytical reagent).

2.2 Preparation of activated carbon

In this research, the branch of eucalyptuses, popu-
lar in Guangxi province, was used. The raw mate-
rial for the magnetic activated carbon was obtained 
after it was cleaned, dried and sawed into block. 
The eucalyptuses were dried at 400°C for 40 min, 
crushed and passed through a 60-mesh screen. 
Eucalyptuses carbon was mixed with K2CO3 and 
FeCl3 at the mass ratio of 1.5:1:1, then mixed with 
deionized water, which was shaken for 7 hours 
using a thermostat shaker bath at 25°C. After hav-
ing been filtered and dried at 110°C for 8 h∼12 h, 
the samples were placed in a muffle furnace and 
activated at 800°C for 80 min. The products were 
cooled to room temperature and washed with 
deionized water until the pH of the washing solu-
tion reached 7. The activated sample were dried in 
an oven at 110°C for 8∼12 h, then passed through 
a 100 mesh screen, and the magnetic activated 

1 INTRODUCTION

Eucalyptuses are the mass agricultural plant in 
Guangxi province. The area of  eucalyptuses in 
the autonomous region has reached to more than 
180 million hm2, which comprises nearly one-
fourth of  all planted commercial forest’s area 
in autonomous region. Eucalyptus production 
accounts for two-thirds of  the all region’s timber 
production with the largest area and the highest 
total output in China. Gross output of  eucalyp-
tuses utilized in wood processing, pulping, and 
paper-making is nearly 64 billion yuan. With 
the continuous reduction of  mineral resource 
such as oil and coal, more attention is paid to 
exploitation of  biological resource (Zhonglei 
Meng, Junji Li, Kang Sun, 2012). Activated 
carbon is a carbon-based adsorption material 
which has high surface area and abundant pore 
structures with its  preparation technology hav-
ing been fully developed. Now the major break-
through of  researching and preparation is the 
selection of  new materials. Using the sawdust 
of  eucalyptuses as the raw materials for the acti-
vated carbon can effectively reduce environment 
pollution, and it is an effective way to dispose 
of  agriculture wastes. The sawdust of  eucalyp-
tuses are the high-quality raw materials for the 
activated carbon due to its low mass fraction 
( Xinping Xie, Zhonglei Meng, Jianchun Jiang, 
2013).
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 carbon by eucalyptuses were obtained (Xiaolei 
Liu, 2012).

2.3 Methods

Experiments were studied by single factor experi-
ments, Kinetic experiments and Isothermal experi-
ments. Then after filtration with filter paper, the 
concentrations were analyzed by UV–VIS spectro-
photometry whose wavelength of determination 
was 465 nm, the eucalyptus magnetic adsorbent 
on adsorption capacity of dye wastewater and the 
removal rate were calculated as shown in figures.

3 RESULTS AND DISCUSSION

3.1 Effect of initial concentration

Each 0.1000 g activated carbon was placed into 
7 beakers all with 50 ml methyl orange solution 
whose initial concentrations were 100, 200, 300, 
400, 500, 600, and 700 mg/L, respectively. Then 
stirred for 2 h in a water bath at 25°C. Result is 
shown in Figure 1.

Figure 1 shows the removal rate at the methyl 
orange solution of different concentration values. 
The initial (horizontal) part of the curve repre-
sents the methyl orange aqueous solution, which 
is almost adsorbed completely. Then, the curves 
gradually fell with increased concentration values 
of methyl orange solution and finally stabilized 
just around 58%.

3.2 Effect of time

A fixed amount of activated carbon (0.1000 g) and 
50 ml of methyl orange solution were placed into a 
dozen 100 ml centrifuge tubes successively, which 
were shaken for 3, 6, 9, 12, 18, 30, 45, 60, 75, 90, 

120, and 180 min, respectively, using a thermostated 
shaker bath at 25°C. Result is shown in Figure 2.

Experimental results show that the removal rate 
of the methyl orange as simulated dye wastewater 
through activated carbon increased with increased 
adsorption time. When adsorption lasted over 
30 min, the increase in the removal rate has slowed. 
The removal rate remains unchanged basically 
after 75 min. It is chiefly because the methyl orange 
solution was adsorbed completely. So we choose 
75 min as the adsorption time in further experi-
ments (Yuanyuan Sun, 2014).

3.3 Effect of dosage

Weigh accurately 0.025, 0.5, 0.75, 0.1, 0.125, and 
0.15 g of activated carbon in six 100 ml centrifuge 
tubes with 50 ml of methyl orange solution, respec-
tively, then shake them for 2 h using a thermostated 
shaker bath at 20°C. Result is shown in Figure 3.

Figure 1. Effect of the initial concentration of MO 
solution on adsorption of MO.

Figure 2. Effect of time on adsorption of MO.

Figure 3. Effect of amount of magnetic activated car-
bon by Eucalyptuses on adsorption of MO.
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Experimental results show that the removal rate 
of the methyl orange as simulated dye wastewater 
through activated carbon increased with increased 
quantity of activated carbon. When its quality has 
gone over 0.125 g, the increase in the removal rate 
has slowed and becomes horizontal gradually due 
to the methyl orange solution being adsorbed com-
pletely. So we choose activated carbon quality of 
0.125 g in further experiments (Keqi Tian, 2010).

4 KINETIC EXPERIMENTS

Three groups of 50 ml of methyl orange solution 
with certain concentration whose pH values are 2 
were placed into seven 100 ml centrifuge tubes suc-
cessively, and weighed 0.1 g of activated carbon in 
each group. Then shake them using a thermostated 
shaker bath at 25°C. Put them into the colorimetric 
tube after filtration with filter paper and oscillation 
by controlling the different oscillation time. The 
absorbances were analyzed using a UV–visible spec-
trophotometer at an appropriate wavelength, then 
compared the dates with a standard curve of dye 
concentration absorbance to determine the quality 
of the remaining dye concentration. The amount of 
adsorption at time t q were calculated by:

q
m

=
( )− V0 1

 
(1)

where C0 and C1 are the dye concentration at the 
beginning and at time t, respectively, and m/V is 
the dose of dried carbon(1 gL−1).

In order to better describe the behavior of acti-
vated carbon adsorption kinetics on the methyl 
orange as simulated dye wastewater, fitting proc-
ess is conducted on the date in Figure 4 through 
pseudo-second-order kinetic models.

Pseudo-second-order kinetic equation:

t
q k q

t
qt e e

= +
1

2
2

 
(2)

where qe and qt are the amount of adsorption at 
the equilibrium and at time t (mg/g), respectively, 
k2 is adsorption rate constants of pseudo-second-
order (g/(mg ⋅ min)) (Yude Liu, 2012).

Figure 4. shows that under different concentra-
tion conditions, liner correlations are more than 
0.99, respectively. Correlation is obvious. Kinetic 
parameters obtained by calculation are shown in 
Table 1.

4.1 Isothermal experiments

Three groups of 50 ml of methyl orange solution 
with 100, 200, 300, 400, 500, 600, and 700 mg/L 
concentration values, respectively, were placed into 
seven 100 ml centrifuge tubes successively, and 
weighed 0.075, 0.1, and 0.125 g of activated carbon 
in each group, respectively. Then shake them using 
a thermostated shaker bath for 3 h at 25°C. Put 
them into the colorimetric tube after filtration with 
filter paper and oscillation by controlling the same 
oscillation time. The absorbance is analyzed using 
a UV–visible spectrophotometer at an appropri-
ate wavelength, then find the corresponding equi-
librium concentration. The eucalyptus magnetic 
adsorbent on adsorption capacity of dye wastewa-
ter and the removal rate were calculated.

Fitting process is conducted on the Ce − qe date 
under the different amounts of magnetic activated 
carbon by Eucalyptuses according to the Langmuir 
adsorption isotherm (3) and Freundlich adsorption 
isotherm (4). Fitting results shown in  Figures 5 
and 6, and adsorption isotherm parameters and 
correlation coefficient are shown in Table 2.

q q K C
K Ce

L eC

L eC
=

+
m

1  
(3)

where KL and qm are Langmuir adsorption con-
stants whose name are affinity of adsorbent toward 

Figure 4. Pseudo-second-order kinetic equation curve 
fitting.

Table 1. Pseudo-second-order kinetic parameters for 
the removal of MO.

Pseudo-second-order kinetic parameters

Concentration 
(mg/L)

k2 (g/(mg ⋅ 
min))

qe 
(mg/g) R2

qe (exp)
(mg/g)

300 mg/L 0.00581 149.25 0.99992 148.71
400 mg/L 0.01383 185.19 0.99947 184.34
500 mg/L 0.01228 217.86 0.99898 215.79
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Table 2. Isotherm parameters for MO adsorption onto 
the magnetic activated carbon by Eucalyptuses.

Langmuir isotherm constants

Dosage (g) KL/(L/mg) qm/(mg/g) R2

0.075 1.2363 201.2072 0.99628
0.1 0.8409 207.9002 0.99655
0.125 0.8843 176.6784 0.98773

Freundlich isotherm constants

Dosage (g)
Kf/(mg/g ⋅ 
(1/mg)1/n) n R2

0.075 97.1542 7.0507 0.82966
0.1 89.2436 6.0764 0.71128
0.125 76.9242 6.5129 0.61268

Figure 5. Langmuir plots for adsorption of MO by 
magnetic activated carbon by Eucalyptuses.

Figure 6. Freundlich adsorption of MO by magnetic 
activated carbon by Eucalyptuses.

adsorbent and monolayer adsorption capacity, 
respectively; Ce is the dye concentration at the equi-
librium (mg/L), and qe is the adsorption amount.

Inq I K
n

InCe fI e+InKfInK 1
 

(4)

where the Kf is Freundlich adsorption constant; 
the n is the constant which is used to judge the 
degree of difficulty in adsorption. Adsorption is 
more easily conducted when 1 < n < 10 (You Zhou, 
2012).

It can be seen from Figure 5 and Table 2 that 
the dosages of magnetic activated carbon by Euca-
lyptuses are 0.075, 0.1, and 0.15 g, the correlation 
coefficients are 0.99628, 0.99655, and 0.98773, 
respectively, which means the correlation is high. As 
shown in Figure 6, a plot of Inqe against InCe gave 
a fitted curve, and generates Freundlich constants 
from the plot of sorption date in Table 2 reveals 
that under different dosages of magnetic activated 
carbon by Eucalyptuses, n ≥ 1, which means it 
belongs to the preferential adsorption.

5 SUMMARY

In our study, we used magnetic activated carbon by 
Eucalyptuses as adsorbent and methyl orange sim-
ulated wastewater as adsorption object to analyze 
the potential of this kind of wastewater treatment. 
We discussed the effect of amount of magnetic 
activated carbon by Eucalyptuses, adsorption time 
and initial concentration of methyl orange solution 
on adsorption of methyl orange and drew the con-
clusion that the most suitable condition for such 
adsorption are: initial concentration of methyl 
orange solution is 100 mg/L, the adsorption time 
is 75 min, and adsorbent dosage is 0.125 g. Kinetic 
studies of MO were performed based on pseudo-
second-order model. The adsorption experimental 
result was analyzed through the Langmuir and Fre-
undlich isotherm model. Eucalyptuses are the mass 
agricultural plant in Guangxi province. It’s rea-
sonable and economical that use it to convert into 
activated carbon to remove of the MO from waste-
water instead of commercial activated carbon.
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1401Z006: the researches on the preparation of 
magnetic activated carbon and its adsorption of 
Cr (VI).
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ABSTRACT: Different from the traditional hydraulic calculation, it constructed the coupled equations 
of air volume and the pressure through calculating friction factor and operating point of fan and on the 
basis of various norms. Then it translated the program into machine language using a high level pro-
gramming language C++. By employing a dynamic relaxation factor k, it realized the intelligent iterative 
computation. It also did a dynamic analysis on the ventilation system, including the influence of various 
parameters on the dynamic distribution and balance of the system. Finally several proposals are offered 
to improve the independence of the ventilation system. The research method and dynamic technique 
applied in this paper would help engineers to analyze and solve problems in the design, and optimize the 
ventilation system.

Keywords: ventilation system; air supply; pressure; dynamic distribution and balance

shown in Figure 2, in which k is the dynamic relax-
ation factor. In the ventilation system, each fan 
is in charge of the resistance of its own branch. 
Four fans operate following their own perform-
ance curves Q = f(P), and simultaneously they 
exert influence on each other. A new pipe air vol-
ume appears with the variation of pressure, and 
the new air volume will lead to a new pressure. The 
iterative process will be continued until some crite-
rion for convergence is met.

For the original operational condition in steady-
state, four fans run simultaneously, the pressure 
and air volume as well as the error with normal 
operating condition for each fan is shown in 
Table 1. All the errors are less than 5%, which indi-
cates that selection of four fans is appropriate.

1 INTRODUCTION 

The chief  aim of the traditional hydraulic calcula-
tion is twofold. The first issue is to obtain the pipe 
diameter and resistance according to the request 
of flow distribution, and find the fan perform-
ance curve, finally determine the fan and its power 
consumption (design calculation). The second is 
to determine the pipe diameter according to the 
defined power equipment (checking calculation) 
(Valiantzas, 1998, Janssens, 2003). While the work 
in this paper is neither the design calculation nor the 
checking calculation, it will focus on the dynamic 
distribution and balance of a given ventilation 
system which contains four different terminals. 
As is well known, a complex coupled relationship 
between the pipe accessory local resistance factor 
and the air distribution in the hydraulic calcula-
tion exists. The local resistance factors will change 
with the air volume fluctuating, which will again 
cause the variation of the air distribution, it is a 
process of dynamic equilibrium. In the circulation, 
once the relaxation factor is inappropriate, it may 
lead to a divergence, so a dynamic relaxation fac-
tor k is applied (Otter, 1965, Küttler, 2008). And a 
high level programming language C++ is applied to 
translate the program into machine language.

2 ORIGINAL CONDITION

As shown in the Figure 1, the ventilation system 
includes four different terminals: F1, F2, 
F3, and F4. The computational flow diagram is 

Figure 1. Ventilation system.
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Figure 2. Computational flow diagram.

Table 1. Pressures and air volumes for four fans.

Fans
RP
(Pa)

AP
(Pa)

Error
(%)

RA
(m3/h)

AA
(m3/h)

Error
(%)

F1  700  697 −0.4 1100 1104 0.0
F2  700  688 −1.7 1100 1131 2.7
F3 4000 3892 −2.7 1000 1016 1.6
F4 1600 1678  4.9 2500 2524 1.0

RP means rated pressure, AP means actual pressure, and 
RA means rated air volume, AA means actual air volume.

Figure 3. The pressures and air volumes of four fans 
with turning off  different terminals.

3 INTERACTION AMONG DIFFERENT 
TERMINALS

For the given ventilation system, when parts of the 
terminals are turned off, the total air volume past 
the principal pipes will decrease with the reduc-
tion of system pressure, which will be bound to 
produce an effect on the rest terminals. The varia-
tion of pressures and air volumes for four fans are 

shown in the Figure 3 when turning off  different 
terminals.

It indicates that the pressure for operational user 
goes on a decrease while other terminals are turned 
off, while the air volume will increase. And a relative 
wider fluctuation of air volume is detected than that 
of pressure. The more terminals are turned off, the 
greater impact is exerted on the operating user. The 
result of the fluctuation is that the system operates 
in off-design performance. The sequence of sensi-
tive degrees for four fans is F1 > F2 > F4 > F3. F1 
is the most sensitive while the impact on F3 is mini-
mal, which is due to the resistance of F1 branch, 
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Figure 4. The air volume fluctuations of four fans with 
different principal pipe sizes.

which is the least, and it shares the most principal 
pipes with the other three fans. Relatively speaking, 
the principal pipes will exert more impacts on it 
when the other branches experience variations. On 
the contrary F3 shares the least principal pipes, so 
it becomes into a high independence of branch. In 
addition, the variation of four fans also shows that 
the operational state of F4 exerts the great impact 

on the other terminals. For the design air volume of 
F4 is largest, and its operational state will produce 
a drastic impact on principal pipes.

4 IMPACT OF PRINCIPAL PIPES ON 
THE VENTILATION SYSTEM

According to the analysis above, the operational 
state of terminals will exert impact on the other 
users, which is mainly because the principal pipes 
transfer the impact among different terminals. 
In order to research the impact of principal pipe 
size on the ventilation system, it compares five 
groups of different principal pipe sizes. The design 
case is labeled as Case 0, the diameter for each prin-
cipal pipe with the increment of 0.1 m is labeled as 
Case 1 and increment of 0.25 m labeled as Case 2, 
with the decrement of 0.1 m is labeled as Case 3 
and decrement of 0.25 m labeled as Case 4. The 
air volume fluctuation for four fans with different 
principal pipe sizes is shown in the Figure 4.

The ventilation system stability of the dynamic 
performance is degraded with the variation of 
the principal pipe size, both increment and decre-
ment, namely the impact of the operational state 
will be enlarged. And the greater the change of the 
pipe the greater the impact is, which indicates that 
the original design size has been the optimal con-
dition, so changing the size of the principal pipe 
can not improve the stability of the ventilation 
system. Once deviated from the design condition 
the ventilation system will run in fall-back state. 
It adequately demonstrates the importance of the 
jobs in design and model selection.

5 MEASURES OF REDUCING THE 
MUTUAL EFFECTS AMONG 
DIFFERENT TERMINALS

In order to improve the independence of the ter-
minals, several measures are recommended. Firstly 
it should reduce the resistance of the principal 
pipe, such as reducing the number of elbow and 
tee reducer-body, or increase the terminal resist-
ance. Reducing the number and the length of the 
principal pipe is another effective approach. Fur-
ther more adding an automatic control system to 
execute real-time monitoring and adjustment will 
be helpful to improve the independence of the ven-
tilation system and to ensure the ventilation sys-
tem to work well.

For a series branch like F1, the selection of the 
pipe diameter is particularly important. If  all the 
pipe diameters are equal to each other, it is bound 
to cause their air volume to be divided unequally 
as shown in Figure 5(a). For the constant diameter 
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Figure 5. Air volume and velocity for F1 branch.

pipe, the air volume will gradually reduce from 
the beginning of the branch to the end, coupled 
with the decrease of dynamic pressure and increase 
of the static pressure. As a result of the change, 
the orifice velocity as well as the air volume will 
increase gradually. In Figure 5(a) the velocity of 
orifice F1-4 is 6.2 m/s, which is far more than the 
design value.

In order to improve the uniformity of the air 
volume, the pipes in the branch are adjusted into 
convergent pipes. And the modified result of F1 
branch is shown in Figure 5(b). In the new state of 
balance, the air volumes and the velocities of four 
orifices are more or less the same. Reduction of the 
velocity will lessen the noise in room and improve 
the thermal comfort of the human body.

With the help of different measures, the inde-
pendence of terminal will be improved, and sta-
bility of the dynamic performance in ventilation 
system will be strengthened.

6 CONCLUSIONS

For an enormous ventilation system, there will 
be strong mutual influence among the different 
terminals. It is important to find the correlation 
degree and take measures to make sure each fan is 
working in the optimal state in design stage for the 
ventilation system designers, which avoids waste 
of  time and money from unreasonable airflow 
program.

This paper applies C++ to compile the program, 
and finds out the source of mutual influence. The 
measures advertized in paper will be helpful and 
improve the efficiency of each fan with minimum 
energy consumption.

REFERENCES

Janssens, A. 2003. Thermo-Hydraulic Design of Earth-
Air Heat Exchangers. Energy and Buildings 35(4): 
389–397.

Küttler, U. 2008. Wall W.A. Fixed-point Fluid–structure 
Interaction Solvers with Dynamic Relaxation. Com-
putational Mechanics 43(1): 61–72.

Otter, J.R.H. 1965. Computations for Prestressed Con-
crete Reactor Pressure Vessels Ssing Dynamic Relaxa-
tion. Nuclear Structural Engineering 1(1): 61–75.

Valiantzas, J.D. 1998. Analytical Approach for Direct 
Drip Lateral Hydraulic Calculation. Journal of Irriga-
tion and Drainage Engineering 124(6): 300–305.

ICCAHE15_Book.indb   1366ICCAHE15_Book.indb   1366 11/17/2015   6:41:09 AM11/17/2015   6:41:09 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-280&iName=master.img-025.jpg&w=189&h=155
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-280&iName=master.img-025.jpg&w=189&h=155
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-280&iName=master.img-025.jpg&w=189&h=155


1367

Progress in Civil, Architectural and Hydraulic Engineering IV – Kim (Ed.)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02916-3

Application of energy-saving technology of outer wall

Zhi Neng Tong
Jiangxi Science and Technology Normal University, Nanchang, China

ABSTRACT: Building energy saving is a hot spot in the construction domain. It is an important sign 
of the construction technology progress. This paper introduces the wall energy-saving technology applica-
tion, to speed up the wall thermal insulation energy-saving technology, to create a more comfortable living 
environment that plays a positive role in promoting energy conservation. The construction of energy-
efficient buildings needs to be discussed.

