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DYNAMIC SOIL STRUCTURE INTERACTION UNDER WAVE
PROPAGATION VIA AN IMPROVED FINITE ELEMENT-BOUNDARY
ELEMENT METHODOLOGY

SUMMARY

The effect of soil-structure interaction is recagd to play an important role in the

seismic analysis of civil structures. The dynammalgsis of the structures in general
engineering practice is based on the idealizatiam the structure rests on very stiff
soil and the seismic motions applied at the suppoits are the same as the free
field motions at those locations. However, the dtrite always interacts with the

surrounding soil which leads to a change in themnse motions at the base.

The nature and the amount of interaction mainlyedelpon the stiffness of the soll
and the structure as well as the structure’s magsepties. If the structure is founded
on rock, the motion of the base is identical toftiee field motion of the same point.
In this case, the seismic analysis can be carrigdwith the assumption that the
structure is excited by the specified motion. ¥ structure is founded on soft sail,
the dynamic response of the structure will be diff¢ from the fixed-based
condition. The presence of the structure will eé#ter the free field motion strongly
at the site. Therefore, the interaction problem twabe taken into account in the
seismic analysis of the structures, more so, inctm®e of soft soil conditions and
stiff, massive structures.

Within the scope of this study, a three dimensi@oalpled Finite Element-Boundary
Element (FE-BE) methodology is developed to analyme dynamic soil-structure
interaction under the effects of the traveling setswaves. The dynamic response of
the soil-structure systems subjected to travelieignsic waves is obtained in the
frequency domain. In the seismic analysis of thetesy, the substructure method is
employed to deal with the interaction problem. Thisethod is based on
substructuring the system as the structure andrtheund soil.

Finally, through the use of the displacement respanurves of a multistory building
which is obtained by the dynamic analysis employthg developed numerical
procedure, a drift-based damage identificationregke is proposed.
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DINAMIK YAPI ZEM IN ETKILESIMININ DALGA YAYILIMI ETK iSi
ALTINDA SONLU ELEMAN-SINIR ELEMAN YONTEM 1 IiLE
MODELLENMES i

OZET

Yapilarin deprem yukd altindaki dinamik ¢Oozimlemelge yapi-zemin
etkilesiminin énemli bir etkisi oldgu bilinmektedir. Genellikle, yapilarin dinamik
analizinde yapinin sert zemin Uzerine ot@guudolayisi ile yapinin zemin ile rijit
olarak b&landigl kabul edilmektedir. Bu durumda, yapinin temelé @igim
noktalarina gelen deprem hareketinin yer hareketyni oldgu varsayilir. Ancak,
yapinin zemin ile etkikgmi temele etkiyen yer hareketinin ggmesine neden olur.

Yapi-zemin etkilgimin etkisi zeminin ve ustyapinin rijigl ile Ustyapinin kitlesi ve
geometrik Ozellikleriyle dgrudan ilskilidir. Yapinin sert kayalik zemin Uzerinde
insa edildgi durumlar icin temel hareketinin yer hareketi dgleger oldysu kabul
edilebilir. Bu durumda, yapinin dinamik analizi telslen etkiyen yer hareketi altinda
¢bzimlenebilir. Ancak, yapinin yuryak zemin Uzerinde ga edildgi durumlarda
yapinin dinamik analiz icin bu yaklan dasru desildir. Yapi, zeminden etkiyen yer
hareketinde de @gsim yaratabilmektedir. Bu sebeple, 6zellikle zayafran tzerinde
insa edilmi agir ve rijit yapilarin dinamik analizinde yapi-zematkilesiminin g6z
onunde bulundurulmasi gerekmektedir.

Bu calsmanin kapsaminda, yapi-zemin etkieini deprem dalgalar etkisi altinda
incelemek icin Sonlu Eleman ve Sinir Eleman Yonemkullanilarak G¢ boyutlu
sayisal bir metodoloji gslirilmistir. Gelistirilen metodoloji ile yapi-zemin
sistemlerinin dinamik cevabi, frekans tanim alaainelde edilmgtir. Sistemin
dinamik analizi i¢in altsistem yontemi kullanilghr. Bu yontemde, iki ayrik sistem
olarak modellenen yapi ve zemin ortami, surekiénklemleri ve dinamik denge
denklemleri kullanilarak yapi-zemin arakesitingkegirilmi stir.

Gelistirilen bu teknik ile cok kath bir yapinin dinami&nalizi gerceklgirilmis,
yapinin her katindaki yatay yefgggtirmeler elde edilerek yapida goreli kat 6telemesi
oranina bl hasar seviyesi belirlenstir. Bu sekilde, ¢cok katl binalarda goreli kat
Otelemesine kg bir hasar belirleme yontemi dnerilgtir.
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1. AN OVERVIEW OF THE THESIS

Soil-structure interaction (SSI) has an importafféa on the seismic response of
structures especially for massive structures, wlaok founded on soft soil. For
structures resting on stiff soil, motion of the Molation is approximately identical to
the free field motion, which is the motion at thaface level of soil without the

structure built on it. In this case, interactiorfieet of soil on the structure can be
neglected. Moreover, the change in the free-fielstiom caused by the structure

existing on it is negligible.

Considering the soft soil conditions and structuesging on large foundation areas
such as bridges, not only the response of thetateics altered due to the interaction
effects but also the dynamic characteristics. Thstrmportant change occurs in the
fixed based fundamental frequency of the structirgieneral, the interaction effect
reduces the natural frequency of the structureeases the contribution of rocking
motion to the structural response and reduces thrimum base shear of the

structure [1-4].

The reduction of the fundamental frequency has Is¢atied by various studies based
on vibration recordings during earthquake excitaaad ambient vibration tests. The
study conducted by Trifunac et al. [5,6] covers edaded analysis on the time

dependent changes of the apparent frequency ofenstory reinforced concrete

building in Van-Nuys, California based on the retmat data of 12 earthquakes. The
results indicate that the system frequency chafrges one earthquake to another
due to “the softening” of the system and the nadnity of the soil.

Using the vibration recordings of 11 earthquakeormng to the seven-story
building in Van-Nuys, the authors [7] have alsoduseve propagation method in
order to detect the structural damage. The plotthefimpulse response functions
computed by deconvolution of the recorded earthguedsponse are used for
measuring the wave travel times of the verticalppgating seismic waves. The
changes in the wave travel times are used to détecthanges in the structural

stiffness between the two subsequent earthquakes.



In a previous study conducted Bgfak E. [8], a layered continuous model for the
analysis of the seismic response of a buildingdppsed and the damage is detected
by monitoring the changes in the parameters of &ar. The author has developed
a discrete-time wave-propagation method to caleuthe seismic response of the
multistory buildings resting on a layered soil nedind subjected to vertically
propagating shear waves. Buildings are modeledidensg each story as separate
layers resting on the layered soil media. The nespdias been defined in terms of
the wave travel times between the layers as wellhaswave reflection and the
transmission coefficients at layer interfaces. Timsthod has been suggested as a
practical tool for the damage detection from setsn@icords due to its ability to

incorporate the soil layers under the foundation.

Clinton et al. [9] have shown that the modal paramseof a structure are affected by
the earthquake history, weather conditions sudh@sain, wind and the extremities
in the temperature. The study has drawn attentrothe mechanisms reducing the
natural frequencies of the observed structure. @hphasis was made on the
interaction of the structure with the surroundiog,svhich causes the reduction, as

well as the nonlinear softening of the superstméciiself.

Safak E. [10] has investigated the detection anddastification of the soil-structure
interaction in buildings using the vibration recoigs. The author has suggested a
very useful tool to identify and discriminate thieets of the SSI on the natural
frequency of the fixed-based buildings. The idecaiion process depends on the
earthquake response data recorded from the tophanbundation levels. The ratio
of the Fourier Amplitude Spectrum (FAS) of top-stoaccelerations to the
foundation data has been verified theoretically arperimentally to have peaks at
the fixed-based frequency of the building. Obseagvihe deviation of the peak
response values of the individual top-story andftadation acceleration records,
the proposed method enables the identificatiom®f3SI effect without any borehole

or free-field recordings from the site.

