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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:

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

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



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]{s}+[Cl{o}+ (M]+[am,]){e}={R} (1)

where [M,] is the additional mass matrix and {R,}
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.
Elastic
Density modulus Poisson
Material (kg-m™) (Pa) 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 Unit  Support
number Foundation Water mass structure
I v VoA
2 y VoA
3 v v
4 Different v \/
elastic
modulus
5 V y 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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Table 3.  Self-vibration characteristics of the parameters.

Mode participation parameters

Phase  Frequency/

number Hz 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.

vibration, which would provide little contribution
to the support structure vibration.

5 INFLUENCE FACTORS ANALYSIS

5.1 FSIinfluence

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

Frequency/Hz

Phase Without With

number water water Decrease/%

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

Frequency/Hz

Phase Without With
number unit mass unit mass Decrease/%
1 0.666 0.441 338
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

frequencies of the support structure whether the
unit mass was considered are listed in Table 5. Tt
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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Figure 3. The influence of the foundation elastic
modulus.

frequency increased by 14.3% when the elastic
modulus increased from le7 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.

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

Frequency/Hz
Wall First Second Third
thickness/m phase phase 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
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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
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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:

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.

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



required to get a force-balanced state. Then, the
lateral force-displacement relation was deduced
considering the P-delta effects.

2.1

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.

Material models

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. ¢, = ¢, + ¢,, where 4,
is the total curvature; g, is the elastic curvature;
and ¢, is the inelastic curvature.

. Assume the compressive depth ¢ and calculate
the concrete compressive strain at an extreme
fiber g, =g -c.

. Calculate the joint inelastic rotation &, =/, - ¢,
where /, is the plastic hinge length.

. 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.

. 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.

. Calculate the sectional moment
capacity.

resistant

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 /, 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.
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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.

Lateral force (KN}

Lateral force (kN)

| Experimemt
= = = Analytical

Lateral force (KN}

Drill (%)

(c) PSCE

Figure 1. Comparison of lateral force-displacement
responses of the specimens.
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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.

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.
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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
o= M /M, where M_is the moment contribution
of the ED bar in tension to the center of the com-
pressive ED bar, and M, 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;

. —— A2.5GOP2.6 —0— A2.5G2.5P5.2 —— A2.5G5.0P7.8
- &7= A5.29GOP2.6- <— AS5.29G2.5P52- <1- A35.29G5.0P7.8
L= AT.5GOP2.6--0-- A7.5G2.5P5.2 -+~ AT.5G5.0P7.8

Joint opening (mm)

ED bar ratio (%)

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

(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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Figure 4. Tendon stress.
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. 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.

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

. 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

G. Zhao & X.S. Xu
University of Jinan, Jinan, Shandong, China

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

1 INTRODUCTION crete member, we perform further research on the
seismic performance of framework, with an over-
FRP bar is a brittle material, with no yielding  view of the elastic-plastic deformation characteris-
phenomenon. Before reaching ultimate strength,  tics of framework, for the FRP-reinforced concrete
the stress-strain relationship is a linear relation-  structure in the promotion and application in the
ship, and tensile strength is significantly higher  field of civil engineering in China, which has an
than ordinary steel, but the compressive strength ~ important scientific significance.
and modulus of elasticity is relatively small. These In this paper, with reference to Fukuyama
characteristics of the FRP bar determine the FRP-  and other researchers who designed a three-layer
reinforced concrete structure in elastic-plastic =~ AFRP-reinforced concrete frame structure speci-
deformation characteristics, which are also much  men (Fukuyama, 1995), using the finite element
different compared with the ordinary reinforced  software ABAQUS, a nonlinear finite element
concrete structure, which does not conform to the  model of AFRP-reinforced concrete frame is
modern seismic design based on the requirement of  established, under repeated load of AFRP-rein-
ductility performance; thus, we should strengthen  forced concrete frame of the simulation analysis of
the test and theoretical research of this aspect. mechanical performance, through the comparative
In recent years, although the research on the  analysis with the test results, verifying the effec-
FRP bar concrete structure at home and abroad  tiveness of the model. Then, through the analysis
has been the focus in engineering practice, the  of hysteretic curve and skeleton curve, ductility,
United States, Japan, Canada and other developed  rigidity degeneration, energy dissipation capacity
countries successively formulated a series of design ~ performance such as seismic performance indica-
standards, construction procedures and application  tors of the model, a comprehensive understanding
guidelines, but research results are mainly concen-  of the seismic performance of the AFRP-reinforced
trated on bearing performance, durability, and fire ~ concrete frame is built.
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 2.1 Source of the model
structure. Therefore, according to the characteristics ’
of FRP bar learning performance, on the basis  Bond performance of the FRP bar and concrete is
of bearing performance of FRP-reinforced con-  similar to that of concrete and steel, which is good

2  AFRP-REINFORCED CONCRETE
FRAME FINITE ELEMENT MODEL
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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):
or=E;e (06,58 )
where 0, ¢, E, andg, 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:
Tri= A0y, )
where o), is the yield stress in the name of FRP
bar; ﬂ, is the strength reduction factor of the FRP
bar, which generally takes the value of 0.75; and Oy
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
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Figure 1. Loading system.

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

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.

Load-displacement hysteretic curve
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Figure 2b. Results of the test.

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
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Figure 4. Stress diagram of the FRP bar.

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

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

Skeleton curve analysis
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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 i to evaluate the ductility performance of
the FRP-reinforced concrete frame structure model,
where i can be calculated by using Equation (3):

u

AJ’

“= 3)

where A, is the limit displacement and A, 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
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Figure 5. Stiffness degradation curve of the AFRP-

reinforcement concrete frame model.

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
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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:

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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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



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

Figure 1. Discrete of RC column.
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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
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Figure 3. Structural model and seismic wave.
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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
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Figure 4. Envelope of displacement angle.

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
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Figure 5. Compression damage of concrete section in

column A and B under 220 gal.
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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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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,
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Equivalent strain Lell and plastic strain PE11 of steel 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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Experimental study on the axial bearing capacity and ductility
of concrete column confined with double stirrups
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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:

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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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

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

Template specimen preparation



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

: S o ST obvious sound. When continuing loading on the
o] b e St 28 concrete column, it shows that the bearing capac-
) 5 ity of double stirrups concrete column declines
= . slowly, protective layer gradually cracks and then
K ! z falls off.
g ‘ i Aft;r observing.the destruction., the lqngitudi-
— b= i e nal reinforcement in the test specimens is forced
E 1 to bend outward. All inner and outer stirrups
:: == in the test specimen are not broken, as shown
1 = 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
Figure 1. Specimen details. cracks are effectively blocked. Cracks develop
Table 1. The parameters of the specimen.
Longitudinal Longitudinal
Serial Concrete reinforcement  reinforcement  Stirrup Stirrup spacing  Barrel diameter
number  strength/MPa  strength diameter strength/MPa  and diameter of stirrups/mm
SC-1 43.15 HRB335 8010/8012 1209.5/1209.5 06@35/06@35 1807230
SC-2 43.15 HRB335 8010/8012 1321.9/1321.9  a8@75/08@75 180/230
SC-3 43.15 HRB335 8010/8012 1209.5/1209.5  06@55/06@55 180/230
SC-4 43.15 HRB335 8010/8012 1209.5/1321.9  o6@75/08@75 180/230
SC-5 43.15 HRB335 8010/8012 1321.9/1321.9  o8@35/08@35 180/230

28


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-7&iName=master.img-000.jpg&w=189&h=136

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 3. Typical failure mode.

Table 2. Failure characteristics of specimens.

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. Asshownin 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.

Inner stirrup ~ Outer stirrup ~ Displacement Longitudinal

Serial characteristic ~ characteristic ~ ductility ratio  Failure reinforcement Ultimate

number  value value Uy=AJA; characteristics yielding conditions  load/kN

SC-1 0.552 0.430 5.21 Compression and  Yield 3578
shear failure

SC-2 0.562 0.445 4.04 Compression and  Yield 3342.5
shear failure

SC-3 0.399 0.311 4.66 Compression and  Yield 3277
shear failure

SC-4 0.285 0.431 4.9 Compression and  Yield 3278.5
shear failure

SC-5 1.181 0.929 6.17 Compression and  Yield 3594

shear failure

*(A, represents the ultimate displacement of specimens. The displacement occurs when the bearing capacity is decreased
to 50% ultimate load capacity. A, is the yield displacement, which is the average value of displacement, when inner and

outer longitudinal reinforcement are tensile and subdued).
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Figure 4. Effective confinement area for double-stirrup
column.

Load/KN

T T T

6 8

10 12 14 18 18 20

Displacemant/mm

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.

. 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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size of the column, and as a result the cost will
reduce, which has a very high economic benefit.
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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The model design of fatigue test of steel-concrete composite segment
of railway hybrid girder cable-stayed bridge

Yang Zhou, Qianhui Pu & Zhou Shi
School of Civil Engineering, Southwest Jiaotong University, Chengdu, Sichuan, China

Zhenbiao Liu
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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

1 INTRODUCTION connecting the steel and concrete girders and trans-
ferring shear force. In China, a majority of hybrid
The first hybrid girder cable-stayed bridge, which  girder cable-stayed bridges adopted a rear bearing-
combined the advantage of the steel and concrete,  plate with steel cells. In the existing literature, a
was built in Germany in 1972. Later on, this kind  majority of investigations have been focused on
of bridge was introduced to China in 1990s and  the static mechanical properties of the composite
developed very fast in long-span bridges, especially ~ segment. Few researchers have paid attention to the
in the field of highway bridges. In recent years, a  fatigue characteristics of the steel-concrete com-
series of hybrid girder cable-stayed bridges have  posite segment because of the huge costs and long
appeared in China, such as Xupu Bridge, Shantou  time consumption of the fatigue test.
Queshi Bridge, Wuhan Baishazhou Bridge and In this paper, the process of designing the test
Erqi Yangtze River Bridge. Because of the large  specimen of the steel-concrete composite segment
span development of railway bridges, the hybrid  was introduced based on the stress equivalent prin-
girder cable-stayed bridge was applied to railway ciple. First, to obtain the internal force and the
engineering. Yong-Jiang Bridge is the first railway  stress state of the composite segment, a FEM of
hybrid girder cable-stayed bridge in China. the Yong-Jiang Bridge was proposed by the soft-
As a critical component of the hybrid girder =~ ware MIDAS/CIVIL. Then, a partial full-scale
bridge, the steel-concrete composite segment playsa ~ model was designed by the maximum stress ampli-
crucial role in transferring force and transformation  tude and test equipment. Lastly, loading force of
of bridge. According to statistics of existing hybrid  the test specimen was determined by the stress
girder cable-stayed bridges, steel-concrete com-  equivalent principle of several key sections of the
posite segments can be subdivided into 4 types, in  composite segment.
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 2 FEM OF THE YONG-JIANG BRIDGE
cells and both front and rear bearing-plates with
steel cells. Meanwhile, shear connectors installed  In this study, the applied load of the test specimen
in bearing plate and steel cell are responsible for  is based on the stress state of the original bridge.
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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.

Figure 1. Three-dimensional view of the Yong-Jiang
Bridge.
e LB A 1 rrny 1
5 A o (- - .k s
L ) k1] ) ne N -lq.#r-a
Figure 2. Wheelbase of the vehicle.
Table 1(a). Internal force of key sections under the
dead loads.
Axial Shear Bending
Section force/kN  force/kN  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 2(a).

A trip of (1DF4 + 14C64) vehicle, whose axle load
18 (6 X 230 kN +14 x4 x 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.

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

Section ost-u ost-1 ob-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

*ost-u, ost-1, ob-u and ob-1 represent the stress value of
the upper or lower edge of the steel and concrete beam in
the joint of steel and concrete.

Maximum/minimum internal force of steel-concrete section under the live load.

Maximum internal force

Minimum internal force

Axial Shear Bending Axial Shear Bending
Section force/kN force/kN moment/kN-m force/kN force/kN 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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Table 2(b).

Maximum/minimum stress state of steel-concrete section under the live load.

Maximum internal force

Minimum internal force

Section ost-u ost-1 cb-u ob-1 ost-u ost-1 cb-u ob-1
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

*ost-u, ost-1, ob-u and ob-1 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.

Maximum internal force Minimum internal force Stress amplitude
Section ost-u cob-u ost-u cb-u Acst-u Acb-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.

Maximum internal force

Minimum internal force

Stress amplitude

Section ost-1 ob-1 ob-u ob-1 Aost-1 Acb-1
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

*ost-u, ost-1, ob-u and ob-1 represent the stress value of the upper or lower edge of the steel and concrete beam in the

joint of steel and concrete.

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

33

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 5.

Applied load of the specimen of two steel cells.

Applied maximum loads

Applied maximum loads

Section 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.
Applied maximum loads Applied maximum loads

Section 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

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

O O O O 4 CONCLUSION

i i 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.

L " 5o " 2| 1. First, a finite element model of the whole

bridge was established by the software MIDAS/

Figure 3. Cross section of two steel cells. CIVIL to investigate the stress condition of the

Figure 4.
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Cross section of one steel cell.
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structure. Then, the stress state of steel-concrete
composite segment was calculated under vari-
ous working conditions.

. 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.

. 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.
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Mechanical properties of RC pile strengthened by effective CFRP
composites
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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

1 INTRODUCTION 2 NUMERICAL SIMULATION OF PILE
STRENGTHENED BY CFRP SHEET
1.1 Piles of wharf strengthened by composites

Strengthening reinforced concrete members, such as 2.1 Numerical model of piles

beams, walls, columns, and slabs (Sang-Wook Bae  Ordinarily micro cracks usually increased gradu-
and Abdeldjelil Belarbi, 2009; Issa et al. 2009; Eid  ally from the pile’s surface to its inside as the pile
et al. 2009; I1ki et al. 2008; Soudki, K.S. 2007; Wang  was applied top load. When these micro cracks
et al. 2006; Adhikary and Mutsuyoshi 2005; Imran  extended and connected each other into larger
A. 2013), with external bonding CFRP is a new  cracks, the pile would be divided into some smaller
strengthening technique with advantages of easy  columns and lose the bearing capacity.
application, lower cost, and high strength to weight The mechanism of CFRP strengthening tech-
ratio. High-piled wharf is normally composed of  nique used in pile was that CFRP strips would
pile foundation, reinforced concrete beams and  form an effective circumambient restrain around
slabs. The pile foundation is the most important  the pile, and thus, the pile’s concrete core was in a
load-bearing structure that transfers the upper load  three-dimensional state, which resulted in a signifi-
from the beam and slab to the bottom soil. The pile ~ cant improvement of bearing capacity, ductility,
directly contacts the sea water that causes it under  and anti-seismic property of the pile.
a poor marine environment. So the pile suffers the In this paper, a three-dimensional finite ele-
most severe corrosion among the structure members ~ ment model of piles would be simulated and ana-
of high piled wharf. The harsh marine environment  lyzed by finite element software of ANSYS, as
makes the pile inevitably to produce corrosion dam-  shown in Figure 1. The concrete was simulated
age in less than a decade. The structure strength- by the unit of solid 65; the steel bar was simu-
ened by CFRP could resist the corrosion caused by  lated by the unit of link §; and carbon fiber sheet
acid alkali for CFRP’s good corrosion resistance,  was simulated by the unit of shell 41. The numer-
which is most suitable for the strengthening of the  ical model has 1136 units and 2819 nodes. The
pile in the marine environment. numerical pile model took the vertical direction
In this paper, the model of piles strengthened  as the Z-axis and the horizontal radial direction
by different widths and spacings of external bond-  of wharf structure as the X-axis; the Y-axis was
ing CFRP strips was built. Then, the mechanical  then determined by the right hand rule. The phys-
character of the pile before and after reinforce-  ical and mechanical parameters of the beam are
ment was investigated. given in Table 1.

35



Figure 1. Numerical model of the pile and CFRP.
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 3x 104 2.0x 105 2.42x105
Density/kgm™ 30 7850
Yield strength/MPa 300
Compressive 30
strength/MPa
Tensile strength/ 4223
MPa
Mass per unit 200
area/gm™
Thickness/mm 0.167
¢ a0
|
el e |
S
— —
Mot strengthened  width 50  width 50 width50 width 100  width 150

spacing 50 spacing 100 spacing 150 spacing 100 spacing 1

Figure 2. Different reinforcing methods of CFRP strips.

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

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

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

Analysis of pile bearing capacity
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Table 2. Numerical simulation of column specimens.

Sheet width Space of sheet Relative sheet Ultimate capacity Capacity
Specimens (B/mm) (S/mm) width (H) (/KN) 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.

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 JGZA4.

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.
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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.
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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.
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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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ABSTRACT: The principle, test method and test procedure of the ultrasonic transmission method are
elaborated, and the ways to analyze test datum and judge the integrity of pile body are analyzed in detail
through practical engineering cases, which is instructive for practical engineering application.
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1 INTRODUCTION 2.2 The burying of sonic-testing tubes
and testing preparation

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 [,
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 ™.