Keywords: heat preservation; building energy saving; energy saving technology

occupants, decorations adding hanging ameni-
ties cause great trouble, with quality issues and 
their repair and maintenance will cause great 
distress to tenants; three, insulation occupies 
indoor space and reduces user area.

2. Sandwich insulation technology, that is, the use 
of layered treatment measures, the formation of 
wall—thermal insulation material—wall system, 
on the external wall to achieve the purpose of 
energy saving. However, due to the complex pro-
duction method, the problem of “cold bridge” 
in the building cannot be solved effectively, and 
the practice of sandwich insulation is therefore 
replaced by the practice of wall insulation.

3. Exterior insulation technology, that is, using 
additional insulation material on the outside 
of the wall for energy-saving purposes. Exterior 
insulation technology is currently vigorously 
promoting a building energy-saving technology. 
External wall thermal insulation and exterior 
wall insulation were compared across reasonable 
structure of energy-saving technology, the use of 
the same size, the same performance of thermal 
insulation material. We found that with thermal 
insulation, the thermal energy-saving effect is 
better. Exterior insulation technology is not only 
suitable for the energy saving of the new build-
ing, but also for the existing building. External 
thermal insulation material coated on the out-
side of the main structure, can effectively protect 
the construction to the main structure, prolong 
the service life of the building; can effectively 
reduce the thermal bridge of building structure, 
increase the construction of effective use of 
space; and while the building envelope insulation 
leads to condensation on the indoor side of the 
wall producing mildew, external thermal insula-
tion eliminates this phenomenon and improves 
the indoor living environment of comfort.

1 INTRODUCTION

Building energy saving is a new hot spot in the con-
struction field, and it is an important symbol of the 
technological progress of the construction industry 
and a key problem of implementing the national 
sustainable development strategy. Building energy 
conservation is a big problem concerning the sur-
vival of the human environment; its strategic goal is 
not only to save the limited resources for the benefit 
of future generations, but also to improve the envi-
ronment polluted by energy consumption, make 
human survival space cleaner, more comfortable. 
The development of building energy efficiency not 
only can bring great economic benefit and social 
benefit, but also develop the level of construction 
technology, effectively promoting the development 
of the construction industry as a whole.

In the building, the external wall of the structure 
consumes the most external heat. Therefore, the devel-
opment of wall energy-saving is the main content of 
building energy saving technology; the development 
of exterior insulation technology and energy saving 
material is the main mode of building energy saving. 
Wall energy conservation and insulation measures 
are basically three major categories: external wall 
insulation, insulation, and exterior insulation.

1. Exterior wall: Internal heat preservation tech-
nology, namely in the building space interior 
wall additional heat preservation material is 
used in order to achieve the energy conserva-
tion goal. But within the external wall insula-
tion exist the following problems: first, thermal 
efficiency is too low. Some parts of the wall, 
such as T-shaped wall, and ring beams are 
difficult to handle. They form a “bridge”, so 
that the heat preservation performance will be 
reduced;  second thermal insulation layer for the 
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2 EXTERIOR WALL INSULATION 
TECHNOLOGY

2.1 Inside wall insulation technology

Exterior wall internal insulation construction, is 
inside the outer wall structure of the insulation 
layer. Internal heat preservation construction is 
fast, easy in operation and can guarantee the con-
struction progress. The internal heat preservation 
application time is long, the technology is mature, 
and the construction technology and the inspec-
tion standard are perfect.

The insulation technology: reinforced gypsum 
composite polystyrene insulation board, polymer 
mortar composite polystyrene insulation board, 
reinforced cement composite polystyrene insu-
lation panels, interior wall stickers polystyrene 
board cast plaster and plastering polyphenyl 
granule thermal insulation slurry and anti crack 
mortar is pressed into the mesh. But the heat 
will be of  more use to the area occupied by the 
“bridge” problem which is difficult to resolve, as 
it prone to cracking, but it also affects the speed 
of  construction, residents of  the second deco-
ration, and wall hanging and fixed objects also 
easy to damage the insulation structure. The irra-
tionality of  internal insulation in the technology 
decides that it must be replaced by external heat 
preservation.

2.2 Exterior wall insulation technology

Exterior insulation is a kind of building heat pres-
ervation technology, which is vigorously promoted 
at present. Thermal insulation compared with the 
insulation, the technology is reasonable because of 
its obvious advantages, the use of the same size, the 
same size and performance of insulation material, 
thermal insulation than the thermal effect. Exter-
nal insulation technology applies not only to new 
construction projects, but also applies to the trans-
formation of old buildings, applicable to a wide 
range, high technology content. External insula-
tion on the outside of the main structure protects 
the main structure and extends the building’s life; 
effectively reduces the thermal bridge of building 
structure, does not affect the use of indoor space; 
and at the same time eliminates condensation and 
improves living comfort.

There are several main external insulation tech-
nologies of the external wall.

2.2.1 Exterior wall external insulation
External thermal insulation material rock (ore) 
cotton, glass cotton blanket, polystyrene foam 
board (hereinafter referred to as the polystyrene 
board, EPS, XPS), ceramsite concrete polyphe-
nyl composite imitation stone decoration thermal 

insulation board, wire mesh frame sandwich 
wallboard. The polystyrene board has excellent 
physical properties and is cheap in cost. It has 
been widely used in the external wall insulation 
plug-in technology worldwide. Plug-in technology 
is the use of  adhesive mortar or special fixed pieces 
which will heat preservation material, hanging on 
the wall. Then the anticrack mortar is cast along 
with the pressure glass fiber mesh cloth to form a 
protective layer. Finally, the decorative surface is 
added. There is a practice using special fasteners 
that will not be easily absorbent and the insulation 
board is fixed on the wall. Then the aluminum, 
natural stone, and color glass plug in the keel of 
the pre production direct the formation of surface 
decoration. This plug-in external insulation instal-
lation is time-consuming, construction is difficult, 
and the construction takes the lead time limit for 
the construction, the main body after the main 
acceptance can carry out the construction. In the 
high-rise construction, it is not easy to get security 
personnel.

2.2.2 Insulation polystyrene board 
and wall once pouring molding

The technology is in concrete frame—shear 
wall system with polyphenyl board is built in 
the architectural template, in the outside of  the 
wall to be cast and pouring concrete, concrete 
and polystyrene board in a casting for composite 
wall. This technology solves the main problem 
of  external insulation, for its obvious advantage. 
Because the main body of  the external wall and 
the insulation layer of  a survival, ergonomics, 
greatly shorten the time limit. In the pouring of 
concrete to pay attention to uniform, continuous 
casting, otherwise cause of  polystyrene board in 
after stripping appear deformation and disloca-
tion stubble and effects after construction proce-
dures because of  the influence of  lateral pressure 
of  concrete.

The built-in polystyrene board can be a dou-
ble wire mesh or a single wire mesh. Double steel 
mesh polystyrene board and concrete connection, 
mainly rely on the medial wire frame and the lat-
eral wall reinforcement phase of banding. Concrete 
and polystyrene board adhesion and its combina-
tion has good performance and a high degree of 
safety. Single steel mesh polystyrene board and 
concrete connection, rely mainly on concrete and 
polyphenyl plate adhesion and oblique in rein-
forced, L shaped steel and concrete wall anchor-
ing force, combined with the performance is also 
good. Compared to the double wire mesh, single 
wire mesh technology saves man hours and mate-
rial because of the cancellation of the inner steel 
wire mesh and installing insulation in front of the 
lateral plate plastering.
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2.2.3 Polystyrene particulate insulation 
mortar external wall insulation

The waste polystyrene plastic (EPS) was processed 
into 0.5∼4 mm particles, as the lightweight aggre-
gate to prepare the insulation mortar. The technol-
ogy contains heat preservation layer, anti cracking 
protective layer and impervious protective layer. 
This method is currently being widely recognized 
by the exterior wall insulation technology.

The construction technology is simple, can reduce 
labor intensity, improve work efficiency; is not affected 
by differences in the quality of structure, in defective 
wall construction metope does not need repairing and 
leveling, and directly using insulation slurry, Zhaobu 
can avoid other insulation construction technology 
for fall off phenomenon and leveling plaster that is 
too thick. And the technology to solve the external 
wall thermal insulation, engineering conditions by 
the use of the interface layer is easy for debonding the 
empty drum, surface layer is easy to crack problems 
caused by, so as to realize the external wall thermal 
insulation technology, which is an important break-
through. Compared to the other external insulation, 
the cost of the same insulation effect can be reduced, 
and the construction cost can be reduced.

In addition, energy-saving insulation wall and 
the wall is made into a sandwich layer, the pearl-
ite, sawdust, mineral wool, glass wool, polystyrene 
foam, polyurethane foam (foam) filled in the inter-
layer, the insulating layer is formed.

3 HEAT PRESERVATION AND ENERGY 
SAVING MATERIAL PROPERTIES

Energy saving material belongs to heat preservation 
and insulation material. Heat insulation material is 
used in building envelope or thermal equipment, 
impedance heat transfer of material or material 
composite material, including heat preservation 
material, as well as cold material. The significance 
of the insulation material, on the one hand, is to 
meet the thermal environment of building space 
or thermal equipment and on the other hand is to 
save energy. For residential heating air-condition-
ing, by using the insulation material, can be based 
on the existing energy 50%–80%. Therefore, some 
countries will heat insulation material as the fifth 
energy after coal, oil, gas, nuclear energy.

Exterior wall heat preservation mainly depends 
on the insulation material, as the building envelope 
and the application of the effective insulation mate-
rial is the effective measure to ensure the building 
energy conservation.

3.1 Performance of heat insulation material

Adiabatic is to maximize the impedance of the 
heat transfer, so the insulation material must 

have a large thermal resistance and small thermal 
conductivity.

From the perspective of the composition of the 
material, the thermal conductivity of organic poly-
mer is smaller than that of the inorganic materi-
als; non metal thermal conductivity is smaller than 
that of the metal material; gaseous material coef-
ficient of thermal conductivity is less than that of 
the liquid substance, liquid matter less than solid. 
Therefore, in the case of the conditions, should 
try to use the organic polymer materials or amor-
phous inorganic materials, which for the insulation 
is favorable.

From the material structure, when the appar-
ent density of the material is reduced, the poros-
ity is increased, and the porosity of the material 
is closed. The thermal conductivity of the mate-
rial is relatively small. For foamed plastics, the 
best apparent density of the insulation material is 
16–40 kg/m3.

Due to the presence of porosity, material in the 
humid environment inevitably to suction. There-
fore, when the humidity increases, material bal-
ance moisture content increases, and the thermal 
conductivity of the material also increases. So as 
heat preservation material, the moisture content 
of material should be as low as possible, if  inevita-
ble, carry on hydrophobic treatment or waterproof 
material cover with waterproof material.

In addition, heat insulation material must also 
resist a certain impact load, and has the same 
mechanical strength as the environment. The 
bonding performance is good, but also has a small 
shrinkage rate and the environment to adapt to the 
durability.

3.2 Commonly used heat insulation material

For building external insulation energy-saving 
materials mainly include: polystyrene foam board, 
rock wool board, glass wool felt, and ultra light 
polystyrene particles insulation slurry. All of the 
above materials have a common feature that there 
are a lot of sealing holes in the material, their 
apparent density is small, this is also because the 
heat preservation and heat insulation material are 
essential.

Rock wool and glass wool is sometimes referred 
to as mineral wool, which belongs to the field of 
inorganic materials. Rock wool is not burning, is 
low in price, has a certain effect on sound insu-
lation, and at the same time it can also meet the 
insulation performance. But the rock wool quality 
varies greatly, good in insulation performance and 
low in density, the tensile strength is low, and the 
durability is poor.

Polystyrene foamed plastics are made of poly-
styrene resin as the main raw material and has 
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many closed microporous materials through foam-
ing agent. Because of its apparent density, small 
thermal conductivity, low water absorption, good 
noise, high mechanical strength, and high dimen-
sional accuracy, uniform structure, its occupancy is 
high in the external wall heat preservation.

Rigid polyurethane foam has a very superior 
thermal insulation, and its low thermal conductiv-
ity is compared with other materials.

Also, its unique obturator structure gives it a 
more superior water vapor performance because 
it does not need additional insulation moisture-
proof, simplifying the construction procedure, and 
reducing the project cost. But because of its high 
price and flammability, its uses are limited.

4 CONCLUSION

Using building energy conservation of building 
maintenance structure of high levels of insulation, 
is the main building energy-saving measures, the 
external wall insulation system with heat preserva-
tion function is the key technology of building and 
energy saving. This technique can effectively solve 
the temperature difference in summer and winter 
caused by the loss of energy, indoor and outdoor, 
in our country.

At present, the development of the external wall 
insulation technology is very fast, and is the key to 
energy saving work. The development of exterior 
insulation technology and energy saving material is 
inseparable, building energy saving must be based 
on the premise of developing new energy saving 

material, and must have enough heat preservation 
and heat insulation material for the foundation. 
The development of energy saving material must 
be combined with the insulation technology of 
exterior wall to really play its function. In the field 
of architecture, if  the beginning of the design has 
a thermal insulation energy-saving ideas, from the 
perspective of the life cycle of the architecture, heat 
preservation energy-saving concepts will perforate 
from the beginning to the end, make the build-
ing have good ventilation, vertical integration of 
sunshade structure, good effect of heat insulation 
envelope, and reasonable equipment system. These 
measures of building insulation energy saving will 
play a positive role, thus truly achieving energy-
saving buildings.
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Advanced treatment of rainwater by H2O2/UV process
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ABSTRACT: Organic pollutants in rainwater is a challenge for rainwater recycling currently. This 
study investigated efficiency of H2O2/UV process in removing two selected target aromatic compounds, 
phenol and para-Chlorobenzoic Acid (pCBA), in rainwater collected from a typical eastern metropolis 
with many chemical industries. The process showed high efficiency on phenol and pCBA removal, which 
both followed pseudo-first-order kinetics. Higher phenol removal efficiency was observed over pCBA, 
but effective TOC removal would require higher UV intensity or longer irradiation. The H2O2/UV process 
was compared with S2O8

2−/UV process in terms of pCBA removal efficiency, and thus was assessed for 
the practical application in rainwater treatment. The H2O2/UV process was advantageous as there was no 
introduction of secondary pollutants, and therefore, it is recommended to remove aromatic pollutants 
prior to recycling rainwater to guarantee biological and chemical safety.

Keywords: aromatic compounds; advanced oxidation processes; hydrogen peroxide; UV; rainwater

sulfate, Na+, K+, Ca2+, Mg2+, and Fe2+/Fe3+ are usu-
ally present in the rainwater, besides the micro and 
macro particles and microbes. However, the occur-
rence of toxic pollutants, including heavy metals 
like Hg, and especially organics originating from 
the chemical industry and exhaust from traffic, 
inevitably inhibit the direct utilization of rainwa-
ter. For example, toxic aromatics like benzene and 
nitrated phenols, which are generated via the radi-
cal oxidation of aromatics followed by attack by 
and substitution of nitrogen-containing radicals 
(e.g. NO2• and NO3•), exist in rainwater in in many 
areas (Harrison et al. 2005). Most of those toxic 
organic pollutants are volatile, and their presence 
in rainwater may thus potentially cause risk during 
the utilization of rainwater polluted by them. So it 
is indeed necessary to remove those organic pollut-
ants in the rainwater prior to its effective utiliza-
tion to guarantee the water safety.

Actually, thanks to the efforts from scientists all 
over the world, various methods, such as coagula-
tion, membrane filtration, adsorption by activated 
carbon and other adsorbents, biodegradation, 
oxidation, and chlorine and UV disinfection have 
been developed to treat water to comply with dif-
ferent guidelines or standards for water utilization. 
When these methods are applied in the rainwater 
treatment specific considerations should be taken 
individually, according to the chemical composi-
tions of rainwater and the utilization purpose. 
Membrane filtration seems to be the most feasible 
method by removing not only particles, but also 
even the ions by reverse osmosis, and the treated 

1 INTRODUCTION

Arising from the climate change and water pollu-
tion caused by anthropogenic activities, less and 
less fresh water on land and under ground is avail-
able, and more and more areas all over the world 
has been undergoing water crisis (Bohannon 2006, 
 Carpenter et al. 2011, Fischer & Knutti 2015, 
Schwarzenbach et al. 2010). While it is necessary to 
treat the wastewater to keep aqueous environment 
clean, it is indeed an urgent task to explore more or 
even new water resources, in addition to the rapid 
development of water treatment technologies for full 
utilization of wastewater water, alkaline water such 
as sea water, and even polluted water ( Carpenter 
et al. 2011, Simons et al. 2015). Generally, rainwater 
or storm water accounts for the most of origins of 
fresh water in rivers and lakes and under ground. 
Thus, rainwater harvesting in urban sites such as 
buildings and artificial turf is one of the feasible 
approaches, and may serve as a new but important 
fresh water resource for many cities (Blocken et al. 
2013, Naddeo et al. 2013, Vieira et al. 2014, Ward 
et al. 2012a, Ward et al. 2012b).

One of the formidable problems for rainwater 
harvesting and reuse lies in its pollution, which 
is mostly caused by the pollutants in atmosphere 
released from industrial factories, traffic, etc., 
depending on the area locations and also type of 
rainwater reuse. There are many studies report-
ing the composition of rainwater over the world 
(Huston et al. 2009, Niu et al. 2014, Xiao et al. 
2013). Inorganic ions, such as NO3

−, NO2
−, NH4

+, 
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rainwater should be drinkable. However, high 
cost of  membrane material and process mainte-
nance, the membrane fouling, and intensive energy 
requirement limit its wide application currently 
(Elimelech & Phillip 2011). Activated carbon 
adsorption has been widely used in drinking water 
treatment plants, though it could only remove 
hydrophobic organics, leaving the hydrophilic pol-
lutants, ions, and pathogenic virus, and bacterial 
in the water. Furthermore, the adsorption capac-
ity of activated carbon is limited, and high cost of 
changing activated carbon indeed hinders its wide 
 application. As for rainwater, it is usually case-
 specific, such as rain period, intensity, amount, 
water quality, and the purpose of its utilization.

Advanced Oxidation Processes (AOPs) has 
raised a great attention for its ability to efficiently 
remove aromatics and even to totally mineralize 
organic carbon, attributed to the powerful oxi-
dizing species hydroxyl radical, HO• (Heeb et al. 
2014). In addition, the pathogenic virus and bacte-
rial are also efficiently killed during the oxidation. 
Ozone is one of the most used oxidants, but it is 
restricted by the formation of toxic byproducts in 
the presence of bromide, and very low efficiency 
under acidic conditions for the lack of initiators 
such as HO− (Liu et al. 2013). Most of the rainwa-
ter is acidic due to the pollution by SO2, NO2, etc., 
so H2O2/UV process, an efficient and clean proc-
ess, may be a good alternative to the conventional 
processes (Crittenden et al. 1999). It not only can 
remove almost all the organic pollutants, but also 
avoids the formation of toxic byproducts such as 
bromate. Furthermore, UV can also very efficiently 
kill the virus and bacterial simultaneously. In addi-
tion, this process is feasible in practical applica-
tion, with simple installation, easy management, 
safe application, good adaption, and relatively low 
costs.

Therefore, the aim of this study was to investi-
gate the efficiency of H2O2/UV process in rainwater 
treatment, and to evaluate the feasibility in practi-
cal application. Two typical aromatic compounds, 
phenol and p-Chlorobenzoic Acid (pCBA), were 
selected as the target compounds to assess the effi-
ciency of the H2O2/UV process.

2 MATERIALS AND METHODS

2.1 Materials

Phenol, pCBA, and potassium persulfate were of 
ACS reagent grade and were purchased from Sigma-
Aldrich. Phosphoric acid and methanol of HLPC 
grade were supplied by Tedia. Hydrogen peroxide 
and other reagents used were of  analytical-reagent 
grade and purchased from Sinopharm Chemical 
Reagent Co., Ltd. All the chemicals were used as 

received without further purification. All solutions 
were prepared in 18.2 MΩ ⋅ cm−1 Milli-Q-water 
produced by a Milli-Q Biocel water system.

2.2 Procedures

All the photochemical experiments were performed 
in a cylindrical photoreactor (2.0 L solution, 
2.0 cm path length). A low-pressure mercury UV 
lamp (Heraeus, GPH436T5 L/4, 21 W, 254 nm) was 
centered in the cylindrical vessel axially along the 
length of the reactor. Temperature was controlled 
at 25 ± 0.5 °C. UV lamp was ignited at least 15 min 
to reach a stable output prior to the experiments. 
Reactions started by the addition of H2O2. Samples 
were withdrawn at predetermined time intervals and 
quenched using excessive sodium thiosulfate. All 
experiments were repeated independently at least 
two times, and average values along with a stand-
ard deviation are provided. Rainwater samples 
were collected from a rainfall event in a metropo-
lis located in the east of China, in May, 2014. The 
samples were filtered using 0.45 mm cellulose mem-
brane filter and were stored at 4 °C prior to use.

