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Preface

Following the great progress made in computing technology, both in computer and
programming technology, computation has become one of the most powerful tools
for researchers and practicing engineers. It has led to tremendous achievements in
computer-based structural engineering and there is evidence that current develop-
ments will even accelerate in the near future. To acknowledge this trend, Tongji
University, Vienna University of Technology, and Chinese Academy of Engineer-
ing, co-organized the International Symposium on Computational Structural Engi-
neering 2009 in Shanghai (CSE’09).

CSE’09 aimed at providing a forum for presentation and discussion of state-
of-the-art development in scientific computing applied to engineering sciences.
Emphasis was given to basic methodologies, scientific development and engineer-
ing applications. Therefore, it became a central academic activity of the Interna
tional Association for Computational Mechanics (IACM), the European Commu-
nity on Computational Methods in Applied Sciences (ECCOMAYS), The Chinese
Society of Theoretical and Applied Mechanic, the China Civil Engineering Soci-
ety, and the Architectural Society of China.

A total of 10 invited papers, and around 140 contributed papers were pre-
sented in the proceedings of the symposium. Contributors of papers came from 20
countries around the world and covered a wide spectrum related to the computa-
tional structural engineering.

As Chair of the Organizing Committee of CSE’09, | would like to thank all
the participants and the authors for their contributions. We would also like to
gratefully acknowledge the guidance and cooperation provided by the Interna
tional Advisory Committee and the Scientific Committee as well as the support
provided by the members of the Local Organizing Committee. In particular, we
appreciate the financial support provided by the National Natural Science Founda
tion of China, the Eurasia-Pacific Uninet, and the Ministry of Science and Tech-

nology of the Peopl€ s Republic of China.
;127% /.Ma«/

Zuyan Shen

Academician of Chinese Academy of Engineering
Professor of Tongji University

Shanghai, China

XiX
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Computational Multi-Scale M ethods and
Evolving Discontinuities

René de Bor st™

'Department of Mechanical Engineering, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

Abstract. This contribution discusses modern concepts in multi-scale analysis.
Emphasisis placed in the discussion on so-called concurrent approaches, in which
computations are carried out simultaneously at two or more scales. Since analyses
at alower level typically involve more discontinuities to be considered, attention
is also paid to the proper modelling of evolving discontinuities. Another related
problem is the trestment of discontinuities for problems that involve the modelling
of diffusion phenomena in addition to a stress analysis, since this also requires the
application of multi-scale concepts. As a further step the coupling of dissimilar
mediais considered like continuum to discrete models.

Keywords: multi-scale analysis, multi-physics, discontinuities, fracture, finite
element method

1 Introduction

Multi-scale methods are quickly becoming a new paradigm in many branching of
science, including in simulation-based engineering. This also holds true for
computational mechanics, where multi-scale approaches are among the most
important strategies to further our understanding of the behaviour of engineering
and biomedical materials. Indeed, this understanding and the tools that are being
developed in multi-scale computational mechanics also greatly assist the
engineering of new materials.

In multi-scale analyses a greater resolution is sought at ever smaller scales. In
this manner it is possible to incorporate the physics more properly and therefore,
to construct models that are more reliable and have a greater range of validity at
the engineering scales. When resolving smaller and smaller scales, discontinuities
become more and more prominent. Whereas at the macroscopic scales, one is used
to think merely of cracks and shear bands, now also discontinuities like grain
boundaries, solid-solid boundaries such as in phase transformations, and discrete

* Corresponding author, e-mail: R.d.Borst@tue.nl
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4 Computational Multi-Scale Methods and Evolving Discontinuities

dislocation movement come into consideration. Moreover, non-mechanical ef-
fects, like magneto-electro-chemical fields, humidity and temperature, can cause
non-negligible effects, and have to be considered simultaneously.

We will start by a succinct classification of multi-scale computational me-
thods. Next, we will focus on evolving discontinuities that arise at different scales,
and discuss methods that can describe them. Examples include multi-scale analys-
es where coupling of evolving discontinuities is considered with non-mechanical
fields, and discrete-to-continuum coupling strategies.

2 Multi-Scale M ethods

There is an important difference between upscaling methods and concurrent multi-
scale computing. In the former class of methods constitutive models at higher
scales are constructed from observations and models at lower, more elementary
scales. By a sophisticated interaction between experimental observations at differ-
ent scales and numerical solutions of constitutive models at increasingly larger
scales, physically-based models and their parameters can be derived at the ma-
croscopic scale. We consider methods of computational homogenization to belong
to this class, e.g. Kouznetsova et al. (2004).

In concurrent multi-scale computing one strives to solve the problem simulta-
neously at several scales by an a priori decomposition. In an intuitive manner this
idea has been used in engineering for decades, if not for centuries. Also in compu-
tational science, large-scale problems have been solved, and local data, for in-
stance displacements, forces or velocities, have been used as boundary conditions
for the resolution of more detail in a part of the problem. Recent years have wit-
nessed the development of multi-scale methods in computational science, which
set out at coupling fine scales and coarse scales in a more systematic manner.

3 Evolving Discontinuities

When scaling down, discontinuities arise which need to be modelled in an explicit
manner. When the discontinuity has a stationary character, such as at grain boun-
daries, this is not so difficult, since it is possible to adapt the discretization such
that the discontinuity, either in displacements or in displacement gradients, is
modelled explicitly. An evolving discontinuity, e.g. a crack, is more difficult to
handle. A possibility is to adapt the mesh upon every change in the topology.
Another approach is to model discontinuities within the framework of continuum
mechanics. A fundamental problem is then that standard continuum models do not
furnish a length scale which is indispensible for describing fracture, or, more pre-
cisely, they result in a zero length scale. Since the energy dissipated in the failure
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processis given per unit area of material that has completely degraded, and since a
vanishing internal length scale implies that the areain which failure occurs goes to
zero, the energy dissipated in the failure process also tends to zero. Two ap-
proaches have been followed to avoid this physically unredlistic situation, namely
via discretization or via regularization of the continuum, Figure 1, de Borst
(2008).

regularization

U
discretization

n

ue

Figure 1. Regularizaton and discretization as possibilities for modeling discontinuities in a conti-
nuous medium.

In view of the fact that discretization provides only a partial remedy to the ill-
posedness of the underlying initial value problem, and that difficulties that still
persist with regularization strategies — notably, the unresolved issue of additional
boundary conditions, the need to use very fine meshes in the zone of the regula-
rized discontinuity, and the need to determine additional material parameters from
tests that impose an inhomogeneous deformation field — has been a contributing
factor to revisit the research into (more flexible) methods to capture arbitrary,
evolving discontinuities in a discrete sense.

At present, four such methods exist: Zero-thickness interface elements, mesh-
less or mesh-free methods, the partition-of-unity method which exploits the parti-
tion-of-unity property of finite element shape functions — also known as the ex-
tended finite element method, and discontinuous Galerkin methods (de Borst,
2006). Zero-thickness interface elements and the partition-of-unity method have
become the most widely used methods in solid mechanics, and therefore, we shall
discuss them in some detail. Mesh-free methods were originally thought to behold
agreat promise for fracture analyses due to the fact that this class of methods does
not require meshing, and subsequent remeshing upon crack propagation, but the
high costs, and especialy the difficulties to properly redefine the support of anode
when it is partialy cut by a crack, have led to a decreased interest. However, they
are of importance, if only because out of the research into this class of methods,
the analysis methods that exploit the partition-of-unity property of finite element
shape functions have arisen, which are now believed to be the most viable option
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or large-scale fracture analyses, see Figure 2 for an example of dynamic crack
propagation.

Figure 2. Analysis of dynamic crack propagation by a partition-of-unity based finite element me-
thod (Remmers et al., 2008).

Figure 3. Evolution of level sets that describe the expansion of two circles (numerical solution
viafinite elements, Valanceet al., 2008).

For moving discontinuities such as Luders bands or Portevin-le Chatelier
bands, e.g. Wang et al. (1997), at a macroscopic scale, phase propagation fronts or
dislocations at a mesoscopic scale, a geometric description of the propagating dis-
continuity by level sets has recently gained much popularity, in particular for
three-dimensional situations. Conventionaly, the partial differential equations that
arise in level set methods, in particular the Hamilton-Jacobi equation, are solved
by finite difference methods. However, such methods are less suited for irregular
domains, and it seems awkward to use finite differences for the capturing of adis-
continuity, while in a subsequently stress analysis finite elements are used. For
this reason, a finite element method has recently been proposed for solving the
governing equations of level set methods. The initiaization of the level sets, the
discretization on a finite domain and the stabilization of the resulting finite ele-
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ment method will be discussed. Special attention will be given to the proper treat-
ment of the internal boundary condition, which is achieved by exploiting the parti-
tion-of-unity property of finite element shape functions (Vaance et al., 2008),
Figure 3 for an example.

4 Coupling between Length Scales

The partition-of-unity method can be conceived naturally as a variational two-
scale method. We will demonstrate this for a two-phase medium, and show how a
model for flow inside the discontinuity — the fine scale — can be coupled naturally
to the flow and deformation in the surrounding porous medium — the large scale.
From the micromechanics of the flow in the cavity, identities can be derived that
couple the local momentum and the mass balances to the governing equations for
a fluid-saturated porous medium, which are assumed to hold on the macroscopic
scale. By exploiting the partition-of-unity property of the finite element shape
functions, the position and direction of the fractures become independent from the
underlying discretization. The finite element equations are derived for this two-
scale approach and integrated over time. The resulting discrete eguations are non-
linear due to the cohesive crack model and the nonlinearity of the coupling terms
(Réthoré et al., 2007, 2008), see Figure 4 for an example.

p=10

q-n=-q,

Figure 4. Flow in a fractured porous medium. Left: Geometry and boundary conditions. Right:
Gradient of the pressure field in the fluid (Réthoré et al., 2007).

While in the preceding case the equations at the scales that are coupled are sim-
ilar in the sense that at both scales a continuum approach is taken, this is not so
when coupling a molecular dynamics approach to a finite element method which
is used for discretization of the continuum model in the remainder of the domain.
This holds a fortiori when coupling a molecular dynamics method which describes
fracture at the tip of a crack to a finite element method in which the partition-of-
unity property is exploited to model the crack in the wake of its tip as a traction-
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free discontinuity. In particular the proper energy transfer between both domains
in case of dynamic loading is not trivial. Zona coupling methods between the
atomistic and continuum models are favored, since these schemes allow for avoid-
ing spurious wave reflections and a minimization of energy losses due to the a pri-
ori partitioning of the energy between both models in the transition zone. The
coupling conditions are enforced via Lagrange multipliers (Aubertin et al., 2009).
The results for fracture simulations show multiple branching, which is reminiscent
of recent results from simulations on dynamic fracture using cohesive-zone mod-
els, Figure5.

Figure 5. Dynamic fracture by a combined molecular dynamics — finite element simulation (Au-
bertin et al., 2009).

5 Concluding Remarks

Some challenges in computational mechanics have been addressed, in particular
the emerging concept of multi-scale analysis, which appears to become a new pa-
radigm in computational science, the importance of accounting for one or severa
diffusion-like phenomena in addition to a stress analyses for many contemporary
problems in mechanics and in materials science, the necessity to track and com-
pute evolving discontinuities, which appear at a variety of scales, and the difficul-
ties of coupling various scales in concurrent multi-scale analyses. Merely some di-
rections have been pointed out, and completenessis not claimed.
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Damage Cumulation Analysis of Welded Joints
under Low Cycle Loadings

Zuyan Shen' and Aihui Wu**

!College of Civil Engineering, Tongji University, Shanghai 200092, P.R. China
%College of Aerospace Engineering and Applied Mechanics, Tongji University,
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Abstract A method for damage cumulation analysis of welded joints under low-
cycle loading is presented in this paper. A damage cumulation model for steel
weld material is first generated based on results of tensile and strain-controlled
low cycle fatigue tests carried out on specimens extracted from a welded T-joint.
Finite element sub-program has been generated in the framework of a commercial
FE package to predict the hysteretic behavior of welded joints under low cycle
loadings considering damage cumulation of both steel and weld materials. Dam-
age cumulation effect may be taken into account in seismic analysis of new
welded structures and residual-strength/life prediction for maintenance or repair of
existing structures.

Keywords; damage accumulation, low cycle fatigue, steel welded joints, hysteret-
ic model, finite element analysis, seismic analysis

1 Introduction

Failure of structural components is associated with a damage cumulation process,
which leads to a deterioration in the stiffness, strength and energy dissipation ca-
pacity of components and structures. Therefore, a more appropriate and reliable
design method should be able to take into account this damage cumulation
process. Considerable work has been done by Shen and co-researchers (Shen and
Dong, 1997; Shen et al, 1998; Shen and Song, 2004; Shen and Wu, 2007) on de-
veloping areliable, systematic and practical analytical method to take into account
the damage cumulation effect in seismic analysis of steel structures.

The reliability of a structure depends on that of its weakest part. Welded con-
nections are widely used in steel structures and have, unfortunately, been proven
often acting as the weakest part due to the inherent imperfections resulted from the

* Corresponding author, e-mail: awu@tongji.edu.cn

Y. Yuan, J.Z. Cui and H. Mang (eds.), Computational Sructural Engineering, 11-19.
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12 Damage Cumulation Analysis of Welded Joints under Low Cycle Loadings

welding process. These imperfections make the welded connection more suscepti-
ble to damage cumulation and the damage mechanism more complicated than oth-
er structural components. Further study is thus necessary for structural safety to
establish a more reliable damage cumulation seismic anaysis of welded connec-
tions.

Wohler (S-N) method is often applied in studying the behavior of welded joints
under low-cycle fatigue (Ferreira et al., 1998; Ghosh, 2004; Sonsino et al., 2004).
The common way of incorporating damage cumulation in analyses of welded
jointsis to formulate a comprehensive equation, which relates directly the damage
variable to the number of cycles, in the framework of thermodynamic based on the
damage variable defined and the dissipation potential function assumed (Chen and
Zhao, 2005; Cheng et al., 1996; Madi et al., 2004). The constants defined in the D-
N relation were determined from experimental measurements. Such S/D-N me-
thods have serious disadvantages: the model is applicable only to the components
with the material and the loading conditions tested, the experimental procedure is
too complicated to apply in practice, and it is not possible to use in a subsequent
numerical seismic response analysis unless the damage model is included in the
congtitutive equation and the hysteretic model. In this study, a damage cumulation
model of weld defined at the material level, whose application is limited to weld
geometry or loading types, is generated based on simple and standard tests.

2 Damage Cumulation Model for Weld Material

Compared to a hysteretic model for a structure component which is reliable only
for the type of geometry and loading conditions tested, a hysteretic model at ma-
terial level with a reliable numerical method has wider applicability as experi-
ments are more expensive, time-consuming, and not always feasible.

Shen and Dong (1997) proposed a hon-linear damage cumulation model based
on plastic strain for structural steel which takes the complete loading history and
energy dissipation as well as the effect of the maximum plastic strain into account.
The model was developed based on the cyclic response of the material with the
constants determined from regression analysis of a series of experimental results
of simple standard tensile and cyclic tests. In this paper, Shen’s damage model for
steel was first used for weld material and experiments were then carried out for
further refinement and determination of specific material parameters for weld ma-
terial. Figure 1 shows the damage model adopted, where ¢"and ¢° | are the plas-

tic strain in the n™ and (n+1)™ half cycle, respectively; EP™ and EP™Y the
Young's modulus at the n" and (n+1)th half cycle; &> and &2 the yield
strength of the n™ and (n+1)™ half cycle; k™ and k™ the hardening coefficient of

the ™ and (n+1)" half cycle; and y and 1 the constants. More details of the model
can be found in the references (Shen and Wu, 2007; Shen and Dong, 1997).
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Figure 1. The proposed hysteretic model considering damage cumulation for structural steel

3 Experimental Study

Specimens used in this study were extracted from welded T-joints, which is one of
the commonly used joint types in engineering practice. Two steel plates of nomin-
a dimensions 100X 1200X 30 mm and 200X 1200X 30 mm were joined by two
fillet welds to form a T-joint (Wu, 2007).

3.1 Test Procedure

The steel plates used were GB/T700 Q235 and GB/T1591 Q345 structural sted,
with a specified yield strength of not less than 225 MPafor Q235 and 325 MPafor
Q345 and atensile strength of between 375 and 460 MPafor the specific thickness
for Q235 and between 470 and 630 MPa for Q345, respectively. Standard tensile
and strain controlled low cycle fatigue tests were carried out on both the steel and
weld materials.

Fully-reversed tension-compression low-cycle fatigue tests were carried out on
both steel and weld materials. Full stress-strain response for each load cycle was
recorded digitally by a computer. Hysteretic behavior of the materials was studied
from experimental observation and stress-strain curves obtained, based on which,
a proper damage cumulation model was proposed and the material parameters de-
fined in the model were determined by carrying out regression analysis on the hys-
teretic curves obtained from the tests.
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For each material type to be studied, six specimens (eight for W235) were
manufactured, of which four were tested under constant strain amplitude of
0.0075, 0.0125, 0.0150 and 0.0175 respectively. The other two (four for W235)
specimens were subjected to continuously ascending or descending varying strain
amplitudes in order to study the effect of loading sequence on the material para-
meters defined in the damage model.

3.2 Results and Discussion

The average values of those obtained from test records of the yield/proof strength
oy, ultimate tensile strength oy, yield strain g, and ultimate strain &, are listed in
Table 1. Properties of the two fillet welds from the same weldment show dight
difference, more in the magnitude of stress than in the strain hardening behavior,
due to the influence of welding process.

Table 1. Tensile test results for weld materials

Material o (MPa) ou (MPa) & el

w2351 444.8 575.0 0.0020 0.1228
W345L 365.5 482.1 0.0059 0.1190
W345R 3838 508.5 0.0039 0.1149

Table 2. Number of half cyclesto failure

Specimen " o
W235 W345L W345R W235 W345L W345R

1 1352 - 257 7 - 1
2 328 612 440 6 4 4
3 194 989 969 4 6 8
4 134 1549 2603 4 3 1
5 260 431 592 9 4 4
6 202 188 1434 2 2 4
7 604 - - 4 - -
8 1180 - - 2 - -
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Figure 2. Experimental hysteretic curve for weld specimen W345L2

Deterioration of material properties is an important feature of cyclic loading
and a consequence of damage cumulated in the material. The maximum stress
reached in each half cycle, 5", was plotted versus the number of load cycles, n,

for the W235 and W345 weld materials, respectively. It is clearly shown from
these curves that the W235 and W345 weld are both cyclic softening materials.
The yield stress, 2™ versus number of half cycles curves show the same trend

asthat of maximum stress.
Loading sequence is seen to have significant effect on the deteriorate rate of
stress by comparing thes»_ - n/N; curves for specimens W235-5 and W235-6

which were subjected to ascending strain amplitude with that of specimens W235-
7 and 8 with descending strain loading. The high - low loading sequence increases
clearly the deterioration rate of material properties.

The final results of the material constants g, &, &,, and &; for the specimens
tested can be obtained from regression analysis of the experimental curves, which
show a higher scatter than that presented in (Shen and Dong, 1997) for steel. The
more complicated microstructure of weld material than steel is one of the reasons.

3.3 Modified Damage Cumulation Model for Weld Material

It is evidence for the weld material tested from the cyclic experiment that upon the
first few loadings no damage happens despite the plastic deformation appeared. To
accommodate this phenomenon, the damage variable model was modified accor-
dingly by including a damage initiating half-cycle number, n,, in the damage vari-
able equation, i.e.
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p N p
D:(1—/3)i—fg+2ﬂi—ip (1)

The number of half-cycles showing cyclic hardening was determined from the
2™ -n curve for each weld specimen and is listed in Table 2. The average num-

ber of half-cyclesfor the eight tested weld specimensis 4.
It is seen from the o, - n plot that the deterioration of stress may be divided

in three stages ignoring the initial few cycles: I, the micro crack initiation period
where the stress decreases rapidly with increase of load cycles; 11, the steady crack
growing period where the deterioration appears to be relatively stable; and 111, the
macro crack propagation period where the rate of deterioration becomes fast again
until final failure occurs.

Normalizethe o resultswith theinitial yield stress o, plot with the damage

variable D as shown in Figure 3 for specimen W345L 3, assume a linear relation
for the first and third stages for simplicity, the relationship between instance yield
stress at each half cycle and the damage variable can be expressed in the same
form for the three stages: 5P = (b-kD)o,- Table 3 lists the results of parameter k

and b for W345L materials obtained from regression analysis. The scatter of mod-
el constantsis obviously smaller than that of &; and &,.

W345L3

y = -0.0334x + 0.9024

y = —0.6108x + 1.0191

\

T
y = -1.4438x + 2. 1759

0 0.2 0.4 0.6 0.8 1 1.2

Figure 3. o' /os— D curve for specimen W345L3

Table 3. Yield stress model constants for W345L material

ki D ki by Du Kin b
W345L-2 0. 542 0. 244 0. 026 0. 966 0.93124 1.003 1. 876
W345L-3 0.610 0.213 0.033 0.902 0. 9064 1. 443 2.175
W345L-4 0. 593 0.177 0. 030 0.812 0. 9388 -0.714 0.114
W345L-5 - - 0.021 1. 083 0.939 1. 143 2.137

W345L-6 0. 398 0. 392 0. 066 1.122 - - -
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In summary, the damage cumulation model for weld material under low-cycle
fatigue loading can be generated by (Wu, 2007):

O =0,, +ED(8—5AH)’

o=as’+bs+c,

ED

kn = k0 + 532_1:_

=0, +k"EP(e-¢&,);

(1-kD)os

(b - kiD)os
(bu - kiD)os
(1- k5 D)oy
(bEu - kEu D)os
(bEm - kEm D)os

gP
&l

|O-An - O-s| < 7O-sD(n_l)

yo " <oy — o | < (24 7)o

D(n-1)

|O-Cn _O-s| > (2+ 77)0-5

0<D<0.2254
0.2254 < D <0.9031

09031<D<1

0<D<0.2254
0.2254<D<0.9031
0.9031<D<1

The damage cumulation model proposed in this study is validated by compar-
ing the calculated hysteretic curve with that obtained from tests, as shown in Fig-
ure 4 for specimen W345L2. The model shows satisfactory agreement with the
test result and the discrepancies seen owing to the averaging of the values from
various specimens, in addition to the scatter of the test result itself.

experimental 50
prediction

161-162 half cycle

oY ‘W345L2 prediction
U

Figure 4. Comparison of hysteretic curves between predicted and experimental results
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4 FE Simulation I ncor por ating the Damage Cumulation Model

Shen and co-authors have generated in-house FE programs (TSSDA and D&C
model) for steel members considering the damage cumulation effect based on the
damage cumulation model developed for steel material. However, the practical
application of the programs is limited as they were developed in-house and are
thus difficult for the outside design engineers to apply. A sub-program is thus de-
veloped within the framework of a widely used FE package ANSY'S for calcula-
tion of hysteretic behavior of welded joints using the damage cumulation model
presented in this paper. Such a model will be greatly helpful for the practical ap-
plication of damage cumulation in seismic analysis.

The main feature of an FE analysis incorporating damage cumulation is the dy-
namic variation and the plastic strain history dependent of the material constitutive
relation during the cyclic loading process. Material constitutive relation needs to
be updated between cycles in the FE analysis using the damage cumulation model
developed in this study. All these can be achieved using the APDL function pro-
vided by ANSY S. The FE sub-program has been validated by comparing the pre-
dicted load-displacement of the testing specimen with experimental measure-
ments, as shown in Figure 5.

By incorporating the damage cumulation models for both weld material gener-
ated in this study and structural steel proposed in previous studies, the hysteretic
response and the remaining strength/life at any time during the loading history of
welded joints of any geometrical type can be predicted using the ANSY'S sub-
program generated.

L oad (KN) " [Load (kN)
ﬁ 30 /7
L= /
/ | / Displacement (mm) Displacement (mm)
T e o | b AN /7 Sae—
— L=

Figure 5. Comparison of load-displacement curve between predicted and experimental measure-
ments

5 Conclusions and Future Work

A damage cumulation model for steel weld material is presented in this paper. The
model is defined in material level based on tensile and strain-controlled low cycle
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fatigue tests; its application is thus not limited to the geometry and boundary con-
ditions tested as for hysteretic model in member level. Finite element sub-
program incorporating the proposed damage cumulation model has been generated
for predicting the hysteretic behavior of welded joints.

Loading sequence is found from the experimental results to have significant ef-
fect on the hysteretic behavior of the weld material. Seismic loading is in no
means a constant amplitude cyclic loading, thus more experiments need to be car-
ried out in order to characterize more accurately the behavior of steel and weld
materials under random cyclic loadings.

Prediction and experiment of welded T-joints under cyclic loading are currently
undertaken to demonstrate further the application of the damage cumulation model
generated in this study. A full seismic analysis of a welded structure considering
damage cumulation effect will also be performed, the success of which will in-
evitably provide a valuable aternative to expensive cyclic experiments on struc-
tural members and even structures.
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Abstract. A numerical approach is presented in this paper for the analysis of large
concrete dams due to ageing degradation, based on damage mechanics concepts.
The proposed method can be used to analyse the seismic responses of aged con-
crete dams by combining techniques such as degradation evaluation methods,
damage mechanics, finite element/boundary element methods. The effect of age-
ing degradation is taken into account by introducing a degradation factor into for-
mulations of damage mechanics.

Keywords: ageing degradation, damage mechanics, concrete dams, finite element
method, seismic responses

1 Introduction

Infrastructuresin Austraia, as well as in the world, are ageing. Ageing can lead to
changes in engineering properties and may affect the dynamic behaviour, structur-
a resistance/capacity, mode and location of failure. The ageing effects may im-
pact the ability of structural system to withstand various challenges from opera-
tion, environment and natural events such as earthquakes.

Many of early dams in Australia were of concrete. Most of them have been in
service for over 50 years. The Australian National Committee on Large Dams
(ANCOLD) coordinated concerns on dam safety in the late 1960s (Murley, 2002).
ANCLOD report addresses the ageing effects including deterioration of concrete
and cracking being the main causes of inadequacy of aged concrete dams.

The ageing of dams can be defined as partial or total loss of their capacity to
achieve the purpose for which they were constructed, via a slow, progressive and
irreversible process that occurs over along period. Dam ageing is a growing con-
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cern, as the number of older dams in the world and their average age are increas-
ing. The International Commission on Large Dams (ICOLD) recognized this, and
in 1994 published the bulletin 93: Ageing of Dams and Appurtenant Works —
Review and Recommendations, in which it was stated that ‘Ageing is a major
class of deterioration in dams and appurtenant works and will be of increasing
concern as time goes by’. The question of ‘Ageing and rehabilitation of concrete
and masonry dams and appurtenant works, was raised a 21st ICOLD
CONGRESS (Montreal, Canada, June 2003). The types and causes of ageing phe-
nomena for concrete and masonry dams, and their rehabilitation techniques were
discussed extensively.

Although concrete is inherently durable, some concrete dams may need to be
improved because of deficiencies in their design and construction, or as aresult of
environmental attack (Corns et a., 1988). The ageing process can directly affect
the dam by changing the characteristics of the materials of which it is made, lead-
ing to aloss in its resistance capacity. Common problems associated with ageing
of reinforced concrete include alkali-aggregate reaction (AAR), freezing and
thawing, leaching, sulphate attack, cracking due volume changes led by tempera-
ture variation, corrosion of concrete and debonding of steel, etc. (ICOLD, 1994;
Jaberooti and Golabtoonchi, 2003; Zhang, 1991).

Even though most of the structures generally have substantial safety margins
when properly designed the available margins for aged or degraded concrete struc-
tures are not clearly known. Although ageing effects on safety of old concrete
dams are widely realized by engineers, research effort reported on quantified anal-
ysis of aged concrete dams is rare. Boros-Meinike and Jankowski (2003) pre-
sented an attempt to find a relationship between the vertical displacement recorded
at the dam crest and the age of the dam. A model for concrete strength-time func-
tion up to fifty years was proposed by Tango and Andriolo (2003). Aiming to veri-
fy the applicability of the model and method for concrete dams, simulations of
predictions were made and compared with the effective results of quality control
data from Brazilian dams. Using 3-D finite element method, Hrabowski et al.
(2003) analysed the thermal cracking in Zatonie Dam.

The effects of degradation processes on structural integrity and dam safety can
sometimes be obvious and in other cases such as AAR, detailed modelling, using
special purpose finite element analyses, is necessary to identify the mechanisms
and forecast potentia effects such as cracking. The seismic safety of existing large
concrete dams is an important research topic owing to ageing processes altering
their strength and stiffness, as well as revised predictions of their structural resis-
tance due to earthquakes. As pointed out by Sen and Ventatesha (1991), develop-
ment of models, methods and analysis for dams to take into account ageing cha-
racteristics is one of the important research areas on aged concrete dams. Various
methods available for this purpose are probabilistic degradation evaluation ap-
proach, damage/fracture mechanics methods, non-destructive detection method,
etc.



Somasundaram Valliappan and Calvin Chee 23

Time dependent changes in structural properties are random in nature. Safety
evauation of new and existing structures can be conducted rationally within a
probabilistic framework. Probability methods are widely used for condition as-
sessment of existing structures. The mathematical formalism of a probabilistic risk
assessment (PRA) provides a means for identifying ageing structural components
that may play a significant role in mitigating structural risk. Structural condition
assessments supporting a decision regarding continued service can be rendered
more sufficient if guided by the logic of a PRA.

Degradation effects can be quantified with fragility curves developed for both
undegraded and degraded components. Fragility analysis is a technique for assess-
ing, in probabilistic terms, the capability of a structure to withstand a specified
event. Fragility modelling requires a focus on the behavior of the system as a
whole and, specifically, on things that can go wrong with the system. The fragility
modelling process leads to a median-centred (or likely) estimate of system per-
formance, coupled with an estimate of the variability or uncertainty in perfor-
mance. Braverman et al. (2004) reported the fragility analyses performed for con-
crete structural members and other passive components of nuclear power plants
(NPPs). Structural performance in the presence of uncertainties is depicted by a
fragility (or conditional probability of failure). Ellingwood (1998) addressed the
issues related to structural ageing in probabilistic risk assessment of NPPs, and
proposed a probabilistic framework to assess degradation in certain critical struc-
tural component or system capacities due to reinforcement corrosion or concrete
deterioration from aggressive environmental influences. Naus et al. (1999) sum-
marized the research program addressing ageing of nuclear power plant concrete
structures. A reliability-based methodology was developed that can be used to fa
cilitate quantitative assessments of current and future structural reliability and per-
formance of concrete structures in NNPs.  The methodology is able to take into
account the nature of past and future loads, and randomness in strength and in de-
gradation results from environmental factors. A methodology was presented by
Tekie and Ellingwood (2003) for developing fragilities of concrete gravity dams
to assess their performance against seismic hazards. Based on the fragility model
constructed for concrete gravity dams, fragility and sensitivity analysis can be per-
formed for probabilistic safety assessment, in which the uncertainties in dam-
foundation system are represented by statistical data.

An aternative method to evaluate the safety of engineering structures is by using
damage/fracture methods. When engineering materials are subjected to unfavoura-
ble conditions such as temperature variation, chemical action, mechanical loading,
microscopic defects and cracks may develop inside the materials. This ‘damage’
causes reduction in strength that may lead to failure and shorten the operating life
of the structures. This deterioration in mechanical properties of a materia is
known as a‘damage’ process (Valliappan et al., 1990).

Because of the significant influence of damage on engineering materia properties,
a number of studies have been carried out on modelling and numerical methods for
crack growth in concrete and concrete structures under various loading conditions.
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For example, Plazzari (1998) studied the uplift pressure effects in cracked concrete
gravity dams by performing a parametric study on the influence of uplift pressure on
stress intensity factors and crack-propagation angle. A non-linear visco-elastic ten-
sion-softening constitutive model for cracked and ageing concrete was developed by
Karihaloo and Santhikumar (1995). It combines a micro-mechanical model for ten-
sion softening with a Kevin chain rheological modd. The ageing phenomenon isin-
cluded through the concept of consolidation theory and the introduction of an ageing
function — the same for al Kevin chain units. A nonlinear joint element model with a
coupled shear-tensile behavior for redlistic finite element analysis of dam-reservoir
system was developed by Ahmadi et a. (2001). Reservoir upstream radiation, and
bottom partial absorption of acoustic waves, as well as water compressibility are con-
sidered. Lackner and Mang (2001) developed an adaptive finite element calculation
scheme for the analysis of concrete structures with special emphasis on a softening in
consequence of cracking. Horii and Chen (2003) discussed the problems in cracking
modelling, computational algorithm, and damping implementation in conjunction
with safety assessment of concrete dam againgt earthquakes. The return-mapping al-
gorithm in computational plagticity is used for the dynamic anaysis of crack growth
in concrete using the analogy of the formulation for the crack-embedded element
with that of computationa plasticity.

The team of Valliappan (Zhang and Valliappan, 1998) has been one of the pio-
neers in developing numerical methods using damage mechanics for structures,
such as concrete dams. Coupled finite element-boundary element method was de-
veloped for the dynamic analysis of structures including the effect of damage.
Valliappan and Y azdchi (1999a, 1999b) presented the earthquake analysis of con-
crete gravity dams based on continuum damage mechanics approach and extended
this to the analysis of arch dams. Yazdchi et a. (1999) adopted the coupled finite
element-boundary element method for dynamic soil-structure interaction analysis
and nonlinear seismic behavior of concrete gravity dams.

A unified approach is presented in this paper for the stability analysis of large
concrete dams with age-related degradation by combining techniques such as de-
gradation evaluation method, damage mechanics and finite element method. The
Koyna dam in Indiais employed as the example in the numerical anaysistoillu-
strate the proposed method.

2 M ethodology

To consider the effect of aged-related degradation on the safety assessment of
aged concrete dams, ageing degradation is quantified according to various me-
chanical and environmental operation conditions. A new damage model, which
takes into account the effect of ageing degradation, is proposed. A dynamic two-
dimensional finite element method coupled with the proposed damage model has
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been developed to evaluate damage initiation and propagation for aged concrete
dams.

2.1 Quantification of Aging Degradation of Concrete Dams

Aged-related degradation of concrete is a complicated process. Degradation of
concrete can be caused by adverse performance of either its cement-paste matrix
or aggregate materials under chemical or physical attack. Physical attack mechan-
isms for concrete include freeze/thaw cycling, thermal exposure/thermal cycling,
and fatigue or vibration. Degradation of mild steel reinforcing concrete can occur
as aresult of corrosion, elevated temperature, or fatigue effects. Prestressing con-
crete is susceptible to the same degradation mechanism as mild steel concrete,
primarily due to tendon relaxation and concrete creep and shrinkage.

Ageing degradation of concrete and reinforced concrete materials, which ac-
cumulates over time by various processes depending on the operating environment
and services conditions, will reduce the strength of structures or their components.
Generally, the ageing degradation of a structure or a structural component can be
expressed by

R(t)=RoG(t) €

in which RO is the component capacity in the undegraded (original) state, and G(t)
is a time dependent degradation function defining the fraction of initial strength
remaining at timet. The degradation mechanisms are uncertain, experimental data
are lacking, and thus the function G(t) should be treated as stochastic. However, as
it has been found that the variability in G(t) is of minor importance when com-
pared to mean degradation and local process characteristics(Mori and Elling-
wo00d,1993), it is assumed that G(t) is deterministic and equa to mean
E[9()]=G(®).

For reinforced concrete structures, most significant resistance deterioration me-
chanisms have been identified quantitatively (Naus, 1986; Vu and Stewart, 2000).
Corrosion of reinforcement is one of the most damaging mechanisms affecting the
strength of reinforced or prestressed concrete structures over time, and followed
by sulphate attack, freeze-thaw cycling, and reactive aggregate reactions within
the concrete. Quantitative degradation models are available for some of the degra-
dation mechanisms (Vesikari, 1988).

In this research, time-dependent ageing degradation function is assumed to be
given by (Mori and Nonaka, 2001)

G(t)=1-avt )
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inwhich a=0.03, and t is the age of the dam.

2.2 Dynamic Finite Element Analysis of Aged Concrete Dams
Using Damage Mechanics

Since the safety margin reserved in the existing critical structuresislarge, they are
considered to be safe even against an earthquake, or other hostile loadings larger
than expected in their design. However, the past experience shows that engineer-
ing structures are susceptible to ageing degradation under various attacks, which
may affect the dynamic properties of the structures. Whether the aged structures
can till withstand the challenges from natural events such as earthquakes is a
great concern of engineers. Therefore, time-dependent degradation effects should
be included when structural safety and reliability are evaluated for aged dam struc-
tures.

In the past, many investigators have studied the effect of cracking on the seis-
mic response of concrete structures using the concept of fracture mechanics. The
concept of fracture mechanics requires complete details of initiation and propaga-
tion of cracks within the structure and the location, dimensions and physical prop-
erties of fracture in the rock foundation. Besides, the numerical modelling of such
individual fracture requires special techniques such as quarter-point element, re-
meshing, etc (Valiappan and Ang, 1985; Murti and Valliappen, 1985). Therefore,
the application of fracture mechanics is limited to problems where only a few
well-defined fractures are encountered. For large-scale problems where extensive
microcracking may develop, it may not be suitable, especialy in dynamic analy-
sis.

The concept of continuum damage mechanics has been used to study the effect
of microcracking on the seismic response of concrete structures (Valliappan et al.
1996). Damage mechanics provides an average measure of material degradation
due to microcracking, interfacial debonding, nucleation and coalescence of voids.
In the microcracking of brittle materials under tensile stress, damage is regarded
as describing the elastic degradation. This material degradation is reflected in the
non-linear behaviour of the structures.

2.2.1 Finite Element Equations of Motion for Damage M aterials

The equation of motion for the seismic analysis of an anisotropic body including
damage can be written as:

I+ Jobe T (U D)= R+ {Feo) 3
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where [M] is the mass matrix of the system and consists of element mass matrices
[m]®

[mf = [ @[N] [NJdo )

p® and [N] represent mass density and shape function matrix for an element, re-
spectively. [C'] is the damping matrix of the system, whereas {P* ({u })} represents
the vector of restoring forces, {F} is static (preseismic) load vector and {Feq} is

the earthquake load vector. {P* (u })} is a nonlinear function of displacement and
stress-strain history depending on the constitutive law. It can be given by

P (u)f-1K1) (5)

where [ K" ] is the system stiffness and is obtained from the assemblage of an ele-
ment stiffness matrices [k]©)

KE = (BT [r, JE* [T, T [Blo ®)

Q.

where [T,] is the co-ordinate transformation matrix, [ = ] isthe damaged constitu-
tive matrix taking into account the age-related degradation in the orthotropic dam-
age space, and [B] is the strain-displacement matrix.

The vector of static loads due to self weight of the dam for an element is calcu-
lated according to

(ta)* = [ pO1T { o 0

Qe

in which g isthe gravitational acceleration. Assuming that the free-field excitation
at the interface of foundation and structure results from a rigid-body motion u®(t),
the load vector due to earthquake excitation is given by

G
Mgs Mgy 0]|Ts

{Feq}z‘mgs mgg OHTg (®(t) (8
0 0 0|l 0
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where m;; are the mass matrices of the structure only, the indices s and g mark the
degrees of freedom of the structure and those shared by structure and foundation,
respectively, while the index G stands for the rigid-body motion. The matrices

TiG , 1 =, g, contain the geometrical transformation between the structure and the

free-field motion u®(t). Also ii®(t) is the acceleration time history of an earth-
quake.

2.2.2 Damage Evolution

For the complete dynamic analysis of damaged materials, besides the appropriate
constitutive law, it is necessary to specify the damage kinetic equation of the form

D = Bloyj (), D) 9)

orD= D(O‘ij (6‘”),) (10)

where g is the state of stress at a particular point, D is the damage tensor at that

point, and D represents the rate of damage. The most common damage kinetic
equation that is used widely is based on power function of tensile normal stress
and was introduced first by Kachanov (1982),

. o "
_ E ,O > 0y (11)

where A>0, n>1 are material constants depending on the rate of loading, ¢ is the
uniaxial tensile stress, and oy is the stress at damage threshold. For this model, one
needs experimental results to obtain parameters A and n, but these results are not
available for dl kind of loading. As proposed by Bazant and Lin (1988) and ap-
plied by Ghrib and Tinawi (1995), a second model based on Equation (10) can be
used for seismic analysis.

Asiswell known, concrete and geomaterial eventually exhibit strain softening,
leading to a complete loss of strength. In these materias, the secant modulus de-
creases with increasing strain (Lubliner et al., 1989). A widely used assumption
has been adopted to a triangular stress-strain diagram for uniaxial loading. This
gives alinear strain softening relationship. But various experimental evidences in-
dicate that it is more reglistic to assume a strain softening curve with a steep initial
decline followed by an extended tail (Lubliner et al., 1989). Then an exponential
strain softening model can be given by
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ole)=Ee <&y
ole)=f [2e7a(g*g°) —g 23(e=%0) g0 < &< &gy (12)
ale)=0 £2 &y

in which ft' isthetensile strength and & is the corresponding strain threshold, E
is the modulus of elasticity and a is a dimensionless constant, and &, is the max-
imum strain. For aged degraded structures, E and ft' in Equation (12) are given
by Equation (1) due to ageing degradation. When its corresponding stress is equal
to 0.02 ft' , themaximum strain ¢, is calculated by

Eer = ‘90"'4_.6 (13)
a

The fracture energy per unit area, G , is defined as
Gt =len0t (14)

where g; istotal areaunder stress-strain curve as (Lubliner et al.,1989)

i 3f,  f,
O = ga(g)dg = 2—;+£ (15)

lo, is the characteristic length. From the above two equations, the constant a can
be given by
a=—> >0 (16)
2EG;

51

&0 .
Ich ft

Based on the hypothesis of strain energy equivalence, the anisotropic damage pa-
rameters can be defined in terms of Y oung’s modulus as (Valliappan et al., 1990)

ES
D, =1- = )
i E;

and hence from Equation (12) the proper definition of damage for uniaxial caseis
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D =1- \/(5_Oj[2e—a(g—50)—e—Za(g—go) (18)

&

3 Numerical Example

To validate the proposed method for ageing degradation of concrete dams, Koyna
Dam in India, as shown in Figure 1, has been analysed. The idealized geometry of
dam is 103.0m high, with awidth of 70.0m at the base and 14.8m at the top. While
the upstream of the dam is assumed vertical, its downstream has two different
slopes. The dam is modelled as a two dimensional plane strain case and is discre-
tizied with four nodded isoparametric finite elements. A fine mesh is used in the
zone near elevation 66.5m, where cracking is anticipated, and in the area closer to
the dam base. The dam is assumed to be fixed at its base. The material properties

of the dam chosen are as follows: modulus of elasticity E=30.0 x10%kPa; Pois-
son's ratio v=0.20; density of concrete p=2600.0 kg/m® tensile strength

ft' =1.8 x10° kPa, and fracture energy of concrete materia for unit area
G+ =180.0 N/m.
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70.0
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Figure 1. Koyna dam model and FE discretization.
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The loading consists of self-weight of the dam, hydrostatic as well as hydrody-
namic effects of the reservoir, the transverse and vertical components of earth-
guake loadings. The hydrodynamic loading is estimated using the added mass
technique proposed by Westergaard (1931). Koyna earthquake acceleration record
is used as input earthquake, as shown in Figure 2. The peak accelerations are
scaled to 0.4g in the transverse direction and 0.28g in vertical direction. The input
earthquake loading is assumed at the base of the dam.
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Figure 2. Acceleration time histories of Koyna earthquake.

The dam is analysed in time domain using Newmark Method with time step 0.02
second. The numerical analyses were carried out for two cases: without consider-
ing ageing effects, and considering the ageing degradation effects for the dam at
30 years of age. Structural responses and damage parameters were obtained for
both cases to check the effect of ageing degradation on seimic behavior of the dam
structures.

Figure 3 shows the time histories of displacement in horizontal direction at dam
crest. It can be seen clearly that the displacement of the aged dam is larger than
the case without considering ageing degradation. This is due to the decrease in the
strength of concrete and also due to more severe damage of the aged dam during
earthquake.
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Figure 4. Damage patterns for un-aged and aged dam models.
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The damage patterns of the dam (at time = 4.9 second) without and with con-
sideration of ageing degradation effect are shown in Figure 4. Comparing the
damage patterns of these two cases, it can be seen that the damage of the aged
dam extends deeper into the dam neck. At the same time, the base of the aged dam
has al so been subjected to more damage than the dam without ageing effects.

4 Conclusions

Irrespective of the fact that ageing of damsis a dow process, degradation of con-
crete can change its physical properties and hence the behaviour of dams after
several decades thus reducing their capacity to withstand hostile natural events
such as earthquakes.

Using techniques such as finite element method, damage mechanics and ageing
degradation evaluation method, a unified approach is presented for dynamic anal-
ysis of large concrete gravity dam with ageing degradation effect. The proposed
method was validated by the numerical results obtained from the analysis of Koy-
na dam. These results show more severe damages occur for aged dam structures
when ageing degradation is taken into consideration.