Unlike the listed studies, Celebi aafak [11,12] have analyzed the acceleration
response records of the buildings and concentratedhe identification of site

frequencies as well as the structural frequencé@sguhe data obtained from the roof
and the ground floor. The site frequency is simgbntified using the cross-spectra

of the orthogonal acceleration records at any dbkarlevel. The peaks that appear at



the cross-spectra curves corresponding to the ooofthe base motions clearly
indicate the site frequencies. The structural fesmies are determined using the
ratio of the transfer functions. The simple spddiahnique has been applied to 5

instrumented buildings in order to verify the prepd procedure.

As apparent from the above mentioned referencesrtiphasis in the literature is on
the variation of the fundamental frequency of threcture under seismic motions.
One of the reasons is that, in the earthquaketaesidesign of the structures based
on the Response Spectrum Method [13], the base ahdahe design seismic loads
acting on each story level are estimated in terhteeofundamental frequency of the
building. Equally important is damage identificatim structures. Damage results in
change in the modal parameters (frequency, modeeshend damping ratios) of the
structures. By monitoring the changes in the mquabkmeters, it is possible to
monitor the progress of the damage in the struct8rece SSI also affects the
frequencies, it is important to discriminate théeets of the SSI from the effects of
the damage on the modal parameters. Thus, thetefté the SSI on the natural
frequencies of the structures will be analyzed disdussed within the scope of this

study.

In addition to the changes in the fundamental femgy of the structures, the
response amplitude at the shifted frequency is alenged due to the soil type
underlying the structure. The seismic waves thatgenerated due to the occurrence
of an earthquake, propagate through the soil mbadiang different mechanical
properties and different layer thicknesses. Reaclihe base of a structure, the
seismic waves cause different types of base eimitatepending on the underlying
soil type. Thus, the effects of the underlying soidnditions on the response
amplitude of the soil-structure system has to estigated in details. The results of
the analysis will be discussed in terms of thersttey drift ratios. Finally, the drift
values will be employed to evaluate the damage sththe structure that is defined

by the earthquake codes.

1.1 Purpose of the Dissertation

Within the scope of this study, a numerical procecwas been developed in order to
analyze and determine the dynamic response of thectwes with surface

foundations under the effect of the seismic waveianopropagating in the elastic



half-space soil medium. Finite Elements Method (FEMs been used for three-
dimensional modeling of the structure that hasréasa foundation. The effect of the
seismic waves at the base of the structure is derei in terms of the excitation
force applied at the soil-structure interface, hi@s been discretized by rectangular
areas. The excitation force induced by the seismaine motion has been determined
by multiplying the free-field displacement vector each interface node and the
corresponding frequency-dependent impedance maiiixhe elastic half-space
representing the underlying soil medium. The impedamatrix is evaluated using
the Green’s functions that are defined for unitni@mic force acting on a specific
point of the semi-infinite half-space surface [18].

Implementing the described numerical model, thennolijectives of this study are;

« to develop the three dimensional (3D) numerical ehad the soil-structure

system,

* to obtain the dynamic response of the structuresnfveasing the excitation

frequency of the seismic waves,
« to obtain the effects of the SSI on the modal patans of structures,

« to analyze the effect of the traveling seismic vg&awve the response of the

structures,

* to analyze the effect of the soil conditions on tesponse of the solil-

structure system,

* to introduce a code based damage identificationhauetiogy for the
structures under the effects of the seismic waVbs methodology is based
on identifying the peak displacement response @fsttil-structure system; to
determine the maximum interstory drift ratio of #teucture; and to evaluate
the code based damage state defined in HAZUS99niedManual [16] or

the structural performance level of the structure.

The outline of the general framework summarizing tibjectives of the study and
the methods that are used for achieving these tlgecs given in Figure 1.1. The
objectives are listed by order of phases that arfopned to accomplish the final

and main purpose of the thesis.



OBJECTIVES

Developing the 3D

numerical modeling of tha«

soil-structure system

Obtaining dynamic

response under the effect<_

of the seismic waves in
the frequency domain

METHODS USED and PHASES PERFORME

* FEM for the structure

* Elastic wave propagation equations in thg
semi-infinite half-space soil medium

 Analytical solution of the Green’s
functions for the elastic half-space [14,15

A\1”4

—

» “Modal Analysis” for the extraction of the
eigenmodes and the eigenfrequencies of
the structure

* “Substructuring Method” for the coupling
of the soil and the structure systems

* Numerical solution of the dynamic
equations of motion by the Mode
Superposition Method

Obtaining the effect of the
SSI on the modal
parameters

l—

 Evaluation of the numerical results: peak
displacement response and the
corresponding frequency

Analyzing the effect of
the traveling seismic
waves on the dynamic
responst

Understanding the effect
of the soil conditions on
the dynamic response of
the soi-structuresysten

» Solution of the numerical model for the
vertical and horizontal incident SH wis

» Solution of the numerical model for the
rigid andthe soft soil condition

Developing a code based
damage identification

methodology for the <
structures under the effect
of seismic waves

* Solution of the numerical model

ratio of the structure

v

» Evaluating the code based damage state
[16] or the structural performance level of
the structure [17]

* |dentifying the peak displacement respons
| » Determining the maximum interstory drift

D

Figure 1.1 : General framework of the study.



1.2 The Summary of the Methodology

Within the scope of this thesis, a numerical stisdgonducted to analyze the effect
of the soil-structure interaction on the dynamisp@nse of the structures. The
dynamic response is obtained by modeling the setliom and the structure under

the effect of the seismic waves.

The dynamic analysis of the soil-structure systesn accomplished by the

“Substructure Method”. Implementing this method thtal system is divided as the
structure and the unbounded soil. Then, the strecnd the soil are modelled using
the Finite Elements and the Boundary Element Methoespectively. The numerical
procedure is based on the analysis of the structader the excitation force, which
is induced by the free-field motion. The excitatforce representing the effect of the
seismic waves acts at the soil-structure interfatech is usually the contact surface
of the foundation with the soil. Coupling the twabstructures at the soil-structure
interface is provided using the displacement corbjpdy and the dynamic

equilibrium equations at the soil-structure integalements.

The physical representation of the soil model nyad#épends on the seismic wave
motion and the dynamic-stiffness coefficients of #oil. The vector of the seismic
wave motion at the soil-structure interface nodesultiplied with the frequency-

dependent impedance matrix of the soil in ordeslitain the excitation force acting

at the interface nodes of the soil-structure system

The seismic input motion acting on the surfaceheffbundation is calculated using
elastic seismic wave equations. These equatioriged#fie motion of the seismic

waves, propagating through the soil, which is repnéed by an elastic half-space.

The dynamic stiffness of the soil is expressedenrms of the frequency-dependent
impedance matrix. This matrix is calculated usimg Greens’ Functions [14,15] that
are defined for the unit harmonic force acting ospacific point of the half-space

surface.

Finally, the dynamic response of the structurebtaimed by the numerical solution
of the set of dynamic equilibrium equations under base excitation induced by the
seismic waves. The methodology that is developeth®numerical implementation

of the numerical procedure is summarized in Fig. 1.



NUMERICAL OR ANALYTICAL METHODS EMPLOYED

3D FEM OF THE STRUCTURE

* Modal analysis is used for the
extraction of the natural modes

and the frequencies of the
structure.

SEISMIC WAVE MOTION

* Elastic seismic wave equations
are defined in the semi-infinite
soil medium.

* Free-field displacements cause
by the seismic waves are
evaluated at the surface nodes qf
the elastic half-space coinciding
with the soil-structure interface

DYNAMIC STIFFNESS MATRIX

OF THE SOIL

» Frequency-dependent impedange
matrix of the soil defined at the
interface nodes of the system ar
evaluated using the Greens’

112

Functions.
» Greens’ Functions are employed
to express the displacement on §
specific point of the half-space
surface caused by a unit surface
harmonic force.

=4

A 4

DYNAMIC ANALYSIS

» Substructure Method is
employed to evaluate the
dynamic response of the
soil-structure system.

» Coupling of the soil and the)
structure models is
accomplished by using the
displacement compatibility
and the dynamic
equilibrium equations at thq
interface elements.

DYNAMIC RESPONSE
OF THE STRUCTURE

Figure 1.2 : The methodology developed in this study.






2. INTRODUCTION

This study concentrates on determining the efféthe SSI on the dynamic response
of the structures. To achieve this, a numericatg@dore is developed for modeling

the soil-structure system under the effects ok#ismic waves.