2.3 Analytical methods

The concentrations of phenol and pCBA were 
determined by high performance liquid chromatog-
raphy (Waters 2695 HPLC) equipped with a 2489 
UV Detector and an autosampler, using a Waters 
symmetry C18 column (4.6 mm × 150 mm, 5 μm) 
and C18 guard column for separation. An eluent of 
phosphate buffer (pH 3) and methanol (40:60, v/v%) 
was used at a flow rate of 1.0. The concentration of 
phenol was quantified at 280 nm, while pCBA at 
234 nm. The pH value was measured by a pH meter 
(PB-10, Satorious). The absorption was carried out 
on a Varian Cary 300 spectrometer. The cations and 
anions were analyzed on a Dionex ICS-3000 ion 
chromatograph. Total Organic  Carbon (TOC) and 
Total Nitrogen (TN) were analyzed by a TOC 
analyzer (TOCL,  Shimadzu). Other metals were 
analyzed by Inductively  Coupled Plasma Atomic 
Emission Spectrometry ( ICP-AES, PerkinElmer). 
Other analysis was carried out according to the 
standard methods (Association et al. 2012).

3 RESULTS AND DISCUSSIONS

The location, where the rainwater was collected, 
had lots of various chemical industry, including 
petrochemical industries, agrichemical produc-
ers, electronics manufacturers, and electroplat-
ing factories. The air was heavily polluted by the 
release of exhaust and drainage of wastewater. 
The rainwater quality were as follows: suspend 
solid 12.1 ± 0.1 mg/L, COD 82.5 ± 3.3 mg/L, pH 
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5.1 ± 0.1, TOC 12.3 ± 0.2 mg/L, UV254 0.081 ± 
0.001 cm−1, NH3-N 1.67 ± 0.064 mg/L, NO2-N 
0.100 ± 0.003 mg/L, NO3-N 3.23 ± 0.09 mg/L, TP 
0.141 ± 0.004 mg/L, Cl− 0.89 ± 0.02 mg/L, SO4

2− 
23.5 ± 1.0 mg/L, Fe 0.152 ± 0.001 mg/L, and Hg 
2.0 ± 0.1 μg/L, respectively. It is noted that about 
0.02 μM total phenol was also determined, indicat-
ing the pollution of aromatics in the rainwater.

3.1 Degradation of phenol

Figure 1 shows the phenol degradation in H2O2/
UV process. Phenol underwent significant direct 
photolysis, because it possesses strong absorption 
at 254 nm, and after excitation by UV the C−C or 
H−O bonds break and ring opens in the presence 
of oxygen (Wu et al. 2001). Compared with the 
direct photolysis, much rapid indirect photolysis 
of phenol was observed in the H2O2/UV process, 
and complete removal was obtained within 7 min, 
using 1.0 mM H2O2.

More quantitative details are shown Figure 2, 
which indicates the degradation kinetics of phenol 
in the H2O2/UV process. Both direct photolysis and 
direct photolysis of phenol in H2O2/UV process fol-
lowed pseudo-first-order kinetics. The comparison 
between the two cases shows that 1.0 mM H2O2 
could enhance the phenol degradation by at least 
an order of magnitude, suggesting the very high 
efficiency of such process in removing phenols.

The mechanism of degradation of phenols in 
H2O2/UV processes has been systematically stud-
ied and compiled before (Crittenden et al. 1999). 
Briefly, a powerfully oxidizing species, hydroxyl 
radical (HO•), is generated during the photoly-
sis of H2O2 in Equation 1, with a quantum yield 
of about 1.0 at 254 nm (Crittenden et al. 1999). 
Phenol is attacked by HO• via electron trans-
fer, hydrogen abstraction, and electrophilic sub-
stitution pathways, producing organic radicals 

(Equation 2), which are subsequently oxidized by 
oxygen and transformed to alcohols, aldehydes, 
ketones, organic acids, etc. (Equation 3).

H O + HO2 2O hv → •HO2  (1)

Phenol HO Products+ •HO →  (2)
Organic radical O CO +H O2 2CO 2+ →O2 →  (3)

3.2 Degradation of pCBA

pCBA is much more recalcitrant than phenol 
studied above, and is usually selected as the HO• 
probe. The degradation of pCBA in rainwater by 
H2O2/UV process was studied in order to evalu-
ate the availability of HO• by target compounds 
( Rosenfeldt & Linden 2007). Figure 3 shows the 
degradation of pCBA in H2O2/UV process. pCBA 
shows slower direct photolysis than phenol in 
 Figure 1. H2O2 markedly accelerated the degrada-
tion of pCBA in the system, and complete removal 
was observed within 7 min.

Figure 4 shows the degradation kinetics of pCBA 
in H2O2/UV process. As degradation of phenol in 
Figure 2, the direct photolysis and indirect pho-
tolysis of pCBA also obeyed well the pseudo-first-
order kinetics. The indirect photolysis resulting 
from the HO• oxidation shows much higher rate 
than direct photolysis by UV by at least 20 times 
higher. The degradation kinetics in Figure 2 and 
Figure 4 indicate the higher efficiency on phenol 
removal than pCBA removal, possibly attributed 
to the higher rapid capture of HO• by phenol 
than that by pCBA and, thus, the less impact of 
competition of byproducts for HO• (Buxton et al. 
1988). Furthermore, the high content of TOC 
(∼12.3 mg/L) in rainwater also competed for HO• 
significantly, resulting in the less availability of 
HO• by the target pollutants.

Figure 1. Phenol degradation in UV and H2O2/UV proc-
esses. Conditions: [Phenol]0 = 10 μM, [H2O2]0 = 1.0 mM, 
pH 5.1 without adjustment by buffer, 25 °C.

Figure 2. Degradation kinetics of phenol in UV and 
H2O2/UV processes. Conditions: [Phenol]0 = 10 μM, 
[H2O2]0 = 1.0 mM, pH 5.1 without adjustment by buffer, 
25 °C.
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3.3 Efficiency comparison

Because of the acidity of the rainwater, ozone 
should not be feasible in such water matrix. In 
order to assess the efficiency of H2O2/UV process 
in removing organic pollutants, comparison with 
an emerging AOPs, persulfate/UV, was performed. 
Figure 5 shows the pCBA degradation in the two 
processes. It seems that S2O8

2−/UV process shows 
higher efficiency than H2O2/UV process, and com-
plete removal of pCBA was obtained within 4 min. 
According to the degradation kinetics of pCBA in 
Figure 4 and Figure 5, it is obvious that the S2O8

2-/
UV process shows about 1.7 times higher efficiency 
than H2O2/UV process. This may be caused by the 
higher selectivity of sulfate radical, SO4

•−, than HO•. 
The latter is generally regarded to be non-selective 
towards organics (Buxton et al. 1988). Nonetheless, 
the S2O8

2-/UV process introduces a high amount 

of sulfate, and thus, is not recommended to apply 
in rainwater treatment. In comparison, H2O2/UV 
process has the advantage that the final product 
is H2O, without introducing secondary pollution 
such as sulfate in the S2O8

2−/UV process.

3.4 TOC removal efficiency

The rainwater collected in a district having many 
chemical industries was polluted by organic chemi-
cals, as indicated by the high TOC content. The 
TOC in rainwater usually leads to the growth of 
algae and microbes, resulting in the subsequent 
biological contamination and thus the limitation 
of rainwater reuse. Although efficient removal of 
phenol (Fig. 1) and pCBA (Fig. 3) was obtained 
by the H2O2/UV process, much lower efficiency 
was observed on the TOC removal, as shown in 
Figure 6. Under the given conditions, only about 
9% of TOC was removed. It is explained by the low 

Figure 3. Degradation of pCBA in UV and H2O2/UV 
processes. Conditions: [pCBA]0 = 10 μM, [H2O2]0 = 1.0 mM, 
pH 5.1 without adjustment by buffer, 25 °C.

Figure 4. Degradation kinetics of  pCBA in UV 
and H2O2/UV processes. Conditions: [pCBA]0 = 
10 μM, [H2O2]0 = 1.0 mM, pH 5.1 without adjustment 
by buffer, 25 °C.

Figure 5. Comparison of pCBA degradation between 
H2O2/UV and S2O8

2−/UV processes. Inset: degradation 
kinetics of pCBA in S2O8

2−/UV process. Conditions: 
[pCBA]0 = 10 μM, [H2O2]0 = 1.0 mM, [S2O8

2-]0 = 1.0 mM, 
pH 5.1 without adjustment by buffer, 25 °C.

Figure 6. TOC removal the H2O2/UV process. 
Conditions: [H2O2]0 = 1.0 mM, pH 5.1 without adjust-
ment by buffer, 25 °C.
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generation of HO•, which determines the removal 
of TOC. As reported (Xiao et al. 2015), obvious 
TOC would be obtained by higher UV dose by 
improving UV intensity or longer irradiation time.

However, as UV kills almost all the microbes 
and algae in the rainwater, there will be little prolif-
eration of bacterial, virus, algae, etc. if  the treated 
rainwater is stored correctly. Furthermore, because 
almost all of the toxic pollutants in rainwater are 
aromatic, while they can be efficiently removed by 
the H2O2/UV process, the safety of rainwater reuse 
can be consequently guaranteed. For reuse in other 
stricter fields such as drinking water, further treat-
ment is required.

4 CONCLUSIONS

The H2O2/UV process showed high efficiency on 
removal of phenol and even recalcitrant pCBA 
in the rainwater, which was polluted by organic 
contaminants and inorganic ions. Both the deg-
radation of phenol and pCBA followed the 
 pseudo-first-order kinetics, while higher efficiency 
on phenol removal was obtained over pCBA, due 
to its higher reaction rate constant with HO• than 
that of pCBA. Efficient TOC removal required 
higher UV intensity or longer irradiation. The 
H2O2/UV process was compared with the S2O8

2−/
UV process in terms of pCBA removal efficiency, 
and the latter showed about 1.7 times higher effi-
ciency.  Nonetheless, the H2O2/UV process was 
still advantageous over the S2O8

2−/UV process on 
no introduction of secondary pollution. There-
fore, the H2O2/UV could be used to efficiently 
remove the aromatic pollutants in rainwater to 
guarantee the safety of the rainwater reuse.
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Effects of ozone and drought on fluorescence physiology of three 
seedling types in China

Xiaoli Hou & Xue Li
College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou, China

ABSTRACT: Seedlings of Michelia macclurei, Cinnamomum camphora, and Rhodolcia championii were 
treated with ozone fumigation and drought treatment, and their chlorophyll fluorescence parameters were 
determined. The results showed that with increasing treatment time, minimal initial fluorescence (F0) of 
the three seedling types continuously increased or followed by a decrease; PSII maximum photochemical 
efficiency (Fv/Fm) of M. macclurei under drought stress and R. championii under all treatments decreased, 
whereas it remained stable in M. macclurei treated with ozone stress and zone-drought intercross stress, 
and in C. camphora treated with all treatments. Except for C. camphora under ozone stress, PSII actual 
quantum efficiency (Y(II)) of the three seedling types decreased. Non-photochemical quenching (NPQ) 
of M. macclurei under single stress and R. championii under all treatments decreased, whereas it remained 
stable in M. macclurei treated with zone-drought intercross stress and in C.  camphora treated with all 
treatments. Principal component analysis indicated that resistance abilities of ozone, drought, and 
ozone-drought intercross stresses for the three seedling types decreased in the order of C. camphora seed-
lings > M. macclurei seedlings > R. championii seedlings.

Keywords: ozone stress; drought stress; chlorophyll fluorescence parameters; seedling

application of chlorophyll fluorescence kinetics to 
study plant resistance to environmental stress will 
contribute to screening tree species with strong 
ozone and drought resistance.

Michelia macclurei, Cinnamomum camphora and 
Rhodolcia championii are three important tree spe-
cies for garden greening in south China. Although 
there were some few studies on photosynthetic 
physiology of these species (Yu et al. 2011, Zhang 
et al. 2011b, Guo et al. 2013), we still know little 
about response of chlorophyll fluorescence param-
eters of these species to ozone stress or drought 
stress. This study is aimed at providing the refer-
ence for screening tree species with strong ozone 
and drought resistance.

2 MATERIALS AND METHODS

Experimental material. One-year-old seedlings of 
M. macclurei, C. camphora and R. championii were 
individually planted into nutrition bags (12 cm 
diameter and 10 cm height). The seedlings growth 
status was shown in Table 1.

Fumigation test equipment was Open-Top 
Chamber (OTC) with hexagonal cross-section, 
glass wall and a diameter of 3 m and a height of 
2.4 m, which was located in Yuejinbei Nursery in 

1 INTRODUCTION 

Ozone is a kind of toxic gaseous pollutant to plants 
(Zhang et al. 2010). In recent decades, due to the 
extensive use of fossil fuels, the concentration of 
nitrogen oxides and volatile organic compounds 
in the atmosphere increased sharply, resulting in 
O3 concentration to rise in the surface layer (Vin-
garzan et al. 2004). High concentrations of ozone 
can increase stomatal resistance of plants, change 
absorbing light energy and structure distribution of 
PSII antenna pigment (Keller et al. 2007), inhibit 
photosynthetic electron transport (Vandermeiren 
et al. 2005), reduce photochemical efficiency, and 
affect the chlorophyll fluorescence parameters 
(Luo et al. 2012). Ozone can also change the com-
position of plant thylakoid membrane, resulting in 
changes in chlorophyll fluorescence yield (Lie et al. 
2014). Drought stress is the most common form of 
plant adversity (Li et al. 2007), which can disrupt 
the chloroplast photosynthetic mechanism II (PSII 
system) and photosynthetic electron transport of 
leaves (Zhou et al. 2004, Zhang et al. 2011a), lead 
to photosynthetic organ damage and chlorophyll 
content decrease (Li et al. 2008, Yang et al. 2007), 
and inhibit plant photosynthesis. In the process of 
photosynthetic response to environmental stress, 
PSII plays an important role (Wei et al. 2012). The 
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South China Agricultural University of China. 
Ozone was provided by CFY5 oxygen manufac-
ture equipment and COM-AD-01 ozone generator 
(ranges of 0∼1 ppm, resolution of 0.001 ppm), and 
its concentration was detected by GT901-03 port-
able ozone detector continuously.

Test method. Two ozone treatments were 
designed in two OTCs: E40 (non-filtered air, ozone 
concentration is about 40 ppb), E150 (elevated 
ozone at 150 ppb). Each chamber was designed 
two moisture gradient: control (the relative water 
content of soil was 75–80%), drought treatment 
(the relative water content of soil was 40–45%). As 
a result, three treatments were designed as follows: 
E40+D (Drought stress), E150 (Ozone stress) and 
E150 + D (Ozone and drought stress). Ventilation 
and air system could meet the gas exchange more 
than one time per min in the chambers, which 
kept almost consistent in temperature, humidity 
and CO2 concentration between the chamber and 
outside chamber. Aeration time in chambers was 
9:00–17:00 every day. The fumigation test lasted 
for 30 days. At the beginning of experiment, the 
15th day and 30th day (the end of experiment), 
chlorophyll fluorescence parameters were sepa-
rately measured.

Determination method for index. The determina-
tion methods of fluorescence parameters were as 
follows: individuals of three seedling types with 
similar growth were selected, and three leaves of 
each seedling were marked among the third to 
eighth functional leaves. OS-1P pulse modulation 
fluoremeter was used to determine the leaves from 
9:00 to 11:00 in the morning. The initial fluores-
cence yield (F0), maximal fluorescence yield (Fm), 
steady state fluorescence (F ′), maximum fluores-
cence in light adapted state (Fm′) were measured 
and variable fluorescence [(Fv) =  Fm− Fo], the PSII 
maximum photochemical efficiency (Fv/Fm), PSII 
actual photosynthetic efficiency [Y(II) = (Fm′ −F′)/
Fm′], Non-photochemical quenching (NPQ = Fm/ 
Fm′–1) were calculated.

Data analysis. All statistical analyses were used 
Excel 2010 and the Statistical Analysis System 
(SAS 9.0). After each index was standardized 
using range method, principal component  analysis 
was used to analyze the data and the scores of 

ozone resistance and drought resistance of each 
tree  species in treatments E40+D, E150, E150 + D 
were calculated.

3 RESULTS

The changes of minimal initial fluorescence (F0) 
under ozone and drought stress. With increas-
ing ozone and drought stress time, the F0 of 
M.  macclurei had a significant increase (P < 0.05) 
followed by a stable status in Treatments E40 + D 
and E150 + D, while it had an undulation followed 
by a significant increase (P < 0.05) in Treatment 
E150 (Fig. 1). The F0 of C. camphora had a signifi-
cant increase followed by a significant decrease in 
Treatments E40 + D and E150 + D (P < 0.05), while 
it had a continuous increase in Treatment E40. The 
F0 of R. championii had a continuous increase in 
Treatments E40 +D and E150, while it had a sig-
nificant increase followed by a significant decrease 
in Treatment E150 + D (P < 0.05).

The changes of PSII maximum photochemical 
efficiency (Fv/Fm) under ozone and drought stress. 
With increasing ozone and drought stress time, the 
Fv/Fm of M. macclurei had an undulation  followed 
by a significant decrease (P < 0.05) in Treatment 
E40 + D, while it kept stable in  Treatments E150 
and E150 + D (Fig. 2). The Fv/Fm of C.  camphora 
was stable in each treatment. The Fv/Fm of 
R.  championii decreased significantly (P < 0.05) 
and then stabilized in Treatment E40+D; it had an 
undulation followed by a significant decrease (P < 
0.05) in Treatment E150 and a continuous signifi-
cant decrease in Treatment E150 + D (P < 0.05).

The changes of PSII actual quantum efficiency 
(Y(II)) under ozone and drought stress. With 
increasing ozone and drought stress time, the 
Y(II) of  C. camphora had a slight decrease fol-
lowed by a significant increase in Treatment E150 
(P < 0.05), whereas its other treatments and that of 
M.  macclurei and R. championii in all treatments 
tended to decrease (Fig. 3).

The changes of non-photochemical quench-
ing (NPQ) under ozone and drought stress. With 
increasing ozone and drought stress time, the 
NPQ of  M. macclurei had an undulation followed 
by a significant decrease (P < 0.05) in Treatment 
E40 + D, decreased significantly (P < 0.05), and 
then was stable in Treatment E150 and kept sta-
ble in Treatment E150 + D (Fig. 4). The NPQ of  
C. camphora kept stable in all Treatments. The 
NPQ of  R.  championii decreased significantly 
in Treatments E40 + D and E150 (P < 0.05), and 
decreased significantly (P < 0.05) and then kept 
stable in  Treatments E150 + D.

Principal component analysis of the ability to 
resistance ozone and drought of three seedling types 

Table 1. Growth status of three seedling types.

Tree species DBH (mm) Height (cm)
Crown 
width (cm)

M. macclurei 4.50 ± 0.18 32.97 ± 0.89 14.77 ± 0.64
C. camphora 4.16 ± 0.18 38.96 ± 1.12 13.55 ± 0.97
R. championii 3.15 ± 0.18 32.97 ± 0.95 12.67 ± 0.48

Notice: The data is “average + standard error” in the table.
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Figure 1. The change of minimal initial fluorescence under O3 stress and drought stress. Significant differences 
between treatments were indicated by different letters above bars, P < 0.05.

Figure 2. The change of PSII maximum photochemical efficiency (Fv/Fm) under O3 stress and drought stress.

Figure 3. The change of PS II active quantum efficiency under O3 stress and drought.

Figure 4. The change of non-photochemical quenching under O3 stress and drought stress.
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by using. In this study, principal component analysis 
was used to evaluate the resistance  ability to ozone 
and drought of the three  seedling types. The calcu-
lating score decreased in the order of C. camphora 
seedlings > M. macclurei seedlings > R.  championii 
seedlings in Treatments E150, E40 + D and 
E150 + D, indicating that the resistance abilities of 
the three seedling types to ozone, drought or inter-
cross stresses decreased in the order of C. camphora 
seedlings > M. macclurei seedlings > R. championii 
seedlings (Table 2).

4 DISCUSSION AND CONCLUSION

A series of changes of chlorophyll fluorescence 
parameters will occur under environmental stress, 
because the initial injured part of photosynthesis is 
closely related with photosynthetic system II (PSII) 
(Li et al. 2009). F0 is fluorescence yield when PSII 
reaction center is open, and its size is related to the 
structure state of PSII reaction and the chlorophyll 
concentration (Chong et al. 2010, Lu et al. 1994). 
The non-photochemical energy dissipation of 
PSII antenna pigment often leads to the decrease 
of F0, and the destruction or reversible inactiva-
tion of PSII reaction center causes the increase of 
F0 (Yang et al. 2013). With increasing ozone and 
drought stress time, the F0 of M.  macclurei and R. 
championii in Treatment E150 + D, and the F0 of 
C. camphora in Treatments E40 + D and E150 + D 
had a significant increase and then a decrease. The 
reason might be that the reversible inactivation of 
PSII reaction center occurred in the seedling types 
in ozone stress or drought stress 15 d after the 
experiment, and the regulating mechanism of pho-
toprotection was launched to reduce the destruc-
tion from strong light 30 d after the experiment 
(Chong et al. 2010, Zhang et al. 2010). However, 
the F0 of M. macclurei and R. championii under sin-
gle stress, and the F0 of C. camphora under ozone 
stress increased significantly, indicating that their 
PSII reaction center may not be seriously damaged 
(Qian et al. 2011).