There are many uncertainties associated with aged concrete dams, especialy,
the time-dependent degradation mechanisms are only known vaguely and impre-
cisely. To deal with these uncertainties, fuzzy set theory initiated by Zadeh in 1965,
is a suitable toal to investigate the effects of uncertainties. Based on the method
presented by Valliappan and Pham (1995), fuzzy finite element method can be ap-
plied to check the effect of uncertainties to evaluate the safety of aged concrete
dams.
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Multi-Scale and Multi-Thermo-Mechanical
Modeling of Cementitious Composites for
Performance Assessment of Reinforced
Concrete Infrastructures

Koichi Maekawa'*

'Department of Civil Engineering, University of Tokyo, Japan

Abstract. Coupled analysis of mass transport and damage mechanics associated
with steel corrosion is presented for structural performance assessment of rein-
forced concrete. Multi-scale modeling of micro-pore formation and transport phe-
nomena of moisture and ions are mutually linked for predicting the corrosion of
reinforcement and volumetric changes. The interaction of crack propagation with
corroded gel migration is simulated. Two computer codes for multi-chemo physi-
cal simulation (DuCOM) and nonlinear dynamic mechanics of structural concrete
(COM3) were combined and verified by the laboratory scale experiments of dam-
aged reinforced concrete members under static and dynamic loads, and has been
applied to safety and serviceability assessment of existing infrastructures.

Keywords: multi-scale modeling, life-cycle assessment, coupled analysis

1 Introduction

In the scheme of performance-based design with more transparency to society,
performance assessment methods occupy a central position from a viewpoint of
structural engineering. This rational way of assuring the overall quality of infra-
structures may create cost-beneficial design and construction that exactly satisfies
several requirements assigned to engineers. Life-cycle performance of structures is
being explicitly required and appropriate design methods for both materials and
structures are sought in several organizations. Needs to verify remaining function-
ality of damaged existing facilities is rising for extending service life. To meet
these challenges, keenly expected is an explicit prediction and simulation of struc-
tural life serviceability and safety under specified loads and ambient conditions.
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In this paper, the author proposes an integrated platform of solid mechanics and
thermo-hydro dynamics of materials and structures with multi-scales of referential
control volume on which each chemo-physics is applied. In more detail, the con-
stitutive model is discussed with regard to cracking in RC elements, and overlay
of thermo-hydro state variables is presented for multi-scale and multi-chemo me-
chanical coupling with soil foundation. Recent application of the multi-scale ap-
proach to practical problems is introduced and the future development is discussed
as an integrated knowledge-base of structures and soil foundation.

2 Multi-Directional Crack Mechanics

A scheme of RC modeling used for an integrated platform of both safety and life-
cycle assessment is simply illustrated in Figure 1 (Maekawa, et al., 1999, 2003,
2008). Multi-directional cracking and its interaction are taken into account by the
active crack approach (Maekawa, et al., 2003) on the smeared compression stress
field (Collins and Vecchio, 1982). All microscopic physical states (cracking,
yielding, crack shear slip, remaining stiffness of fractured materials) are included
in the constitutive modeling. These stress carrying mechanisms are composed of
compression/tension parallel and normal to cracking and shear transfer. By the ac-
tive crack method (Maekawa, et al., 2003), the primary cracking of governing
nonlinearity of structural concrete is identified if some cracks intersect non-
orthogonally. Here, path-dependent parameters are renewed only along the active
crack in each load step of time.
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Figure 1. Coupling of thermo-hydro dynamics and damage mechanics for life cycle assessment

of structures with soil foundation interaction.

Plastic localization of reinforcement is of importance for rationally simulating
largely deformed elements. The spatial averaging of local stress and strain along
reinforcement is applied for structural analysis with finite elements as shown in
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Figure 2. As the steel yield is localized at concrete cracks, the averaged stress
strain relation of deformed reinforcing bars differs from that of a single bare bar.
The following strain hardening is extended and the space-averaged hardening
stiffness is computed by considering the reinforcement ratio, tensile strength of
concrete and properties of reinforcing bars (Maekawa, et al., 2003). When the load
reversal is produced in a single direction, near orthogonal two-way cracking is ex-
perienced. Here, the crack-to-crack mutual interaction is not so great as to con-
sider the shear transfer of each intersecting cracks. Then, the smeared crack meth-
ods that assume co-axiality of stress and strain fields (rotating crack) may function
successfully for structural analysis.

However, the multi-directional and non-proportional loadings may create three
and four directional cracking that intersects each other in finite element domain.
When thermal and drying expansion and shrinkage would be coupled with seismic
loads, principal stress directions considerably rotate. This situation tends to create
multi-directionally intersecting cracking with strong interaction.

Figure 2. Formulation of in-plane constitutive model with multi-directional cracking.

Constitutive models have to be verified on member/structural levels, because
stress states and loading paths cannot be fully reproduced only by experiments at
the specimen level under rather uniform fields of stress and strain. Figure 3 (left)
shows the experimental verification by using the mock-up for tunnels and ducts.
The shear capacity and ductility were carefully focused on. The multi-directional
cracking model has been examined as well by reproducing alternate change of
principal stress directions in 3D spaces. For practical use of the computational
platform, the multi-plastic potential model for soil skeleton is included with the
underground pore water to take into account liquefaction.

Figure 3 (right) shows the soil container which includes the RC box culvert and
was set on the shaking table. The soil pressure applied on the walls of the embed-
ded RC duct and the average shear deformation of the structure was carefully
compared with the analytical results. Right now, the nonlinear finite element
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analysis is authorized as a tool to examine the seismic safety performance in the
scheme of designing LNG storage tanks and RC aqua-ducts for nuclear power
plant facilities for practice in Japan (JSCE, 1999).

Rckative shear anghe B { » 111000) Relative shear angle 1 ( x 170000}

Figure 3. RC underground box-vents subjected to dynamic shear (JSCE, 1999)

3 Thermo-Hydro Chemo-Physical Modeling

State variables of thermo-hydro dynamics are further required for life-cycle as-
sessment, especially for durability assessment related to material properties.
Volumetric change caused by temperature and long-term moisture equilibrium in
micro-pores are associated with cracking and corresponding serviceability, and
corrosion of reinforcement has much to do with migration of chemicals through
micro-pores. Thus, the coupled system was proposed (Maekawa, et al., 2003,
2008) to simulate the entire thermo-mechanical states of constituent material and
structures. For computing the thermo hydro equilibrium, multi-scale analysis plat-
form DuCOM (Mackawa, et al., 1999, 2008) was used. Micro-pore geometry and
spaces are idealized by statically formulated pore distribution and internal mois-
ture balance is simultaneously solved with mass conservation requirement. The
moisture migration and diffusivity are computed based on the micro-pore size dis-
tribution and the linked condensed water channel (see Figure 4).

Chloride ion migration and other chemical reactions such as carbonation and
calcium leaching are overlaid on this system (Maekawa, et al., 2008). The conduc-
tivity and diffusion characteristics for mass transport are calculated based upon
computationally formed micro-pore structure. The computation of multi-chemo-
physical events is carried out by means of the sequential processing with closed-
loop predictor-corrector method. The temperature dependent volume change is
considered as an offset strain in constitutive modeling. But, concrete shrinkage as-
sociated with microclimate in CSH gel and capillary pores is directly linked with
the macroscopic constitutive model (see Figure 5) with regard to micro-pore pres-
sure and disjoining pressure originated from Van der Waals and Coulomb forces.
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Micro-corrosion rate is also computed by simulating migration of O,-CO, gas
and chloride ion (Maekawa, et al., 2008), and the effect of corrosion is integrated
in the structural analysis (Toongoenthong, et al., 2004). These state variables are
incorporated into the constitutive modeling before cracking. In this computation,
the thermo-dynamic equilibrium requirements are simultaneously solved such as
multi-ion balance, proton electro-balance, adsorption-desorption isotherm. Then,
we have approximately 230 simultaneous equations to be solved numerically for
chemo-physical and mechanical behaviors of different scales.
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4 Coupling of Damage Mechanics with Chemo-Physical Events

Cracking is also influential in mass transport of gases and dissolved ions. These
cracks through which ion substances can easily migrate are mutually linked with
thermo-hydro dynamic analysis by the hierarchy type of multi-scale modeling.
This simulation can be mainly used for life-cycle assessment of structural concrete
and examination of remaining functions of existing infrastructures. Cracking of
concrete causes accelerated diffusion of chloride. It may allow deeper penetration
of chloride and other substances. In the analysis, diffusivity of substances is re-
garded as a variable in terms of computed averaged strain of concrete finite ele-
ments.

The corroded steel produces volumetric expansion and results in internal self-
equilibrated stress, which may lead to additional cracking around reinforcing bars.
Figure 6 illustrates the way to amalgamate the damage mechanics and volume ex-
pansion of generated corrosion gels. The effect of corrosion gel product formation
is considered in the constitutive modeling of reinforcement in the transverse direc-
tion. The non-corroded core steel and the corroded clusters with different mechan-
ical properties are treated as a fictitious aging material of varying volumetric stiff-
ness and expansion according to the magnitude of corrosion. This growing steel is
embedded in each finite element similar to smeared crack approach as well. If the
corrosion is concentrated around the anchorage zone of main reinforcement, its
structural capacity gets reduced with the different crack propagation pattern from
those of sound ones (Toongoenthong, et al., 2004a, 2004b) as shown in Figure 6
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Figure 6. Simulated shear capacity and cracking of corrosion beam (Okada et al. 1988).

The diagonal crack which reaches the bending compression zone is initiated by
the corrosion crack tip created along the longitudinal main reinforcement. Finally,
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the diagonal crack is driven to the beam support. Apparently, the localized corro-
sion is seen to deteriorate the anchorage performance of longitudinal reinforce-
ment. The acceleration test of corrosion of steel in RC beam by galvanostatic
charge also substantiated this simulation result.

When the corrosion cracking develops over the beam, shear safety performance
differs from the non-damaged reference case (Satoh, et al., 2003). Figure 6 shows
load-displacement relations for RC non-damaged reference and corroded speci-
men, which was submerged into a sodium pond for accelerated corrosion. Here
produced was uniformly distributed corrosion along the whole longitudinal steel
of 2.1% as the mass loss. Main reinforcing bars were bent up 90 degree inside the
anchorage zone. Thus, comparatively satisfactory anchorage capacity is expected.
In this case, the stiffness of the beam is much reduced but the capacity is a bit in-
creased in both experiment and analysis. The macroscopic bond loss in the shear
span leads to retarded propagation of diagonal shear cracking and may elevate the
shear capacity. Computation can capture this property.

Autogenous and drying shrinkage, which is computed by solving the moisture
migration under ambient conditions (Mabrouk, et al., 2004), can be directly in-
cluded in the constitutive modeling of concrete in each finite element as shown in
Figure 7 and Figure 8. The coupling of concrete creep in compression, shrinkage
and post-cracking time-dependent tension stiffness models yields consistent beha-
vioral simulation with reasonable accuracy for long-term deflection.
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Figure 9 shows the application examples for the seismic performance assess-
ment of existing aqua-ducks of nuclear power plants and a 100-years old railway
bridge in Tokyo (Sogano, et al., 2001). The point of analysis is the residual seis-
mic performance with corrosive damages and uneven settlement of the soil foun-
dation. Some initial damage remains in the form of cracking, and arch ribs were
strengthened by additional RC arch inside layer in the past. The seismic ground
motion was applied to the numerically aged structural concrete and the computed
response was used for safety and serviceability assessment in practice. The seis-
mic remaining performance was numerically investigated and the sustainable life
with light retrofit was judged.

The corrosion damaged RC underground box culverts shows reduced seismic
performance as sown in Figure 10. The coupled simulation re-produces the steel
corrosion and associated cracking, which may influence on the dynamic res-
ponses. But, if damaged structures are surrounded by soil foundation, sensitivity
of damage and steel corrosion tends to be less compared to on-ground structures.
In this case, the full 3D soil-structure system can be analyzed to assess the overall
safety performance under traffic and seismic actions.

Figure 9. Safety assessment of infrastructures against earthquake —nuclear plant facility and 100
years-old railway bridges (Sogano, et al. 2001).
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Figure 10. Safety assessment of infrastructures against earthquake —corroded aqua-ducts (Matsuo
et al. 2007) and soil-structure interactions (Maki, et al.).

Figure 11 shows the PRC bridge in which plenty of cracks were induced to the
viaducts due to excessive shrinkage of concrete and heavy reinforcement. The
compliance of the viaduct in each span was reported to be much increased and the
fatigue life was questioned. JSCE concrete committee (2005) investigated the de-
tailed damage and corresponding remaining fatigue life by using the coupled
chemo-mechanical simulation. For verification of the analysis method, the design
live load (1500 kN) was applied on the deck and the incremental deflection was
measured as shown in Figure 11. The simulation was reported to be closer to the
reality of the damaged PRC bridge.
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Figure 11. Shrinkage cracking and RC bridge pier: Simulation of remaining fatigue life.
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6. Conclusions

Chemo-physical and mechanical modeling of concrete with greatly different
scales of geometry was presented, and synthesized on a unified computational
platform, which may bring about quantitative assessment of structural concrete
performances of interaction with soil foundation. The safety assessment method
was extended to the life-cycle issue with multi-scaled information on microclimate
states of cementitious composites under macroscopic ambient boundary condi-
tions. Currently granted is a great deal of knowledge earned by the past develop-
ment. At the same time, we face a difficulty to quantitatively extract consequential
figures from them. The author expects that the systematic framework on the
knowledge-based technology will be extended efficiently and can be steadily tak-
en over by engineers in charge.
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Abstract. In this paper a statistical multi-scale method for the mechanics parame-
ter prediction of the rock mass with random distribution of multi-scale
cracks/joints is presented. First the micro-structure of the rock mass with random
distribution of multi-scale cracks/joints is represented. Then the statistical second-
order two-scale method for the mechanics performance predictions of the rock
mass structure with random cracks/joints distribution is presented, including the
statistical second-order two-scale expression on the vector-valued displacement,
strain tensor and stress tensor, and the algorithm procedure of statistical multi-sale
computation for the mechanics parameters. Finally some numerical results for me-
chanical parameters for the rock mass with random distributions of multi-scale
joints/cracks by statistical multi-scale method are shown.

Keywords: rock mass mechanics, mechanics parameter prediction, statistical mul-
ti-scale method, rock mass with random distribution of multi-scale cracks/joints

1 Introduction

With the rapid advance of engineering science, especially computing technology,
the computational engineering science is developing very fast. A variety of numer-
ical methods for the predicting the physical and mechanical performance of mate-
rials was developed in last decade.

According to their micro-structure the composite materials can be divided into
two classes: composite materials with periodic configurations (Cui et al. 1997 Cui
and Shan 2000) and composite materials with random distribution (Li and Cui
2004). A lot of random composite materials exist in nature and human life, such

* Corresponding author, e-mail: cjz@lsec.cc.ac.cn

Y. Yuan, J.Z. Cui and H. Mang (eds.), Computational Sructural Engineering, 49-62.
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as rock mass and concrete (Shan et al. 2002). Due to the difference of their micro-
configurations it needs to make use of different numerical methods to evaluate the
physical and mechanical performance of them.

For the composite materials with random distribution some works have been
done for predicting the physics and mechanical properties of random particulate
composites (Li and Cui 2005 Yu et al. 2008). Many approaches can be used to the
calculation of macroscopic stiffness parameters, such as the law of mixture, Ha-
shin-Shtrikman upper and lower bounds method, self-consistent approach and
Eshelby effective inclusion method etc. However, in regard to the prediction for
strength parameters there are few theoretical techniques available, and most of
them are based on the greatly simplification of real composite structures. Till now
there is still no multi-scale analysis method to predict the physical and mechanical
performance of the rock mass structure with random joints or/and cracks distribu-
tion.

In this paper a new statistical multi-scale method is presented to predict the
mechanical performance of rock mass with random joint and/or crack distribution
and related structures.

The remainder of this paper is outlined as follows. In section 2 the representa-
tion of the rock mass with random distributions of multi-scale joints/cracks briefly
described. The section 3 is devoted to the statistical second-order two-scale formu-
lation for the prediction of the materials with random distribution and related
structure. In section 4 the algorithm procedure for statistical multi-scale computa-
tion of rock mass with random distributions of multi-scale joints/cracks is given.
In section 5 some numerical results for mechanical parameters of the rock mass
with random distributions of multi-scale joints/cracks are shown.

2 Multi-Scale Representation of Rock Mass with Random
Joint/Crack Distribution

The materials with random joint/crack distribution, such as rock mass and dam-
aged materials, can be represented as follows: all of the joints inside investigated
structure are divided into several groups in their lengths |’ and &’ >1’ > gt
From the survey of engineering geology and the fitting method of statistic data,
for each group of joints/cracks the probability distribution of the joints inside

structure €2 can be described as follows:
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Figure 1. The Joint Statistical Model of the Four Screen Scales in Rock Mass

1. The long joints, whose length | > L and L is the size of structure €, are
considered determinate, generally, choose o 107"
2. Choose &’ (j =12 -m) and aL > &' > 17> g1 > 0 the statistical model of

joints with the length I’ satisfied &' > 17 > &' can be determined in follow-
ing way:

(a) Specify the density of joint distribution and the distribution model of central
points of joints, for example, uniform distributionin €2

(b) Specify the distribution model for trace lengths of joint surfaces, for exam-
ple, normal distribution round the value of some length.

(c) Specify the distribution model for inclinations of joint surfaces in
[0, 77/2], for example, some normal distribution round some angle. And spe-

cify the distribution model for trends of joint surfaces in [-7z /2,7 12], for

example, some normal distribution round some angle.

3. For most of rock mass structures there is some jointing inside joint surfaces,
and it occupies a certain thickness. So the thickness of jointing must be speci-
fied, for example, it is supposed to be a function depended on its trace length.

4. The physical or mechanical parameters of intact rock and jointing must be pre-
scribed.

From previous representation in rock mass structure {2 one can obtain a sam-

ple of every group of joints with lengths 1! (j=1,2,---,m) where

&' >1' > ¢l and then periodically obtain a concrete distributions {aj (x, a))}

and {ai‘;hk (X, a))} on physical and mechanical parameters on €2. As example, a

sample distribution for a kind of rock mass is shown in Figure 1.
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3 Statistical Second-Order Two-Scale Formulation of the
Structure with Random Joint/Crack Distribution

3.1 Statistical Two-Scale Formulation for the Composites with
Random Distribution

In this section based on the representation previously the structures with random
distribution of one scale joints/cracks is investigated, and it has only same & -size
statistic screen. Its elasticity problem with mixed boundary conditions can be ex-
pressed as follows:

0| . 1( ouy (X,@) oug (X, )
ox, { e (%) 2( x| o () X<
. 1( oui(x,@) ou,(X,®
o, (X,m) = Vgl)ajihk (X, CO)E[ ha(Xk ) + ka(Xh )j =p(x) xel, (1
u®(x,w) =u(x) xel;

(NI, =¢, T,UT,=0Q)

where suppose that ajy, (X, ) (ij,hk=1,....n) are the elastic coefficients of the

random distribution with e-size periodicity, and the jointing between joint surfaces
and matrix are considered isotropic homogenous materials and continuous transi-
tion zones, so {a;hk (X, a))} is highly oscillating, but continuously varying.

Below SSOTS method will be discussed for the problem (1). Let

X X

& =——|:—} € Q° denotes the local coordinates on 1-normalized cell of & -
& &

cell €Q° < Q. Then aj, (X,®)=ay, (&, @) and U*(X,0) =u(x,&, o) .

Inspired by the paper or books (Cui & Yang 1996 Oleinik et al. 1992 Jikov et al.
1994), by using constructive way following formulas on SSOTS solution of pre-
vious problem were obtained: The displacement solution of problem (1) can be
expressed as follows

o2u°(x)

0
u®(x,@)=u’(x)+eN,, (g’w)&JaT()()+gzN“1"2 (¢.0) oX_ O &)

@

+53P1(X,§,a)) XxeQ,
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where U°(X) is the homogenization solution defined on global Q2 N, (f ,a))

and lem2 (f,a)) (al,az =L---,n) are n-order matrix-valued functions de-

fined on 1-normalized Q , and they have following forms

Nalll(é:'a)) Nalln (5,60)
N, (£0)=| : 3)
Nalnl(é:’a)) o Nalnn (§’ a))

Nalazll(é’a)) Nalazln ((:,0))
No (§i0)= 8 @
Nalaznl(g’a)) Naﬂz”” (5,(0)

And Nal(f,a)), N,.. (@) (eq,a,=1---,n) and U°(X) are deter-
mined in following ways:

1. For any sample @° , ND{1m (Ej,a)s) (al,m :1---,n) are the solutions of

following problems

{ : 1[6Na1hm(f.af> aNalkm(gtaf)ﬂ 08, (£,00°)
Qi (&, 0%) + ==

0 s
o, 2|7 e o€, g, °% O

Nmm(é’a)s)zo geaQS
2. From N, (f ,@° ) , the homogenization elasticity parameters {é.ijhk (o )}

corresponding to the sample @° are calculated in following formula

(@)=, (ai,-hk Ew)ra, (f,af)g(aN“Pk G0, Buls ""S)Bd: ©

0¢g, o0&

p

3. One can evaluate the expected homogenized coefficients {ﬁijhk} in following

formula
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M=

é‘ijhk (@)
y M >+ 7

Il
=

a — S
X =

M

4. For any sample @, N(m2m (f,a)s) (al,az,m ::L...,n) are the solutions

of following problems

i liaijhk (51 a)s ) % ( aN e (5' a)S) + aN e (f, ws ) ]:| ) éioqmm

% 95, o0&,
_aiazm‘li (5' a)s) - aizzzhk (é' a)S) aNalhg—(éla)S) 5 € QS (8)
Sk
_aié:j(aijhaz (é:’ ws) Nalhm (5! a)S))
Nalazm(g,a)s) =0 feﬁQS

5. UO(X) is the solution of the homogenization problem with the homogenized

parameters {ﬁijhk} defined on global (2

i{li(@_()a_ﬁﬂ (00, xe@
20X,

OX; OX, OXy,
u®(x) =T(x), xel, )
1 oul(x) oul(x)
Ui(X)ZVjajmkE[ 6hx +akT =p, xel,
k h

(I,Nr,=¢, T,UT,=0Q)

6. The strains can be evaluated approximately in following formulas:
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0 0
. (gwj: % aul(x) , au(x)

£ OX, X,

DI z.z{ (g,ijquﬁ(xHNakm(gijlglug(x)} (10

<o>=

oN X
+ 1-1 Z “ehm 7 “akm = DIUO X
3oty 2| Bon s B | X Jojus o)

<o>=| aék

a'u°( )
oX, ax -« OX "

stress tensor can be calculated in following formulae

X X
oy (X, @) = ay,, (—,wj Enk (—,wj (11)
£ £

3.2 Computation of the Strength

where @ =(ay,@,,+,¢;) , DLUS(X)= . And then the

As the strain and stress tensor anywhere inside the investigated structure are ob-
tained, the elasticity limit strength for the structure made from rock mass can be
evaluated. Until now there is no strength criterion for the structure of rock mass
with lots of random joints or/and cracks. In this paper, we employ the strength cri-
terions on homogenous materials and the status of joint or/and crack expansions to
define the elasticity limit strength of the structure of rock mass.

It’s worthy to note that the employed strength criterion should be different for
the different status of intact rock and jointing, such as tension and compression,
the maximum principal stress theory should be cited for rock mass. In our compu-
tation, only the formulation of maximum stress criterion is shown. The formulas
of other strength criterions can be easily found in textbook of solid mechanics or
mechanics of rock mass.

The maximum principal stress theory assumes that failure occurs when the

maximum principal stress &, in the complex stress system equals to that at the
yield point in the tensile test, where 0;, 0, and O, are the three principal
stresses under the three dimensional complex stress states.

For a sample @° , all of strains and stresses inside any & — cell belonging to
the structure can be obtained through the formulas presented previously. Then, the
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strength S(@°) of the structure with random joint or/and crack distribution is ob-

tained as the elasticity limit criterions is reached at some point for the sample @° .
Thus to repeat previous calculation so many times, from Kolmogorov strong law

of the large number, it follows that the expected strength S can be evaluated by
following formula:

M
Y s(e)
S ===t 12
M (12)

However, the expected strength S can not totally represent the strength prop-
erties of the structure of random joint/crack distribution. The yield of some loca-
tion may lead to the collapse of the whole structure. Therefore, the minimal
strength of the structure of random joint/crack distribution is sometime worthier
than the expected one for the design of rock mass structures. The minimal strength
can be defined as following formula:

Spin =, MIN {S (")} (13)

min

4 The Procedure of MSA Computation Based on SSOTS

Based on the multi-scale representation of the rock mass with random joint/crack
distribution in Section 2 and the SSOTS formulation in Section 3, the algorithm
procedure of predicting the mechanical parameters of structure with random
joint/crack distribution is following:

1. Generate a distribution model P of joints or/and cracks based on the statistical
characteristics of the random joint or/and crack distribution, and determine the

material coefficients {aijhk (%,a)s )} on £Q(&) as follows:

>

s): A » Xegé(g) e

- L, eP, (14)
&, X €8Q(e)

Ay (E 0
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where 8(5(8) is the domain of intact rock and 8(5(8) the domain of joints
and jointing in £Q(&) and {aijhk} and {ai’jhk} are the material coefficients of

them, respectively.
. Evaluate FE solution Nzlm (f,a)s) (al,m :]_,---,n) of N, (f,a)s) by

solving problem (5) for @° € P . Then the sample homogenization coefficients

{éi;hk (a)s)} can be calculated through formula (6). And then to evaluate FE

solution N:ﬁazm (f,a)s) of N(WZm (f,a)s) (al,m :l...’n) for @° € P
by solving problem (8).
.For @’ eP,s=12,...,M, step 1 to 2 are repeated M times. Then M

sample homogenization coefficients {éijkh (a)s)} are obtained. The expected

homogenization coefficients {éijkh} for the rock mass with random joint

or/and crack distribution can be evaluated in formulae (7).

. The homogenization solution UO(X) can be obtained by solving homogeniza-

tion problem (9) with the homogenization coefficients {éijkh} . For some typi-

cal structures/components, UO(X) can be exactly obtained from solid mechan-
ics.

. For the sample @°, evaluate the stain fields anywhere inside the investigated
X X
h S h s _
structure by Na1m (E,a) ] , ND&O{2m (;,a) ] (al,m_L...,n) , and

UO(X) through formulas (10) in section 3. The stresses can be calculated
through Hooke’s Law (11).
. By using the strength Sm of intact rock, the strength SP of jointing and the

criterion of joint or/and crack expansion, the elasticity limit load of the struc-
ture for @° can be determined by using iteration procedure. After that, the
strength limit of the structure for @°, denoted by S(@®), is calculated ac-
cording to the critical load and the homogenization stiffness parameters
{é‘ijkh (@® )} :

.For @ €P,s=12,..M, step 5 to 6 are repeated. Then M sample

strengths S(@°) are obtained. The expected strength S and the minimal
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strength S_. = for the structure with random joint/crack distribution can be eva-
luated in formulae (12) and (13).

If there are so plenty of random joints or/and cracks inside structure and the dif-
ferences of their sizes are very large. One should divide all of random joints
or/and cracks into several classes according to their size. They are divided into 4

classes, N=4, shown in Figure 1. As {ﬁi;hk}, S" and S (r=4) are obtained,

min
they are used as the elastic coefficients and strength of new intact rock in the next
cycle with r=N-1, i.e. if it’s not the first cycle (I # N ), the material coefficient of

the intact rock is the homogenized coefficient {ajjh*kl } , and the elasticity limit

r
min >

strength of the intact rock are the strength S"™and S”. |, respectively, which are

evaluated in former cycle with (r+1) class.
As the last cycle I =1 is completed, the expected homogenization coefficients

{ai}hk} and expected elasticity limit strength S* and Srlni are obtained. And

n

S1 1
then S™ and S,

minimal strength of the investigated structure/component made from the rock
mass with random distribution of multi-scale joints or/and cracks.

, are defined as the effective elastic coefficients and expected /

5 Numerical Experiments

To verify the previous algorithm, the homogenized coefficients of the rock mass
are evaluated. Three models of random joint distribution in 2-D case are consi-
dered in three examples, respectively.

In every example, the joints are divided into four classes Gy, G, G; and G4 by

the length of joint trace, the length of whose statistic screen is denoted by 81, 82,

&3 and 84, respectively, and the length of joints in every class is supposed to be
uniform distribution in a certain interval [a,b], shown in Table 1, and there are 4

joints in every g -screen, and the thickness of the jointing in every joint is 1% of
its length.

Table 1. The screen size and interval of each class

Statistics Screen Scale Intervals of Each Group
G 84:1m [0.1-0.25]
G, 6‘3 —5m [0.5-1.0]
G3 82=15m [2.5-5.0]
Gy gl —20m [7.5-10]
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And in each example, the material coefficients of intact rock and jointing are
supposed to be same, shown in Table 2.

For the first example, the inclination of the joints in each class is supposed to
be uniform distribution between 0° and 360°, denoted by UD (0°, 360°). For the
second example, the inclination of the joints in each class is supposed to be nor-
mal distribution with expectation 0° and mean square deviation 10°, denoted by
ND (0° 10°). For the last example, the inclination of the joints in each group is
supposed to be normal distribution with expectation 50° and mean square devia-
tion 10°, denoted by ND (50°, 10°).

Table 2. The material coefficients of intact rock and jointing

Intact rock Jointing
3.333E4 8.3333E3 0 3.3333E2 8.3333El 0
8.3333E3 3.3333E4 0 8.3333E1 3.3333E2 0
0 0 1.25E4 0 0 1252

Table 3. The expected homogenized results of each scale screen for UD (0°, 360°)

3.0086 E4 7.064E3 0 2.7614E4 6.272E3 0
84 7.064E3 2.9810.E4 0 83 6.272E3 2.7708E4 0
0 0 1.1441E4 0 0 1.0720E4
2.5695 E4 5.528E3 0 2.2026E4 4.623E3 0
82 5.528E3 2.4810 E4 0 gl 4.623E3 2.1843E4 0
0 0 9.833E3 0 0 8.666E3

S 4 S 3 . 2
a. Jointsin & -screen b. Joints in & -screen c.Jointsin & -screen
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. . 1
d. Joints in & -screen

= 7
ai‘vg
‘ i\ “%%E%% -

o

s

e. Mesh partition

Figure 2. The statistical model of joints for ND (0°,10°) and mesh partition

By virtue of above specified data and the simulation method of the joints, the
joints in each screen can be easily generated for one sample. In order to show

clearly the distribution of the joints in the rock mass, the joints in &'-screen are

generated as well the joints in the screen smaller than g together. The distribu-
tion model of joints for one sample of UD (0° 360°), ND (0°, 10°) and ND (50°,

10°) is shown in Figure 1, Figure 2 and Figure 3, respectively.

. . 4
a. Joints in &

. . 3
-screen b. Joints in &

. . 2
-screen c. Joints in &

s %

Figure 3. The Joints Statistical Model For ND (50°,10°)

--------------

. . 1
-screen d. Joints in & -screen

Table 4. The expected homogenized results of each scale screen for ND (0°, 10°)
3.2580E4 6.868E3 0 3.1960E4 5.815E3 0
&t 6.868E3 2.7364E4 0 83 5.815E3 2.3089E4 0
0 0 1.1186E4 0 0 1.0148E4
3.1271E4 4.853E3 0 3.0351E4 3.846E3 0
g? 4.853E3 1.9136E4 0 61 3.846E3 2.3089E4 0
0 0 9.072E3 0 0 1.0148E4
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Table 5. Final result

2.2026E4 4.623E3 0
4.623E3 2.1843E4 0
UD 0 0 8.666E3

3.0351E4 3.846E3 0
3846E3 14995E4 0
ND(0o0,100) 0 0 7.755E3

2.1005E4 8.194E3 2.094E3
8.194E3 2.1873E4 2.592E3
ND(500,10) 2.094E3 2.592E3 9.810E3

The 50 distribution samples of the joints in each screen for every example are
sampled. Every sample with joints is partitioned as shown in Figure 2.e. And the
expected homogenized coefficients can be calculated by the procedure given in
section 4. The detailed results of UD and ND(0°,10°) are given in Table 3 and Ta-
ble 4, respectively. The detailed results of ND (50°,10°) are omitted owing to the
limitation of space. The final expected homogenized results for UD (50°,10°), ND
(0°,10°) and ND (50°,10°) are given in Table 5.

By using SMS method in this paper the elasticity limit strengths of the rock
mass with random joints/cracks distribution, including tension and compression,
bending and twist, have been calculated, and the numerical results on expected
elasticity strength and minimal elasticity strength were obtained. For the space li-
mitation of this paper those on rock mass strength are omitted here.

5 Conclusions

In this paper one kind of structures of rock mass with plenty of joints or/and
cracks is considered, they are defined as the structures of the materials with ran-
dom distribution of multi-scale joints or/and cracks. And the micro-structure of
rock mass with plenty of multi-scale joints or/and cracks is represented.

A new statistically second-order two-scale methods for the predicting the me-
chanics performances of them is presented, including the second-order two-scale
asymptotic expression on the displacement vector, the formulations of the ex-
pected homogenization constitutive parameters, elasticity limit strength, and the
algorithm procedures.

For some different random distribution models the expected homogenization
constitutive parameters are predicted by SSOTS method. And the numerical expe-
riments show that the micro-behaviors inside the structure with plenty of joints or
/and cracks can be captured exactly by SSOTS method. And all of numerical re-
sults show that SSOTS method is valid and available.
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Abstract. Trefftz-FEM (T-FEM), Adaptive Cross Approximation BEM (ACA
BEM) and Method of Continuous Source Functions (MCSF) are presented for
simulation of Composites Reinforced by Short Fibres (CRSF) with the aim to
show possibilities of reduction the problem of complicated and important interac-
tions in such composite materials.

Keywords: Trefftz-FEM, adaptive cross approximation BEM, method of continu-
ous source functions, composite materials, short fibres

1 Introduction

Fibres are the most effective reinforcing material. Outstanding mechanical, ther-
mal and electro-mechanical properties of Carbon Nano-Tubes (CNT), carbon fi-
bres and some other fibres are well known. Composites Reinforced by Short Fi-
bres/tubes (CRSF) are often defined to be materials of future with excellent elec-
tro-thermo-mechanical (ETM) properties. Understanding the behaviour of such
composite materials is essential for structural design. Computational simulations
play an important role in this process. Usually, strength, stiffness, therma and
electrical conduction of fibres are much larger than those of the matrix material.
Very large is also the aspect ratio of the short fibres. Because of these properties
very large gradients are localized in all ETM fields along the fibres and in the ma-
trix. The fields define the interaction of the fibres with the matrix, with the other
fibres, with the boundaries of the domain/structure. Accurate computational simu-
lation of the fieldsisimportant for correct assessment of the material behaviour.

* Corresponding author, e-mail: vladimir.kompis@aos.sk

Y. Yuan, J.Z. Cui and H. Mang (eds.), Computational Sructural Engineering, 63—69.
© Soringer Science+ Business Media B.V. 2009
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In this paper FEM, BEM and the new developed MCSF are compared for simu-
lation of CRSF. The problems with in-homogeneities can be reduced when the
FEM using specia (Trefftz-type) functions are used for the formulation. The BEM
reduces the original 3D formulation to the problem on the fibre-matrix boundary.
Although, the resulting Galerkin system is fully populated, novel techniques can
be applied to approximate it by a data-sparse structure. In this study the Adaptive
Cross Approximation (ACA) procedure combined with the H-matrix technique is
used to achieve this reduction of complexity and storage requirements. Drastic
reduction of the problem enables the Fast Multi-pole (FM) BEM (Liu et a.,
2005) by which the kernel functions of boundary integrals are substituted by cor-
responding truncated Taylor series expansion and resulting discrete dipoles and
moments are substituted for the continuum in far field interaction. However, the
near field interaction is solved by classical BEM formulation. Boundary meshless
methods usually need neither the discretization of the domain, nor the boundary.
In the specia problem like CRSF, 1D distributed source functions by the MCSF
enable to reduce drastically the problem comparing to the FMBEM aso for the
near field interaction. All the three methods are presented in simulation of the
CRSF problems.

2 Description of the Methods Used in Computation Models

Trefftz- (T-) type formulations were devel oped with the aim to enable formulation
of domain field by boundary parameters using shape functions which satisfy the
governing equations in corresponding domain/subdomain. Commercia FEM
package PROCISION (A Guide to Procision 3.5, 1999) contains two types of T-
elements: polynomial and nonpolynomial, stress concentration elements. The last
one element properly reflects asymptotic behaviour of exact solution in the region
of stress concentration. The solution is obtained by adaptive procedure by compar-
ing the strain energy in computational steps and it is stopped when the change in
the last two stepsis smaller than 1%. The T-FE's can be much larger than classica
FE's also for complicated shape of the element. The global and local (element)
errors are evaluated from the sub-domain (element) boundary conditions. The ac-
curacy of the element is increased by increasing the order of the T-polynomials of
the shape function and it can increase up to 12" order in the models.

The second approach used in this study is the Boundary Element Method
(BEM) for equations of linear elastostatics (Lameé system of equations). More pre-
cisely, we implement a Galerkin formulation of BEM with piecewise linear basis
functions to interpolate the displacement field and piecewise constant basis func-
tions for the tractions on the boundary. The input data consist of the phase geome-
try, material parameters, and the conditions at infinity. Hence, an interface prob-
lem is formulated, and the solution on the matrix-fibre boundary is found by in-
verting the Steklov-Poincaré operator. The operator is expressed through the
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hyper-singular, the double layer, the adjoint double layer, and the single layer op-
erators and its Galerkin discretization turns out to be symmetric and positive defi-
nite matrix. This enables us to use the conjugate gradient iterative method to find
the solution. Moreover, we use a hierarchica clustering of boundary elements to
partition each of the Galerkin matrices into blocks. The blocks that represent in-
teractions of well separated clusters are replaced by their low rank approximants.
The approximants are found by means of the ACA procedure (Rjasanow and
Steinbach, 2007; Bebendorf and Grzhibovskis, 2006). The overall complexity and
memory requirement of the described Galerkin BEM s, up to a log factor, linear
in terms of the number of mesh nodes. The accuracy, however, is of order two for
the displacement field and the stress field inside either phase or matrix material.
Mathematical properties of the method were extensively explored and its ap-
proximation errors were rigorously estimated (Rjasanow and Steinbach, 2007).
We underline the mathematically justified second order accuracy of the stressfield
inside the domains as main advantage of this technique in our study.

The third approach is a boundary meshless method, the MCSF (KompiS et al.,
2008), which uses 1D continuous forces (the fundamental or Kelvin solution well
known from the BEM), dipoles and couples along the fibre axis to simulate the
fibre-matrix interaction. The interaction is simulated by satisfying continuity of
displacements and strains along the fibre-matrix interface in collocation points
located on the interface. The continuous distribution of the source functions is
approximated by non-uniform rational B-splines (NURBS). Cubic B-splines have
been used in the models. The aspect ratio of the fibresis usually very large and the
stiffness of the fibresis often much larger than the stiffness of the matrix. Then the
axial stiffness of the fibre is also much larger than its bending and tangential stiff-
ness and it is possible to assume that the strain is constant in each cross section of
the fibre in the fibre direction. If the fibres are symmetrically distributed around a
fibre than fictive forces or dipoles in fibre direction and other dipoles perpendicu-
lar to fibre direction continuously distributed along the fibre axis can correctly
simulate the interaction of the fibre with the matrix and with other fibres. More-
over, discrete dipoles are added in the fibre ends in order to improve inter-domain
continuity in the end parts of the fibre. However, if the fibres are irregularly dis-
tributed in the matrix and/or they are curved, then additional couples with their
vectors perpendicular to the fibre axis are necessary to obtain resulting cross sec-
tional force acting approximately in the fibre axis and so, to simulate the stiffen-
ing effect with good accuracy. The integrals giving resulting action of the source
functions in the collocation points are quasi-singular or quasi-hyper-singular and
are evaluated numerically or analytically by symbolic manipulation. Heat sources
and heat dipoles are used as source functions to simulate the temperature field
interactions of fibres with matrix and with other fibres (Kompis and Murc¢inkova,
2009). Number of collocation points is usualy larger than the number of parame-
ters defining the intensities of source functions and the problem is solved in the
least square sense. The matrix is full and so restricted for computations of large
problems by smaller computers. Technique similar to those used for ACABEM
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(Rjasanow and Steinbach, 2007; Bebendorf and Grzhibovskis, 2006) and FMBEM
as mentioned above can contribute to further reduction of the models based on the
MCSF.

Figure 2 BEM meshes
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Table 1. Comparison of results for one fibre with aspect ratio 1:10

R=5, L=100 T-FEM ACA BEM MCSF
Number of equations - 1266 36
Number of elements 88 840 -
Stress ZZ [MPa] 262 265 249

x 10° force along the fibre
0.5¢

25 L L L L L L L L L \
-50 -40 -30 -20 -10 0 10 20 30 40 50

Figure 3 Force distribution along a single Figure 4 Stress ZZ in the fibre direction for
fibre in the matrix with aspect ratios 1:10 apatch of 3x 3 x 3fibresby T-FEM
(solid line) and 1:50 (dash line) by MCSF

%10 q1 -heat flux in x-direction x10° q - heat flow in fibre

i%00 74(‘30 —260 (‘) 260 460 660 i%OO —460 72(‘30 E) 2(‘)0 460 660
Figure 5 Heat flow through the fibre sur- Figure 6 Heat flow through the cross-
face in perpendicular direction aong fibre section along fibre axis of R=1, L=1000

axis of R=1, L=1000
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x 10" q1 -heat flux in x-direction R x 10 q - heat flow in fibre
150 r

61 ~ -
7T —= h
| Vo ~ -
0.5 ‘ “J \\ 10 \\ /
\‘J \‘\ 12 |
-1t ! \‘ |
boaal |
asb g ‘ ‘ ‘ ‘ ‘ ‘
-50 -40 -30 -20 -10 0 10 20 30 40 50 -60 -40 -20 0 20 40 60
Figure 7 Heat flow through the fibre sur- Figure 8 Heat flow through the cross-
face in perpendicular direction along fibre section along fibre axis of R=1, L=100

axisof R=1, L=100

3 Computational Resultsand Conclusions

Computations were performed for several problems in order to compare all FEM,
BEM and meshless formulations for linear elasticity and stationary heat flow in
solids. Only some results are included due to restrictions of the paper. More de-
tails and results will be published later. Figures 1 and 2 contain the mesh for
Trefftz FEM and for BEM used for one fibre with aspect ratio 1:10. The results
obtained by all methods are compared in Table 1. Because of linear problems, all
quantities are dimensionless. Material modules of matrix and fibre are 10* and 10°,
respectively, for one fibre and 1900 and 1.9 x 10° respectively, for patch 3x3x3
fibres without overlap. Figure 3 gives force distribution along a single fibre in the
matrix with aspect ratios 1:10 and 1:50, respectively. Stresses in the fibre direction
for a patch of 3 x 3 x 3 fibres by T-FEM are presented in Figure 4. Figures 5to 8
present heat flow in the fibre both in fibre direction (through the fibre/matrix inter-
face in Figures 5 and 7 and resulting flow through the fibre cross-section in Fig-
ures 6 and 8). In all cases the fibres with of radius R = 1 and length L = 1000
(Figures5 and 6) and L = 100 (Figures 7 and 8) are regularly distributed in layers
with or without overlap. The fibre axes are spaced by 16 from each other in per-
pendicular direction and gaps of 16 and 160, respectively in the fibre direction in
the examples given in Figures 5 and 6 and by 2 and with gap of 2 in examples
shown in Figures 7 and 8. In Figures 5 and 6, dot line represents results of model
without and solid line with overlap and gap 16, dash line with overlap and gap
160. In Figures 7 and 8, solid line represents results of model without and dash
line with overlap.
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The results show that both elasticity and temperature fields have similar behav-
iour. The fibres, which are much stiffer and have much better conductivity than
the matrix, can considerably increase the stiffness and conductivity of the compos-
ite materia in the fibre direction. There is very strong interaction between al fi-
bres and matrix and neighbour fibres and the topology of the fibres can strongly
influence the effect. The stress in fibre direction can exceed the stresses in the
matrix and in the fibre-matrix interface by several orders and so the short fibres
are the most effective reinforcing material. All three methods imply considerable
problem reduction the largest one is achieved by the MCSF.
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Underground Structures under Fire—From Material
Modeling of Concrete Under Combined Thermal and
Mechanical Loading to Structural Safety Assessment
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Abstract Tunnel cross-sections are analyzed applying different material models
(linear-elastic and linear-elastic/ideal-plastic) and modes to consider fire loading
(equivalent temperature loading and nonlinear temperature distribution). The
influence of spalling and the effect of combined thermal and mechanical loading
(by consideration of Load Induced Thermal Strains — LITS) on the numerical
results is investigated.