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

2 THE PRINCIPLE AND METHOD .
before placing the transducers.

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

: el : : triangular arrangement square arrangement
of various defects inside the pile foundation and 800mm<D<1 500mm D>1500mm

provide the assessment criteria of concrete over-

all homoger.leity. and strength grade .accordin.g t0  Figure 1. The arrangement diagram of testing tubes.
the synthetical judgment and analysis of various  (Note: the shaded area in the figure is the effective detect-
parameters of signals received by the software. 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

The punched grouting pile foundation is used
in a project, the design pile diameter of which is
¢1500 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.

Engineering project 1

3.2 Engineering Project 2

The punched grouting pile foundation is used
in a project, the design pile diameter of which is
¢1300 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
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Figure 2. Test results of project 1.
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Figure 3. Leakage tendon of the defective position.
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Figure 4. Test results of project 2.

Figure 5.

Mud-clamping of defective position.

(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.
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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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ABSTRACT:

In this paper, several defects and causes of bridge pile foundation commonly observed

under construction are analyzed based on the survey of current pile foundation construction status of
multiple bridges, and corresponding treatment measures are proposed.
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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

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.

Manually excavated pile

1. The quality of protective wall is low, and hole
collapse occurs when pouring concrete;
Concrete disintegrates, segregation layer occurs
on the pile body;

. Pile bottom dreg is too thick.

2.
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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



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,

46

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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ABSTRACT: According to the construction data of the roof structure for a 100,000 m? 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.
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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 ), 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 m* 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/m?, elastic modulus is 206 GPa, Pois-
son’s ratio is 0.3, yield strength is 235 N/m?2. 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.
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roof structure; ribbed stiffener shallow spherical shell; load-carrying capacity; overall stability

Figure 1. Configuration of the roof structure.

2 STRENGTH CHECKING

2.1

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

The displacement and stress of cover plate
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load 0.75 kN/m?, snow load 0.75 kN/m?>. 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/m? 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/mm?, 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/mm?, 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
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Figure 3. Mises stress of cover plate.
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Figure 6. Displacement of circumferential rib.

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/mm?, appears at the
joint of longitudinal secondary rib and the circum-
ferential 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/mm?, appears at the

49

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

3 STABILITY CHECKING

3.1

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.

Eigenvalue buckling

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”®. Considering the material as
ideal elastoplastic type, the initial defects of struc-
ture as the consistent imperfection modal method!”,
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 10. Eigenvalue buckling deformation of roof
structure.
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Figure 11. Overall instability of roof structure.
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Figure 12. Load-displacement diagram.

the displacement is 0.087 m, the corresponding
load value is 10.97 kN/m?. After that, the curve is
very steep decline, structure deformation speed up,
when the load is reduced to 4 kN/m?, 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/m?, 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.
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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. The critical buckling load value is
10.97 kN/m?, that is, the allowable overall stability
capacity of the roof structure is 2.19 kN/m?.

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/m? the maximum Mises
stress is 57.38 N/mm?, 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).

. The external load 2.10 kN/m? is slightly less
than the allowable overall stability capacity
2.19 kN/m?. 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.

. The simplified formula for checking the load-
carrying capacity of the ribbed stiffener shallow
spherical shell shall be deducted.
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Analysis on wind-induced effects of simply supported beam roof

structure with metal roof panels
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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:
vibration

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!!. 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®?. 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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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®,
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

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

Structure mode
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Figure 2. Time history of artificial wind load.

beams is H350 x 175 x 6 x 10 Q235 steel section. The
top and bottom surfaces of the roof panel are set by
steel with a density of 7850 kg/m?, 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/m?, as well as the basic mechanical
parameters are set as those described in referencel®.
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).
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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/m?, 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

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

The influence of the roof panel stiffness
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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

-140.0 >
6D PSD will get.
) mo':i;fz]_z 3.2 The influence of the sandwich layer damping
200 Modal strain energy method®” is applied to cal-
0.0 culate the structure’s damping ratio of each order.
2200 1 For model 2, 3 cases are taken to make compara-
A il tive analysis, which are as follows:
; -60.0 | 1. Damping ratio is set to 0.02 for all orders,
= 800 I | namely, the structure is taken as a regular steel
=_100.0 8 structure, which is called model 2-i-a;
-120.0 2. The material loss factor of the roof panel sand-
- wich layer is set according to the test in literature!!’,
<1400 and the material loss factor of the steel is taken to
-160.0 ' llu 2‘0 3‘0 ¥ alu # 5Ju be 10-4, which is called model 2-i-b;
o) 3. The material loss factor of the roof panel sand-
¢4y -model 2:3 wich layer is taken to be 0.5, regardless of its
variation with frequency®®, which is called model
Figure 3. (Continued) 2-i-c, where 1 is the model number in 2.1.
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Figure 5.
main beam in model 2-1.

Mid-span bending moment time history of



http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-005.jpg&w=163&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-006.jpg&w=163&h=272
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-007.jpg&w=162&h=132
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-008.jpg&w=167&h=265
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-009.jpg&w=167&h=134
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-010.jpg&w=167&h=132

0 0
=20
-40 : ]
il
E | Z 60 |
Z n
» |
o < %0
s | = ol
® | =100 §
-120 '
| 120
-140 i L i i |
-160 i I i i i =
0 10 20 30 40 50 0 n 2 ¥ W B
1 (s} r(s)
(a) model 2-2-a La) model 2-3-a
0 1]
=20 I
40 b
E i | = r-n
L
Z 80 z |
e = =80
= | = 1
120§ 1004
| -120 I
-160 . . L i J -140 E L L s : '
16 0 10 20 30 40 50 0 10 20 30 40 50
£ (s) 1 (s)
(h) model 2-2-h (h) model 2-3-b
I
0
-40
g 4
Z 80 a_zs
= =
-120
' ; ; . p ; -140 I : i A i
" 10 20 30 40 50 0 10 20 30 40 30
T is) t (=)
() model 2-2-¢ (¢) model 2-3-¢
AT ST nn:e: 3“.‘:4;— model 2-2-b 35, T
model 2-2¢ Iy ——model 2-3-b
40k -A0 model 2-3-¢
~45t A
g 245
z x
Z-50t 250
= =
=.55} =« 551
60k -60
65 -65, 4
20 21 22 23 24 25 21 22 23 24 25 26
t (s) 1 (s)
(d) comparing of models (d) comparing of models
Figure 6. Mid-span bending moment time history of  Figure 7. Mid-span bending moment time history of

main beam in model 2-2. main beam in model 2-3.

55


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-011.jpg&w=171&h=273
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-012.jpg&w=169&h=272
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-013.jpg&w=165&h=134
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-014.jpg&w=165&h=272
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-13&iName=master.img-015.jpg&w=165&h=133
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The mid-span moment time history curve of the 20
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to be similar, while in Figure 5(d) we can see [
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largest and the amplitude of the model 2-1-b is 100
between the two values. The PSD distributions of aol
the 3 models are similar. Above all, improving the 2]
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56

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 referencel', 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
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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;

. 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;

. 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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Shaking table test study on a retrofit method of bottom-business
multi-story building
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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- S 5 P | @
business multi-story masonry buildings were
ruined, while this kind of structure is very popu- E
lar in the small and middle towns in the south of o

China and do not disappear in short time. So, it j:

is urgent to study the earthquake-resistant mecha- 8
nism of this building form and the methods to ret- B
rofit the existing buildings in order to reduce the a ==t

damages caused by earthquakes. - a0
@ ® (@) ©@

(a) First floor of model 1

2 SHAKING TABLE TESTS ?.9.92.9

b B 1“ o 1“ w] =17 @
2.1 Test preparation )
According to the test aim and content, two " ~ ’ _
double-deck models were designed, with the first i - 4D

floor plan of models, as shown in Figure 1, and the d

front view of model 2, as shown as Figure 2. e

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.

(b) First floor of model 2
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N

(c) the back longitudinal wall

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

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.

2l hley

(b) The back longitudinal wall

(D Mid bay @ Right bay

{c) The mid longitudinal wall
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Figure 4. The cracks distribution of model 2 after
GA =088 g.

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

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%,

Modal comparative analysis
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Table 1.

The modal results of model 1.

After After After

Modal Before load PGA=0.35g PGA=045¢g 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.

After After

Modal Beforeload PGA=0.84g PGA=0.88g

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

e 2nd model1
4 1stmodel2 v 2nd model2

—a—1st model1

1.8 i

L

AmpITicaton

- “_t ]
1.0 . — . : )
0.4 0.6 0.8

PGAIg

1.0

Figure 5. Acceleration amplification.

-
3]
'

—mmodel 1 "
[ —4—model 2| .

—y
2 o0 o O
1

S ]
N
.,

Relative Displacement/mm

—
o

0.4 0.6 0.8

3 ) 1.0
PGA/g

Figure 6. Relative displacement.

40% and 63% after PGA =0.35g,0.45gand 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.
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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.
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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

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

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

. 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

G. Wei & Z. Gu

Guangxi University, Nanning, Guangxi, China

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

1 INTRODUCTION symmetrically from the arch foot to the vault, con-
creting the next ring after the strength formation,
The concrete-filled steel tubular arch bridge is  until all the concrete is finished. This construction
mainly used in the long-span concrete arch bridge.  method is convenient, rapid and has good concrete
After more than 20 years development, the con-  quality. But, if measures are not taken, the stress
struction technology of the SRC has developed  and deformation well be out of range. Setting sev-
rapidly. In recent years, it has gradually become eral stayed-buckle cables to regulate the nearby
a main type of bridges of the large span bridges, peak of the bending moment influences lines of
because it has a great spanning capacity, strong the controlling section, and applying a changing
bearing, good stability, and convenience of con-  tension above the oblique arch axis can effectively
struction. The outer wrapped concrete of the  control the vault deflection and the foot arch hog-
long-span concrete-filled steel tubular is heavy and  ging moment during the continuous concreting of
massive, and the largest stress and deformation  outer wrapped concrete. Thus, the stress and defor-
emerge in this construction stage, so it is necessary ~ mation of steel reinforced concrete arch bridge can
to conduct force analysis in the stage of casting  be kept within the designed range.
outer wrapped concrete.

3 THE GENERAL SITUATION

2 THE THEORY OF THE CABLE- OF ENGINEERING
INCLINED CONTINUOUSLY 31 Enci ine backeround
CONCRETING . ngineering backgroun

The bridge is 852 meters in length, and the single
The stiftness and strength of rigid skeleton gradu-  span of main bridge reaches 416 m, which is deck
ally form during the outer wrapped concrete con-  concrete-filled steel tubular railway arch bridge.
struction progress. As this bridge type possesses  The rise of arch is 99 m, the rise of the span ratio is
complicated structural system transformation and  1/4.2, the arch axis shape is catenary, and the arch-
much construction difficulties, the construction  axis coefficient is 1.8.
method of outer wrapped concrete on the main The section of the main arch ring is a sin-
arch ring is crucially significant. The outer wrapped  gle box, including three rooms, whose width is
concrete continual pouring refers to dividing rings ~ changed but height is invariable. The height of
firstly, concreting the first ring continuously and  the arch rid is 8.5 meters. In the range of 65 m
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Nanning

Figure 1. The elevation of main bridge (unit: cm).

1500

Figure 3. The foot section of arch rib (unit: cm).
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Figure 5. The outer wrapped concrete dividing ring of
the arch rib.

Figure 6. Layout of 4 inclined tensioned cables.

Figure 4. Arch rib segment division.

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

steel tube concrete, the upper and lower chords
adopt the steel tube of @750 x 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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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.
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Figure 8. The MIDAS/Civil model of the main arch.

A few notes about the model:

. 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.

. 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.

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

. 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.

. 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:

fod =346 MPa, f,; =2.14 MPa (1)
The C60 outer wrapped concrete:
[0,1=20.0 MPa, [0, ,]=3.15 MPa )

5.1

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 vault 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
chordis 210 MPain 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
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Figure 10. Correlation line of pipe stress in control sec-
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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

e e Construction steps

5 19 28 37 46 55 64 73 82 91 100109118127136

10 —+—arch foct section
215 —8-18 section
& variable cross-section
Ef L4 section
=" —*-IL8 section
;'30 —&-vault section
w33

40

45

50
Figure 15. Correlation line of concrete stress in control

sections of the lower chord member.

Construction steps

—+-arch foot section
8- L/§ section
variable cros-section}
L4 section
—#-3L/8 section

Rtress W)

—#—vault section

Figure 16. Correlation line of pipe stress in control sec-
tions of the upper chord member.
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J“;.
:"/
Figure 18. Outer wrapped concrete stress of ring 1 after

construction.

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

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

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:

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.
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free boundary

V-— Fixed boundary

Figure 1. The applied shear load.

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
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Table 1. Shear component parameters of steel tube filled with steel tube-reinforced concrete composite column.
Serial Component size Displacement
number (D x tx1)/mm direction f../MPa fW/MPa f,/MPa 6 A n
B-1 160 x 5 500 Strong axis C70 235 235 028 3125 0
B-2 160 x 5 x 500 Weak axis C70 235 235 0.28 3.125 0
D-1 160 x 5 500 Strong axis C50 235 235 028 3125 0
D-2 160 x 5 x 500 Strong axis C90 235 235 0.28 3.125 0
E-1 160 % 5 500 Strong axis C70 345 235 028 3125 0
E-2 160 x 5 x 500 Strong axis C70 390 235 0.28 3.125 0
Note: @1is the effect of the restraint coefficient; A4 is the shear span ratio; and » is the axial compression ratio.
. 120 ial load
strong axial load Strong o ins
100
” 80 e \\\
= # .
@« 60 [/  weak axial load
weak axial load| 401 ;'/
20
0 2 4 6 8 10 12
UWmm
Figure 2. Strong and weak axial loading diagram. 120 strong gxial —
100 '
shear bearing capacity of the steel tube concrete JE—
column-filled steel bone. 80 )
Z - .
3.1 Component parameter a 604 _.’f weak axial load
Component parameter selection is the key step of 40- _/
calculation and analysis. Reasonable parameter i
selection will take to get twice the result with half 204
the effort effect. On the basis of many times simula- 0
tion, we select the parameters, as listed in Table 1. 0 2 4 6§ 8 10 12
U/mm
3.2 Parameter analysis 120- 1 load
3.2.1 The strong and weak axis displacement 100 stron%_gma =
influences ) z
Due to the geometric characteristics of i-steel, 804 P - e—
steel pipe-reinforced composite column is not Z " 0
an axisymmetric graphic. There is a difference a 60 F weak axial load
between the strong axial load and the weak axis ;
load, as shown in Figure 2, and the shear bearing 40 ,-'/
capacity is also different. 3
This article, respectively, forces the strength and 20+
weak axis load to three sets of specimen, namely
A-1, A-2, B-1, B-2, C-1, C-2. Using the ABAQUS OU 2 3 6 8 10 12
finite element simulation, the shear capacity curves U/mm
are shown in Figure 3.
We can find out the following factors from the  Figure 3. Shear bearing capacity of strength and weak
above chart: axial loading direction.

70


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-16&iName=master.img-001.jpg&w=161&h=126
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-16&iName=master.img-002.jpg&w=178&h=409

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.

. 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.

. 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.

. Regardless of the kind of concrete strength,

after the yield point, the shear bearing capacity

P/kN

100 Co0

80+ C70

C50
60-
40-

20+

0 2 4 6 8 10

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.

0 ; . ; ; ; )
0 2 4 6 8 10 12
U/mm

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

160 -
Q390
140 e
120 %._,_.,_ <o
100
£80{ 7 Q235
% 60
40
201
0‘ I 1 : : I L 1
D8 4 B 8 10 42 %4
U/mm

Figure 4. P-U curve.
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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.

. 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
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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

1 INTRODUCTION idealized conditions in ANSYS. The geometric
properties of the specimens, the test results P, and
For many years, structural steel tubes and coupler  the critical buckling load P, obtained from the
scaffolds (hereinafter referred to as STCS) were  eigenvalue buckling analysis are listed in Table 1.
commonly used as a temporary structure to sup- In Table 1, Lh is the lift height; S, and S, are
port workers, materials and structural members  the horizontal spacing of posts in transverse and
during construction due to the ease of fabrication,  longitudinal direction, respectively; H, is the whole
installation and dissemination. However, structural  height of the tested STCS; Br is the sweeping staff
failure of these scaffolds often occurred from time  height; Clu is the U-head height. The loading area
to time due to poor installation, inadequate design ~ was expressed by the arithmetic product of the
and knowledge of relationship between construc-  number of spans in the transverse direction and
tion factor and bearing capacity. the number of spans in the longitudinal direction.
Currently, most researchers have focused on the  Bri is the bridgings setting; V is the vertical bridg-
door-type modular steel scaffolds, high clearance  ings; and H is the horizontal bridgings.

scaffolds, as well as single-wall and two-wall steel From Table 1, it can be revealed that the strength
tubular scaffold, but very few have focused on the = P.., was generally consistent with the full-scale
STCS. test results, and the effect tendency of all geomet-
ric parameters on bearing capacity of STCS was

consistent:

2 ANALYTICAL INVESTIGATION

AND DISCUSSION 1. The bearing capacity of a STCS would
increase to some extent if the U-head
Full-scale static tests were conducted on thirteen height reduced, proven by test specimen 11
STCS specimens in order to obtain the bearing (P =16.64 kN; P, = 15.30 kN) versus speci-

capacity and failure modes of STCS and the corre- men 12 (P, =19.14 kN; P, = 17.86 kN).
sponding details of all components were described 2. The bearing capacity of a STCS would increase
in [1] and [2]. Based on the above experimental to some extent if the storey height reduced,
studies, advanced non-linear finite element models proven by test specimen 1 (P, = 23.57 kN;
of thirteen STCS test specimens were established to Py, = 19.54 kN) versus specimen 13 (P, =
evaluate the critical loads and failure modes under 33.90 kN; Py, =33.93 kN);
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Table 1.