In the process of modeling the soil-structure systie soil medium is represented
as an elastic half space; the seismic excitatiorgarded in the form of a free-field
motion induced by the elastic seismic waves andsthecture is considered to be
resting on a surface foundation system. The dynamalysis of the soil-structure
system has been carried out by using the substeuctiethod in the frequency
domain. Implementing this method, the structure #rel soil have been modeled
using Finite Elements and Boundary Elements, rdsmbdg. The two separate
systems are coupled at the soil-structure interacurface, which is the contact area

between the foundation and the soil.

The Boundary Element Method is a very conveniergr@gch for dynamic soll
structure interaction problems. Implementing tl@shnique, the radiation condition
of the semi-infinite elastic half-space is automaty encountered. Due to the use of
the fundamental solutions in the half space, onbuidiace discretization is required
leading to a reduction in the dimension of the pFob by one [18]. Since the
solution is obtained on the boundary surface of ibkime, only a mesh on the
boundary is sufficient. However, implementationF&fM necessitates the generation
of the mesh through the entire domain. In additiéimite Elements Method
necessitates the implementation of the non-refledibundaries at the edge elements
in order to prevent trapping of the wave energyhinitthe system. In the solution
process of the Finite Element model, the elemeeigials are easy to evaluate. On
the contrary, the BEM integrals are harder to eat@which contain integrands that
become singular at specific points [19]. Therefoeach technique has both
advantageous and disadvantageous features in ténine computational efficiency.
The chose of the method depends on the type gifrtiidem that is encountered.



The interaction surface is discretized by four-rbdeectangular elements.
Considering the interface nodes each having theeeslational degrees of freedom,
the surface foundation is regarded as a flexiblsebaThus, the free-field

displacement and the excitation force induced leyshismic waves are transmitted

through the nodes that compose the interactiormserf

The dynamic stiffness of the soil-foundation sysismepresented by the frequency-

dependent impedance matrix. Generation of thisir@tperformed by;
* The evaluation of the Green’s Functions matrixathenode of the interface;

* Transforming Green’s Functions matrix from polarQartesian coordinate

system;

e Evaluation of the compliance matrix using the tpos®ed Green’s Functions

matrix for the total interaction surface;
* Inversion of the compliance matrix.

Combining the sub-steps of the numerical procedheethree-dimensional dynamic
analysis of the soil-structure system can be ahroet by running the developed
program. The final numerical procedure is capablebtaining the displacement and
acceleration response of any nodal point of thecgire and the foundation which is
excited by the seismic waves through the soil. énm@nting the procedure on a
multistory building, the maximum interstory drifatro of each story level is
computed using the peak displacement amplitude.reftre, the maximum
interstory drift ratio values can be employed tentify “the damage state” or the
“structural performance level” defined by HAZUS996] and FEMA 356 [17],
respectively.

2.1 The Theoretical Background

Various numerical methods have been developednforahalysis of the interaction
problem, which can be classified in two main groapsthe direct method and the

substructure method.

For the numerical analysis of the semi-infinitel soedium, an interaction surface
enclosing the structure is determined. The charstics of the nodes lying on the

surface represent the overall features of the umdbed soil domain existing on the
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exterior region of the surface [20]. The locatidntloe interaction surface can be
selected arbitrarily. In the substructure methbe, surface is regarded to coincide
with the soil-structure interface, whereas it cales with an artificial boundary
within which the soil is modeled in the direct medh

In addition to these two techniques, simple physicadels are the alternative
approaches for the analysis of the dynamic sailestire interaction problem.
Implementing these models, a small number of degdfefreedom and a few
springs, dashpots and masses with frequency-indepéercoefficients are used in
order to represent the dynamic stiffness, dampind mass properties of the
underlying soil. The three types of simple physiceddels in the literature are the
truncated cones, the spring-dashpot-mass modelshanthethods with a prescribed

wave pattern in the horizontal plane [21].

2.1.1 Solutions in the time domain versus the freguncy domain

The dynamic interaction problem can be analyzetthénfrequency domain or in the
time domain. The solution in the frequency domas many advantages. Since the
Green’s functions of a semi-infinite half-space aseally computed in the frequency
domain and are less singular than in the time dojnthis approach is much more

favorable.

Furthermore, the frequency domain approach persptgting the problem into
separate parts as the soil and the structure thrdhg use of the frequency-

dependent impedance coefficients.

Considering the linear soil-structure interactionkpems, material damping can be
easily defined in terms of the harmonic motionsug§;husing the complex response
method, the soil-structure interaction analysi®asier to handle in the frequency

domain than the time domain [22].

However, the computational efficiency of the nuro@rrisolution in the time domain
is higher than the frequency domain in the nonlindgnamic soil-structure
problems, which is beyond the scope of this study.
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2.1.2 Direct method

In the direct method, response of the structure #edsoil within the artificial

boundary, which is termed as the near-field, areleterl using a finite number of
elements. Appropriate boundary conditions should de¢ermined in order to
represent the missing soil existing on the extemdgion of the interaction surface
[23]. As the soil is modeled up to infinity, theflextions of the outwardly

propagating waves should be absorbed through tieepnetation of a transmitting
boundary on behalf of the artificial boundary. Téféects of the surrounding soill,
which is termed as far-field is analyzed approxghatby imposing these

transmitting boundaries along the interface of niear field and the far field. The
model proposed by Lymser and Kuhlmeyer [24] impleteehe simplest type of
transmitting boundaries as viscous boundaries, twlaie represented by simple
dashpots. Engquist and Majda [25], Liao and Worg] [fave proposed local, non-
consistent boundaries whereas Weber [27] implerdethe type of boundaries

which were based on transfer functions.

In the direct method, the solution of the equatiohsnotion for the soil-structure
system may be conducted in the frequency or irtithe domain. Since this method
does not use the superposition of the displacentdmis the advantage of including
the nonlinear effects through the use of the edemtdinear method. However, it has
the disadvantage of high computational expensecaatser models can be obtained

for structures using the direct method.

2.1.3 Substructure method

Implementation of the substructure method is basedplitting the complete model
into two parts as the soil and the structure usdimgprinciples of compatibility and
displacements at the foundation level. For the-soilcture interaction, the dynamic
response of the soil-structure system is obtaineishibpoducing the free field motion

at the foundation level.

In the substructure method, the structure is ndymadodeled using the finite
elements. The properties of the unbounded soilhenexterior of the interaction
surface are represented by a boundary conditidineainterface nodes reflecting the

effects of the soil mesh extending to infinity.
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If the dynamic analysis is performed in the frequemomain, the excitation is
decomposed into a Fourier series and the respendetermined independently for
each Fourier term corresponding to a specifiedueaqy. The boundary condition in
the frequency domain is determined using the frequelependent dynamic stiffness
coefficients. These coefficients relate the disphaent amplitudes with the force
amplitudes, which should be fully coupled at theiiface nodes for the frequency

domain.

For the dynamic analysis in the time domain, th@votution integrals of the
dynamic stiffness coefficients and the related ldisgments are evaluated in the time
domain in order to determine the forces. The caogpdf the time dimension should
be provided in addition to the displacement andftinee amplitudes. The dynamic
stiffness coefficients can be determined using Hwoaindary integral-equation

procedure for the analysis in the time domain.

The linear analysis of the interaction problem besn carried out previously by the
computer codes developed in the frequency domaimchware based on the
substructure method [28, 29]. These studies eredhéeent procedures for the linear
interaction problem using the Fast Fourier TramafoHowever, the analysis in the
time domain has a higher computational effort duéhe recursive evolution of the

convolution integrals.

The substructure method has the advantage thiat ifrée field motion is changed

the dynamic stiffness coefficients do not havedadralculated. In addition, the use
of this method in design is more favorable than divect method. Because, the
implementation of this technique is simpler andslexpensive than the direct
method especially for the structures with surfamentlations resting on a uniform
half-space [30]. However, considering the struguwath embedded foundations
resting on a layered soil medium, implementatiothefsubstructure method may be
as difficult as the direct method. Therefore, ckat the method mainly depends on

the type of the structure, the underlying foundatiad the soil conditions.

2.1.4 Lumped parameter models

The lumped parameter model representing the linedounded soil in the SSI
analysis mainly consists of several springs, damperd masses with frequency-
independent real coefficients. These models areserhdoy arranging a variety of

13



connected springs, dashpots and masses with unkparmeters, whose values are
determined by minimizing the total square error¢wieen the dynamic stiffness
flexibility function of the lumped-parameter modmtd the corresponding rigorous

solution for the soil [30].