Fv/Fm is the PSII maximum photochemical effi-
ciency under dark adaptation and reflects the effi-
ciency and utilization ability of  capturing  excitation 

energy of PSII reaction center, and Fv/Fm decrease 
is an important manifestations of photoinhibition 
(Wang et al. 2009). Most OCT test indicated Fv/Fm 
decrease under environment stress was due to Fm 
decrease and F0 increase, the stress can destroy or 
inhibit the activity of PSII reaction center ( Flowers 
et al. 2007). In this study, the Fv/Fm decrease of M. 
macclurei under drought stress and R. championii 
in each treatment indicated that the activity of 
PSII reaction center was injured or inhibited, but 
the transfer rate of photosynthetic electron chain 
recovered in a certain degree through adaptive 
adjustment, so that it maintained basic physiologi-
cal functions such as normal dark reaction (Qian 
et al. 2011). The Fv/Fm of M.  macclurei under 
ozone stress and intercross stress, C.  camphora in 
each treatment had no significant change, indi-
cating that the activity of PSII reaction center of 
leaves under ozone stress or drought stress was not 
damaged (Sun et al. 2009), so that the photoinhibi-
tion of seedlings was not obvious.

The actual photosynthetic efficiency (Y(II)) 
reflects actual original light-trapping efficiency 
when PSII reaction center is partly closed, and 
the consumption ratio of photochemical reac-
tion energy (Park et al. 1995, Govidjee. 2002). 
Y(II) decrease indicates that the decrease of 
actual original light-trapping efficiency and the 
ability of releasing oxygen, and plant photosyn-
thesis is blocked. Except for C. camphora under 
ozone stress, the Y(II) of  other treatments of all 
seedlings decreased, indicating that the ability of 
electron transport of PSII decreased, the whole 
process of photosynthetic electron transport was 
blocked, as a result, the proportion of converting 
light energy into chemical energy decreased (Wang 
et al. 2012). The Y(II) of  C. camphora under ozone 
stress decreased and then increased, indicating that 
decrease of the actual photosynthetic efficiency 
was reversible (Liang et al. 2010).

Non-photochemical quenching (NPQ) reflects 
the heat dissipation ability after natural  pigment 
of PSII reaction center absorbs excessive light 
energy and the damage degree of, being a self-
 protection mechanism of photosynthetic  apparatus 
(Yu et al. 2011). The NPQ of M.  macclurei 
in  Treatments E40 + D and E150 and that of 

Table 2. Comprehensive assessment values and orders of drought resistance of the four seedling types.

Testing indexes

E40 + D E150 E150 + D

Score Rank Score Rank Score Rank

C. camphora 1.183 1 0.985 1 1.491 1
M. macclurei 0.665 2 0.864 2 0.549 2
R.championii 0.595 3 0.779 3 0.526 3

ICCAHE15_Book.indb   1380ICCAHE15_Book.indb   1380 11/17/2015   6:41:16 AM11/17/2015   6:41:16 AM

  



1381

C.  camphora in  Treatments E40 + D and E150 
decreased significantly, and had no significant 
change in Treatment E150 + D, which might be 
drought can increase NPQ value, namely, relieving 
ozone stress damage to the efficiency of capturing 
excitation energy (Showman 1991). The NPQ of  
C. camphora in each treatment kept stable, indicat-
ing that these species had a steady heat dissipation 
function. The NPQ decrease of R. championii in 
each treatment indicated that heat dissipation was 
lesser, which is favorable for the absorption light 
energy entering into electronic transfer system and 
carbon fixation (Zong et al. 2010).

Principal component analysis indicated that 
resistance abilities of ozone, drought, and ozone-
drought intercross stresses for the three seedling 
types decreased in the order of C. camphora seed-
lings > M. macclurei seedlings > R. championii seed-
lings. The three seedling types have a certain ability 
to resist ozone or drought by starting adjustment 
mechanism of photoprotection under ozone stress 
and drought stress.
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Study on Shenyang region PM 2.5 concentration variation characteristic 
based on GIS
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ABSTRACT: PM 2.5 is a kind of fine particulate matter air pollution and the main source of air pol-
lution. In the last decade, PM 2.5 pollution has grown rapidly in major cities of China that seriously 
damaged the urban economic development and health of residents. This paper has studied temporal and 
spatial variation characteristics of PM 2.5 concentration and factors of PM 2.5 concentration variation 
by collecting monitoring data from eleven monitoring stations of Shenyang city for five months, combin-
ing electronic map of Shenyang city and adopting GIS techniques and statistical analysis methods. The 
research findings of this paper would provide great help for Shenyang city’s atmospheric fine particulate 
matter pollution treatment and reliable data support for Shenyang city’s air quality improvement and 
ecological environment preservation.

Keywords: PM 2.5; pollution; ArcGIS

concentration monitoring data from 11 monitor-
ing stations located in urban and suburbs of Shen-
yang, and utilizing powerful analysis capabilities 
of ArcGIS software, our research has studied the 
temporal and spatial variation characteristic of 
PM 2.5 concentration in Shenyang area by verti-
cal and horizontal analysis on monitoring data and 
statistical analysis technique utilization.  Combining 
electronic maps and meteorological data of Shen-
yang area, our research has analyzed the PM 2.5 
concentration variation factors of Shenyang area 
and provided advice and decision support of great 
reference value for environmental protection in the 
region.

2 RESEARCH METHOD

2.1 Establishment of database

Located in south of the northeast region of China, 
Shenayng has served as the comprehensive hub 
connecting northeast China to regions of Yangtze 
River Delta, Pearl River Delta and Beijing-Tianjin-
Hebei. Shenyang covered total area of more than 
13,000 square kilometers with 3,495 square kil-
ometers urban area. The urban terrain tilted from 
northeast to southwest and from both sides to 
the center, the highest elevation of the city was 
65 m and the minimum was 36 m above sea level. 
 Shenyang was densely populated by resident popu-
lation of 8 million resulting in congested traffic. 
Within a radius of 150 km of the city, there were 

1 INTRODUCTION

Atmospheric suspended particulate matter was 
one of the causes of  severe air pollution of most 
Chinese cities and also the primary pollutant of 
urban air quality that has a strong impact on vir-
tuous cycle of  urban climate. Suspended particu-
late matter referred to solid particles and droplets 
with diameter of  0∼100 μm suspended in air, 
including PM 10 (particle size range of 0∼10 μm) 
and PM 2.5 (particle size range of 0∼10 μm). 
Haze was a general expression of excess level of 
suspended particulate matter in the atmosphere 
that has become a new meteorological and envi-
ronmental disaster phenomenon. Since the begin-
ning of the year 2013, major cities of  China have 
endured persistent haze weather especially cities 
in surrounding area with Beijing as the center 
becoming one of the most serious affected area. 
Due to its regional characteristics and industrial 
characteristics, Shenyang has experienced serious 
haze weather repeatedly during recent years, many 
of which even triggered orange alert. Among 
toxic substance in haze, PM 2.5 contained the 
strongest toxicity and the rapid growth of PM 2.5 
has been considered to be the “Culprit” of  haze 
weather because its particles were small enough 
to be directly inhaled into the lungs that may trig-
ger various severe respiratory diseases and may 
severely impair the health of citizens.

Taking severe haze polluted Shenyang area 
as research area, collecting 5-month PM 2.5 
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seven large-scale industrial and commercial cities 
as steel base—Anshan, coal base—Fushun, chemi-
cal fiber—Liaoyang, coal and iron base—Benxi, 
petroleum production base—Panjin, coal and 
grain base—Tieling, and electric power base—
Fuxin. The four-month heating supply period in 
winter, which consumed large amount of coal has 
intensified the degradation of air quality in Shen-
yang. For example, in the beginning of 2014, due 
to urban heat supplying, air quality degradation 
was intensified resulting in persistent haze weather 
and the highest PM 2.5 monitoring index among 
large-scale cities and also severely affected urban 
development and health and lives of citizens.

Shenyang, as one of the 113 key environmental 
protection cities throughout our country, adopted 
automatic monitoring system in municipal environ-
ment air quality monitoring. Currently, there were 
11 national environment air quality automatic mon-
itoring spot (National Monitoring Spot), namely, 
Ermao, Taiyuan Street, Xiaoheyan, Wenyi Road, 
Beiling, Artillery Academy,  Zhangshi, Neusoft, 
Liaoning University,  Hunnan II, and Huishan. 
These National Monitoring Spots were all certi-
fied by Ministry of Environmental Protection and 
their spot setting and monitoring method were 
in accordance with national regulations. In this 
research, we collected PM 2.5 concentration data 
released by 11 monitoring stations over 5 months 
from Dec. 1, 2013 to Apr. 26, 2014 on daily basis 
at four time points of 7:00, 12:00, 17:00, and 
20:00 and tabulated the data in form of excel and 
then imported it into ArcGIS platform and com-
pleted the establishment of attribution database. 

 Establishment of figure database mainly were 
based on utilization of 1:5000 Shenyang electronic 
map of the year 2008 and completed by importing 
grid electronic map into ArcGIS software and then 
implementing hierarchical vector quantization 
toward ground features. In addition to 11 moni-
toring stations scattergram, factors that affecting 
PM 2.5 concentration, such as map layers of resi-
dential areas, factories and mines, vegetation were 
also included.

2.2 Research method

Thematic map is a convenient method for us to 
achieve various professional study findings. It 
would highlight one or multiple elements on the 
basis of normal maps. GIF thematic map function 
was a product of combination of two powerful 
functions of GIS platform, namely, charting and 
analytic statistics which may directly demonstrate 
and dig out the characteristics of elements making 
itself  an essential tool for data analytic statistics. 
This paper has analyzed the PM 2.5 variation law 
of Shenyang city on both daily and monthly basis, 
pollution level of each monitoring spot, and vari-
ation law during the 5 months of each monitoring 
spot by establishing attributes and graphic database 
and charting various thematic maps, including pie 
chart, histogram, line chart assisted by ARCGIS10 
comprehensive GIS platform developed by ERSI. 
The thematic maps in ArCGIS with the features of 
simple processing and abundant expression forms 
could directly present the data analytic statistics 
achievements.

Inverse Distance Weighting was based on the 
similarity of interpolation area internal sample 
points to estimate the cell value by calculating 
weighted average of adjacent area sample points, 
and then interpolation got a surface. As there were 
only 11 monitoring stations in Shenyang, in order 
to do continuous spatial analysis, most regions in 
Shenyang needed to adopt inverse distance linear 
interpolation method to do interpolation, PM 2.5 
concentration affected weight in the interpolation 
spot was in inverse proportion with the distance of 
the monitoring station. In this paper, linear inter-
polation has been applied to do interpolation of 
PM 2.5 concentration in each region in accordance 
with their distance to the 11 monitoring stations, 
and the calculation results has been demonstrated 
by rendering, which provide very good guidance 
in analyzing the pollution situation of the whole 
Shenyang City.

For better analysis on the influence of tempera-
ture, humidity, wind on PM 2.5, SPSS software has 
been applied in correlation calculation to get rel-
evant parameters of influence factor and PM 2.5. 
SPSS (Statistical Package for Social Science) is Figure 1. Database establishment procedure diagram.
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one of the current popular statistical analysis soft-
ware with advantages, such as simple to operate, 
efficient, and accurate in data correlation analysis. 
SPSS analyzed the closeness between PM 2.5 and 
factors, such as temperature variation, humidity, 
and nearby sewage plants, and gave out specific 
values. By correlation analysis, PM 2.5 pollution 
could be predicted and prevented to some extent.

3 RESULTS AND ANALYSIS

In China, PM 2.5 concentration was classi-
fied into 6 grades: excellent (0∼35 ug/m3), good 
(35∼75 ug/m3), mild pollution,(75~115 ug/m3), 
moderate level pollution (115~150 ug/m3), heavy 
pollution, and severe pollution (250~350 ug/m3). 
And PM 2.5 concentration in Shenyang was classi-
fied in accordance with aforementioned grades.

3.1 PM 2.5 concentration variation characteristics

PM 2.5 concentration statistics were gathered 
4 times during 2013.12∼2014.4, 5 months in total, 
and got excessive rates of each monitoring station 
by classification (above moderate pollution level): 
Huishan 40.8%, Hunnan II 50%, Neusoft 52.3%, 
Zhangshi 56.2%, Artillery Academy 13.1%,  Beiling 
50%, Wenyi Road 46.9%, Xiaoheyan 49.9%, Taiy-
uan Street 57.8%, and Ermao 54.8%, Liaoning 
University 49.2%. Thus, it can be seen that PM 2.5 
in Taiyuan Street was most serious; Zhangshi was 
second serious; Artillery Academy was the one 
with lowest pollution. Besides data statistics and 
analysis of each monitoring station, in order to 
know rules of PM 2.5 concentration variation with 
time better, we also analyzed the daily and monthly 
PM 2.5 variation by gathering PM 2.5 concen-
tration statistics of 7:00, 12:00, 17:00, and 20:00 
everyday during the 5 months, and concluded 
PM 2.5 concentration variation with time in a day 
by histogram: PM 2.5 concentration kept declining 
during 7:00∼17:00 and after 20:00, had a trend to 
pick up. This indicated that there was a minimum 
value during 17:00∼20:00 and a maximum value 
during 20:00∼7:00. Therefore, it was better for 
Shenyang residents to hang out or exercise in the 
afternoon or evening as during that time PM 2.5 
concentration was low. We have formed line chart 
with monitoring month as independent variable, 
and PM 2.5 average monthly concentration of the 
11 monitoring points as dependent variables, and 
reached a conclusion that from Dec. 2013 to Apr. 
2014, PM 2.5 concentration of each monitoring 
point has been decreasing every month generally. 
Thus, it can be seen that PM 2.5 pollution was seri-
ous in winter and gradually became better with the 
arrival of spring.

Inverse distance weighting has been applied to 
get spatial distribution pattern of PM 2.5 con-
centration. Taking PM 2.5 concentration of each 
monitoring point in May as cardinality, reciprocal 
value of distance between each point and observa-
tion station as weight, drawing up the PM 2.5 spa-
tial distribution map of Shenyang by interpolation, 
Shenyang PM 2.5 concentration distribution could 
be seen from the map, and PM 2.5 concentration 
in Zhangshi neighborhood was high and that in 
Artillery Academy was low.

3.2 Influence factor analysis

PM 2.5 concentration was influenced by tempera-
ture and relative humidity, through SPSS software 
based on weather data and PM 2.5 concentration 
record during 5 months, we got the conclusion 
that relative coefficient of temperature and rela-
tive humidity to Shenyang PM 2.5 concentration 
was 0.18 and 0.481 respectively, and the influ-
ence of temperature on PM 2.5 concentration was 
much larger than the relative humidity. In a certain 
extent, PM 2.5 concentration was also affected by 
adjacent residential communities, the number and 
types of factory and traffic conditions, and it was 
greatly affected by coal-fired pollution for Shen-
yang residents in winter, winter was high-incidence 
season for haze in Shenyang.

4 PHOTOGRAPHS AND FIGURES

By analyzing PM 2.5 concentration data of 
11 monitoring stations in Shenyang, we found that 
PM 2.5 concentration varied considerably among 
the monitoring stations, due to lots of traffic 
pollution and factories in urban district, PM 2.5 
concentration of monitoring stations in Taiyuan 
Street, Beiling and Hunnan II were seriously over-
standard, while Artillery Academy, located in 
rural area close to Arboretum and Qipan Moun-
tain Scenic Zone, its PM 2.5 concentration seldom 
over-standard. From spatial perspective, PM 2.5 
pollution in Tiexi, Yuhong, and Heping were most 
serious due to high population density, especially 
Tiexi, who has the largest number of population 
and factories and the most serious traffic jam, was 
the most polluted area in December and January 
to March during the winter heating supply period, 
while Dadong, Dongling, and Shenbei, who have 
high greening degree, low population density and 
scattered factories, were slightly polluted. From an 
overall perspective, PM 2.5 pollution in Shenyang 
was very serious, especially, in winter central heat-
ing period and it would become better with the 
arrival of spring. Peak concentration of PM 2.5 was 
in morning everyday, and then gradually declined, 
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after 20:00 started to pick up again. Therefore, it 
was not appropriate to do morning exercise in win-
ter in Shenyang.
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ABSTRACT: The main basis for thallium emission standard of industrial wastewater includes factory 
production technology, wastewater treatment technology, and the characteristics of local water ecologi-
cal environment. This article discusses the research method of industrial wastewater thallium emission 
standard by using the thallium wastewater treatment technology and the local ecological environment 
characteristics. As for thallium wastewater treatment technology, the most practical processing method 
is precipitation, while biological method is the most prospect method. The local water ecological envi-
ronment characteristics mainly include the present situation of the water ecological environment, water 
quality management, the law of water quality change and other aspects. According to the characteristics, 
ecological environment present situation survey should include the dry season, normal season and wet 
season. Hydrological survey should focus on the changes in hydrology, sediment, and river channel; Water 
quality survey focus on conventional, characteristics and the bottom sediment parameters; The objective 
of water quality management, executes the local “Surface Water Environmental Function Zoning”. As 
the water environmental health concept study becomes more perfect, the water environment functional 
zoning will develop to the water ecological environment functional zoning. WASP7 is chosen as the model 
to study the water quality change laws and the parameter of the model can be confirmed by theoretical 
method, empirical method, experimental method, and model correction method.

Keywords: thallium; emission standard; river basin

fields which mixed with surface water has a high 
content up to 110 μg/L; Two rivers near nonferrous 
metal mineralization zone in New Brunswick con-
tains thallium up to 80 μg/L. In Yunnan province, 
South China As-Tl Mine contains thallium from 
2.91 to 13.0 μg/L in ore pit water. Beijiang river in 
Guangdong Province has been polluted in 2005, 
the thallium in Beijiang river is hundreds of times 
higher than the background value and the pollution 
accident in 2010, the wastewater from Shaoguan 
Smelter contains thallium as high as 600 ∼ 700 μg/L, 
thousands of times higher than environmental 
background. These events also lead downstream to 
stopping supply water for several days.

The harm of the thallium in water caused the 
attention of USEPA. It has formulated 0.002 mg/L 
is the safety valve of thallium in the drinking water 
in 1993, the long term secure value is 0.0005 mg/L. 
This standard is more strict than many other harm-
ful element, such as the 0.05 mg/L of As, 0.005 
mg/L of Cd and 0.05 mg/L of Pb. Russia has a more 

1 INTRODUCTION

Thallium is a typical toxic element which has lasting 
harm. Related studies have shown that thallium tox-
icity for mammals is higher than other heavy met-
als, much higher for plants. Thallium is a typically 
rare scattered elements in the earth’ crust, coming 
to the environment with the exploitation of min-
eral resources. Because of the highly disperse in ore 
deposit and difficulty in industrial recycling, thal-
lium pollution problem was overlooked all the time 
before. Along with the rapid population growth, the 
rapid development of economy and science technol-
ogy, exploitation of resources is at an unprecedented 
scale and intensity which makes thallium pollution 
problem gradually revealed. Thallium contained in 
sulfide mine water can be dozens of times or even 
hundreds of times higher than the environmen-
tal background value and when it is serious, it can 
be tens of thousands of times. The thallium con-
tained in tailings of Kellog’ Pb-Zn-Cu-Ag mine 
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strict safety standards at present, thallium in drink-
ing water must contained less than 0.0001 mg/L. 
China has begun to focus on thallium toxic materi-
als and the ministry of construction has set up the 
standard of thallium in urban supply water in 2006, 
it is 0.0001 mg/L. Hunan Province has published 
“The Emission Standard Of Thallium In Industrial 
Wastewater Of Hunan Province”(DB43968-2014) 
on November 27, 2014 and implemented on Janu-
ary 1, 2015. The standard set 0.005 mg/L as the limit 
value of thallium emission. However, the study of 
thallium emission standards is still very weak.

Drinking water sources protection is the most 
important in the national water environment pro-
tection policy. So the establish of river basin’ thal-
lium emission standard and regulate of the factory 
emission is no time to delay.

According to the basis for emission standard, 
thallium in wastewater emission standards is related 
to the factory production technology, wastewater 
treatment technology and local water environment 
features. The advanced nature of industrial proc-
ess is closely related to the characteristics of differ-
ent businesses. The following study is mainly from 
thallium wastewater treatment technology and the 
local ecological environment features to confirm 
the determination of thallium in wastewater emis-
sion standard.