Comparison of FEM analysis with full-scale test results.

NO Lh 5,*8S; H, B Br Cha Loading . Prra
. (m) (m>m) (m) (m) (m) area &N) (&N)

1 15 0909 815 N 02 0.50 5x5 23.57 1954
2 15 0.9x09 8.15 v 02 0.50 5x5 2838 30.53
3 15 09=09 2.15 V+H 02 0.50 5%5 3626 3855
4 12 09=09 8.15 N 02 0.50 5x5 23.76 2039
5 12 0.9x0.6 8.15 N 02 0.50 5x5 2531 2527
6 09 0.9%0.6 8.15 N 02 0.50 5%5 2376 23.12
7 09 0.6=<0.6 8.15 N 04 0.50 5%5 21.74 21.13
8 09 0.6x0.6 8.15 v 04 0.50 5%5 34.76 34.74
9 06 0.4=04 8.15 N 02 0.50 5x5 21.87 21.58
10 15 12x12 3.15 N 02 0.00 4x4 16.75 15.70
11 15 12x12 5.50 N 02 0.80 4x4 16.64 1530
12 15 1.2x12 5.20 N 02 0.50 4x4 19.14 17.86
13 15 0.9=x09 520 N 02 0.50 5%5 3390 3393

3. The bearing capacity of a STCS would increase 4 4

to some extent if the lift height and post spac-

ing reduced together, proven by test specimen 7

(Pey=21.74 kN; P, = 21.13 kN) versus speci-

men 9 (P, =21.87 kN; Py, =21.58 kN).

. The bearing capacity of a STCS would
increase to some extent (increase 20%-40%
approximately) if setting vertical bridgings,
proven by test specimen 1 (P, = 23.57 kN;
Pppn = 19.54 kN) versus specimen 2 (P,
28.38 kN; Py, = 30.53 kN), and that would
increase to a higher extent if setting vertical and
horizontal bridgings together, proven by test
specimen 1 (P, = 23.57 kN; Py, = 19.54 kN)
versus specimen 3 (P, = 36.26 kN; Py, =
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

Based on the previous research 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

Formulation
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Figure 1.

Three-column model for sway frame.

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:

_ 7EI

(uLe)

(M

where P, is the strength of each single post; E7is the
flexural resistance;  is the effective length factor of
single post; L¢ 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.
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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, [, is the length of the horizontal tube
6,, &, are the end nodal rotations at nodes 1 and 2,
and R,;, Ry, 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 M, M, are given by Equation (2)

as follows:
Jel + 252:| 5

=24+

. (2)
e
where
. . 2
R*:[1+4”’](]+4”’j4”’ (3)
R Ri>) RiiRi2

ip=ETy/ Ly 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 & and ¢, were assumed to be equal at
buckling. In addition, the rotational stiffness of
springs at nodes 1 and 2 was a constant (R, = Rx»);
thus, the relationship between the nodal rotations
at nodes 1 and 2 under end moments M,, M, is
given by Equation (4) as follows:

M= M>=6i,a,6 “4)

2. *
where o, = [l+i]/R .
R

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 M ,, M p is given by Equation (5) as
follows:

Figure 2. Horizontal tube element restrained by semi-
rigid connections.
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4
Figure 3. Vertical post element.
El. A
M 4= Sii9A+Sjj€B_(Sii+Si/)f ,
c c 5
I, A ®
Mp= S./i5A+S.//€B_(S/1+S/,/)f

where A is the relative lateral displacement of nodes
A and B; [, is the length of the vertical post; g,
and @y are nodal rotations at nodes. The stability
function §; = S, S;; =S could be expressed as

follows:
2
. 7T (& V4
“sin=—| = | cos—
MU [/Z] H
Si=5 T . 1’
2—-2¢cos——"—sin—
Mg U
i (©)
y 4 . T
U LR
H MU
Si=S5i= T . r
2—-2¢cos——"sin—
Y/
where,uzlandkz L
kL. El.

3.4 Effective length factor u

For the three-column model shown in Figure 1,
considering the boundary conditions at the distal
end of vertical posts cl, ¢3 as the roller condi-
tion, the moments in vertical posts cl,c2,c3 at
nodes A and B are given by Equations (7)~(10)

as follows:
A
[Su J[HA - _j
Lc]

2
Si

Sii

EILI

(M 4=
A L

)

Er, A
(M )= =12 |:Sii49A +8565—(Si+ S;,-)—} ®)
ch LcZ
_EI 2|_
(MB)CZ_ I LSUHA-’_SMHB (SII+Slj) (9)
c2
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EI(‘3
L.

(M )3 = (10)

Sijz A
Si= || 6=
Sii L

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

(M 4)p1 = 6ip100uBa> (M 1)p> = 6ip200464
(M g3 = 6in300,88, (M )y = 6ipacr,Os

(11)

Considering the equilibrium of vertical post
cl, 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 x can be obtained:

;{((wz ~364°K — 2;,2)COSZ(’—7] (P12
Vi
+24/12K)cos[z] (645 + P2+ 12;121()}11{5]
U U
+ /{(uﬂlK _244°K — 7,;2)0032[3 ey
+24/12K')cos[z] +(24°K +327°
yZi
- 12”-2K)Jcos(§]—//(5/z2+ 244°M) =0
(12)

YaEly/Ly ZeE1y/ Ly
where K= 4 .
SELIh SEIh

restraint coefﬁcient of the li/ertical post in the
sway frame model, and the length of the vertical
post . was equal to the lift height 4. The effec-
tive length factor # could be solved numerically.
Furthermore, the strength of STCS could be
received through substituting # into Equation (1).

is the end

4 COMPARISON OF RESULTS FROM
TEST, FEA AND ANALYSIS MODEL

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

P, B
In Table 2, Error1=-m_"FEA 5100, From

FEA
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
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Table 2. Comparison between the results obtained from
FEA and the simplified model.

Lh S, xS, Prpa P, Error 1
No. (m) (mxm) (kN) (kN) (7o)
1 1.5 09%x0.9  19.54 1159  -40.69
2 1.2 09x%x09  20.39 13.65  -33.06
3 0.9 0.6x0.6  21.13 16.47  -22.05
4 0.6 04x04  21.58 2036 -5.65

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 P 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 P of specimens I
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.

. 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

1 INTRODUCTION loads and failure modes of many STCS with and
without bridging were evaluated using non-linear

Structural Steel Tube and Coupler Scaffolds (STCS)  FEM in ANSYS, and the effect of a series of erec-
have been widely used as temporary structures in  tion parameters on bearing capacity of STCS was
concrete casting construction, which involves the  studied quantitatively. Furthermore, a simpli-
handling of large loads, in countries such as China  fied model and formula were put forward for the
and the United Kingdom because of their ease  strength of STCS which consider the semi-rigid
of fabrication, installation, and dissemination. character of right-angle couplers and the effect of
However, STCS failures often occur on construc-  adjacent horizontal tubes.
tion sites, which cause not only project delays but
also serious injuries and casualties among con-
struction workers. 2 ANALYTICAL INVESTIGATION

To enhance the safety of scaffolds during con-
struction, experimental and analytical studies had ~ Commercial Finite Element Analysis (FEA) soft-
been conducted in the past on the structural behavior ~ ware ANSYS was used to study the behavior of
of high-clearance scaffolds [1,2], multi-story door-  STCS models that are commonly used in actual
type modular steel scaffolds, single-pole and double-  projects. To simulate the semi-rigid behavior of the
pole steel tubular scaffolds [3]. However, almost no  couplers, a spring-damper element (COMBIN14)
research had been conducted on STCS, which are ~ was added to simulate the in-plane rotational
widely used in China and the UK in the construction  restraints provided by the couplers. The spring
of large-span spatial structures such as gymnasiums,  constant was set to 19.0 kN-m/rad, which was
train stations, and bridges. So, it is extremely impor- ~ the mean initial rotational stiffness obtained from
tant to understand the structural behavior of STCS’s  previous coupler tests. The geometric proper-
through both experimental and analytical studies ties of the models and the FEM analysis results

and propose rational design recommendations. are summarized in Table 1. In Table 1, Diff =
On the basis of right angle coupler torsion stiff-  (Pyrea = Prea) Prea x 100.
ness tests and thirteen prototype tests on STCS From Table 1, it could be concluded that the

that described in [4] and [5] respectively, the critical ~ STCS strength increased to some extent because of
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Table 1. Strength of STCS models for different geomet-
ric parameters.
STCS without  STCS with
bridging bridging
S, xS, Diff
h(m) (mxm) Py, (kKN) Pypea (kKN) - (%)
1.8 12x1.2 17.25 22.27 29.1
1.0x1.0 18.01 24.03 33.4
0.9x0.9 19.64 24.46 24.5
0.9x0.6 20.59 26.92 30.7
0.6x0.6 18.52 26.55 43.4
1.2 12x1.2 21.51 28.08 30.5
1.0x1.0 2235 28.69 28.4
0.9x0.9 2447 29.18 19.2
09x0.6 2527 32.53 28.7
0.6x0.6 20.08 30.71 52.9
0.9 1.2x1.2 21.46 28.82 343
1.0x1.0 22.08 31.14 41.0
0.9x0.9 24.67 31.26 26.7
09x0.6 2649 34.81 31.4
0.6x0.6 21.13 34.74 60.6
0.6 12x1.2 2265 30.79 35.9
1.0x1.0 23.18 33.09 42.6
09x0.9 2532 34.62 36.7
09x0.6 2898 36.99 27.6
0.6x0.6 23.29 34.64 48.7

7

(b) Geometric parameters: h= 1.5 m, S1 =82 =0.9m

Figure 1. Failure modes identified from nonlinear FEA.
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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

7°El

== 1

(h)’ "
where P is the strength of a single multi-story post,
EI is the flexural resistance of the steel tube, u is
the effective length factor for a single multi-story
post with semi-rigid restraints at each story, and /
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 u 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.
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Figure 2. Model for a single multi-story post with four
semi-rigid restraints at each story.

In this model, the rotational restraining stiff-
nesses of the four springs were assumed to be r,,
r,, Iy, and r,, 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 6,, 6,
6., and 6,, 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 < A, the equilibrium equation is:
—-EIy," + 16 =Py, 2)

Assuming k> = P/EI, the following formula is
obtained:

rné _

El

n k- 0 3)

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

7,(x) = sin(kx) x €, + cos(kx) X Cr + /:21?1 )
The boundary conditions are as follows:

1. At x =0, the horizontal displacement is 0:
»(0)=0 &)

2. At x =0, the shear force is 0:
—(EDy""(0)+ Py/(0))=0 (6)
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Substituting Egs. (5) and (6) into Eq. (4), the fol-
lowing equation is obtained:

b= sin(kx)4, B cos(kx)r 6, + 16

7
: k KEI KPEI @
For h < x <2h, the equilibrium equation is
—Ely,"”" +néi+r61=Py, ®)

The general solution of differential equation (8)
is

. G+l
=sin(kx)x Cy+ cos(kx) x ¢, + 1A 1222
a(x) (kx)x C3 (kX)X C4 CEI
©)]

The boundary conditions are as follows:
1. At x = h, the shear force is 0:

—(Ely,”"(h)+ Pg,)=0 (10)
2. At x =2h, the shear force is 0:

—(EIy,”"(2h)+ Pg3) =0 (11)

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

Vy= X (=kEI gycostkx — kh)

1
~sin(kh)iEI
+ kEI g,cos(kx —2kh)

+sin(kh)r 16, + sin(kh)r,6,) (12)

For 2/ < x < 3h, the equilibrium equation is
—EIy;" + 1@+ 126, + 1365 = Py, (13)

The general solution of differential equation
(13) is

V4(x) =sin(kx)x Cs+cos(kx) X Cg
réitré+rds

ET (14)
The boundary conditions are as follows:
1. At x =3h, the shear force is 0:
—(Ely,”"(3h)+ Pg,) =0 (15)
2. At x =2h, the shear force is 0:
—(EIy,""(2h)+ Pgy) =0 (16)
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Substituting Egs. (15) and (16) into Eq. (14), the
following equation is obtained:

»(x)= X (—kEI g4cos{kx — 2kh)

k2sin(kh)ET
+ kEI gycos(kx — 3kh) + sin(kh)r 6,

+sin(kh)y 6, + sin(kh)rz6;) 17)

The compatibility conditions among the three
tubes are as follows:

1. At x =2h, the tubes had the same displacement:
Y221y = y4(2h) (18)

2. At x = h, the tubes had the same displacement:
yi(h) = yy(h) (19)

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

W)=y, (h) (20)

The following formula is obtained based on the
boundary condition at x = 34:

M p)y=r4a6s (21)

If all the four spring rotational restraining stiff-
nesses were the same, it could be assumed that
r1=",=r3=rs=C. The linear rigidity of the verti-
cal post was assumed to be C,= EI/3h, kh= 7lu,
and the final governing equation for determining the
effective length factor u is obtained by simplifying
the above simultaneous equations Egs. (18) to (21):

[(324,;*/1@3—18/7_u3c3a)cos3(fj+(18;m3c3a
U
3 e (7 44, 44
—216;;3//CCC)COS(—ﬂsm(—J+(324/[ ci+u'c
U “
—117;z2/fc2c%>cos4(’—’]+(—2ﬂ4c4—405;z4c;‘
U

T
+144ﬂ2ﬂ2c2c%)cos2(;j

+ (L =272 P+ 81 ) =0
(22)

4 COMPARISON BETWEEN THE
SIMPLIFIED MODEL CALCULATION
RESULTS AND FEA RESULTS

The strengths of the models with various geometric
parameters without bridging P, were calculated
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Table 2. Comparison between strengths determined
from FEA and the simplified model.

h S, xS, Prpa i Error
No. (m) (m x m) (kN) (kN) (%)
1 1.5 0.9%0.9 22.43 20.73 -7.58
2 0.9 1.2x1.2 21.46 22.32 4.01
3 0.9 1.0x 1.0 22.08 22.77 3.13
4 0.9 0.9%x0.9 24.67 23.01 -6.73

using Eq. (22), as listed in Table 2. In the table,
the error represents the difference between P,
and Py,. Accordingly, P, 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 P = strength
determined from a simplified model calculation.
Error = (P — Prea)/ Prea X100.

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.

. 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.

. 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
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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

1 INTRODUCTION is the flaw. Harik, etc.”” made modification when
dealing with continuity conditions, used the modi-
Plates with stepped variable thickness have verywide ~ fied analytical spline to satisfy mutation condi-
applications in modern structural engineering. Asit  tion in one direction. Yuan and Dickinson!"! used
can save materials, reduce weight, increase stiffness ~ method proposed by Chopra, modified continu-
and improve fundamental frequency, its excellent  ous condition of bending moment and shearing
performance arouses people’s interest to research  force, and obtained the exact vibration frequency
stability and free vibration of this structure, etc. in  of stepped plate under simply supported bound-
recent decades. For such problems, many scholars  ary condition. Recently, Cheung introduced a set
proposed various theories and adopted a variety  of interpolation functions that meet C1 continu-
of methods for extensive study. Chopra® divided  ous condition to solve buckling issuet of stepped
stepped plate into several homogeneous regions,  variable section plate. These interpolation func-
assumed continuous and boundary conditions at  tions are composed of beam modal function and
the mutation thickness and obtained eigenvalue  piecewise cubic polynomial. The author pointed
equation of the problem. However, it has error in  out: These displacement functions are with advan-
dealing with bending moment and shearing force  tages of fast convergence, appropriate continuous
consecutive conditions at the section, as what order and high accuracy of harmonic function.
Yuan and Dickinson!" pointed out. Cortinez and  Yingshi Zhang and Chiping Jiang used singular
Laural¥ adopted Kantorovich continuation method ~ function to establish continuous differential equa-
to analyze natural vibration frequency of stepped  tion of stepped thin plate and provided analytical
plate. The formula contains an index optimization  solution® of free vibration and forced vibration of
parameter. Bambill, etc.!! combined Rayleigh-Ritz  stepped plate under various boundary conditions
solution and Fourier series expansion technique,  with operator operation.
obtained baseb and of simply supported rectan- It is worth noting that, there are two impor-
gular stepped plate. However, continuous assump-  tant directions in stepped research: one is com-
tion of displacement function at the cross-section  mitted to seeking the plate analytical solution to
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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®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™ 3 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®” 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®", 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
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continuous geometry, wherein thickness, rotational
inertia of unit / are /,, J, respectively, elastic modu-
lus, shear modulus, Poisson’s ratio and density of
the material are E, G, v, p respectively. According
to Mindlin plate theory, the governing differential
equation is

D, » d¢ ( awj
— 1=V, +(1 —\—kGly| . +—
R I R P
+p) @y, =0
D N 00 ow
7’{(1— WV, +(1+ V)$:|—k(;h/[y/y +$]
+pl @'y, =0
2 2
kGh,(V2w+¢)+ph,a12w—N(ﬂ%+7%]=0
(1

where in

dy, ¥,
g= Ve 7y )

ox dy

In the formula, w is lateral deflection of plate;
v, and y, are average angles of the middle surface
normal around x and y axis respectively; k is shear
correction factor, taken as 5/6; J; = ;7/12 is rota-
tional inertia of plate; D, = Eh*/[12(1 - »*)] is bend-
ing stiffness of plate; @is system angular frequency;
N is load factor; f and y are load combination
factors; V2 is two-dimensional Laplace operator.