Some of the previous work employed constant valoeethe foundation stiffness and
damping in order to represent the unbounded sodiune [31-34]. The truncated
semi-infinite cone model was developed for genprattices in foundation vibration
in the light of the numerous studies [35-40]. Feanthore, certain discrete physical
models were established leading to the lumped-patermmodels which yielded
consistent results with the truncated cone modgl42].

The transfer function of a lumped parameter in fileguency domain which is
composed of a selected arrangement of springs, elamand masses at the
foundation nodes, is the dynamic stiffness or tagilbility coefficient and it can be
represented by a non-linear function of these fanst These coefficients are
determined by using a curve-fitting technique irdesrto find an optimum fit
between the transfer function of the lumped param@iodel and the exact solution

attained by the boundary-element procedure.

Employing the lumped parameter model for the dywcag$l analysis, the dynamic
behavior of the total soil-structure system may rbpresented by the stiffness,
damping and the mass matrices, which are asserhpldte finite element model of
the superstructure and the lumped parameter modé&hé unbounded soil. In order
to remain within the framework of the substructunethod which leads to a
convenient representation of the dynamic SSI probkbe properties of the lumped
parameter model of the soil should be independetiteoproperties of the structure

or the total system [43].

The lumped parameter model has the advantage of isasrporation with the
conventional dynamic analysis and direct applicggbtio the non-linear structural
analysis in the time domain leading to further depments on the improved
lumped-parameter models [44-49]. Even though thapkd parameter models
represent the linear behavior of the unbounded #wl nonlinear behavior of the
structure can also be taken into consideration. [30]
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3. SEISMIC WAVE PROPOGATION IN THE SOIL MEDIUM

3.1 Seismic Waves

The seismic waves produced by an earthquake matierithe body waves and the
surface waves. The body waves which can propabetegdh the interior part of the
earth can be categorized as P-waves (primary gitlatinal waves) and the S-waves
(secondary, shear or transverse waves having ttwpaoents as SV and SH). The
surface waves are mainly produced by the intenaatiothe body waves with the
surface layers of the earth (Fig. 3.1). Hence, theypagate along the surface of the
earth and the amplitude of the waves decrease erpiaily with the depth. Rayleigh
and Love waves are the important types of surfamees;, which are produced by the
body waves generated by the source of the eartleguakion from the interior part
of the earth. Rayleigh waves have vertical andZootal components of particle
motion resulting in an elliptical movement agaitis¢ propagation direction. This
deformation type is due to the interaction of thevd&es and the S-waves with the
surface layers. Thus, these waves can be consi@srélde combinations of the P-
waves and the S-waves. On the contrary, Love wdkias are caused by the
interaction of SH-waves with a soft surface layavdhonly the horizontal component
of the particle motion [50].
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Figure 3.1 : Deformations produced by Love waves and Rayleighes§51].
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The body wave equations are derived from the dyaaquilibrium equations of a
cubical element, which represents a very small para homogeneous, elastic,
isotropic and unbounded medium. These equilibrilquagons lead to two basic
wave equations referring to two extreme types dbmeation; the P-wave equation
that involve pure dilatational deformation with@uty shearing or rotation and the S-
wave equation corresponding to the pure distortidetormation. Fig. 3.2 shows the
direction of the propagation and the type of théoxeation as they travel through

the elastic material for each type of the body wave

P WAVE SV WAVE

a
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| ‘ 1 -
’ Propagation Propagation
Hil ’ direction direction
1l
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y /
z
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direction

Figure 3.2 : Deformations produced by the body waves: P, SV&indvaves [52].

The reflections of the incident P, SV and SH waaktthe free surface of an elastic
solid have different vertical angles accordinghe wave type as shown in Fig. 3.3.
An incident P-wave reaching the ground surface withvertical angleg is reflected
as a P-wave with the same angle and a SV-wave théthanglef which is greater
than the vertical incidence angle. In the casemofngident SV-wave reaching the
ground surface with the vertical andlethe reflection is in the form of a SV-wave
with an anglef, which is coupled with a P-wave with the angée, Since the
reflection angle of P-waveis smaller thar, the reflected P-wave occurs only in the

case that > 8, where@. is the critical angle determined as:
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0, =cos 1[£] (3.1)

Vo

wherev, v, : the shear and the primary wave velocities, reispy.

e BN e f o i e f f
P \p ONp
Mgy sV sV SH SH

e: incident and retlection f: mncident and retlection f: incident and reflection
angle of the P-wave. angle of the SV-wave. angle of the SH-wave.
f: reflection angle of the e: reflection angle of the
SV-wave. P-wave.

Figure 3.3 : Reflections of P, SV and SH waves at the grounthsar14].

3.2 Equations of Motion for an Elastic Solid

The derivation of the wave equations involves thdéutsm of the dynamic
equilibrium equations of the elastic solid mateualder the stress variation
Considering an infinitesimal elastic solid cubesi®wn in Fig. 3.4, the dynamic

equilibrium equation for the stress variatiorxidirection is expressed as:

2
p.dxdy.dz% = (JXX + % dxjdydz— o,dydz

0
+ [ny +2% dyjdxdz— o,,dxdz (3.2)
oy

+ [sz + % dzjdxdy— o,,dxdy
z

where p: the mass density of the elastic solid andthe displacement in the
direction. The equation can be rewritten as:

2
p U _00, 09y 00, (3.3)
o> ox dy 0z

Similarly, the equation of motion can also be \entiny andz directions as:

p_azu _90, N do,, N do,, (3.4)
o> ox oy o0z
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Figure 3.4 : Reflections of P, SV and SH waves at the grounthasear{50].

2z (3.5)

Using the Hooke’s Law for the isotropic, linear agldstic materials, the stress and

strain components are defined as:

O, =AE+2UE,, , O,y = L&,

o, =AE+2ue g,, = L, (3.6)

yy ! yz

0,,=AE +2U¢E

zz !

where € =¢,, +¢&, +¢,, is the volumetric strain and, u: the Lame’s constants.

Implementing the stress-strain relationships iheéquations of motion x yandz

directions Eg. (3.6) into Egs. (3.3), (3.4) and (3i8)ds;

0°u _ 0

- 3.7
Pz = (A& +2ue,) (,ugxy) ,ugxz (3.7)

0°u _ 0

g7 3.8
Pz = (A& +2ue,) (,ugxy) ,ugxz (3.8)
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0°u 0

— = — A€ +2ue,, £ £

P~ ax 2 (/’ xv) 3 W) (3.9)
0>  0°  0°

Using the Laplacian operator which is defined @88 =—+—_—+—, the
ox~ ody° o0z

threeequations given above are expressed as:

d°u g

= (A + y) = + u? _
w7 = AT K+ (3.10)
d°u g

— = A+ p)—+ (0%

2 AT H) 5 HH0 (3.11)
d°u g

— =+ )=+ pu? :
7 AT H) S w (3.12)

Differentiating the Egs. (3.10), (3.11) and (3.12jthwrespect tox, y and z

respectively; and adding the equations, the figse tof wave equation is derived as

below;
0°F (A+2u) _,_
= h<e
32 ( o ] (3.13)

The resulting equation describes the dilatationaleyavhich is named as the P-wave
equation since the volumetric stram involves the pure dilatational deformations
without any shearing or rotation. Referring to #v@vave equation, the velocity of

the p-wave is defined as:

A+2u
p

(3.14)

The P-wave velocity can also be expressed in tefrtiseoPoisson’s rati and the
shear modulu$s, using the relationships between the elastic natproperties and
the Lame’s constants;

2G(1-0)

o (3.15)
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where the shear modul@= x and the Poisson’s ratiis defined as:

A
2(A + 1)

(3.16)

Similarly, the shear wave equation (S-wave) is\aetiby differentiating Eq. (3.11)
with respect t@ and Eg. (3.12) with respect yo Subtracting the resulting equations

yields;
pa_z a_vv—% :ﬂDZ a_VV_ﬂ 317
atlay az) “\ay oz (3.17)
. . . . ow ov : .
Since the rotation about tikxeaxis is defined aQ, :a— —a—, Eq. (3.17) is rewritten
y 0z
as:
& = EDZQ 3.18
atZ p X ( ' )

The resulting equation defines the distortional wavehe S-wave of the rotation
about thex axis. Finally, using Eq. (3.18), the shear wave cigo(S-wave) is
derived as:

vo= S (3.19)
S IO .