2 RESEARCH OF THALLIUM REMOVAL 
METHOD IN WASTEWATER

At present, thallium pollution control technol-
ogy mainly include adsorption, ion exchange, 
membrane separation, chemical precipitation, 
 carrier activated absorption method, biological or 
composites adsorption method, etc. These meth-
ods are shown in Table 1.

According to the Table 1, adsorption and ion 
exchange methods have a particularly high removal 
rate, but they cost high; Membrane separation 
process also has a very high removal rate, but the 
membranes need to update every few years; Biolog-
ical or composites adsorption method has a great 
prospect, but it still needs more tests;  Precipitation 
is low cost and widely used at present, but the 
removal rate is low, but through the optimization 
this method also has great prospect.

3 ECOLOGICAL ENVIRONMENT 
CHARACTERISTICS OF LOCAL WATER

Local water ecological environment characteristics 
mainly include the present situation of the ecologi-
cal water environment, water quality management 
and the law of water quality change and other 
aspects. These aspects are important basis to deter-
mine the wastewater emission standard.

3.1 Present situation survey 
of ecological environment

Reference to the “Technical Guidelines For 
 Environment Impact Appraisal—Surface Water 
Environment”, present situation survey of 
 ecological environment mainly includes  hydrology 
survey and water quality survey. We choose  Beijiang 
in  Guangdong Province as an example to decide 
which parameters should include during the survey.

1. Hydrology survey
The hydrological character of Beijiang river is: an 
even distribution of rainfall in a year and great 
seasonal changes in water level, sediment concen-
tration. Sediment transport mainly concentrated 
in April to August, these five months accounted 
84 percent of sediment transport in a year.

Table 1. The main removal method of thallium and its effect analysis.

Current 
method Material Removal rate Advantages and disadvantages

Adsorption Activated alumina Set pH to 4.5, removal rate 
nearly 100%

High removal rate but the cost 
is high

Activated carbon Removal rate is 96%–99% High removal rate but high cost
Ion exchange NaCl solutions Effluent water quality of Tl+ 

is less than 2 μg/L
Less selective of thallium

Membrane 
separation

Membrane High effluent water quality High effluent water quality but 
high cost

Precipitation Offscum of pyrite 
contains Fe3+ and Mn2+

Removal rate is between 
69% to 81%,

Medium removal rate but cost 
free

Biological 
material

Sawdust Removal rate is 98% Fast and low cost
Nut shell Removal rate is 96.5% Low cost
Tea waste slag Removal rate is 98.4%
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According to the characteristics of the Bei-
jiang river’ hydrology has a great seasonal 
change, hydrological survey of Beijiang river 
mainly include: the divide of wet season, nor-
mal season, dry season, the change of riverbed 
shape: the situation of river bend, cross sec-
tion (flood plain changes, etc.), vertical section 
(slope), roughness; The change of watercourse’ 
hydrological features: water level, water depth, 
the river width, flow, velocity, sediment concen-
tration, sediment transport, and water level—
flow relations, water—sediment relations.

2. Water quality survey: According to Beijiang river’ 
hydrology features, features of pollution sources 
(Fankou lead-zinc Mine, Shaoguan Smelter and 
Dabosan Mine, etc.) all belong to the non-ferrous 
metal smelting. The water quality survey of Bei-
jiang river mainly include: General parameters: 
pH, temperature, suspended solids, dissolved 
oxygen, potassium permanganate index and 
BOD5, five days kjeldahl nitrogen or non-ionic 
ammonia, sulfide, fluoride, petroleum, phenol, 
cyanide, arsenic, mercury, hexavalent chromium, 
phosphorus, etc.; Characteristic parameters: 
thallium, copper, zinc, lead, cadmium, etc.; Bot-
tom sediments (including aquatic organisms) 
parameters: the amount and type of planktonic 
animals and plants, algae, benthic invertebrates, 
the consist of aquatic community structure. 
Bottom materials are accumulative particular 
pollutants which related to the water quality of 
drainage. The survey period includes dry, nor-
mal, wet seasons. In addition, the water quality 
of the pollution sources and the particular pol-
lutants should added to the survey.

3.2 The object of water quality management—
water environment functional zoning

According to the local “Surface Water Environ-
mental Function Zoning”, we can determine the 
position of the pollution sources. As the water 
environmental health concept study becomes more 

perfect, the water environment functional zoning 
will develop to the water ecological environment 
functional zoning.

3.3 Research of the law of thallium—water 
quality

Using the law of water quality change (always 
express by a mathematical model) is an important 
method to determine the emission standard, based 
on the present situation of water quality, water 
quality management, reflex the water quality of 
the emission sources by using a model.

1. The choice of model
Water quality model using mathematical lan-
guage to describe the mutual transformation 
relationships, the law of pollutants change in 
water environment and the influencing factors. 
At present, the river water quality simulation 
has two ways, one is to develop a specific water 
model for a specific river; the other way is use 
a water quality models which have successfully 
used before. Among them, the second way is the 
most commonly used. The water quality simula-
tion models which have successfully used before 
are: WASP7, MIKE21, CE-QUAL-W2, SMS-
SED2D, SMS-RMA4, HEC-RAS, HEC-HMS, 
QUAL2E, QUAL2K, etc. Table 2 lists the con-
trast of several main models.

According to Table 2: WASP7 is the most 
suitable water quality model in type, dimension 
and computing speed compared to other mod-
els. So WASP7 is chosen to be the water quality 
simulation model.

2. Model parameters and its determination 
method
WASP7 water quality model parameters include 
hydrodynamic and water quality (describe pol-
lutant migration). Among them, the hydro-
dynamic parameters include: the convection 
velocity and diffusion coefficient in lengthways, 
crosswise and vertical; roughness coefficient and 

Table 2. Contrast of several models.

Model Dimension Parameters Calculation method Calculation results

WASP7 3 DO, germ, Eutrophication, 
ss, toxic materials

Difference method Low accuracy but fast

MIKE21 2 Flow, water level and 
velocity

Difference method Low accuracy but fast

SMS-RMA4 2 Diffusion coefficient of 
pollutants

Finite element method High accuracy but slow

QUAL2E 1 BOD, DO, T, NH3-N 
and others

Finite element method High accuracy but slow

HEC-RAS 1 Flow, water level and 
velocity

Difference method High accuracy but slow
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hydraulics factors of flow, velocity and water 
depth. Water quality parameters include: coef-
ficient of heavy metals adsorbed and desorbed 
by sediments, Coefficient of sediment release, 
coefficient of absorption and release by aquatic 
organisms. The parameters of the model can 
be confirmed by theoretical method, empirical 
method, experimental method and model cor-
rection method.

4 CONCLUSION

Thallium is a typical toxic element which has 
lasting harm, but the study of  thallium emission 
standards is still very weak. Thallium has severely 
the rivers in the recent years. So the establish 
of  thallium emission standard is no time to 
delay.

Thallium in wastewater emission standards 
is related to the factory production technology, 
wastewater treatment technology, and local water 
environment features. This paper mainly dis-
cusses from the latter two features to confirm the 
determination of thallium in wastewater emission 
standard.

Thallium pollution control technology mainly 
includes adsorption, ion exchange, membrane 
separation, chemical precipitation, biological 
adsorption method. The most practical processing 
method is precipitation, while biological adsorp-
tion method is the most prospect method.

Local water ecological environment charac-
teristics mainly include the present situation of 
the ecological water environment, water quality 
management, and the law of  water quality change 
and other aspects. We choose Beijiang in Guang-
dong Province as an example to decide what 
parameters should be included during the survey. 
According to Beijiang river hydrology has a great 
seasonal change, hydrological survey of  Beijiang 
river include wet season, normal season, and dry 
season. Hydrological survey focuses on hydrol-
ogy, sediment and change of  river channels; 
Water quality survey focus on general parameters, 
characteristic parameters and Bottom sediments 
parameters; As for the object of  water quality 
management, executes the local “Surface Water 
Environmental Function Zoning”, As the water 
environmental health concept study become 
more perfect, the water environment functional 
zoning will develop to the water ecological envi-
ronment functional zoning. WASP7 is the most 
suitable water quality model in type, dimension 
and computing speed compared to other mod-
els. So WASP7 is chosen to be the water quality 

 simulation model. The parameters of  the model 
can be confirmed by theoretical method, empiri-
cal method, experimental method, and model cor-
rection method.
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Limit of abandoning wind and sunshine rate research based on 
wind-photovoltaic-thermal coordinated dispatch model

Ran Li, Lei Dang & Zhe Dong
Department of Electrical Engineering, North China Electric Power University, Baoding, Hebei, China

ABSTRACT: Along with the increase of wind and photovoltaic capacity, due to the adverse effect on 
peak regulation and the probabilistic fluctuation, wind and sunshine power is often abandoned in practice 
when considering economic or security. However, it is necessary to limit it to avert the seriously abandoning 
wind and sunshine phenomenon. This paper Aims to analyze this problem by establishing the relationship 
between reliability indices and up-down spinning reserve in order to calculate up-down spinning reserve. 
At the same time, the start-up and down, output power dispatch model is built and solved by Evolutionary 
Iteration Particle Swarm Optimization (EIPSO). Meanwhile, thermal power units are start-up and down in 
order. Second, economic dispatch result when abandoning wind and sunshine is compared with the result 
when not abandoning wind and sunshine, of which the outage cost is the main change.

Keywords: spinning reserve; coordinated dispatch; Evolutionary Iteration Particle Swarm Optimization 
(EIPSO); abandon wind and sunshine

2 MODEL ESTABLISHED

2.1 Economical and safe wind curtailment 
and PV curtailment

Economical wind curtailment aims to give up part 
of wind and PV power to reduce operation costs. 
Some elements including economical wind cur-
tailment, wind curtailment rate, the biggest limit 
constraint are added to the scheduling model, after 
that, the value of economical wind curtailment and 
PV curtailment will be calculated.

Safe wind curtailment and PV curtailment aims 
to give up part of beyond planning power and 
wind power to reduce the demand of down plan-
ning reserve when the thermal power is short of 
cut capacity.

2.2 The relationship between up and down 
planning reserve and reliability index

The forecasting error probability distributions of 
wind and PV power and load are supposed to be 
based on normal distribution. And the prediction 
error percentages are σ σ σw sσσ lσ,σ sσ  respectively. The 
outputs at the moment h are P P Pw hPP s hP l hPP, ,h s ,, ,Ps hPP , so the 
total prediction error at the moment h is σ totaσσ l,h, 
and it can be showed as (1).

σ totaσσ l, , , ,( ) (σ , ( )h w(σ w,, σσ h l) (σ l h,,)(σσ (σσσ + (σσ2 2( )((σ 2

 (1)

1 INTRODUCTION

With the increase of capacity of wind power and 
solar power, their anti-peak shaving and fluctua-
tion characteristics bring more difficulty to power 
dispatching, like more peak-valley differential 
caused by anti-peak shaving of wind power and 
more spinning reserve by solar power fluctuation. 
These will change the schedule of generator’s start/
stop and power output, which cause more power 
generation cost [Yang Dongfeng et al. 2014].

Wind/Solar/Thermal power combined schedul-
ing model described in this article need to determine 
the upper spinning reserve when renewable energy 
is connected to power grid. Reference [Yuan Bo 
et al. 2013] correlated the spinning reserve to load-
loss forecast. Risk value and conditional risk value 
are used to define the upper and lower spinning 
reserve in reference [Zhang Guoqiang et al. 2011]. 
Upper and lower spinning reserve is determined by 
upper and lower limit of wind power forecast [Yao 
Yao et al. 2011]. The error of wind power and solar 
power forecast is not considered in above literature, 
so reliability index of LOLP is adopted to define 
the spinning reserve limit in this article.

The simplified model of selective area includes 
many same type of generators. To ensure the 
uniqueness of the start/stop process solution, the 
start and stop sequence of same type of generators 
need to be numbered. Coordinate schedule model 
including wind-discard ratio and solar-discard 
ratio will be set up by using EIPSO algorithm.
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Up and down planning reserve can be deter-
mined according to two parts. One is reserve 
demand considering prediction error when all units 
operate normally; the second is same to former but 
the units are out of service. This paper use LOLP 
and EENS to determine the value of up and down 
planning reserve. And the probability of unbal-
anced power caused by the lack of down planning 
reserve can be set no more than α. So, using LOLP, 
EENS and α, the value of up and down planning 
reserve in the model can be calculated [Ronan 
Doherty et al. 2005].
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where: NW,S,T is the total number of units according 
to the rank of wind, PV and fire; FOPiPP  is the forced 
outage rate of the unit i; PjP  is the maximum power 
output of the unit j; Φ( )  is standard normal dis-
tribution function; P( )x  is the probability density 
function of standard normal distribution.

This area can receive part of power through 
tie line from other area. So it can be thought that 
this area just need w(w < 1) times of up and down 
planning reserve. And the up and down planning 
reserve can be defined as following:

P PupPP h LPP up h up G, ,h L , ,h E , mh( ( , )PEPP up,E ,h , )P GPPP  (5)

P PdowPP n h down h, ,h ,ω αPP
 (6)

where: P Gmax,PP  is minimum constraint value of up 
planning reserve in this isolated area, and its value 
can be set as the maximum output power of the 
biggest unit.

2.3 The determination of the objective function 
and constraint conditions

Objective function can be set as total generation 
cost, including unit start-up cost and the cost of 
fuel. Owning to serious environmental problem, 
the generation cost of wind and PV is nearing 
zero. Therefore, in the objective function formula 
(7), SU SD Fn dU n d n d, ,d n ,( )Pn dP+ +SD dD  are starting cost, cost of 
downtime and generating cost, respectively.
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F A B P C Pn n nA n dPP nC
n d

( )Pn dPP , ,d n n n)d ,
×CnCPPP= AA ×nBBBnB 2  (10)

where: nT is the total number of units; d n0n 2,d d1 ,1n n2,d,  
are the parameters of unit start-up cost; A B Cn n nA C,BnnB  
are the parameters of fuel; UnU d  is the unit’s state at 
the moment d, and 0 stands for closing, 1 stands 
for starting; Pn,d is the power in practice of unit n 
at the moment d.

Constraint conditions include unit start-up, 
unit’s power, abandon the wind in economy, discard 
rate limit, climbing constraints power balance con-
straints and up-down planning reserve constraints.

1. Unit start-up constraints

U TnU s
n oTT n

s h

h Tn oTT n

Tn oTT n ( )U UnU h
nU hUU

−Tn oTT n

∑ ,

, 1

 (11)

( ) ,

, 1

( )1
−

∑ T) ≥) 1 −n
s

n o,TT ffo
s h=

h T+ n o,TT ffo

 (12)

where: Tn,on, Tn,off is the minimum time of 
start-up of unit n.

2. Constraints of unit’s power, efficiency to aban-
don the wind and discarding rate limit

P P Pn nPP d nPPmin
,

max≤PnPP d  (13)
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0
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w dωω eco w

s dωω eco s

, ,d eco

, ,d eco% %≤ ω≤ ecoω s

% %≤ ω≤ ecoω w  (14)

where: Pn
min, Pn

max are the maximum and mini-
mum power of unit n; ω ωw dωω s dω, ,d s%, % are the 
rates of abandoning wind and light in practice 
at the moment d, respectively. ω ωecoωω w ecoω s, ,w eco%, % 
are the value of abandoning the wind and light 
in economic, respectively.

3. Climbing constraints

P P P P Pn dPP G nG P d nPP GU, ,d n , ,d n ,− +1 n GD nGG d n1 Pn GPP D nG d nPP dn , ,d nn GD nG d n d15 15≤ PPnPP ×  (15)

where: Pn,GD, Pn,GU are the up and down climbing 
speed respectively.

4. Constraints of power balance

P W

W P L

n dPP d
n

n

w dWW

s s dWW lostPP d dL

T

, ,d w ,

, ,d s ,

( )WWw dw

( )s dd WW)d =
=

∑
1

s+  (16)

where: Ww,d, Ws,d are the power of wind and PV 
at the moment d respectively; L Pd lL PPosll t d,  are the 
load powers and power loss at the moment d, 
respectively.

5. Constraints of up and down planning reserve

min( , )max
, , ,P Pmax P)n nP PP P d , GU upPP h

n

nT

PnPP d ,
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1

 (17)
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=
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1

ωsafea w %%safea w % ≥≥ PdowPP n h,  (18)

where: ω ωsaωω fea w sω afe sff, ,w safeff% % are the values of safely 
abandoning wind and light at the moment d, 
respectively.

3 THE SOLVING PROCESS 
OF THE MODEL

In order to avoid dimension disaster, model solv-
ing process can be divided into two steps. The first 
step of the outer loop schedules for unit start-up, 
and the second step of the inner loop schedules 
for power. The time interval is 1h, and the EIPSO 
algorithm is used to solve this model. The model 
solve process is as follows:

1. The first step is to initialize the start up and 
down sequence of unit particles whose dimen-
sion is N D. N that represents the total units, 
and D represents the number of times. Then cal-
culate the start and stop costs according to the 
formula (6)∼(7), and verify the unit particles to 
meet the constraints of (9)∼(10);

2. The second step is to initialize the output power 
for each unit particles whose dimension is 

upNN d, . NupNN d,  and represents the total units 
for the moment d, and D represents the number 
of times. Then calculate the economic costs 
according to the formula (5), and verify the unit 
particles to meet the constraints of (11)∼(14);

3. The third step is to add constraints as the form 
of penalty function to fitness value, and use 
EIPSO algorithm to solve the inner loop. This 
step is used to get optimal power correspond-
ing to the start up and down sequence of unit 
particles;

4. The fourth step uses the EIPSO algorithm 
to solve the outer loop to obtain the optimal 
start-up and down sequence of particles;

5. The fifth step use the optimal start up and down 
sequence of unit particles and optimal output 
to calculate the thermal output, wind and PV 
abandon rate scheduling. The method is same 
as the second step.

4 EXAMPLES

This paper establish a mixed integer nonlinear 
programming model to solve a day-ahead gen-
eration scheduling problem and the data of the 
model selected from some wind-photovoltaic-
thermal coordinated area. We assume that there 
are 10 units whose capacity is 300MW and the 
capacity of other 10 units 350MW. In addition, 
the total power of 20 wind farms is 2000MW, the 
power generated by photovoltaic power generation 
is 200MW. Characteristics of the units refer IEEE-
RTS system and the research. Assuming that the 
line loss is 5%, the forced outage rate of 300MW, 
350MW, wind turbines and photovoltaic panel is 
separately 7%, 8%, 4% and 4%, Take 2.18%, 9.32% 
and 19.57% as load, wind power and photovoltaic 
power’s prediction error respectively. Select the 
data of wind power, photovoltaic power of which 
anti peak shaving and adulatory property is the 
most obvious as the research object from schedul-
ing data. The initial state of thermal power units is 
assumed as unit 9 and 10 in 300MW, unit 5–10 in 
350MW are open. Because unit can shut-down 
quickly, Ton and Toff separately take 1h and 6h.

Shown as Figure 1(a), in 300MW units, unit 3, 4, 
7 open and close repeatedly as result of the short of 
capacity, and 9, 10 unit is always being open. While 
in 350MW units, unit 9 and 10 is always being open, 
and unit 5 opens and closes repeatedly because of 
the short of capacity. Figure 1(b) shows that the 
output of 350MW units are more than 300MW 
units, especially 350MW units provide mainly at 
load peak, that’s because the costs of each MW fuel 
of 350MW unit is less than 300MW units.
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Figure 1. Units dispatch without abandoning wind and 
photovoltaic ((a) start-up and down, (b) output).

Figure 2. Values of up and down spinning reserve with-
out abandoning wind and photovoltaic.

Figure 3. Units dispatch under the limit of abandoning 
wind and photovoltaic rate is 5% ((a) start-up and down, 
(b) output).

As shown in Figure 2(a), spinning reserve short-
age occurred under the cause of the unit start-stop 
occurred in 1 ∼ 10 times, and 18 ∼ 21 times, 1 ∼ 10 
times lead to 7 unit of 300 MW and 350 MW unit 
5 to unnecessary start-stop, 18 ∼ 21 times the cause 
of 300 MW generating unit 3, 4 unnecessary start-
stop. It’s shown in Figure 2(b), the reserve capacity 
requirements calculated from traditional method 
are close to the reserve capacity requirements cal-
culated from (1)∼(4), when wind power and PV 
are not considered, therefore the rationality of the 
alternate calculation method was verified. When 
wind power and PV are included at the same time, 
the reason that the limit of spinning reserve rise at 
time 0∼5 times is because wind power is more than 
PV, in order to prevent the power supply short-
age caused by wind power less than its plan, it’s 
necessary to increase the limit of spinning reserve. 
While, the increase of spinning reserve in 0∼5 times 
is because of the high output of wind power, given 
the real output may be more than plan output, 
thermal power should rise the ability of cut to 
ensure security constraints.