Keywords: fire, underground structures, concrete, equivalent temperature, thermo-
mechanical material behavior, tunnel analysis

1 Motivation

Tunnel structures have to fulfill requirements as regards their bearing capacity and
serviceability before as well as during/after fire accidents. In engineering practice,
the determination of the structural safety of tunnels subjected to fire loading is based
on the so-called equivalent-temperature concept, assuming linear-elastic material
behavior. The equivalent temperature load is calculated by setting equal the respect-
ive stress resultants Neqy and Megy within a clamped beam with the stress resultants
resulting from the real (nonlinear) temperature distribution (see Fig. 1 and Kusterle
et al. [2004]):

Nequ
Tn=—2_ and AT = —_.
™ 0EequA 0Eequl

M

In Eq. (1), A[m?] and | [m*] are the cross-sectional area and the moment of iner-
tia, respectively, whereas oo [K—1] is the thermal expansion coefficient of concrete.
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Eequ [MPa] is the equivalent Young’s modulus, given by

N J(TA:
Eequzzwy (2)

i=1

where E¢i(Ti) [MPa] and A, [m?] are Young’s modulus and cross-sectional area of
the i-th layer (with N [-] as the number of layers). In a second step, the parameters
Tm [°C], AT [°C/m], and Eeqy serve as input for the linear-elastic analysis.

In this paper, selected results from a structural safety assessment of different tunnel
cross-sections under fire are presented. Hereby, the influence of different material
models and modes to consider fire loading (equivalent temperature loading or non-
linear temperature distribution) as well as the influence of combined thermal and
mechanical loading on the strain behavior of concrete (via the introduction of Load
Induced Thermal Strains — LITS) is investigated.

My, Toon o(T) Mequ Mgy Mequ
N, T =7 > <\\§ T, AT, E,, %,)
S == PRdC Z

Fig. 1: Model for determination of equivalent temperature loading (T and AT)
[Kusterle et al. 2004], giving the same stress resultants Negy and Mequ as
the corresponding nonlinear temperature distribution

2 Numerical Model

The finite-element analyses are performed using thick (layered) shell elements (see
Fig. 2 and Savov et al. [2005]; Zeiml et al. [2008]; Ring [2008]). The layer concept
enables for (i) assignment of different temperatures and, hence, of temperature-
dependent material parameters to the respective layers and (ii) consideration of
spalling by de-activation of the respective near-surface layers. Concrete and steel

= conerete
|lll\'{'['?\

Fig. 2: lllustration of employed layer concept [Savov et al. 2005; Zeiml et al.
2008; Ring 2008]: (a) real cross-section, (b) layered finite element
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are considered by separate layers, the reinforcement bars are transformed into a ho-
mogeneous steel layer of equivalent thickness. As outlined in [Savov et al. 2005],
the steel reinforcement is simulated by a 1D plasticity model formulated in the dir-
ection of the reinforcement bars, whereas a plane-stress plasticity model for con-
crete is used. In case the effect of combined thermal and mechanical loading on the
strain behavior of concrete is considered, the empirical relation for LITS proposed in
[Thelandersson 1987] is employed. The temperature-dependent material parameters
are taken from national/international standards [CEB 1991; ONORM EN1992-1-2
2007].

3 Application
3.1 Geometric Properties and Loading Conditions

The numerical model described in the previous section is used to analyze different
double-track railway tunnel cross-sections (see Fig. 3). Hereby, the mechanical load
consists of the self-weight of the tunnel lining, earth load with an overburden of 1.50
and 1.75 m, respectively, and the traffic load resulting from a road crossing above the
tunnel. The bottom of the tunnel is covered by a gravel layer as rail bedding which
is considered to protect this part of the tunnel structure from fire loading. Therefore,

4:_-;“ u--,lun load o= 215 IN/m?
) r
carth foad 7y = 210 kN/m? {7'.'-?3 u-fli'u- load f— 215 kN T'—‘
A

carth load 5 = 21.0 kN/m?
Bm g_gan m

05 67

d=070m

09,50 1h

-2.45

| ., lire

1
1
1
1
i
[
: o = 0.6% m
1
1
i
]
1
1

rail hedding

Fig. 3: Investigated concrete tunnels: (a) circular and (b) rectangular tunnel
cross-section
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temperature loading is applied only at the side wall and the top of the tunnel. The
duration of the fire load is set to 180 min with an increase of the surface temperature
up to 900°C within the first 20 min and a constant surface temperature of 900°C
until the end of the fire load (see Savov et al. [2005] for details). In addition to fire
load, different spalling scenarios are considered, with a final spalling depth dg° [m]
to be reached after 30 min of fire loading (with dg> = 0 m and dg*> = 0.2 m, see
Zeiml et al. [2008] for details). Furthermore, different material models and modes
of temperature loading are employed, i.e.,

— Linear-elastic material behavior and equivalent temperature (E, no LITS — Ty,
AT),

— Linear-elastic/ideal-plastic material behavior without consideration of LITS and
nonlinear temperature (EP, no LITS = Thon), and

— Linear-elastic/ideal-plastic material behavior with consideration of LITS and
nonlinear temperature (EP, with LITS = Tpon1)-

3.2 Results and Discussion

In the following, representative numerical results are presented, illustrating (i) the
influence of different models to describe the material behavior of heated concrete,
(i) the effect of spalling on the compliance of the structure, and (iii) the differences
in the structural behavior of the two considered cross-sections.

3.2.1 Effect of material modeling and temperature loading In this subsection, nu-
merical results obtained from different material models for concrete and different
modes of temperature loading are compared. Fig. 4(a) shows the level of loading L
of the reinforcement, which is defined as the ratio between the actual steel stress o
[MPa] and the (temperature-dependent) yield strength f,(T) [MPa]. In case of L =
0, the steel reinforcement is unloaded, whereas L = 1 indicates that the maximum
possible loading is reached. The consideration of linear-elastic/ideal-plastic material
behavior and nonlinear temperature distribution (EP — Tyon) leads to significantly
higher steel stresses. In case of (EP, no LITS — Toni ), L = 1 in both (inner and outer)
steel layers is reached after 75 min, leading to the development of a plastic hinge at
the top corner of the tunnel. This plastic hinge is caused by the restraint introduced
by thermal loading. Consideration of LITS as in case of (EP, with LITS — Tyoni),
reduces the stresses resulting from thermal loading, reducing in turn the level of
loading of the outer steel layer which reaches a value of 1 only towards the very end
of fire loading (see Fig. 4(a)).

The bending-moment distribution presented in Fig. 4(b) indicates a significant
increase in bending moment in the fire-exposed regions. The differences between the
results obtained from (E, no LITS — Ty, AT) and (EP, no LITS — Tyon) are small.
In case of (EP, no LITS — Tyoni), however, a redistribution of bending moment is
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Fig. 4: Structural analysis of rectangular cross-section considering different ma-
terial models: (a) evolution of level of loading of steel reinforcement at
top corner of tunnel; (b) distribution of bending moment before fire (thin
line) and after 3 h of fire loading (thick lines); (c) evolution of vertical
convergence

observed which is caused by changing stiffnesses after a plastic hinge has developed
at the top corner of the tunnel.

The evolution of the vertical convergence of the rectangular tunnel cross-section
is presented in Fig. 4(c). In case linear-elastic material behavior and the equivalent
temperature distribution (EP, no LITS — Ty, AT) are considered, thermal loading
results in an uplift of the top of the tunnel and therefore a continuous decrease of its
convergence. In case of (EP, no LITS — Tyoni), the convergence increases until the
thermal loading starts to lift the tunnel, lateron causing the development of a plastic
hinge as indicated in Fig. 4(a). This formation of a plastic hinge is followed by a
sharp increase in compliance of the tunnel lining (see Fig. 4(c)). In case (EP, with
LITS — Tyoni) is considered, the increased compliance of heated concrete and, thus,
the reduced stresses avoid the development of a plastic hinge (except for the very
end of fire loading). Hence, the increase of the vertical convergence is smoother.
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Fig. 5: Structural analysis of rectangular cross-section considering different
spalling scenarios: (a) evolution of level of loading of steel reinforcement
at top corner of tunnel; (b) evolution of vertical convergence

3.2.2 Effect of spalling Spalling has a considerable effect on the structural per-
formance of a tunnel since it can result in loss of the inner reinforcement layer. As
shown in Fig. 5(a), the inner reinforcement is lost after 12 min in case spalling is
considered (see line for dg = 0.2 m). This promotes the formation of a plastic hinge
since plasticity in the outer reinforcement is reached earlier. Additionally, the re-
duction of the cross-section of the lining in consequence of spalling considerably
increases the overall compliance of the tunnel, as illustrated in Fig. 5(b).

3.2.3 Effect of shape of tunnel cross-section The shape of the cross-section has a
significant influence on the structural performance of a tunnel under fire loading.
In Figs. 6(a) and (b), the bending-moment distribution is presented for the circu-
lar as well as the rectangular tunnel, showing a higher magnitude for the bending
moment for the rectangular cross-section. This difference is explained by the geo-
metric shape of the circular cross-section following the force trajectories of the ap-
plied loading. Accordingly, the plastic hinge occurred later in time for the circular
cross-section compared to the rectangular cross-section. Considering LITS in the
analysis leads to a bending-moment reduction during fire loading in comparison to
the analysis performed neglecting LITS (see Figs. 6(a) and (b)).

As mentioned before, spalling can lead to loss of the inner steel reinforcement,
which is more crucial for the rectangular cross-section (see Fig. 6(c)), leading to
the observed large compliance. The circular tunnel cross-section, on the other hand,
is less sensitive against spalling. This is illustrated by comparing the lines consid-
ering/neglecting spalling for both cross-sections, which shows a larger increase for
the rectangular cross-section.
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Fig. 6: Structural analysis of different cross-sections: distribution of bending mo-
ment before fire (thin line) and after 3 h of fire loading (thick lines) for (a)
circular and (b) rectangular cross-section; (c) evolution of vertical conver-
gence

4 Conclusions and Outlook

The results of a structural safety assessment of tunnels subjected to fire loading
showed a strong dependence on the considered material model and whether or not
spalling is taken into account. In contrast to the state-of-the-art engineering analysis
mode, characterized by linear-elastic material behavior and the so-called equival-
ent temperature loading, the application of linear-elastic/ideal-plastic material mod-
els and consideration of the real (nonlinear) temperature distribution led to stress
and force redistribution within the tunnel cross-section. Additionally, considera-
tion of the effect of combined thermal and mechanical loading on the strain be-
havior of heated concrete allowed the realistic estimation of the stresses resulting
from thermal loading and whether or not plastic regions/hinges occur within the
cross-section. Hence, a realistic determination of the structural performance of un-
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derground structures subjected to fire loading requires realistic description of the
nonlinear material behavior of heated concrete.

The geometric properties of the tunnel cross-section have a significant influence
on the sensitivity of the structure to fire loading. The performed analyses showed
that the rectangular cross-section is more sensitive to fire loading than the circular
cross-section. Consideration of spalling led to an increase of the compliance of the
lining, showing a large increase of deformations for the rectangular cross-section.

Ongoing research focuses on the improvement of the employed material model
by replacing the empirical LITS-relation and accounting for the influence of com-
bined thermal and mechanical loading on the strain behavior of heated concrete by
a micromechanics-based approach.

References

CEB (1991). Fire Design of Concrete Structures, Bulletin d’Information 208. CEB,
Lausanne, Switzerland.

Kusterle, W., Lindlbauer, W., Hampejs, G., Heel, A., Donauer, P.-F., Zeiml, M., Brunnsteiner,
W., Dietze, R., Hermann, W., Viechtbauer, H., Schreiner, M., Vierthaler, R., Stadlober, H.,
Winter, H., Lemmerer, J., and Kammeringer, E. (2004). Brandbestandigkeit von Faser-
, Stahl- und Spannbeton [Fire resistance of fiber-reinforced, reinforced, and prestressed
concrete]. Technical Report 544, Bundesministerium flir VVerkehr, Innovation und Tech-
nologie, Vienna [in German].

ONORM EN1992-1-2 (2007). Eurocode 2 — Bemessung und Konstruktion von Stahlbeton-
und Spannbetontragwerken — Teil 1-2: Allgemeine Regeln — Tragwerksbemessung flir den
Brandfall [Eurocode 2 — Design of concrete structures — Part 1-2: General rules — Struc-
tural fire design]. European Committee for Standardization (CEN) [in German].

Ring, T. (2008). Finite element analysis of concrete structures subjected to fire load consid-
ering different element types and material models. Master’s Thesis, Vienna University of
Technology, Vienna, Austria.

Savov, K., Lackner, R., and Mang, H. A. (2005). Stability assessment of shallow tunnels
subjected to fire load. Fire Safety Journal, 40:745-763.

Thelandersson, S. (1987). Modeling of combined thermal and mechanical action in concrete.
Journal of Engineering Mechanics (ASCE), 113(6):893-906.

Zeiml, M., Lackner, R., Pesavento, F., and Schrefler, B. A. (2008). Thermo-hydro-chemical
couplings considered in safety assessment of shallow tunnels subjected to fire load. Fire
Safety Journal, 43(2):83-95.



Computational Multiscale Approach to the
M echanical Behavior and Transport Behavior
of Wood

K. Hofstetter®, J. Eitelberger®, T.K. Bader®, Ch. Hellmich® and
J. Eberhardsteiner

!Vienna University of Technology Institute for Mechanics of Materials and Structures,
Karlsplatz 13/202, A-1040 Vienna, Austria

Abstract. Moisture considerably affects the macroscopic material behavior of
wood. Since moisture takes effect on wood at various length scales, a computa-
tional multiscale approach is presented in this paper in order to explain and ma
thematically describe the macroscopic mechanical and transport behavior of wood.
Such an approach allows for appropriate consideration of the underlying physical
phenomena and for the suitable representation of the influence of microstructural
characteristics of individual wood tissues on the macroscopic behavior. Conti-
nuum (poro-)micromechanics is applied as homogenization technique in order to
link properties at different length scales. Building the model on universal constitu-
ents with tissue-independent properties and on universal building patterns, the on-
ly tissue-dependent input parameters are wood species, mass density, moisture
content, and temperature. All these parameters are easily accessible, what renders
the models powerful and easily applicable tools for practical timber engineering.

Keywords. continuum poro-micromechanics, moisture diffusivity, wood

1 Introduction

Wood meets in a convincing manner the demands on both a modern, efficient
building material and a renewable resource in line with the claim for sustainable
development of our society. Its full potential is yet to be exploited, since insuffi-
cient understanding of the material behavior and its so far quite poor covering in
computational models limit its use for complex engineering structures. The strong
influence of moisture on wood in terms of considerable variations of material
properties depending on the moisture content and extensive dimensiona changes
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upon changes of the moisture content further complicate its engineering applica
tion. Since moisture takes effect on wood at various length scales, a computational
multiscale approach is used herein in order to explain and mathematically describe
the macroscopic mechanical and transport behavior of wood. Such an approach al-
lows for appropriate consideration of the underlying physical phenomena and for
the suitable representation of the influence of microstructural characteristics of in-
dividual wood tissues on the macroscopic behavior.

Continuum (poro-)micromechanics is applied as homogenization technique in or-
der to link properties at different length scales. The fundamentals of this method
and its application to the prediction of elastic properties, elastic limit states, and
transport properties under stationary conditions of wood are discussed.

2 Fundamentals of Continuum Micromechanics

Continuum micromechanics (Zaoui 2002) is based on the identification of a so-
called ‘Representative Volume Element (RVE)’, which represents the microstruc-
ture of a macroscopically or statistically homogeneous material. This microstruc-
ture is described in terms of so-called phases, which are related to the inhomoge-
neities within the RVE. The phases are characterized by their volume fractions,
their (average) mechanical properties, and their morphology in terms of inclusion
shape and spatial distribution, or connectedness of the phases. The mechanical re-
sponse of the RVE to homogeneous deformations acting on its boundary is deter-
mined in terms of average phase stresses and phase strains on the basis of solu-
tions for matrix-inclusion problems (Eshelby 1957). The relation between these
and the mean stress in the RVE yields an estimate for the 'homogenized' stiffness
of amateria (Zaoui 2002)

C homest _ Z f.C,: [l i PrO (C, _CO) ]_l : {Z fs [| + PSO :(Cq _CO) ]1} -1 (]

where C, and f, denote the elastic stiffness and the volume fraction of phaser, re-
spectively, and | is the fourth-order unity tensor. The two sums are taken over all
phases of the heterogeneous material in the RVE. The fourth-order tensor P ac-
counts for the characteristic shape of phase r in a matrix with stiffness C°. Differ-
ent choices of the stiffness of the embedding material in the matrix-inclusion prob-
lem result in different homogenization schemes, such as the Mori-Tanaka scheme
and the self-consistent scheme (Zaoui 2002).

Macroscopic strength properties or elastic limit states are generally resulting
from local failure of a single phase, e.g. phase n. Evaluation of alocal failure cri-
terion requires a relation between macroscopic loading and local phase strains in
phase n. Since the detailed stress and strain distributions inside a phase are not
known, the effective strain concept was proposed (Suquet 1997). According to this
concept the microscale failure criterion is evaluated for some ‘effective strains
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suitably characterizing the (non-uniform) strain field in this phase. In order to ap-
propriately represent (strength-governing) local strain peaks, quadratic strain aver-

ages (second-order moments) (Dormieux et a. 2002), £, , and &, , , are chosen as

effective strains herein. They can be estimated through derivatives of the potential
energy stored in the RVE with respect to the bulk modulus k, and the shear mod-
ulus W, of the considered phase (Dormieux et al. 2002).

In poro-elastic materials, the pore pressure in the pore space can be treated in
the framework of continuum poro-micromechanics by considering this pore pres-
sure as eigenstress acting at the microscale (Hellmich et al. 2005). Applying the
concepts developed for upscaling of eigenstresses (Zaoui 2002), poro-€elastic prop-
erties can be upscaled, so that, finally, macroscale poro-elastic properties depend-
ing on microstructural characteristics can be derived (Hellmich et al. 2005, Cha-
teau et al. 2002).

Assuming that the macroscopic transport behavior is controlled by Fickian dif-
fusion in material components at smaller length scales, effective transport proper-
ties under steady state conditions can be derived pursuing a strategy anal ogous to
that described for elastic properties before: Average phase fluxes and correspond-
ing average phase concentration gradients resulting from a homogeneous concen-
tration gradient acting on the boundary of the RVE are derived from Eshelby-type
solutions for matrix-inclusion problems. Thereon, effective diffusivities of the ma-
terial can be estimated from the relation between the applied homogeneous con-
centration gradient and the mean resulting flux in the RVE. The latter is evaluated
as mean of the average fluxes in each phase over the volume of the RVE. Finaly,
the estimate for the effective diffusivity reads as (Dormieux et al. 2006)

Dyon = f, D, :[1+P%:(D, -D*)] ™ {Z f,[1+P2: (D, - D°)]l} @)

where D, and f, denote the diffusivity and the volume fraction of phase r, respec-
tively, P’ is the second-order Hill tensor of phase r in a matrix material with dif-
fusivity D°, and 1 is the second-order unity tensor. Again, the two sums are taken
over al phases of the heterogeneous material in the RVE.

3 Multiscale Model for Wood Elasticity and Elastic Limit States

Wood exhihits a hierarchical architecture and structural features at various length
scales. As for mechanical properties, a four-step homogenization scheme is suit-
able for prediction of the macroscopic behavior (Hofstetter et al. 2005, 2009): The
first step concerns the mixture of hemicelluloses and lignin at a length scale of
some nanometers in an amorphous material denoted as polymer network. In the
moist state, water-filled pores in this matrix are considered in the framework of
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poro-elasticity. Wood is not a poro-elastic material in the strict sense, since the
pore space is only formed upon moisture uptake. However, assuming undrained
conditions (i.e. constant water content in the cell wall also under mechanical load-
ing), poro-elasticity provides a suitable representation of the mechanical behavior
of wood in the moist state. In the second homogenization step, inclined fiber-like
aggregates of crystalline cellulose and of amorphous cellulose, exhibiting typical
diameters of 20-100 nm, are embedded in this polymer network, constituting the
cell wall material. The *homogenized’ stiffnesses of the polymer network and of
the cell wall material are determined by means of continuum (poro-)micro-
mechanics, namely though self-consistent and M ori-Tanaka homogenization steps,
respectively, as described in (Zimmermann et al. 1994). At a length scale of about
one hundred microns, the material softwood is defined, comprising cylindrical
pores (lumens) in the cell wall material of the preceding homogenization step. Its
stiffness can be again estimated by means of the Mori-Tanaka scheme. Finally, at
alength scale of several millimeters, hardwood comprises additional larger cylin-
drical pores denoted as vessels, which are embedded in the softwood-type material
homogenized before. Estimates for the stiffness of hard-wood are obtained in an
anal ogous procedure as in the third homogenization step.

Macroscopic elastic limit states are derived on the basis of the experimental
evidence (Zimmermann et al. 1994) that macroscopic failure is initiated by shear
failure of lignin in the wood cell wall. Strain peaks in lignin are approximated by
quadratic strain averages over this phase. Applying the concepts of multistep lo-
calization, derivation of the macroscopic potential energy with respect to the shear
modulus and bulk modulus of this phase provides access to these strain averages.

Based on the universal elastic properties of the nanoscaled constituents (crys-
talline and amorphous) cellulose, hemicellulose and lignin (see Hofstetter et al.
2005, 2009 for the values), the multiscale model alows for prediction of wood tis-
sue-specific macroscopic elastic properties from tissue-specific chemical composi-
tion and microporosity. For the prediction of elastic limits states for arbitrary mac-
roscopic loading, the shear strength of lignin is added to these input data.

Among other experimental results (Hofstetter et a. 2005, 2009), elastic limit
states measured under biaxia loading conditions with various ratios of principal
stresses ol/al1 on spruce wood samples were used for model validation (Hof stetter
et a. 2009). The load is applied either parallel to the longitudinal (L) and radial
(R) direction (a=0°) or deviating from these directions by a loading angle a=30°
in the LR-plane. The failure surfaces predicted for the mean density of all samples
(solid lines in Figure 1) and for their maximum and minimum density, respective-
ly, (dashed lines in Figure 1) enclose most of the experimental strength data
(marked by crosses in Figure 1). At predominant tensile loading parallel to the
grain (L-direction), a remarkable number of experimenta points lies outside the
predicted failure surface related to lignin failure. These points refer to situations
where lignin failure does not directly cause overall composite material failure be-
cause of dtill intact cellulose fibrils, so that the (predicted) elastic limit falls below
the (measured) ultimate strength.
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4 Multiscale Model for Moistur e Diffusivity of Wood

At stationary conditions, the moisture transport behavior of wood can be suitably
described by superimposing the moisture flows in the cell walls (bound water) and
the cell lumens (water vapor), which are both Fickian in good approximation.
Since the diffusive properties of the cell wall vary only dlightly between different
wood species, they are considered as universal and as starting point of the multi-

-5}
1% —40 40 60

Figure 1. Model-predicted failure surface (lines) and experimental results (crosses) of biaxia
tests on spruce wood.

scale model for wood diffusivity. Their dependence on the moisture content and
on temperature is considered by phenomenological analytical relations fitted to
experimental data (Eitelberger, 2009). Thereon, effective moisture transport prop-
erties of softwood and hardwood are derived analogously to homogenization steps
three and four of the multiscale model for wood elasticity. In order to resolve the
influence of the growth ring structure, an additional homogenization step is intro-
duced here based on the rules of mixture. Parallel arrangement of layers of higher
and lower mass density results in predictions for diffusivities in tangential (T) di-
rection, while their arrangement in series provides estimates for the radial (R) di-
rection.

Model validation is again based on comprehensive experimental data from the
literature for moisture diffusivities in the three principal material directions, name-
ly longitudinal, radial, and tangential direction, across a variety of different wood
species and samples (Eitelberger, 2009). A correlation plot showing experimental
results for effective diffusivities on the abscissa and corresponding model predic-
tions on the ordinate is presented in Figure 2. The differentiation between different
material directions and between softwood and hardwood samples is made by dif-
ferent markers. Across al samples and material directions, a very good agreement
of model predictions and experimental resultsis found.
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5 Conclusions

Multiscale models for elastic properties as well as diffusion properties of wood are
presented. Their physical basis results in universal applicability of the models
across different wood samples and species and in suitable descriptions of the ma-
croscopic materia behavior. Building the model on universal constituents with tis-
sue-independent properties and on universal building patterns, the only tissue-
dependent input parameters are wood species, mass density, moisture content, and
temperature. All these parameters are easily accessible, what renders the models
powerful and easily applicable tools for practical timber engineering. Moreover,
insight into the microstructural origin of the macroscopic behavior of wood is
gained.
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Figure 2. Comparison of measured and model-predicted effective diffusivities
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Abstract. A smooth integration of geometric models and numerical simulation
has been in the focus of research in computational mechanics for long, as the clas-
sical transition from CAD-based geometric models to finite element meshesiis, de-
spite all support by sophisticated preprocessors, very often still error prone and
time consuming. High order finite element methods bear some advantages for a
closer coupling, as much more complex surface types can be represented by p-
elements than by the classical low order approach. Significant progress in the di-
rection of model integration has recently been made with the introduction of
the ‘iso-geometric analysis' concept, where the discretization of surfaces and the
Ansatz for the shape functions is based on a common concept of a NURBS-
description. In this paper we discuss a recently proposed different approach, the
Finite Cell Method, which combines ideas from fictitious domain methods with
high order approximation techniques. The basic idea is an extension of a partia
differentia equation beyond the physical domain of computation up to the boun-
daries of an embedding domain, which can easier be meshed. The actual domain is
only taken into account using a precise integration technique of ‘cells which are
cut by the domains' boundary. If this extension is smooth, the solution can be well
approximated by high order polynomials. The method shows exponential rate of
convergence for smooth problems and good accuracy even in the presence of sin-
gularities.

Keywords: finite cell method, embedding domain, fictitious domain, high-order
methods, p-extension, meshless methods, solid mechanics

* Corresponding author, e-mail: rank@inf.bauwesen.tu-muenchen.de

Y. Yuan, J.Z. Cui and H. Mang (eds.), Computational Sructural Engineering, 87—92.
© Springer Sciencet+ Business Media B.V. 2009



88 The Finite Cell Method

1 TheFinite Cel Method

The Finite Cell Method (Parvizian, 2007; Duster, 2008) is a fictitious domain like
extension to the classical finite element method. Let us assume that on adomain Q
with the boundary 6Q a problem of linear elasticity is described in weak form by
B(u,v)=F(v) where the bilinear formis

B(U,V) = I[LV]TC [Lu] dQ (1)

in which L is the standard strain-displacement operator and C is the elasticity ma-
trix. The domain of computation is now embedded in the domain Q. with the
boundary Q). (Figure 1).

Q.-Q Q.

Figure 1. Thedomain Q is extended to Q. .

The weak form of the equilibrium equation for the embedding domain Q. is
given by B (u,v) = F¢ (v), where the bilinear formis

B, (u,v) = j[Lv]TCe[Lu] 0 )

in which C; isthe elasticity matrix of the extended domain, given as

c - C inQ
* 1 c® inQ,\Q

Note that in the case of a “zero extension”, where C? = 0, the bilinear func-
tional (2) turnsto
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Be(u,v):I[Lv]TC[Lu] dQ + j[LV]TO[Lu] 0

Q. \Q
i 6)
- I[Lv] oC [Lu] dQ = B(u,V)
Qe
where
10 inQ
o= )
00 inQ,\Q
Thelinear functional
F(v)—javfdQ+J'vt dr+jvtdr @)
I'n I

considers the volume loads f, prescribed traction t along 'y interior to Q. and
prescribed traction f at the boundary of the extended domain. I'; in (4) is the
Neumann boundary of Q. and f is set to 0 on I';. Due to the boundary condition,
the last termin (4) can be assumed 0. The extended domain is how discretized in a
mesh being independent of the original domain. To distinguish from classical ele-
ments they will be called finite cells.

The union of all cells forms the extended domain €2, = ULQC , where Q; is

the domain represented by acell, and the extended domain is divided intom cells.
At the discretized level, (2) turnsto

Be(u,v)=ij.[Lv]TaC [Lu] dQ )

=1 ),
The global stiffness matrix K isthe result of proper assembling of k°, given as

11
<]
in which ||J|| is the determinant of the Jacobian matrix. In contrast to classical ficti-
tious domain methods high order polynomials are used as shape functions N. Their

definition, implementation issues and basic properties of p-extensions can, e.g. be
found in (Szabo, 1991, 2004; Dlster, 2001).

(LN)"aC (LN) || 3 [l d&dnds (6)

H'_.'_‘
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The approximation of the origina problem (1) over the domain has thus been
replaced by a problem over an extended domain, yet with discontinuous coeffi-
cients. Therefore the integrand in (6) may be discontinuous within cells being cut
by the boundary. Different integration variants have been investigated. Low order
integration like trapezoidal rule on arefined grid can be used while the integration
points are distributed uniformly in the cell. Also Gaussian integration with higher
number of integration points on the original cell or on sub-cellsis applicable.

2 Numerical Examples

In afirst two-dimensional example the FCM is investigated for a model problem
of porous media. The finite element mesh for the reference solution is shown in
Figure 2a, where a plate under extension is perforated with 49 holes. The lower
boundary is clamped. Without any preferences, a mesh of 41*41 cells (Figure 2b)
is defined and shape functions with polynomial order p=8 are used. Sub-cells to
perform accurate integration are not necessary since the cells are dense enough.
The reference solution is obtained by a fine uniform unstructured mesh of 6106
elements while a p-extension up to p=8 ensures convergence. Figure 2c gives the
stress contours and Figure 2d compares the stress distribution along the diagonal
cut-line, which is in very good agreement with the reference solution while the
maximum error in von Mises stresses is |ess than 1%.

In the second example a three-dimensional problem is investigated. Again, we
consider a porous domain, now including 27 ellipsoidal holes of varying shape
and spacing. The 3D domain is discretized by 8*8*8 hexahedral cells of poly-
nomial degree p=8. In order to accurately account for the geometry of the holes,
an adaptive integration scheme is applied to compute the stiffness matrices. The
adaptive integration is based on a composed Gaussian quadrature applying sub-
cells, which are introduced on cell level for integration purposes only. In a first
step the volume of a broken cell is computed by successively increasing the num-
ber of sub-cells until the change of the computed volume falls below a prescribed
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Figure. 2. 2D model for a porous domain. a) Regular finite element mesh b) Finite Cell grid ¢)
von Mises stress contours for finite cell computation d) von Mises stress along cutting

threshold. Since the computation of the volume is cheap, this first step can be car-
ried out very efficiently. Once the number of sub-cells is determined, the more ex-
pensive computation of the stiffness matrix of the cells is performed, applying a
composed Gaussian quadrature on the sub-cells.

Figure 3. 3D model for a porous domain. &) Domain with 27 holes b) Grid with 512 cells ¢) von
Mises stress contours for finite cell computation with p=8

From Figure 3 it is evident, that the FCM provides the possibility to compute
also complex three-dimensional porous domains without the burden to generate
complicated meshes resolving the geometrical features of the problem. Future
work will concentrate on the question of how to choose the size and the polynomi-
al degree of the cellsin order to provide most efficient computations.
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Abstract. This paper introduces theoretical model and methods for computational -
ly determining aerodynamic forces of long-span bridges under wind-induced vi-
bration, and emphasis is placed on self-excited aerodynamic force model and nu-
merical identification of model’ s parameters, flutter derivatives. Through a serious
analysis of the thin-plate cross section, the H-shaped section, and the closed box
section, the main problems and the key prospects are concluded.

Keywords: long-span bridge, aerodynamic action, self-excited force, theoretical
model, numerical identification

1 Introduction

Soon after the infamous incident of the original Tacoma Narrows Bridge in 1940,
there were attempts to explain the wind induced bridge vibration as something
similar to what had been known as an airfail flutter, but much of this study is
based on experimental investigations of unsteady aerodynamics from various wind
tunnel tests of bridge structures. Withstanding the rapid developments in computer
technology and computational wind engineering in recent years, the complexity of
the unsteady flow field and of the associated motion-induced aerodynamics cannot
impede the use of computational methods and analysis tools. Several numerical
models and computational approaches have demonstrated sufficient accuracy for
the results to be reliably used in the flutter analysis of cable-supported bridges (Ge
and Xiang, 2006).
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2 Theoretical Model of Self-Excited Aerodynamic Forces

For an arbitrary bridge deck section, for example in Figure 1, the motion of the
deck can be represented by vertical displacement h, lateral displacement p, tor-
siona displacement o and their first order derivatives (h, p,a ) and second order
derivatives (h, p,a ) with the respect of time. Based on the assumption that struc-
tural vibration is linear, the self-excited aerodynamic force on a bridge deck sec-
tion is expressed as follows:

Fo=F(hpah pah pd)=Ah+Ap+Aa+Ah+Ap+Ada+Ah+Ap+Ac (1)
where A, A, and A, (x=h,p,a ) are the self-excited force parameters related
to above nine vibration variables.

B

|
|
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— M.
l-_-_€:q )
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Figure 1. Displacements and self-excited aerodynamic forces.

Bridge flutter analysis is usually based on the assumption that displacements of
astructure are tiny and with harmonic vibration pattern, that is,

X=X, SNot, X=X,0,C080t, X=-X,0’Snot=-o’X 2

where x,, is the amplitude of displacement; and @, is the circular frequency of
vibration. Obvioudly, the first, second and third terms can be combined with the
seventh, eighth and ninth terms in Equation (1), respectively, as

AX+ AK = AX+ A (-o7x) = (A - o] A)X=B,X 3

Consequently, the self-excited aerodynamic force of a bridge deck section can be
expressed through six state variables and six aerodynamic parameters as follows:

F, =B,h+B,p+B,a+Ah+Ap+Ad (4)

Self-excited aerodynamic force of a bridge deck section is commonly consisted
of lift component Ly, drag component Ds, and pitching moment component Mg,
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shown in Figure 1. Each component of the self-excited force can be expressed in
the form of Scanlan’s representation with eighteen flutter derivatives as follows:

1 . h . Ba . . h . f .
LSE:ZpUZB[KH1U+KH2U+K2H3a+K2H4B+KH53+K2HGSJ (5)
1 . P . Ba . . p . h . h
DsezapUZB(KPlU+KP27+K2P30¢+K2P4E+KP5U+K2P6E (6)
1 . h . Ba . . h . p . p
M, == pU?B? KA —+ KA, — + KZ Ao + K2A, — + KA, — + K2A, — 7
e =5 P ( A.lU Ay U Ay s Asu As 5 0

where p isthe air density; U is the mean wind speed; B is the bridge deck width;
K=Bw/U is the reduced frequency; and H; , P" and A (i=1, 2, ..., 6) are called
as flutter derivatives for a bridge deck section and are functions of the reduced
frequency K.

It should be noted that the self-excited aerodynamic force expressed as Egs.
(5), (6) and (7) is based on two assumptions. Firstly, if the displacement of struc-
tural vibration were not assumed to follow harmonic vibration, the self-excited
force should be represented with using 27 flutter derivatives instead of 18 ones.
Secondly, if the self-excited force were considered having nonlinear relationship
with structural vibration displacement, the expressions of the self-excited force
would involve the second order even high-order terms of the motiona structural
variables. Therefore, the Scanlan expressions of self-excited aerodynamic force,
with eighteen flutter derivatives, are theoreticaly perfect with the above-
mentioned two assumptions.

3 Numerical Identification of Flutter Derivatives

Numerical identification of flutter derivatives for bridge deck sections is a compu-
tational method based on computational fluid dynamics (CFD). In general, there
are three primary numerical methods to simulate turbulence flow, namely, direct
numerical simulation (DNS), Reynolds-averaged Navier Stokes (RANS) and large
eddy simulation (LES). In this section, three kinds of numerical identification me-
thods for flutter derivatives are introduced and compared. The first method is afi-
nite-element-based DNS method, called FEM-FLUID, developed in Tongji Uni-
versity (Cao, 1999). The second method is based on random vortex method of
DNS, called RVM-FLUID, which was also developed in Tongji University (Zhou,



96 Theoretical Model and Method for Self-Excited Aerodynamic Forces of Long-Span Bridges

2002). The commercial software FLUENT based on RANS is used as the last me-
thod (Zhai, 2006). In order to make the comparison of these three methods, the
numerical identification of flutter derivatives was performed on three typical sec-
tions including a thin plate with theoretical values available, an H-shaped section
based on Tacoma Narrows Bridge and a closed box section of Great Belt Bridge.

3.1 Flutter derivatives of thin plate

The flutter derivatives of athin plate were firstly derived by Theodorsen known as
Theodorsen’s thin airfoil theory based on the thermo-flow theory of in-viscous
flow and the conservation law of vortices. The k—@ SST turbulence model was
adopted in the identification with the FLUENT software, and the FEM and RVM
software were performed in smooth flow. Though all three kinds of computation
considered the effect of viscous flow, flow separation could be neglected at high
Reynolds number and tiny amplitude of vibration. Hence, the computational re-
sults should be closed to Theodorsen’ s theoretical results.

The computational conditions for a theoretical thin plate are given as follows:
the ratio of width B to thickness H is 100 (B/H=100); Reynolds number is 10°;
time steps (UAt/B) are 1/200 for FLUENT, 1/125 for FEM and 1/40 for RVM, re-
spectively; computational fine grids are decided after the comparison of different
cases, and the amplitudes of harmonic vibration are 0.1 m for vertical vibration
and 3° for torsional vibration. The numerically identified derivatives (A and H;
with i=1, 2, 3, 4) from these three methods are shown in Figure 2 together with
theoretical results.

©H, ) H, (9 H, (M H;

Figure 2. Flutter derivatives of thin plate
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3.2 Flutter Derivatives of H-Shaped Section

The second application considered is that of the H-shaped section of the original
Tacoma narrows bridge shown in Figure 1. The main geometry of this section is
given as follows: the width B is 11.9m; the height H is 2.38m; and the thickness t
of deck plate and outside board is 0.238m. The effect of Reynolds number on an
H-shaped section is very little, and Reynolds number is also 10°. The computa-
tional conditions are set to be the same as the thin plate. Table 1 lists the results of
numerically identified derivatives (A and H, with i=1, 2, 3, 4) based on three
methods together with those from the wind tunnel testing and the numerical com-
putation (Larsen and Walther, 1997). The numerical results are given only at the
reduced frequencies being 4 and 6 respectively, since the reduced frequency is
about 5 under the flutter failure of the original Tacoma narrows bridge.

Table 1. Flutter derivatives of H-shaped section

Elutter FLUENT FEM RVM Testing Computer

derival. v,=4 V,=6 V,=4 V,=6 V,=4 V,=6 V,=4 V,=6 V=4 V=6
A 0348 0200 0122 0016 0395 0.298 0.285 -0.10
A 0107 0255 0099 0227 -008 0126 0098 0313 0022 0.19%
A 0135 0218 0197 0225 0154 0292 0399 0.155
A 029 047 -022 -020 -036 -056 038 -0.26
H, 070 -307 -158 -387 -217 -431 -297 -374 -088 -3.98
H, 120 246 0831 158 102 213 0910 -062 0928 325

H, 079 -38L -087 -414 0002 -360 0403 -268 -035 -3.12
H, 020 -153 -051 -022 -167 -310 -1.00  -1.00

3.3 Flutter Derivatives of Closed Box

The thin plate represents a streamlined section while the H-shaped section is defi-
nitely a bluff body. It is significant to consider a box section as an intermediate be-
tween a thin plate and an H-shaped section. The third application considered is
that of a closed box section of Great Belt Bridge. The computational conditions
are set to be the same as the first two sections. The numerically identified deriva-
tives (A and H, with i=1, 2, 3, 4) are plotted in Figure 3, and compared with
those from the experiment and the computation (Walther, 1994).
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Figure 3. Flutter derivatives of closed box

From the numerical identified flutter derivativesin Figure 2, Table 1 and Fig-
ure 3, it can be concluded that the variation of the numerically identified flutter
derivatives with reduced frequencies is the same as that of experimentally identi-
fied or theoretically calculated ones although FLUENT, FEM and RVM are based
on different computational method for turbulence simulation. The relative errors
of flutter derivatives identified by these three softwares are 1-24.4% for the thin
plate, +23.6% for the H-shaped section and +=25.7% for the closed box, respec-
tively, which shows that these three methods have similar computational accuracy.
For the thin plate, comparing with those of theoretical results, the mean absolute
errors of numerically identified flutter derivatives are +2.95% for FLUENT, =+
1.86% for FEM and +-3.71% for RVM, respectively. The mean absolute errors
comparing with experimental results for the H-shaped section for FLUENT, FEM
and RVM are =37.3%, +30.4% and +34.4%, respectively, and those for the
closed box are ££11.5%, £6.14% and £17.1%, respectively. It can be concluded
that the FEM method is the most accurate method among these three methods.

4. Conclusions

The model of self-excited aerodynamic forces intend to represent non-linearity
and arbitrary vibration pattern instead of linear relationship and harmonic structur-
a vibration. The above-mentioned computational software including FLUENT,
FEM and RVM as well as some others are not very sensitive to deal with small
appendages on bridge decks such as railings, and are till limited in the approx-
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imate estimation but not serious application in bridge flutter evaluation. Great ef-
forts should be made towards the replacement of wind tunnel testing.
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Karlsplatz 13/202, 1040 Vienna, Austria

Abstract. Zero-stiffness postbuckling of a structure is characterized by a second-
ary load-displacement path along which the load remains constant. In sensitivity
analysis it is usually considered as a borderline case between imperfection sensi-
tivity and imperfection insensitivity. However, it is unclear whether zero-stiffness
postbuckling is imperfection sensitive or insensitive. In this paper, Koiter’s initial
postbuckling analysis is used as a tool for sensitivity analysis. Distinction between
two kinds of imperfections is made on the basis of the behavior of the equilibrium
path of the imperfect structure. New definitions of imperfection insensitivity of the
postbuckling behavior are provided according to the classification of the imperfec-
tions. A structure with two degrees of freedom with a zero-stiffness postbuckling
path is studied, considering four different imperfections. The results from this ex-
ample show that zero-stiffness postbuckling is a transition case from imperfection
sensitivity to imperfection insensitivity for imperfections of the first kind and that
it is imperfection insensitive for imperfections of the second kind.

Keywords: zero-stiffness postbuckling, Koiter’s initial postbuckling analysis,
classification of imperfections, imperfection insensitivity, constant potential en-

crgy

1 Introduction

In the course of sensitivity analysis of the initial postbuckling behavior of a struc-
ture, a special case may occur that is referred to as zero-stiffness postbuckling
(Tarnai, 2003). It is characterized by a secondary path with a constant load. In this
paper the question will be answered whether zero-stiffness postbuckling is imper-
fection sensitive or imperfection insensitive.
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104 Imperfection Sensitivity or Insensitivity of Zero-Stiffness Postbuckling

The investigation is restricted to static, conservative systems with a finite num-
ber N of degrees of freedom as conforms to the FEM. The material is assumed to
be rigid. Multiple bifurcation will be excluded.

2 Theory

2.1 Koiter’s Initial Postbuckling Analysis

The behavior of a static, conservative system can be deduced from the potential
energy function V' (u,1):R" xR — R. The vector u € R" contains the displace-
ment coordinates. The parameter A € R is a load multiplier scaling a constant ref-
erence load P € RY . Therefore,

Gu,A)=V, =F'(u)- AP (1)

may be interpreted as an out-of-balance force which vanishes along any equili-
brium path in theu — A —space. Here, F'(u) is the vector of internal forces. The
secondary path is parameterized by a scalar 7, with 77 = 0 corresponding to the bi-
furcation point (#.,A4.). The displacement offset between the primary and the
secondary path is defined by the vector wv(7)eR".  Thus,
u(n) = u(A(n))+v(n) describes the displacement along the secondary path, where
u(A(n)) denotes the displacement vector along the primary path. Insertion of the

series expansions

M) =Ac +Am+ 20" + A’ +0(n*) 2

v = v+, v +0(7) 3)

into the specialization of G for the secondary path, i.e,
G(n)=Gwm(A(n))+v(n),A(n)) =0, yields the new series expansion

G(1) =Gy +Gien+Goery” +O(°) =0 )
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with G, . = G,U,,

, /n!Vn e N . Since (4) must hold for arbitrary values of 7,
-

G, =0VneN. This condition paves the way for successive calculation of the

unknowns v, 4,,v,,4,, etc.

2.2 Classification of Imperfections

For perfect systems undergoing bifurcation buckling, the imperfections are classi-
fied in two categories depending on whether or not the imperfect system has a bi-
furcation point. Godoy (2000) and lkeda et al. (2007) introduce an imperfection
vector E which is calculated from the potential energy function referring to the
imperfect structure

V' =V"(u,2,¢):R"xRxR >R %)

where ¢ € R denotes the imperfection parameter, and = denotes variables or
functions of the imperfect structure. The imperfection vector is defined as

*

o
oude|, . '

(6)

E describes the difference of the out-of-balance force between the perfect and the
imperfect structure depending on the imperfection parameter ¢ . The classification
of imperfections gives:

® E".y =0 for imperfections of first kind, &,, (7

® [E".vy 20 for imperfections of second kind, ¢,,. ®)

2.3 Definitions of and Criteria for Imperfection Insensitivity

Imperfections of first kind:

® Definition I: ¢, €[—¢,¢5], where ¢ is an arbitrary small positive value. If all

imperfect structures in this interval are still stable at the bifurcation point C",
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then the initial postbuckling path of the corresponding perfect structure is
imperfection insensitive with respect to ¢, .

®  Criterion I: If, in Equation(2),

A

> O A My 18 even, where my;, = min{m|m € N\{0}, 4,, # 0}, )

then the initial postbuckling path is imperfection insensitive with respect to

g .