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

M, =p| Y Vaw’
’ ox dy

0
M, =D v yOY OV
’ ox dy

Iy,
dy

M,

_VDI( +a_{”]
ox

2
ow aw
0, =kGh (% E)xj 0, = kGh (V}, + 5] 3

If the plate is simply supported at both sides
(¥=0,L) parallel to the x axis, then the corre-
sponding boundary condition is

w=0; M, =0; . =0 4)

Assume
.=, sin%, v,=Y, cosw, w=Wsin 22
(5

Apparently, it meet simply supported boundary
condition in formula (4). Substitute (5) into (1) and

obtain

2

a——l— j —kGhy |¥

E)x 2

1+ ow

—T ( ) a—+/JJl[l)\P _0
v, ( j {F_l/a_z_(nﬁ] kGh’}

L

L
- kGh,( jW +pl @Y, =0

v > (nz)
kGl =~ kGhy| "Z |\, + kGhy| - “Z| W
8 L x> \L
?? nry
_Nlpg——y £
{ﬁaxz 7/[ L J
(6)

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

W + ply@®W =0
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1 I—1 N
1 *--------.—--;---- -;:3——-1- --+—---. o -

Figure 2. Structure collocation point setting along the
direction of x.

of unit / is m, tail end collocation point mark is
k, coordinate of each collocation point is x(i = m
m+1, ..., k). To disperse the equation, first define
linear differential operator as follows

2
4 ™

With step of differential cubature method, gov-
erning equation (6) in collocation point 7 in unit /
can be dispersed into B4

1 g/ 77\2
§ (2)
(’/ \Px/__—

o3 ()

\Pxi - kGh/‘Pxi:|
j=m

1+v{nzr s (1 L 1)
T\ D, Y, G, = kGly 3, CPW,

2 J=m Jj=m
+pJ,*Y ;=0
1+ v(nx -
— =Y Vv
2 (LJ ljgm 7 RY)
(1— V< 2 nr
+D|— Y CcPw, —(— ¥, — kGl
|2 A L

- kGhl( JW +pl, Y, =

yi

kGhy Z v~ kGhy (%)w

j m

k|
kGh,Lz

k nrY
Cl.(iz)wj— — | w
i L

Jj=m
+ phyartw, =0

2
,b’z C(‘ w; = (%} w;

k)

(i=m, m+1,..
®)

& (@) in all the above formula corresponds to quad-
rature coefficient of differential cubature method of
operator A ,(r=1,2), which can be solved by means
of a set of linearly independent monomials, i.e.

ZC(w(xp) R, (D) i=m2 .., k;

j=m

p=0.12. k- )

m)


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-19&iName=master.img-001.jpg&w=189&h=31

At this point, governing equation has been dis-
persed into a system of linear algebraic equations
concerning collocation point displacement within
the unit /. The connection point of unit / — 1 and
unit / should meet the following continuity condi-
tion and equilibrium condition

-1y _ ! (1-1) _ / 1-1) /
\P(wn - \{JEJL’ qum \Pgrin Wn(1 Wn(1)’
-1 / 1-1 1 .
M( )= Mg)r)l’ Mi}m) - ,iy)m’
(/-1
-1 BW
fcm ) /b)N xX=x,
o0 aW 0
b (10

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
( ] v }Sin
L s

(/)_ {

niy

Zc(l)\ll .
j=m *
[ &

MO :_ (1)\}' +( j‘{’_. cos@
xyi t%ﬂ’f L XI L
oY
Q(i) = kGh, CmW +¥, -2 (11)
pX ‘

Equilibrium condition of plate at connection
point m can be expressed as

(”le}
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AL
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)

xm J
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BN 2 aw,
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(? AW+

y
k] m

=kGh, (12)
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Apply boundary condition at both left and right
ends (x = x;, x,) of plate

Simply supported edge (S): W =0; M, =0.¥, =0

(13)
Fixed edge (C): W =0; ¥, =0; ¥, =0 (14)
ow
Free edge (F): Q, = ﬂNa—O: M. =0: M, =0
X
(15)

These equations can also be dispersed with
differential cubature method. Now, with point 1
as example, write the boundary condition after
dissociation

Simply supported edge (S):

D{ZJ”‘P (L”j S l=0w, =0 =0
(16)
Fixed edge (C): W =0; ¥, =0; ¥, =0 (17)
Free edge (F):
nzw
D, {ZL(“\P ( T )‘Pﬂ} =0;
1-v [ nr 1
TDM ]\Pﬂ + Zc‘ W l=0;
1
kGh¥ +kG/1IZc<')WJ =ANY W (18)
J=1

j=1

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

K)}{d}=0

In the formula, K, M and K are structural stift-
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.

(K1~ @[ M1~ (19)



3 CALCULATION EXAMPLES
AND DISCUSSION

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

A= N, (7 D)), Q=(wLI7* ) ph/D, (20)

wherein, /2, and D, are thickness and bending stift-
ness of first-order plate.

First, with second-order plate of equal length
as example, study convergence of the research
method. Assume /1,/h; =1.1, h/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 A of the plate in one-way
compression (=1, y=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 A 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.

A

b

—m—S§
FF
cc
SF
CF

—CS

1"

&

Figure 3. Convergence situation of critical load factor
A under one-way second-order plate compression.
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Figure 4. Convergence situation of inherent frequency
factor Q of second-order plate with two opposite edges
simply supported.
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Figure 5. Convergence situation of inherent frequency

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

Figure 7. Geometry graph of second-border stepped
plate.
Table 1. Comparison of critical load factor A4 of

second-order simply supported rectangular plate.

e
A

hyh Fmmbbrgec Xiang and Xisng and

Thit poper i Weil18] Wang[17]
Alexandrov]7]

04 03085 0.8619 030826 0.3083
0.6 1.0245 1.0245 1.02444 1.0246
08 23445 23442 234385 23442
10 40011 4.0000 3.99947 4.0000
12 45342 45324 433154 45325
14 46678 4.6663 466512 4.6663
16 47330 47202 472708 47202
18 47669 47652 4.76304 47652
20 47888 47877 478646 47877
22 4.8028 4.8026 4.80137 4.8027

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

; Modal number

p WhSouros 2 3 4 5 6

This paper 1.29348 2.87255 2.89988 4.92335 5.41566 5.68214
Xiang[18]1.29237 2 87075 2.89858 4 91918 541389 5.67875
Yuan[19]1.29333 2. 87183 2.89981 4.92249 4 41555 5.67965

05

0.25
0.

This paper 1.70406 4.18733 4.19696 6.76881 8.25147 8.48308
Xiang[18]1.70367 4.18625 4.19615 6.76425 §.24811 8.47926
Yuan[19]1.70392 4.18715 419685 6.76611 825094 8. 48212

This paper 1.63038 4.04919 4 34444 6 87192 8.57733 B.71464
Xiang[18]1.62893 4.04723 4.34043 6.86416 8.57067 8.70775
Yuan[19]1.62903 4.04892 4.34142 6.86923 8.57562 8.71333
Chopra[2]1.744 3.902 4.149 6.3875

This paper 1 88945 4 68996 4 78433 7.56130 941236 9 62887
Xiangf18]1 88915 4 688584 4 78228 7.55768 9.39662 9.62323

Yusn 12!1.88936 4.68981 4.78334 7.56023 9.40069 9.62732

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 /1,/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!'!
and Yuan!". 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, /,/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

Table 3. Critical load factor A of second, third, fourth-
order plate with equal length.
Plate Shape By 5 FF oc 5F CF 3
(1,00 41145 20437 40622 26687 26680 4.7126
[E (01) 17247 10533 28630 13133 13563 19148
(L1) 13685 09665 16061 12073 12387 15081
Second-order plate
with variable thickness
(/h=1LLa=2)
(10) 41440 20516 48488 34060 34085 48387
(00) 15233 10830 16435 14491 14998 16152
1,1y 13262 0.9680 14348 13194 14066 1.4257
Third-order plate
with variable thickness
(1,07 41489 20533 48425 41438 42568 4 8435
0,1y 14981 10868 15769 14023 13661 1.5750
(1,1 13243 00602 14198 13235 14193 14100

Fourth-order plate
with varizble thickness

(hih=11,
/=12,
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Table 4.

Inherent frequency factor Q of second, third, fourth-order plate with equal length.

Modal
Plate shape number SS FF cc SF CF cS
e 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
R 3 3.2074 1.7967 3.7498 2.3883 2.5835 3.4751
Second-order plate with 4 4.1085 27672 4.1634 2.6648 3.9487 4.1468
variable thickness 5 4.8014 3.7910 4.9755 4.0089 4.0241 4.8944
(hy/h, = 1.1) 6 4.8148 4.1165 5.4884 4.3447 4.3930 5.1437
—=————= 1 11845 1.0258 12259  1.1338 11444 12122
: : 2 1.5402 1.1874 1.6675 1.3159 1.3537 1.6064
------ i 3 2.1058 1.4583 2.3340 1.7382 1.8197 2.2218
Third-order plate with 4 2.8784 1.9427 3.1997 2.3596 2.4886 3.0399
variable thickness 5 3.8413 2.6139 4.1068 3.1764 3.3481 4.0436
(hy/hy = 1.1, hy/h,=1.2) 6 4.0756 3.4699 4.2385 4.0745 4.1030 4.1065
T 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
Fourth-order plate with 4 2.1885 1.6488 2.3598 1.8967 1.9661 2.2794
variable thickness (/i,/h, = 1.1, 5 2.7699 2.0584 2.9967 2.3871 2.4858 2.8886
hyhy=1.2, h/h, =1.3) 6 3.4624 2.5789 3.7350 2.9943 3.1203 3.6069
boundary condition on the end has relatively large =~ REFERENCES

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.
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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:

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

compression element

airbeam ' eV

cable

Figure 1. The basic element of a Tensairity beam.

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

£ i W E At O

(A) Front view of a tensairity bridge section

19640 Unit: mm)|

—

Ep¥EME©

(B) Sectional view of 1/2 segment of a tensairity
bridge section

Figure 2. Geometric drawing of a tensairity bridge
section.
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Table 1.

Parameters of elements of a Tensairity bridge section.

Ttem Section (mm)

Material

Elasticity modules
(MPa)

Yield strength
(MPa)

Bridge deck slab

Upper compression chord
Lower cable

Airbeam

t=3
210 x 100 x 10
R=6

t=1.5

Steel

PVC

Aluminum alloy

Stress relieving steel wire

283.55
235
1570
100

7.0x10*
2.1x10°
1.95x%10°
500

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 x width) of the
front wheel of LT-20 vehicles is 0.3 m x 0.2 m, and
the back wheel is 0.6 m x 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.
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Figure 3. Loading pattern of wheel type load (LT-20).

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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(a) Distortion of the Whole Structure

(b) Distortion of Upper Compression Chord

(c) Transformation of Airbeam

(d) Transformation of Lower Cable

Figure 4. Displacement of a Tensairity bridge section
under the wheel type load.
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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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(a) Stress of the Bridge Deck Slab

(c) Stress of the Airbeam

2

(d) Major Principle Stress of the Airbeam

Figure 5. Stress of the Tensairity bridge section under
the wheel type load.

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
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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.

. 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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Experimental research on the stability bearing capacity of Q420
high-strength steel tubular members
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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

1 INTRODUCTION ends, with different steel materials and geometric
dimensions. He also proposed the reduction meth-
The steel circular hollow section, with closed cross  ods of local stability strength and slenderness appli-
section, has good integral rigidity, high bearing cation scope of steel tubes. Gu Q. et al.! employed
capacity, and relatively small drag coefficient. It  the elastoplastic beam-column theory and numerical
can be designed without framing eccentricities, integration to calculate the load-deflection curves
and is applied widely in engineering structures, of round and square steel tubes. Chen W.F. et al.["
such as grid structures, pipe trusses, steel towers  raised a simplified residual stress mode of circular
and offshore platforms. Due to the development  steel tube, not considering the change of residual
of the power grid and the promotion of loading  stress along the wall thickness. Pan et al.® used the
criterion, increasing amounts of high-capacity, hole drilling method to measure the residual stress
high-voltage and multi-loop transmission lines  distribution of a welded circular hollow steel section.
have been constructed. These impose higher loads ~ Demao Yanget al.”’ carried out compression tests on
on steel towers, both dead loads and wind loads.  high-strength box-shaped columns, and proposed
Q420 high-strength steel tubes have been applied  improved column design of high-strength slender
in a large mount of transmission lines, including  sections. Ben Yong et al.'% conducted compression
500 kV, +800 kV and 1000 kV lines!'. tests of stainless-steel tubular members, and com-
Yang Mei et allP! adopted a modified CDC  pared test strengths with the design strengths using
method to derive the overall stability coefficients  different codes. Rasmussen and Hancock!'! pre-
of Q420 and Q460 high-strength steel tubes. Han  sented a test program comprising high-strength box
Jke et al® raised the recommended diameter- and I-section specimens, including fix-ended stub
to-thickness value of leg members of steel tubular  columns and pin-ended long columns.
tower, based on the research results of a typical This paper describes a series of compression
1000 kV double-circuit transmission tower. Yang  tests on Q420 steel tubular members. The test sta-
Longyu et al.® performed compression tests on  bility coefficients are compared with the design
high-strength steel tubular members between pin  coefficients predicted by American, European, and
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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 ®377 x 8 were
selected as test specimens. The steel was classified
as Q420 to the Chinese standards GB500171". 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 /1400, where / 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 S000 kN
hydraulic jack was employed to apply monotonic

Table 1. Actual material properties of Q420 steel.

Plate Yield stress  Ultimate stress  Elastic modulus

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 X 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

shape  (MPa) (MPa) (MPa) more than 50, the overall flexural deformation was
Flat 4394 500.2 2.1%x10°
Rolled 432.6 505.6 2.1x10° o o
1 2
Reeaction wall
Spherical hinge Test specimen Splerical |ng'Ie H:rm’aulnc;a;k —
- / " 4q
-fst::l pad e tiaa Steel pni_
(a) strain gauges (b) displacement meters]

Figure 1. Compression test set-up. Figure 2. Arrangement of measuring points.
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Figure 3.  Overall flexural buckling of the specimens.

L=8

Figure 4. Local buckling of the specimens.

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 Shelll81 element
was selected to simulate the steel tubes. The Young’s
modulus was 2.1 x 10> 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 x 10°
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 /1400 overall
flexural deformation, and the residual stress was also
taken account. Uniaxial compression forces were
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Figure 5. Tri-linear model of Q420 high-strength steel.
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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 0.11Elf, 55.0
BS 5950 94(235/f,) 52.6
ASCE 48-11 26220/f, 62.4
GB 50017 100(235/f,) 55.9
Eurocode 3 90(235/f,) 50.4

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

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

Local stability
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Table 3. Comparisons of overall stability coefficients.
GB50017 AISC 360-05"1  BS EN 1993-17  ASCE 48-1113
d 1t A @Oy Pra P/Prea O ?, Paisc Pes Pasce
377 8 30 0908 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
stability. In order to meet this stipulation, a limited LI rg

value of the diameter-to-thickness ratio (d/f) 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 f, is 420 N/mm?>.
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 = Asinmx/l. Then, the critical force can
be expressed as P, = m’El/P, where E is the modu-
lus of elasticity and / is the length of the tubular
member:
Ely"+Py=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 ¢ was
put forward in current design codes, and ¢ is the
ratio of overall critical stress o, 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
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Figure 7. Comparisons of overall stability coefficients.

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 (A1), 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
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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.

. 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.