3.3 Solution of the Wave Equations in the Elastic Medim

In this section, the solution of the wave equati@encountered for three types of
plane waves generated in an elastic, homogeneausatnopic half-space. Initially,

the propagation of the P and the SV waves is imyesd and the wave motion
equations are obtained at the ground surface. 8gcathe propagation of the SH

wave is determined in terms of the surface displere equations.

The displacements in theand thez directions induced by the seismic wavas be

expressed in terms of the two potential functighgind W as:
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= 4+
0xX 0z
_ 0P _o¥
0z OX

Using the stress-strain relationships in three dsmanal space, the volumetric strain,

& and the rotation aboytaxis, Q, can also be expressed as:

~_0Ou 6W O(OCD OLIJJ 6(6613 (A
g= +

=0
ax az T ox\ox 0z 0z\ 0x az

ox 0z

ou_ow 6(6613 GWJ :(661) awj 2y
z

20, =2-2- 9
Y0z ox 0z oX 0z

The dynamic equilibriums ir andz directions are defined as:

d°u 0F
o= (A+ ) —+u?
patz L) ™ MU
9°w g
= (A + u)— + u1?
Yo, e A+ L) % MW

Substituting Equations (3.20) and (3.21) into (3.24d (3.25) yield;

0 (0%  o(o0°w 0 0
— +p0— =(A+2u)— 0% )+ u—\0*W
pax(atzJ paz(atz A2 (o) us (%)

0 (020) 0 (92w 0 0
9[99 (O ha2p) 2 (O%0)- 12 (D2
paz(atzj pax(atz (2 (0%0)- g (0]

Using the above equations, the two potential fumstiare derived as:

)
ot?

—,2M2
—vadb

9%y
ot?

=20y
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(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)



It is evident that the first potential function olves pure dilatation and the latter
involves rotation given by the Equations (3.28) &.@9). Solutions of the potential

functions have the exponential forms as given below

o= F(z)ei(‘“_kx) (3.30)

Y = G(2)e!“ ™) (3.31)

where « : the excitation frequency of the incident wavethe wave-number defined
in terms of the excitation frequency and the apmareave velocity defined as
k =«/c. Substituting Eq. (3.30) and (3.31) into (3.280l #B.29) yields;

d’F (& ,
7 +(_V§ -k JF =0 (3.32)
d’G (& |,
= +(_V§ -k jG:o (3.33)

The general solutions for the second-order diffeaéequations are;

F(z)= Ae™+Ae™® (3.34)
G(z) =Be*+B,e ™ (3.35)
where;
W’
q*=k’-— (3.36)
VP
W
s=k*-— (3.37)
VS

Finally, two displacement potential functions ab@aoned as:

d = Aleqzﬂ(ax—kx) + Aze—qZ”(“‘kX) (338)
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W = Blesz+i(a1—l<><) + Bze—SZ‘fi(ﬂ‘kx) (339)

Since the potential functions are defined for putatation and distortion
respectively, the coefficieni;, By, A, andB, denote the incident and the reflected
waves for the P and SV-waves. These coefficieslatermined from the boundary
conditions at the ground surface.

Considering an incident P-wave, the amplit@denvolving the incident SV-wave is
zero in Eq. (3.39). Since the shear and the nostnass at the ground surface is zero

as a boundary condition, the ratiosfefA; and B,/A; are expressed as [14];

A, _4tanetanf - (1+3tan® f)?
A 4tanetanf + (L+3tan’® f)?

(3.40)

B, _ —4tane(l+3tar® f)?
A 4tanetanf + (1+3tan® f)?

(3.41)

The relationship between the cosines of the incidRwave and the reflected SV
wave anglesg andf is dependent on the primary and shear wave vedspitj andvs

as given below;

V
V

l\.)|-UI\J

cos e=—>cos f (3.42)

(%]

Using the solutions of the potential functions d@hd amplitude ratios given above,
the free field motion due to an incident P-wavetre ground surface is finally

determined as:

i (at—kx)

(3.43)

wherep: the amplitude of the incident P-wave. The surfdisplacement amplitudes

Ug, Vo andwyg of the P-wave are defined as:
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U, = (cose){1+% —%tan f } (3.44)
Vo =0 (3.45)

W, = —(sine)[l—% —%cote} (3.46)

In the case of an incident SV wave reaching theigplosurface, the coefficiert
which involves the amplitude of an incident P-wasezero. Applying the same
boundary conditions which are still valid for SVwes, the ratios of,/B; and B,/B;

are expressed as [14]:

A _  4tanf(+3tan’ f)

B, 4tanetanf + (1+3tan’ f)? (3.47)
B, _ 4tanetanf — (1+3tan” f)?

B (3.48)

~ Atanetanf + (1+3tar? )?
B,

The relationship between the cosines of the intci®&nwave and the reflected P

wave angled,andeis given as:

V2
cos f == cos’e (3.49)

Ve

wherev, andvs are the primary and shear wave velocities. The@leguation yields

real values of the reflection wave angk,for the incident wave angles of

e= 6. whered, :cos‘{§j. The free field displacement vector caused by the
P

incident SV-wave at the ground surface can belfirddtermined as:
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(3.50)

wheres : the amplitude of the incident SV-wave. The daseiment amplitudes in the
plane of the SV-wave propagation ix&.y’-z’ coordinate system are expressed as:

U, =—(sin f){l—%+%cotf} (3.51)

v, =0 (3.52)
- B A

W, = (cosf){1+ B, + B, tane} (3.53)

Unlike the P and the SV-waves, SH-wave is refleetech SH-wave, which has an
amplitude independent of the vertical incident an@lig. 3.3). The particle motion

has a horizontal direction, which is normal to pitene of the wave propagation (Fig.
3.2). Since the total wave energy is reflected aSta wave, the horizontal

displacement at the free surface is twice thathef incident wave. The ground
motion induced by the incident SH wave is obtainsohg Eq. (3.52) whergis the

amplitude of the incident SH wave,

u 0
v b =12stel@) (3.54)
w 0

The formulations that are derived to determinesiinéace displacements induced by
an incident P, SV or SH wave are defined in theticadr plane of the wave
propagation. However, the coordinate system ofr@cttre may not coincide with
that of the incident wave as given in Fig. 3.5. rEhi@re, the wave motion reaching
the ground surface has to be rotated into the coatel system of the structure using
the horizontal angle between the vertical planéghefwave motion and the vertical

plane of the structure.
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Figure 3.5 : Free-field displacement due to seismic wave proj@ya

Hence, the free-field displacement vector at therface nodes of the soil-structure
system is obtained by multiplying the surface waNgplacement vector with the
rotation matrix, R] in order to rotate the displacement vector withaamgle ofé,

around the global z axis. The rotation matrix athez axis, R is defined as:

cosg, -sing, O
[R,]=|sing, cosd, O (3.55)
0 0o 1

The resulting free field displacement defined ia lane of the soil-structure system

is obtained as:

Ug cosg, -sing, O0|fu,
v, t=|sing, cosg, Ofv, rel@rxcostizhysing,) (3.56)
W, 0 0 1||w,

whereuy, Vo andwp are the complex valued displacement amplitudeseoincident

waves [29].
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4. MODELLING OF THE SOIL MEDIUM

4.1 Background

The soil medium is represented by a semi-infinitastec half-space and the
interaction surface is flexible but the soil-sturet system is fully bonded at the
interface. The interaction surface is defined bgtargular elements, which also
match with the geometry of the finite element moaolethe structure. Thereby, the
coupling of the soil-structure system is achieveding the displacement
compatibility at the interaction nodes. The frequedependent impedance matrix
representing the complex-valued dynamic stiffnesatrisn of the soil-structure

system under the seismic excitation is calculatilizing the Green’s functions on

the surface of the elastic half space.

The Green’s functions that are defined for an eldsilf space have aroused from
the solution of Lamb’s problem, which deals witle #lastic displacements resulting
from the disturbance in an elastic half space. ploseering work “On Propagation
of tremors over the surface of an elastic solid”Uaynb [15] mainly concerns the
wave motion generated at the surface of an elhatfespace due to the concentrated
loads at the surface or the interior part of thdf-$@ace. Both harmonic time
dependent and impulsive loads that are appliedgadolne or at a specific point are
considered for the solution of the problem. Aftez tvork of Lamb, which is referred
to as Lamb’s Problem due to his contribution to theory of wave propagation,
many researchers have studied on the same prohlgmas Ewing et al. [14], Graff
[53] and Achenbach [54].