Imperfections of second kind:

®  Definition II: &, €[-¢5,0)U(0,5], where ¢ is an arbitrary small positive
value. If no imperfect structure in this interval has a load-displacement path
with a snapthrough point (u D*,AD*) with A, <A, then the initial postbuck-
ling path of the corresponding perfect structure is imperfection insensitive to
&y -

®  Criterion II: See Definition II.

3 Condition for Zero-Stiffness Postbuckling

For zero-stiffness postbuckling, the external load remains constant. Hence, all load
coefficients in Equation (2) vanish, i.e.,

A=A, (10)

4,=0 ¥ieN\{0}. (11)

Considering load coefficients 4, = 4, ('), where & = {K,x,,....} is a set of design

parameters,

A(K)=Cy(#,) C(k) v KKk v KK (12)
with

C,(x,)=0 (13)

is a necessary and sufficient condition for zero-stiffness postbuckling.



4 Properties of Zero-Stiffness Postbuckling
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4.1 Internal Force along a Zero-Stiffness Equilibrium Path

Substituting (10) into (1) and setting the result equal to zero yields

F'(w)y=2.-P.

107

(14)

Equation (14) shows that the internal force along the zero-stiffness path is a con-

stant.

4.2 Potential Energy along a Zero-Stiffness Equilibrium Path

Since the external load does not change along the zero-stiffness equilibrium path,
the difference between the work done by the external load on the displacement at
an arbitrary point on the secondary path and the one on the displacement at the bi-

furcation point is obtained as
W=(AP)u—(.P)ug,

The change of the strain energy is given as
AU =U(u)-U(u.).

By the law of conservation of energy,
W=A4U.

Insertion of (15) and (16) into (17) yields

V(@)=U (@)~ (A P) T =U(u.)~ (A P) g =V (u).

(15)

(16)

(17

(18)

Equation (18) indicates that the potential energy along the zero-stiffness equili-

brium path is a constant.
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5 Examples

A planar, static, conservative system with two degrees of freedom (Figure 1) is
studied to illustrate the special situation of zero-stiffness postbuckling. It was orig-
inally studied in Schranz et al. (2006) and later in Steinboeck et al. (2008).
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Figure 2. Surface ¥ (u) containing the curve y(7) which represents the zero-stiffness postbuck-
ling mode

Figure 2 shows the surface ¥V (u)= (u,V(ﬁ,l(ﬁ))) Vv u e R*. Its intersection
with the horizontal plane V. = (u,V(uC )) VueR’ is the closed curve
7(n)= (E(n),V(E(n),/l(ﬁ(n)))) ¥V 17 € R which represents the potential ener-

gy along the zero-stiffness path containing the bifurcation point C = (uC,V(uC )) .
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In an infinitesimal neighborhood of y(77), ¥ (u) coincides (apart from terms that
are of higher order small) with the potential-energy surface ¥ (u, ). In the infini-

tesimal neighborhood of an arbitrary point on 7(77), V,.. =0, where the equals

sign holds for 7(77) . Consequently, the zero-stiffness postbuckling path is stable.

Therefore, zero-stiffness postbuckling can be classified as imperfection insensi-
tive.

Four different imperfections are considered herein, including an imperfection
of the stiffness of the top spring, an imperfection of the stiffness of the lateral
spring, a shift of the load and a change of the initial angle between two rods. The
first two imperfections belong to the first kind, and the last two to the second kind
of imperfections. Figure 3 displays the equilibrium paths of the perfect and the
imperfect structure for different imperfections.

0.6 7—"perfectprmary path MPIKL] = pertct concary pat
AP/KL| — perfect secondary path 0.4
--- e=-01 .
£=01
0.4 0.3
0.2
0.2
0.1
04
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u .
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-0.4 -0.6 0 1 0.6 -0.4 -0.6 0 1 06
(a) Imperfection of stiffness of top spring (b) Imperfection of stiffness of lateral spring

= perfect primary path

AP/KL —— perfect secondary path —_— pegectprimag/ path .
- g=-01 — perfect secondary patl
M es o1 AP/KL T Pereets
04 D e= 01

0.4

0.2 0.2

0 0
-0. -0.6 O'S
u 0.6 -0.5 2
(c) Shift of load (d) Change of initial angle between two rods

Figure 3. Equilibrium paths of perfect and imperfect structures.
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6 Conclusions

From the theoretical investigation and the results of the examples, it follows that

zero-stiffness postbuckling

® represents a case of transition from imperfection sensitivity to insensitivity
for imperfections of first kind;

® s characterized by a stable postbuckling equilibrium path with constant po-
tential energy and, hence, is imperfection insensitive to imperfections of
second kind.
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Abstract. The probabilistic variation of buckling loads of bridges subjected to live
load variations is evaluated. For this purpose, the imperfection sensitivity law is
extended to live loads. The formulated relation is validated numerically for mul-
tiple imperfection pattern vectors subject to normally distributed live loads. A
more realistic case is realized based on measured random traffic loads. Computa-
tional cost of stability analysis to investigate the probabilistic variation in buckling
loads caused by the real random traffic loads has been reduced by utilizing the im-
perfection sensitivity law.

Keywords: buckling, loads imperfection sensitivity, probabilistic variation

1 Introduction

The imperfection sensitivity in buckling problems has been the subject of numer-
ous investigations. The main motivation for such studies is that initial imperfec-
tions often cause a significant reduction in buckling strength. Practically, the mag-
nitude or type of imperfections is subject to random variations. In view of this
fact, the study of the imperfection sensitivity in buckling problems must be com-
bined with probabilistic analysis. Several methodologies have been utilized to
overcome such undetermined probabilistic variation. Such probabilistic variation
was investigated numerically by using Monte-Carlo simulations (Edlund and Leo-
poldson, 1975; Elishakoff, 1978). The probabilistic nature of buckling was studied
in (Elishakoff and Arbocz, 1978; Elishakoff, 1983; Arbocz and Hol, 1991) by ob-
taining the buckling strength numerically or experimentally for a number of ran-
dom initial imperfections with known probabilistic properties. The imperfection
sensitivity law by Koiter (1945) that relates the critical loads to the imperfection
magnitude for a given imperfection mode has been extended to deal with the worst
imperfection and the probability density function of buckling strength with the
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presence of random initial imperfections in loading (Ikeda and Murota, 2002; Oh-
saki and Ikeda, 2007; Ikeda and Ohsaki, 2007). In Ikeda’s work (Ikeda and Ohsa-
ki, 2007), the Koiter imperfection sensitivity law for a single imperfection para-
meter was extended to be applicable to a number of imperfection variables defined
as a single pattern vector normalized by a single imperfection parameter. Although
real data about initial imperfections are preferred in investigating the reliability of
buckling, few researches used real measured imperfection values. Arbocz and Hol
(1991) utilized measured initial imperfections of axially compressed cylindrical
shells to evaluate the statistical nature of their critical loads. The imperfection sen-
sitivity probabilistic analysis was directed to describe the probabilistic variation of
buckling caused by generated normally distributed imperfections in external loads
of truss structures in (Ohsaki and Ikeda, 2007; Ikeda and Ohsaki, 2007).

In the evaluation of the probabilistic buckling strength of realistic structures,
the external loads are known to greatly vary and need to be the spot of more re-
searches with realistic external varied loads. This paper is a contribution toward a
more realistic analysis in this field, the probabilistic variation of buckling loads of
bridges subjected to real random traffic loads variation is evaluated. For this pur-
pose, the imperfection sensitivity law is generalized to be applicable to multiple
imperfection pattern vectors.

2 Mathematical Formulations

2.1 Imperfection Sensitivity Law

In the asymptotic theory for an imperfect system that is introduced in Ikeda’s
work (Tkeda and Ohsaki, 2007), the imperfection vector Vv is defined as,

vV=ced, (D

whered is called the imperfection pattern vector which is normalized by a single
parameter of initial imperfection ¢ . The imperfection sensitivity law for a simple
unstable-symmetric bifurcation point is presented as,

Fc —((-@)*a"de)? + pb"de, 2)

where a and pare constants, a and b are called the “first-order imperfection in-

fluence vector” and the “second-order one”, respectively (Ikeda and Ohsaki,
2007).



Ahmed Manar etal. 113

2.2 Generalization of Sensitivity Law

In this paper, we define the general case of imperfections where the imperfection
vector v is defined as,

Vv=>" &d =(7,..7), ©))

where ¢; is an imperfection parameter, d; is an imperfection pattern.

The generalized imperfection sensitivity law for a simple unstable-symmetric
bifurcation point is presented here as,

=0V +d'V. p =(PouP) 4 =(Gse-G), @)

where p and q are called the anti-symmetric imperfection sensitivity coefficient

vector and the symmetric one, respectively. In bilateral symmetric structures, each
applied imperfection pattern can be decomposed into two patterns; symmetric
patten and anti-symmetric one. Following this, we can calculate the imperfection
sensitivity coefficients vectors p and q separately by numerical analysis.

2.3 Probabilistic Variation of Buckling Load

The probability density function of buckling loads can be derived through the
generalized sensitivity law equation (4) under the assumption that initial
imperfections vector V are subject to known probabilistic variations.

Redefine equation (4) with the use of constant variables C, d and € as,

f=c”+d=e+d, Q)

then, mean and variance for parts C and d in equation (5) can be calculated using
the probabilistic proparties of V . The probability density function of the buckling
load reduction fNC in equation (5) is given in an integral form as ,

0 ry ~
¢f~ - j‘_oo¢e(e)¢d(fc -e)de’ (_oo< fc < oo)y (6)

c

where, ¢, and ¢, are the probability density functions of e and d, respectively.
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3 Numerical Analysis

The present Koiter-based generatized imperfection sensitivity law is validated in
the presence of normally distributed multiple imperfection patterns in live loads,
then the law is utilized for probabilistic treatment of buckling load reduction
caused by real measured random traffic loads. Two truss models are analyzed. For
both of the two models, all members have same linear elastic properties, vertical
loads are applied on bottom chords.

The load vector is expressed as

F=f(fy+fp +V), (7N

where f is the load parameter, f is the dead load pattern vector, fy is the
perfect live load pattern vector, and v is the generalized imperfection vector in
live loads, v=,%,%.....%,)" .

3.1 Normally Distributed Imperfections in Live Loads

The truss shown in Figure 1(a) is considered.

The perfect truss model was analyzed for v =0, a simple unstable-symmetric
bifurcation point was detected. Perfect equilibrium paths are shown in Figure
1(b).

4

Fundamental path

Bilurcated path

| Bifurcation point

Vertical displacement af pognt a

4 4 4 4 4 4 0 1 2

(a) Truss model. (b) Perfect equilibrium paths of the truss.

Figure 1. Truss model and perfect equilibrium paths of the truss

The truss was analyzed under the effect of normally distributed multiple
imperfection patterns in live loads, as shown in Figure 1(a), the average of the

imperfection parameter Vi is taken within range 1% up to 10 % of the perfect live
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loads. The probability density function of the buckling load reduction is obtained
using equation (6) and ploted with continues lines in Figure 2.

Results are compared with the numerical results of Monte-Carlo simulation that
are ploted with broken lines in Figure 2, it shows good agreement specially for
small values of imperfection.

10}
(Df‘_

(a) Imperfection =1 % of perfect live loads

(b) Imperfection =10 % of perfect live loads

Figure 2. Probabilistic variation of buckling loads for multiple-degree live loads imperfection
vector.

3.2 Real Measured Live Loads Data

A more realistic case is considered by using a set of real live loads data.

The arch truss shown in Figure 2(a) has the perfect equilibrium paths shown in
Figure 3(b), it has a simple unstable-symmetric bifurcation point. The real
measured imperfections in live loads is introduced as shown in Figure 3(a).
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(a) Truss arch bridge.
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(b) Equilibrium paths of the arch truss.

Figure 3. Truss arch birdge and equilibrium paths of the arch truss.
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The probability density of the buckling reduction is computed using the present
generalised sensitivity law and the results are compared with the Monte-Carlo
semulation of the finite element analysis results as it is explained next.

~

- The measured real live loads data is introduced as imperfections vector V in
equation (7).

- Finite element analysis is used to compute the reduction in buckling,
histogram of buckling reduction results is ploted in Figure 4 with continuous
lines.

- Vectors Pand4in equation (4) are plotted by several numerical finite element
analysis.

- The measured real live loads data is introduced as imperfections vector Vin
equation (4).

- The reduction in buckling Fis computed directly by using equation (4),
finally the histogram of the buckling reduction using the second approach, is
shown in Figure 4 with dash lines. In the second approach, no use of equation
equation (6) and a lot of numerical analysis computational cost is saved.

A good agreement between results of the above two approaches is clear from
Figure 4, this agreement demonstrates the superiority of the second appproach.
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Figure 4. Probabilistic variation of buckling loads for real imperfection patterns in live loads.

4 Conclusions

The Koiter-based imperfection sensitivity law is utilized for probabilistic
treatment of buckling loads of bridges under random varied traffic loads.
Computational cost is saved by utilizing the generatized imperfection sensitivity
law. Results that have been obtained with the use of the generatized imperfection
sensitivity law are in good agreement with the numerical results.
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Parametric Resonance of the Free Hanging
Marine Risers in Ultra-Deep Water Depths
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Abstract. The study is focused in the parametric instability of the deep-sea risers
due to the platform heave motions. As offshore hydrocarbon resources exploration
and exploitation moving to much deeper waters, risers play more important roles
than before, and face with many technological challenges. The riser resonance can
produce disastrous results, such as environment pollution and economical loss. In
this work, firstly, the governing motion equation of the marine riser is formulated.
Then the stability behavior of the risers with and without nonlinear damping is in-
vestigated by employing the Floquet theory. During the numerical solution of the
governing equation, the coupling between the modes was considered. Finally, spe-
cial attention has been paid to the effect of damping for the parametric unstable
region changes. The results show that damping can effectively reduce unstable re-
gions. Several useful suggestions are proposed for the design of deep-sea riser
structures.

Keywords: deep-sea riser, parametric excitation, instability, vibration response

1 Introduction

As offshore exploration and production activities progresses into deep and ultra-
deep waters, long slender marine structures design becomes a more and more crit-
ical issue, both when considering oil field development costs and technological
feasibility (Yang and Li, 2003; Huang and Li, 2006). Marine risers are widely
used in ocean resource exploitation, extending from a platform at the sea surface
to a wellhead connection at the sea floor, such as a fluid-conveyed curved pipe
drilling crude oil, natural gas, other undersea economic resources, and then trans-
porting those to the production lines (Bai, 2001).
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Unquestionably, the risers for ultra-deep water have complex dynamic charac-
teristics (Fu and Yang, 2009). One of the critical issues involving riser design is
parametric resonance regarding platform heave motions (McCone, 1993). Parame-
tric resonance can occur and produce disastrous results unless the vibration pe-
riods of the external dynamical forces and the structure are well separated. Riser
failure results in reduction or cessation of revenue. It may also lead to spillage or
pollution and may even endanger lives. Hence, a great deal of attention should be
paid to instability assessment of deep-sea risers under parametric excitation.

The instability of deepwater risers is associated with fluctuation of the axial
tension in the riser caused by vertical motion of the floating platform. Patel and
Seyed (1995) presented an overview of the status of analysis techniques and the
development of hydrodynamic analysis techniques for riser design. Many research
papers have been published about Vortex-induced vibration. However, relatively
few papers deal with parametrically excited deep-sea risers. Thampi and Niedz-
wecki (1992) presented the influence of parametric excitation on the dynamic be-
havior of marine risers using Markov methods.

The purpose of this work is to develop an analytical model for the deep-sea ris-
ers and to gather a picture of stability regimes of this kind of structure. This paper
is structured as follows. Firstly, the governing motion equation of the marine riser
is formulated. Then the stability behavior of the risers with and without nonlinear
damping is investigated by employing the Floquet theory. During the numerical
solution of the governing equation, the coupling between the modes was consi-
dered. Finally, special attention has been paid to the effect of damping for the pa-
rametric unstable region changes. The work is finalized by conclusion remarks of
the parametric analysis in deep-sea riser.

2 Formulation

2.1 Governing Equation of Motion

The equation of motion can be written in a simplified form as follows:

2 w(z,t)

@w(z,ﬂ} H{mp+mp+mg )= (2,0)
ot

t
T oz

E184W(Z,t) d (T(

ot ol n

The time varying tension force is included in the equation of motion. The oscil-
lating component is assumed to be simple harmonic. The resulting equation of
motion yields:
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otw(zt) o ow(zt) o’w(zt)
El 524_62{(1—( z)+S(z)cos Qt)az}(mr +m¢ +ma)at72_0 o

where T(z) static component of the tension force (N) ;S(z) amplitude of time

varying component of the tension force (N); Q) frequency of parametric excita-
tion (rad/s)

This infinite set of ordinary differential equations can be approximated by a fi-
nite system of 2N first-order coupled equations:

d
%_—VN-H'],
T 1,2 N (3)
nm=12,....
d C (A Z ’ T
ydLr +n——QA1YN n_Q%yn—Ksm(Qr) 2 BrmYm

m=1

where n and N stand for, respectively, the mode number and the total number of
modes considered. In matrix notation, Equation (3) can be written as:

y=A(7)y C))

where y=[y1,y2,...,y2N]T ,A(7) is a 2Nx2N matrix, which is periodic in time,
i.e. A(r)=A(r+27/Q). Stability of the equilibrium of Equation (4) can be stu-

died employing the Floquet theory, which is briefly outlined in the next sub-
section.

2.2 Implementation of Floquet Method

Floquet theory is fundamental to analysis the response and stability of systems go-
verned by time-varying differential equations. It states that for a system of ordi-
nary differential equations with periodic coefficients, for example Equation (2),

over the period T=27/1 the transient solution has the form:
(X)L AW) fore™? | )

where [ A(y) ] is periodic with period T; 7 are complex characteristic numbers;

Cx are constants found from the initial conditions:
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ek }=[A(0) ] x(0)} ©6)

Then, the stability of the system can be determined from the values T . The
Floquet transition matrix [Q] of the system is defined by:

x1(0)
(O 2@ G220 o) ™
x27(0)
From Equation (5):
{X }_[A ] (8)

{x(T)}=[A(0) ][lk] ok}

where [ A(0) |5 A(T)] and =kT . Substituting Equation (8) into Equation (7) ,
yields:

[QILA0) J{ei [ A0) [ Kew}={0}  (9)

Since the coefficients k are arbitrary, one must have:
([Q]-4i[1]){a0 };={0} (10)
where {ag}; is the i" column of matrix [A(0)], such that {ag}.#{0}, i=l...2Z..

Then,

J-ai[1][=0 (11)

Thus, %, are the eigenvalues of matrix [Q] and, in general, they are complex

numbers. Once 4 are found, one can determine 7 as:

1 L
m<=¥1n(/1k )=6k +idx (12)
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. 1 1 2 2
6, = =In|A|=-=1In| (X&) +(A)
where © T i [ R J (13)

R 1 27 .
o :Tarctan{(/lk)l /(/lk)R}ijT , jeN
Values of x>0 indicate instability.

3 Description of Case Study

To illustrate the analysis procedures, parametric resonance studies are performed
for a representative deep-sea riser configuration. During the riser installation
process, the riser is suspended from the floating units. The corresponding model of

the riser is shown in Figure 1. Parameters of the steel riser properties are given in
Table 1.

Table 1 Parameters of the steel riser properties

Riser property value
Young’s modulus 2.1E+11Pa
Seawater density 1025kg/m3
Steel density 7850kg/m3
Outside diameter 0.5m

Riser length 3000m

Normal drag coefficient 1.1
Added mass coefficient 1.0

Wall thickness 0.025m
Mass of tension ring 15000kg

fiz.h
Elm

Figure 1. Configuration of deep-sea riser
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4 Results

To better understand the dynamics of riser systems, parametric vibration and sta-
bility of deepwater risers have been investigated. Analysis of the equations of mo-
tion is performed using techniques founded in Floquet theory allowing for the de-
termination of both system response and stability properties.

4.1 Stability Chart Construction

The parametric stability of a system is best represented by a stability chart. Some
representative results are presented in this section. Stability is determined by ana-
lyzing the eigenvalues of a fundamental solution set at the end of one period of the
parametric excitation. Any eigenvalue with a modulus greater than unity indicates
the existence of a region of instability for the given set of system parameters. In
these cases, stability plots that show stable and unstable system parameter ranges
can be quite useful. By appropriate utilization of these analysis parameters, the de-
signer will be quickly able to evaluate the dynamic behavior of a given system
over a range of realistic operating conditions.

15,

£
E
ﬁq
£
H
H

0 T E]
Period of heave mation platfarm (s)

Figure 2. Stability chart for damping c=0

Ampltude heave mtian platfom (m)

5 70
Pariod of heave motion platform (s)

Figure 3. Stability chart of deep-sea riser damping c=0.5, (shaded areas are unstable)
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System parameters are varied and stability determined in order to produce sta-
bility maps over the entire operating range. The corresponding grid point on the
parameter plane is represented by a dot. The stability charts are plotted, reflecting
the unstable regimes, with frequency parameter as the abscissa and amplitude pa-
rameters as the ordinate. Figure 2, Figure 3 shows the parametric stability charts
for the deepwater riser. The parametric stability charts, for damping c=0, are
shown in Figure 2, while Figure 3 depicts the stability charts, for damping c¢=0.5.
These charts are expected to serve as invaluable tools in the design of deepwater
risers. From observation of the stability charts, it is found that the parametric in-
stability regions shrink, if system damping increased. Figure 3 shows that the ad-
dition of damping has a stabilizing effect. On the other way, many narrow instabil-
ity regions associated with higher modes would appear.

4.2 Effects of Damping

The effect of damping is estimated through comparative calculations of the struc-
ture's behavior with and without damping effects, as shown in Figure 4. Compar-
ing Figures, while the instability regions are reduced in the lower frequency para-
meter range, some of the previously stable regions have now become unstable for
higher frequency parameter values. There is a significant reduction in the instabili-
ty regions. For a designed riser system, the best solution is a system where the un-
stable regions are as small as possible. According to the above analysis, it is poss-
ible to minimize the unstable regions by changing the damping properties of the
system. There are several physical options for designers to achieve the minimiza-
tion, such as by adding dampers, by new damped materials etc.

Amplituds hezve mation platicem (m)

Puricd of heave mation platicom (s)

Figure 4. Instability regions for different damped riser system

5 Conclusion Remarks

Riser systems play an important role in determining export options, vessel selec-
tion, and seabed layout. The present work attempts to present the formulation and
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algorithm required for the simulation of the parametric resonances of a deep-sea
riser, discriminating it from other dynamic phenomena. A generally valid analyti-
cal tool oriented to the design of risers, specific to stability analysis, was derived.
The numerical calculations concerned the effect of the system damping for the pa-
rametric excitation frequencies, which guide the dynamic system to lie within a
region of coupled instability.

The guideline for design of ultra deepwater risers considering parametric insta-
bility was proposed. The structure safety may be increased and the cost reduced if
an accurate analysis can be performed for the riser design. It is shown that the un-
stable system could be controlled effectively by the suggested approaches. For a
more complete mathematical modeling of the deepwater riser under consideration,
the inclusion of these effects should be investigated in a future study.
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Abstract. Structural progressive collapse is a great threat to life safety and
therefore it is necessary to study its mechanism in detail. Numerical simulation is
significant to study the whole process of progressive collapse in structural level.
Since collapse is a complicated procedure from continuum into discrete fragments,
numerical model should be competent in nonlinear deformation before collapse
and breaking and crashing of fragments after collapse. Coupled Finite element-
discrete element method on simulating structural progressive collapse is proposed
to meet the requirements. Relatively accurate models, such as fiber model and
multi-shell shell model, are introduced to construct the finite element model of
structure. In the analysis, the failed finite elements will be removed and replaced
with granular discrete elements according to the criteria of equivalent total mass
and volume so that the impacting and heaping of fragments can be taken into
account. The sample with the coupled method shows that this method not only
possesses the advantages of finite element method but also simulates the behavior
of fragments well.

Keywords. finite element, discrete element, coupling calculation, progressive
collapse, numerical model

1 Introduction

Progressive collapse causes great casualties and property losses, so progressive
collapse should be strictly avoided in structural design. Though buildings which
meet the present design codes generally possess enough collapse resistant capacity
under conventional loads, however, it is important to carry out further detailed
research on structural progressive collapse. Since collapse is an ultimate safety
state of a structure, with a better understanding of collapse state, a better
evauation of a building's safety margin can be obtained. It is the typical mode of
progressive collapse that failure first occurs at weak part of a structure and if there
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is no sufficient aternative loading path, then failure expands to the whole
structure. Therefore, the study on collapse helps to find and enhance the weak part
of astructure and can effectively improve its collapse resistant performance.

Since progressive collapse is a structural behaviour and buildings are generally
huge, large scale tests are often too difficult to carry out with the limitation of time
and cost. Therefore, numerical simulation is a significant method to study
progressive collapse. Besides accidental impact and blast, rare strong earthquakes
like Wenchuan Earthquake, which was more than nine degree in seismic intensity
in a region with seven-degree design intensity, can unavoidably cause massive
local failures. How to control the expansion of local failure to ensure the overall
stability of structure is an important aspect of structural safety research. To
investigate this problem, collapse process especially the expanding process of
local damage has to be studied and simulation on the whole process of progressive
collapse is necessary.

Collapse is a complex process from continuous body into discrete one, which
puts forward high requirements for its numerical model. The model should not
only can simulate behaviours before collapse, such as nonlinear deformation and
energy dissipation, but also can simulate the rigid-body displacement of fragments
and impact among damaged components after collapse begins. Many numerical
methods were proposed to simulate this two-stage process and the existing
numerical methods can be roughly classified into two categories, finite element
method (FEM) and non-continuum mechanics method. Some scholars simulate the
collapse process with dynamic finite element software LS-DYNA. Lu & Jiang
(2001) simulated the collapse of World Trade Centre and the numerical results are
close to the real conditions. Liu et a. (2007) and Shi et al. (2007) constructed 3-D
solid-element models to simulate progressive collapse due to impact of blast load.
Lu et a. (2007) and Miao et a. (2007) developed fibber model THUFIBER based
on commercid finite element software MSC.MARC and the model gave a good
simulation on the collapse mechanism of RC frames under different loads. K.
Khandelwal and Tawil (2005) introduced multi-scale finite element models into
the simulation of progressive collapse of an eight-story steel frame under blast
loads. In this multi-scale method, micro scale models are validated by
experimental results, macro scale models by micro scale models and structural
scale models by macro scale models. This method allows researchers to accurately
and economicaly study the potential for progressive collapse in steel building
frames. Isobe and Tsuda (2003) applied a new finite element code using
Adaptively Shifted Integration (ASl) technique with a linear Timoshenko beam
element to the seismic collapse analysis of RC framed structures. In the beam
eement, the fracture of a section was simulated by shifting the numerical
integration point with simultaneous release of the resultant forces. As to non-
continuum mechanics method, Qin et a. (2001) and Sun et a. (2002) proposed a
particle-truss model for collapse analysis of the RC bridge and the reinforcement
concrete is modelled as particles connected with nonlinear springs. The model had
agood simulation of failure behaviour after collapse. Xuan et a. (2003) and Wang
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and LU (2004) put forward a discrete element model for collapse simulation of RC
frame with shear-type deformation. In this model, every floor is a rigid body
without rotation displacement and the adjacent stories are connected with an axial
spring and a shear spring. Zhao (2008) proposed 2-D DEM model for collapse of
RC frame and the frame was discretized into rectangular elements. Miao et al.
(2005) employed discrete element method (DEM) to simulate the collapse process
of athree-dimension masonry structures under earthquakes. The model was made
up of block elements connected with springs in both transverse and longitudinal
directions and the numerical results are close to those of the shaking table test. Cui
et a. (2002) employed 3-D rigid body-spring element method to simulate the
collapse process of Malpasset Arch Dam.

Finite element method (FEM) appear good performance in simulating structural
behaviour before collapse, but has difficulties in dealing with the behavioursin the
process of progressive collapse, such as fracture of components, impact and stack
load of fragments. Yet non-continuum mechanics method is much more
competent in simulates the behaviour after collapse. If these two kinds of methods
can work together and take their own advantages, the simulation will be largely
improved. According to this point, Munjiza and Bangash (2004) proposed a
combined finite-discrete element model and it produced good numerical results for
structures made up of RC column or column type members, though it failed to
take account of slabs and non-structural components. In the paper, coupled finite
element-discrete element method for progressive collapse of RC buildings was
proposed and its technique details are given. The simulation results show that this
new method not only keeps the advantages of FEM but also gives a good
simulation on impact and stacking of fragments.

2 Finite Element Modelsfor Collapse

Structural components of RC buildings mainly consist of beam, column, wall and
floor slab. To obtain a more accurate result, fiber beam element model (Wang et
al., 2007) is proposed for beam and column, and multi-layer shell element model
(Men and Lu, 2006) for wall and dab, detailed illustration can be found in Lu et
al. (2008).

3 Discrete Element Model for Collapse

Discrete element method (DEM) is used to study assemblies of distinct interacting
particles or general shaped bodies. One of the common modelsis constructed with
spherical particles which are particularly called as granular discrete element.
Granular discrete element method (GDEM) not only possesses the basic motion
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features of non-continuum, but also has a ssimple contact algorithm. The coupled
finite element-discrete element method uses granular discrete elements to simulate
the fragments in the collapse of structures. On one hand, the size of finite element
is very small compared to the structura members and the discrete elements are
generated from the further discretization of finite elements, so the effect of the
shape of discrete elements on the collapse process is quite small. On the other
hand, the main concern on this collapse model is the effects of impact and stack
load in the collapse process.

3.1 Generation of Granular Discrete Element

Once a four-node quad finite element is deactivated (removed from the model),
nine granular discrete elements will be generated instead of this quad element,
shown as Figure 1. The generation process keeps the equivalent total mass and
volume and the initial motion states of every discrete element, such as coordinates,
velocities and accelerations are obtained with linear interpolation based on the
four nodes of the deactivated finite element.
N\
\:&\%
.
.\\ \W.}

“Deactivated” finite clement 9 discrete elements

Figure 1 The“deactivated” element is replaced with 9 discrete elements

3.2 Motion Law of Granular Discrete Element

The sphere element can be regarded as a particle when moving, the motion
equation at the moment t; is

mu(t) +nu(t) = p(t) )

where m is mass of the discrete element, p is vector of external forces at t;, u is
displacement vector at t;,  is damping coefficient.

Central difference method is applied to compute the motion state. If the time
step is constant, that is At=At, we get
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U; = (U, —U;_) /(2At) 2

U =(u,,—2u +u_)/At? ®3)

i+1
By substitution of Equation (2) and Equation (3) into Equation (1), we obtain

m m c

m c 2
—+ U,, = p(t)+ u, — -
) i+1 p( |) Atz i (Atz 2At

A2 2At

( Uiy 4

Then displacement, velocity and acceleration of a discrete element at every
moment can be calculated through Equation (2), Equation (3) and Equation (4).

3.3 Contact Judgment

Contact between two discrete elements happens if the distance between their
spherical centers is no larger than the total length of their radiuses. The contact
criterion (Wei et al., 2008) for element i and element j is

(r,+1,)xCNC > R; ®)

Ry =y =X+ (v, —y)? +(z,-2,)° ©)

wherer;, r; areradiuses of element i and element j respectively, R; is the distance
between the spherical centers of element i and element j , CNC is a coefficient
relevant to the medium where elements soak, usually CNC>1.0 and CNC=1.0 in
this paper.

To simulate the impact of fragments to structures, contact between discrete
eement and finite element needs to be accomplished. The finite element is
simplified as 9 spheres with the similar processin Section 3.1 and thus, the contact
between discrete element and finite element is transformed into that between two
discrete elements.
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4 Program Implementation and Example

Coupled finite element-discrete element method was implemented through
secondary development of commercial finite element software MSC.MARC 2005
and the details are as follows:

(a) Deactivation of finite elements and generation of discrete elements.

When a finite element is damaged, it will be deactivated (removed) by a user
subroutine called UACTIVE. This process is controlled by the deactivating
criteria (Lu et al. 2008). Once the deformation of a finite element is too large, the
element will be removed and the critical deformation can be determined in terms
of maximum strain. The criteria defined in present work is the same asthose in Lu
et al. (2008) and other criteria can also be defined by UACTIVE.

The deactivated element is transformed into nine discrete elements as
mentioned in Section 3.1. The program gives the initial condition of discrete
elements and record the motion state, mass and volume in the whole process.

(b) Contact.

During collapse, impact and stack load of fragments have a significant effect on
the stories below, so contact should be taken into account. There are three types of
contact, contact between finite elements, contact between discrete elements and
contact between finite elements and discrete elements. The first type of contact
can be directly set in finite element software MSC.MARC and the second and
third can be defined by user subroutine UBGITR. UBGITR will be called at the
beginning of each iteration.

(c) Effect of impact and stack loads.

(a) t=0.0s (b) t=1.0s (c) t=2.0s (d) t=3.0s

Figure 2 Collapse procedure simulated with finite element method (FEM)
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When the discrete elements collide with finite element structure, contact
happens and user subroutine FORCDT will exert contact forces to the nodes of
relevant finite elements.

(@) t=0.0s (b) t=1.0s (c) t=2.0s (d) t=3.0s

Figure 3 Collapse procedure simulated with coupled Finite element-discrete element method

A numerical example of an eight-story frame is carried out to observe the effect
of coupled finite element-discrete element method. Columns and beams are
modeled with fiber beam element model and slabs with multi-layer shell element
model. Progressive collapse occurred after the corner column of the fifth story was
removed. Two methods were applied to simulate collapse, one is FEM and the
other is coupled finite element-discrete element method. The results from FEM are
listed in Figure 2 and those from coupled finite element-discrete element method
(F/DEM) arelisted in Figure 3. It is noted that discrete elements can not be seen in
Figure 11 because the program hasn't support this function. At the beginning of
collapse (before t=2.0s), structural response of FEM is similar to that of F/DEM.
When t=1.0s, the slabs above the removed column break from the slabs around
and drop off. When t=2.0s, the fallen slabs crash through the fifth floor. However,
these two methods appear distinct results at 3.0s. With FEM, the progressive
collapse is stopped after the fourth floor slabs drop. With F/DEM, al the floor
slabs below the removed column are smashed. It is shown that the model based on
F/DEM shows a better simulation on impact and stack load in the process of
progressive collapse than that based on FEM.
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5 Conclusions

Numerical simulation is an important tool to study progressive collapse. Collapse
of structure is a complicated process from continuum into discrete bodies, which
put forward requirements for the numerical model. The model should not only
simulate the nonlinear behaviors before collapse, but also smulate impact and
stack load of fragments during the collapse. Finite element method has advantages
in simulating continuum while discrete element method in simulating the non-
continuous behaviors after collapse starts. Coupled finite element-discrete element
method (F/DEM) is proposed and implemented based on existing finite element
software. Keeping the advantages of FEM, the method applies DEM to simulate
the fragments in collapse. The numerical results show that this coupled FEM-
DEM method has a better simulation on impact and stack load in progressive
collapse than FEM.

Acknowledgements

This research is supported by National Science Foundation of China (No.
50808106 & 90815025).

References

Cui Y.ZH. and Zhang CH.H., et al. (2002). Numerical modeling of dam-foundation failure and
simulation of arch dam collapse. Shuili Xuebao, 6:1-8 [in Chinesg].

Isobe D. and Tsuda M. (2003). Seismic collapse analysis of reinforced concrete framed
structures using the finite element method. Earthquake Engineering and Structural
Dynamics, 32: 2027-2046.

Khandelwal K. and El-Tawil S. (2005). Multiscale computational simulation of progressive
collapse of steel frames. Proceedings of the ASCE Structures Congress, May 2005.

Liu JB., Liu Y.B. and Yang J.G. (2007). Simulation of earthquake ruins structure for the
Earthquake Rescue Training Base of China. Journal of Disaster Prevention and Mitigation
Engineering, 27(suppl.): 428-432 [in Chinese].

Lu X.ZH. and Jiang J.J. (2001). Dynamic finite element simulation for the collapse of World
Trade Center. China Civil Engineering Journal, 34(6): 8-11 [in Chinesg].

Lu X.ZH. and Lin X.CH. (2008). Numerical Simulation for the progressive collapse of concrete
building due to earthquake. The 14th World Conference on Earthquake Engineering, Qctober
12-17, 2008, Beijing, China.

Lu X.ZH., Zhang Y .SH. and Jiang J.J. (2007). Simulation for the collapse of reinforced concrete
frame by blasting based on fiber model. Blasting, 24(2): 1-6 [in Chinesg].

Men J. and Lu X.ZH. (2006). Application of multi-layer model in shell wall computation.
Protective Structure 28:3, 9-13 [in Chinese].



Xinzheng Luetal. 135

Miao JJ. and Gu X.L. (2005). Numerical simulation analysis for the collapse response of
masonry structures under earthquakes. China Civil Engineering Journal, 38(9), 45-52 [in
Chinese].

Miao ZH.W. and Lu X.ZH. (2007). Simulation for the collapse of RC frame tall buildings under
earthquake disaster. Computational Mechanics, Proceedings of ISCM 2007, July 30 August
1, Beijing, China.

Munjiza A., Bangash T. and John N.W.M. (2004). The combined finite-discrete element method
for structural failure and collapse. Engineering Fracture Mechanics, 469-483.

Qin D. and Fan L.CH. (2001). Numerical simulation on collapse process of reinforced concrete
structures. Journal of Tongji University, 29(1): 80-83 [in Chinese].

Shi Y.CH., Li ZH.X. and He H. (2007). Numerical analysis of progressive collapse of reinforced
concrete under blast loading. Journal of PLA University of Science and Technology, 18(6):
652-658 [in Chinese].

Sun L.M., Qin D. and Fan L.CH. (2002). A new model for collapse anaysis of reinforced
concrete. China Civil Engineering Journal, 35(6): 53-58 [in Chinese].

Wang Q. and LU X.L. (2004). Application of the DEM to the seismic response analysis of frame
structures. Earthquake Engineering and Engineering Vibration, 24(5): 73-78 [in Chinesg].
Wang X.L., Lu X.ZH. and Ye L.P. (2007). Numerical Simulation for the Hysteresis Behavior of

RC Columns under Cyclic Loads. Engineering Mechanics, 24(12):76-81 [in Chinese].

Wei L.H. and Chen CH.G. (2008). Study on three-dimensional discrete element and parameter
adoption. Journal of Chongging Jiaotong University (Natural Science), 27(4): 618-621, 629.

Xuan G., Gu X.L. and Lu X.L. (2003). Numerical analysis of collapse process for RC frame
structures subjected to strong earthquakes. Earthquake Engineering and Engineering
Vibration, 23(6): 24-30 [in Chinesg].

Zhao F.L. (2008). Simulation analysis for collapse of reinforced concrete frame structures under
earthquake based on the discrete element method. Master thesis of Tongji University,
Shanghai [in Chinesg].



“This page left intentionally blank.”



Tunnel Stability against Uplift Single Fluid
Grout

Fangqin Yang™, Jiaxiang Lin®, Yong Yuan? and Chunlong Yu'

"Department of Geotechnical Engineering, Tongji University, Shanghai 200092, P.R. China
%K ey Laboratory of Geotechnical and Underground Engineering of Ministry of Education,
Tongji University, Shanghai 200092, P.R. China

3Shanghai Tunnel Engineering Co. Ltd, Shanghai 200082, P. R. China

Abstract. During shield tunnelling, as segments are cleared off by the shield, an-
nular void occurs between shield tail inner side and lining outer side. The void
must be back-filled with grout subsidence to ensure compacted filling, the grout
subsidence caused the tunnel uplift. This paper studies the relationship between
early strength of grout subsidence and tunnel stability upon shield tunneling. In-
fluence of the rate of tunneling on tunnel stability against uplift is also studied. A
longitudinal and transverse calculation model is established to investigate tunnel
uplift, which results in grout strength increase. In analysis, safety criteria of struc-
tural lining are verified. Finally, relevant construction technological measures are
suggested against tunnel uplift for shield tunneling.

Keywords: shield tunnelling, tunnel stability, uplift, calculation model

1 Introduction

Uplift during shield tunnelling is caused by transversal and longitudina actions
mutually. The uplift magnitude is related to the overburden in addition to tunnel’s
own weight. During shield tunnelling, annular void occurs around and between
shield tail inner side and lining outer side. The void must be back-filled with in-
jected grout to ensure compacted filling and to minimize tunnel uplift or surface
subsidence, which is caused by ground settlement around the annulus. In order to
ensure full filling of the annulus, good working performances is required for the
grout subsidence, such as pumpability, flowability, and early strength. Otherwise,
Flow ability grout subsidence which is the fluid substances in early time. Caused
greater uplift magnitude and, the lining and bolt would be safe against uplift too.
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Firstly, the following theoretical analysis of uplift during shield tunnelling is
advanced in this paper: Influence on compression strength of simultaneous grout
injection is studied, then through formula, it can be found that the rate of tunnel-
ling is very important on Tunnel Stability against Uplift. Secondly, Calculation
model in tunnel longitudinal and transverse direction are put forward. The above
theory is applied with a Project against Uplift of Tunnel during Tunnelling.

2 Theoretical Analysis of Uplift during Shield Tunnelling

2.1 Influences on Compression Strength of Simultaneous Grout
Injection

If compression strength (some day) of a single grout subsidence is greater than the
confined compression strength of ground. It is therefore to be believed that some
day after segments cleared off by shield tail, uplift acting upon tunnel by the grout
has become relatively smaller, i.e. tunnel tends to be more stable.

2.2 Influence of the Rate of Tunnelling on Tunnel Stability
against Uplift

Setting shield tunnelling rate at V, after time T, grout reaches strength as that of
ground, following grout strength variation. Also uplift q on tunnel varies (q is
shown in Figure 2). Therefore, at the location L=V *T from shield tail, uplift on
tunnel is a function of time F (t). Starting from area of shield tail, the resultant up-
lift Q is calculated as:

Q- ad=v2 T Ftyt (1)

From Equation (1), it can be seen that uplift on tunnel is proportional to the
square of rate of shield tunnelling. Therefore, it is necessary to stringently control
the rate of shield tunnelling to effectively lower uplift on tunnel.

2.3 Analysis on Safety against Uplift during Tunnelling

Uplift during shield tunnelling is caused by transversal and longitudinal actions
mutually.
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2.3.1 Calculation in Tunnel Longitudinal Direction

A numerical analysis has been conducted for tunnel in longitudinal direction dur-
ing shield tunnelling. Once elastic foundation beam has been taken for treatment,
given the compression modulus of ground mass, then compression module at vari-
ous ages of grout could be deduced by utilization of various strengths at differing
ages of grout. Hence equivalent spring coefficients (JSCE 1996) for ground mass
and grout subsidence could be calculated. Referring to Figure 1, uplift force which
is acting on rings is obtained for a uplift test on structure of a model ring (Lin et al,
2008).
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Figure 1. Longitudinal modeling Figure 2. Relation between uplift and strengthen of subsidence

In analysis, uplift force and spring coefficient composed of ground mass and grout
mass are assumed as shown in Figure 2. At the moment segments cleared off by
shield tail, the maximum uplift is the weight of grout so displaced by the same
volume of tunnel. By that time spring coefficient is zero. Based on analysis men-
tioned above, grout strength (some day after) is quite approaching that of sur-
rounding ground.

2.3.2 Calculation in Tunnel Transverse Direction

As shown in Figure 3, upon segment cleared off by shield tail, between the ring
just cleared off by shield tail, and the ones still remaining in contact with shield
tail, may appear a more significant shear force Q which magnitude is to be deter-
mined by uplift on tunnel. The force necessary to overcome this shear Q would be
the amount of frictions F caused by the resultant of thrusts from hydraulic jacks
plus shear resisting force S of longitudinal bolts. When F+S=Q, the safety re-
quirement of tunnel is met (Lin et al, 2008).



140 Tunnel Stability against Uplift Single Fluid Grout

tuswel eafely sganel vl istomests P IS0

ehear meictance of longitedinal bolt, 5 shese O hebw een segrnents

TeM

esullant of jack thrust ::) | | <:| reaction on jack
I | <

wenberigousd pressuee ot front q, Hidionbewen segmeats F

uplift on segnents

Figure 3. Loading schematics on segments as they are cleared off by shield tail.

From Figure 3, the resultant of hydraulic jacks P=(ql+q2)/2xh xA =yhA;
whereby friction of jacks F=p k0 P, resultant shear resistant force by longitudinal
bolts S, shear Q between segments produced by tunnel uplift are to be calculated
by means of longitudinal float resistance of tunnel. Actual uplift produced is N=
Q—F. If N<S, tunnel is safe for uplift resistant. [f N=S, tunnel falls short of up-

lift resistance pending structural measures to be taken. From the formula, y is av-
erage specific weight of ground in front of shield; A is the area to be excavated by

shield; k0 is coefficient of lateral ground pressure; p is the friction coefficient be-

tween segments.

3 Project Application against Uplift of Tunnel during Tunnelling

3.1 Project Introduction

Tunnel A is bored by shield tunnelling which is through ground with the minimum
overburden of 7.23m near launching shaft. The tunnel section has inner diameter
of 5.84m and outer diameter of 6.8m with tapered RC segmental ring composed of
6 segments of 1.5m wide and staggered joints.
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3.2 Analysis of Influence on Compression Strength of
Simultaneous Grout Injection

The compression strength (3 day) of a single grout subsidence has reached 59kPa,
basically greater than the confined compression strength of ground in shallow
cover section (the strength of ground is 50kPa). It is therefore to be believed that
3d after segments cleared off by shield tail; uplift acting upon tunnel by the grout
has become relatively smaller.