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

. 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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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

1 BRIEF INTRODUCTION TO THE Given the complicated geological conditions of
XIAOWAN HYDROPOWER STATION excavation slopes, the engineering design adopts a
SLOPE ANCHORING PROJECT multitude of pre-stressed anchor and supporting

measures—about more than 10,000—to meet the
Xiaowan Hydropower Station is located in a high-  stability requirements of slope excavation during
intensity earthquake area with narrow terrain, construction and operation.
steep slope, and closely packed buildings. The main
projects have mass open excavation and are focused
within the range of approximately 3 km?. Open 2 TEST OF SLOPE ANCHORING

excavation forms a 700 m-high slope. The stability PRODUCTION
of such a high slope is one key technological issue
in project construction. Slope anchorage of the Xiaowan Hydropower

A natural slope in the main slope zone is about  Station is a key construction project with a limited
42°. Based on its lithological characteristics, the  construction period, heavy construction work,
slope consists of biotite granitic gneiss and amphib-  and difficult hole-forming. Two test areas were
ole plagio-gneiss. The rock shows a monoclinicstruc-  selected from the left and right river banks for
ture, transverse distribution, and steep upstream  anchoring site production testing prior to the start
slope that stretches along the river direction and  of the project to determine the anchoring materials
cuts off crack growth along the slope angle. The  and construction techniques that meet the project
Yinshuigou accumulation and the Dachunshu ditch ~ requirement, optimize the design parameters,
accumulation distributed before the dam on each  investigate the construction approach, monitor
side of the river. They have a significant impact on  the accelerating construction progress, and accumu-
engineering owing to their deep-seated coverage and  late experience for the large-scale construction. The
complicated composition natures. The diverse of  process included 1) testing the match of the grout in
this rock slope failure have typical slope type reser-  the anchoring segment with the concrete in the outer
voir features, and the complicated slope excavation  anchor head, the cement-proof ring, and the materi-
body makes construction more difficult. al’s mechanical properties; 2) measuring pre-stressed
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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 Over range Resolution Accuracy
(KN) tension (% FS) (% FS) (% FS)
Technical 1000 150 +0.025 +0.25
Index ~10,000 ~+0.5

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

Tensile Locked Observation Mean  Mean  Loss
load/design load/design value/design locked later range
Locations load load load loss (%) loss (%) (%)
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 1.09 1.00 0.95 8.02 4.76 -8.4~12.3
1365 m
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 1.09 0.997 0.965 9.03 2.03 -3.3~4.6
abutment slot
Slope at the downstream of the right bank ~ 1.12 1.039 0.99 7.27 5.03 2.7~7.4
abutment slot
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 1.06 0.995 0.952 6.39 4.87 1.9~16.2
1380 m
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 1.14 1.06 1.018 6.85 4.25 2.3~7.2
abutment slot
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.

. 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.

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

. 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

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

Intake slope forecast

Table 3. Typical load rate statistics of the anchor load
cell of the intake slope.
Jan. 3—
Dec. 6,- Dec. 19— Dec. 26—~ Dec. 31
Pointno. Dec. 13 Dec.26 Jan.3 (next year)
C2B-31V-  2.84 2.50 1.80 0.11
PR-03
C2B-31V- 842 3.48 3.53 0.10
PR-08
C2B-31V-  9.49 3.92 4.2 0.18
PR-11
C2B-31V- 19.29 5.01 5.19 0.18
PR-32
load (o0 cm-3IV-FR-232
e e et et
000 /_.r—""“";u_’
500 ,"’l
o —f
i
Koud ¢ C2p-2V-PR-03
g a
0 — ]_
Pl |
P |
|
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Figure 1.
load cell.

Typical load-time curve of the anchor
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Table 4. Load rate statistics of the C2A-11I-PR-04 dynamometer (Unit: KN/d).

Nov. 25~  Dec.2—- Dec. 16~ Jan.9- Jan.29- Feb. 29— Mar. 15—
Dec. 2 Dec. 16  Dec.9 Jan.29  Feb.29 Mar. 15 Apr. 5
Load rate -1.18 0.71 2.04 5.49 3.47 2.62 0.74

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-31V-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-11I-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.

c2h=3 [I-PR-04

106

Figure 2. Typical load-time curve of the anchor
load cell.

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.

. 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.

. 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.

. 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.
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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 7T-stress on the fracture initiation angle and the fracture tough-
ness ratio K, /K, 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:

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 K, reaches its critical value
(or mode II fracture toughness, K, ). Therefore,
it is important to develop appropriate theoretical
and experimental methods for determining mode
II fracture toughness K, in brittle materials.

In the past years, many different test specimens
have been designed for determining K, 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

brittle fracture; strain energy density criterion; mode II fracture; 7-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 Kj;, over mode
I fracture toughness K_is a fixed value just depends
on the Poisson’s ratio v. For example, for v =0.3,
the value of K|, /K| predicted by the SED criterion
is 0.96 and for v= 0.2, the value is 1.07. However,
there are many experimental investigations report-
ing a ratio of K, /K. 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 K /K, 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 K in the epoxy
resin being much higher than K. 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.

109



The modified SED criterion takes into account the
effect of non-singular stress term (7-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/IT
mixed loading can be written as (Williams 1957):

E 549]
COS - + COS -

J_k "4 2

- Ku(%sin§+ %Sm%’jj +T+0("?) (1.a)

o —L K (écosf—lcoss—a]
Wb\ 472 47 2
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2 4 2

0 for plane stress
= (1.d)

/ .
Oy * O'yy) for plane strain

where r and @ are the polar coordinates with the ori-
gin located at the crack tip, K; and K, are the mode
I and mode II intensity factors respectively, v is the
Poisson’s ratio, o, 0,,, and o._, are the stress in the
Cartesian coordinates. The flrst term in each stress
component is singular and the second term 7, is
constant and independent of the distance r from the
crack tip. The higher order terms O(r"?) 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 r, around the crack tip reaches a crit-
ical value S, and the direction of crack initiation
angle 6, coincides with the direction of minimum
strain energy density. In mathematical form, the
SED criterion can be written as:

oS oS
it =0, —>0 2
96,4 e @

where S is the strain density factor, defined as:
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where dW/dV is the strain energy density function
per unit volume, E is the modulus of elasticity.
Both r, and S, 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/IT
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:

1
ay K2+ as K Koy + a0y K2
16G (11 1 12505 01 22001
+ 4 KT + ay Ky T + arT?) ©)

where the factors @, are functions of the angle 6,
and defined as:

ay,(6) = (1+cos 8)(x - cosb),

ay, (8) =2sin&(2cos O— (k- 1)),

ay, (8)=((x+1)(1-cos &) +(cos +1)(3cos #-1)),
arr (8) =227, cosg((lrf 2)—cos &+ 2cos’ H),
ayr (6) =227, sing(/r+ cos @+ 2cos’ 6’),
ar(9)=(1+x)7,.

where G is the modulus of rigidity, for plane strain,
k= 3-4v, for plane stress, k= (3—V)/(1+Vv).

For pure mode II under plain strain condition,
K, =0, k=3-4v, 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~ 7za )
Ky
and o in Eq. (7) is defined as:
a= | ®)
a

where « is the crack length for edge cracks and the
semi-crack length for center crack, r, is the con-
stant distance. The terms involving Be in Eq. (6)
represent the contribution of 7-stress in the near
crack-tip strain energy density.

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

2((2-4v)sing, - 3sin24))

—BCZ((7—8V)COS%:90+SCOS§50J:0 9)

For any given value of Ba, the angle 6, can be
calculated from Eq. (9). Figure 1 shows the varia-
tion of fracture initiation angle -6, versus Bo for
v=0.2, 0.3, and 0.4. According to Figure 1, the
initiation angle -6, increases by rising the Ba (or
T-Stress), it’s clear from this figure that 7-stress
has a significant effect on the initiation angle of
mode II fracture.

Then the initiation angle 6, is replaced into Eq.
(6) and the conditions related to the onset of crack
propagation can be found S = S,. Eq. (5) can be
written as:
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Figure 1. The effect of 7-stress on the fracture initia-

tion angle for different Poisson ratio.
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where S, is the critical strain energy density factor
and K;, 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 6,=0 and 7=0, the
critical strain energy density factor S, is determined
from Eq. (5) as:

L+ )(1-20) Ky
27E

S =

c

(11)

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

27ES,
(L+v)(1-2v)

(12)

Ic

If S, is considered to be a constant material
property, Eq. (10) suggests that Kj;_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 K, as:

Kpe _ [ (4.5-4v) +(4v—2)cos 6 +1.5c0s26,

Ky 4(1-2v)
—i((7—81/)sin@+lsin%]
4(1-20) 2 2

1-v 2 2
— (B 13
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Figure 2 shows the variation of K /K, ver-
sus Ba 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 T7-stress is
negative, the critical stress intensity factor first
increases by rising the T-stress (Bo) 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 7-stress generally leads
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to a considerable decrease in the mode II criti-
cal intensity factor. The modified SED criterion
suggests that the 7-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 ¢ con-
taining a central crack of length 2« and subjected
to a diametral compressive load P The Semi-
Circular Bend (SCB) specimen is a semi-circular
disc of radius R and thickness ¢ having an edge
crack of length a and subjected to three point
bending with a span of 25 for the bottom support
distance. For both specimens, the crack makes
an angle o with respect to the loading direction.
When the inclined angle « is zero, both speci-
mens are loaded in pure mode I. By increasing o,
the crack is subjected to a combination of mode |
and mode II deformation. Pure mode II are pro-
vided in specific angles depending on the crack
length ratio /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 (K; and K;;) and the
T-stress in these specimens are often written as:

Y, Ea \/z for BD specimen
K = ﬁf iz (14)
Y, Tﬂ;] for SCBspecimen
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P .
Yii—-4 /ﬁ for BD specimen
0= Rt \x (15)
Pra .
n——— for SCBspecimen
2Rt
_rr for BD specimen
7— | 7Rt(R~a) 16)
rre for SCB specimen
2Rt

where Y, and Y, and 7" are the normalized forms
of K, K;; 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 Y; and Y}
and 7" 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 ¢; for the BD specimen with different ratio
of a/R. Fett (2001) calculated the T7-stress for
the cracked Brazilian disc specimen by using the
boundary collocation method. Theoretical inves-
tigations show that the 7-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, K|, /K|, determined from the
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BD specimen is always significant higher than the
value predicted by the conventional SED criterion,
meanwhile, the value of K, /K, determined from
the SBC specimen, is always lower than the theo-
retical predictions.

The reported experimental values for K/
K. 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 K;. and
mode II toughness K|,. obtained through experi-
ment using the BD specimen for limestone mate-
rial are 13.28 MPa-+/mm and 29.25 MPa-+mm
and the value of K| /K| is 2.165. The mode I and
mode I fracture toughness obtained for grain mar-
ble are reported to be 35.42 MPa-vmm and 71.15
MPa-+mm respectively and the ratio of K, /K|, is
2.009 (Aliha et al. 2006). However, the values of
K, /K, 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 o= 54°and
by considering S/R=0.5, a = 16.5 mm, R = § mm
and w = 17.7% (where w is the percent of saturated
water content). The average value of K|, obtained
from the results of the tests was approximately
0.935 MPa-+mm, and the value of K obtained
from the experiment is 2.2 MPa-+mm. Thus, the
ratio of K|, /K| for Johnstone is about 0.425. The
fracture ratio K, /K;, for PMMA is obtained using
the SBC specimen with the values of /R and S/R
are 0.3 and 0.43 respectively and the pure mode 11
could be provided at the crack angle o = 50°, the
reported experimental value of K, /K. for PMMA
is 0.526 (Ayatollahi et al. 2006). However, the value
of K, /K, 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 K, /K| 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, K}, and r, are required for calculating the
ratio of K /K,. For the BD specimen and SBC
specimen, when the specimen geometry is avail-
able, the values of 7-stress and K, 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 r, 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:

(%]
where o, is the tensile strength. By replacing
K, =22 MPa-vymm and o, = 0.435 MPa (for
w=17.7%) in Eq. (17), the value of r, 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 r, for PMMA is about 0.1 mm.
The value of r, 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
K, /K, is 0.385 that is consistent well with the aver-
age of the experimental results K /K. = 0.425 as
described above. For PMMA, the prediction value
of K, /K, 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 K, /K|,
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

1

T ox

Kl(:

o

I

(17)

Table 1. Fracture toughness ratio K, /K, predicted from the modified SED criterion.
K, /K, (predicted K, /K, (predicted by K, /K, (average
Specimen ~ Material 7, (mm) Bo by SED criterion) modified SED criterion 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 7T-stress is present in the SBC specimen when
the specimen is subjected to mode II. And for the
BD specimen, a negative 7-stress is present when
the specimen is under mode II loading condition
and the absolute value of the 7-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 7-stress in
predictions of critical mode II fracture tough-
ness. The modified SED criterion suggests that
the 7-stress has a considerable influence on the
critical stress intensity factor and the fracture
initiation angle of brittle and quasi-brittle
materials.

. The theoretical analysis shows that when the
T-stress is negative the critical stress intensity
factor first increases as the magnitude of Bo
rises, then it declines after a specific value of
Bo. Meanwhile, when the 7-stress is positive,
increasing Bo generally leads to decreased val-
ues of critical stress intensity factor.

. 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
I1. The SBC specimen used to measure the mode
II fracture toughness can significantly overesti-
mate the value of K. while the BD specimen,
underestimate the value of K|, in real structure
and components.
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4. The modified SED criterion was used to pre-
dict the fracture toughness ratio K;/K;. and the
predictions show a good agreement with the
experimental results.
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Discussion on methods of strengthening concrete structures

Lijun Dou & Tianyu Chen
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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

1 INTRODUCTION 2 GENERAL PRINCIPLES OF
STRENGTHENING CONCRETE
For years, concrete has been the engineering STRUCTURE

material which is most widely used in the world.
However, due to the influence of the disas- There has already been force and deforma-
ters, such as earthquake, hurricane, and fire, or  tion before the strengthening work begins.
exceeding its service life, the carrying capacity = The strengthening process will force the structure
of the construction members of existing build-  second. Thus, it must be very cautious and follow
ings will be reduced. In this case, in order to  certain principles during the strengthening process
ensure the safety and avoid the resources loss of  in order to ensure that the old and the new struc-
reconstruction, strengthening ought to be chosen  tures can work together. There are three general
prior and it has valuable practical engineering  principles of strengthening concrete structure.
significance. First, the destruction of the original structure
Since the 1980s, the amount of building members should be avoided. The engineering
strengthening has risen continuously in the  quantities and the negative impact should be mini-
United States, the Great Britain, Sweden, and  mized as much as possible. It must make sure that
some other developed countries. A large number  the old and the new structure can bear some of the
of buildings have been strengthened properly. loads at the same time, and mainly by the original
In this century, the proportion of the strength-  structure members.
ened buildings has already been more than the Second, the function of the building should not
new construction. In China, according to sta-  be affected. While developing a strengthening pro-
tistics, more than 40% of the existing buildings  gram, it must be in conjunction with the identifica-
need to be strengthened, of which most are of  tion and the use requirement so that the program is
the concrete structures. Especially after the Wen  scientific and reasonable. Then, some ill-considered
Chuan earthquake and other serious natural dis-  factors and errors can be avoided. The function of
asters, the state launched a new version of the  the building will keep regular.
code for seismic design and other relevant regu- Third, the integrity of the structure must be
lations, though some buildings cannot meet the  ensured. Due to the force generated by the second-
requirements for the new code, seismic strength-  ary and hysteresis effect when strengthening, the
ening is essential, such as the nationwide seismic  reasonable structure and the reliable connection
strengthening project of primary and secondary  must be guaranteed during the process of strength-
school building. Thus, the structural strength-  ening, to avoid new weak parts from appearing in
ening in China is still a long way, and it brings  the structure, thus resulting in the poor integrity.
excellent opportunities for development of struc- Strengthening work is different from the con-
tural strengthening industry. struction of new structure, which needs to be
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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

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.

Direct strengthening methods

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.
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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.



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-
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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.

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

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

. Strengthening is a comprehensive technology,
which may apply several different methods. The
superiority of every method should be taken to
achieve the good effect.



4 THE DEVELOPMENT TREND
OF STRENGTHENING CONCRETE
STRUCTURE

As far as the current development situation,
strengthening buildingstructureespecially 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
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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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Freeze-thaw damage model for polypropylene fiber concrete

Sheng-ping Chen & Fei Ten
School of Civil Engineering and Architecture, Hubei University of Technology, Wuhan, China

ABSTRACT: The mechanical performance of polypropylene fiber concrete under cyclic freezing and
thawing actions was experimentally conducted in this paper. 100 mm x 100 mm x 100 mm cubic specimens
and 100 mm x 100 mm x 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

1 INTRODUCTION distribution, and on the basis of the test data from
the polypropylene fiber concrete under cyclic freez-
Concrete structure is often damaged by cyclic ingand thawing actions.
freeze-thaw actions in cold areas, and the freeze-
thaw resistance is regarded as the most important
index of concrete durability!). 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-  The design strength of polypropylene fiber con-
able and the establishment of fiber concrete freeze-  crete is C45. The ordinary Portland cement, coarse
thaw damage model under cyclic loading are of  river sand with a maximum particle size of 20 mm,
important reference value to the prediction of the  and polypropylene fiber with a length of 19 mm
life of concrete structures in cold area and the eval-  were used.
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  The specimens are divided into two
improve structure durability. The frost resistance  series of specimens. The first series are
of polypropylene fiber reinforced concrete has 100 mmx 100 mm x 100 mm cubic specimens, which
been obtained a lot of attention. The study on  areused to determine its compressive strength. The
freeze-thaw damage of fiber concrete has obtained  second series are 100 mm x 100 mm x 400 mm beam
certain results in experimental data and damage  specimens, which are used to measure the relative
model?3l. The damage behavior of polypropyl-  dynamic elastic modulus, mass loss and flexural
ene fiber concrete in freeze-thaw is studied by  strength. Three different volume ratios of fiber
conducting an experiments of freeze-thaw on the  contents were made. Fast freezing and thawing
polypropylene fiber concrete specimens. From the  test method was adopted according to the Chinese
macroscopic physical properties, the frost damage  national standard GB/T50082-2009. Freeze-thaw
is reflected as the loss of dynamic elastic modu-  equipment come from Shanghai Sanhao refrig-
lus, the reduced mechanical properties, such as the  eration equipment factory. Before the experiment,
compressive strength, the flexural strength. In this ~ specimen should be soak in the water of 20~25 °C
paper, a freeze-thaw damage model is established, for 4 days to make the specimen come to water
which is based on the two parameter Weibull saturation state. Every freeze-thaw cycle is about

2 FREEZE-THAW TEST

2.1 Experiment materials

2.2 Freeze-thaw test
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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 § °C.