In the previous study conducted Dendrou et. al] {@80the dynamic analysis of the
bridge-backfill systems, the solution of the Lamptsblem provided by Ewing et al.
[15] has been evaluated in order to calculate thee@s functions for the elastic
half-space. The Green’s functions given by Dendetual. [29] are employed to
evaluate the frequency-dependent impedance mditrilkeosoil-structure system in
this study.
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Obtaining the impedance matrix of the soil-struetwystem for each excitation
frequency, the force vector induced by the seism@ge motion is calculated by the
multiplication of the impedance matrix and the ffedd displacement vector at the
same excitation frequency. The calculation of fergry-dependent impedance
matrix of the half-space is expressed in the fofra flowchart in order to summarize

numerical procedure as given in Fig. 4.1.

Input:

. shear modulus of soil Evaluation of the Green’s

. mass density of soih, .| functions in polar coordinates

. dimensionless "| (Dendrou et al. [29])
frequencyag frr (@0), for(Q0), frz(@0), f2(a0)

. poisson’s ratio of soily

A

» Transformation of the
Green'’s functions matrix into

Input: Cartesian coordinate system

. Coordinates of each node.

. Distance R between each poin > O; O O

. Angle ¢ between R angd axis. [Glwx-x)=| G G o
"0z TUx O

A 4

» Relation between the

displacement at pointdue * Superposition of Green's
to the harmonic forc at function evaluation of
Xo influence coefficients

=[xl | | o ot x|

Input: v
Area of each . .
. . 4 Influence coefficient matrix
subregion forming a Evaluation of
diagonal area matrix | compliance matrix|_ LX) AKX, Axx0)
A0 [Cus) =[dA T %) A0 x) P,%s)
o . [ =
[A]=
o AXy %) AKXy, X,) Ay Xs)
O o & 3%3Ss A

Evaluation of
impedance matrix of
the half space

[KHS] = [CHS]_l

Figure 4.1 : Flowchart for the calculation of half-space impetamatrix.
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4.2 Green’s Functions for the Harmonic Point Load actirg on the Surface of an
Elastic Half-Space

Considering a harmonic point load acting on thdéaser of an elastic half space, the
displacement vectoruf of any pointx on the surface due to the point source is

expressed in terms of the Green’s function ma{@(«u, (x —xo))] and the harmonic

force vector{P(gO)} acting at poinkg as given in Eq. (4.1).

c

{u(x)} =1u, e =[G(w (x = x,)J{P(x, )} (4.1)

z

[

where x : vector containing the coordinates of the surfament where the
displacement is calculatedyx, : vector containing the coordinates of the surface
point where the harmonic force is applie@(Xo)}: harmonic force applied af ; w
excitation frequency. The vector notation for tbecé and the displacement on the
surface of elastic half-space is given in Fig. 4.2.

Figure 4.2 : The source and the receiver points in the Cartesiardinate system.
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Green’s function matrix[G(w,(g(—l(O))] is composed of the displacement Green’s
functions, which are originally defined in polaroecdinate system. Since the finite
elements model of the structure is developed inGhgesian coordinate system, the
soil-structure interaction surface is also diseedi by rectangular subregions.
Therefore, the components of the Green’s functiatrin which have been defined

and evaluated in polar coordinates, are transforimedCartesian coordinates.

The displacement vector at point, in the polar coordinate system can be

transformed into the Cartesian coordinate system as

u,(x) cosd -sind 0]|u(X)
{u(x)}= u,(x)p={sind cosd 0}yu,(x) (4.2)
u Lo 0 1][u®

The components of the force vector at pakgtin Cartesian coordinate system are

given as:

P.(X,) P (0
{P(xo )} =1{P, (%)} =1 P, (77/2) (4.3)
P, (Xo) P,

The relationship between the harmonic point soaru the displacement vector by
given by Eq. 4.1 is revised using the Egs. (4.2) @n3);

u, (X) L f,cosd f, . cos@-ml2) f, ||P.(X,)
Uy(X)p =—| fasind f,sin@-m/2) f,, 1P (X) (4.4)
u,(X) f,cos0 f,cos@-m/2) f,, | P(x,)

where 4 : shear modulus of the soiR : distance between the point that the force is
applied (source) and the point at which the dispi@ent is calculated (receivery:
angle betweelR andx axis. Substituting Eq. (4.2) into Eq. (4.4) arsihg f,, =0

and f,=-f,, the Green’s functions matrix in the Cartesianrdomte system is

zr

finally derived as:
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f cod@-f,sin’8 (f +f,)cosfsind f cosd
[Glw, (x-x, )| =—| (f, + f,)cosfsind f, sin?6-f, codd f_sing (4.5)
R - f,, cosd - f,sin@ f

zz

In the case of a concentrated impulsive load, thetisn of the displacement as an
elastodynamic problem is named as the fundameinglar solution or the Green’s
function of the medium [55,56]. Considering a pdiwad applied harmonically on
the surface of the halfspace, the displacement xggressed in terms of the
displacement and the traction Green’s functions Vidnich the surface of the

halfspace is traction free as a boundary condition.

The Green'’s functions are obtained by the integmltions of the displacement
potential functions defined for the elastic wavegagation. The derivation of the
Green’s functions for the surface point sourcethar elastic half-space is given in

Ewing et al. [14]. Each component of the Greeniscfion matrix is as follows:

frr (ao) = ao|;[ ZE{JZ(aOZ) - Jo(aoZ)}dZ

Yoz
Arm F(2) +_([\/227_1{Jz(302)+30(aoz)}d2} (4.6)

0

fa(ay) :%T

wZ\/ﬁ-{Jz(aoZHJo(aoz)}dz = )
{I F(2) [ @ - diaalz 4.7)

0

a, tz/z° —n*J,(a,2)dz

fzz(ao) = _ZTO F(Z) (48)
f, () =—f.(a) (4.9)
fo(2,) =0 (4.10)

where the Rayleigh Determinant is determined as:

F(2) = 222 -1)° - 42%(Z - ) (2 -1)

The ratio of the shear and primary wave velocitgafned as:
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and the dimensionless frequency is given as:

_aR
V.

S

Using the Ewing’s approach [14], Denrdou et al.][B@ve evaluated the Green’s
functions replacing the integrals by the contouegnals in the complex plane.
Evidently, these contour integrals have singulantpat z=s whereF(s) = 0 and
branch points at = 1 andz = n. Before applying the Cauchy’s Theorem, the branch
cuts have been introduced in the complex plane.ifitlegrals are partitioned into six
parts in order to evaluate numerically. In suclase¢ each component of the Green’s

functions is expressed as below:

frr:%(l5_|6+l3+l4) (4.11)
- %
f,=—=I
7T o2 (4.12)
fer :%T(I5+|6+|3_|4) (4-13)
—_%
f=—0
2z o (4.14)
where
o_[2 _ 2
|1:jz z°-n"J,(a,2)dz (4.15)
> F(2)

| = 272" -)-2VZ* -n’NZ* -1J,(a,2)dz
,=

F (4.16)

O t—

5 i1 (4.17)

(4.18)
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T zVz% -1J,(a,2)dz
0

_ = 5 (4.19)
_tzZ?-1),(a,2)dz
Iy —{ = (4.20)

The static values of the Green’s functions arengefifor the excitation frequency,

w= 0 by Love [57] as given below:

1

0= (4.21)
f(0)= ﬁr_‘znz) (4.22)
f, (0) = ﬁfnz) (4.23)
f.(0) = m (4.24)
f,,0)=-1,0) (4.25)
f,(0) =0 (4.26)

Since the dynamic analysis of the soil-structuitesy is carried out in the frequency
domain, the integrals are evaluated for the spec#kcitation frequencies

sequentially in the numerical procedure.