3.3 Verification in Tunnel Longitudinal Direction

The data for calculation are longitudinal curved bolts M30, Grade 5.8 (a=30°)
16pcs. For longitudinal rigidity, based on “Structure Design Code of Japan Rail-
way”, equivalent rigidity (EA)eq, (El)eq for tunnel longitudinal can be calculated.

Figure 4 shows simulated calculation results for tunnel longitudinal at the time
of tunnelling rate of 6ring/d. As shown in the figure, the maximum uplift force
loaded on segments by grout, upon segments cleared off by shield tail is 2248kN,
then following shield tunnelling forward, grout strength surrounding the segments
gains with less uplift loaded on segments, to reach that of ground mass strength af-
ter 3d or uplift on tunnel tending to zero.

Figure 4. results in longitudinal direction. Figure 5. Staggering between segmental rings.

The verification results indicate that near at shield break-out section, only when
advance rate is controlled below 6ring/d, segments could meet uplift resistance re-
quirement. When its uplift force over shear strength of longitudinal bolts as tested
on segments is equal to 2.54 (as its safety coefficient).
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3.4 Verification in Tunnel Transverse Direction

For transversal calculation modelling, two full rings 3-d solid tunnel calculation
modelling is taken. Via transversal numerical calculation, segment deformation
under action of uplift is obtained to verify fissure width of segment structure, de-
formation of segment joint and staggering between segments (see Figure 5).

From calculation results on converged deformation, it is then known that given
shield advance at a rate of 6ring/d, the maximum shear force produced between
rings caused by tunnel uplift is 2248kN. By when max converged deformation is
16.9mm, basically controlled within 3%.D allowance. Whereas the maximum
Mises stress of the bolt is 162MPa, basically controlled within an allowance of
480MPa as design criteria. The maximum deformation at joints as calculated is
1.07mm against design tolerance 4.0mm, meeting design requirement for defor-
mation of joints, The maximum staggering between segmental rings is 2.4mm
which is less than the allowed value of 5.5mm as stated in “A Full Ring Lining
Structural Test for Changjiang Tunnel in Shanghai Under Tunnel Uplift Regime”
(Yang et al, 2007). Therefore it is believed that the tunnel is safe.

4 Conclusions

Overburden near at shield break-out section of the Tunnel A is about 7.23m.
Given shield advance is controlled below 6ring/d, segment seam width can meet
design requirement within allowance, i.e. 2.54 safety coefficient against tunnel up-
lift.

Therefore, uplift of tunnel must be paying a high degree of attention, and take
effective measures in construction technology and construction requirements, in
order to ensure quality works. Control of tunnel construction technology uplift
measures and structural requirements are as follows:

1. Simultaneous grouting age 3 days yield strength must be met 0.059Mpa; and in
accordance with the actual situation, as far as possible to improve the early
strength grout.

2. Encountering other special conditions during the construction will need to
make other tunnel structure checked.

Shield across the shallow soil, it is recommended to control the construction
speed to 10ring/d below the convergence of tunnel deformation, if the deformation
is too large (more than allowed value), it is proposed to set the construction speed
to 6ring/d.
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Effects of Concentrated I nitial Stresseson
Global Buckling of Plates

A.Y.T.Leung" and Jie Fan

"Department of Building and Construction, City University, Hong Kong

Abstract. Buckling is an instability phenomenon that can occur if a slender and
thin-walled plate — plane or curved — is subjected to axia pressure (e.g. inplane
compression). At a certain given critical load the plate will buckle very sudden in
the out-of-plane transverse direction. The destabilizing force could come from
pure axial compression, bending moment, shear or local concentrated loads, or by
a combination of these. If the structural element is bulky, the load-carrying capaci-
ty is governed by the yield stress of the material, rather than the buckling strength.
If instead the element is dender and/ or thin-walled, the buckling strength is go-
verned by the so-called slenderness ratio — the buckling length over the radius of
gyration for global buckling of a column or a strut, or the loaded width over the
thickness of the plate for local buckling. A special form of instability, that has to
be considered with great care in design, is the combined global and local buckling
risk of aslender and thin-walled axially loaded plated column — the capacity could
be much lower than the two buckling effects analyzed separately. Conventionaly,
averaged initial stresses due to compression or shear are considered in a plate
buckling analysis. Unfortunately, the analytical solutions of initial stresses for a
cantilever square plate subject to uniform compression that the initial stresses con-
centrated at corners and cannot be considered uniform at all. The paper will report
on the effects of concentrated initial stress on the global buckling of plates.

Keywords. global buckling, concentrated initial stresses, cantilever plates, skew
plates, trapezoidal plates

1 Introduction

The elastic buckling of rectangular plates or skew plates have been widely
considered by Kitipornchai et al (1993). Conventionally, averaged initial stresses
due to compression or shear are considered in a plate buckling analysis. However,
the distributed initial stresses when the plate is subjected to uniform compressive
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loads or shear stresses on the edges are not necessarily uniform as assumed. The
initial stress concentration is very considerable and may have great influence on
the buckling of the plates. Moreover, trapezoidal shaped plates are used in many
structural applications such as aircraft wings. Due to the complexity of the
trapezoidal shapes, studies focused on trapezoidal plates are seldom investigated.
The stresses in the internal of the trapezoid considered by Kelvin (1956),
Saadatpour et al (1998) and Herdi et a (2000) are cursorily assumed to vary
linearly along with the height of the trapezoid, which are very different from what
actually happen. In fact, the concentration at the corners for the clamped
trapezoidal platesis much greater when compared with rectangular plates.

In this paper, the initial stresses buckling of clamped rectangular plates are
obtained by ANSY S. The results of rectangular plates are compared with buckling
results that the initial stresses are considered to be uniform. New results of
buckling loads for trapezoidal plates clamped on one paralel side will be
compared with those given by p-element (Leung and Fan, 2008).

2 M ethodology

In this paper, the critical buckling load of a flat plate by eigenvalue buckling
analysis will be studied by ANSYS. Eigenvalue buckling analysis predicts the
theoretical buckling strength of an ideal linear dastic structure. Eigenvalue buck-
ling analysisin ANSY S has four steps: 1) Build the model; 2) Obtain the static so-
lution, that is, obtain the initial stress distribution in the plates; 3) Obtain and ex-
pand the eigenvalue buckling solution, i.e. obtain the buckling loads and buckling
mode shapes of the plates; 4) Interpret the results. Since the plate will develop out-
of-plane displacements, a shell element type, named ‘Elastic 8node 93 in
ANSYS, is chosen for the eigenvalue buckling of the plates. 2821 nodes and 900
elements are used in the ANSY S analysis.

3 Numerical Examples

Buckling problems of rectangular plates, skew plates and trapezoidal plates with
one side clamped and the other three sides free will be considered. Two types of
uniaxial compressive loads on different sides are studied: 1) act on the two sides
normal to the clamped side; 2) act on the side parallel to the clamped side. The as-
pect ratio a, b, ¢ and inclination angle «, 6 for plates with different shapes are
shown in Figure 1 (8) — 6 (@) respectively. The geometric parameters for the plates
are: for the rectangular plate, a=b=10; for the skew plate, a=b=10 and ¢=45° and
for the trapezoidal plate, a=30, b=c=10 and #=45". The thicknesst of the platesis
chosen as 1. The buckling load intensity factors for a plate under uniaxial com-
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pression is defined as K,=T,(b)%(n°D), where D=Et*/[12(1-v?)], the material prop-
erties are 200Gpa for Young's modulus E and 0.3 for Poisson’s ratio v, and by is
the average loading length. Two loading cases for each of the three types of plates,
rectangle, skew and trapezoidal, are investigated. 1) For a rectangular plate under
loading case 1, bi=a; and under loading case 2, bi=b. 2) For a skew plate under
loading case 1, by=a; and under loading case 2, by=h. 3) For atrapezoidal plate un-
der loading case 1, by=(a+c)/2; and under loading case 2, bi=b.

Buckling loads for the rectangular plates, skew plates and trapezoidal plates are
considered in this Section. The initial distribution of the normal stress oy, oy, and
shear stress g,y are shown in the corresponding figures. Buckling intensity factors
comparison with results of p-element (Leung and Fan, 2008) for the three types of
plates are given in Table 1. In Table 1, the results of p-elements considering that
the loading are uniform for all the cases besides of a trapezoidal plate under load-
ing case 1, but assuming that the loading varies linearly along with the height of
the trapezoid. It is shown in Table 1 that the results of rectangular plate, skew
plate (under loading case 2), trapezoidal plate (under loading case 2) obtained by
ANSYS are very close to those by p-elements. It suggests that the initial normal
stress concentration when under loading case 2 have little influence on the buck-
ling results. While for a trapezoidal plate, the result under loading case 1 is
0.37818, which is larger than the result of p-elements 0.33924. It means the buck-
ling capacity is underestimated when assuming initial stress varying linearly along
the height of the trapezoid. Moreover, for a skew plate under loading case 1 (as
shown in Figure 3), since the high stresses concentration on the right-bottom cor-
ner of the plate, great relative error reaching to 27.87% is produced. The great dif-
ference of the buckling results given by ANSY S and p-elements shows that the in-
itial stresses concentration caused by loading case 1 has a great effect on the
buckling loads of skew plates and trapezoidal plates. Meanwhile, for a rectangular
plate, though the maximum stress of case 2 (1.37, as shown in Figure 2 (b)) isless
than that of case 1 (1.994, as shown in Figure 1 (c)), the relative errors of the
buckling loads with results of p-elements under loading case 2 (0.87%) is larger
than the error under loading case 1 (0.03%). This phenomenon maybe caused by
the size of the covering area of the stress concentration and hence the internal en-
ergy. The cover area of high normal stress oy, for case 2 is much larger than the
areafor high normal stress oy, of case 1.
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Figure 6. Stress distribution for a trapezoidal plate under loading case 2

Table 1. Buckling load intensity factors for rectangular plates, skew plates and trapezoidal plates

Loading case 1 Loading case 2
Present P-element Relative Present  P-element Relative
Error Error
Rectangular plate  0.23752  0.23747 0.03% 0.54807 0.55284 0.87%
Skew plate 0.23620 0.32742 27.87% 0.45057  0.45150 0.21%

Trapezoidal plate  0.37818  0.33924 11.48%  0.22320 0.22435 0.52%

4 Conclusions

The initial stresses buckling of cantilevered rectangular plates, skew plates and
trapezoidal plates are studied by ANSYS, and compared with the results of p-
elements. The results of the three types of plates under loading case 2 agree well
with those assuming uniform initial stresses. Buckling loads of skew plates and
trapezoidal plates under loading case 1 have a great different from the results as-
suming uniform initial stress for skew plates and varying linearly along the height
for the trapezoidal plates, and further study should be undertaken.
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Application of a Thin-Walled Structure Theory
in Dynamic Stability of Steel Radial Gates

Zhiguo Niu™ and Shaowei Hu®
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Abstract. With the increasing shortage of water resources in the whole earth,
many diversion projects have been constructed to make a better use of water re-
sources in many water-shorting places and the radial gates are need to operate
partly for adjustment of discharge in these projects. However, the low head steel
gate accident emerges increasingly one after another, due to the instability of radi-
a gate arms under dynamic loading action. In this article, the space frame com-
posed of main cross beams, vehicle beams, arms and some other components is
taken as one analytical model, based on the perturbation method and thin-walled
structure theory, the dynamic instability region can be calculated by the finite
element method. Finally, the method is validated by a comparison with existing
project data.

Keywords: hydraulic structure, thin-walled structure, radial gate, dynamic stabili-
ty

1 Introduction

The radia gate is one kind of the most widely applied steel gates in hydraulic en-
gineering. But a lot of engineering projects show that radial gates have vibration
of different degree caused by water flow action during gate operation in dynamic
water or gate partia opening. Under some special working conditions, the vibra-
tion of radial gate is so serious that the dynamic instability of arms may happen.
Therefore, the dynamic stability problems of radial gates have been being the im-
portant problems that should be solved in the design and practical operation of ra
dial gates. Based on the radia gates' characteristics of structural and acting forces,
research work of steel radial gates is focused on the dynamic instability of arms.
In 1980s, Professor Yan Shiwu, Professor Zhang Jiguang recognized parametric
vibration was one of reasons caused dynamic instability of arms and presented a
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simple analytical method, in recent years, a series of investigations have been
widely seen in some literatures.

This paper presents a computational method which is used to analyze the dy-
namic instability of radial gates. By Thin-walled Structure Theory, a new method
combing with the physical and numerical model to predict the dynamic stability of
radial gates' arms is described in detail.

2 The Elastomer Perturbation Equation

The structure is likely to subject to be dynamic instability because of axially peri-
odic force when the structure is acted on by vibration load. Equation (1) is applied
in analyzing dynamic stability of structure.

(MI-73+[ K] - [K,] - [K,Jsn(en)]-{v}={o} @
If the structure is damped, the equation can be written as:
MIAV3 [V +[ KT - [K,] - [K]sn(e)]-{v}={o} @

The term of damping is added in Equation (2), where [C] is the damping matrix.
[M] is the mass matrix and [K] is the elastic stiffness matrix of the structure re-
spectively; [Kq] and [Ky] are the static and time dependent components of the
geometric stiffness matrices; and 6 is the frequency of the vibration load. This
equation is a governing equation for parameter vibration. To solve the Equation
and to analyze the dynamic stability of the structure is more complicated than to
solve Equation (1). By means of a concrete analysis of the character of the govern-
ing eguation, it is known that the condition of structure instability is the equation
with periodic solution of periods T and 2T ,where T=2r/6.When there is a periodic
solution with Period 2T in the equation, the instability of structure can be excited
very easily. The regions with periodic solution of 2T are the main regions of dy-
namic instability, thet is, 6=2c; is taken as disturbing frequency, where o is jth
natural frequency of structure, and the main regions of jth dynamic instability can
be calculated. The boundaries of a main unstable region can be determined with
Equation (3).

[K.]-[K, ] +0s[K,]-[M]% c)?
4 2 (3)

0 6
[c]E [Ke]—[KQS]—O.S[Kg‘]—[M]j
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[Kgs] and [Kg] can be determined when the external load is given. Therefore, the
range of 0 can be obtained. The structure is unstable when 6 is in this range. By
increasing the value of the external load, the boundaries of regions of dynamic in-
stability can be achieved. The axial force can be determined directly when the
structure is subjected to vertical loads at joints. For the structure, it is necessary to
analyze the structure dynamically before the geometric stiffness matrix is ob-
tained, [Kg] is related to 6, but the calculation indicates that if the value of 6 is
changed in a quite small range, there will be no significant change of dynamic ax-
ial force in the structure which is subjected to the vertical dynamic load, such as
P,sinbt.This can be attributed to the large difference between the disturbing fre-
guency and longitudinal natural vibration frequency of the structure. The dynamic
coefficient, which does not changed much, can be regarded as constant. Thus the
jth main dynamic unstable regions can be determined by means of the axia dis-
turbing force with frequency 2w;. From the above analysis, Equation (3) can be
solved by means of perturbation method.

3 Beam Element M odel of the Thin-walled Structure

It is observed in the thin-walled structure that warping which is caused by re-
strained torsion have a significant effect on the strain and stress of the structure. In
order to consider the effect of the warping of the thin-walled beam, an improved
displacement model is adopted to simulate the arms of the radial gates.

If we accept that in an element two nodes (i.e., 14 variables) define the deflected
shape, we can assume these to be given by a cubic.

R 2 3, 2 3
u=a +ax,;v=a+ax+ax +aXx  ,o=a, +aXx+ax +ax
2 3, _ 2 _ 2,
0, =a,+a,Xx+ax +a,x ;0 =a,+2ax+3a,X 0, =a,+2ax+3aX";
! " 2
¢ =0 +A0 =a,+6la,+2a x+3a,X

where @ is the warping angle, 4 is the warping coefficient which is dependent

upon the beam cross-section shape. These displacement functions can be repre-
sented as following:

U=N-A (4)

U=fu v o 0 @ o 4]

y z

A=[a, a, a; a, a; a, a, 8 a a, &, a, a; 3,
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The strain formula of thin-walled beam element can is given by

ol 00 0 o

e—[—y—z -1—= —a)—¢ +_u:| (5
oX OX OX OX
o6

y,=p-—=+¢-(y-p) (6)
OX

where i/ is a torsion function, finally, a new stiffness matrix, a new static geo-

metric stiffness matrices and a new static geometric stiffness matrix of thin-walled
beam elements are derived, which is applicable to thin-walled beams with cross-
sections of any shape (either open, or closed). The possible patterns of the defor-
mation of thin-walled arms are taken into account in.

4 Example

In order to further study on the dynamic stability of radial gate arms, a simplified
frame model of radial gates (Figure 2) and aworking gate of a hydropower project
(Figure 1). The simplified space frame composed of main cross beams, vehicle
beams, arms and some other components is taken as one analytical model. When
the radial gate remaining to water head is 90.0m, the main regions of dynamic in-
stability have been obtained by the method proposed in the paper and is shown in
Figure 4.In addition, the main regions of dynamic instability have been obtained
by traditional method is shown in Figure 3.

Figure 1 Structure of radial gate Figure 2 Space frame model of radial gate



Zhiguo Niu and Shaowei Hu 157

Figure 3 Main instability regions of traditional method Figure 4 Maininstability regions

By hydraulics experiments, the information of flow fluctuating pressure in ra
dial gate is achieved, the flow fluctuant pressure on radial gate can be treated as
stationary random process going through all of states in the case of certain open-
ing, so we make use of Fourier transform, the random load can be expressed a se-
ries of harmonic load, if the main frequency region and the corresponding ampli-
tudes lie in the dynamic instability region, the radial gate will occur to dynamic
instability; otherwise, the gate is safe.

5 Conclusions

In this paper, based on the simplified model of the radia gate, a method which is
used to obtain the dynamic instability region is proposed, the method takes ac-
count of the space effect, it also can consider the possible patterns of the deforma-
tion of thin-walled beam, such as tension or compression, shear, bending, torsion
and warping. In order to make the method be applied in rea project, with the
physical and numerical models, a method recognizing the parameter resonates of
steel radial gate is proposed. Finaly, it is shown that the method is correct by ana-
lyzing of a project. The method is not only an improvement for the radial gate pa
rametric vibration computational method, but also lays a solid foundation for fur-
ther study to the dynamic stability of radial gate structure.
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Abstract. The nonlinear stability analysis of the short box, the long box and the
whole wing structure were compared by MARC2003 nonlinear finite element cal-
culation software. The results indicated they were not appropriate to substitute the
important part for the whole structure and use the node displacements of the linear
calculation as the boundary conditions of the nonlinear analysis. This technique
should not be used for the stability design. By comparing the differences of the
deflection and the torsion angle between the linear and nonlinear analysis, it was
concluded that the nonlinearity seldom influenced the deflection whereas it could
remarkably influence the torsion angle. In conclusion, the nonlinear impact must
be considered in the torsion stiffness and aeroelastic designs of the wing.

Keywords: nonlinear stability, nonlinear finite element, boundary condition, def-
lection, torsion angle

1 Introduction

The wing under the aerodynamic force will deform largely, which is atypical kind
of geometry nonlinear problem (Zhou, 1997). Due to the complexity of the
nonlinear calculation and the wing structure, the analytical methods often used in
engineering field are replacing the whole structure by the important part and using
the node displacements of linear calculation as the boundary conditions of nonli-
near analysis at present. Although the methods solve problems of the convergence
and the calculation efficiency, the veracity of the calculation is still doubtable
(Shao et al., 2006; An, 2007; Zhao et al., 2008).

With the loading increasing, the nonlinear feature of the structure is more ob-
vious. If the feature is not obvious in the extreme, the simpler method (linear cal-
culation) can be adopted. For the wing structure, the deflection and torsion are the
most important places which should be paid attention to. Hence, by researching
the change of their difference between the linear and nonlinear calculation with
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the loading increasing, we can know when the difference becomes obvious (Satoru
and Minsu, 2008; Teters, 2007; Barski, 2006; Crisfield, 1997).

The investigations have been carried on into the forenamed problems. The re-
sults are valuable in engineering.

2 Influence of the Boundary Condition

Based on HyperMesh finite element software, the finite element model of the
wing structure which is shown in Figure 1 has been established. In order to model
the real exterior condition of the wing, the proper constrain is used on the wing
root and the precise aerodynamic force is used on the wing surface. The overload
coefficient is introduced and multiplied by aerodynamic force as the total loading.
In this section, the overload coefficient is equal to 3.2. During the nonlinear calcu-
lation, the arc-length method is used to ensure convergence (Ling and Xu, 2004).

Constrain

Figure 1. Finite element model of wing

For the shell structure, the instability often occurs on the pressing surface. In
the wing structure, the instability is represented as the buckling pits which often
occur near the wing root. In order to check the veracity of the method which is of-
ten used in engineering, the models of the short box and the long box are picked
up from the wing root and the node displacements of the linear calculation are
used as the boundary condition of A and B section. The models are observed from
Figures 2 to 4. Tables 1 to 3 show the results of the comparison of nonlinear sta-
bility analysis of the short box, the long box and the whole wing structure.
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Figure 2. Short box Figure 3. Long box

Table 1. Comparison of the time when pits occur

Model Percent of the load (%)
Short box 29
Long box 25
Wholewing 22

Table 2. Comparison of the pit deep

Model Deep/mm
Short box 8.9

Long box 9.6
Whole wing 10.8

Table 3. Comparison of the pit radius

Model Radius/mm
Short box 74.4
Long box 82.3
Whole wing 87.5

From the above tables, it is concluded that if the whole wing structure is used
to do nonlinear stability analysis, the timeis earlier as the deep and size are larger
when pits occur. Compared with the short box, the deviation has reached to 15%,
which is not acceptable in engineering. The results indicate that they were not
proper to substitute important part for the whole structure and use the node dis-
placements of linear calculation as the boundary conditions of nonlinear analysis.

In order to find out the reason, the node displacements of nonlinear calculation
on A and B sections can be obtained in the whole wing structure and the differ-
ence between the liner and nonlinear calculation should be compared. The com-
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parison shows in Table 4. In this table, UX is represented as the displacement in
the X direction.

Table 4. Comparison of the node displacements between the linear and nonlinear calculation %

Section Section A Section B
Difference of UX 8 21
Difference of UY 15 6.4
Difference of UZ 93 85

From Table 4, it is obvious that the error results from using the node displace-
ments of linear calculation as the boundary condition of nonlinear calculation.
Therefore nonlinear stability analysis must be carried on the whole structure when
the structure is obviously possessed of nonlinear feature.

3 Course of Nonlinear Behaviour

As stated above, it is known that the difference between the linear and nonlinear
analysisis very obvious, when the overload coefficient is equal to 3.2. In this sec-
tion, the difference of the deflection and the torsion angle between the linear and
nonlinear calculation should be paid close attention to. In addition, the investiga-
tion also concentrates on the change of difference with the overload coefficient in-
creasing.

Firstly, seven nodes along the wing span are picked up. Their displacements are
denoted by the y-axis while their locations are denoted by x-axis. The deflection
curves under different overload coefficients are shown in Figure 4 to Figure 6. In
order to make comparison, the linear and nonlinear curves are shown in one fig-
ure.

W) T s 1.}
Linear =~ Linear

300 | — Nonlinear / 600+ Nonl inear

30

Deflection/mm
= =
= s

0 2000 4000 GODD  BDOD 10000 12000 140000 [} 0 1000 000 000 10000 LE0O0 L4000
Length along the wing/om Length along the wing/sm

Figure 4. Deflection curve (overload = 1) Figure 5. Deflection curve (overload = 2)
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Figure 6. Deflection curve (overload = 3.2)

From the figures, it is concluded that the differences of the linear and nonlinear
deflection curves become greatly obvious when the overload coefficient is equal
to 2.0. At the moment, the two curves have a point of intersection which indicates
that the structure nonlinear behavior starts occurrence. This conclusion can be
used for the overload coefficient design of wing structures.

Secondly, the difference of the wing tip deflection value between linear and
nonlinear analysis is calculated on condition that the overload coefficient is in-
creasing (shown in Table 5). Results show that the difference become more and
more obvious with the overload coefficient increasing,

Table 5. Comparison of the deflection between the linear and nonlinear calculation

Overload( m/ s2) 1 2 32
Difference of the def-
lectioninthewingtip 1.7 4 9.37

(%0)

Lastly, the difference of the wing tip torsion angle between linear and nonlinear
is calculated on the condition that the overload coefficient is increasing (shown in
Table 6). Results show that the nonlinear influence on torsion angle is much wider
than that on deflection. The reason is that the bending moment can be beared by
the beam when the skin becomes buckling. However, the torsion stiffness has been
diminished when the skin buckling because the torsion moment is balanced by the
shear force which is on the skin. Therefore the nonlinear impact must be consi-
dered in the torsion stiffness design and the aeroelastic design of the wing (Chen,
2004).
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Table 6. Comparison of torsion angle between the linear and nonlinear calculation

Overload( m/ ) 1 2 32

Difference of the tor-
sion angle in the wing 239 375 47
tip (%)

4 Conclusions

The results of nonlinear stability analysis of the short box, the long box and the
whole wing structure suggested that they was not appropriate to using the impor-
tant part in place of the whole structure and use the node displacements of the li-
near calculation as the boundary conditions of the nonlinear analysis. Therefore
this technique should not be used for the stability design. By comparing the differ-
ences of the deflection and the torsion angle between the linear and nonlinear
analysis, it was concluded that the differences of the linear and nonlinear deflec-
tion curves became very obvious when the overload coefficient was equal to 2.0
and the nonlinear influence on torsion angle was much wider than that on deflec-
tion. Therefore the nonlinear impact must be considered in the torsion stiffness
and the aeroelastic design of the wing.
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A New Slice Method for Seismic Stability
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Abstract. According to retaining walls reinforced by extensible reinforcements
such as geogrids and geotextiles, a new slice analysis methodology was devel oped
to analyze its internal stability under horizontal and vertical seismic loads. The
slide failure wedge of the reinforced retaning wall was divided into a number of
soil slices parrallel to the reinforcements. Based on the single line shape assump-
tion for the critical dlip surface of the wall, the equilibrium equations for horizon-
tal forces, vertical forces and moments of each soil slice were established. And
then, the recurrence formulas for horizontal and vertical inter-slice forces, rein-
forcement tensile forces were derived consequently, in which the relationship be-
tween the inter-slice forces and the safety factor FS of the wall was included. The
safety factor FS and the vertical bearing capacity gmax at the wall top were ob-
tained by solving those recurrence formulas. This proposed slice method was ap-
plied to analyze the seismic stability of one reinforced retaining wall whose height
was 10m, and the results were compared with those of strength reduction method.
The results show that: this method is simple, practical and good precision in calcu-
lation, so it can be used in actual seismic stability design of reinforced walls; the
simplifed critcal dlip surface is more feasible and convenient for engineering ap-
plication than the log-spiral failure surface.

Keywords: new dlice method, reinforced soil, retaining wall, seismic, stability

1 Introduction

Applications of reinforced soil walls are mostly in non-earthquake regions at pre-
sent (Jiang and Zou, 2006). So it is significant to study on its seismic stability in
order to apply this economical structure in earthquake area reasonably.
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The anti-seismic design for reinforced retaining walls is usually based on limit
equilibrium and pseudo-static technique (Ling et al., 1997; Ling and Leshchinsky,
1998; Michalowski, 1998; Jiang and Zou, 2007). The conventional approaches ex-
ist obvious disadvantages due to inclusion of reinforcement tensile force in stabil-
ity analysis. Therefore, the idea of horizontal slice means is introduced into ana
lyze reinforced structures (Shahgholi et al., 2001; Nouri et al., 2006). Wheress,
these methods are inconvenient in application because of being carried out using
optimization program and assuming a log-spiral failure surface when the wall are
destroyed.

Hence in this paper an attempt has been made to investigate the stability of rein-
forced retaining walls under horizontal and vertical seismic conditions by using a
new slice method, which considers a single line shape for the critical dlip surface
of the wall with respect to extensible reinforcements. The recurrence formulas for
horizontal and vertical inter-slice forces are derived consequently. The safety fac-
tor and the ultimate vertical load at the wall top are obtained.

2 New Slice Theoretical Method

2.1 Basic Assumption

According to Mechanically Stabilized Earth Walls and Reinforced Soil Slopes De-
sign & Construction Guidelines (FHWA-NHI-00-043 2001), the critical dip sur-
face is approximately linear in case of the retaining wall reinforced by extensible
reinforcements (Figure 1).

The dlip failure wedge is divided into n soil slices parallel to reinforcements,
one layer reinforcement is included in each dlice (Figure 1). The force system
acted on each slice is shown in Figure 2. Where, W is the weight of the i" slice;
Fnis Fniss Fiis Friss @e the normal and tangential inter-slice forces at the up-
side and underside repectively; Ny;and N; are the normal and tangential reaction
forces at the i" critical slip surface; T;is the tensile force of the i"" reinforcement;
Fen, i and Fgy; are the horizontal and vertical seismic inertia forces at the mass
center of thei™ dlice.

2.2 Equilibrium Equations for Each Slice

From Figure 2, »F, =0 (for each slice) and ) F, =0 (for each slice),
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T, +N,;cose; — N, ;sine, - F.,; +F,,,—F,; =0 @
FN,i+l_ l:N,i -W, - l:Ev,i + Nt,i sing, + NN,i cosg; =0
where in accordance with mohr-coulomb criterion,

Nt,i =(di +NN,i tan¢)/FS (2)
R, =(cD ata+F,, tang) / FS

wherec and ¢ iscohesion and internal friction angle of the fill respectively.
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Figure 1. Simplified critical dip surface for extensible reinforcements and division for its dide
failure wedge
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Figure 2. Schematic diagram for force system of the i'" soil slice
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For the whole dide failure wedge ABCE, the sum of its horizontal applied
forcesis zero,

ZT+ZNt,cosa ZNN,sna Z e, =0 (3)

Moment equilibrium is satisfied for each dice with respect to the moment cen-
ter (point O in Figure 2),

(FN|+1+F (Nt Snag-i_NNlM)H—_h_(lzmﬂ“‘ﬁi)B:O (4)

)4t 2tang, 2

2.3 Safety Factor of the Wall and Vertical Ultimate Load

Combining Equation 1 with Equation 2, 3, 4, the recurrence formulas for horizon-
tal and vertical inter-slice forces can be derived,
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Given the boundary load conditions at the wall top: F, .= F,=0- The safety

factor and the vertical ultimate load can be obtained by solving Equation 10 using
iterative method according to the following steps,

Step 1: Assume iterative initial value of the safety factor FS to be FS”.

Step 2: The iterative calculation start from the 1% slice, and then its underside
inter-slice forces Fuo and F., can be solved from Equation 10. Theresfter, Fus

and F, ae used as recurrence initial value for the 2™ dlice. So Fy. and F., can

be attained in sequence from the 1¥ dice to the end slice.
Step 3: Substitute F, | and F, into Equation 3, the safety factor FS™ is ob-

tained.
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Step 4: When ‘FS“ - FS*‘ < 2%, the last iterative initial value FS”is the true

value for safety factor.
Step 5: When solving for the vertical ultimate load Qmax, the initial value g

and FS=1 could be given. Similar to step 2, F,and F, can be attained. Substi-
tute F,  into Equation 3, F’ is calculated. If ‘Ft’n -F,

theinitia value g’ isthetrue valuefor gmex.

< 2%, it indicates that

3 Verification for the Slice Method

Verification has been undertaken by the following Example through comparing
results obtained using the proposed method with those obtained using two pub-
lished procedures.

Example: A reinforced retaining wall is 10m in height, the basic physical and
mechanical properties for the fill soil and the reinforcements are shown in Table 1.
Variations of parameters considered in this example are as follows:
k,=0.0, 0.1g, k, =0.0, and the vertical space for geogrids layers is 0.05H or

0.1H. The safety factor results by the proposed method and the strength reduction
method (Dawson 1999) arelisted in Table 2.

From the example, it is evident that comparisons the proposed slice method
with conventional method yielded satisfactory agreement.

Table 1. Basic physical and mechanical properties of soil and geogrids

Soil Geogirds
Internal Cohesion Unit Elastic Poisson’s Length Elastic
friction /kPa weight module ratio /m module
angle Kn/m® /MPa IGPa
/o
35 20 20 33 0.3 10 26

Table 2. Calculation results for safety factor

Vertical space of geogrids layers

Vertical space of geogrids layers 0.1H 0.05H

k, )
. Strength reduc- slice me- Strength reduc-
slice method tion method thod tion method
0.0 1.28 1.30 133 135

0.1g 1.16 119 1.20 1.23
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4 Conclusions

The seismic stability of reinforced retaining wall has been investigated using a
new slice method. In this slice method, the sliding wedge is divided into several
slices, which are parallel to the reinforcement layers. With repect to the extensible
reinforcements and based on the single line shape assumption for the critical dip
surface of the wall, the recurrence formulas for horizontal and vertical inter-dlice
forces and reinforcement tensile forces are derived consequently. The safety factor
and the ultimate vertical load at the wall top are obtained. The dice method is va-
lidated by comparing with the conventional method through one Example. More-
over, the present study shows that the simplified critical dip surface is more feasi-
ble and convenient for engineering application than the log-spiral failure surface.
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Hyster etic Response and Ener gy Dissipation of
Double-Tube Buckling Restrained Braces with
Contact Ring
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Abstract: The buckling restrained braces (BRBs) might yield but would not
buckle whether compressed or tensioned. Thus, BRBs could dissipate in advance
the energy of weak earthquake action and protect the structure of main complex
from destruction. Meantime, under the action of strong earthquake the BRBs
could absorb its energy in large amount, so that the structural safety was im-
proved. The double-steel tube BRBs with was remodeled with additional contact-
ring in the middle of their inner tube and at their ends. Finite element numeric
simulation was conducted for this kind of BRBs and its result showed that it ex-
hibited fine ability of energy dissipation and force performance.

Keywords: buckling restrained braces, contact ring, finite element analysis

1 Introduction

Since Kimura etc. had put forward Buckling-Restrained Braces (BRBs) in 1976, it
had got many scholars attention. Since buckling-restrained braces (BRBs) can
yield in both tension and compression without buckling, the disadvantages of the
conventional braced frame system can be overcome. It can aso absorb higher en-
ergy under earthquake action, so the safety of structure was enhanced. In China,
most of the regions were located on earthquake region, so the influence of ground
motion should be considered in seismic design. From the above aspect, a kind of
brace namely double-tube buckling restrained brace with contact-ring was pro-
posed in this paper, whose performances were analyzed in details.
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2 Geometry Parameters of Component

According to the results of the analysis of document (Yin et al., 2008), in this pa
per, some discontinuous steel rings were set between the inner tube and the outer
tube, namely the contact rings (see Figure 1). So the lateral supporting roles were
provided by the contact rings to improve the bearing capacity of the component.
Geometry parameters of component see table 1. The finite element analysis pre-
sented in this study was conducted using available commercial software (ANSY S)
and a three-dimension non-linear analysis was also applied. Furthermore, the ideal
elastoplastic model was adopted. Both material and contact non-linearity was also
considered in the analysis. The average values of ultimate yield strength and elas-
tic modules were 235MPa and 210GPa respectively, and Poison ratio is about 0.3.

Table 1 Geometric dimension table.

length/m Component specifications /mm
Numbers of ) ) the contact rings Defect

Brace outer inner outer inner — %

tube  tube  tube® tube® ~ Num-  Specificat-

ber  ions@@
TBRBs-1 12 10 D8Ix4  D60x3.5 2 ®80x10.0 1
TBRBs-2 12 10 D8Ix4  D60x3.5 3 ®80x10.0 1
TBRBs-3 12 1.0 P8Ix4  D60x3.5 5 ®80x10.0 1
TBRBs-4 12 1.0 D8Ix4  D60x3.5 5 ®80x10.0 3
TBRBs-5 12 1.0 O76x4  D®60%3.5 5 D68%4.0 3
TBRBs-6 1.2 1.0 ®108x5  ®60x3.5 5 $100%20 3

contact ring of end contact ring contact ring contact ring of end

) 1) inner tubes
WAl

=
It 11 I2 11
[50[ 150 ‘wool 150 M 150
1 7

1
1200

81 (TBRBs-1,2,3,4)

68 (TBRBs-5’
98 (TBRBs-6>

inner tube

Figure 1. Different structures of BRBs.



Zhanzhong Yinetal. 175

3 Analysis of Hysteretic Performance

Hysteresis loop was load-deformation curve of structure and component under a
cycleloading. Areas of hysteresis loop exemplified energy dissipation capacity of
structure and component. The more areas of hysteresis loop, the more ability of
dissipating energy. So on the view of macroscopic, hysteresis curve shape can
show the seismic mechanism of structures or component.

In order to discuss capacity of energy dissipation of buckling-restrained braces,
cycle loading was carried out for double-tube buckling restrained braces with con-
tact ring listed in table 1, and hysteresis curves were obtained as shown in figure
2. In this paper the parameter analysis of BRBs with contact ring were carried out.
The effect of the number of contact ring was discussed. For example, in the same
conditions the number of contact ring of component TBRBs-1, TBRBs-2 and
TBRBs-3 was from 2 to 5, and the following results were obtained from hysteresis
curves of BRBs with contact ring.

1. From the full extent of hysteresis curves, TBRBs-2 and TBRBs-3 were all full
(see Fig 2(b) and (c)). The shape of those hysteresis curves shows square or
rectangle approximatively. It indicated that Energy dissipation capacity of
TBRBs-2 and TBRBs-3 was better and more stable. The bearing capacity of
TBRBs-1 began decreasing since the second cycle, and hysteretic curves of
TBRBs-1 become instable. It indicated that hysteretic performance observably
improved with the increase of the contacting ring.

2. The peakload was stable under circulating load, but peak of displacement in-
creased with the increase of cycling times. Results from numerical simulation
show that rigidity degradation behavior occurred beyond the peak displace-
ment.

3. As we can see from Figure 2(a,b,c) below, strength degradation of material in
the fatigue process occurred too, but the degree of strength degradation de-
creased with the increase of number of contacting ring. For component TBRBs-
3, strength degradation did not happen; one major reason is that constrains of
inner tube increased and defect was avoided after the increase of number of
contacting ring.
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(c) Hysteresis loop of TBRBs-3
Figure 2. Hysteresis loop of TBRBs.
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4 Analysis of Stressand Deformation

In order to get more reliable result of settlement, initial defections were taken into
account, such as initial bending. Based on characteristic value buckle anaysis
method of finite elements theory, initiad bending of member was obtained. The
value of initial bending was one-in-a-thousand or three-in-a-thousand times wider
than initial bending.

As can be seen from the figure of stress (see Figure 3), when axia displace-
ment of inner tube of TBRBs reached 1~2mm, the stress of inner tube reached the
yield point. From this phenomenon we can see that inner tube BRBs were starting
to dissipated energy. Combining with |oad-displacement curve (see Figure 4), the
Buckling-Restrained Braces (BRBs) show the same |load-deformation behavior in
both compression and tension, and ideal elastic-plastic model was drawn. And
elastic-plastic model become perfect with the increase of number of contacting
ring. Load-displacement curve from Figure 4(a) suggests that plastic segment of
curve had significant volatility. This is primarily caused by limited numbers of
contacting ring. These results imply that the capacity of BRBs with contact ring to
absorb energy increased with the increase of number of contacting ring.

(a) TBRBs4 stressfigure (b) TBRBs-5 stressfigure  (¢) TBRBs-6 stressfigure

Figure 3. Stressfigure.
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Figure 4. Axial load-displacement curve.
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Maximum lateral displacement of inner tube of all TBRBs reached clearance
distance between inner tube and outer tube respectively. It means that deformation
of inner tube was constrained on outer. And according to Figure 3, the larger the
clearance distance was, the larger the deformation was. But when the clearance
distance was too small, failure which is caused by local buckling of inner tube was
possible.

Moreover, it was clear that minimum strain of BRBs with contact ring reached
2.25%, and maximum strain of that reached 16.67%. This value exceeded maxi-
mum strain of yielding stage in ideal elastoplastic model. This means deformation
capacity of inner tube was very good. It was that BRBs can absorb higher energy
under earthquake action, so the safety of structure was enhanced.

5 Results

Based on the theory of the finite element method, the finite element entity model
of Double-Tube Buckling Restrained Brace with Contact-Ring was built and ana-
lyzed. Then the strength, the stiffness and the dissipative characteristics of BRBs
were obtained.

1. Double-tube buckling restrained brace with contact-ring had very good per-
formance of absorbing energy. Buckling-restrained braces (BRBs) with contact
ring can yield in both tension and compression without buckling, and perform-
ance of this brace was very stable in compression.

2. Under unidirection loading, load-displacement curve of buckling-restrained
braces (BRBs) with contact ring was close to ideal elastoplastic model. The
value of deformation exceeded maximum strain of yielding stage in ideal elas-
toplastic model, and maximum strain of that reached 16.67%. This indicated
that plastic deformation of BRBs with contact ring was very good. But the ca-
pacity of BRBs with contact ring to absorb energy increased with the increase
of number of contacting ring.

3. Compared with ordinary BRBs, double-tube buckling restrained brace with
contact ring was more reliable and its characteristic was dexterous and light.
The connection was reliable and convenient with other members.

4. Overall, under cyclic loadings Energy dissipation capacity of double-tube
buckling restrained brace with contact ring was quite good. But hysteretic per-
formance observably improved with the increase of the contacting ring. Rigid-
ity degradation of BRBs with contact ring was obvious. At the same time,
strength degradation occurred, but the degree of strength degradation decreased
with the increase of number of contacting ring.
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Numerical Simulation and Analysis for Collapse
Responses of RC Frame Structures under
Earthquake
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Abstract. In this paper, a discrete element model for collapse simulation of RC
frame structure is constructed by discretizing the structure into a few elements and
spring groups. This model introduces special hysteretic models of connected
springs for arbitrary loading path, and also takes into account reasonable failure
criteria for springs considering coupling effect of shear and axial force. Based on
the discrete element model, a computer program is developed to simulate the
whole process of RC frame structures from initial state to collapse under earth-
quakes. Particularly, the contact-impact problem between discrete elements has
been treated with effective measures. Then the program is employed to study the
collapse mechanism of a real building in Wenchuan earthquake-hit area, the result
of which shows that the simulation program developed based on the new model
can realistically simulate the seismic collapse process of RC frame structures.

Keywords: discrete element method, failure criteria, contact-impact, simulation
program

1 Introduction

Wenchuan earthquake of 2008 was the strongest earthquake in China since 1949,
causing considerably heavy casualties and enormous damage to buildings. Many
experts in the field of structural engineering rushed to the disaster area for investi-
gation immediately after the earthquake, and accomplished statistical analysis for
seismic damage of different styles of structures. Statistical data showed that over-
all performance of RC frame structures was rather good during the earthquake
(Civil and Structural Groups of Tsinghua University, 2008), but in magistoseismic
area and high intensity region there were still quite a few collapsed examples (Sun
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et al., 2008; Sun et al., 2008). Taking Yingxiu Town located in the epicenter for
example, once it had more than ten reinforce concrete frame buildings but 40% of
them were completely ruined and 40% partly collapsed during Wenchuan earth-
quake (Sun et al., 2008). The frame structures collapsed in this earthquake also in-
clude a considerable number of school buildings and other public buildings, which
made a severe impact on society. Therefore, when realities cannot agree with the
principle of no collapsing with strong earthquake, it will be of great social value
and practical significance to conduct further research on failure process of rein-
forced concrete frame structure during strong earthquake.

In the past, macroscopic survey of seismic damages and model test study of
structures were adopted as main research methods for mechanism of structural
collapse, however the both methods had certain deficiencies. The former can not
describe whole process of structural collapse and for the latter, test models de-
signed according to building codes are difficult to collapse in the laboratory due to
the limited capacity of shaking table. With the development of computer simula-
tion technology, constitutive models and failure criteria of structural materials, and
numerical methods such as explicit finite element, discrete element, etc., it is poss-
ible to obtain the whole process of structural collapse by numerical simulation
analysis and some progress having been made so far (Utagawa et al., 1992;
Hakuno, 1996; Tagel-Din and Meguro, 2000; Wang et al., 2008; Katahira et al.,
2008). In this paper, a simulation program based on discrete element method and
segment-multi-spring model is developed to simulate the response of RC frame
structures including collapse process under earthquakes. An example illustrated in
the paper successfully displays the whole process of structural response under
strong earthquake, and to some extent, provides a probable explanation of failure
process and collapse mechanism for RC frame structures.

2 Numerical Model for Collapse Analysis of RC Frame
Structure

Basic discrete element model of RC frame structure in the paper is similar to
which was presented in (Huang, 2006): First divide all the columns and beams
along the longitudinal direction into several rigid rectangular elements, and then
connect every two adjacent elements with a spring group. The spring group is es-
tablished to model the mechanical properties of components within the length of
mass center of two adjacent elements, and it consists of a sectional shear spring,
several concrete axial springs and steel springs.