3 EXPERIMENTAL RESULTS
AND ANALYSIS

3.1

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

Experiment phenomena

Table 1. The mass loss rate.

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:

2
P, _ Lo 100% (1)
f

2
0

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

Mass loss rate of concrete is expressed:

w,

n

= % x100% )

0

where G, represents specimen’s initial mass, G, 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

The mass loss rate

No. 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.

The relative dynamic elastic modulus
No. 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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Figure 2. Relative dynamic elastic modulus for poly-
propylene fiber concrete.

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
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Figure 4. Flexure strength of polypropylene fiber
concrete.

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
The damage variable is defined as:
p=1-L

Ey

Definition of damage variable

(©)


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-25&iName=master.img-000.jpg&w=182&h=162
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-25&iName=master.img-001.jpg&w=182&h=161
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-25&iName=master.img-002.jpg&w=170&h=151
http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-25&iName=master.img-003.jpg&w=170&h=154

When D is the damage variable, E, is the
dynamic elastic modulus of concrete after n times
freeze-thaw cycles, E|, 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:

Vi
F(N)=1—exp[[%] ] 4)

where 7 is the characteristic parameter, S is shape
parameter.

After n times of freeze-thaw cycles, the failure
probability of concrete is:

Vi
Pf(n)—l—exp[—[%j 1 (5)

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 P(N) = 1.
To concrete material, after n times freeze-thaw
cycles, failure rate of this material is P(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;(n)=D(n) (6)

And that also is

D(n)=1-exp —(—j (7
7

From the formula (7):

1 1
ln(lnliD]:,b’ln;hﬁln(n) (8)

Instruct Y =1In (In (1/1 — D)), X =1n(n), formula
(8) can be written as a first order linear function:

Y =a+bX ©9)

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

Table 3. Parameter of linear regression.

No. a b (B) n R?

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
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Figure 5. Linear fitting of Weibull distribution.

In order to make the scatter (X, Y, 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

M 1.5927]

D(n)=1-exp —(334.153j (10)
: 1.708:

bm=1-exp {342.630) b
: 1.726:

bm=1-exp {410.264} (12)

5 CONCLUSION

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

124


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-25&iName=master.img-004.jpg&w=189&h=144

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.

. Establishingconcrete 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.

. 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: Itis 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

1 INTRODUCTION 2 THE MONITORING PRINCIPLE AND
SYSTEM COMPOSITION

In recent years, we routinely use the total sta-

tion and other conventional measuring instru- 2.1 The monitoring principle

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 10
system, which can immediately make the monitor- T
ing deformation of structure be done and diagnose i 2
its safety. : 1

For that reason, we need to establish a high 8 7 9 -6
degree of automation system which can timely
measure out the deformation and transmit to the = 2
computer. Then through the software system of
data processing, the monitoring system will achieve
automatic identification and let users havef a Cle?.r l—monitoring fixed mount, 2—supply for electrical,
understqndlng of the deformatlpn Condlthn m 3—signal bus, 4—processing system, 5—warning indicat-
a graphical form. The system will automatically  ing device, 6—static force level, 7—biaxial inclinometer,
be alarmed if the deformation exceeds the alarm 8 Benchmark static force level, 9—connecting wire, and
value. 10—remote feedback device.

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

Figure 1. Settlement and incline influence to structure.

Figure 2. Design of system structure.
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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
the transverse frame bent for structure analysis. So we L o

=

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

Figure 3. Monitoring point of factory building.

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
(IX1, JX2, JX3, JX4, JXS5, 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
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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, JXS, 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.
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Figure 4. The accumulated settlement curve of four monitoring points (JX1, JX2, JX5, and JX7).

Table 2. The biaxial angle statistics of factory building.

October— November— December— January— February— Max
Direction November December January February March 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
X2 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
X4 X -0.01 —-0.01 0.00 0.01 -0.01 0.032
y 0.02 0.03 0.03 0.03 0.02
JXS 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
X7 X -0.01 —-0.01 0.00 0.00 —-0.01 0.032
y -0.03 -0.03 —-0.03 -0.03 -0.02

129


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19383-26&iName=master.img-003.jpg&w=305&h=233

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
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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

1 INTRODUCTION anti-lateral force rigidity of the sheer wall, and

the steel truss has excellent ductility and energy
Concrete sheer wall structure is featured by big rigid- ~ consumption capacity, which only needs simple
ity and strong anti-lateral force, which is extensively ~ construction, convenient for repair and replacement
applied in high-rise buildings; the sheer wall, how-  after earthquake. When a hole opening is required
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 %ckling- roatralned
operation, and reduce seismic response in case of brace

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 Buckling-restrained
higher cost. The author has proposed, based on the brace

structure system, combining concrete sheer wall and Shear wall  |Truss system Shear wall
steel truss to form sheer wall-steel truss structure sys-

tem, and installing some buckling-restrained brace T <
dampers in the truss system to increase the energy Buckling-restrained
consumption capacity of the structure, and lessen brace

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 E‘r‘::’e'“g"”“a'“d
property, strong adaptability to environment and

temperature, and long-term stable performance [4]. ﬁ

In normal operation stage, the buckling-restrained N

brace can be used as ordinary rod; in case of rarely

met earthquake, it can be yielded first to play its  Figure 1. Schematic diagram of sheer wall-steel truss
role in energy consumption. Such structure owns  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

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/m?, standard live load 2.5 kN/m?,
roof’s constant standard load, and standard active
load 2 kN/m?. 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.

Calculation model

2.2 Calculation case

3 structural cases are adopted in this paper: CASE1:
the tube has ordinary concrete tube structure, and
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Figure 2. Structural layout of frame-core tube.
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Table 1. Dimension table of calculation model con-
struction members.
Dimension Concrete
Member (mm) grade Storey
Column 1000 x 1000  C50 1-5 storeys
900 x 900 6-10 storeys
800 x 800 11-15 storeys
700 x 700 16-20 storeys
600 x 600 21-27 storeys
Secondary 300 x 600 C40 1-27 storeys
beam
Main 350 x 750 C40 1-9 storeys
beam 350 x 700 10-19 storeys
300 x 700 20-27 storeys
400 C50 1-9 storeys
300 10-19 storeys
200 20-27 storeys

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 CASEI1, 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
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Figure 4. Schematic diagram of reverse V shape layout
of diagonal web member.

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/s?. 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 D, (axial direction) has characteristic

Figure 6.
system.

Model of buckling-restrained brace hysteresis

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 & of buckling-restrained brace as
1.24 x 10° kN/m, yield strength F, 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=rk-d+(1-1F,-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 CASEL, 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
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Table 2. Analysis result table of shift, speed and acceleration.

CASEIl CASE2
Seismic response Seismic response peak Control rate compared
Seismic response peak value value 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/s?) 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 2.364 1.770 21.34%
acceleration (m/s?) -2.877 -2.372
CASE3
Seismic response Control rate compared Control rate compared
Seismic response peak value with CASE1 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/s?) 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/s?) 1.718 25.22% 4.84%
-2.212
EOoM - 0.2% ——CASEL
:g‘n. o | £ o A o CASE2
[
:‘E 0.02 | -‘g a::

0.0
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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 CASEI and CASES3 is as shown in Figure 10.
The correlation curve can show that, under the
effect of rarely met earthquake, the inter-storey
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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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Table 3. Table of analysis result of total shearing force
at the structure substrate.
CASE CASEI CASE2
Seismic Seismic Control rate
response  response compared
Content peak value peak value  with CASE1
Total substrate 50118 46635 12.34%
shearing force —48231 ~39678
(kN) and
control rate
CASE CASE3
Control
Seismic rate Control rate
response compared  compared
Content peak value with CASEl with CASE2
Total substrate 45531 16.46% 4.86%
shearing force —36763
(kN) and

control rate

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:

e 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.

o 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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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:

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

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,
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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

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.

Comprehensive material testing

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.
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Figure 2. Model of structure.

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:

e Structural system: irregularities in the col-
umn grid; the lack of beams at the corridor is
an irregularity; discontinuity in vertical lateral
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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
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Figure 4. Layout of CFRP strengthening beam.

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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Strength model of FRP confined concrete cylinders

Ji-Shuai Wang & Dong-Sheng Gu
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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

1 INTRODUCTION leads to the destruction of the components. The
core concrete in three-way compression state in the
FRP confined concrete is of passive constraints.  whole loading process, and the FRP material in a
When FRP confined concrete columns under axial  vertical pressure—ring pull bidirectional stress state
pressure and lateral expansion of concrete column  in the late stress and FRP materials mainly subject
results in FRP materials’ hoop tension, tension of  to ring tensile stress. The stress of the FRP material
FRP with hoop strength also, in turn, limits the = mechanics model is as shown in Figure 1. The thick-
lateral of the concrete column, which make the  nessof FRP, ultimate tensile strength and the diam-
restraining affection of concrete column. What’s  eter of the core concrete have an effect on the size
more, making concrete column in the three-way  of the core concrete binding. Through calculations
compression state, and the bearing capacity of  we can get the formula of f,= 2f; #/D, f, on behalf
reinforced concrete columns and ductility can be  of the FRP binding of circular concrete columns; f
increased at the same time. Starting from the ini-  and ¢, respectively, representing the ultimate tensile
tial loading stage, the difference of ring expansion  strength of FRP materials and thickness; D repre-
deformation between FRP materiel and concrete  senting the diameter of the core 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  Figure 1. The stress of the FRP material mechanics
of the core concrete is also at a peak, eventually it  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 f/f,, and f /f,, as the X axis and Y
axis of rectangular coordinate system as shown
in the Figure 2, /7, and f, , respectively, represent
the calculation axial compressive strength and
experimental axial compressive strength of FRP
confined concrete specimens, f, 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:

7 5

2L =14+ 34| = 1

f ( ] M
' H

Jee 1y 2.25[i] )

Jee _yy 2.0[4] (3)

f T

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
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Figure 2. Scholars and their data.

Figure 3.
columns.

Performance of existing models for circular
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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.

; y=142.24X . "

|

00 05 10 15 20

ff"llrfco

Figure 4. Linear fitting model.
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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 £,/ /f, , discrete coefficient
(Cv) and YQ 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 YQ, 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.

Yo- 2[(;_] i [;_ﬂz ()

Exponential Fit: % = 6488928924 — 64888
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YQ=1732pu=1.02Cv=0.14 4)
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Wang and Wu model: f_fi =1+34 i
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YQ=108.74u=127Cv=1.24 S (6)
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Youssef et al model: Jee =1+2.25(ij
2Q=2226u=0.95Cv=0.87 @)
Teng et al model: Jee =1+ 2.0[4]

o ﬁ,‘(}

YQ=20.81u=0.97Cv=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
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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:

1 INTRODUCTION

In structural design, the height of the beam of a
steel frame should be based on loads and deforma-
tion of structure!!l. 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?®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

145

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 x 10°

B

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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Figure 2. Detail of lower adding element.

Figure 3. The box columns with a deviation of

verticality A.

Table 1. The parameters of test specimens.

MPa and Poisson’s ratio v = 0.3. Three groups
of specimens were designed according to the
conferencel. 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

(a) Finite element netting of joints with force-
transforming elements and different beams® height]

e AN

(b) Finite element netting of traditional joints

(c) Finite element netting of centre

Figure 4. Finite element discretization of the joints.

Upper cover plate (mm)

Lower cover plate (mm)

Web plate (mm)

Specimens Length Width Thickness

Length Width Thickness

SJ-la 374.07 125 9 374.07 125
SJ-1b None None
SJ-2a 374.07 125 9 374.07 125
SJ-2b None None
SJ-3a 374.07 125 9 374.07 125
SJ-3b None None

Vertical

Height Thickness Length deviation (mm)
9 50 6 374.07 None

None None
9 50 6 374.07 2

None 2
9 50 6 374.07 10

None 10
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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)",
the deviation of verticality A of a single column
should have an allowable deviation of verticality
A 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 A =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-la 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.

Load/kN

~=§J-1a
——5J-1b
—-5J-2a
~=-5J-2b

10 15 20

Displacement/mm

25 35

Figure 5. Load-displacement curves of SJ-la, SJ-1b,
SJ-2a, SJ-2b.

a0

20

Displacement/mn
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Figure 6. Load-displacement curves of SJ-la, SJ-1b,
SJ-3a, SJ-3b.

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
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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%.

. 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.
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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 Ito 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:
simulation

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

stochastic averaging method; reliability function; mean first-passage time; Monte Carlo

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 [td 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 ITO STOCHASTIC
DIFFERENTIAL EQUATIONS

Consider the following n-DOF quasi-Hamiltonian
system

. 0H
0= a—g’

. oH oH :
b= 30, gcy(Q,P)a—P/ + & (QP)EA),

Lj=12 . m k=12, . .m. (1)



where Q, and P, are generalized displacements and
momenta, respectively; H= H(Q, P) is Hamiltonian;
¢,(Q, P) denote quasi linear damping coefTicients;
h,(Q, P) denote amplitudes of stochastic excitations;
€ is a small positive parameter; & (7) are stationary
wide-band random excitations with correlation
functions R,(7) = E[£(1)E(r + 7)] or spectral density
S, (@). The repeated subscript denotes summation.

Assume H is separable and each H, can be
expressed as
H{(Q,.B) =P [2+U{Q)). @)

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

O.(t)= A;cos® (1) + B,

PA(1) =~ A, (4, ®,)sin®, (1), ®
where
@,(1)=7(1)+0,(),
4., = 22
2[U(A +B,)—U,(4,cos D, +B)]
Azsm D,
U(A;+B)=U,(-A +B)=H (4)

A, n, v,and 6, are all stochastic processes. 4,
andv, 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 @, one can obtain the following
averaged It6 equations about A

dA, = am, (A)dt+f'/2_ 7, (A)dB,(1),

i=12,.. e=1,2,...,1 (5)

L

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 A(t) exceeds a certain critical value A4, for
the first time. The conditional reliability function,
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denoted by R(7|A,), is defined as the probability of
A(?) belng in the safety domain £2, within interval
(0, 7] given initial state being in £2.. R(t | A,) is deter-
mined by the following BK equation:

JoR 9R 1 - 9*R
—=&ny——+—&b,y———, 6
or A, 277" 004y ©
where

n_’lfo = ’;li lA:A(}’ EI 0o — O-IL O-]c |A=A“- (7)

The initial and boundary conditions of Equa-
tion (6) are

RO|Ag)=1, A4;,€[0,4,),
R(t|Ay)=0, 4y=A4,,
R(t|0)= finite.

®)

The conditional Mean First-Passage Time
(MFPT) T(A,) is also a function of the initial state
A,. T is determined by the following Pontryagin
equation:

Lo 9’T
7 94,404,0°

1

—l=amy—

a4, ©

The boundary conditions of Equation (9) are

T(Ao) =0, 4 = Aic’
T(0)= finite. (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.