The plots of the real and the complex parts ofGheen’s functions for the Poisson’s
ratio v = 1/3 and v = 1/4 of the soil medium are presented in Figs. 4.3ubho4.6.
It is observed thatk,(ap) is not affected by the change in the Poissonti® @ the
soil medium as shown in Fig. 4.3. The rest of thecfionsfy, fy, ., f,z are slightly

increased with the decrease of Poisson’s ratio.
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Since the integration of the functions in the compplane possess singularities at
Rayleigh Pole,F(s) = 0Oand branch points associated with the ter\v[rg -n® and
\Z* -1, the evaluation of the integrals are partitionao intervals of0< z<n and
n<z<1 using the procedure given by Ewing [14]. Therefdiee variation of

Poisson’s ratio essentially affect the limits ahd tontents of the integrals defined

by the ratio of the shear wave velocity and thempry wave velocity as
nzﬁ _ 1-2v '
A 2(1-v)

016

— tedl part v =033
o1 complex partv=0.33
' % o rea partv =025
=] o
{E"' b o complexpatv =025
0.03 A ] ?:' o
=
g [ a
H & #
=
0.04 3 &
\ ]
= 1 I
G L]
e OO0 & []
[
et i 20
4 -}
004 12 g
1 -}
3 =]
] ]
0§ ]
=] a
4} 4]
o =
a L]
V4 W

-0.16

ap

Figure 4.3 : The graph of f versus dimensionless frequengyf@ the Poisson’s
ratio ofv = 1/3and v = 1/4[29].
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Figure 4.4 : The graph ofy versus dimensionless frequengyf@ the Poisson’s
ratio of v = 1/3andv = 1/4 [29].
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Figure 4.5 : The graph of,; versus dimensionless frequeragyfor the Poisson’s
ratio of v = 1/3andv = 1/4 [29].
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Figure 4.6 : The graph of £, versus dimensionless frequengyf@ the Poisson’s
ratio ofv = 1/3andv = 1/4 [29].

4.3 Evaluation of the Frequency Dependent Impedance Mak of the Elastic

Half-Space

Green’s functions matrix has been previously defimeterms of the harmonic point

source,{P(>_<,-)}ei“I applied at poink; and the surface displacement vedtqxi)} atx; ;

c

{ux )t =1u, te“ =[6(w (x - x){P(x, e« (4.27)

z

c

For the dynamic analysis of soil-structure systerthva surface foundation, the
interface surface is discretized by the rectangaieas of\(x). The generation of the
impedance matrix involves determining the displagenvector at any nodal poixt
of the rectangular interface due to the unit haimdorce at each nodal poin.
Considering constant stress traction over the iotalface area, Eq. (4.27) defining
the displacement due to a single point load is gagsed for unit point harmonic

load applied at each interface node. Therefore(4£87) is rewritten as:

3€



fuex)} = [[l6(e (x; - x,){ox, s, =

A

iﬂ 6w (x, -x))H{o, (x,)}hds,

=1 Aj

(4.28)

where {o(x)}: constant traction at the centroid of subregi@md A; : area of the jth

subregion.

Wong [58] has studied the dynamic response of dferchable soil under the effect
of the seismic excitations. The research focuseshendetermination of the soil
impedance and driving forces induced by the seismaiges at the foundation-soil
interface. The results of this study reveal thatstress distribution is sensitive to the
shape of the foundation. However, the impedancéated by integrating the stress
values and the driving force are not affected bg #hape of the foundation.
Therefore, the integration can be discretized byapproximate area in order to

simplify the integration process as given in Eq28J.

In the previous study conducted by Elorduy et &8][ each subregion has been
represented by square elements. Since the evaluatiGreen’s functions for the
. . peep . . 1
concurrent pointg; = x; is difficult due to the smgularltym . The researchers
Xi = X;
kept the source points at the center of each sqelareent and the receiver points
were shifted to the nodes of the square elementsimilar procedure has been
developed by Dendrou et al. [29] for the computatid the impedance matrix. In
this procedure, the integration of the Green’s fioms are accomplished considering
the source point as the centroid of the rectangellament and the receiver point as

the node composing the interface area.

To implement the proposed procedure, the Eq. (ha8)een revised as:
)} =[d {o, (x))} (4.29)

where the matrixdj is written as:
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C@X X)) EXLX) .. @XyXs) |
WXy X)) AXpX,) o . X Xs)

[d = (4.30)

_(dx'N’Xl) (dX'N,XZ) .o ﬂX‘N’XS)_

Each component of the matr[);o] is determined by the integration of the Green’s

function matrix over the discretized interface auod;
AX.%;) = {HG(“) (% _l(i)) dS]} (4.31)
A

The constant traction vector can be rewritter{cq:{g(j)} = [A]_l{Ps(gj)} where[A] IS

the diagonal matrix, which consists of the areaaxth rectangular element. The load

vector{Ps(xj)} with the dimensions dBSx1)is obtained as:
{P}=[T1{P} (4.32)

where {P} : the load vector having a dimension3ifix1and [I] : the transformation
matrix with the dimensions df3Sx3N) N and S are the number of nodes of the
interface and the number of subregions, respegtivgsing transformation matrix
[T], the point loads applied at the corners of suloregare shifted to the center of

each element.

The generation of the transformation matrix is base transforming the nodal point
force into equivalent forces acting at the censoa the subregions nearby the
original nodal source. Three different types ofnsfarmation are possible: the
transformation of the point source acting on aariot node, on an edge node or on a

corner node.

Using the transformation matrix and the nodal foreetor, the displacement vector

{u} in Eq. (4.29) is rewritten as:

{u=[dllo} =[d[A][THP} (4.33)

Eventually, the compliance matrix of the half-spaf@.g defined as:
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{u} =[d[A"[T{P} =[C, P} (4.34)

[CHS] = [(”][A];l[T] (4.35)

Since the frequency-dependent impedance matKkxg] [ is the inverse of the

compliance matrix,Qng] it is calculated as:

[Kusl=[Cus]™ (4.36)

39



4C



5. IMPLEMENTATION OF THE SUBSTRUCTURE METHOD

5.1 General Procedure

The dynamic analysis of the soil-structure systeas heen carried out using the
substructure method. Implementation of the numkemeadel for the substructure
method has been accomplished by partitioning tlileasd the structure system and
analyzing each system separately. The finite eléemmedeling of the superstructure
has been developed using ANSYS [60] software andetmeg of soil medium has
been conducted by a special MATLAB code [61] depetbwithin the scope of this

dissertation.

The free field motion induced by the seismic wahes been determined by the
computer program developed in this study usingetlhstic wave theory, which has
been explained in Chapter 3. The impedance mitrigach excitation frequency at
the interface nodes has been obtained sequenti@lyn a numerical loop of the

computer program as given in Chapter 4. The evaluatf the impedance matrix has
been formulated employing the fundamental solutitorsthe homogeneous half-
space. Finally, the output data produced by the $wprograms for the seismic
wave motion and the impedance matrix of the soifliom@ have been multiplied in

order to calculate the excitation force vector eauby the incident wave at the

interface nodes as given below;
{P}=[Kushuy (5.1)
Using the compatibility equations for the displaesmat the interface nodes, the

equations of motion for the total system are foated in the matrix form and solved

numerically. The overall numerical procedure is sarized in Figure 5.1.
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Figure 5.1 : Flowchart for the numerical modeling of the soitisture system.
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5.2 Derivation of the Numerical Methodology

Finite element modeling of the superstructure r&tsdes the generation of the
structural geometry using a number of nodes. Emipipthe substructure method,
the nodes of the structure are categorized as tthetwal nodes and the nodes
belonging to the soil-structure interface surfatieerefore, the matrices composing
the set of the equations of motion for the dynaamalysis are also partitioned as the

structure and the soil-structure interface.

The dynamic response of the soil-structure syst{ey}n is accomplished by the

solution of the dynamic equilibrium equations givgen

[MEs}+Ickvt+ KKy} ={P} (5.2)

where [M], [C] and [K] are mass, damping and s&fa matrices. The displacement
vector {y} defined in the time domain is composed of the mipgcture
displacemente{yl} and the displacements of the interface noc{gz';},. Using the

substructure method, Equation (5.2) is rewritten as

KR AR s oo Y

O |\/|22 y2 O O y2 K12 K22 y2 I:)2

where [My1] : the mass matrix of the superstructure; JM the mass matrix for the
soil-structure interface; [] : the diagonal damping matrix of the superstrrgstu
[K14] : the stiffness matrix of the superstructurezdK the stiffness matrix the soil-

structure interface; [k : the coupled stiffness matrix of the superstoetand the

interface region aniP,} : the vector of the forces applied along the faie nodes.

The response of the structu{e/i} is defined by the static and the dynamic parts as
given in Eq. (5.4). Using quasi-static transmissibrthe free field motion, the static

part of the displacement vect{)yls} can be expressed in terms of the displacement

vector of the interface nod({yz} as given in Eq. (5.6).