To guarantee both computational efficiency and accuracy, cross-section of the
beam or column is divided into seven uniform stripes parallel to centroidal axis.
Each strip contains a concrete axial spring, and three more steel springs are re-
spectively attached to the central and two marginal strips of the cross-section. Be-
sides, the element numbers of beams or columns also directly influence on compu-
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tational accuracy. In (Huang, 2006), deformation calculations of a RC cantilever
column with different element numbers were carried out, and the results of analy-
sis compared to finite element method showed that satisfying accuracy could be
achieved when the element number was not less than five. Therefore, element di-
vision method will be adopted in the model as follows: plastic hinge at the end of
a beam or column is modeled by one element, the middle zone by three elements
and beam-column joint by one element.

3 Constitutive Relations and Failure Criteria of Spring Group

3.1 Hysteretic Model and Failure Criterion of Concrete Axial
Spring

For concrete axial spring, its cross sectional area is the same as the strip it
represents and its length is the centroidal distance between the two adjacent ele-
ments. Various cyclic deformations of the structure may occur under earthquakes.
Meanwhile stress path of concrete is arbitrary, loading and unloading may occur at
any possible time. Considering the effect of cracked section in the hysteretic mod-
el proposed by (Huang, 2006), a new concrete constitutive relation is presented in
Figure 1 ¢, denotes the width of crack which just triggers the effect of cracked

section, and ¢__denotes the corresponding strain of maximum crack width when

reloaded. Their relationship can be determined as follows:

0.9¢,
&, =& (0.1+———) (D
6‘0 + &

max

The spring is assumed to fail permanently when its strain exceeds ultimate
compressive strain. Whereas, the force of spring turns to zero when ultimate ten-
sile strain is reached, but the spring will work again when its strain is less than

&,, - Coupling effect of concrete axial springs and sectional shear spring will be

described in section 3.3.
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Figure 1. Restoring force model for concrete  Figure 2. Restoring force model for shear spring

3.2 Hysteretic Model and Failure Criterion of Steel Spring

Based on reasonable simplification, only three steel springs are placed in the cen-
tral and two marginal strips of the cross-section. The steel spring represents the
area of reinforcement in corresponding strip and its length is the centroidal dis-
tance between its adjacent elements. Hysteric model of steel spring is the same as
illustrated in (Huang, 2006) and its details are not mentioned here.

Steel spring is assumed to fail when its compressive or tensile strain is greater
than ultimate strain. Moreover, the total spring group will not resist any force or
moment when all the steel springs get failed.

3.3 Hysteretic Model and Failure Criterion of Sectional Shear
Spring

Compared with constitutive relations of concrete and steel, the research on consti-
tutive relation of structural members is far from mature. It is neither necessary nor
economic to accurately simulate the shear behavior since its influence is not very
significant. Therefore a simple bilinear origin-pointed model in Figure 2 is
adopted to describe the shear hysteretic behavior of structural members. The ex-
pressions of symbols in Figure 2 can be referred to (Wang and Lu, 2007).

Taking into account the coupling effect of sectional shear spring and concrete
axial spring, failure criteria are presented as follows: When deformation of shear
spring exceeds the ultimate deformation, shear spring and all the concrete axial
springs are assumed to fail; when failures of some concrete axial springs in the
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spring group occurred, linear elastic stiffness K_ of the skeleton curve in Figure 2
should be adjusted by

K, =K (7-n)/7 (2)

where n, represents the number of concrete axial springs with compressive fail-

ure. Steel springs still work normally after the failure of sectional shear spring, so
after sectional concrete crushed the behavior of steel bars can be well considered
for studying failure patterns of columns or beams.

4 Treatments for Contact and Impact between Discrete
Elements

During collapse process of the structure, contacts and impacts between discrete
elements are inevitable. If neglecting impacts, irrational phenomena such as one
element passing through another element will occur. In order to obtain reasonable
result, impacts should be considered and before that, contacts between any two
elements have to be detected first. Contact detection between two polygons is easy
to be solved and related methods will not be given here. For improving computa-
tional efficiency, a key point is to determine the moment to trigger contact detec-
tion. Contact detection is triggered at the moment when spring group of the ele-
ments get failed in (Huang, 2006), but there are a lot of limitations in that way.
When only one spring group adjacent to an element failed, the element may not
fall, while the adjacent spring groups of a falling element may not get failed, for
example, when a whole beam is falling, spring groups of the middle elements have
no failures at all. Taking into account that only falling elements may impact other
elements, an element can be defined as failure element when it meets the follow-
ing requirement:

Yeew = Yein > €cu Yein (3)

where Yy, and y_, are central vertical coordinates of the element at original time

and a particular time during calculation, ¢_ represents the ultimate compressive

strain of concrete. Contact detections between the element and other elements will
be triggered when it becomes failure element.

When two elements are judged to be collided with each other, kinestates of the
elements will be determined by their pre-impact information such as masses, ve-
locities, material properties and so on. According to the impact tests with 30 pairs
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of non-reinforce concrete blocks, (Hou et al., 2007) proposed the impulse model
of impact between concrete blocks as follows:

| =1.3x107° mv( f, +246.4)[1— Tlexp(—6/1.358) +3.986] (@)

1
1+(n/1.075)""

where | represents the impact impulse, mrepresents the mass of striking block,
Vv represents the initial impact velocity of string block, f_represents the prismy
compressive strength of concrete, n represents the mass ratio of striking block

and struck block, € represents the initial impact angle and 0° <0 <5". When
computing effect influence between failure elements, the impulse model will be
adopted because its foundation is the tests of impact between concrete blocks. Ap-
parently, it is not suitable for dealing with impact between failure element and the
ground. According to the results of perfect elastic collision and perfect inelastic
collision between falling beams and ground, the beams were almost in the same
position finally (Zhang and Liu, 2001), therefore perfect elastic collision is used
for simple when computing impact effect between failure element and the ground.

5 Development of Simulation Program of Structural Collapse

Simulation program for structural collapse of planar RC frame developed in the
paper adopts Visual C++ 6.0 language as the compiling platform. Class libraries
of MFC in the language, which encapsulate device context classes and graphic
tools classes, can help to realize the visualization of the program. Numerical mod-
el and constitutive relations of the springs in the program are as mentioned above,
and synchrony dynamic relaxation method is adopted as the numerical algorithm
of discrete element method. In addition, values of damping ratio and calculating
time step are the same as presented in (Wang and Lu, 2006).

6 Numerical Example

A simulation analysis has been carried out for collapse response of frame structure
under earthquake, which is based on Art Building of Dujiangyan Beijie Experi-
mental Foreign Language School — an actual building in Wenchuan earthquake-
stricken area. This building is a four-storey and three-bay reinforced concrete
structure, from which a plane frame is chosen for research. Figure 3 shows the
load applied and dimension of beams and columns. Reinforcement of this numeri-
cal model is determined according to the practice, and the further details are not
mentioned here.
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Figure 3. Dimension and load of the frame

The building suffered moderate damage which mainly presented as concrete
crush at ends of columns during Wenchuan earthquake. The program developed in
the paper is employed to simulate collapse process of the plane frame by inputting
El Centro seismic wave (1940, N-S). Collapse occurs when peak acceleration was
raised to 1.7g, and frame states in several representative moments are obtained
from the whole process, as shown in Figure 4.
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Figure 4. Simulation of seismic collapse process for RC frame structure

Figure 4 directly illustrates the whole collapse process of this frame under
earthquake. Although the amplitude of earthquake acceleration is relatively higher
in the first several seconds, the cumulative damage of the structure of is not severe
and plastic hinges at the end of columns has not fully developed. At about 5.40s,
the bottom of column in the left-middle of ground floor crushed and the entire
structure began to collapse, but there were no obvious signs of frame beams. Lat-
er, both ends of side columns of ground floor crushed, followed by the sharply
falling upper frame. The mid-bay beam was pulled off and fell freely due to the
non-uniform displacement between left and right bays, while beams of side bays
kept relatively intact. The whole collapse process took almost 8.54s and termi-
nated at about 13.94s.

Although the actual building did not collapse during Wenchuan earthquake, the
damage part shows very good agreement with that of simulation results. Sun et al.
(2008) provides a variety of actual collapse examples of frame structures, some
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damages of which match well with the results of simulation illustrated in this sec-
tion.

7 Conclusions

In this paper, a computer program was developed to simulate the whole process of
planar frame structures from initial state to collapse under earthquakes with the
method of discrete element. Then a series of computation works were conducted
with this program on a real structure in Wenchuan earthquake-hit area, the result
of which leads to the following conclusions:

1. The simulation on the whole process of frame structures under earthquake ap-
proximately matches the real seismic damage and basically meets the expecta-
tion. Thus, the accuracy of computation method and reliability of simulation
program is verified.

2. The peak acceleration of earthquake demanded to cause structural collapse in
these computation works largely exceeds the expectation. There are two rea-
sons for this: firstly, the bond slip between bars and concrete and the change of
damping ratio in the collapse process have not given careful consideration; the
other is that frame structures definitely have excellent anti-collapse capacity.

3. As a non-continuum numerical algorithm method, discrete element method can
be successfully applied to structural collapse analysis on the premise of meet-
ing engineering accuracy requirement. The factors that influence the computa-
tion accuracy include the size of elements, the number of concrete springs, the
selection of hysteric model of each spring and the definition of failure criterion.
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High-Order Spring-Dashpot-Mass Boundaries
for Cylindrical Waves
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Abstract. An accurate local time-domain transmitting boundary, called high-order
spring-dashpot-mass boundary (HSDMB), is proposed for modeling the propaga-
tion of cylindrical waves in infinite elastic medium. HSDMB is a high-accuracy
approximation to the exact analytical transmitting boundary, which can be easily
implemented into finite element method and even commercial software, leading to
stable and efficient computation. Numerical examples are given to indicate the ef-
fectiveness of HSDMB.

Keywords: soil-structure interaction, transmitting boundary, cylindrical wave, fi-
nite element method

1 Introduction

Finite element analysis of dynamic foundation and soil-structure-interaction prob-
lems requires the use of transmitting (also called nonreflecting, absorbing, or
radiation) boundary to model dynamic behavior of truncated infinite medium, i.e.,
the propagation of waves from near field through artificial boundary into far field
(where such waves are called outgoing waves). The transmitting boundary should
be applicable to time-domain analysis, so that the finite element method can solve
any possible nonlinearity in the near field. For the cylindrical wave propagation in
infinite elastic medium, which can be derived from many engineering problems
such as pile foundation under dynamic loads, the transmitting boundary at a cylin-
drical artificial boundary is local in space. Exact analytical transmitting boundary
for such problem is a nonlocal temporal convolution of interaction stress and dis-
placement on cylindrical artificial boundary, which results from their frequency-
domain analytical dynamic-stiffness relation. It will therefore lead to computa-
tional complexity with large costs and storages. As an alternative, several mechan-
ical-model-based boundaries (Lysmer and Kuhlemeyer, 1969; Underwood and

* Corresponding author, e-mail: duxiuli@bjut.edu.cn

Y. Yuan, J.Z. Cui and H. Mang (eds.), Computational Sructural Engineering, 193-199.
© Springer Sciencet+Business Media B.V. 2009



194 High-Order Spring-Dashpot-Mass Boundaries for Cylindrical Waves

Geers, 1981; Deeks and Randolph, 1994; Kellezi, 2000; Liu and Li , 2005; Du and
Zhao, 2006), consisting of spring-dashpot-mass elements with frequency-
independent parameters and containing auxiliary internal degrees of freedom, have
been developed due to the following advantages: (1) conceptual clarity with phys-
ical insight; (2) good compatibility with the interior finite element method because
the finite-element model is actually a generalized spring-dashpot-mass system,
leading to that the total dynamic soil-structure-interaction system can be solved
stably by a standard dynamics program; and (3) simple and easy implementation
even into commercial finite-element software. However, the accuracy of these
transmitting boundaries may be insufficient in many cases, due to using only a
dashpot and possibly a spring and a mass to simply represent the dynamic beha-
vior of the truncated infinite medium. Note that the (consistent or systematic)
lumped-parameter models (Wolf, 1994; Wu and Lee, 2002; Wu and Lee, 2004)
for foundation vibration analysis contains more spring-dashpot-mass elements and
internal degrees of freedom, therefore leading to higher accuracy. The lumped-
parameter models can actually be applied to the case of cylindrical wave, but note
that their spring, dashpot and mass parameters are real but not necessary positive
constants. In a word, it is an effective way to improve accuracy of the mechanical-
model-based boundary by increasing the number of spring-dashpot-mass elements
and internal degrees of freedom. This paper develops a new accurate mechanical-
model-based boundary called high-order spring-dashpot-mass boundary
(HSDMB) for cylindrical waves.

2 Exact Analytical Transmitting Boundaries

Exact analytical transmitting boundaries for outgoing cylindrical waves at a cylin-
drical artificial boundary (r = R) are the dynamic-stiffness relations in the fre-
quency domain

f () =S, (o), (v) (1)

where @ is frequency; j=r,0,z denote the radial, circumferential, and axial
boundaries, respectively, for the cylindrical P, SV, and SH waves; u; are dis-
placements at artificial boundary; f; are interaction stresses of finite domain to
infinite medium; S; (@) are dynamic stiffness of infinite medium, listed in Table

1. Applying the convolution theorem to Equation (1) will result in the nonlocal
exact analytical transmitting boundaries as temporal convolutions in the time do-
main.



Xiuli Du and Mi Zhao 195

3 High-Order Spring-Dashpot-Mass Boundaries (HSDMBs)

High-order spring-dashpot-mass boundaries (HSDMBs) shown in Figure 1 are
proposed as accurate alternative to the exact analytical transmitting boundaries.
For clarity and simplicity, the subscript j is omitted in this section. The time-
domain Equations of motion of HSDMB are

(c, +cu+ku=cu, + f (2a)

MU +(C +6,)0 =qU_ +C U, | _ L..,N (2b)

with Up= U and Cn.+; = Uns+; = 0, where U, are displacements of the internal degrees
of freedom; a dot over the variable denotes the derivative to time; and k,, ¢, and
m are spring, dashpot, and mass parameters, respectively. Performing Fourier
transformation to Equation (2) leads to the dynamic stiffness of HSDMB

Table 1. Dynamic stiffness of infinite medium for cylindrical waves

Radial dynamic stiffness for cylindrical S (ws.7)= [k (w5, 7)+i G, (s, 7)]
Pwave Sr (w): Sr (Q)S’n); Sro :E
R
0

static stiffness ; nop Io(0p)3, (@) + Yy (@p )Y, ()

. . . . k (ws: 77) =1- 2 2
dimensionless spring and damping coeffi- 2 J; (a)F,)+Y1 wp)
cients kr (‘05”7) and cr (ws’ﬂ) Q(@S,U)= 1

”_wp le(wP)+Y12(wP)

Circumferential dynamic stiffness for cylin- g X (ws) =S [k(} (a)s)+ ioC, (ws )]

drical SV wave S (a)) =S, (‘05)

5 Sg — %
L Sy
st siffess 9 o)1 LoD o) fos )
dimensionless spring and damping coeffi- oS 2 I (ws)+ Y ws)
cients Ky (ws) and Cy (a’s) c (a) ) _ 1
s 7y le(ws)‘*'le(ws)

Axial dynamic stiffness for cylindrical sz(ws) — S;’[kz(a)s)Jr ioC, (a)s )]
SH wave Sz(a)): SZ(C()S); 0 =£

, 2R
high-frequency-limit stiffness S, ; K (a) ): 20 O(wS Jl(a)s)+Y0(wS l(a)s)
dimensionless spring and damping coeffi- e ° 3 (a’s)+Y()2 (a’s)
cients k, (wS) and © (wS) Cz(ws): i;z
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In Table 1, R is radius of cylindrical artificial boundary; G is shear modulus;
n=C,/cs 1s ratio of P-wave velocity to S-wave velocity; g = Ro/cs is S-wave
dimensionless frequency; w, = Rw/c, =wg/n is P-wave dimensionless frequency;
J,,J, are the first kind Bessel functions of order zero and one; V,,Y, are the second
kind Bessel functions of order zero and one; and H{®,H® are the second kind
Hankel functions of order zero and one.
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Figure 1. High-order spring-dashpot-mass boundaries (HSDMBs) for cylindrical waves.

The first subscripts j=r,0,z denote radial, circumferential and axial bounda-
ries, respectively, for cylindrical P, SV and SH waves.

S(w) :M: k, +io(c, +C)+ioA
u(w) (3a)
A= O
CHC oM +A, N (3b)

with A, =Cy,, =0, where A =—CU(®)/U,_(®) are auxiliary variables.

Introduce dimensionless spring parameter d, dashpot parameters &, and mass
parameters by, all of which are independent of the material constants of infinite
medium and the location of cylindrical artificial boundary, and satisfy

k,=Sd; ¢ =pca 1=0,..,N; m=pRy I=L.,N 4

where p is mass density; S= Sf)(j =r,60,2); and C=C, or Cq. These dimension-
less parameters are obtained by identifying rational approximation of exact dy-
namic stiffness of infinite medium using penalty genetic-simplex optimization al-
gorithm, and then by comparing continued-fraction expansion of the resulting
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rational approximation with continued-fraction dynamic stiffness of HSDMB. The
parameters are listed in Tables 2 and 3 for practical application. The HSDMB with
these parameters is dynamically stable due to that all poles of rational form of its
dynamic and flexibility have negative real parts. The dynamic-stiffness of radial
boundary for cylindrical P wave is shown in Figure 2.

Table 2. Dimensionless parameters for radial and circumferential HSDMBs

N=1 N=2 N=3
d 1.0000000 E+00 1.0000000 E+00 1.0000000 E+00
a0 2.7562626 E-01 1.1295445 E-01 5.4651680 E-02
al 7.2437374 E-01 8.8704555 E-01 9.4534832 E-01
bl 1.0627400 E+00 1.5764527 E+00 1.7880150 E+00
a2 — 2.7396532 E-01 3.8929369 E-01
b2 — 3.8650309 E-01 5.1546393 E-01
a3 — — 1.7193378 E-01
b3 — — 3.9127731 E-01

Table 3. Dimensionless parameters for axial HSDMB

N=2 N=3 N=4

d 0.0000000 E+00 0.0000000 E+00 0.0000000 E+00

& 1.1592342 E+02 3.0845686 E+02 5.4214908 E+02

a —1.1192342 E+02 -3.0445686 E+02 —5.3814908 E+02
b, —6.3013868 E+03 —4.6434336 E+04 —1.4489398 E+05
& —-1.1852790 E+03 —-1.0573972 E+04 —3.4818684 E+04
b, —-3.5559404 E+03 —2.0100788 E+04 —5.4576248 E+04
a — —-3.2529318 E+03 —-1.8125074 E+04
bs — —2.9352973 E+04 —6.5761264 E+04
ay — — —3.7727035 E+03
by — — —8.2104268 E+04

4 Numerical Examples

This section analyzes a plane-strain infinite medium with a cavity of radial 1 m,
where the radial, circumferential, or axial uniform triangular-impulse loads (with
peak value of 5x10° N/m and acting time of 0.02 s) act on the internal radial to
form the corresponding cylindrical P, SV, or SH wave. The shear modulus of me-
dium is 45 MPa, and the mass density 2000 kg/m’. To investigate the effect of the
boundary location, the artificial boundary is placed at R=2 m and even directly at
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Figure 2. Dynamic stiffness of radial boundaries for cylindrical P wave with several typical Pois-
son’s ratio vV

the radius R= 1 m of the cavity for a more severe test, respectively. The extended
mesh solution is used as an exact reference for each case. Comparisons are made
with Deeks-Randolph boundary (Deeks and Randolph, 1994) which have been va-
lidated to be more accurate for cylindrical waves than the viscous boundary and
the doubly-asymptotic boundary. The implicit average acceleration method of
Newmark family and the explicit method by Du and Wang (2000) are respectively
used as the time-integration solver.

Only the radial displacement solutions at the internal radius of the cavity for
cylindrical P wave with Poisson’s ratio of 0.45 are given in Figure 3. It is clear
that the solution using HSDMB coincides with the extended mesh solution in each
case, so that the former is indistinguishable from the later. Although the Deeks-
Randolph boundary gives an accurate result, the deviation from the extended mesh
solution can be seen clearly, and it increases as the artificial boundary moves to-
wards the source. The same observations can be obtained for cylindrical SV and
SH waves.

x10” <100 ..
51 . — Extended mesh 51 ot —— Extended mesh
4] .  —o— HSDMB (N=3) 4 : —o— HSDMB (N=3)
2 3l Deeks-Randolph boundary % 3 Deeks-Randolph boundary
§ 2 g 2
£ g
S 14 S 14
= s
& 04 2 0
) &)
-1 .14
2 2
0.00 0.02 0.04 0.06 008  0.00 0.02 0.04 0.06 0.08
Time (s) Time (s)

Figure 3. Radial displacements at internal radius for cylindrical P wave (Poisson’s ratio v=0.45)
using radial boundaries with artificial boundary at R=2 m (left) and R= 1 m (right)
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5 Conclusions

High-order spring-dashpot-mass boundary (HSDMB) is an effective method mod-
eling the propagation of outgoing cylindrical waves. The radial and circumferen-
tial HSDMBs with N=3 for the cylindrical P and SV waves, and axial HSDMB
with N=4 for the cylindrical SH wave have very sufficient accuracy and are rec-
ommended to use. Although HSDMB is proposed only for the cylindrical waves,
it can also be applied to many problems which may be approximately simplified
as such model, just as done by viscous boundary, viscous-spring boundary, and so
on. These extended applications will be studied in future.
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Abstract. This paper proposes a unified formulation for Real time dynamic hybrid
testing (RTDHT), which is a structural seismic response simulation method com-
bining the numerical simulation of the computational substructure and the physi-
cal testing of the experimental substructure. By introducing a set of splitting coef-
ficient matrices to the general equation of motion of the structural model subjected
to investigation, various seismic testing methods can be formulated, including real
time pseudo-dynamic substructure testing, effective force testing and shake table
testing. This paper first reviews the seismic testing methods currently used in
earthquake engineering with a brief introduction about the RTDHT. Then the uni-
fied formulation is presented with a detailed discussion of the splitting coefficient
matrices. Hardware components necessary to implement the unified formulation
RTDHT are integrated into a unified test platform. While a number of tests were
performed in medium scale, a small-scale pilot setup was used in the verification
tests. Test results which validated the concept of the proposed unified formulation
and the feasibility of the corresponding platform for RTDHS are discussed at last.

Keywords. seismic testing, hybrid testing, real time, unified formulation

1 Introduction

Laboratory seismic testing of civil structura components and systems includes
Quasi-static testing (QST), Pseudo dynamic testing (PSD), Shake table testing
(STT), Effective force testing (EFT) and the newly developed Real time dynamic
hybrid testing (RTDHT). RTDHT shown in Figure 1 combines the use of shake
tables, actuators, and computational engines for the seismic response simulation of
structures. The structure to be simulated is divided into a physical experimental
substructure and one or more computational substructures. The interface forces
between the substructures are imposed by the actuators and resulting displace-
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ments and velocities are fed back to the computational engine. The earthquake
ground motion, or motion of other computational substructures, is applied to the
experimental substructure by the shake tables (for more details see Reinhorn et al.,
2005).

Figure 1 Real time dynamic hybrid testing (RTDHT) system

Table 1 Summary of laboratory seismic testing methods

Fast  sup- Loading Device
/ stru .
Dynamic effect Actu- Shake
Real ctur
. ator Table
time €
Actuator imposes predefined displacement Displ.
QST No ves or force quasi-statically, no dynamic effect. / force N/A
Slo No Yes Dynamic response including interface inte-
w raction with the computation substructureis

numerically simulated from the equation of Displ. N/A
@ Fast Yes Yes motionand applied by actuator in displace-
ment.

Readlistic dynamic effect achieved in the
structural assembly.

Effective force directly applies to the lumped
mass of the structural model.

Redligtic inertial force achieved in the expe-
RTDHT Yes Yes rimental substructure and interfaceforcebe-  Force  Accel.
tween substructures applied by actuator.

STT Yes No N/A Accdl.

EFT Yes Yes Force N/A

Table 1 summarizes the speed of applying load, compatibility with substructure
techniques, achieved dynamic effects and loading devices used in various labora-
tory seismic testing methods. QST does not include any dynamic effect while EFT
islimited to test structural model with lumped mass. STT is not suitable for testing
of large scale model. Although both fast PSD and RTDHT testing methods use
substructure techniques involving both physical testing and online computations to
obtain the seismic response of the global system. The latter method produces real
inertial effects in the physical structural assembly while the former method only
computationally simulates such effect. Therefore RTDHT allows a researcher to
focus on specific problems represented in the experimental substructure under the
most realistic dynamic loading conditions using the emerging computational pow-
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er in tandem with the state-of-the-art control systems. Moreover, the testing capa-
bility of RTDHT are extended significantly by the proposed unified formulation in
that various seismic testing methods in Table 1 can be conducted by the developed
RTDHT system without individual numerical algorithm and control system mod-
ifications.

2 Unified Formulation of RTDHT

A derivation for substructure formulation in the Real time dynamic hybrid testing
(RTDHT) can be obtained by partitioning the equation of motion describing the
global structural model, the equation of motion for the experimental substructure
then becomes (Shao, 2006):

M X, +CX, +f, (X, X, )=-M RU, +T, @

where M., C. are the mass and damping matrices, f,(x,.x, ) represents the inelastic
response of the experimental substructure. %, ,x, and x, are vectors of experimental

substructure's acceleration, velocity and displacement/rotation associated with
each degree-of-freedom relative to the ground reference frame. Terms on the left
side of Equation (1) are the idealized model of the experimental substructure that
will actually be physically replicated from the prototype structure during an
RTDHT. The input to the experimental substructure in Equation (1) consists of the
base acceleration i, and the interface force vector T, , resulting from the interac-

tion between the computational and experimental substructures. R is the ground
motion scale and direction vector. When RTDHT was first proposed, the base ac-
celeration input was designated to be applied by the shake table and the interface
forces applied by the force controlled dynamic actuators. Alternative loading con-
figurations were identified with the progress of RTDHT development. These al-
ternatives can be generalized in one unified formulation Equation (2) that will
generate the same boundary effects to the experimental specimen as formulated in
Equation (1) representing various testing methods.

MP %, +CX, +1, (X,.X,) = -M",R(E-a,) U, +(T, - a,M, (R0, +%,)~M*Reii, )

@

in which a,,, and «; are mass and load splitting coefficient matrices. By setting dif-
ferent values of these matrices, avariety of loading cases are formulated and listed
in Table 2.

In a conventional dynamic testing such as EFT, STT, full mass M. isusualy re-
quired to be comprised in the physical specimen. The inertia forces are therefore
developed naturally during the testing. However, for structures that are large with
respect to the loading devices, such masses may be difficult to be built and sup-
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ported. To overcome these limitations, a portion of the mass can then be modeled
numerically in a computer to reduce the size of the physical mass being fabricated,
installed and tested (see also Kausel, 1998 and Chen et al., 2006). The massthat is
modeled analyticaly is defined as virtual mass. A mass splitting coefficient matrix
o IS then defined as a diagonal matrix consisting of the ratio of the virtua mass
(mY,) to the total mass of the experimental substructure (M) required in the simula-
tion.

am:Mve'Mile:(Me_Mpe)'Mile (3)

The physical mass matrix M°. can then be expressed asm’, =(E-a, )M, , in
which E is a diagonal identity matrix. T*,=-a M, (R.ii,+%,)+T, is the new force

vector which must be applied to the boundaries of the reduced mass specimen dur-
ing the experiment, which includes the additional inertial force related to the vir-
tual mass of the experimental substructure. Note that the force vector contains ei-
ther al, or a portion of the inertia forces, depending of the magnitude of «, and
different test methods are formulated: 1) o, =E represents the case of a massless

specimen; al the inertia force is numerically simulated in the computer and ap-
plied to the physical substructure as an externa force, known as the PSD test but
conducted in real time speed; 2) o, =0 defines that full mass is included in the

physical substructure without virtual massin the numerical model. This test condi-
tion, with full physical mass, is defined as the Dynamic testing as compared to
PSD where the inertia effects within the experimental substructure are developed
physically (or “naturally”) during the RTDHT; 3) 0<ae, <E (not al the diagonal

entriesin a,, equal to zero or unity), the required mass is divided between the phys-
ical mass attached to the specimen and the virtual mass. This is defined as a Qua-
si-dynamic testing (a hybrid testing method combining the dynamic and the PSD
testing). Part of the inertia effects are simulated numerically while the remaining
developed naturally. This method allows application of part of the dynamic load-
ing to the physical substructure when the loading devices have limited capacities.

Table 2 Experimental substructure loading casesin RTDHT

STRUCTURAL TEST MODEL TOTAL DYNAMIC LOAD
MP X, +Cx, +f,(X..X,) -M?R(E-a,)0, +(T, - a M, (RU, +%,)-M*,Ra,il, )
Load Table Actuators
Test type Test model -
splitting accel. forces
Pseudo-Dynamic
. C.X, +f,(x,.%,) o =E 0 T.-M, (R, +%,)
Testing (a,, =E)
Dynamic a =E 0 T, -M,Ri,

M X, +CX, +f,(X,.%,)
Testing(a,, =0) a,=0 u T,
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O<a, <E (E-a,)d, T,-M" Ri,
Quasi-Dynamic o =E 0 -M°RU, +T",
i MP X, +C.X, o .
Testing +fe(Xe’XE) a,=0 U, T
(0<am<E) O0<a, <E (E-a,)u, T",~ M’ R,

During an RTDHT test the dynamic loading formulated by the right side of Eg-
uation (1) is ssmultaneously applied with shake tables and actuators with the load
sharing that can be determined by the load splitting coefficient matrix a;in Equa-
tion (2). The ground acceleration is separated into two components, with one
component assigned to the base excitation (shake table) and the other to the actua-
tors. Several cases are notable: 1) o, =0, the shake table (or base) does not move

and the entire dynamic loading is applied to the experimental substructure using
the actuators attached to the structure at the effective interface degrees of freedom
(DOFs). Thisis the EFT substructure method; 2) o, =E , the ground motion is ap-

plied at the base without contribution from effective forces. For substructure test-
ing, the interface forces with the complementary computational substructure can
be introduced by actuators at the appropriate interface DOFs shown by term T, in
Equation (1). This is the conventional RTDHT; 3) 0<e, <E, the ground accelera-

tion or its effects are applied in part by shake table (or another form of base
movement) and in part by actuators. Several strategies may be used for splitting
the driving function between the shake table and the dynamic actuators as pro-
posed by Kausel (1998). In fact, the characteristics of the splitting coefficients can
be chosen to optimize the total power needed by the testing system or to achieve
other mechanical advantages.

Therefore, Equation (2) represents the unified formulation defining the load
configurations applied to the experimental substructure during the RTDHT. The
three types of tests (pseudo-dynamic, dynamic and quasi-dynamic), and the asso-
ciated load application splitting between the shake tables and the actuators, are
identified and listed in Table 2. All seven cases shall produce the same response of
the global structural model including both computational substructure and experi-
mental substructure when subjected to ideal real time loading conditions.
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Figure 2 Hardware Components of Real Time Dynamic Hybrid Simulation test platform

The test platform developed to implement the unified formulation for RTDHT isa
force-based test platform as illustrated in Figure 2 (Shao, 2006). The platform
uses multiple physical and computational systems including: (i) high-performance
servo-hydraulic Structural and seismic testing controllers; (i) Data acquisition and
information streaming; (iii) Real time hybrid simulation controller that includes a
computational model based Real time structure simulator to perform substructure
numerical simulation; and a force based System compensation controller. The
System compensation controller has two functions. One is to conduct the neces-
sary compensation of the hydraulic loading devices (i.e. time delay in response)
and the other is to perform the load command calculation based on the unified
formulation Equation.(2). The intent of this test platform design was to integrate
and coordinate various hardware components during an RTDHT and the modula
rized configuration makes it flexible for future development of individual compo-
nents without modifying the platform architecture.

The concept of the proposed unified formulation for RTDHT and the corres-
ponding test platform was then experimentally verified using a small-scale pilot
test setup as is shown in Figure 3, including a SDOF frame structure, a force con-
trolled actuator (Sivaselvan et al., 2008) and a unidirectional shake table. The full
mass of the structure is 79.1kg. By removing the lead bricks, a reduced mass spe-
cimen was obtained which was used for the quasi-dynamic testing where the spe-
cimen contained only 23% of the full mass. The white noise acceleration time his-
tory input was created by a function generator, using a frequency range of
0.1~10Hz and unity amplitude. Seven loading cases were conducted as listed in
Table 3 defined by the unified formulation and the measured structural responses
are presented in Figure 4 compared with the numerical simulation result (the thin-
ner line). All the displacement responses exhibit a good match to the simulated re-
sponse, showing that different loading cases derived from the unified formulation
produce similar response in the specimen during the RTDHT.



Xiaoyun Shao and Andrei M. Reinhorn 207

Table 3RTDHT loading cases

TEST o TABLE ACTUTOR
NAME ' ACCELERATION FORCES
Shake Table i None

_Test g
Dynamic _ 0 _Mii
Teyst a =0 Mii
a =0 a =10 iig 0

a, =05 0.5ii_ ~0.5Mii,
QU%I- _ O O . .
Dynamic % -M(ii, + e, x)
Test
a,=0 A0 i (i o, %)/ (1-a,)

a, =05 0.31i, ~05M (i, +a, X)

Figure 3 RTDHT test setup Figure 4 RTDHT verification test results

4 Concluding Remarks

A unified formulation is proposed for Real time dynamic hybrid testing (RTDHT),
which is a seismic laboratory testing method combining the shake tables, dynamic
actuators and numerical simulation in one test procedure. Using the two splitting
coefficient matrices in the equation of motion of the experimental substructure, the
unified formulation broadens the application range of RTDHT to include all the
current modern seismic simulation methods. A corresponding test platform was
developed to implement the unified formulation. Both the concept of the unified
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formulation and the test platform were verified experimentally by a ssimple one
degree of freedom specimen hybrid simulation.
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Abstract. Because self-anchored suspension bridge is a floating system, some
seismic reduction devices are installed between tower and stiffening girder to re-
duce the displacements and forces induced by longitudinal seismic wave. Using
time history analysis method, the pounding process of a concrete self-anchored
suspension bridge with main span of 180m is studied in detail. The influences of
different stiffness, free gap, damping coefficient of the device and different fre-
guency spectrum characteristics of seismic wave were considered in the analysis.
The parameter analysis reveals that the pounding may increase or decrease the
seismic response which is mainly depend on the free gap between the tower and
the main girder. The frequency spectrum characteristics of seismic wave have
great influence on the displacement, forces and times of pounding. Compared with
pounding device, viscous dampers are also researched to reduce the seismic res-
ponses of self-anchored suspension bridge and the main influential factors are
considered in detail. The conclusions of the study are useful for the practical de-
sign of self-anchored suspension.

Keywords. suspension bridge, self-anchored, anti-seismic analysis, pounding,
viscous damper

1 Introduction

According to traditional anti-seismic methods, a structure is generally improved in
anti-seism performance by strengthening the structure, enlarging cross section,
and adding reinforcement. The structure stores and consumes seismic energy
through its deformation and damages of varying degrees. Appropriate and effec-
tive anti-seismic means include adding an anti-seismic device to the structure so
that the device and structure can work together against earthquake, in other words,
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store and dissipate seismic energy. This helps regulate and mitigate seismic re-
sponse of the structure, protect the main structure and members from damage.
There are many available shock absorption measures. Popular practices include
the adopting of elastic restraint, pounding bearings and dampers between the
girder and piers (Fan, 1997).

Because of the difference of anchorage of main cable, the seismic responses of
self-anchored suspension bridge are very different from earth anchored suspension
bridge (Zhang, 2005). For the main cables are anchored to the ends of stiffening
girder, which makes self-anchored suspension bridge to be a floating system, the
anchor blocks and the tops of tower move with the girder, and the longitudinal
displacement of girder and moment of tower are very large when strange earth-
quake happens. So some seismic reduction devices are installed between tower
and girder to reduce the displacements and forces induced by longitudinal seismic
wave. In this paper, detailed analysis, with the aid of time history analysis, is made
on the shock absorption performance and influencing factors of limiting devices
and dampers installed between the pylon and the girder of a 180m-span self-
anchored suspension bridge under construction. The results of study are useful for
the shock absorption of thistype of bridges.

2 Engineering Background and Analysis M odel

Chaoyang Huanghelu Bridge in Liaoning province is a self-anchored concrete
suspension bridge (Figure 1). The spans are 73+180+73=326m. The bridge has a
width of 31.5m and the main cable of the main span has ariseratio of 1/5.5. Slid-
ing bearings are adopted at the pylons and the anchor piers. Between the pylon
and the girder, a restraint rubber bearings are installed, which is fixed on the py-
lon. There is 15cm gap between the bearing and the girder. This bridge is of box
girder structure, made of cast-in-situ pre-stressed concrete.

1 e

m
73 W 180 i 73

Figure 1. Chaoyang Huanghelu bridge (unit: meter)

Ridge beam model shown in Figure 2(a) is employed for dynamic analysis of
this bridge (Fan, 1997). Beam element is used to simulate girder, pylons, piers and
pile foundations. The main cables and hangers are treated with cable elements, the
influence of the initial internal stresses of the main cables upon the main cable
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stiffness is also considered. Spring elements are used to simulate the restraint of
the soil around the piles.

(a) Model of the bridge (b) Modéel of restraint bearing

Figure 2. Dynamic analysis model

In this paper, contact elementsillustrated in Figure 2(b) are used to simulate the
pounding between the girder and the pylon. In the contact element model, the
spring stiffness k assumes the value of the axial compression stiffness of the stop
bearing, and it is 5.12x10° kN/m for the rubber bearings of this bridge. The gap d
in the contact element model represents the gap between the girder and the re-
straint bearing, and the initial gap is 0.15m for this bridge. The damping coeffi-
cient C of the model is:

_ mm, :$
C_Zf\jkmﬁmz’ : 72 +(Ine)? o

Where k is the pounding stiffness, m; and m, are the mass of two bodies respec-
tively, &isthe damping ratio, e stands for the recovery factor of energy dissipation
during pounding. Considering the fact that the pounding bearing is rubber plate
and remains elastic during pounding, the factor e takes avaue of 1.0.

Time-history analysis method is employed for seismic response analysis. Ten
artificial seismic waves fitted to normative response spectra and produced by arti-
ficial seismic wave generation program, are used. The final result of seismic re-
sponse analysisis the average seismic response value of al the seismic waves.

3 Study on Pounding Shock Absor ption

Time history analysis method is used based on the above finite element models.
Artificial waves are input in longitudinal direction. The peak accelerations of the
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seismic waves are 0.2g. Simulation of the pounding process of Huanghelu Bridge
is performed. Seismic response time history of longitudinal displacement of the
girder, longitudinal displacement of pylon top, and moment at the pylon root are
obtained respectively as shown in Figure 3. The analysis results in case of non-
pounding are also given in the same graphs.
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Figure 3. Time history of seismic responses

From Figure 3, it is known that when the pounding effect is considered the
maximum longitudinal displacements of the pylon and the girder reduce from
0.325m and 0.299m to 0.191m and 0.186m respectively, namely a reduction of
58.7% and 62.2% when compared with the case of no pounding considered. Addi-
tionally, the moment at the pylon root reduces from 3.24x10° kN.m to 2.55x10°
kN.m, or a reduction of 78.6% compared with a non-pounding case. So the re-
straint bearings play a significant role in reducing the longitudinal displacement of
the girder and pylon top and in reducing the moment of the pylon.
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The principal parameters influencing upon pounding response include gap d,
contact stiffness k, seismic intensity and the recovery factor. The parameters that
can be chosen by the designer are mainly the initial gap d and the contact stiffness
k. Hence, in this article analysis focuses on the influences of these two parameters
upon the pounding.

Since the deformation caused by shrinkage, creep and temperature must be
considered, the initial gap must not be too small. Four values of the gap 0.05m,
0.15m, 0.25m, and 0.35m are considered for comparison in this article. The results
are presented in Table 1. Judging from the data given in the table, it can be con-
cluded that an excessively large initial gap is not performing in restraining dis-
placement of the girder, rather it increases the moments of the pylons. With a too
small initial gap, both the times and pounding force will rise quickly, which will
inevitably result in local damage at the pounding portion and be harmful to seis-
mic performance of the structure.

Table 1. Influence of initial gap d upon pounding effect

Initial gap Moment of pylon Pounding times Pounding force
d(cm) (kN.m) (kN)

5 2.38x105 15 21630

15 2.55x105 3 15300

25 3.10x105 2 11700

35 3.24x105 0 0

For this bridge, the axia compressive stiffness of the restraint bearing is
5.12x10°%kN/m. In this study, three contact stiffness values 5.12x10°kN/m,
5.12x10°%kN/m, and 5.12x10’kN/m are considered in order to have a comparison
analysis. The results are given in Table 2. It can be inferred from the computation
results that too large or small contact stiffness reduces shock absorption perfor-
mance. Therefore, at design stage the compressive stiffness of a bearing should be
decided after calculation. In case of arubber bearing, its compressive stiffness can
be adjusted by changing the height of the bearing or the thickness of the rubber
layers.

Table 2. Influence of contact stiffness k upon pounding effect

Contact stiffness Moment of pylon Pounding times Pounding force
Kk (kN/m) (kN.m) (kN)

5.12x105 3.07x105 6 14800
5.12x106 2.55%x105 3 15300

5.12x107 2.58x105 3 15940
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4 Study on Seismic Reduction of Viscous Damper

4.1 Design of Viscous Dampers

Most of the mass of a self-anchored suspension bridge concentrated in the decking
system. The seismic inertia forces of the decking system are transferred through
the main cables and bearings to the pylons and anchor piers. To reduce the seismic
response, viscous dampers can be installed in a longitudinal arrangement between
the pylon and the girder. The dampers at these locations will not only diminish the
pounding effect between a pylon and the girder, but also a portion of inertial
forces can be transferred to a pylon from the girder height and thus reduces the
height of the action point of inertia forces, which benefits the stress condition at
the root of pylon.

In order to have a correct understanding of the influence of viscous dampers
upon structure seismic performance, the model of viscous damper is established as
the following expression:

F=Cv @

where C is the equivalent linear damping coefficient. The damping coefficient of
viscous dampers has a direct influence upon the seismic response of a structure.
With a too small value of the damping coefficient, the dampers will not have any
practical purposes, too large, stringent demanding must be imposed on the dam-
pers, in which case the economic performance may be poor.

According to analysis of the seismic response, the first order vibration mode is
longitudinal floating with frequency of 0.218Hz, and the effective mass of the first
order is 2.94x10°kg, that is 76.9% the total mass. Apparently, under longitudinal
excitation the main response of a self-anchored suspension bridge is the longitu-
dinal floating of the first order. During primary decision of the damping coeffi-
cient, if the original damping coefficient of the structure is neglected and assum-
ing the damping coefficient of the first order vibration mode is completely
contributed by the dampers, the damping coefficient can be estimated by the fol-
lowing formula:

So we can obtain C=2mw¢=16060 kN.s/m. It is planned to install 8 longitudinal
viscous dampers, each one having an initial damping coefficient of 2000kN.s/m.
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4.2 Influences of the Dampers upon Seismic Response

Table 3 presents the analysis results of the moments of the pylons and the pound-
ing forces with the input of different longitudinal waves with the same peak accel-
eration 0.2g. Evidently, longitudinal viscous dampers reduce the moment at the
pylon root and the pounding force. Specificaly for the artificial seismic wave, the
moment at the pylon root is reduced from 2.55x10° kN.m to 1.85x10° kN.m,
namely a reduction of 72.5% as compared against the case without viscous dam-
pers. The pounding force becomes 3790kN, about 24.7% of the value in case of no
dampers. The pounding is only one time. Apparently, dampers help reduce pound-
ing force greatly.

Table 3. Influence of viscous dampers upon longitudinal seismic responses

Seismic wave Moment of pylon (KN.m) Pounding force (KN)
Damper No damper Damper No damper

Artificial wave 2.55%x105 1.85x105 15300 3790

Taft wave 1.63x105 6.30x104 4075 0

El Centrowave  8.61x104 6.04x104 0 0

Northridge wave  6.66x104 3.89x104 0 0

Longitudinal damping coefficient C is changed and the ten artificial waves and
three recorded natural earthquake waves are input to Huanghelu Bridge longitudi-
nally. Their time history analysis results are averaged and Figure 4 presents the
average results. It can be known that with increasing damping coefficients, the
moment of the pylon at root descends. However, after the damping coefficient ex-
ceeds a certain value, this descending tendency becomes less. With the damping
coefficient increasing from 1500kN.s/m to 2000kN.s/m, the moment of the pylon
diminishes merely 6.4%.
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5 Conclusions

This article takes Huanghelu Bridge, a self-anchored suspension bridge, as a case
in analyzing the influence of pounding among bridge members caused by earth-
guake. The performances of viscous damper shock absorption and energy dissipa-
tion are also studied. Based on the study, the following conclusions are arrived:

1. For a self-anchored suspension bridge, girder-pylon pounding effects can be
both favorable and unfavorable to the stress conditions of the pylon. The de-
termining factor is found to be the initial gap between the pounding bodies.
With the gap increasing, the anti-seismic performance becomes less effective,
and the displacement of girder and the moment of pylon increase. On the other
hand, an excessively small gap increases the pounding force and times greatly,
which cause local damages, thisis not favorable to anti-seismic performance of
the structure.