Comparing Figure 1(a) and Figure 3(a), we can 
find that in Figure 1(a) the units on 300 MW start 
9 times and the units on 350 MW start 7 times, and 
in Figure 3(a) the units on 300 MW start 7 times 
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and the units on 350 MW start 7 times, that will 
reduce the start-up costs of two 300MW units. 
Besides, Figure 3(b) shows that 300 MW units out-
put increase during to the process of an 300 MW 
unit off  and on in the time of 16 to 18.

It’s shown in Figure 4, the given-up wind power 
in used to decrease the influence on economy by 
the anti-peak shaving of wind power.

5 CONCLUSIONS

Comparing the schedule result at economy and 
safety wind/solar discard ratio, two types of wind/

solar discard ratios can be figured out to reduce 
the start/stop cost and thermal generation power 
cost. The limit will be taken into the daily-before 
schedule to ensure higher economy and restrict the 
quantity of wind/solar discard. Meanwhile, the 
calculation effort will be reduced because of set-
ting of lower power of wind/solar power regula-
tion compared with no lower power model.
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ABSTRACT: Contradiction between rapid development of economy and technology in deteriorating 
ecological environment is one of the important challenges in urbanization of China. By learning from 
foreign experience, this paper aims at the typical problems of the municipal solid waste management, 
and takes one of China’s largest cities Wuhan for example. Using computer data processing technology, 
this paper explores how to realize intelligent control of the whole process of municipal solid waste, and 
to promote the sustainable development of urban human settlement environment. This whole process of 
municipal solid waste management strategies can provide useful references and inspiration for cities in 
China as well as other developing countries.
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of study. According to the statistics, 2010–2013, 
Wuhan municipal domestic waste output has 
increased significantly, from 2.2 million tons 
in 2010, rising to 2.6 million tons in 2013, with 
an average annual growth rate of 6.1% (Fig. 1). 
However, the city for waste treatment model and 
improvements haven’t been made. Especially, in 
the old city and outside the third ring, feel free to 
dump garbage everywhere. In the course of deliv-
ery, garbage truck often sewage leaks, trash over-
flow, and so on.

1 INTRODUCTION

With the acceleration of urbanization and the rapid 
development of economy, municipal solid waste 
management problems are getting more and more 
serious. Nowadays, China’s strategy for municipal 
solid waste management and treatment focuses at the 
end. There are three main ways: composting, landfill, 
and incineration. However, composting technology 
can only operates well under microbial environment, 
and the processing period is too long; Fill method 
has the advantage of dealing with large capacity 
and high economic efficiency, but it still has a great 
negative impact on the groundwater environment; 
Incineration treatment belongs to the relatively high 
energy efficiency and resource utilization of the heat 
produced by the incineration, and occupies an area 
of small, but easy more pollution to the air environ-
ment. Therefore, it is easy to see that the above three 
ways have their advantages and disadvantages, need 
for municipal solid waste management problems in 
the process, then apply the appropriate measures.

2 MATERIALS AND METHODS

In this paper, we take Wuhan City, central  China’s 
largest city and a center of the city—as the object 

Figure 1. Wuhan municipal solid waste outputs vari-
ation in 2010–2013. (data source from Wuhan Environ-
mental Protection Bureau).
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Wuhan, have seriously affected the health of cit-
ies and also reduce people’s quality of life. In this 
case, information intelligence of the whole proc-
ess of municipal solid waste is necessary to study. 
The effective management and monitoring of 
municipal solid waste not only save existing land 
resources, highly coordinated transportation, but 
also can make rational use of existing resources. In 
February 2011, the city proposed “intelligent city” 
construction concept. On this basis, promoting 
urban waste intelligent control strategy can help 
the whole process of Wuhan municipal solid waste 
recycling and promoting Wuhan achieved the pur-
pose of building a harmonious and livable city, 
lead the smart city concept extends to every corner 
of society and people’s livelihood.

The research methods are:

1. Based on current domestic solid waste problems 
and obstacles faced by the processing system of 
the whole process, from municipal solid waste 
processing, transport and processing, and find 
the optimal solution.

2. Introduction of current urban development pro-
moted by the “intelligent city” concept, using 
the smart technology, to trash the whole process 
in real time, linkage, stability, and effectiveness.

3. Waste processing operations connected with the 
information management system of city, urban 
data.

4. Use the “3R” concept of municipal solid waste 
treatment technology and ultimately achieve 
waste minimization, recycling and harmless 
requirements.

3 WUHAN MUNICIPAL SOLID WASTE 
MANAGEMENT SYSTEM ANALYSIS

3.1 Waste separation and recovery system 
is not perfect

Because the lack of residents ‘awareness of 
environmental protection and waste separation 
knowledge, the serious problem of the amount of 
municipal solid waste and miscellaneous. Wuhan 
construction of waste treatment facilities is still 
not on the agenda, without waste sorting waste for 
subsequent recovery of utilization and disposal of 
inconvenience, not only increases the workload of 
the operator, and also put forward higher require-
ments for waste disposal equipment. Eventually, 
lead to garbage recycling rate is very low, the waste 
of resources is not reduced.

3.2 Reduce waste treatment

Waste reduction is in the waste produced in the 
process, suppress or avoid the eventual  incineration 

and land filling of waste, which is source of waste 
down, reduce the production of waste. As of right 
now, still follows the end of treatment of domestic 
waste treatment in Wuhan City pattern, garbage 
disposal problems piled up on the last incinera-
tion or landfill link. Municipal waste reduction, 
resource recovery, innocent sort of goals also 
requires long-term efforts to achieve.

3.3 Inadequate waste collection 
and transportation system

Municipal domestic waste collection and trans-
portation work is characterized by traffic, trans-
port level involves more. However, transport of 
municipal solid waste, and no systematic layout of 
Wuhan, resulting in waste transportation energy 
consumption and low efficiency. In addition, part 
of junk jobs drivers of vehicles not required to 
route jobs, often reselling halfway through “wild 
waste” on urban health and environment hazards.

4 INTELLIGENT MANAGEMENT 
STRATEGIES FOR MUNICIPAL 
SOLID WASTE DISPOSAL

In order to solve the problems above, this paper 
argues that if  municipal solid waste management 
system wants to achieve the most efficient and 
optimum condition, there must be a systematical 
innovation through the whole process of munici-
pal solid waste disposal. Therefore, the municipal 
solid waste management will be divided into three 
stages: collection, delivery, and disposal. By com-
bining the intelligent equipment and management 
system, our paper presents the following optimal 
solutions.

4.1 Real-name trash bags

1. Because that residents’ waste classification 
awareness is not so strong, and current situ-
ation of sanitation supervision is inadequate 
we will trash bags for the new design under the 
premise of vigorously promoting and popular-
izing knowledge of waste. The recorded infor-
mation of urban residents of two-dimensional 
code combined with the garbage bag, forming a 
real-name system for garbage bags.

2. Real-name trash bags will be divided into four 
colors, each color corresponding to a kind of 
waste categories. It is mainly based on the tra-
ditional garbage bag attach the recorded holder 
of personal information and litter species infor-
mation the QR code. By scanning the QR code, 
one of the trash doors can be opened. In addi-
tion, when random rubbish is found in garbage 
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bags, sanitation Inspector can quickly trace 
spam sources (Fig. 2).

4.2 Solid waste intelligent storage devices

1. Intelligent storage devices for solid waste is a 
key equipment through the whole management 
process. For city waste bins sealed enough, often 
distributing odors and germs a lot of mosquito 
breeding conditions, we use QR code as rubbish 
bins open “key.” Once the rubbish is put in the 
specified bin, the door will shut. When collect-
ing the garbage, our staffs only need to put their 
own QR code on scanned area, and the door 
can be opened.

2. To ensure the waste be divided at source, our intel-
ligent waste storage device can be divided into 
four closed containers according to waste classi-
fication category, namely, recycling waste (green), 
and general waste (yellow), food waste (orange), 
and hazardous waste (red). Garbage bags are 
attached to the classified information by scan-
ning the QR code; the door corresponds to the 
trash will open as quickly as possible.

4.3 Intelligent supervision system

1. Hand out the real-name system garbage bags 
by the amount and time granted. Quantitative 
issue with community management institutions 
each month QR garbage bags, people working at 
home must do the garbage classification. When 
garbage processing, such as free classified waste, 
will be based on the cloud computing system 
data that can be recorded to the holder’s credit 
limit cuts. Once the credit falls below a certain 
value, it will be required for social work. In 
addition, QR code information will be updated 
once in every month, updated the original QR 
codes will not be available. Monthly, the rest 
of garbage bags are available to users receiving 
point’s redemption prizes. So that the people 
can consciously reduce solid waste and achieve 
the reduction of solid waste.

2. To collect the waste on the amount. Intelligent 
storage devices can store waste garbage weight 
monitoring in real time, all data will be input 
to the database. Once the weight reaches a pre-
set value, it will send hint to the garbage sta-
tion, and the waste dump position, sending the 

corresponding vehicle charge. Regularly collect-
ing garbage at this stage of the process is better, 
so that it can deliver savings greater consump-
tion of energy and improve efficiency.

4.4 Municipal solid waste link

1. The overall handling of hazardous waste box 
we use, in transport box directly into the waste 
inside the vehicle. Refuse in the back compart-
ment with two hazardous waste box for the card 
slot can be fixed for a fixed bin.

2. Installed in the vehicle GPS (Global Positioning 
System), real-time control of the vehicle location 
information to stop halfway dump “wild waste” 
phenomenon. Finally, the information storage 
systems install in a vehicle, and send informa-
tion to a Terminal, so that garbage collection 
agencies keep track of vehicle information.

3. The garbage station, routes will be set in advance 
for each recycling site, refuse collection vehicles 
before delivery, vehicle information, operator 
information, departure time has a record, as 
judging the rationality of the transportation 
process basis as well as supervision of the oper-
ator (Fig. 3).

4.5 Municipal solid waste processing

When the waste is transported to the landfill suc-
cessfully, it is then unloaded by unified garbage dis-
posal personnel to deal with. Each staff  member’s 
information will also need to undergo a rigorous 
monitoring so that waste treatment sessions, deter-
mined for each question appear in charge (Fig. 4).

Complement the above procedure is needed 
innovation and implementing the enterprise 

Figure 2. Waste information management with real 
signature.

Figure 3. Waste transit information management 
model.

Figure 4. Waste disposal information management 
model.
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system of waste disposal units. Process data via 
cloud computing meet no harm standards and 
then focused on the destruction, to achieve the 
waste harmless. In city life garbage full process 
management, completely using real networking 
technology, building dangerous waste regulatory 
real networking system, on life garbage in the dan-
gerous waste of  disposal process and the process-
ing personnel, for real-time monitoring, for solid 
waste processing process of  full of  regulatory 
provides technology guarantees, achieved on dan-
gerous waste from source to fill buried processing 
of  full can tracing of  monitoring, prompted solid 
waste management by traditional artificial man-
agement way to modern intelligent management 
way for change.

5 CONCLUSIONS

As the Development and improvement of sci-
ence and technology information, municipal solid 
waste management brings out new opportunities 
and challenges. Through Global perspective on 
urban development, the paper studies combine 
the intelligent technology and waste management 
system, based on the consolidation of the waste 
management system operation. For whole city gar-
bage disposal process running system, our paper 
hold wisdom city construction concept, on city 
life garbage management has optimized strategy: 
1) through referencing both at home and abroad 
city garbage management experience, we proposed 
that garbage processing can adopt intelligent cloud 
computing technology. We expect the linkage is 
what our new management system has. 2) Starting 

with whole intelligent management system equip-
ment, we have systematic arrangements on munici-
pal solid waste whole process. Through the garbage 
disposal and recycling, we expect to achieve sta-
bility of solid waste treatment and recycling. In 
Conclusion, smart city concept-based research on 
municipal solid waste management strategy is in 
line with the requirements of the times, The use 
of intelligent technologies is to address solid waste 
problems in contemporary cities, and to promote 
resource-saving and environment-friendly urban 
development with a positive effect.
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Experimental study of infiltration characteristics of outdoor particulate 
matter into the indoor

Zhiyong Li, Fan Zhang & Qianqian Shi
School of Civil Engineering, North China University of Technology, Beijing, China

ABSTRACT: This paper set up an experimental platform and tested the penetration rate of particles 
of different diameters penetrating the crack. The results show that the particle penetration rate through 
cracks is mainly influenced by the pressure difference between the ends of the crack and by the diameter 
of particles. The particle penetration rate through cracks goes bigger as the pressure gets larger, within 
the scope of the low penetration rate changing with pressure difference is more sensitive. Unlike pressure 
change, penetration rate turns smaller along with the increase of particle size.

Keywords: particulate matter; penetration rate; crack; haze

5—last sampling segment. In the experiment, the 
air flow entered by the entrance, through the rec-
tifying section, then flowed into the first sampling 
segment and is tested in it. Under the pressure dif-
ference, particulate matter in the first sampling 
segment flowed arriving in the last sampling seg-
ment to be tested. Finally, the air with particles 
would be exhausted from transition section by 
the fan. As shown in Figure 1, 4—crack structure 
was made up of several vertically stacked glass 
(0.20 m (W) × 0.15 m (L) × 0.004 m (H)) in the 
test chamber. At the same time, the metal wires 
were clamped between the two adjacent pieces of 
glass to make a straight seam, which can connect 
the first sampling segment and the last sampling 
segment. This experiment designed two slits in all, 
as more airflow could pass under the same pres-
sure difference, so as to strengthen the control of 
the fan and small pressure difference. With differ-
ent diameters of the wire, the height of the straight 
crack will also change accordingly. This diameter 
of wire used in the experiment is 0.3 mm, 0.5 mm, 
and 1 mm. As the surface of sand paper is inlaid 
with sand grains uniformly, it can simulate the 
vast majority of roughness of construction mate-
rial surface. Therefore, this experiment would use 
sand papers with different size of grains attaching 
onto the inner surface of the glass tablet to simu-
late different roughness of the material surface. 
The roughness of inner surface of glass tablet in 
the experiment is 0 μm, and the roughness of the 
sandpapers also used were 10.3 μm and 20.5 μm. 
YYT-2000 type micro manometer was used to 
measure the pressure difference between two sides 
of the crack structure. The difference of pressure 

1 RAISE QUESTION

In 2014, haze phenomena occurred frequently in 
Beijing and other cities in China. The bad influence 
that haze has on people’s lives cannot be sneezed 
at. In recent years, studies of epidemic diseases and 
other toxic symptoms indicate that human health 
is closely related to the degree of body’s exposure 
to fine particulate matter in the air. Firstly, the 
fine particulate matter in the air can carry bacte-
ria, carcinogens, and virus directly into the lungs, 
and lungs may get injured and infected. Secondly, 
outdoor fine particulate matter can carry inor-
ganic composition and heavy metal accumulating 
toxins, which causes acute or chronic damage to 
human breathe system, immune system, and car-
diovascular system. Studies show that the smaller 
of the particle size, the acid will be more apparent, 
namely the acids of PM 2.5 and PM 10 particles 
will significantly increase. Therefore, the air pollu-
tion caused by particulate matter has been closely 
connected with people’s health and environmental 
quality. For the study of the relationship between 
the penetration rate and relevant variables, this 
paper set up an experiment device to test the char-
acteristics of particles penetrating under different 
experimental conditions.

2 EXPERIMENT

2.1 Experiment set-up

As shown in Figure 1, this experiment device 
mainly include: 1—entrance, 2—rectifying section, 
3—first sampling segment, 4—crack structure, 
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was gained by the fan exhausting the air from last 
sampling segment to make its pressure down. The 
positive side of micro manometer connected to the 
first sampling and negative side was connected to 
the last sampling segment. The micro manometer 
was filled with 99%-alcohol solution as the hydrau-
lic fluid. When testing, slope K = 0.2 was chosen to 
enhance the sensitivity, under which circumstances 
maximum range can reach 46 pa, and the error 
can be controlled to 0.5 pa. When the differential 
pressure changes, we can adjust the fan frequency 
to control the value of the pressure difference on 
both sides. CLJ-03A type laser dust particle coun-
ter extracts the air from the first sampling segment 
and the last sampling segment through a hose 
respectively. The particle counter could be used to 
measure quantity concentration of the particulate 
matter with different diameter.

2.2 Experiment procedure

Before the experiment was carried out, the glass sur-
face should be cleaned first. The particles attached 
on the surface of sand papers should also be blown 
off. When installing crack structure, all other slits 
(including gaps between the glass plate and the outer 
wall and other contact gaps between glass tablets) 
would be sealed except the two cracks made by wire, 
to ensure that the air can only flow by the specific 
cracks. After the experiment device was installed, 
open the fan to make the actual differential pressure 

between two ends of the crack is close to the experi-
mental design value. Then open experimental appa-
ratus and rotate the valve V to connect the first 
sampling segment with the particle counter.

Adjust the fan make the differential pressure 
between the two ends of the crack stable at the 
design pressure difference. Then use CLJ-03A laser 
dust particle counter to test quantity concentration 
of the particulate matter in the first sampling seg-
ment. Rotary valve V to connect the last sampling 
segment with the particle counter. Again, after the 
differential pressure between the two ends of the 
crack was stable, measure the quantity concentra-
tion in the last segment with the instrument. The 
CLJ-03A type laser dust particle counter can meas-
ure the concentration of particles in 0.3 μm, 0.5 μm, 
1 μm, 3 μm, 5 μm, and 10 μm so on, which has 6 dif-
ferent sizes in all. Though other slits were soft sealed 
with sludge, there would be still a small amount of 
gas leak. This part of influence of the gas leak was 
treated as negligible on penetration ratio. Since the 
last sampling section is directly connected with the 
fan, the deposition rate of the particulate matter in 
the test chamber is negligible as well.

3 ANALYSIS

3.1 Effect by the height of the crack

As shown in Figures 2–3, the penetration rate 
has a relationship with the height of the gap, but 

Figure 1. 1-entrance; 2-fence; 3-rectifying section; 4-first sampling segment; 5-crack structure; 6-last sampling seg-
ment; 7-transition section; 8-fan; 9-CLJ-03A type laser dust particle counter; 10-micro manometer gauge; 11-copper 
pipe joint; 12-hose; 13-upper tablet; 14-wire; 15-bottom tablet.
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Figure 2. The curve of penetration rate with the change 
of the crack height; differential pressure is 2 pa and the 
roughness is 0 μm.

Figure 3. The curve of penetration rate with the change 
of the crack height; differential pressure is 4 pa and the 
roughness is 0 μm.

Figure 4. The curve of penetration rate with the change 
of the differential pressure; crack height is 0.5 mm and 
the roughness is 0 μm.

Figure 5. The curve of penetration rate with the change 
of the differential pressure; crack height is 0.3 mm and 
the roughness is 10.3 μm.

the penetration rate will not always decrease as 
the height increase and sometimes become more 
complicated.

3.2 Effect by the differential pressure

As shown in Figures 4–6, the value of I/O ratio of dif-
ferent particles becomes increasing with the increase 
of the differential pressure, and decreases with the 
pressure difference. Compared with the high pres-
sure difference, the penetration rate is more  sensitive 
in the low pressure difference range, namely the 
 penetration rate within 2–4 pa is increased quickly.

3.3 Effect by the diameter of particles

As shown in Figures 7–9, under the same pressure, 
I/O ratio of particulate matter generally increases 
as the particle size becomes small. Because of 
which characteristics the penetration rate curve 
became scattered as the particle size becomes large 
at the same differential pressure. When the surface 
roughness is 0 μm, the permeability of the particles 
is more regular. When the roughness of the sur-
face is not 0, the infiltration law of the particles is 
slightly complex.

Figure 6. The curve of penetration rate with the change 
of the differential pressure; crack height is 0.3 mm and 
the roughness is 20.8 μm.

Figure 7. The curve of penetration rate with the change 
of the particle size; crack height is 0.5 mm and the rough-
ness is 0 μm.
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4 CONCLUSION

In this paper, an experimental set-up is designed, 
which is aimed at the main relevant condi-
tions such as the height of the crack, the rough-
ness of the inner surface, the pressure difference 
between the two ends of the crack, and the diam-
eter of the particle. The experiment cannot fully 
explain the influence of the roughness and the 
height of the crack on the penetration rate. But the 

Figure 8. The curve of penetration rate with the change 
of the particle size; crack height is 0.3 mm and the rough-
ness is 10.3 μm.