0=
P=

1

(ﬂ() +/51]Q )P +a)()1Q + Q'Q
= 8D+ 06 (1), ,5).
Herein, &,(7) are independent wide-band ran-

dom excitations with the following spectral density
function:

(ij=1.. (11

D
Sp(@y=2e 1 L5 k=12, (12)
T W +



The parameters chosen
A, = 05, B, = —0.01, .j = 0.0l. o,=1.0,
woz =3, o = \/— Doy =N 15 Dys = \/1—6, @, =50,

=12 j=1,..,5k= l 2). There is no reso-
nance in system (11). The averaged 1t6 stochastic

differential equations are:

are as:

dA, = m( A)dt + 5, dB(1), (k=1,2). (13)

The drift coefficients are

m;

=8+ 1 0y Mg+ My,

5 ‘—A{Mo > A%j(gﬂ%ﬁwa,«)

ol
+ 424,34 e +ad )| )24+ of) ],

iy =my Syl @ (A ) +my38, 3 (4))

+m 58, (5@ (A4 )+ my75, (10 4)),
M3 =M Sy (@ (4))+m;538, Bar(4))

+my358; (5@ (A)) + 11378, (Tey(4)),
My =My Sp (2 (A)+ 15,5, (4 (A4))

+ M35 (60 (A4))+ 11545, (8w (4)),

My = Mgy S;y (20, (A4))+ 1,445 (4, (4)))
+ 1455, (6 (A) +m40S;, (8 (4)),
iy = 7260 (4) = b (4)]

| B ) ol

My = 72[by (4)— by (A4)]
d [By(4)~by(4)]
d4; Af“ﬁ“‘ﬁi ]

’”ns:ﬂ'[lh(Ai)—bm(Ai)]
A [BatA)-be(4)]
dA- A72g+g,€l ]
16(’41)

[staat)]

by (A)

2
dAIL%Jr%J/[g(AiO“
mf22:7fAf[ bo(A4)— i4(Ai)]

L [200(4)-b,(4)]4
dA4,

Ao+d, l} / (324 e +ar))

My = 4 [y (4) = b (4)]
by (4)=b(4)] 4,
01_4{[ Aad | }/ [2(#ai+ah)]
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14(‘41 )Ar

dA,LZ +a€j/[32(4204+w§,«)}

s e

- =fr[4bfo<A i)/ [salga o) |
s =3B By ) |84 (i ) |
s =Sal B A)-ti4) 34 (e i) |

e =Tat(4)] 84 (L i) |
Mgy = 7A; [2bi0 (4)—17,4(4)]

x b4+ 2,4 b4 ) 16( s i ) |
My =74, [biz(Af)*b/s(Af)]

<ot 2,4+ h ) [s( g avai ] |
My 45 =37A4b4(4)

<[54 16( i ) |
mas=rati4)] oo ai ]|

Mg = TA b A4)

=7Abe(4)

(14)

The diffusion coefficients are

G 4)5(A)+ T 4)T () =
= b Si(@,(A))+ 5,135, 3w (A,))
+ b1 58S (S AN+ b5, (Tw(4,)),
Bir =S Qay(A4)) + byny Sy (4 (4)
+ DS (604 ( A+ by s S (8y(A)),

b = 2 b (4)=2b,6(A4)] /L (LL‘A'Z"'%Z')Z}

by =
b,

il =

b+b

il

2

bs = alba )b [ 4{adl + i) |
Bs = 2lBu(A) bl A4)] /[ (e47 + o) 2}
bur = )] |d{ens; + i) }

by = A2 [by(A4)=2b,0(A)] Ll6(aA wg) |
= 2 Dbt A)F [16(ad? + i) |
bog= AR [16(era} + i) |

b= .zbi(Ai)/[l6(a'fAi2+a)§i)2}



1/2

bo(4) = (af, +30,42 [4) " (1- 22 16),
b = (@, + 30,4 /4)” (4,124 2 [64).
ba(A) = (@2, +3a,42/4) " (-2 16).,
b4 = (e, + 30,4 [4) (2 f64),
= a4} 4@, 30,47 [4). (15)

The BK equation associated with the averaged
system (13) is

_ OR R
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The initial and boundary conditions of Equa-
tion (16) are

R(O l A(l):]s AiO € [O:Aic)a

R(llAO):OS Az‘() :Af(f’

a—Rzo, Ay =0. (17)
YN

The Pontryagin equation associated with the
averaged system (13) is

oT
0y, TS
94,

1- 0T
leaA

~l=m (i=1,2,3,4,5). (18)

The boundary conditions of Equation (18) are

T(Ag)=0, Ay =4,

aT
o, 0, 4,,=0. (19)
1
0.9
0.8
0.7
6
R 0.5
04
%]
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0l
o
o 10 20 a0 40 0 6t
i
Figure 1. Conditional reliability functions of the system
(11) (A, =0).
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Figure 2. MFPT of the system (10). 4, is a variable.

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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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.

Keywords:
analysis

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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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



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.

Fi

g

Figure 3. Circular fillet type.

Figure 4. Fillet slope type.
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Figure 5.

—

g 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.

. 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.

. 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
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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; stiftness degradation

1 INTRODUCTION Paulay T. et al. 1999). But little study is done on the
PDCB in FWS. Therefore, it becomes one of the

In reinforced concrete Frame-shear Wall Struc-  focuses of civil engineers on how the force behav-

ture (FWS), there are Parallel Double Coupling ior of parallel double coupling beams with differ-

Beams (PDCB) of different size, which are com-  ent widths is (Li M. et al. 2013). So, in this paper,

posed of part of Frame Coupling Beam (FCB) the factors influenced the stiffness degradation of

and Coupling Beam (CB) of shear wall in FWS. In it will be analyzed.

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- 2 DESIGNED SPECIMENS

ent not only because of the width of the beams,

but also because of their reinforcement require-  The factors that influence the stiffness degradation

ments (Cui JJ., 2012). Many different kinds of = of PDCB mainly includes the Span Length (SL)

coupling beam are promoted by different research-  of the CB and the FCB, the Section Height (SH),

ers through changing reinforcement arrangement,  the Section Thickness (ST), the Span-Depth Ratio

taking new structure measurement or changing (SDR) of the beams, the Concrete Strength (CS),

material etc, and much research work is also done  and the Reinforced Area Ratio (RAR) which is the

on them accordingly (Cao W.L. et al. 2010, ShuaiJ.,  area ratio of longitudinal reinforcement in the CB

2011, Zhou J.H. et al. 2012, Jia L.G. et al. 2013 &  and the FB. In order to analyze how these factors
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Table 1. List of the specimens.

FCB CB

No SL(mm) SH(mm) ST(mm) SDR SL(mm) SH(mm) ST(mm) SDR CS RAR
1 1200 800 300 1.5 1200 400 200 3 14.3 2
2 1200 480 300 2.5 1200 400 200 3 143 2
3 1200 600 300 2 1200 400 200 3 143 2
4 1200 600 300 2 1200 800 200 1.5 143 2
5 1200 600 300 2 1200 550 200 2.2 143 2
6 1200 600 400 2 1200 400 200 3 143 2
7 1200 600 250 2 1200 400 200 3 143 2
8 1200 480 300 2.5 1200 400 200 3 C25 2
9 1200 480 300 2.5 1200 400 200 3 C3s 2
10 1200 480 300 2.5 1200 400 200 3 C30 25
11 1200 480 300 2.5 1200 400 200 3 14.3 1.5

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 ‘ BLOCK ‘

the stirrup of them are all HPB300. ' T =TI

FB CB

3 FINITE ELEMENT SIMULATION I T

In order to simulate the load-bearing process of ‘ BLOCK ‘

PDCB, blocks are set at both of the beam ends

to make it easy to apply low cyclic load, shown in ' E ' 9.9

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) :

. 1-1

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- ~ Figure I Designed PDCB.

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
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Figure 2.

Finite element model of PDCB.
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cycle reciprocating load denoted loop stiffness 300

of the first cycle of the corresponding under the 2s0 F

same level displacement loading. The diagram of | F

specimen stiffness calculation method is shown in E 200 |

Figure 3. K| is the stiffness degradation coefficient, | F

P,, Py is load values of peak point, A, and Ay is dis- | & e

placement values of peak point. Calculated stiff- 100 E

ness changes of specimens under different loading

cycles are shown in Figure 4 to Figure 8. 50

O C 1 ' i 1 i i i i

4.1 Influence of the span-depth ratio o. o 1 2 3 4 5 6 7 8 9
The stiffness degradation curve of double beams Cycles

numbered 1, 2 qnd 3 under low Cycle reciprocating Figure 5. The influence of S to stiffness degradation
load are shown in Figure 4, of which other param-  rppg.

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 T00

FB influences the intial ring stiffness of DB greatly,
with the increase of span-depth ratio of FBs, the 250 |
corresponding stiffness of DB is decreases obvi- siy E
ously. When the span-depth ratio changes from ’E‘ g
1.5 to 2.5, the intial ring corresponding stiffness E/ 150 F
=100
50 ¢

O E 1 1 1 1 1 1 1 ]

0 1 2 3 4 5 6 7 8

Cycles

Figure 6. The influence of B to stiffness degradation
of DB.

160 F
140 [ —e—fck=14.3
120 F —8— fck=11.9
E‘ E —a— fck=167
Figure 3. Schematic of how to calculate stiffness. = 100 :
& 8ok
M e0 |
300 40
F —r— = F
250 g o=1.5 20 E
i : 0 C i i i I I i i i
EZOOE o 1 2 3 4 5 6 7 8
= o
= 150 Cycles
2 :
100 Figure 7. Influence of f, to the stiffness degradation
r of DB.
50 F
0 i 1 1 1 i L 1 ' i s i
o 1 2 3 4 5 e 17 g decreasesbyabout50%. With the increase of cycle
Cycles number, the influence of span-depth ratio of FB

decreases, when the loop reaches the 7 ring, the
Figure 4. Influence of o to the stiffness degradation ~ corresponding DB stiffness of every SDR is almost
of DB. the same. Accordingly, the span-depth ratio of FB
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Figure 8.
tion of DB.

The influence of R to the stiffness degrada-

is a important parameter which influences stiffness
degradation of DB.

4.2 Influence of span-depth ratio B

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 f,,

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 stiftness 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 1s 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 stift-
ness of DB increases, but the increase is a little.
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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:
analysis

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

elliptic suspended dome; static performance; nonlinear analysis; prestress; parameter optimal

is 2b = 64 m. The relevant plane shape factor is
6 =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.

Figure 1.
(6=0.8).

Calculation model of elliptic suspended dome

165



The Young’s modulus of the steel pipes and cables
are 2.06 x 105 MPa and 1.95 x 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/m? (including
structure self-weight) and characteristic values of
live load p =0.5 kN/m?. 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:

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-

5= b (1) port also obeys the similar rules (Fig. 3).
a 2. According to Figure 4, the change of rise-span
ratio makes a great difference on axial force of
where, a is half length of elliptic long-axis and b is the upper member, and the effects from different
half length of elliptic short-axis. load combinations on the maximum tensile force
Table 1. Load combination.
Code Comb-I Comb-II Comb-IIT
Combination All span permanent All span permanent load ~ All span permanent load

load + all span live
load
Live load distribu-

+ half span live load
(on long-axis)

+ half span live load
(on short-axis)

tion chart
Table 2. Different values of rise-span ratio.
Arch rise 4m 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
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Figure 3. Influence of rise-span ratio on support
displacement.

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-IIT (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.

. 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-1I.
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Figure 4. Influence of rise-span ratio on axial force of
member.

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’” (6 = 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.
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Table 3. Different values of plane shape factor.

Plane shape

factor & 0.6 0.7 0.8 0.9 1.0

Span of long- 80 80 80 80 80
axis (m)

Span of short- 48 56 64 72 80
axis (m)

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 & 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.
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Figure 7. Influence of plane shape factor on vertical
deformation.

. According to Figure 8, the maximum horizon-

tal radial displacement of support all increases
with the increase of dunder 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 &
and it is equal to the displacement of Comb-III
when dreaches 1.

. 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).

. Itis 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’ (6 = 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
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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.

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
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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.

. 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.
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. 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.

. Prestress has obvious influence on static per-
formance of suspended dome. Furthermore,
only reasonable prestress can improve structural
performance.

. 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.

ACKNOWLEDGEMENTS

The writers want to express their gratitude for
the financial support of the Opening Project of
State Key Laboratory of Subtropical Building
Science, South China University of Technology,
China (Grant No. 2012KB31); the Fundamental
Research Funds for the Central Universities, South
China University of Technology, China (Grant
No. 2014ZZ0025).

REFERENCES

[1]1 Zhang, Z.H. 2003. Theoretical research on large-span
tensile spatial structures composed of cables, bars and
beams. Hangzhou: Zhejiang University. (in Chinese).

172

[2] Mamoru K., Masaru A., Ikuo T. 1999. Design, tests
and realization of “suspen-dome” system. Journal of
the IASS 40(3): 179-192.

[3] Li Y.M. 2004. Theoretical and experimental research
on new cable-supported lattice shell structure system.
Beijing: Beijing Transportation University (in
Chinese).

[4] Zhang M.S. 2004. Theoretical research on suspended
dome. Hangzhou: Zhejiang University. (in Chinese).

[5] ChenZ.H., LiY., Kang W.J. 2005. Analysis of lamella

suspended dome systems. China Civil Engineering

Journal, 38(5): 34-40 (in Chinese).

Kang W.J., Chen Z.H., Lam H.E.,, Zuo C.R. 2003.

Analysis and design of the general and outmost-ring

stiffened suspen-dome structures. Engineering Struc-

ture, 25(13): 1685-1695.

Kitipornchai S., Kang W.J., Lam H.F., Albermani F.

2005. Factors affecting the design and construction

of Lamella suspen-dome systems. Journal of Con-

structional Steel Research, 61(6): 764-785.

Chen Z.H. 2004. Analysis of suspended dome and its

structural characteristics. Building Structure, 34(5):

38-41 (in Chinese).

[9] Wang Z.Q., Qin J,, Li G.L., Zhang R., Wu J.X. Study
on Static Capability of Ellipse Plane Suspended
dome, Building Structure, 38(2): 39-42 (in Chinese).

[10] Wang Z.Q., Qin J, Li G.L., Xu R.L., Zhang R.,

Chen X.L., Treatment of hoop cable and support
condition and experimental study on the annular
ellipse suspen-dome. Spatial Structures, 12(3): 12-17
(in Chinese).

6

)

[7

—

8

[t



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

A review of analyzing influences of excavation of foundation pits on the

surrounding environment

Shi Min Zhang

School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan, China
The Department of Civil Engineering, Zhejiang University City College, Hangzhou, China

Feng Wei Jing

School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan, China

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.
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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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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



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
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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



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
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Figure 1. Comparison of results between DCFEM and
centrifuge tests.

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.
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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.
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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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A detailed analysis of the steel strand corrosion effect on serviceability
state of PC continuous rigid frame bridges
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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 A

PC (Prestressed Concrete) continuous rigid frame i
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- 5
tion-to-span ratios are between 1/393 and 1/4242,
most of them are more than the expected value. O 50 100 150 200 250 300 G50
The average annual increment of deflection under Span(m)
long-term load effect of some bridges are shown in a) Measured deflection
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.
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Corrosion rate. The corrosion rate of a piece of _ o _
steel strand can be determined by weight or average ~ Figure 1. Statistics of long-term deflection of PC
cross-sectional area after corrosion. continuous rigid frame bridges.
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where: g, g, is the weight of steel strand before and
after corrosion respectively, 4, 4, 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).

fu=(1-84220,7) .. 2)

where, 0 < p, < 10.4%, f,, is the nominal ultimate
strength of corroded steel strands; f; 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, =(1-404633p %) E 3)

where, E, is the nominal elastic modulus of
corroded strands; £, 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

il by o ot top o sof tupsity el ool by sper tedors of b
) T t ; t |

e /T—\”

Side Span |
Pier|

~ Middle Span

Figure 2. Layout of PC continuous rigid frame bridge.
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¢) Cross section at mid span

Figure 3. Layout of longitudinal prestressing tendons.

Table 1. Section area and mechanical properties of cor-
roded tendons.

A, [mm?]

Corrosion E, F,

rate [MPa] [MPa] 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

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.
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Figure 4. FE model.

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
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Figure 5. Corrosion effect of the upper tendons on
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Figure 6. Corrosion effect of the upper tendons on the
stress.

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
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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 (16¢* 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
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Figure 8. Corrosion effect of the bottom slab

tendons.

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
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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.

Keywords: composite wallboard; mould; group technology

1 INTRODUCTION 3. A mold can only produce a wall, this mode of
production wastes material.

Industrialization of buildings is an inevitable trend

in the construction industry [1]. The prefabricated

building structures has to achieve the most efficient 3 CONNECTION OF COMPOSITE

industrial production structure. Precast concrete is WALLBOARD MOULD

the main way of concrete construction, compar-

ing with cast-in-place concrete, its features include ~ Composite wallboard in fixed mould is composed

factory construction, construction convenient, of the following parts, they are bottom mold steel

low impact on the surrounding environment, the  base, the bottom bracket and the bottom mold

surface roughness, the exact appearance of size, steel mold, mold wall outer leaves, inner leaf mold

short construction period and fast return on invest-  wall, and window mode. These parts are assembled

ment [2-3]. With the continuous development of the  into a unified whole composite wallboard produc-

technology of prefabricate concrete, the demand of ~ tion process.

mould is increasing, so mould design optimization Dies use reasonable connection, the quality

problem should be taken seriously enough. of the connection design affects productivity

of compound wall and quality of the mold.

> THE PROBLEMS OF PREFABRICATED Currently there are connections of mold. includ-
MOULD AT PRESENT ing welfi 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.

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: 4 CONNECTION DESIGN OF MOULD

1. Severe deformation during the life of the inte-  In order to facilitate, this mold will make a list of

rior wall mould. standard components involved in schematic (see
2. The mould is difficult to disassemble. Table 1) text, part of the direct use of its number.
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Table 1. Steel component list. 1. Steel dock connector of bottom mold
The connection of base and the concrete floor

Number Section size Steel grade Remarks through bolt, the diameter of bolt is 20 mm,
GLI 20b Q235 spacing is 300-500 mm embedded in concrete
GL2 1100 % 16 Q235B within a length of 30 d. Part of the base steel
GL3 x 235B welded: GL2 and GL1 welding, GL1 and GL3
L3504 Q use double-sided fillet welds (see Figs. 1 and 2).
GL4 14b Q235B
GLS 16a Q235B
GL6 16a Q235B
GL7 L50 x4 Q235B
+ o+ - -
b ]
Y » \
-
L.
o o -
Figure 1. Base component connection diagram. Figure 4. Conjunction three-dimension of GL4 GLS

and GL6.

o ow
.