2. Not relying on any external energy input, viscous dampers are able to consume
a large quantity of vibration energy without causing any supplementary static
stiffness to bridge structure. Under longitudinal earthquake action, the provi-
sion of longitudinal viscous dampers at the pylon-girder jointing places reduces
remarkably the moment and pounding force of the pylon. The choice of damp-
ing coefficient must consider both the shock absorption performance desired
and the cost of dampers.
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Abstract. This paper presents a study of the influence of three different types of
seismic input methods on the longitudinal seismic response of a short, three-span,
variable cross-section, reinforced concrete bridge. Research progress of the seis-
mic model isintroduced briefly. Finite element model is created for the bridge and
time history analysis conducted. Three different types of illustrative excitations
are considered: 1) the El-Centro seismic wave is used as uniform excitations at all
bridge supports; 2) fixed apparent wave velocity is used for response analysis of
traveling wave excitations on the bridge; 3) conforming to a selected coherency
model, the multiple seismic excitation time histories considering spatially variable
effects are generated. The contrast study of the response analysis result under the
three different seismic excitations is conducted and the influence of different
seismic input methods is studied. The comparative analysis of the bridge model
shows that the uniform ground motion input can not provide conservative seismic
demands-in a number of cases it results in lower response than that predicted by
multiple seismic excitations. The result of uniform excitation and traveling wave
excitation shows very small difference. Consequently, multiple seismic excitation
needs to be applied at the bridge supports for response analysis of short span
bridge.

Keywords. seismic model, uniform excitation, traveling wave excitation, co-
herency model, multiple seismic excitation, time history analysis

1 Introduction

Seismic input is the weakest part in seismic design of long-span bridges for its un-
certainties and errors. Uniform excitation and traveling wave excitation are com-
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monly used currently. But they are different from the actual seismic input. The
seismic excitation in each support point differ greatly for the traveling wave ef-
fect, site effect, partial coherence effect and attenuation effect during the seismic
process. Thus, multiple seismic excitation method must be considered in analysis.
The spatial variation of earthquake ground motions may have a significant effect
on the seismic response of both long and short span bridges as indicated in many
studies: Bogdanoff, Goldberg, and Schiff(1965) and Werner et a. (1977) ex-
amined traveling wave effects on the seismic response of structures, Abdel-
Ghaffar and Rubin(1982) and Abdel-Ghaffar and Nazmy (1988) studied the seis-
mic response of suspension and cable-stayed bridges; Zerva (1990) and Harichan-
dran and Wang (1990) examined the effect of spatial variability on the response of
bridge models, Zerva (1994) studied the quasi-static and dynamic response of
bridge models using different coherency expressions; Harichandran, Hawwari,and
Sweidan (1996) analyzed the response of long-span bridges to spatially varying
excitations; Monti, Nuti, and Pinto (1996) conducted nonlinear seismic analysis of
bridges subjected to multiple support excitations; Price and Eberhard (1998) ex-
amined an idealized two-span symmetric beam bridge model to non-uniform exci-
tation; Deodatis, Saxena, and Shinozuka (2000) and Kim and Feng (2003) ana-
lyzed the effect of spatially variable ground motions on fragility curves for
bridges; and Lou, Zerva, and Deodatis (2002) analyzed the effect of multiple sup-
port excitations on the linear response of two bridge models.

All aforementioned studies indicate that uniform excitations at the structures
supports cannot always predict the critical seismic demand for structural members.
The present analysis is a first step in attempting to quantify effect of the spatial
variation of seismic ground motions on the response of realistic bridge models, re-
sult compared with the uniform excitation and traveling wave excitation.

2 Bridge M odel

The bridge selected for this evaluation is a reinforced concrete bridge with three
spans of 45m, 76m and 45m. The plan of the bridge is shown in Figure 1. Its su-
perstructure is a cast-in-place reinforced concrete box girder, the bent has a cross
beam integrated with the box girder and column that pinned at the top of spread
footing foundations. Linear elastic is created to investigate the effect of the spatial
variation of ground motions on the seismic response of the bridge, and 5% Ray-
leigh damping is utilized in the seismic analyses. For illustration purposes, the
first four modes obtained from the free vibration analysis of the model are pre-
sented in Figure 2.
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3 Multiple Seismic Excitation Model

In this study, the ground motions are adopted from EI-Centro seismic record, the
simulation technique proposed by Deodatis (1996) and Saxena et a. (2000) was
employed. The ground motion time history curve and the power spectrum curve
are shown in Figure 3. The seismic ground motions are simulated as non-
stationary, conforming to a selected coherency model.
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Figure 1. The 3-D bridge model
— e il
:-‘55 - ;‘-‘
R T — Mo
& Maeds 1 N iird; 2239H=z $
Frq 173H= ) - Wr/
— -g-f =i )
e
5:_ WMods 4
\.\‘F_,a- Fro=1. 35&l=
(8 Time history curve (b)Power spectrum curve

Figure 2. First four modes of the bridge model
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Figure 3. The ground motion information

The approach, described in detail in Deodatis (1996) and Saxena et a. (2000) is
summarized in the following: the cross-spectral density matrix of the stationary
process s (w) , With @ indicating frequency, has as diagonal elements the power

spectral densities of the seismic motions at each station S, (@) and as off-diagonal
terms the corresponding cross spectral densities:

Sjk () = i (@)Sy (a’)ij (w)exp wégjk ) D

with (@) being the coherency between stations having a separation distance
of S and the exponential term reflecting the apparent propagation of the motions
with velocity V.S (w) isthen factorized into the following product:

So(@) = H(@)H™ (o) )

with T indicating transpose and * complex conjugate, using, e.g. Cholesky de-
composition. The elements of H (o) can be written in polar form as:

H (@) =|H , ()| expli10, (@), ] > k
Im(H jk (@)
Re(H ik (@)

€©)
0, () = tan"*(

The seismic ground motions at a set of n locations on the ground surface are
generated as:
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n N
9,) =2 Y |H (@) Ao cosdat - 0,,(@) + @,,] “)
m=11=1
with j=2,2,---n and N — o .To generate a sample, the random phase angles
@, are generated randomly in the range (0,2 ) . The corresponding non-

stationary process is obtained through the multiplication of the above equation by
amodulating function %,
The coherency model of Harichandran and VVanmarcke (2005) is utilized:

HE0)= Aexp[—%fw)(l— A+ ah)]+ (- A) exp[—%(l— A+ ah)]

wanfofz]

where & indicates separation distance in m, @ represents frequency in rad/s, and
the parameters of the equation assume the values:

-1/2

©)

A=0.736, = 0.147,k = 5210m, (6)
w, =6.85rad /s,b=2.78

which correspond to data recorded during Event 20 at the SMART-1 array, Lo-
tung, Taiwan. Figure 4(a) presents the decay with frequency of the Harichandran
and Vanmarcke coherency model (2005) for separation distances pertinent to the
bridge. In the simulations, an apparent propagation velocity of Vv = 750m/ s was
used. The target peak ground acceleration was 0.3 g. Figure 4(b) presents the time
histories of the spatially variable ground motions at the bridge's supports used in
this study.
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Figure 4. Coherency model and seismic ground motions (displacements) for the bridge.
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5 Resultsand Analysis

5.1 Force Response Analysis

The seismic response analysis results of the bridge subjected to uniform excita
tions, traveling wave excitation and multiple seismic excitation are compared in
terms of seismic force demand.
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Figures 5-7 show the absolute seismic force demand envelopes of the bridge
deck. In all subsequent figures, ‘MSE’ denotes response quantities induced by
multiple seismic excitation; ‘UE’ denotes response quantities induced by uniform
excitation; ‘TWE' denotes response quantities induced by traveling wave excita-
tion; Figures 5-7 suggest that the response along the deck is not symmetric abso-
lutely, even for the uniform excitation.
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For axial forces (Figure 5), multiple seismic excitation produce the higher re-
sponse than the uniform excitation along the middle span, the same value in the
left and right pier as the uniform excitation, whereas multiple seismic excitation
produce lower value than the uniform excitation in other place along the span.
Traveling wave excitation produces the higher response along the middle span but
the lower response along the right abutment than the uniform excitation scenario,
whereas traveling wave excitation produces very small difference to the uniform
excitation in other place along the span, the two result curves almost coincide with
each other. The uniform excitation produces the lowest response along the middle
span, whereas the multiple seismic excitation produces lower response along the
span except the middle span and the piers. The axial force demand is decreased
most in the right abutment when consider spatially variable effect of the ground
motion.

For vertical shear forces (Figure 6), traveling wave excitation almost has the
same result with the uniform excitation except very small difference in the left
pier and the right abutment. Multiple seismic excitation produce lower response
than the uniform excitation and the traveling wave excitation mostly along the
span. The vertical shear force demand is decreased mostly when consider spatially
variable effect of the ground motion.

For bending moments (Figure 7), basically all three input motion scenarios
produce similar results that the higher response along the piers and lower response
along other places. The multiple seismic excitation produces lower response along
the middle span and higher response along the two piers than the other two seis-
mic input method. Along the two piers, the uniform excitation and the traveling
wave excitation typically underestimate the seismic demand for the bridge bend-
ing moments and that the multiple seismic excitation predicts the higher demand.
Bending moments are significantly higher when spatially variable effect is consi-
dered.

5.2 Error Analysis

From the figures, the response curves of uniform excitation and traveling wave
excitation almost coincide with each other. The difference is very small. This is
because the span is hot so long that the traveling wave effect is not obvious, aso
in this paper, the apparent wave velocity is determined by experience which might
be different from the actual velocity. Therefore results under different velocity of
traveling wave excitation need to be calculated in further study comparing to the
results of uniform excitation to determine the influence of traveling wave effect.
As great differences exist in the results of the multiple seismic excitation and
the other two seismic input methods, compare the result of the uniform excitation
to the result of the multiple seismic excitation, the multiple seismic excitation re-
sult is used as a benchmark, taken the moment response as an example, the error
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of the uniform excitation is calculated, see figure 8. If taken 50 percentage as a
limit, most of the error data are within this scope except the data around the abut-
ments, piers and the middle span which are more than 50 percentage. Therefore,
the influence of different seismic input methods for bridge response is mainly
around the abutments, piers middle span, the results of different seismic input
methods in these locations will be of great difference.

6 Conclusions

In this study, the influences of three different types of seismic input methods on
the seismic force demand of a short, three-span, reinforced concrete bridge are
studied. In order to quantify the effect of the spatial variation of seismic ground
motions on the bridge response for the particular model analyzed, three different
types of excitations are considered: the first case is the multiple seismic excitation
utilizing spatially variable ground motions incorporating the effects of loss of co-
herency and wave passage as input motions at the structures’ supports, the latter
two are uniform excitation and traveling wave excitation. Based on these analyses,
the following conclusions are taken:

1. from the axial force envelope analysis and vertical shear force envelope analy-
sis, the uniform excitation, correspond to uniform motions at the structures
supports, produce too large value, while multiple seismic excitation produce
lower value than the uniform excitation.

2. the difference between response curves of uniform excitation and traveling
wave excitation is very small.

3. multipling seismic excitation result in highest bending moment may be the con-
trolling input motion for the design of the bridge deck.

4. the influence of different seismic input methods for bridge response is mainly
around the abutments, piers and the middle span, and the results of different
seismic input methods in these locations will be of great difference.

5. the present results indicate that there is difficulty in establishing uniform input
motions that would have the same effect on bridge models as the spatially vari-
able ones. Consequently, the multiple seismic excitation method should be ap-
plied at the bridge supportsin analysis.

It is noted that the present analysis dealt with excitations only in the longitudin-
al direction of the bridge. Realistic input motions in three directions (along and
normal to the bridge, and the vertical direction) need to be considered in analyses.
Additionally, a suite of simulated motions needs to be applied as input excitations
at the bridge supports to get the exact results. However, this study indicates that
the multiple seismic excitation introduce certain features in the response of realis-
tic models of bridges that are not captured by uniform excitation. Hence, addition-
al research needs to be conducted in this area, so that the effects of spatialy varia-
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ble ground mations are further quantified and incorporated into seismic design cri-
teriafor bridges.
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Abstract. The steel-concrete hybrid structure is mainly designed by foreign com-
panies because of its complexity and China backward technology. Its stiffness and
mass is non-uniform at vertical direction. The structural model is established with
software SAP2000. Its dynamic behavior is studied with mode method. Results
show that its mode is complicated. Its torsion response is obvious. Its one way,
both way and vertical seismic response is analyzed with response spectrum me-
thod. Results show that the shear of its foundation bottom by different seismic ac-
tion is similar. Its vertical seismic response should be analyzed based on the
codes. Its one way and both way seismic response is analyzed with elastic time
history method by three seismic waves. Results show that structural torsion re-
sponse by one way and both way seismic action is similar. The shear average with
three time history curves is smaller than that with response spectrum method.

Keywords: steel-concrete hybrid structure, seismic analysis, torsion coupling
mode division response spectrum method, time history method

1 Introduction

The hybrid structure belongs to a new industrial structure in large thermal power
plants (Dong, 2006; Cui, 2004). This structure has a wide application future in
north area of China having rich coal and lacking water because of its water-
efficient production technique. The structure is composed of a steel truss and
steel-concrete tubular columns. On account of production needs, “A” shape struc-
ture, air cooled equipments and tens of large-diameter fans are installed on the top.
Its stiffness and mass is highly non-uniform at vertical direction. Its span and sus-
pension part is long. Its top part is rigid, its lower part is flexible, and its form is
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like a thin-stemmed drumstick (Figure 1). Its dynamic behaviour and seismic re-
sponse is complicated.

This structure is mainly designed by foreign companies until now because of its
complexity and China backward technology. Foreign companies mainly use
STAAD program to design it. This structure is mainly built in high seismic inten-
sity zonings of China (Ding, 1992; Bai and Zhao, 2006). Until now, be not certain
whether the foreign design is safe, whether it is accordant with China codes,
whether it is economical. For one reason or another there are few references on
this structure. Some electric power designing institutes of China try to design this
structure based on the foreign data, but they feel blindfold in the design process
because there aren’t any codes relating to this structure. China electric power in-
vestment aggregative company organizes north-west electric power designing in-
stitute etc. to tackle key problem on this structure and do some basic research
(Knirsch, 1990; Bai and Li, 2006). Seismic response on a steel-concrete hybrid
structure is studied with finite element method in this paper. Its dynamic behav-
iour is studied. Its one way, both way and vertical seismic response is analyzed
with response spectrum method. Its one way and both way seismic response is
analyzed with elastic time history method.

Figure 1. Structural form. Figure 2. Computation model.

2 Modelling Introduction and Mode Analysis

There are twenty columns, their height is 47.8 meters. Truss height is 7.2 meters.
“A” shape structure is fourteen-meter high. There are eighty fans on the truss top.
Middle span is 22.62 meters. Suspension part length is 11.31 meters. Design
earthquake group belongs to the first group. Seismic intensity is eight degrees. Site
kind is category III. The structural model is established with software SAP2000
(Figure 2). The columns and truss members are simulated with framework ele-
ments. The joints of columns and the truss are simulated with hinges.

The structural 1st to 12th modes and periods are calculated in order to study its
mass and stiffness distribution. According to the results, the 1st to 3rd periods are
1.87 to 1.95 seconds. So the structural basic period is about 1.9 seconds. The 1st to
3rd mode coupling action of is evident. The 1st mode is torsion. The 2nd mode is
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X-direction horizontal movement. The 3rd mode is Y-direction horizontal move-
ment. The modes and periods are changed from the fourth mode. So the structural
main vibration mode is the vibration in two main axis directions.

3 Structural Seismic Response Analysis

3.1 Torsion Coupling Mode Division Response Spectrum Analysis

As already stated in the previous paper, the structural stiffness and mass is highly
non-uniform at vertical direction, its previous several steps modes are similar, and
its torsion effect is evident. So the structural seismic response can’t be studied
with bottom shear method. Response spectrum method can study the structural
seismic response on the basis of the seismic response on a single body elastic sys-
tem (Wei, 1991, China building aseismatic design standard, 2001). The dynamic
relation between the structural dynamic behaviour and seismic vibration is consid-
ered with the method. Many countries use the response spectrum method because
of its simple computation and rational concept (Hu, 1988). According to the stan-
dard (Hu and Jin, 2003), the structural torsion effect under one way and both way
seismic action can be studied with the torsion coupling mode division response
spectrum method.

3.1.1 One Way Seismic Response Analysis

Seismic acceleration is loaded on the structural X-direction and Y-direction re-
spectively. The modes are composed with CQC and SRSS method respectively.
According to the results, X-direction deformation maximum under X-direction
seismic action is 46.5 mm. Y-direction deformation maximum under Y-direction
seismic action is 43.9 mm. Foundation counterforce difference between these two
methods is about fifteen percent because of the structural torsion effect and its
previous several step mode coupling action.

3.1.2 Both Way Seismic Response Analysis

According to statistical analysis on strong earthquake observation records, seismic
acceleration maximum on two directions is different. The proportion of the two is
1 to 0.85. The maximum on two directions is not certain to occur at the same time
(Hu and Jin, 2003). Seismic acceleration is loaded on the structural X-direction
and Y-direction at the same time. Its modes are composed with CQC method, their
direction is composed with SRSS method. According to the results, X-direction
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displacement maximum is 46.6 mm. Y-direction displacement maximum is 45.2
mm.

Table 1. Foundation bottom counterforce under one way and both way seismic action

Foundation bottom counterforce
Seismic effect

Both way 7878.8 8066.7 279 430001.0 420108.0 438994.7
X-direction  7866.9 204.2 27.7 11043.5 420006.1 266014.4
Y-direction  204.2 8054.8 32 429898.5 10881.8 376283.9

Main results on one way and both way seismic action are shown in Table 1.
According to the results, the structural column bottom shear difference maximum
between under X-direction seismic action and under bidirectional seismic action is
0.3%. Its column bottom shear difference maximum between under Y-direction
seismic action and under both way seismic action is 2.5%. So the structural torsion
effect can be analyzed with a single direction horizontal seismic action.

3.1.3 Structural Vertical Seismic Response Analysis

According to the standard (Hu and Jin, 2003), vertical seismic response on large
span structure and long projecting structure in seismic intensity zone 8 and 9 and
high-rise structure in seismic intensity zone 9 should be analyzed. According to
the results on strong motion acceleration record peaks, vertical average response
spectrum in all kinds of fields is basically the same as horizontal average response
spectrum. Vertical seismic influence coefficient is about 0.65 times as much as ho-
rizontal seismic influence coefficient. The structural high steps vibration modes
are the vibration outside the truss itself plane and local member vibration. The
number of vertical vibration modes is doubtful. It is taken to 800 steps in this pa-
per. According to the results, the vertical mass accumulative participation coeffi-
cient at 800 steps vertical vibration mode is 76.3%, and calculated vertical seismic
force is about 0.035 times as much as the whole structure gravity load central val-
ue. So it is doubtful to use the response spectrum method to analyze the structural
vertical seismic effect and its distribution law. It is suggested that the structural
vertical seismic effect should be directly valued based on the standard (Hu and Jin,
2003).

3.2 Analysis with Time History Method

The often meeting seismic effect on especially irregular buildings, category A
buildings and high buildings within regulated height limits should be calculated
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with time history method, the average value of several time history curves is com-
pared with the response spectrum analysis result, the often meeting seismic effect
should be valued based on the larger. There are some regulations on the results as
follows. The structural foundation shear with every time history curve should not
be less than 65 percent of its foundation shear with the response spectrum analysis
method. The average value of its foundation shear with several time history curves
should not be less than 80 percent of its foundation shear with the response spec-
trum analysis method. Time history analysis method is a method using gradual
integral method to directly calculate the integral of a structural dynamic equation
based on its recovery capacity property curve and chosen seismic waves. A struc-
tural instantaneous displacement, speed and acceleration response can be obtained
with the method. Its internal force change from elastic stage to inelastic stage, its
whole destructive process from its member split, damage to the whole damage can
be observed during a strong earthquake.

It is necessary to analyze the structural seismic effect with the elastic time his-
tory method because it is given a complicated force, it belongs to lifeblood engi-
neering, and there aren’t any relevant professional design standards and relevant
earthquake historical materials in China now. According to field soil grade and
design seismic classification, the structural seismic effect is analyzed with the
elastic time history method by three seismic waves (Hu and Jin, 2003; Yang and
Li, 2000). The waves are Lanzhou wave, Emc-fairview ave wave and a man—
made wave reformed from Cpc-topanga canyon wave. Lanzhou wave form is
shown in Figure 3. The structural time history curve is shown in Figure 4 when
North-south Lanzhou wave is loaded on X-direction. Main results are shown in
Table 2.

Figure 3. North-south Lanzhou wave
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Table 2. Foundation bottom counterforce with three seismic waves

Foundation bottom counterforce

Seismic effect

Both Xmax. 5702 4877 11 144846 199425 419183
way  Xmin., -4294 -3663 -134  -169712 -169534  -320329
One Xmax. 5691 312 112 1797 199063 198834
way  Xmin. -4286 -339  -12.3  -1758  -169216 -157076
Lanzhou
Both Ymax. 4480 5723 115 170056 165358 405374
Way  Ymin, -4885 4306 -11.6  -199396  -123030  -298422
One Ymax. 319 5721 22 170007 1695 259213
way  Ymin. -33.0 4299  -1.8  -199290 -1754  -192047
Xmax. 3862 381 435 2579 111175 128869
E
me One Xmin. -5192 378 433 2216 -116443  -180304
fairview
way  Ymax. 381 385 5.1 116436 2030 176874
ave
Ymin. -378 5196 -7.9  -112061 -2019  -235270
Xmax. 9381 1565 232 8540 496740 359318
One Xmin. -10567 -158.5 -20.1 -8449  -489524  -375892
Man-made
way  Ymax. 156 9398 4.0 492885 8373 423020
Ymin. -158  -10671 -5.1  -500756 -8478  -485866

According to the results, the structural foundation shear difference maximum
between under X-direction seismic action and under both way seismic action is
0.94%, its foundation shear difference maximum between under Y-direction seis-
mic action and under both way seismic action is 4.0%. The foundation shear with
every time history curve isn’t less than 65 percent of the shear with the response
spectrum method, the average value of the foundation shear with three curves isn’t
less than 80 percent of the shear with the response spectrum method, the average
value of the foundation shear with three time history curves is less than the shear
with the response spectrum method. So the foundation shear can be valued based
on the results with the response spectrum method.

4 Conclusions

The structural stiffness and mass is highly non-uniform at vertical direction. Its
seismic response is very complicated. The structural seismic response is analyzed
with the torsion coupling mode division response spectrum method and time his-
tory method respectively. Main conclusions are shown as follows.
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1. The structural basic period is about 1.9 seconds. Its mode is complicated. The
Ist mode is torsion. The 2nd and 3rd modes are the vibration on two main axis
directions. Its torsion effect is evident. The Ist to 3rd mode coupling action is
evident. Its seismic effect should be analyzed with response spectrum method.

2. The structural torsion effect difference maximum between one way and under
both way seismic action is not much. The structural torsion effect can be ana-
lyzed based on the one way seismic action. The structural vertical seismic ef-
fect can be valued based on the standard (Hu and Jin, 2003) .

3. The results with three time history curves meet the standard (Hu and Jin, 2003).
The average value of the structural foundation shear with three time history
curves is less than the results with the response spectrum method. The struc-
tural foundation shear can be valued based on the results with the response
spectrum method.
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Seismic Behavior and Structural Type Effect of
Steel Box Tied Arch Bridge

Jin Gan'*, Weiguo Wu' and Hongxu Wang'
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Abstract. This paper took the railroad through tied-arch bridge with steel box rids
as engineering background. Author established 3-D finite element model of this
whole bridge with the ANSYS FEM software, and calculated its seismic response
by time-history analysis. Then, changed the bridges’ type, such as the number of
struts, parallel ribs or X ribs and the type of suspenders, analyzed their seismic
responses and structural type effect of steel box tied arch bridge to seismic excita-
tion. The results should be used to guide the aseismatic design of the steel box tied
arch bridge.

Keywords: steel box tied arch bridge, seismic response analysis, structural type
effect, finite element method, ANSY'S

1 Introduction

Arch bridges are characterized by their beautiful appearance, easily constructed
and relative lower cost, and their span can be increased when the ribs of arch are
made of the steel box or truss of steel box, so it can be considered as a most com-
petitive style among the long-span bridges. However, similar studies concerning
the seismic response analysis of arch bridges have been scarce. Thereby, this pa-
per took the railroad through tied-arch bridge with steel box rids as engineering
background. Author analyzed its seismic behavior and discussed the structural
type effect of steel box tied arch bridge to seismic excitation. The results should
be used to guide the aseismatic design of the steel box tied arch bridge.
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2 Description of the Arch Bridge

The steel box tied arch bridge is a railroad through tied-arch bridge with steel box
rids. The bridge superstructure consists of a 140m arch span and a 30m wide
roadway. At the middle of the arch span, the height of the arch ribs is 33m from
the deck level. The arch bridge, shown in Figure 1, consists of two tiebeams,
floorbeams, stringers, deck slab, two arch ribs and their struts, and a set of sus-
penders. The arch ribs consist of two rectangular steel box girders spaced 16m
apart and hinged to the tiebeams at the ends of the arch span. The concrete slab is
spliced along the centerline of the bridge, and the continuity of each end-floor-
beam is broken at the middle of the beam.

SUSPENDER ARCH RIB

STRUT

140m
ELEVATION

33m

TIEBEAM
FLOORBEAM  STRINGER /

| S 2 !
S e e e I
“%1 o e e e 1%“ 18m

PLAN OF DECK SYSTEM SIDE ELEVATION

Figure 1. Typical view of the arch bridge.

3 Analytical Model

In this bridge modeling, according to the pattern and mechanical characteristic of
the components, selected the appropriate element type in the ANSYS software to
simulate the components accurately. The element types were used in the analytical
modeling as follows:

The arch elements, tiebeams, floorbeams, stringers and rigid suspenders were
modeled by the element BEAM188. BEAMI18S is suitable for analyzing slender to
moderately stubby/thick beam structures. This element is based on Timoshenko
beam theory. It has six or seven degrees of freedom at each node. Shear deforma-
tion effects are included. This element is well-suited for linear, large rotation,
and/or large strain nonlinear applications.

The reinforced concrete deck slab was modeled by the element SHELL63.
SHELL63 has both bending and membrane capabilities. Both in-plane and normal
loads are permitted. The element has six degrees of freedom at each node: transla-
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tions in the nodal x, y, and z directions and rotations about the nodal x, y, and z-
axes. Stress stiffening and large deflection capabilities are included. A consistent
tangent stiffness matrix option is available for use in large deflection (finite rota-
tion) analyses.

A three-dimensional model of the arch bridge, shown in Figure 2, was built to
analyze its dynamic characteristics and seismic response analysis.

Figure 2. Three-dimensional modal of the arch bridge.

4 Seismic Response Analysis

The Tianjin earthquake of 1976 was chosen to calculate the seismic responses us-
ing the time-history analysis method. The input way considered two kind of situa-
tions, namely the vertical ground motion record was used as vertical inputs while
the horizontal ground motion were used as longitudinal or lateral inputs. The
seismic responses under the combination of vertical and longitudinal seismic mo-
tion inputs were shown in Figure 3, and the seismic responses under the combina-
tion of vertical and lateral seismic motion inputs were shown in Figure 4.
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Figure 3. (a) Vertical displacement at arch crown section; (b) Longitudinal displacement at arch
crown section; (¢) Bending moment at arch abutment section (normal: y); (d) Bending moment at
arch abutment section (normal: z); (¢) Axial force at arch abutment section.
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Figure 4. (a) Vertical displacement at arch crown section; (b) Lateral displacement at arch crown
section; (¢) Bending moment at arch abutment section (normal: y); (d) Bending moment at arch
abutment section (normal: z); (¢) Axial force at arch abutment section.

As shown in Figure 3 and Figure 4, the results of this analysis are as follows:

1. Under the function of vertical and longitudinal seismic inputs, the longitudinal
displacement at arch crown section was very small, the maximum value was
approximately 1.9mm, and its maximum value of vertical displacement was
9.Imm. Under the function of vertical and lateral seismic inputs, the maximum
value of lateral displacement at arch crown section was 78.3mm, and its maxi-
mum value of vertical displacement was 7.9mm. The results show that the lat-



Jin Gan et al. 239

eral rigidity of this bridge was small, so some methods must be used to enhance
the lateral rigidity of the arch bridge in design process.

2. Comparing the function of vertical and lateral seismic inputs with the function
of vertical and longitudinal seismic inputs, the maximum values of axial force
and bending moment at arch abutment section were larger, so the combination
of vertical and lateral seismic loads must be considered in the design of steel
box tied arch bridge.

5 Structural Type Effect

Different types of steel box tied arch bridge have different aseismatic capabilities,
so author discussed the structural type effect of steel box tied arch bridge by build-
ing different types of model to analyze their seismic responses. The combination
of vertical and lateral seismic motion inputs (Tianjin earthquake) were chosen to
calculate the seismic responses using the time-history analysis method.
1. The arrangement of struts (shown in Figure 5)

Modal 1: retain all the struts

Modal 2: retain strut A

Modal 3: retain strut A, strut B and strut C

Modal 4: retain strut D and strut E

STRUT D STRUT B STRUT A STRUT C STRUT E

Figure 5. Strut layout of the arch bridge

Comparing with the results of the seismic responses of four modals, the analy-
sis is as follows:

Setting struts at arch crown area, reduced the lateral displacement values of
arch rids and increased the internal force values of arch rids at the same time. The
more struts number, the larger internal force values of arch rids at arch abutment
area. Comparing setting struts at arch abutment area with setting struts at arch
crown area, the internal force values of arch rids were smaller.

In order to enhance the aseismatic capabilities of steel box tied arch bridge, the
arrangement of struts should do the overall evaluation, and find a balance point to
enable the struts to exert the greatest effect in earthquake.

2. The inclination angle of arch ribs
Modal 1: parallel arch ribs, inclination angle is 0° (shown in Figure 2)
Modal 2: X arch ribs, inclination angle is 10° (shown in Figure 6a)
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Comparing with the results of the seismic responses of two modals, the analysis
is as follows:

(a) (b)

Figure 6. Three-dimensional modals of arch bridge

The maximum seismic response values of arch bridge with X ribs were smaller
than the one with parallel ribs. It is because that instead of parallel arch ribs, X
arch ribs could enhance the rigidity of arch bridge and make the centre of gravity
of arch bridge down. So the structural type of steel box tied arch bridge should
first consider X arch ribs in earthquake-prone areas.

3. The type of suspenders
Modal 1: Rigid parallel suspenders (shown in Figure 2)
Modal 2: Flexible parallel suspenders, modelled by the element LINK10
Modal 3: Flexible X suspenders (shown in Figure 6b)

Comparing with the results of the seismic responses of three modals, the analy-
sis is as follows:

Setting rigid suspenders, comparing with setting flexible suspenders, reduced
the vertical displacement values of arch rids and increased the lateral displacement
values of arch rids at the same time. For the internal force responses of arch rids,
setting rigid suspenders could enhance the link between arch rids and tiebeams,
and reduce the structural internal force responses effectively. Comparing setting
flexible X suspenders with setting flexible parallel suspenders, the maximum
seismic response values of arch rids changed little.

6 Conclusions

In order to assess the seismic behavior and the structural type effect of steel box
tied arch bridge, a certain bridge was chosen for study. Conclusions based on the
findings of seismic responses made during the study are:

1. According to the results of seismic response analysis, it was confirmed that the
lateral rigidity of this bridge was small. Thus, the lateral rigidity of the steel
box tied arch bridge should be enhanced in design process.
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2. Since the responses of the bridge modal were larger under the combination of
vertical and lateral seismic loads, the combination of vertical and lateral seis-
mic loads must be considered in the design of steel box tied arch bridge.

3. For steel box tied arch bridges, their structural types affected their aseismatic
capabilities much, such as arrangement of struts, inclination angle of arch ribs
and type of suspenders.

4. Based on our results, it seems that steel box tied arch bridges should design as
X arch ribs, rigid suspenders and less struts in earthquake-prone areas.
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Abstract. Five different splicing design methods are used to design the column-
tree web connection, and a method called S-F which has characters of transmits
force directly, simple calculation, economic materials consumption is obtained by
theories and finite element simulation analysis. In order to consider the influence
of severa factors such as the thickness of beam and column flange and web, fric-
tion coefficient and so on, a series of specimen are obtained by change the para-
meters of S-F design method with which as the BASE specimen. Finite element
simulation analysis in monotonic and cyclic load of these specimen are carried
out, a the same time ,mechanical behavior of BASE specimen and failure me-
chanism of connections are analyzed, and the result provides a reference for de-
sign and construction of this connection.

Keywords:. splice design method, column-tree web connection, influence factors
failure mechanism

1 Introduction

Steel column-tree connection is a kind of steel frame joint with cantilever beam
welded to the column and the beam spliced, it is a recommended type for Tech-
nical specification for steel structure of tall buildings (JGJ 99-98) and Code for
seismic design of buildings (GB50011-2001) in China (Li et a., 2004), especially
it is commonly used in steel frame web connection. But the beam-to-column
welded connection is used accurate method to design for a long time, and the
beam splicing joint seismic design always according to the equal strength of beam
(Li et al., 2004), so it leads to the flexural capacity of beam splicing joint higher
than the beam-to-column welded connection (Xia and Hong, 2005) and the seis-
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mic design requirements “stronger joint with weaker beam” cannot mest, it can
easily cause the beam-to-column welded connection brittle fracture under earth-
guake action. There are many kinds of beam splicing design methods, the splicing
joint mechanical behavior vary with the design methods, so it is necessary to find
out a design method which is simple calculation, transmits force directly, econom-
ic materials consumption, at the same time, provides a reference for design and
construction of this connection.

2 Splicing Design for Column-Tree Connection

2.1 Calculation Principle of Splicing Joint

At present, there are mainly several following methods (Li et a., 2004): equa
strength design method, practical design method, accurate design method and
simplified design method. Equal strength design method is spliced according to
the net cross-sectional area equal strength condition of the beam flange and web
which are connected. The beam flange splicing of practical design method is con-
ducted according to the net cross-sectional area equa strength condition of the
beam flange, in addition to the web connection should calculate the shear force in
the splice-site, should according 1/2 of the web net cross-sectional area shear ca-
pacity design values or the shear force which is the moment at both ends of the
beam divided by the net cross-beam length to determine. Accurate design method
is based on the beam flange and web which are connected to share the moment
M in the splice-site respectively, in other words, the beam flange bears the mo-

ment M, , the web bears the moment M, and all of the shear force, at the same

time, the beam flange and web bolts force coordination should considered. Simpli-
fied design method is assumed that the moment M in the splice-site fully borne
by the flange, and the shear force V fully borne by the web, at the same time, the
web connection should according to the practical design method to determine. In
overseas, through theoretical analysis and experimental verification of its correct-
ness, Sheikh-lbrahim and Frank (1998) put forward that because of the beam
flange in the lateral cross-section, in the limit stress state, it will aways achieve its
maximum carrying capacity, if it unable to achieve this state under the action of
moment, then the flange also have to bear the shear force. At the same time, ac-
cording to the splicing design method of literature (Li, 2003), we put forward that
the beam flange splicing should bear the moment which leads the net-cross section
of flange to yield, and the web splicing bears the remainder moment, shear force,
and the eccentric moment which is caused by the shear force. And the eccentric
distance defined as one side of the group bolts center to the centerline of splicing,
in this paper, the method called as the S-F method.
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2.2 Design of Splicing Joint

The shape of the column-tree web connection is showed in Figure 1.

| Path 1
’ JL=1" Welding line A
Profile 1-1
e
d [ U v

o

Figure 1. The shape of column-tree connection.

Applied 150kN of point load in the beam end where the length from loading
point to the location of splicing is 1.825m. Internal force of the splicing placeis:

Moment: Mf]’ =150%1.825=273.75kN; shear force: an =150kN; using level

10.9 M22 high strength bolts for friction type connection, friction coefficient is
0.35. The results of splicing design are shown in Table 1.

Table 1. High strength bolt amount on one side after adjustment of friction coefficient in the lo-
cation of beam splicing

Design method Flange bolts Web bolts Flange friction coef- Web friction coeffi-

ficient cient
Equal strength 6 3 0.375 0.375
Practical 6 2 0.375 0.375
Accurate 6 3 0.375 0.35
Simplified 6 2 04 0.35
SF 6 2 0.35 0.35

3 Finite Element Analysis of Splicing Joint

3.1 Selection of Basic Parameters

In order to compare mechanical behavior of these five kinds of splicing node,
made monotonic and cyclic loading finite element simulation to treelike column
node by using ANSY S software. Material constitutive relation used trilinear mod-
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d including descent segment. According to the test data, elastic modulus are all
for E =206000 MPa , poisson ratio are all for 0.3; performance index of various
steel are shown in Table 2.

Table 2. The performance index of steel

Performance
index
dlass c,(MPa) g, o, (MPa) &, o, (MPa) &y
Q235 steel 235 0.00114 415 0.15 340 0.21
welding line 330 0.0016 460 0.12 410 0.17
Bolt 940 0.00456 1130 0.10 960 0.13

Sections of beam and column and bolts were adopted entity elements to mesh
generation, using elements of Solid45, Solid92, Solid95. When splicing joints
were under load, effect of contact and extrusion existed between nuts and splice
bars, splice bars and threaded holes. There are alot of contact problems. The con-
tact between nuts and splice bars, beam flange web and splice bars, bolt bars and
threaded holes. Contact elements were selected Targel70 and Contac174. In addi-
tion prestressed element Prets179 was selected for applying prestress in bolt bars.
Considering symmetry, only used half model to calculate. Finite element model is
shown in Figure 2.

Figure 2. Finite element model.

3.2 Finite Element Analysis Results and Analysis of Seismic
Performance

The yield displacementAy and yield load P; at the beam end are determined by

the method shown in Figure 3. Through numerical analysis, it gives each series of
specimen P/P, — A/L curve under monotonic loading, and P/P, —
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AlA,,PIPB,—0, hysteretic curves under cyclic loading. In order to conve-

niently compare the results, use the S-F design method specimen as the base spe-
cimen, the load-displacement curve in monotonic force is shown in Figure 4.

Figure 3. Beam end yield displacement determination

a

1.2
~ L-X
o 1

5 fg,:;wﬂ‘ﬂ‘““”

0.6 4 —x—S-F

0.4 - #& - Equal strength

0.2 / —o— Practical

0
0 0.01 0.02 0.03 0.04 0. 05

(a) Equal strength, practical design method specimens

0v 1.2 o
o 1 u)!j)n,u_n—&—n—-ﬂ
0.8
0.6 .,(/ —x—S-F
0.4 - & - Accurate
0.2 —o—Simplified
0

[T -
)
=)
—
)
o
o
=]
=)
w
=)
o
~
)
o
&

(b) Accurate, Simplified design method specimens
Figure 4. L oad-displacement curve in monotonic load
It can be seen from Figure 4 that the yield load of S-F method specimen was

146.28kN. The starting and final displacement of each method when dlip are
shown in Table 3.
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Table 3. The starting and final displacement of each method when dlip

Design method  starting displacement (A / L)  Final displacement (A / L)

Equal strength  — 0.038
Practical 0.019 0.041
Accurate 0.017 0.042
Simplified 0.014 0.042
SF 0.014 0.044

Because the curves of these types of design methods are very close, in order to
facilitate comparison, only use the methods which have bigger difference such as
equal strength and S-F method to compare. The hysteretic curve of S-F design me-
thod specimen as seen in Figure 5. And the equal strength design method as seen
in Figure 6.

1.6 - ——

-0.03 -0.02-0.01 0 0.01 0.02 0.03

(b PL -0, hysteretic curve
P

Figure 5. Hysteretic curves of S-F design method specimen

When the S-F specimen reaches 4A_y ~4A+y cycle, and the load reaches

0.88P /P, the splicing connection appeared slip. Eventually destroyed in the
side seam beam-to-column connection when the specimen reaches the cycle of
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4A,~5A, .1t can be seen from the chart that the hysteretic curve are full, stabili-

ty, and the strength, stiffness without apparent degeneration in every cycle. When
destruction the whole plastic deflection is 0.028rad, P/ P, reached 1.13, per-

formed good seismic behavior.

Equal Strength design method specimen (Figure 6) in the cycle load without
dlipping phenomena appeared. Destruction is till in the side seam beam-to-
column connection when the specimen reached the cycle of 4A—y ~4 A+y, the
whole plastic deflection reached 0.028rad, P /P, reached 1.14. The ultimate
bearing capacity is amost as the same with S-F specimen, but the whole plastic
deflection is lower than S-F specimen 25%, so the S-F design method shows better
seismic performance. Thisismainly because the splicing of the slip zone enhances
the seismic performance of beam-column connections.

-0.03 -0.02 -0.01 O 0.01 0.02 0.03

() P/, -6, hysteretic curve
P

Figure 6. Hysteretic curves of equal strength design method specimen
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4 Conclusions

From the five different splicing design methods described above, it can be conclu-
sion that:

1. The flange in the connection only bear the moment which the net section of
flange reach to yield, the other moment must be load by web plate. So, after
reach to yield loads of net section which load by bolts of flange, it can not be
improve the load capacity by increase the number of flange bolt or increase the
friction coefficient of flange. If the moments which bear by web plate do not be
consider, the splicing design will be over-conservative. The seismic perform-
ance of connection will be reduced because the bolts can not dliding.

2. It basically do not have influence to ultimate capacity of splicing specimen of
the number of web plate bolts, and to reduce the number of web plate bolts can
increase the ductility of specimen.

3. The difference of ultimate capacity of the five means is very small. The equal
strength design method specimen doesn’t appear sliding under the load, and the
ultimate displacement when it destroyed is minimum. The dliding of S-F
method appears earliest, the ultimate displacement of S-F method when it is de-
stroyed is 13.6% bigger than the minimum, and it appears good semi-rigid con-
nection performances.

4. The five specimens have good seismic performance. The hysteretic curve is
plumping and stability, the strength and stiffness do not have degraded obvi-
ously under the circulation, when the specimen is destroyed, the whole plastic
angleis minimum at the methods of equal strength design, but it is maximum at
the method of S-F which is 25% larger than that minimum. The specimen of S
F method have better seismic performance because the friction diding and
squeezing action of bolts of contact area can dissipated the seismic energy and
increase the rotation capacity .

5. The stress distribution of the side welding line is not uniform, it is maximum at
the edge of beam column connection, it will be decreased when it moves to in-
ner, at last the specimens destroy will occur at the longitudinal fillet of beam
column connection.
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Abstract. Direct displacement-based Seismic design of high-rise buildings consi-
dering higher mode effects is realized. The structural natural periods and corres-
ponding modes are obtained by free vibration analysis. Based on the periods, the
equivalent displacement of single-degree-of-freedom system for each mode is ob-
tained by displacement response spectra, and the structural lateral elastic dis-
placement of each mode could be determined by “Equivalence Principle”. So the
structural lateral elastic displacement can be deduced by SRSS rule. Then, based
on allowable storey drift ratio, the structural target lateral displacement of each
mode could be determined, and the storey shear is obtained by SRSS rule. The de-
sign example shown in Table 3 demonstrates that the base shear considering high-
er mode effect in serviceability performance level is 2212kN, that is larger than
1975kN which only considering the first mode, so the design results will be more
safety. The elasto-plastic time history analysis proves that this method is accurate
enough to practical application in building design.

Keywords: high-rise buildings, higher mode effects, direct displacement-based
seismic design, elasto-plastic time-history analysis

Introduction

Over the last decade, an important advancement in earthquake engineering has
been the elaboration of performance-based concepts for the seismic design of
structures. This approach, based on the coupling of multiple performance limit
states and seismic hazard levels, overcomes several of the shortcomings of the
traditional force-based seismic design procedure. The first step in Direct
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Displacement-based Seismic Design (DDBSD) procedure is the definition of the
target displacement that the building should not exceed under a given seismic
hazard level. At present, the structural target lateral displacement curve is mostly
determined by its first mode displacement without considering the higher mode
effects (Medhekar and Kennedy, 2000; Luo and Qian, 2003; Liu and Zhou, 2003;
Liang and Huang, 2005), so it fails to evaluate the high-rise building’s
performance accurately.

In this paper, based on uncoupling vibration theory of dynamics, an analysis
procedure of each mode’s contribution to the target displacement, and each
mode’s target displacement is presented. The multi-degree-of-freedom system is
transformed into equivalent single-degree-of-freedom system, and the base shear
of each mode is obtained by displacement response spectra theory. Then the total
base shear could be determined by SRSS rule. It provides a valuable thought to
DDBSD method of high-rise buildings.

1 Performance Levels

DDBSD method needs to determine the relationship between performance levels
and displacement. The structural performance is divided into three levels:
“serviceability, life-safety and collapse prevention” in accordance with the “three
levels” of Chinese code (Code for seismic design of buildings, 2001). Storey drift
ratio is a key parameter for the control of damage in RC buildings, it is rational to
examine a procedure wherein displacements are considered at the beginning of the
seismic design process. This paper offers the high-rise structural storey drift ratio
for different performance level based on Liang’s work (Liang et al., 2006), as
shown in Table 1.