Figure 9. The curve of penetration rate with the change 
of the particle size; crack height is 0.3 mm and the rough-
ness is 20.8 μm.

results show that even with the minimal pressure 
difference (such as 2 pa), the penetration rate is 
also different accordingly. The penetration rate is 
mainly influenced by the pressure difference and 
the diameter of the particles. When the pressure 
difference gets larger, the penetration rate generally 
goes upward; as the pressure difference decreases, 
the penetration rate is generally decreased. At the 
same time, the penetration rate was negatively cor-
related with the particle size, and as the particles 
size decreases, the penetration rate decrease as well. 
In the range of low pressure difference, the perme-
ability of the particles is important for indoor pol-
lutant control. To study the mechanism further of 
the penetration of particles, we need to study the 
theory further and get more experimental data.
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ABSTRACT: This paper has established the one-dimensional steady-state diffusion model of under-
ground road pollutant, and applied the finite difference method to solve the model. The source term of 
equation about pollutant is the measured data, which is obtained by the current national standard motor 
vehicle emission factor data, combined with the traffic flow, the proportion of vehicles and vehicle speed, 
etc. Then we verified the model according to the measured data of Shanghai Yan’an east road tunnel. 
These studies have shown that the established model calculated values tallies with the actual measurement, 
when the calculated values and measured values of CO concentration within the maximum deviation, 
the application of the model can realize the prediction of the underground road pollutant concentration 
distribution.

Keywords: heating, ventilation and air conditioning engineering; urban underground roads; pollutants 
diffusion; intensity of sources

2 THE MATHEMATICAL MODEL

In urban underground road, due to the road 
cross-sectional area scale is far less than the road 
longitudinal dimension, the pollutants diffusion 
equation can be considered to one-dimensional 
processing. Select road longitudinal as the x axis, 
establish one dimensional convection diffusion 
equation of underground road pollutant. We 
solved the problem by applying the finite differ-
ence method. The solution ideas as follows: set-
ting up the pollutant diffusion dynamics model, 
determining the boundary conditions, calculating 
the pollutant source term S, and finally, inputting 
model parameters for underground road pollutant 
concentration field.

2.1 Convection diffusion equation

Underground road pollutant diffusion dynamics 
equation is:

u
C
x

K
C
x

SiC
xK iC

iS
∂
∂

=
∂
∂

+
2

2 ( )x
 

(1)

This equation consists of three parts, on the left 
side of the equation is convection item, the first 
item on the right side is the diffusion item, and the 
second is the source term. Diffusion item using 

1 INTRODUCTION

As the city traffic is increasing, urban under-
ground roads have become an important means 
to alleviate urban plane transportation. The 
underground roads with a high pollutant con-
centration which is difficult to spread, makes the 
problem of  air pollution within road more seri-
ous (Gao, 2013). So the analysis and prediction 
of  underground distribution of  the pollutant 
on the road is of  great significance to solve the 
problem of  air quality in the underground road 
(Deng, 2012).

This paper has established the one-dimensional 
steady-state diffusion model of  underground road 
pollutant. The source term of equation about pol-
lutant is the measured data, which is obtained by 
the current national standard motor bike emis-
sion factor data, combined with the traffic flow, 
the proportion of vehicles and vehicle speed. The 
CO concentration is then verified according to 
the measured data of Shanghai Yan’an east road 
tunnel. Experimental research shows that the cal-
culation of the CO pollutants concentration field 
in the tunnel by using model is close to measured 
values. This model can provide the reference for 
the safety of urban underground roads ventila-
tion system and the formulation of energy saving 
operation.
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central difference scheme and convection item 
using the first-order difference scheme.

The difference equation of equation (1):

u
C C

x
K

C C C
x

Si iC C
xK i iC i

iSS=
+CiCC

+− +1 CiC
K

CiC 1
2

2
Δ Δ

( )x
 

(2)

The equation using the first kind of boundary 
condition:

C Cx( )x = =0 1CC
 

(3)

where
Ci—the i kind of pollutants mass concentration, 

mg/m3;
u—the piston wind velocity of underground road, 

m/s;
x—the distance of measuring location and the 

entrance to the road in underground road, m;
K—i kind of pollutant diffusion coefficient on the 

x axis, m2/s;
Si—i kind of pollutant source term in underground 

road, mg/(m3 ⋅ s);
L—the distance from exit the to the entrance in 

underground road, m; and
C1—the import pollutants concentration in under-

ground road, mg/m3.

2.2 The calculation of source term

The source term of equation is mainly composed 
of motor vehicle exhaust emission in the process of 
moving parts within the road and pollutants intro-
duced by ventilation shaft. Due to environmental 
pollutants in the atmosphere have a low pollutant 
concentration than what in underground road, the 
pollutants introduced by the ventilation shaft have 
a low pollutant concentration (Deng, 2004), which 
can be ignored. Therefore, the source item of equa-
tion is mainly caused by motor vehicle pollutants 
(Han, 2011). Motor vehicle emissions intensity 
calculated by using line source emission model, 
according to the type, motor vehicle can be divided 
into light vehicle, midsize cars, and heavy vehicles. 
For different kinds of pollutants, it is calculated 
respectively according to the current vehicle bicy-
cle pollutant discharge factor limit. Line source 
emission model of intensity of the motor vehicle 
exhaust pollutant is as follows:

S
A

E Ai iSS
A j iEi ji

j

n

jA=
=

∑1
3600 1

αλii ( )vv
 

(4)

where
Si—i kind of pollutant emission intensity in urban 

underground roads, mg/(m3 ⋅ s);

α—altitude correction coefficient;
v—motor vehicle average velocity, km/h; 
λij (v)—j kind of vehicle speed correction coeffi-

cient in i kind of pollutant discharge;
Eij—j kind of single vehicle speed emission factor 

in i kind of pollutant discharge, mg/(m. veh);
A—underground road cross section area, m2;
Aj—underground road motor vehicle traffic capac-

ity per hour, veh/h;
i = 1, 2, 3, respectively, represent the carbon mon-

oxide (CO), hydrocarbons (HC), and nitrogen 
oxide (NOx)

j = 1, 2, 3, respectively, represent the light vehicle, 
midsize cars, heavy vehicles.
The calculation formula of λij (v) for CO, NOx is:

λijλ ij ij ija b vij c vij( )v = +ija + 2
 

(5)

where aij, bij, and cij as the regression coefficient, the 
value refers to the following Table 1 (Deng, 2001).

In Table 1, the light vehicle velocity v (km/h), 
20 ≤ v ≤ 110, when 110 ≤ v, for v = 110, heavy duty 
vehicle velocity v (km/h), 20≤ v ≤ 90, when 90 ≤ v, 
for v = 90.

Because of the enforcement of the national III 
and IV phase motor vehicle emission standards on 
July 1, 2008 and November 1, 2009 in Shanghai, the 
measured date is August 2013, therefore, according 
to the actual road driving motor vehicle models, 
single motor vehicle pollutant emission factor Eij 
should be determined by the standard of light 
vehicle emissions limits (GB 18352.3, 2005), light 

Table 1. Single vehicle speed correction coefficient in 
pollutant emission factor.

Pollutant Vehicle type a b c

CO Light 3.6169 −0.07394 0.00043
Mid, Heavy 2.1398 −0.0291 0.00012

NOx Light 1.16875 −0.0896 0.00011
Mid, Heavy 0.70702 −0.0024 0.000169

HC Light 2.7392 −0.04655 0.00025
Mid, Heavy 4.22107 −0.09182 0.00057

Table 2. Value of petrol motor vehicle single vehicle 
pollutant emission factor mg/(m ⋅ veh).

Stage Vehicle type CO HC NOx

III Light 2.3 0.2 0.15
Middle 4.17 0.25 0.18
Heavy 5.22 0.29 0.21

IV Light 1 0.1 0.08
Middle 1.81 0.13 0.1
Heavy 2.27 0.16 0.11
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vehicle emissions limits and measurement methods 
of single motor vehicle pollutant emission factor 
Eij values shown in Table 2. Table 2 indicates, the 
quality of light as a benchmark RM (kg) RM ≤ 
1305, mid-size 1305 ≤ RM ≤ 1760, or less heavy car 
1760 ≤ RM.

3 EXPERIMENTAL VERIFICATION

Measured by Shanghai Yan’an east road tunnel, 
first, get the distribution data of pollutants along 
the access road, then validate the one-dimensional 
pollutants convection diffusion equation estab-
lished before.

3.1 The experiment method

3.1.1 The underground road case
Yan’an East Road tunnel is at the center area of 
Shanghai, which is an important hub for east-west 
trunk road connecting downtown Yan’an Road 
and Pudong Avenue. This tunnel is a cross-river 
tunnel established to alleviate traffic problems in 
the Pudong Lu Jiazui financial district and the 
city center, which is the second cross-river tunnel 
in Shanghai. The tunnel start from Fujian Yan’an 
Road intersection, crossing the Huangpu River 
to the east to reach Lu Jiazui Road Yang Jiazhai 
intersection, its municipal environment is relatively 
complex. The water and land transportation are 
more complex of Yan’an East Road area, includ-
ing crowded people, heavy traffic, and the dense 
buildings. The tunnel parameters are in Table 3.

3.1.2 The experiment data acquisition
On August 21 to August 27, 2013, the project team 
measured tunnel traffic, CO concentration, the 
temperature in tunnel, and the piston wind speed 
of Shanghai Yan’an east road, without mechanical 
ventilation during measuring. The data acquisition 
test time is on August 21 to August 27, in morning 

and evening peak (early 7:00–9:00, late 17:30 pm—at 
19:00) time. The air temperature measuring by 
using air quality tester in measurement instru-
ments, precision of ±0.1°C. The tunnel piston wind 
speed is measured by using hot wire anemometer at 
the entrance of tunnel, with an accuracy of ±0.01 
m/s. The CO concentration is measured by using 
infrared analyzer in each measurement point along 
the way, the accuracy of ±0.1 ppm. Experimental 
instrument platform probe position is located in 
the middle bus lateral (leaned out the window of 
1 m, 2 m high from ground, away from the tun-
nel on the right side wall 2 m), inside the bus along 
the road to road traffic, using radar to measure the 
average speed. Traffic count calculated by artificial 
method in the underground road entrance. Accord-
ing to the test data of the underground road motor 
vehicle model types and conditions, the surveyor 
could analyze the pollutant emission characteris-
tics of road motor vehicle and selection main CO, 
NOx pollutants to measure distribution of the pol-
lutant along the road of certain city, setting points 
along the longitudinal spacing and recording road 
pollutants concentration and traffic environmental 
data in different time.

3.2 Calculated value compared 
with the measured values

Applied in this paper, the underground road pol-
lutant diffusion model is established to analyze the 
pollutant concentration field, and also to compare 
the numerical results with experimental data. The 
result is present in Figures 2–5.

Table 3. Yan’an east road tunnel parameters.

Name of parameter Unit
Parameter 
values Remark

Tunnel length m 2193
Road Each 2 Single tunnel
Cross-sectional area 

of the tunnel
m2 40.05 Single tunnel

Tunnel road grade % Two-way 
grade 3.0%

Maximum 
grade

Number of shaft Hole 3
Design of the 

driving speed
km/h 40–50

The design flow veh/h 2400

Figure 1. The measurement point position of Yan’an 
east road tunnel pollutants.

Figure 2. Yan’an east road tunnel in Pudong—Puxi, 
Aug. 23, 17:12.
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Figures 2–5 are the pollutants concentration 
comparison about calculation and measured val-
ues, in the process of model calculation, the con-
vection item select the underground road average 
wind speed of that period. The figure shows that 
the pollutants concentration distribution values is 
a linear model, the reason is that source term of 
this model, calculated through single emission fac-
tor limitation, is a fixed value. The measured con-
centration is up to the national III and IV standard 
and conforms to the driving motor vehicle types. 
The CO concentration value has relative error 
from 2% to 138% compared with the IV standard 
calculated value in Figure 2 to Figure 5 mode, has 

relative error of 28% with the III standards calcu-
lated value. The above data shows that motor vehi-
cle emission characteristics are as per national III 
standards.

4 CONCLUSION

This article established one dimensional convec-
tion diffusion model of underground road pollut-
ants and applied the finite difference method to 
solve equation. The paper also measured the CO 
concentration distribution in Shanghai Yan’an east 
road tunnel and tested CO concentration distribu-
tion in different proportion of traffic flow, vehicles 
size, and motor vehicle speed. The comparison of 
the measured values and calculated values about 
CO shows that the model has a relatively high pre-
cision, which can be used to analyze the pollutants 
concentration in underground road. Due to the 
single vehicle emission factors limited for the fixed 
value in current national standard, however, the 
vehicle emissions factors in the process of actual 
driving is affected by speed, road slope, etc. So the 
source term in this article calculated by emissions 
limits, compared with the actual road conditions, 
has poor adaptability. Subsequent study will be 
done based on the changing rules of actual road 
source term.
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plate-exchangers
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ABSTRACT: It is quite important to flow in equilibrium for fluid in the parallel plates. If  there are 
restriction orifices, the flow characteristic of fluid could be improved obviously; therefore, the fluid flows 
well-distributed and keeps its flux balanced. While the flux coefficient is measured by the experiment, the 
optimal orifice is discovered and designed. It shows that the diameter of orifice in experiment is 11.2% 
smaller than the calculated one in view of flux coefficient. The result could be for reference when the preci-
sion is not very high during engineering designs.

Keywords: parallel plate-exchanger; restriction orifice; flux coefficient

2 THEORETICAL MODEL ANALYSIS 
AND DESIGN CALCULATION

Many plates are parallel and made up a plate mod-
ule; and many modules are parallel to make up 
a plate unit then. To some extent, the plate unit 
is basic to lower and control the temperature of 
environment. The effect of cooling and tempera-
ture control is influenced directly by the fluid flow 
and flux distribution when plates are connected 
parallel. Consequently, the research on the flow 
characteristic of medium indoors appears very 
important[4]. As far as engineering studies, it could 
discover some laws of fluid flow and heat transfer 
in parallel plates to analyze a sole module of plate. 
The distance between two plates is short and its 
loss of resistance could be ignored. So the parallel 
plates could be simplified as an integral plate that 
its length is enlarged. The model of whole plate is 
set up as Figure 1. The fluid in the model is air.

As shown in Figure 1, when the air enters into 
the whole plate, it need go through each branch 
way. That is to say, those two series of equations 
should be solved: one is about that is nearest to the 
entrance of main way for given air (also the exit 
of main way for return air); the other is about that 
is farthest. As to the farthest and nearest branch, 
there is friction restriction loss along the way, so 
their kinetic pressure and static pressure (such as 
P1 and Pn) are different respectively. What is more, 

1 INTRODUCTION

At present, as far as known, there are many ways 
how to get high or low temperature in environ-
ment simulation. According to practical appli-
cation, a temperature-control model that is 
stable as operating and low in cost is necessary 
to simulate the surrounding parameters such as 
its temperature and humidity[1]. Heat transferring 
on the surfaces of  solid is not exigent at refrig-
erant, because its cooling medium is not mixed 
or contacted with that of  the simulation envi-
ronment. Consequently, the different substance 
or pollutant is not able to enter into controlled 
area[2]. To plate exchangers in a large space, there 
are two ways of  heat transfer: convection at the 
boundary between fluid and solid; radiation at 
the solid surface. These do not only accelerate 
the cooling rate when temperature is lowering, 
but also keep the temperature of  space balanced 
during temperature control stage. The way of 
plate heat-transfer is very popular to some small 
thermo technical products and some modest 
engineering projects. The above-mentioned appli-
cations are successful and fruitful[3].  Further, this 
study will be on fluid flow and cooling character-
istic when many plate exchangers are parallel. It 
could give some references to apply plate config-
uration and integration to large scale engineering 
projects.
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their air velocity (such as W1, and Wn) and flow 
flux are not equal. If  the air flow and heat transfer 
are also optical in the whole plate, some appropri-
ate restriction orifice should be designed at the 
entrance of branch ways[5]. Meanwhile, the diam-
eter of restriction orifice should be calculated and 
analyzed to keep the air flow balanced in the whole 
plate exchanger.

Based on the design of one project, the theory 
analysis and calculation about plate exchanger 
are done. The given total of cooling air is 6.4 kg/s 
in this project, which is called as G. Around the 
walls of environment space, there are 4 units of 
plate, and each unit comprised 3 plate modules. 
 Additionally, six plate exchangers are connected in 
parallel to make up a whole, and one plate consists 
of 15 branch tubes with extended surfaces. In sum-
mary, the plate modules is called as M and it is 12; 
the plates in a module is called as P and it is 6; the 
branch tubes is called as Z and it is 15.

2.1 Calculation on flow equations 
of whole-plate model

The air is distributed equally, then the flow rate at 
entrance of main tube for given air is:

Q
G
M

g smQQ = = =
6 4
12

0. . /kgg s53

The fluid velocity at entrance of main tube for 
given air

ω
ρπ1ωω

1
2 2

4 4 53
2 3 0 15

13= = =
Q

dπ 1
smQQ * .0

. *274 . *142 .
. /19 m s

When air goes along the main tube for given 
air, from its entrance to its end, the flow flux 
reduces step by step. The velocity of  air became 
low gradually because the diameter of  main tube 

does not vary. The flow flux of  branch tube in 
whole plate is:

q
G

ZPM
g sm = = =

6 4
15 6 12

0.
* *6

. /kgg s006

The air velocity at entrance of the branch tube 
that is at the end of main tube for given air is same 
as that velocity at the end of main tube, and it is

ω
ρπnω mq

dπ
s= = =

4 4 006
2 3 0 15

0
1dd 2 22 3 0 15

* .0
. *274274 . *142142 .

. /m s15

The stable velocity of air in branch tube is:

ω
ρπ2ωω

2
2 2

4 4 006
2 3 0 019

9= = =
q
dπ 2

sm * .0
. *274 . *142 .

. /31 m s

Additionally, d1 is the diameter of the main 
tube; and d2 is the diameter of the branch tube; ρ 
is the density of air.

2.2 Calculation on energy equations 
of whole-plate model

According to these two cross-sections from 1 to n 
in main tube for given air, the energy equation is

p p pn
n

l n1
1
2 2

2 2
pn+ 1 + +nρω11

2 ρωn
2

,

The flow loss from cross-section 1 to n because 
of friction along the main tube is calculated as 
following.

The Reynolds number is

Re1
1 1 1

1
= −ρ ω1 11 1

μ11

nd1

The coefficient of friction restriction is

λ1λλ
1

64
=

Re

The flow loss along the main tube is:

p
l
d

l
dl n n nd,

* . * * * * ( .

1n
1ll

1dd
1

1
2 1 1ll

1dd 2 1

6
2

32

32 8 1* 0 3* 6 * ( 1.

−d1n 12
=11=

=

11λ11
ρ11 ω1ω 2

11
μ11 ω11

9 099
2 15

2 02 =
. )15

* .0
. Pa

Because the loss is little, it can be ignored. The 
equation became as

p pn
n

1
1
2 2

2 2
pn+ 1 +

ρω11
2 ρωn

2

Figure 1. Model of whole plates that are connected in 
parallel.
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The difference of static pressure from cross-
 section 1 to n in main tube is

p p

Pa
n

n= − =−
−

=
1

1
2 2 2 2

2 2
2 19 0

2
198

ρω11
2 ρωn

2 . *274 ( .13 . )215

According to these two cross-sections from n′ to 
1′ in main tube for return air, the energy equation is

p p pn
n

l n′
′

′
′

′ ′+ n + + −
ρω ′ ρω ′2

1
1
2

12 2
p 1 ,

The flow loss from cross-section n′ to 1′ because 
of friction along the main tube is calculated as 
following:

p
l
d

l
dl n n n,

* . * * *

′ ′ ′ ′ ′ ′− −n== n′ ′

=

1 1′ = 1ll

1dd
1 2 1 1ll

1dd 2 1

6
2

32

32 8 1* 0 3* 6

λ11
ρ11 ω μ11 ω

* (** . . )
* .

.13 19 9 3. 1
2 * 15

3 4.2
+

= Pa

Likely, because the loss is little, it can be ignored. 
The equation became as

p pn
n′

′
′

′
+ n +

ρω ′ ρω ′2

1
1
2

2 2
p 1

The difference of static pressure from cross-
 section 1′ to n′ in main tube is

p p

Pa
n

n′ ′
′ ′

=p − =
−

=
1

1
2 2 2 2

2 2
2 19 9

2
99

ρω ′ ρω ′ . *274 ( .13 . )231

To calculate the difference of static pressure 
from cross-section n to n′ in the farthest branch 
tube, and that from cross-section 1 to 1′ in the 
nearest branch tube, then compare them:

( ) ( ) ( ) ( ) Pan n n n−) =) −) =)′ ′) ( ′ ′1 1 1) ( n) ( 99

If the comparison between the two differences of 
static pressure is small and could be ignored while 
the local loss of restriction orifice is large, the whole 
module of parallel plates is thought ideal. That is to 
say, in each branch tube, there is same flow loss; 
so their flow flux is equal similarly. To design their 
comparison between the two differences is as small 
as about 5% of the local loss of restriction orifice[6]. 
Hence, the local loss of restriction orifice is

Δp PΔ a2000

According to the relation of flow flux and pres-
sure difference in orifice flow, there is

q c A
p

m qcρcc
ρ

2Δpp

cq is defined as flux coefficient, and is measured 
by experiment.