=
s

o~
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Figure 2. Three-dimension of base component Figure 5. Conjunction node diagrams of GL10 and

- . GLI11.
conjunction.
* ¥
%
— \
-
in N\
8
£4
Figure 3. Conjunction diagram of GLS5 and GL6. Figure 6. Conjunction node of GL10 and GL11.
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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

Figure 9. Conjunction node three-dimension of the
Figure 7. Bolt conjunction of inner wall lobe and lat-  window mold.
eral wall.

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
GLA4 Trilateral Wai-sided fillet weld connection,
@ number gusset plate (rectangle) and GLS
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

. ' I I . wall and the side wall of the outer leaves die

' X 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

== ey is Figures 8 and 9.

5 CONCLUSIONS

Figure 8. Three-dimension and plan drawing of the This paper describes the design principle of the
window mold conjunction. mold connected, and the technical characteristics
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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.

ACKNOWLEDGMENT

Natural Science Foundation Project (grant number:
51408373) and Liaoning Province Education
Department Project (grant number: L2013231).

186

REFERENCES

[1] Cheng Zhi-gang, Cao Ping. The Present Situation,
Problems and Countermeasures in the Implementa-
tion of Housing Policies for Low—income Groups
of Our Country [J]. Journal of Xiangtan University
(Philosophy and Social Sciences), 2011,35(6):36-40.

[2] Zhihong Gong. Design Method and Application of
Precast Concrete Units in Housing Industrilization
[D]. South China University of Technology,
2010:11-12.

[3] David Arditi, Uluc Ergin, Suat Gunhan, Factors
affecting the use of precast concrete systems [J] Journal
of architectural engineering, 2000,6(3):79-86.

[4] Li xianjing. Study and Application of New Type
Architecture Mode [J]. Zhejiang University [D],
2003:1-9.

[5] Liaoning Province local standards. Technical speci-
fication for manufacture and acceptance of precast
concrete componcents (DB21/T1872-2011). Harbin
Institute of Technology Press, 2012.



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

Effects of height and span of structures on the vibration period
of steel moment resistant frames

M. Shadab Far
College of Civil and Transportation Engineering Department, Hohai University, Nanjing, China

N. Hassani
Water and Environmental Engineering Department, Shahid Beheshti University, Tehran, Iran

A. Dalvand

Geotechnical Engineering Department, Shahid Chamran University, Ahvaz, Iran

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.

Keywords: modal analysis; vibration period; mass participation ratio; first and second vibration modes;
codes formulae

1 INTRODUCTION percentage of seismic acceleration at the building
floor level, enters the structure and affects the mass
Many structures should be designed against the  of different floor levels. For calculating this factor,
seismic loads due to their special functionality. The = the dominant structural vibration period should be
full dynamic analysis of structures could not be  calculated first, and then, using the standard design
utilized inclusively because of its time-consuming  response spectrum, the response factor could be
solution process and computational complex- read (Chopra & Goel 2000).
ity (Goel & Chopra 1997). Therefore, the seismic To calculate the dominant vibration period, the
design codes of structures have tended towards the =~ Codes have provided several empirical relationships
“quasi-static method”. This method is based on  for conventional structures, but each of them has
the substitution of seismic loads by the base shear  its own deficiencies (Carrillo & Alcocer 2013). For
force at the base level and its distribution over the  example, these relationships are just a function
height of the building (Salama 2014), and it has  of structure height. In other words, the only fac-
been introduced by most of the structural design  tor in determining the dominant vibration period
codes such as the International Building Code  of a structure is the height of the structure, while
(IBC) or Euro code (IBC 2000, Eurocode 2004). other factors such as span of the structure and
Calculating the base shear coefficient is based  architectural configuration of the structure can
on the several proposed factors, including behavior  also be effective. On the other hand, in calculat-
factor (R), response factor (B), importance factor  ing the dominant vibration period, only, the first
(I) and design base acceleration ratio (A) (Chopra  vibration mode of structure is considered, and the
2011). effects of higher vibration modes are neglected.
B, the response factor, which is obtained from the ~ While by increasing the height of structure (H),
standard design response spectrum, shows that what ~ or the height-to-span ratio of structure (H/L), the
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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
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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 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,

MU+KU=0 2



Assuming a cosine harmonic response as U =
@cos( wt — 6) for this differential equation, the solu-
tion will be,
[-Ma? +Klp=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).
A=|-Ma&’ +K|=0 O

Eq. (4) that is called characteristic equation of
the system, is a linear function of «* =4 (Eq. 5).

A=0=ay+a@ +aw* +--+ a0

=ay+ Y (ayA) (5)
i=1

This linear equation has n roots as {4,},_,,
or {*@,},_,, ., where Ais the Eigen value of coef-
ficient matrix and @ (@ = +A"?) is the natural fre-
quency of the system. Thus, by calculating n values
for @, n values for natural period are calculated in
accordance with Eq. (6).

T=—
@

(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),
[-MA4+K]g,=0, i=12,..,n @)
The ratio between the components of eigenvectors

obtained from the above equation forms the mode
shape matrix which reflects the system vibration.

The following equation shows the percentage of
mass participation, which represents the percent-
age of structure mass involved in the structure’s
vibration mode.

[-M A4 +Klp =0, i=12,.,n 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 (T,gy,), periods of the first vibration mode
calculated by the modal analysis (T,,.,), periods
of second vibration mode calculated by the modal
analysis (T, ..,), mass participation factors of the
first vibration mode (L,), mass participation fac-
tors of the second vibration mode (L,) and total

P P2 Pin mass participation factors of the first and second
Dy P Doy vibration modes (L, + L,).
o="" 7 . (3)
3
P P2 Dun T=008H4 (10)
Table 1. The results of designing 5-story building in four different spans.
————————————————————————————————————————————————————————————————————————————————————————————
Story: 1 2 3 4 5
1 span frame IPE200 IPE180
beam 2 span frame IPE200 | IPE180
3 span frame IPE200 IPE180
4 span frame IPE200 IPE180
1 span frame IPB200 | IPB180
2 span frame IPB200 | IPB180
column 3 span frame IPB200 IPB180
4 span frame IPB200 IPB180
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Table 2. The results of designing 12-storey building in four different spans.

Story: 1 2 3 4 5 6 7 8 9 10 12
1 span frame IPE200 IPE180
beam 2 span frame IPE200 IPE180
3 span frame IPE200 IPE180
4 span frame IPE200 IPE180
I span frame IPB220 ‘ IPB200 IPB180
column 2 span frame IPB220 IPB200 IPB180
3 span frame IPB220 IPB200 IPB180
4 span frame IPB220 ‘ IPB200 IPB180
Table 3. The results of designing 20-storey building in four different spans.

Story: 1234|567 |89 |10]11]12 l 1314 |15[16| 17|18 19 E
| span frame IPE220 IPE200 IPE180
beay 2 Span frame IPE220 IPE200 IPE180
3 span frame IPE220 IPE200 ‘ IPE180
4 span frame IPE220 IPE200 IPE180
1 span frame I 1PB260 ‘ 1PB220
2 span frame IPB260 IPB220
CONIIM 4 o feauie IPB260 | IPB220 | IPB200
4 span frame | | 1PB260 | 1PB220 | PB200

Table 4. Results of the modal analysis in comparison with Code’s formula.

Frame type* H (m) L (m) H/L Tog00 (5) T, oder (8) T oqe (8) L, L, L +L,
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

122 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

124 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

204 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.

The diagram of Figure 1 compares the periods 4

obtained by the modal analyses in the first and sec- 35

ond vibration modes and the values obtained by 3

Code 2800 (Code 2800, 2005). It can be seen that |z 25

in all structures, the period estimated by Code 2800 |2 2 72800 5)

is between the periods of first and second vibra- |& 15 Tmodel (5

tion modes obtained from the modal analysis. It a Tmodez (s]|

can also be seen that with higher structures, the dif- i i 1 l | !

ference between the periods of the first and second -

vibration modes is greater. WAy "0 "4 "“0/”’ "‘m /\ﬂy /“:9}’ ~

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).
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Figure 1. Comparing the results of modal analysis and
Code 2800 formula.
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Table 5. Sorted results of the modal analysis. 0.53
092
H/L T (8)  Troger ) Thoaea (8) Ly L, L+L, ;
091
0.94 0.60976 1.03498 0.34312 0.79 0.13 0.92 09 F
1.25 0.60976 0.98399 0.33130 0.80 0.12 0.92 M
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 0.89 088
3 1.17576 2.48707 0.86327 0.76 0.12 0.88 sal
3.75 1.72466 3.58484 1.23497 0.75 0.11 0.86 o
45 1.17576 2.39634 0.84160 0.77 0.11 0.88 BT
5 1.72466 3.62563 1.24801 0.75 0.11 0.86 085 .
7.5 172466 3.56524 1.19834 0.75 0.12 0.87 ¢ . i 0 !
9 1.17576 2.37125 0.81863 0.76 0.12 0.88 -
15 172466 3.47091 1.12826 0.75 0.12 0.87 Figure 3. Changes in mass participation factor of two
firs modes against H/L.
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Figure 2. Changes in mass participation factor of first
mode to H/L.

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. L, + L,)
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

H/L

Figure 4. The relationship between height to span ratio
and period of first vibration mode.

6 ;
Lol Tooe2 = 0.394 (H/L)" "%
12+ 1
)
ol
|i—§ 08t
06F
4L & o
024 5 10 13
H/L
Figure 5. The relationship between height to span ratio

and period of second vibration mode.

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.
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Table 6. Relative error percent in Code use (Error%o).

L (m)

H@m) 4 8 12 16

3 0-10% 0-10%  0-10%  0-10%

6 0-10% 0-10%  0-10%  0-10%

9 0-10% 0-10%  0-10%  0-10%
12 0-10% 0-10%  0-10%  0-10%
15 10-30% 0-10%  0-10%  0-10%
18 10-30% 0-10%  0-10%  0-10%
21 10-30% 0-10%  0-10%  0-10%
24 10-30% 0-10%  0-10%  0-10%
27 30-100%  10-30%  0-10%  0-10%
30 30-100%  10-30%  0-10%  0-10%
33 30-100%  10-30%  0-10%  0-10%
36 30-100%  10-30%  10-30%  0-10%
39 30-100%  10-30%  10-30%  0-10%
42 30-100%  10-30%  10-30%  0-10%
45 30-100%  10-30%  10-30%  0-10%
48 30-100%  10-30%  10-30%  0-10%
51 30-100%  30-100%  10-30%  10-30%
54 30-100%  30-100%  10-30%  10-30%
57 30-100%  30-100%  10-30%  10-30%
60 30-100%  30-100%  10-30%  10-30%

We can use the provided equations instead of
Code formulae in order to calculate the vibration
period of steel structures with moment resistant
frames (Eqgs. 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.

0.5008

Trnodel = 1.1567(%] (11)
0.4996

Toder = 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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Installation study of transverse brace of stacked tied arch bridges

for safety of out-plane buckling
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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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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

bridges; stacked arch bridges; tie arch bridges; transverse brace; out-of-plane buckling; safety

195

Figure 1. Stacked tied arch bridges system (unit: cm).

obtained, which influences out-of-plane stability.
The results have reference value to same bridge
application.

2 ANALYSIS OF THE MODEL

2.1

A Dbridge’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 spanis 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
@ =900 mm. The cross-section of main arch’s dome
roof is dumbbell-shaped (Fig. 2). Away from the
vaultat 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.

Basic information
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Figure 2. Section of the main arch vault (unit: cm).
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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

ANSYSS.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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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 LINK 10 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:

. Only taken the dead load into account (con-
cluding structure weight, the prestressed of tie
beam, suspender initial tension).

. Thedeadload, 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.

. 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).

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.

On the basis of “a” model, the transverse brace
located in the lower arch rib is removed, and the
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Figure 4. Finite element model for stability analysis.

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

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:

Linear buckling analysis theory

(K+4S)o=0 (D

In which: K is the structural stiffness matrix; S'is
the initial stress stiffness matrix; A is characteristic
values; dis buckling mode.

If the equation (1) is n-order linear differential
equation, Then theoretically exist neigenvalues—A4,,
2, ... A, But for the engineering issues discussed,
only the smallest eigenvalue is also the minimum
safety factor has actual significance.

Assuming the critical eigenvalues is A, and
critical load is 4,,,. 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.

Table 1.  Stability analysis of mode A,,.

Load pattern
Mode 1 1T 1T
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
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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.

. 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.
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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.

. 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.
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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.

1 INTRODUCTION 2 EXPERIMENTAL MATERIALS
AND METHODS
Soil stabilization is a measure that solidifies the
detrital soil grain into solid matter with certain 2.1 Experimental raw materials
strength level and the soil stabilized called stabi-
lized soill'l. For their relative stable physical and
chemical property, cementitious materials such
as cement, gypsum, lime, and GGBS is a kind of
stabilizer. Tomohisa® has ever proposed that con-
crete powder, GGBS and volcanic ash can be used
to strengthen soil with high water and organic
contend; Zalihe® proved that gypsum and GGBS
can effectively stabilized the organic swelling clay;
Shirazl™ pointed that the mixture of gypsum and
GGBS is able to eliminate warping and cracking
caused by concrete shrinkage; Wenzhong Song!!
proved that the mixture of cement, gypsum, and
lime can excite the activity of GGBS and improve
its initial setting time and strength; Shanghua Jial®
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- Table I. Chemical composition of clay
tion concerning soil stabilization. Renjian Shaol” soil sample.
has made some relevant research in this area and

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, SiO, is the main sub-
stance in soil sample, the percentage of which is
55.37%, followed by AlL,O, (19.13%) and the pro-
portion of other substances are all less than 10%.
During these chemical substances, SiO,, Al,O;,
CaO and Fe,0, 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.

a good result is obtained. In conclusion, the most Ingredients Average value ()
of the research productions mentioned has been SiO 55.37
applied into road engineering, and little of which ALO 1913
is applied into harbor and waterway engineering. Fez(; 747
In this paper, the stabilized clay soils used in CazO} 8.03
hydraulic engineering to substitutes concrete of MgO 3.92
grade C20 was studied. The lowest cement content K.O 3.28
under this premise was determined first. Then sub- N; o 0.81
stitutes cement with the mixture of gypsum, lime, TiO 107
and GGBS to research on the best optimal compo- SO;Z 0.41

sition of the stabilizer.
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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 x 70.7 mm X 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 NVs, 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 x 70 mm x 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

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 8 75 70 60 65

Cement (%) 5 15 25 30 35 40

Water (%) 155 155 155 155 155 155

Compressive / 8.1 143 18.7 233 26.7
strength (MPa)

Tensile strength / 1.1 152 1.87 236 25
(MPa)

Softening strength / 5.7 119 163 21.0 238
(MPa)
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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

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® 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.

3.2.1

StrengthMpa

Strength/Mpa

= compressive SETERgIh
= salten strength
—a—tensile strangth

0.0
coatont of cemant (%1
content of GGES (%}

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.

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, SiO, is the main
ingredient which takes percentage of 55.37%,

w
-]

Strongth /MPa
strengtl MPa

20
—l— comprossive strength
= sl Ll
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content of gypeum (%1
content of GGES (%)

o

Figure 2. The influence of GGBS and gypsum mixing
ratio on strength of stabilized soil.
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Figure 3. The influence of gypsum and lime mixing
ratio on strength of stabilized soil.

followed by AlL,O, (19.13%). SiO, and AlLO, are
likely to react with alkaline substance and can gen-
erate Ca(OH), after the addition of lime, which
can hydrolysis and released Ca? 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), 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 CO, and O, 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%,
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Table 3. Law of development of various properties of
clay stabilized.

Curing days 7d 28d 90d
Compression strength (MPa) 10.1 25.6 28.1
Tensile strength (MPa) 1.0 2.4 2.7
Softening strength (MPa) 9.5 7 32
Dry-shrinkage ratio (%) 0.01 0.008  0.002
Volume density (%) 2,15 214 2.13
Water absorption (%) 9.1 7 3.2

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%).

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
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water stability. It can substitute concrete to be
applied to hydraulic engineering.

. 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%.

. 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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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:
of seismic resisting

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

Mild steel bars

PT Imterface grout

1 "

— — — — — — — — —— — — — —
F Beam L Beam *
| P
Codurmn Column Column
1-1 2-2
— —
Figure 1. Unsymmetrical hybrid frame.
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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 f,, =43.9 MPa,
and the high strength groutisf,, =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
(uw=0.25), then the jacks are used to apply positive
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Figure 2. Design of experiment members.

Table 1. Main design parameters of experiment
members.

Joint Beam stress Mild steel  Unbonded length
number (MPa) bars 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.

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
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Figure 3. The load-displacement cycling curves of the
experiment joints.
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Table 2. Main experiment data.

Yielding Ultimate
Joints Cracking load Yielding load displacement Peak load displacement
number P (kN) P, (kN) A, (mm) P, (kN) A, (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/-178
SJ-3 —32.77/39.12 41.4/-52.9 14.0/-14.0 —71.72/49.68 60/-60

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-A) 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.

40 60 80 100
A (mm)

-80 -60 -40

Figure 4. The load-displacement cycling curves of the
experiment joints.

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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Table 3. Ductibility coefficient of displacement.

Yielding Ultimate Displacement
Joints displacement displacement ductibility
number A, (mm) A, (mm) coefficient
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

h, 6% 5.8% 7.6%

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) (h,) 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
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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