Table 1. The allowable storey drift ratio for each performance

Structural type
Performance level -
Frames Frame-shearwall Shearwall structures
structures
Serviceability 1/500 1/800 1/1000
Life safety 1/200 1/220 1/250

Collapse prevention 1/50 1/100 1/120




Xiaoling Cui etal. 255

2 Target Lateral Displacement Curve of Each Mode

2.1 The Natural Modes and Periods

If the preliminary design scheme of the structure has determined, the natural
periods and corresponding modes of the structure can be obtained by means of
computer analysis.

2.2 The Position of Maximum Story Drift

The structure’s target lateral displacement is an indispensable variable in DDBSD
method, and it needs to locate the position of maximum story drift in the structure.
The first mode of vibration plays a dominant role in the structural seismic design,
so the position of maximum story drift ratio for the 1st mode can be regarded as a
substitute for the structure. Two methods are usually used to solve this problem.
First, the 1st mode shape could be determined by virtue of computer analysis.
Second, some experimental formulas are used to calculate the fundamental mode
of structures. MU Cuiling (Mu et al, 2003) offers the fundamental mode’s expres-
sion and the position of maximum story drift of frame-shearwall structure, LIANG
Xingwen (Liang and Huang, 2005) offers the lateral displacement pattern of
frames, supposes one of the bottom floors reaches storey drift ratio limits. The sto-
rey drift ratio is determined by displacement difference of floors in this paper.

2.3 The Structural Lateral Displacement Curve

The mass is distributed throughout the building, but we will idealize it as concen-
trated at the floor levels, the floor systems are rigid in their plane. The vibration of
each mode is regarded as uncoupling (Chopra and Goel, 2002) (Figure 1). The
calculation procedure of target lateral displacement is described as follows:

(1) Transform the multi-degree-of-freedom system (MDOF) into equivalent
single-degree-of-freedom system (ESDOF).

The structure’s elastic lateral displacement demand of each mode is expressed
as

i T MinNi (1)

In which Xj; is the elastic lateral displacement demand of the jth mode at the ith
floor level, dj, is the elastic lateral displacement of the jth mode at the roof floor
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level, x; is relative displacement of the jth mode at the ith floor level, n is the
number of stories.

Based on Liang’s work (Liang and Huang, 2005), the equivalent displacement
of ESDOF system is deduced as follows:

;m(dinxii )2 meiiz d

Xjeff = = djn i:nl =n v 2)
2 md,.x, 2.mx; ‘
i=l i=1

In which X is the equivalent displacement of ESDOF system for the jth
mode, mi is the mass at the ith floor level, v; is the modal participation factor.

- dinXin d2nX2n7 B

— dl“Xln-l dzﬂin-l
dinXii OanXai

dinXiz Xy OanX22 X oerr

=
d1nX11$ DXt

P Vid 7

(a) Structural lateral (b) Lateral displacement (c) Lateral displacement
displacement curve curve for 1st mode curve for 2nd mode

Figure 1. Lateral displacement curve for each mode and the ESDOF system

(2) Conversing the acceleration response spectra of current code (Code for
seismic design of buildings, 2001) into displacement response spectra according to
follow equation:

T 2
s, =(2_j S, 3

T

(3) LetS,, = X, =d, /7, ,d; =7,S,,, the elastic lateral displacement of the
structure is obtained by SRSS rule, that is

Xi :\/JZ_:,xﬁ2 :\/;(%dexji )2 (42)

=1
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(4) Supposing that the structural lateral displacement curve in inelastic range is
similar to that in the elastic range, the structural target lateral displacement curve
satisfying the performance level could be expressed as follows:

u =DX, =D [>(7S, xji)2 (4b)

j=1

where D is constant.
If the storey in the maximum story drift is determined, and the [6] is known, D
could be calculated by follow formula:

__[o]h
= )

Xi - Xi—l
In which h; is a height of ith storey which storey drift is the max; X;, X is the
floor displacement demand at ith and (i-1)th floor level respectively, it could be
calculated by Equation (4a).

(5) Based on Jan’s work (Jan and Liu, 2004) it can be assumed that the dis-
placement proportion contributed by each mode is invariable, so DX; is the struc-
ture’s target lateral displacement of the jth mode, as given by the following ex-
pression:

u, = DX (6)

J J

where u; is the structural target lateral displacement for the jth mode.

3 Equivalent Parameters of ESDOF System and Earthquake
action of Structure

After the target lateral displacement for each mode is determined, the equivalent
parameters of the ESDOF system and the base shear could be obtained by follow-
ing equations (Liang and Huang, 2005):

2mu;’

- = (7)
2.my,

U
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M :[Zmujij/ujeﬁ ®)

2z ’
K _[T_] M 9

jeff

V, = Ky Uy (10)

in which uj; is target lateral displacement for the jth mode at the ith floor level, Vi,
is the base shear of the structure for the jth mode, Uierr, Miesr, Kierr and Tierr are the
equivalent displacement, equivalent mass, equivalent stiffness and equivalent pe-
riod for the jth mode respectively.

Tier could be deduced by inversion formula of Equation (3) for “serviceability”
performance, but for “life safety” and “collapse prevention” performance level,
the structure has been in inelastic range, the equivalent damping ratio should be
determined. Gulkan and Sozen’s equation (Miranda and Garcia, 2002) is cited in
this paper:

Ly =0.05+02(1-1/u) (11)

where # is displacement ductility ratio demand.

The lateral load at the ith floor level for the jth mode could be expressed by
Equation (12), the storey shear in the ith storey for the jth mode, and the storey
shear in the ith storey are expressed by Equation (13) and Equation (14)

F = &vbj (12)
> mu,
k=1

V, = z Fi (13)

V= v (14)
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4 Pushover Analysis

The evaluation method in this paper is described as follows:

The base shear V and lateral displacement at roof level u, for each performance
are expressed in V-uU coordinate, like A, B and C in Figure 2, OABC represents
demand curve. V is determined by Equation (13) when i=1, and u; could be ob-
tained by following equation:

U = Zm:(Vi“ieﬁ) (13)

(b)
e Pushover Curve
e Demand Curve

Figure 2. The pushover curve and demand curve

The capacity curve OA’B'C’ are obtained by modal Pushover analysis (Chopra
and Goel, 2002) in order to considering higher mode effects. Applied lateral load

pattern for the jth mode is S= [m] X; . The base shear V for each performance is

the controlling parameter. The lateral displacement at roof of each performance
could be obtained. Increasing the lateral load till the base shear is equal to V, then
the structural lateral displacement at roof level U; should be obtained by SRSS
rule.

Putting the demand curve and capacity curve in a same coordinate, there are
three conditions occurring generally. If the capacity curve exceeds or match to-
gether with demand curve (Figure 2a), it illustrates that the actual displacement of
the structure under design earthquake action is less than or equal to anticipating
displacement, and the structure satisfies the requirements of fortification objective.
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If not (Figure 2b), more revision or a repeating design is needed. In addition, The
point B of capacity curve fall behind B’ of demand curve is the third condition,
and it presents that the performance objective under moderate earthquake is over-
estimate. Adjusting performance objective or designing again are two selections.

5 Example

Figure 3 shows the structural arrangement scheme of a 12-story frame. The height
of the first storey is 4.5m, and others are 3.0m. The seismic fortification intensity
is VIII; the characteristic period (Ty) of the adopted elastic response spectrum is
0.55s. The member details are as follows. 1-6 stories: concrete grade is C35; col-
umn section is 700mmx700mm; girder section is 250mmx550mm; other beams
section is 200mmx500mm; and slab thickness is 120mm. 7-12 stories: concrete
grade-C30; column section is 500mmx500mm; girder section is 250mmx550mm,;
other beams section is 200mmx500mm; and slab thickness is 120mm. As an ex-
ample, this paper analyzes the structural performance under transverse earthquake
only. The structural natural periods and modes are obtained by means of ETABS.
The first three periods are as follows: T; =1.33s, T, =0.44s, T; =0.24s. And it
can be learned that the storey which story drift is max is the 3rd storey. The mass
of each mode is shown in Table 2.

SRR S

Om— — M — R — - — — W\
| | | | | | g
e T e e S T
| | | | | g
4 tatamtartut
6000 6000 6000 6000 6000
® @ ® ® ® &

Figure 3. Structural arrangement scheme

Table 2. The mass of each story

Floor 1 2~5 6 7~11 12

Mass (kg) 401736 369595 358356 348373 317250
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5.1 Serviceability Performance Level (0] =1/500)

5.1.1 Target Lateral Displacement Curves for Each Mode

According to the first three structural natural periods and Equation (3) (damping
ratio takes 0.05, 0,,,,=0.16), the ESDOF system’s equivalent displacement are ob-
tained: Sg; =31.8mm, Sy,=7.7mm, Sy;=2.3mm. The modal participation factors are
v1=1.322, v,=0.491, v;=0.291. Substituting these parameters to Equation (2), the
roof displacement for each mode are d;;=42.0mm, d,, =3.8mm, d;, =0.7mm. It
can be deduce that D =1.29 based on Equation (5), D is a little larger than 1, so the
initial design scheme is feasible, and the target lateral displacement curves for
each mode are determined by Equation (6).

5.1.2 The Shear in Each Story

According to the target lateral displacement curves for each mode, the structure
can be transformed into ESDOF system, and the equivalent parameters are shown
in Table 5.2. The lateral earthquake forces and shear in each story of each mode
could be determined respectively based on Equation (12) and Equation (13). If
each mode is combined by the SRSS rule, the shear force in each story is obtained
by Equation (14). The procedure is outlined in Table 3.

Table 3. The equivalent parameter of SDOF system for each mode (serviceability)

Modes Equation displacement/ mm Equation mass/ kg Equation period/s Base shear/ kN

1 41.02 3446007 1.68 1975
2 9.93 466881 0.5 731
3 2.97 164635 0.27 264

Internal forces by earthquake loads, wind loads and gravity loads are combined
and regarded as the design criteria, the structure can be designed.

5.2 Life-Safety Performance Level ([0] =1/200)

The structure has been in elasto-plastic range for “Life safety” Performance Level,
and it needs to determine ductility coefficient p in order to calculating damping ra-
tio Ceir. The frames’ yield lateral displacement at roof level is 2.5~2.7 times larger
than that under minor earthquakes, and 2.6 times is taken in this paper. The struc-
tural lateral displacement at roof level under minor earthquakes could be ex-
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pressed by dj, in Equation (1), based on the relationship between d;, and X, the
ductility ratio demand y; for jth mode can be determined by

/uj :ujn/(2‘6xjn) (16)
The design procedure is similar to “serviceability” performance except for Oy
=0.45. The results are outlined in Table 5.

5.3 Collapse Prevention Performance Level (0] =1/50)

Taking oy, =0.90, the results are outlined in Table 5.

Table 4. The shear in each story (serviceability)

1™ mode 2" mode 3" mode
Floor V, (kN)

Eavy VKN F gy VLEN)  FE gy Ve kN
12 240.19 240.19 24377 24377 14777 147.77  372.76

11 25630 49649 21699  -460.76  83.98 23175 71590
10 24529 74178 -14124  -602.00  -18.06 213.69  978.93
9 230.30 972.08  -46.49 64849  -109.77  103.92  1173.15
8 211.44 1183.52  53.92 59457 -15498  -51.06 1325.46
7 188.94 137246  144.90 44967  -13543  -186.49  1456.24
6 168.11 1540.57 215.58 23409  -62.29 24878 1577.99
5 145.94 1686.51  253.11 19.02 29.02 21976 1700.87
4 116.88 1803.39 25223 27125 10872 -111.04  1827.05
3 86.69 1890.08  218.83 490.08 14930 38.26 1952.96
2 56.14 194622 153.39 64347 13813 17639  2057.41
1 28.75 1975 87.54 731 87.61 264 212242
> 1975 731 264

5.4 Pushover Analysis

The modal pushover analysis is used to evaluate the structure that is designed by
“serviceability” performance’s results, and the procedure is described in Section 4
of this paper. The demand curve and capacity curve are expressed in V-u coordi-
nate (Figure 4).



Xiaoling Cui etal. 263

Table 5. The equivalent parameter of SDOF system for each mode (life safety and collapse pre-

vention)
. . Equation . . Total base
Equation dlsp./rnmmaSS ke Equation period/s Base shear/kN shear/kN
mode i .
life collapse lcl(fflzgzzt};;rir-ld life collapse life collapse Life  collapse
safety prevention o' safety preventionsafety preventionsafety prevention
1 102.55 410.31 3446007 .75 3.19 4551 5480
2 2483 99.28 466881 0.50 1.08 1829 1567 4949 5838
3 7.49  29.72 164635 0.27 0.39 667 1268

Figure 4 shows that the capacity curve exceeds the demand curve in each per-
formance level, and it illustrates that the designed structure satisfies performance

objective.
6000
4500 -
§ 3000 ——e—— Demand curve
> 1500 ' - - -® - - -Capacity curve
0

0 100 200 300 400 500
u/mm

Figure 4. Comparison of demand and Pushover curve

5.5 Elasto-plastic Time-history Analysis

600

Elasto-plastic time-history analysis is used to examine the designed structure.
Lanzhou wave 1, Elcentro wave and CPC-TOPANGA CANYON-16-nor wave are
selected, and the peak acceleration of the waves is defined by seismic code (Code
for seismic design of buildings, 2001). The floor displacement envelops for “col-

lapse prevention” are showed in Figure 5.
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Figure 5. The floor displacement envelops for “collapse prevention”

The analysis results indicate that the lateral displacement distribution through-
out building calculated by this paper is identical to the modal pushover curve and
time-history analysis curve approximately, and the results of different waves have
great differences. The displacement envelopes obtained by time-history analysis
are less than the target displacement calculated by this paper, and it implies that
the structure satisfies the performance requirements of “collapse prevention”. The
evaluation results coincidence with the modal pushover analysis.

6 Conclusions

. The proposed method in this paper obtains most possible accurate target lateral
displacement and therefore can be applied in DDBSD method of high-rise
buildings.

. The target lateral displacement curve considering higher mode effects is iden-
tical to the target lateral displacement curve calculated by fundamental mode
approximately, so the position of maximum story drift for the fundamental
mode can be regarded as a substitute for the global structure. The design exam-
ple shows that the earthquake action excited by higher modes can not be neg-
lect.

. The displacement response spectra conversed by acceleration response spectra
of current code is not so accurate in longer period (>1.3s), so it fails to antic-
ipate the performance of the structure which has longer period or the structure
which is in inelastic range. It’s urgent to perfect the displacement response
spectra theory for DDBSD method.
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Rotational Components of Seismic Waves and
Its Influence to the Seismic Response of
Specially-Shaped Column Structure

Xiangshang Chen™, Donggiang Xu' and Junhua Zhang*

Y nstitute of Civil Engineering, Hebei University of Technology, Tianjin 300132, P.R. China

Abstract. In this article, the rotational components of Ninghe wave was obtained
through the trandlational components of it using the procedure of Matlab software
developed by author, and time history analysis was carried on when the rotational
component and the translational components were input to the specially-shaped
column frame's space elastoplasticity model which establishes through the
ANSY S software simultaneously. The result indicated that the specially-shaped
column structure is very sensitive to the rotational seismic component, the effect’s
enlargement by rotational components should be considered fully when the spe-
cialy-shaped column structure was designed, and enlarge the frame's seismic
safety.

Keywords. seismic waves, rotational accelerate components, specially-shaped
column, frame, seismic response, time history analysis

1 Introduction

Special-shaped column is reinforced concrete column whose section shapeis T, +,
L, Z. It has the advantage such as light weight, no arris in the house and disposing
of furniture easily, increasing the usable floor area, saving energy and so on. It is
very suitable for residential building and has rapidly used widely at present.

Because of the property of the special-shaped column section, the special-
shaped column is sensitive to oblique load and torsion stress, and it appears very
important to carry out the experiments and analysis on special-shaped column
structure under the multi-dimensional seismic including the torsional component
of seismic wave.

Due to the current level of observation to strong earthquake, we can not pick up
the seismic wave's torsional acceleration component. In this paper, we use the
principle of Frequency Domain Method to do Fourier transform to the horizontal

* Corresponding author, e-mail: chenxiangshang@hebut.edu.cn
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component of seismic wave (Newmark, 1969). Use the Matlab software to get the
torsional component of El Centro wave and Ninghe wave. Then import this com-
ponent into the ANSY S finite element model of specially-shaped column frame,
and carry out time-history analysisto it.

2 Solution of the Seismic Wave' s Torsional Acceleration
Component

2.1 The Solution Method of the Seismic Wave’s Torsional
Acceleration Component

It has been proved that seismic wave contained not only translational components,
but also three rotational components which around three main axis.
It was assumed that the propagation medium is isotropic uniform elastic half-

space or layered elastic half-space. When the incident wave is SH wave (Sg, ),

the reflected wave is only SH wave (S, ). For the SH incident wave (S, )
whose frequency is @ , displacement function is (Sun and Chen, 1998):

sind, , , costy z]

Sq (x,2,t)= Ay, expia) t—
(x,2,t) Asexpla{ 5

@

The displacement components which are on the y out-plane direction are:

v=2Sg, @

Define the torsional component turning around z-axis, and get the torsional
component according to the elastic wave theory as follow:

_Yfov_ouy 19
Po o\ x oy 2au

©

We can substitute equation (1) and equation (2) into equation (3), get:

sin6?OV

Py = —iw
g 2p (@)
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According to the equation (4), we can get the Fourier spectrum relationship be-
tween torsional component and translational motion component (when the inci-
dent wave is SH wave):

D, (w) =iwu,(w)/ 2c ®)

D

In the equation, ™2 is the torsional component(/ng of equation (4), i= -1, o iscir-

cular frequency, cis apparent velocity (¢ = — s ), Usisthev of equation (2).

sing,

2.2 The Time-History Curve of the Seismic Wave’s Torsional
Acceleration Component

Using the above method and the Matlab calculating program developed by the au-
thor, the torsional acceleration component of ElI Centro wave was get. The result
is basically matched with that in the literature (Li Hongnan, 1998).

Since the very wide range of applications of Ninghe wave, we calculate its tor-
sional acceleration component, and the calculated time-history curve of torsional
acceleration is shown in Figure 1.

. Accderation(rad/s)

=

Timels

Figure 1. Time-history curve of torsional acceleration of Ninghe wave

Power spectrum of torsional acceleration and horizontal acceleration of NingHe
wave are shown in Figure 2. In Figure 2, frequency for abscissa and power for or-
dinate. We can see that the frequency of torsional acceleration were greater than
the frequency of horizontal acceleration, that is, the high frequency components
of time-history curve of torsional acceleration is very rich, and the decay is more
Slowly.
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(a) Power spectrum of horizontal acceleration (b) Power spectrum of torsional acceleration

Figure 2. Power spectrum of acceleration of NingHe wave

3 Establishment of Finite Element Model of Special-Shaped
Column Frame

Because this text focus on the solution to the macroreaction of structural members
and system under external load, so bar element is selected to the beam and col-
umn,shell element is selected to floor to establish space finite element model.

In this paper, the special-shaped columns frame model is, and the has six lay-
ers, and the standard floor plan is shown in Figure 3.

T T T T

4600

2400

4500

Figure 3. The standard floor plan of special-shaped

4 Analysis of the Reaction of the Special-Shaped Column
Structure under Multi-Dimensional Seismic

Input the unidirectional Ninghe seismic wave and multi-dimensional seismic wave
to finite element model above and carry out the time-history analysis separately.
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Analyze the influence of multi-dimensional seismic wave to frame structure
through compare the differences of displacement response between the two.

Figure 4 shows the increasing ratio of structure’s displacement curve which
compared seismic action of three-way (including torsiona acceleration compo-
nent) to seismic action of one-way. We can see from Figure 5, the displacement of
all floors increase more 13%. It shows that the multiway acceleration component
has |large effect to frame structure and we can’t ignore it. Besides, its displacement
response of first floor increased more than 20%.
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Figure 4. Increasing proportion of structure’s displacement of bidirectional and torsional seismic
action

In order to analyze the similarities and dissimilarities between special-shaped
column frame and rectangular column frame structure under torsiona seismic
wave, this article establish the rectangular column frame structure model, and the
section of its column is selected as square column whose lateral stiffness is the
same as the special-shaped column. The structure arrangement and other calcula-
tion condition is the same as special-shaped column, and compare the two with the
calculation results. The increasing rate of the most displacement responses of dif-
ferent structure when inputting bidirectional and torsional seismic wave compared
to the unidirectional seismic wave is shown asin Figure 5. We can see that the in-
fluence of torsional seismic wave on special-shaped column structure is more than
on the rectangular column frame structure, and the special-shaped column struc-
ture is the sensitive structure system to the torsional seismic wave.

In addition, to analyze the structure model of various spans and various storey
heights, we can know that the increscent proportion on displacement response un-
der multi-dimensional seismic wave is averages about 22%.

Because the structure in this text is symmetric regular, the seismic response un-
der multi-dimensional seismic wave is larger about one-fifth than under unidirec-
tional seismic wave. So the response of irregular and asymmetric special-shaped
column structure under torsional seismic will be more. The increasing influence
should be considered when designing the special-shaped column structure espe-
cialy irregular structure. It is best to consider the torsional seismic effect when
calculating.
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Figure 5. Enhancement rate of displacement of different structure when import multi-
dimensional seismic wave

5 Conclusions

. The torsional acceleration is plentiful in high frequency components, and the

decay of it is slower than horizontal acceleration.

. Through the elastic-plastic time-history analysis for finite element mode of

special-shaped column frame structure, we obtain special-shaped column struc-
ture have the large earthquake response than the rectangular column structure
under multidimensional seismic wave. That is, special-shaped column frame
structures are very sensitive to torsional component of seismic wave.

. The displacement effect of the first floor of regular special-column frame struc-

ture under multidimensional seismic should increase about 20%, and the seis-
mic response of irregular frame structure should increase more. So during the
design, we should consider the influence of the torsional seismic wave.
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Seismic Assessment for a Subway Station
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Abstract. Underground construction at densely populated downtown may
confront with reconstruction in existing building. Therefore, mechanical
performance of building structure after such reconstruction is the main issue,
especially under earthquake. In this present paper, SSI effect is discussed.
Dynamic models are built to investigate whether the existing substructure can
behavior as the fixed foundation to support the up-structure. Seismic assessment
based on dynamic analysis of these structures in two situations, that is, before
reconstruction and after it. To account for the response of complicated building
structure, software package ETABS are applied to set up three-dimension
numerical model. Investigation focuses on typical structural members and drift
of reformed structural under seismic inputs.

Keywords: SSI effect, high-rise structure, seismic assessment, FEM,
reconstruction

1 Introduction

It is well known that soil-structure interaction (SSI) could play a significant role
on the structural seismic response, yet the effects of SSI on the seismic response
of structures had not been taken into account until the1970s when Wong and Luco
(1976) published their journal papers. In 1980s and 1990s, research progress have
been made by Spyrakos and Beskos (1986), Gazetas (1991), and Wolf (1985). As
far as those high-rise buildings with basement are concerned, when should the SS|
effect taken into account and the depth effect of the embedment was recognized
by Todorovska (1992).

The setting of basement can increase the depth of foundation, and largely
enhanced the stability of the structure. According to the Code for seismic design
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of buildings of China, when the lateral stiffness of the basement is not less than
double of the lateral stiffness of the level up to the basement, the basement can be
regarded as the fixed foundation of the up-ground structure, thus the SSI effect can
be ignored. But some research (Li and Lu, 2004) shows that when the high-rise
building adopt the box foundation, the variance of structure natural frequency can
not be ignored. In this present paper, further studies are made to investigate when
the basement can be regarded as the fixed foundation for different type of
structures.

2 Dynamic Model

The complicated high-rise structural system can be simplified into a multi-particle
series model, and the eigenperiod as well as the basic vibration mode play a
determined role in seismic design and assessment. In order to investigate when
can the basement can be regarded as the fixed foundation of the up-ground
structure, this paper adopt a ssimple 10-level structure with a single basement
model as acase.

KO Ks
@ (b)
Figure 1. Sketch for calculating model

As shown in Figure 1, (a) depicted the situation when the basement can be
regarded as the fixed foundation of the up-ground structure and (b) is the situation
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when the SSI effect is taken into account. According to the free vibration
equation:

[MI{x} +[K]{x} =0

where the indices [M] represent structural mass matrix, and [K] represent
structural stiffness matrix

M0 e 0] [k Ky ok
a ot
O 0 - mi., _qu Ko - kﬂn_nxn

And we assume the mass and latera stiffness of each up-ground level is m and
k respectively, i.e. m=my=ms...=my=m,k;=K,=Ks...=k1o=k, the mass and lateral
stiffness of the basement is my=Axm as well as ky=Bxk respectively, and the
number n equal to 10 and 11 respectively.

According to static calculation manual for structure design, the number:

B:k%zg[

where the indices ﬂ represent the ratio of story height between the basement
and the standard floor.

[M]=

10[4(ﬂ +10)3 - 3439 }

3(8 +10)4 + 40 (8 +10)3 +1o4}

Table 1.Calculating Result of different B Value

B p A=1 A=2 A=3 A=4
u% u% u% u%

0.8 15.8 158 158 158

6 0.6 11.7 11.7 11.7 11.7
11 04 7.9 7.9 7.9 79
18 0.3 5.8 5.8 5.8 5.8
36 0.2 39 3.9 3.9 3.9

In Table 1, the indices Y = [T(A, B) —Tl]/Tl,which T(A,B) represent the

eigenperiod corresponding to the situation when the basement taken into account
as shown in (a) of Figurel, and T1 represent the eigenperiod corresponding to the
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situation the basement regarded as the fixed foundation of the up-ground structure
as shown in (b) of Figurel. When u%<5%,the base-isolated model can satisfy the
engineering precision and the SSI effect can be ignored. But, as shown in Table 1,
only when B>25, the value of u% is less than 5%. Actualy, for most high-rise
structures, the value of B is range from 1 to 4.Thus,we can come to a conclusion
that for most high-rise structures, the SSI effect can not be ignored, and can not
regarded the basement to be the fixed foundation of the up-ground structure.

3 Seismic Responses
3.1 Case History

Xujiahui district is the most famous CBD of Shanghai, and it is aso the urban
center of the city’s overal plan. In order to improve the intergrated-transport-hub
function of Xujiahui, three metro lines were planed to be connected in the ground
floor of Grand Gateway Plaza, which is located in the center of Xujiahui district.
And the ground floor of Grand Gateway Plaza will be reconstructed to be a
distribute hall of metro line 1, metro line 9, metro line 11 of Shanghai, thus the
transfer between the three lines can be made in the basement of Grand Gateway
Plaza

Three-dimensional model considering SSI effect are established to assess the
seismic performance. There are two high-rise buildings, as depicted in Figure2,
named OT1 and OT2 respectively. OT1 and OT2 are frame-corewall structures
consist of 53 levelsincluding 3 underground levels.

Figure 2. Three-dimensional model
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3.2 Modeling Assumption

In the present case study, the finite element method software package ETABS was
chosen for severa reasons (Berkeley, 2002): (1) the code has been extensively
verified for static and dynamic analyses of structures; (2) there is extensive
experience with the code in the structural fields.

In the present case study, it is assumed that the structure to exhibit an elastic
behavior throughout the entire analysis, no elastoplastic behavior was assigned to
the structure.

It is assumed that al beam-column joints are fully rigid and possess resistance
which are sufficiently large in comparison with their connected members to
prevent the occurrence of yield, connection flexibility is therefore not taken into
account. Each floor diaphragm is assumed rigid in its own plane but flexible out of
it, because of the rigidity, each floor has three common degrees of freedom: two
translations and one rotation.

The basic seismic parameters are summarized in Table 2.

Table 2. Basic seismic parameter

Serial Number seismic parameter Content
1 Security level Level [
2 Seismic fortification intensity 7
3 Earthquake acceleration 0.1g
4 The maximum of seismic coefficient 0.08
5 Site classification v
6 Site elgenperiod 0.9s
7 Damping ratio 0.05
8 Liquefaction of the soil No

Asfar as soil is concerned, most soils exhibit a pronounced nonlinear behavior,
and there are two basic approaches in present seismic design of underground
structures. One approach is to carry out dynamic, nonlinear soil-structure
interaction analysis using finite element methods. The second approach assumes
that the seismic ground motions induce a pseudostatic loading condition on the
structure. This approach alows the development of analytical relationships to
evaluate the magnitude of seismically induced strains in underground structures.

In the present paper, the soil spring is adopted to simulate the interaction
between the underground diaphragm and the surrounding soil.
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Figure 3.Schematic of horizon soil spring

The stiffness coefficient of horizon soil spring Ky, is determined by:
K,=m-z-b-h

where the indices “m” represent horizon coefficient of subgrade reaction; the
indices “Z" represent value of the vertical distance between soil spring and the
ground surface; the indices “b” and “h” represent horizontal and vertical space of
soil spring respectively, in the present paper, m=5000kN/m? b=3.8m and h=1.9m.

4 Seismic Assessment

In this section, results of the analysis are presented and discussed. Comparisons
are made of predicted by ETABS program elastic story drifts, structure
eigenperiod, base shear to compare the seismic behavior of the structure before
and after the reconstruction.

The comparisons are summarized in Table 3, Table 4, and Table 5. The
dynamic characteristics and maximum elastic story drift angle after reconstruction
still satisfied the regulation of the Code, thus the reconstruction plan is feasible
and reliable.



Table 3. Dynamic characteristic comparison
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Before Reconstruction

After Reconstruction

Mode of
vibration X X Moving Torsion X . Moving Torsion
eigenperiod L L eigenperiod L L
(s participation participation (s participation participation
coefficient(x+y) coefficient coefficient(x+y) coefficient
1 4.3061 0.96 (0.91+0.05) 0.04 4.3068 0.96 (0.91+0.05) 0.04
2 4.1872 0.99 (0.05+0.95) 0.01 4.1876 0.99 ( 0.05+0.95) 0.01
3 3.4234 0.04 (0.04+0.00) 0.96 3.4234 0.04 ( 0.04+0.00) 0.96
4 1.0402 0.71(0.68+0.03) 0.29 1.0403 0.71(0.68+0.03) 0.29
5 1.0085 1.00 ( 0.03+0.97) 0.00 1.0086 1.00 ( 0.03+0.97) 0.00
6 0.8906 0.29 (10.28+0.00) 0.71 0.8905 0.29 (10.28+0.00) 0.71
7 0.4998 0.57 ( 0.50+0.07) 0.43 0.4998 0.57 ( 0.50+0.07) 043
8 0.4728 0.98 (0.06+0.92) 0.02 04728 0.98 (0.06+0.92) 0.02
9 0.4251 0.45 ( 0.44+0.01) 055 0.4251 0.45 ( 0.44+0.01) 055
Table 4. The ratio of moving vibration mode period and torsion vibration mode
First moving vibration First torsion vibration
. . Tl Ty
mode period Tm(S) mode period Ty(s)
Before
. 4.3061 34234 0.795
Reconstruction
After Reconstruction  4.3068 34234 0.795
Table 5. Maximum elastic story drift angle
Maximum elastic story drifts angle Remarks

Conditions Dxi max Dyi e

H. H.
Before Reconstruction 1/1115 1/1166
After Reconstruction 1/1115 1/1166

The X Axis maximum
dastic story drifts angle
occured in story 34,and Y
Axisin story 35.
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5 Conclusions

In this paper, dynamic calculation models are built to investigate whether the
basement can behavior as the fixed foundation of the up-ground structure. And we
found that only when the lateral stiffness of the basement is 25 times larger the
lateral stiffness of the first up ground level of the structure, the SSI effect can be
ignored and the basement can behavior as the fixed foundation of the up-ground
structure. But for most high-rise structures, the value of B is range from 1 to 4.
Thus the SSI effect can not be ignored for majority high-rise buildings. Seismic
assessment of structures in Xujiahui district under two situations (before and after
the reconstruction) are numerical three-dimensionally investigated considering
SSI effect, the result showed that the reconstruction plan is feasible and reliable.
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Abstract. A single wharf segment tends to behave as a simple 1-DOF structure
under transverse component of seismic excitation. Main complexities arise from
the significant torsional behavior under longitudinal component of seismic excita-
tion. The objective of seismic analysisis to estimate target displacement at critical
piles under transverse and longitudinal components of seismic excitation applied
simultaneoudly. This demand can be done by using Multi-mode Spectral Method
(MSM) which is a standard one used in most seismic codes. This paper presents a
simplified method, called Equivalent Single mode Spectral Method (ESSM). This
method determines target displacement by multiplying the displacement induced
by transverse component of seismic excitation and a factor, called Displacement
Amplification Factor (Fy), which accounts for torsional components of response
and multi-directional effects of seismic excitation. The proposed equations of F,
were from a parametric study using 2520 wharf examples with different condi-
tions of soil and structure. In this parametric study, pile-soil interaction was
represented by the Winkler spring model, nonlinear force-deformation response of
springs was determined based on Matlock’s p-y model for soft clay under cyclic
loading and MSM was used as a main tool for seismic analysis. The study showed
very good fits between displacements resulted from ESSM and that resulted from
MSM.

Keywords: pile, wharf, seismic analysis, target displacement
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1 Introduction

Wharves considered in this study are single wharf segments which are composed
of a deck supported by vertical piles (Figure 1). The free lengths of pilesin a
transverse line of piles vary from landward to seaward because of the sloping dike
as shown in Figure 1b and that in a longitudinal line of piles are uniform. The ob-
jective of seismic analysis is to estimate target displacement at critical piles, as
circled in Figure 1, under transverse and longitudinal components of seismic exci-
tation applied simultaneously which is known as Multi-directional Effects of
seismic excitation (PIANC, 2001). This demand can be done by using Multi-mode
Spectral Method (MSM) which is a standard one used in most seismic codes.

r L

L 1 H 1
_ landward edge o .i'. 1. I [
I el
L, N"‘h\,’ l 1
seaward edge M l
P

b L ) -

(B) transverse section of wharf segment

(a) plan-view of wharf segment

Figure 1. Plan view and transverse section of awharf segment

Although such 3D analysis can give a good estimate of target displacement,
however, for wharf structures having a large number of piles, the computational
cost may become much more expensive. A way that significantly reduces the
computational cost is using Equivalent Single mode Spectral Method (ESSM).
This method is an approximation of MSM, which estimates the target displace-
ment by

Agp = Fa Ay (1)

where A,; is Target Displacement at critical pile; A,, is Displacement under

pure transverse component of seismic excitation; F, is Displacement Amplifica-
tion Factor which accounts for torsional components of response and the multi-
directional effects of seismic excitation. Based on the opinion that MSM is re-
ferred to be standard for design, a parametric study on displacement amplification
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factor was performed in order to find trends for displacement amplification factor,
which is presented in the next section.

2 Finding Trendsfor Displacement Amplification Factor (Fa)

2.1 Soil, Structural and Seismic Parameters

Tables 1 to 6 define cases of soil, pile, transverse length, longitudinal length, slope
and layout of pile, respectively. Five cases of soil in Table 1 reflect soft clay con-
ditions and were based on the statistical study by Dinh (2005) using a large hum-
ber of soil samples at different sites of ports around Southern Vietnam. In general,
the cases selected in Tables 2 to 6 were intended to provide a wide range of struc-
tural stiffness and dimensions. There were thus 5x 3x 6x 7x 2x 2 = 2520 wharf
examples combined in the cases, detail on each can be found in Pham (2008). Fig-
ure 2 shows the displacement design spectrum from TCXDVN375 (2006) which
was used in this study with a value of 0.1g for peak ground acceleration. Seismic
mass at the deck level included a uniform load of 40kN/m? representing dead and
live loads and tributary mass of piles, each pile tributary mass was determined by
1/3(1; +5D)m (PIANC 2001, pages 221 and 226), where: m, |, and D are mass
per unit length, free length and diameter, respectively.

Table 1. Soil properties

Case 7' Cu Site

1 5.0 1.01z + 4.33 port of Caimep

2 51 0.9z + 5,59 port of Thivai

3 5.2 0.87z+8.2 port of Nhontrach
4 51 0.53z +8.18 port of Hiepphuoc
5 5.1 181z+3.34 port of Catlai

where ' isaverage unit weight (kN/m®), C, is undrained shear strength (kN/m?)

Table 2. Pile properties

Case D El m M,

1 0.406 2.426 x10" 41.2 180.8
2 0.508 6.298 x10" 784 201.4
3 0.610 13.578 x10" 117.7 523.1

where D is pile diameter (m), El is elastic stiffness (kN/m*), M is mass per unit length of pile
(kg/m), My is plastic moment (kN.m) and elastic-full plastic behavior was assumed to piles
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Table 3. Transverse dimensions

Case 1 2 3 4 5 6
L/AL 3 4 5 6 7 8

Table 4. Longitudinal dimensions

Case 1 2 3 4 5 6
L/, 1 2 3 4 5 6

In Tables 3 and 4: L, and Lt are longitudina and transverse lengths of wharf
(m); AL is span length of wharf (m) which was assumed as follows. AL = 4m for
the case 1 of pile propertiesin Table 2, AL = 5m for the case 2 of pile propertiesin
Table 2 and AL = 6m for the case 3 of pile properties in Table 2. It was adso as-
sumed that longitudinal and transverse span lengths are equal.

Table 5. Slope of ground surface

Case Slope L1
1 1.75/1.0 2.0m
2 3.5/1.0 10.0m

L+, isthe free length of the most landward pile

Table 6. Layout of piles

Case 1 2

Layout Landward edge Landward edge

2.2 Methodology

This study focused on lateral seismic responses of wharf due to inertia force at the
deck level, it means accepting the assumption that the deformations of soil are
small compared to that of structure. Pile-soil interaction was represented by the
Winkler spring model, nonlinear force-deformation response of springs was de-
termined based on Matlock’s (1970) p-y model for soft clay under cyclic loading,
this has been widely applied in seismic analysis of wharf and pier such as Werner
(1998), Ferritto et a (1999), PIANC (2001), CSCL (2003), etc. Wharf deck was
assumed to be infinitely rigid, both in-plane and out of plane, as consequence, in-
dividual pile pushover analysis could be independently carried out based on full
fixity at the top of pile in order to estimate lateral elastic stiffness for piles.
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SAP2000 (CSl, 2005), which has specia facilities to perform pushover analysis,
was used for pile pushover analysisin this study. After awharf model has been es-
tablished, seismic analysis proceeds using MSM. 5% damping was assumed to
structure. Torsional inertia of deck mass was correctly modeled from deck dimen-
sions with reference to center of mass. Structural stiffness was calculated using the
Direct Stiffness Method given by Chopra (2001). CQC rule (Wilson, 1981) was
used for modal combination and the Scale Absolute Sum Method with a direction-
a combination factor of 0.3 was applied as recommended by PIANC (2001) to ac-
count for the multi-directional effects of seismic excitation. For some wharf ex-
amples, the analysis resulted in the target displacement that falls into the inelastic
range of the pile pushover curve, in these cases, the “Equal Displacement Approx-
imation” were used i.e. target displacement of inelastic system is equal to that of
elastic system, this approximation has been successfully applied to wharf analysis
such as Priestley (2000) and CSCL (2003). There were two nondimensional para
meters recorded for each analysis which are: 1/ ratio of eccentricity and longitu-
dinal length of wharf (e/L) and 2/ ratio of target displacement and peak displace-
ment under transverse component of seismic excitation (A, / A,, =F,), thisis
just displacement amplification factor. It is also noted that, due to the linear nature
of MSM, the ratio A,, /A, is independent of peak ground acceleration this

study was therefore used a representative value of 0.1 for peak ground accelera
tion.
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Figure 2. Design displacement spectrum
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PR,

for z2 2,

0 1.0 30 15.0 vy,

Figure 3. Matlock’s (1970) p-y model

2.3 Proposed Relations for Displacement Amplification Factor

A statistical study was conducted which showed that the results of (e/L,, F;) could
be divided into three cases correspondingto L /Ly =1, L /Lt =2and L /Lt > 3
as shown in Figures 4 to 6, respectively. The proposed curves for the cases are al-
so shown in the Figures and their equations are presented in Table 7. In addition,
trial analyses by Pham (2008) showed that for intermediate values of L /L+, ap-
proximations by linear interpolation of the cases in Table 7 can provide good re-
presentations to F,. The upper bound curve for the case L /Lt > 3, dashed line in
Figure 6, implies that ESSM using this curve will provide a conservative value of
target displacement. The statistical parametersin Table 7, determined by equations
(2a, b, c), show that the proposed relations, on average, did not underestimate F,
and provided good fits to the data points with small values of standard deviation

(o).

_ (Fa,app )i

Ei = Rl (29)
—_ 1Y

E :W; E, (2b)
o =LZ(Ei ~E) (20)
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where F, 4 is the value from the proposed curves; F. e is the value from MSM; E
isthe error; N is the number of wharf examples in the case under consideration; E

and o are mean and standard deviation of the errors

Table 7. Summary of the proposed relations for displacement amplification factor

L, /Ly Displacement amplification factor F, E o
1  For 0<e/L, <0.0705, F, = 4.6e/L, +1.044 1.0002 0.0533
For e/L, >0.0705, F, =1.287(e/L ) **®
2 For 0<e/L_ <0.0409, F,=95e/L, +1.044 1.0083 0.0281
For e/L, >0.0409, F, =1.67(e/L *®
>3  For O<e/L, <0.0245, F, =14.303e/L, +1.044 1.0001 0.0187
For e/L, >0.0245, Fa =2.043e/L, )**®
 The upper-bound curve:
For 0<e/L, <0045, F,=-1724(e/L J +18.8¢e/L, +1.044 10277 0.0201

For e/L, >0.045, Fa =2.201e/L, )"

where L, and Lt arelongitudinal and transverse lengths of wharf (m); eis eccentricity between
centers of mass and rigidity; E and og aremean and standard deviation of the errors.

o
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+ e
1.4 5 7 A j ot § S g IO e
: et e e WIT T e
L el e e + oy
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Fa (Displacement amplification factor)
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1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
e/LL (Eccentricity / Longitudinal length of wharf segment)

0.35

Figure 4. 360 resulting points and the proposed approximate curveinthe casesL /Lt =1
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Figure 5. 360 resulting points and the proposed approximate curve in the cases L /Lt = 2
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Figure 6. 1800 resulting points, the approximate and upper-bound curvesinthecasesL /Lt > 3

3 Conclusion

Based on the opinion that the Multi-mode Spectral Method (MSM) is most relia-
ble in code-based design and on the system parameters assumed, this study used
MSM to perform a parametric study on displacement amplification factor (Fy).
The results were fitted by the relations given in Table 7 or Figures 4 to 6. The
Equivalent Single mode Spectral Method (ESSM) with three proposed relations of
F, corresponding to the casesL /Lt =1, L /Ly =2and L /L+= 3 can be effective-
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ly applied to preliminary design works before a detail analysis of MSM is carried
out. In addition, for awharf having L, /L+2 3, an upper-bound value of target dis-
placement can be obtained by ESSM using the upper-bound curve (the dashed line
in Figure 6 with the corresponding eguation in Table 7). This upper-bound value
can be directly applied to final design because of conservation.

In practice, the computational cost can be further reduced by applying ESSM
on a transverse unit-frame of wharf in place of the whole structure and this thus
reflects the 2D nature of ESSM. Once ESSM applied in conjunction with the
Equivalent Fixity Model of pile, i.e. the pile is considered fully fixed at some
depth below the ground surface and the soil is ignored, designers will quickly and
readily obtain an estimation of target displacement to the preliminary design
process.
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The Fractal Dimensionality of Seismic Wave

Lu Yu*and Zujun Zou
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Shanghai 200092, P.R. China

Abstract. As a new nonlinear science, fractal theory is investigated and applied
widely in many complex fields, such as seismology. Today there have been many
research results to prove that seismic waves have fractal characteristics, while the
influence and significance of the fractal is neglected calculating earthquake action
of practical engineering design. Seismic wave is fractal time series data, and the
fractal dimensionality of it is a magnitude which can characterize the degree of the
data enriching the time amplitude plane. In this paper, it was pointed out that the
fractal dimensionality value also should be as one of the parameters of the seismic
waves from researching on the design response spectrum curve. Using an im-
proved ‘box counting method’, this study was carried out to calculate fractal di-
mensionalities of a set of famous ground motion records in different site condi-
tions and basic intensities. And some characteristics of fractal dimensionalities
were introduced though contrasting and analyzing. Furthermore, four influencing
factors were illustrated, which can impact the magnitudes of fractal dimensionali-
ties of selsmic waves.

Keywords: fractal, seismic wave, box counting method, fractal dimensionality

1 Introduction

In ‘Code for seismic design of buildings' (GB 50011-2001, 2001), when consider-
ing about earthquake action, some response spectra are obtained at first, which are
corresponding with ground motion acceleration time history curves under the
same site condition in strong earthquake. Then these spectra are analyzed statisti-
cally and a representative average response spectrum curve is presented at last. To
be expressed and employed more convenient and simpler, this curve is smoothed
by some reasonable methods. The final spectrum curve is named design response
spectrum curve which can be used as basis for seismic design. Though it is brief
and fast in computing earthquake action quantitatively through this way, there has
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a question. In the process of acquiring that spectrum curve, the earthquake action
was simplified artificialy. That is to say, only the magnitude of peak acceleration
was consid