The area of restriction orifice is

A q c pm qc( )2ρΔppρ

The diameter of restriction orifice is

d
A

=
4
π

3 MEASURE OF FLUX COEFFICIENT 
BY EXPERIMENT

3.1 Experiment installation and building

The installation is shown in Figure 2, which 
is composed of  some tubes, one fan, one flow 
meter and one differential-pressure meter. There 
are several restriction orifices of  different diam-
eter in the main tube. Additionally, one branch 
tube is linked to one orifice. At entrance of  each 
branch tube where the air is distributed in main 
tube for given air, there is a measure point for 
inlet pressure of  orifice. After air flows steadily 
along the branch tube, there is another measure 
point for outlet pressure of  orifice; and the dis-
tance (defined as L) from orifice is about 5 times 
as long as the diameter of  orifice. Meanwhile, 
the second point is for inlet pressure of  the flow 
meter. The outlet pressure of  flow meter is atmos-
phere pressure.

The parameter of installations for experiment 
and measure instruments is shown in Table 1.

3.2 Experiment procedure

When the experiment starts, the differential pres-
sure meter is placed rightly at first. Keep two liquid 
levels to be same in the tube of U type.

Figure 2. The experiment installation.
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Next, link the entrance of flow flux meter and 
the outlet of branch tube, and keep the gravity 
center of the meter vertical.

Then, seal the rest restriction orifices and branch 
tubes; and open the valve at main tube.

At last, start the fan and control the valve to 
adjust the flow flux of air.

When the state is steady, write down the dif-
ferential pressure and flow flux of the air going 
through a restriction orifice.

4 DATA PROCESSING AND ANALYSIS

4.1 Data processing

1. Revise the flow flux of air tested at experiment; 
revision coefficient ε is based on a formula of 
the flow flux meter.

2. Calculate the theoretical flow flux of air based 
on a formula following: q AV t

p
,VV

2Δpp
ρ .

3. Calculate the coefficient of flow flux cq: cq
q
q

V
V t

=
,VV

.

4.2 Data analysis and discussion

1. Relation between pressure drop and orifice 
diameter
As shown in Figure 3, if  the flow-flux of air 
going through a restriction orifice do not 
became, the pressure drop will increase while 
the orifice diameter become small. Take the 
flow-flux of 7.5 m3/h for example, the pressure 
drop increases from 500 Pa to nearly 7000 Pa 
when the orifice diameter became from 13.5 mm 
to 7 mm. On the other hand, keep the orifice 
diameter constant, the pressure drop rises 
while the flow-flux grows up. Take an orifice of 
10 mm, for example, the pressure drop at the 
flow flux of 10 m3/h is 2000 Pa more than that 
of  5 m3/h. It is indicated that the pressure drop 
is affected more by the orifice diameter than the 
flow flux.

2. Relation between flow flux and orifice diameter
As shown in Figure 4, if  the pressure drop of 
air going through a restriction orifice do not 

became, the flow flux will increase while the ori-
fice diameter become big. Take the pressure drop 
of 2000 Pa for example, the flow-flux increases 
from 3.8 m3/h to nearly 20.8 m3/h when the ori-
fice diameter became from 8 mm to 17 mm. It 
increases about 4.5 times. On the other hand, 
keep the orifice diameter constant, the flow flux 
rises while the pressure drop grows up. Take an 
orifice of 10 mm, for example, the flow flux at 
the pressure drop of 1000 Pa is 5 m3/h more than 
that of 3000 Pa. It is indicated that the flow flux 
is affected more by the orifice diameter than the 
pressure drop.

3. Relation between flux coefficient and orifice 
diameter
As these two conditions-flow flux and pressure 
drop are given, a diameter of restriction orifice 
could be achieved in Figures 3 and 4. Moreo-
ver, if  the diameter of orifice and  pressure drop 

Table 1. Parameter of installations and instruments.

Name Type
Technical 
parameter

Differential 
pressure meter

Tube of U Water column; 
range: 0∼5 kPa

Flow meter Float Range: 2.5∼25 m3/h
Fan Centrifugal Range: 0∼30 m3/h
Tubes for 

experiment
PV tube Diameter: 150 mm, 

19 mm

Figure 3. Trend of pressure drop with change of orifice 
diameter and flow flux.

Figure 4. Trend of flow flux with change of orifice 
diameter and pressure drop.
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is given, the flux coefficient could be got from 
Figure 5.

As shown in Figure 5, if  the pressure drop 
of air going through a restriction orifice do not 
became, the flux coefficient will also increase 
while the orifice diameter become big. Take 
the pressure drop of 2000 Pa, for example, the 
flux coefficient increases from 0.41 to nearly 
0.71 when the orifice diameter became from 6 
mm to 17 mm. It increases about 73.2%. On the 
other hand, keep the orifice diameter constant, 
the flux coefficient rises while the pressure drop 
grows up. Take an orifice of 10 mm, for example, 
the flux coefficient at the pressure drop of 1000 
Pa is 0.07 higher than that of 3000 Pa. It is indi-
cated that the flux coefficient is affected by the 
orifice diameter equally by the pressure drop.

5 CONCLUSIONS

The flow characteristic of  air in the parallel plates 
with restriction orifice is analyzed theoretically, 

and the optimal diameter is designed by flux 
coefficient based on experimental measure. The 
results are:

1. During the application of plate-exchangers 
configuration and integration, restriction ori-
fices could keep fluid well-distributed and its 
flux balanced.

2. During the design of restriction orifice, the flux 
coefficient Cq is achieved by experiment meas-
ure. The optimal diameter of orifice is based on 
that cq = 0.56.

3. Additionally, based on these two conditions-
flow flux of air and its pressure drop, the diam-
eter of orifice is 11.9 mm. To compare with that 
experimental diameter of 10.7 mm, it is 11.2% 
more. The result could be for reference when 
the precision is not very high during engineer-
ing designs.
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Health risk assessment of heavy metals in PM2.5 of major and typical 
cities in China

Lingyue Lv, Hongyuan Li & Jianan Yang
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ABSTRACT: This study selected typical cities in different regions of China, and based on the experi-
mental results of heavy metal contents in PM2.5 by different researchers, their health risks were evaluated. 
The health risk assessment results showed that the risk level of five kinds of heavy metals is Cr > Cd > Pb > 
Zn > Cu, and the risk through the respiratory route of exposed populations about Cd, Cu, Pb, and Zn is 
between 3.10 × 10−7−1.99 × 10−11, lower than the acceptable risk level 1 × 10−6. Only the risk index of Cr 
is higher, and the risk of Cd and Cr was significantly higher than Cu, Pb, and Zn. In addition, five kinds 
of heavy metal elements had the largest influence on the health risks of adult males, followed by the adult 
women, and the health risks of the children were minimized.

Keywords: PM2.5; health risk assessment; heavy metal; exposure parameters

in 2013 also reached twice more than the national 
standard. For the majority cities in China, espe-
cially Beijing, Tianjin, the Yangtze River Delta 
and Pearl River Delta, and other key areas, the air 
PM2.5 concentration often exceeds the standard, 
and the haze usually appears (Cheng, 2013).

Monitoring results showed that the frequency 
of heavy PM2.5 pollution weather was significantly 
increased in a number of cities and urban agglom-
erations in recent years, and the duration of pollu-
tion have extended. For example, the haze is of high 
frequency, long duration, and low visibility in the 
eastern part of China in January 2013, involving 17 
provinces, which is quarter of the land area, and the 
affected population was about 600  million. Heavy 
haze pollution process occurred five times in Beijing, 
Tianjin a Hebei Region, and the most serious haze 
lasted five days, and PM2.5 instantaneous concentra-
tion of some urban areas was near 1000 μg/m3. In 
December, the air quality index reached six serious 
pollution level in Jiangsu, Anhui, Henan, Zhejiang, 
Shanghai and other places. PM2.5 concentration 
was seriously overweight in 13 provincial jurisdic-
tion cities of Jiangsu Province, reaching heavy pol-
lution or serious pollution. In February 2014, haze 
pollution occurred to 1.43 million square kilom-
eters in the eastern part of China, accounting for 
1/7 of the land area, lasting longer than 1 week, and 
heavy or severe pollution attacked Beijing, Tianjin 
and Hebei area again. The long duration and high 
 concentration of PM2.5 in this several air pollution 
had hit a historical record (Wang, 2014; Lu, 2015).

The source and composition of PM2.5 is 
very complex. The chemical composition and 

1 INTRODUCTION

With the rapid urbanization and industrialization 
process, the impact of human activities on the natural 
environment is growing. The environmental impacts 
of the city continue to gain weight, air dust, smoke, 
and other harmful gases are gradually increasing, 
and the atmospheric particulate matter pollution is 
worsening. In recent years, long-term and high inten-
sity haze has tended to spread with a large range in 
our country, and PM2.5 has become the primary pol-
lutant in most cities in China. Therefore, the preven-
tion of PM2.5 pollution is currently in urgent need.

2 OVERVIEW OF PM2.5 AND HEAVY 
METAL POLLUTION IN CHINA

In the monitored 74 cities of China in 2013, nearly 
92% of the city’s PM2.5 concentration cannot reach 
the national standard, the PM2.5 concentration of 
32 cities was 2 times above the national standard, 
and the top 10 cities was nearly 3 times to the 
national standard. The statistics showed that the 
average annual concentration of China’s northern 
cities was approximately 89.9 μg/m3, the southern 
cities were about 59.4 μg/m3, the eastern cities 
were about 70.6 μg/m3, and the central cities were 
approximately 76.6 μg/m3, west about 59.9 μg/m3. 
Thus, the serious air pollution was not only in devel-
oped areas of China, China’s central and western 
provinces also had serious air pollution problem. 
PM2.5 concentration of Xi’an, Zhengzhou, Wuhan, 
Chengdu, Urumqi, Hefei, Taiyuan, and other cities 
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 composition ratio are not the same due to the 
 natural  environment, the economic development 
and industrial structure in different cities, but most 
are made from organic carbon, elemental carbon, 
heavy metal elements, and other organic and inor-
ganic particles. Research results show that many 
harmful heavy metals and organic carcinogens lot 
enriched in PM2.5 because of the small particle size, 
large surface area, long residence time and trans-
mission distance, and the harm on human health is 
the most prominent. In addition, PM2.5 can reach 
the alveoli, damaging the human respiratory  system 
and cardiovascular system, causing heart disease, 
bronchitis, asthma, lung cancer and a series of dis-
eases, even increasing people’s premature death risk 
(Guo, 2013). Therefore, the health risk evaluation 
of heavy metal in PM2.5 has become very impor-
tant, and the results may provide a scientific basis 
for the pollution control of PM2.5. The heavy metal 
contents of PM2.5 in different cities of China are 
given in Table 1 (Du, 2012; Hu, 2013; Gan, 2011; 
Bao, 2010; Geng, 2012; Chen, 2013; Wang, 2010; 
Yalkunjan, 2010).

3 HEALTH RISK ASSESSMENT OF HEAVY 
METALS IN PM2.5

3.1 Health risk assessment model

The main way of fine particulate matter PM2.5 in 
the atmosphere into the body is breathing intake. 

In this paper, the health risk assessment model 
recommended by the United States Environmen-
tal Protection Agency (USEPA) (USEPA, 2011) is 
adopted, and some parameters in the model has 
been modified based on the actual situation. This 
health risk assessment model is applicable to the 
health risk evaluation of different types of pol-
lutants into the human body through a variety of 
channels, including the carcinogenic risk and the 
non-carcinogens risk. Using the modified evalu-
ation model, the health risk on the human body 
through the respiratory route of Cd, Cr, Cu, Pb, 
and Zn in atmosphere PM2.5 in Chinese major 
cities (adult males, adult females, children) were 
evaluates. According to the research results of EPA 
Integrated Risk Information Database (IRIS) and 
IARC (IARC), the contaminants can be divided 
into carcinogenic and non-carcinogenic. In this 
study, Cd and Cr belong to the carcinogenic sub-
stances, Pb, Zn, and Cu is non-carcinogenic, and 
the health risk assessment model varies.

3.2 Calculation of exposure dose rate

Non-carcinogenic substances usually used commonly 
daily exposure dose ADD, and carcinogen usually 
adopted the life-long daily exposure dose LADD.

ADD/LADD = (C × IR × ED)/(BW × AT)

ADD: daily average exposure dose, mg ⋅ kg−1 ⋅ d−1; 
LADD: lifetime average daily exposure dose, 
mg ⋅ kg−1 ⋅ d−1; C: pollutant concentration, m3 ⋅ d−1; 
IR: respiratory rate, m3 ⋅ d−1; ED: duration of expo-
sure, d; BW: body weight, kg; AT: average exposure 
time, d. Lack of basic data to support research on 
exposure parameters, we  generally cited the expo-
sure parameters of the United States in health risk 
assessment. Taking the differences between Chinese 
people physique (body weight) and Western popu-
lations into account, the weight in this article used 
the national average values in the 2010 National 
physique monitoring bulletin (State Sports General 
Administration, 2011): adult males (20–59 years), 
69 kg; adult women (20–59 years), 57 kg; children 
(7–19 years), 44 kg. The exposure parameters into 
human body through the breath way is in Table 2.

2.3 Carcinogenic risk assessment

The average annual excess risk of carcinogenic pol-
lutant is calculated as:

R = [1− exp(−LADD*SF)]/Life

R: the average annual excess risk, dimension-
less; LADD: daily exposure dose of exposed 
 population, (mg ⋅ kg−1 ⋅ d−1); SF: cancer potency 

Table 1. Comparison of heavy metal contents in PM2.5 
in different cities (μg/m3).

Element Shenzhen Xi’an Zhengzhou Chengdu

Cd 0.0011 0.0300 0.0100 0.0060
Cr 0.0015 0.0100 0.0200 0.0110
Pb 0.0516 0.3500 0.1300 0.1776
Zn 0.2350 2.5100 0.4300 0.3820
Cu 0.0158 0.0200 0.0287

Element Shanghai Urumqi Hangzhou Tianjin

Cd 0.0030 0.0138 0.0100 0.0006
Cr 0.0473 0.0785 0. 0130 0.0207
Pb 0.0590 1.0770 0.1280 0.5924
Zn 0.3060 0.6510 1.0753
Cu 0.0263 0.0760 0.1290

Element Beijing Guangzhou

Cd 0.0040
Cr 0.0713 0.0090
Pb 0.2020 0.1920
Zn 0.2827 0.4200
Cu 0.0500 0.0360
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Table 2. Exposure parameters into human body through the breath way [3–4].

Population IR/(m3d−1) BW/kg ED/d

Adult male 15.2 69 30 × 365
Adult women 11.3 57 30 × 365
Children 8.7 44 18 × 365

Population AT (carcinogenic)/d AT (non-carcinogenic)/d

Adult male 70 × 365 30 × 365
Adult women 70 × 365 30 × 365
Children 70 × 365 18 × 365

Table 3. Exposure parameters of toxic heavy metals into the body by the respiratory route [5].

Element Characteristic SF (kg ⋅ d)/mg RfD mg/(kg ⋅ d) Source Foundation

Cd Carcinogenic 8.4 / HEA
Cr Carcinogenic 56 / HEA
Pb Non-carcinogenic / 4.3E-4 HEA NAAQS
Zn Non-carcinogenic / 1.0E-2 HEA TLV
Cu Non-carcinogenic / 2.0E-3 HEA TLV

Table 4. Health risk assessment of 5 heavy metals in PM2.5 through breathing (adult males).

Element Shenzhen Xi’an Zhengzhou Chengdu

Cd (×10−8) 1.13 31.0 10.8  6.07
Cr (×10−8) 9.75 67.9 137 72.0
Pb (×10−10) 3.38 23.6 9.12 11.6
Zn (×10−11) 6.61 72.9 13.0 10.8
Cu (×10−11) 2.22 / 3.02  4.04

Element Shanghai Urumqi Hangzhou Tianjin

Cd (×10−8) 2.88 15.1 9.68 0.586
Cr (×10−8) 268 471 81.4 128
Pb (×10−10) 3.67 76.6 8.04 37.4
Zn (×10−11) 8.17 / 17.6 29.2
Cu (×10−11) 3.51 / 10.3 17.5

Element Beijing Guangzhou

Cd (×10−8) 3.89 /
Cr (×10−8) 386 588
Pb (×10−10) 12.7 12.4
Zn (×10−11) 7.66 11.7
Cu (×10−11) 6.77 5.02

factor of carcinogenic chemicals, (kg ⋅ d−1 ⋅ mg−1); 
the average life expectancy for each city using the 
latest average life expectancy, years.

3.4 Non-carcinogenic risk assessment

The average annual excess risk of non-carcinogenic 
pollutant is calculated as:

R = (ADD*10−6)/(Rfd × Life)

R: the average annual excess risk, dimensionless; 
ADD: daily exposure dose of exposed population, 
mg/(kg ⋅ d); RfD: reference dose, mg/(kg ⋅ d)−1; 10−6 
is the acceptable risk level corresponding to RfD; 
and the average life expectancy for each city using 
the latest average life expectancy, years.
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Table 5. Health risk assessment of 5 heavy metals in PM2.5 through breathing (adult women).

Element Shenzhen Xi’an Zhengzhou Chengdu

Cd (×10−8) 1.02 27.9 9.74 5.47
Cr (×10−8) 8.78 61.2 124 65.0
Pb (×10−10) 3.04 21.3 8.21 10.5
Zn (×10−11) 5.95 65.6 11.7 9.69
Cu (×10−11) 2.00 / 2.72 3.63

Element Shanghai Urumqi Hangzhou Tianjin

Cd (×10−8) 2.59 13.6 8.71 0.527
Cr (×10−8) 244 433 73.5 116
Pb (×10−10) 3.30 69.0 7.23 33.6
Zn (×10−11) 7.36 / 15.8 26.3
Cu (×10−11) 3.16 / 9.23 15.7

Element Beijing Guangzhou

Cd (×10−8) 3.50 /
Cr (×10−8) 354 53.0
Pb (×10−10) 11.4 11.2
Zn (×10−11) 6.89 10.5
Cu (×10−11) 6.09 4.51

Table 6. Health risk assessment of 5 heavy metals in PM2.5 through breathing (children).

Element Shenzhen Xi’an Zhengzhou Chengdu

Cd (×10−8) 0.611 16.8  5.84  3.27
Cr (×10−8) 5.26 37.0 75.8 39.3
Pb (×10−10) 3.03 21.2  8.19 10.4
Zn (×10−11) 5.93 65.4 11.6  9.66
Cu (×10−11) 1.99 /  2.71  3.62

Element Shanghai Urumqi Hangzhou Tianjin

Cd (×10−8) 1.55 8.13  5.22  0.316
Cr (×10−8) 223 278 44.5 70.5
Pb (×10−10) 3.29 68.8  7.21 33.5
Zn (×10−11) 7.34 / 15.8 26.2
Cu (×10−11) 3.15 /  9.21 15.7

Element Beijing Guangzhou

Cd (×10−8) 2.10 /
Cr (×10−8) 226 32.0
Pb (×10−10) 11.4 11.2
Zn (×10−11) 6.87 10.5
Cu (×10−11) 6.08  4.50

4 CONCLUSIONS AND OUTLOOK

The health risk assessment results showed that the 
risk level of five heavy metals is Cr > Cd > Pb > 
Zn > Cu. The cancer risk Cd and Cr was significantly 
higher than non-cancer risk of Cu, Pb, Zn, with a dif-
ference of 2–5 magnitudes, which has greater harm 

to the human health. And the excess risk of Cd, Cu, 
Pb, and Zn through the respiratory route of exposed 
population is between 3.10 × 10−7−1.99 × 10−11, lower 
than the acceptable level of risk population1 × 10−6, 
only the risk index of Cr is higher.

The five heavy metal elements in atmospheric 
PM2.5 had the largest health risks on the adult males, 
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followed by the adult women, and the health risks 
of children are minimized. Under normal circum-
stances, the elderly and children are more sensitive 
to PM2.5, but the results of this study showed that 
the adult males had the greatest health risk. This may 
be related to the time length of people outdoors, and 
the adult males usually have longer outdoor activities, 
so the PM2.5 exposure is higher than other groups.

In this study, the risk evaluation of toxic heavy 
metals in the PM2.5 on human health still has many 
uncertainties. Firstly, a relatively small number of 
samples were chosen by the researchers subject to 
the conditions, so the resulting data is still rela-
tively limited, which cannot fully reflect the con-
centration level of PM2.5 and their heavy metals in 
urban air environment, and it also indirectly affects 
the health risk level. In addition, the exposure time, 
the exposed population and other studies still have 
some uncertainties, which would have an impact on 
the assessment results. In addition, due to the cur-
rent research related to the exposure parameters is 
still limited in China, lack of the underlying data 
of exposure parameters, not yet owning the expo-
sure parameter database, although the exposure 
parameters of life expectancy and weight parame-
ters were modified according to the actual situation 
in China, the respiratory rate, exposure duration 
and other parameters referred to the EPA’s recom-
mended value. Taking the differences between the 
different races and regions into account, the risk 
assessment calculations might have some errors.
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