{Y1} :{yls}+{yld} (5.4)
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[K11]{Y1s} + [K12]{y2} = {O} (5.5)

{Vieh = Kua] "IKH v} = [R ]y} (5.6)

[RS] is the quasi-static transformation matrix whichiéived using the static part of

the equilibrium equation [62,18]. Using Eq. (5.&%)e first row of the matrix of the

dynamic equilibrium equation is expressed as:

[M ll]'{ yls+ Yld} + [Cll]{ yls + yld} + [Kll]{ yls + yld} + [K12]{ y2} = {0} (57)
Substituting Eq. (5.6) in Eq. (5.7) yields;

[M 11]-[Rs]-{ A [M 11]-{ Vi + [Cll]'[RS]'{ AR [Cn]-{ Vigh+ - (5.8)
[Kll]'[RS]'{yZ} + [Kll]'{yld} + [Klz]-{Y2} ={o} .

Since [Kll].[RS].{yz} + [Klz].{yz} = {0} , Eg. (5.7) is finally expressed in the form of;
[M 11]'{ yld} + [Cll]{ yld} + [Kll]{ yld} = _([M 11][RS]{ yZ} + [Cll][RS]{ yZ}) (59)

Dendrou et al. [29] has neglected the effect ofdamping on the forcing function
and obtained Eg. (5.9) as:

[M 11]{ yld} + [Cll]{ yld} + [Kll]{ yld} = _[M 11][F25]{ yZ} (5 10)

The dynamic part of the displacement vec{g{d} is expressed in terms of the

eigenvectors of the structure as given below;

{yua}=[®}{n} (5.11)

where {/7} is the vector of the modal response amplitudes [avidis the modal

matrix. Substituting Eq. (5.11) into (5.10) andngsthe orthogonality conditions, Eq.
(5.12) is obtained for each free vibration modehef superstructure, which is given

below;
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[+ [2ea ¢\ b+ [k Jind = o] (MR M- [CuRI) 512)

where [1]: the identity matrix{7} and {/7}: the first and second derivatives of the
vector of modal response amplitudes with respedirte; [wﬁ] the diagonal matrix
containing the square of th& natural frequency[qb]: the modal matrix containing
the eigenvectors of the superstructure a&ha the modal damping ratio which is

proportional to the mass and the stiffness matméeke structure. The orthogonality

conditions are as follows;

[o] [M,[@]=[1] (5.13)
[o]'[C.[®]=[2am4,] (5.14)
[ [K,.J[] =[ef ] (5.15)

The modal matrix,[CD] is normalized to the mass matri[dvIll]. Expressing the
displacement vector of the interface nodég,} and the vector of the modal
response amplitudes{,ﬂ} in the form of harmonic motion with an excitation

frequency ofQ, the Eq. (5.12) can be rearranged as:

tlo?f+il2oa g, ]+ [af Mo} =

_[CD]T {_ Q?[M,|[R]+ iQ[Cn]-[Rs]}{yzo} (5.16)

where {y,} ={y,.}e"; {n} ={n,}e*". Finally, the displacement amplitudfy,} in

the frequency domain in Eq. (5.16) is obtained as:
{not=IsezIr]-iole] [, )[R [Hy.o} (5.17)
where[Q? ]is the diagonal matrix containing the square ef ékcitation frequency

and [S] IS given as:
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[s]=-{o?]+il20m.&, ]+ [4f] (5.18)

Multiplying both sides of Eq. (5.18) bg”, the dynamic part of the displacement

vector of the structuréyld} is expressed in terms of the displacement vedttine

interface modegy,} as given below;

vk =[e7[0] [l -iglo] [T [c.] [R]] {y.ole™ 5.19)

where [F] is the matrix of modal participation factors whistobtained as:

[r]=[e] M., ][R] (5.20)

The diagonal damping matr[f:ll] can also be expressed as:

[Cll] = [Mll]'[q)]‘[za)l\lfN ]-[q)]T [Mll] (5.21)

which has been given as an alternative formulaoonhe evaluation of the damping
matrix by Clough and Penzien [62]. Substituting @albveve expression into Eq. (5.19)
yields;

(v} = [Q2[@][S][F]- il [S] [2an & J[oT MR {yobe™ (5.22)

Rearranging the matrices that are multiplied by digplacement vecto{yz}, Eq.

(5.18) is finally obtained as:

{Vaa} =[Ro ¥z} (5.23)
where the dynamic transformation mat[R)] is defined as:
[Ro]=@7[@]s]"[r]-iole]s [2wmé o] [M.]R] (5.24)

Eventually, the relationship between the displaggnvector of the structuréyl}

and the interface nodc{yz} is derived as:
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v} =Ty} = [T{y.0le™ (5.25)

[T]=[Rs]+[Ro] (5.26)

where [RS]: the static transformation matri>{RD]: the dynamic transformation
matrix and[T]: the system transformation matrix. Using the refeghip between the

displacement vector of the structufg} and the interface noddy,}, the second

row of the matrix in Eq. (5.3) can be rewritten as:

U TARCS L AR TSI 6.27)

Similar to the displacement vector of the interfaceles which has been defined as

{v,} ={y,.}e®, the force vector applied along the interfaff@} is also expressed in

terms of a harmonic excitation which is given {&&} ={P,}e**. Therefore, Eq.

(5.27) is rearranged as:

[KST]{yzo} ={on} (5.28)

where the matrix{KST] represents ‘the effective impedance matrix’ of shreicture

as given below;

[KST] = _QZ[Mzz]"'[Klz]T [T]+[K22] (5.29)

The vector of the forces applied along the interfdd} is decomposed as the

driving forces and the resisting forces as givdowe

{Pz} = {on}eiQt = [{ PDO} +{PRO}] G (5.30)

The vector of driving force amplitudd#,,} is composed of the force amplitudes,

which are induced by the seismic wave motion. Ushng Green’s functions, the

driving forces along the interface nodes have lgewiously defined in terms of the
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impedance matrix of the half-spa({«KHs] and the free field motior{uﬁ} as given

below:

{Poo} = [KusHue ) (5.31)

Using the compatibility of the displacements atititerface nodes, the vector of the

resisting force amplitudes is given as:

{PRO} = _[K HS]'{ yzo} (5.32)

Substituting Eqg. (5.30) into (5.28), the vectortloé response amplitudes along the

interface,{yzo} can be obtained as:

{yZO} :[KST + KHS]_l{PDO} (5.33)

where [KST+KHS] iIs the impedance matrix of the soil-structure alyst

Since{yl} = [T]_{yz} , the response of the superstructure is finallyesged as:
{vb =[] [Ker + K {Poo}e™ (5.34)

5.3 The Summary of The Numerical Procedure

This chapter includes the numerical procedure bzt been implemented for the
dynamic analysis of the soil-structure systems. Sbkition of the dynamic soil-
structure interaction problem has been encountesaty the substructure method.
The detailed derivation of the formulation has besplained in the previous

sections of this chapter. The numerical proceittiseimmarized in Table 5.1.

The numerical procedure is mainly based on the odetlogy developed by Dendrou
et al. [29] for dynamic analysis of soil-structurgeraction problems. The authors
have used the substructure method for the coupinthe soil and the structure
systems. The formulation of the dynamic transforamaiatrix, [Rb] in the previous
study has been derived neglecting the effect of pilagn on the dynamic
transformation matrix. However, this assumption lledsto the overestimation of the
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response amplitudes of the soil-structure systemtemuthe effect of the seismic
waves. As a contribution of this thesis, an altBweagformulation has been developed
including the effect of the damping on the dynatmamsformation matrix, [R. The

damping matrix which is implemented in this studyan alternative formulation of
the damping matrix given by Clough and Penzien .[6i}je dynamic response
amplitudes of the soil-structure systems usingné® formulation developed in this

study are more realistic than the previous methugiol

Table 5.1: The summary of the numerical procedure.

STAGE DESCRIPTION AND FORMULATION OF THE PROCEDURE

The mass, and the stiffness matrices have beeitigreatl into thg

components of the superstructure and the interface.

M, O ||v + Cu Of|w + Kiu Kyl Y - 0
Assembling the element | 0 M, y 0 O y KL Ko |lYs P,
2 >

matrices using Finite

Element Method Structure: My, K;;, Cy;
Interface: M,,, K,,

Coupling: K,

The interface nodes have been assumed to be fixbd base. The

modal matrix is obtained by mass normalization.
[] M J]=1]
[o]"[c]®]=[2a.4,]

(o] [k Jlo] = [ax]

Eigenvalue analysis

v} ={vie} +{vsa}
=

Calculation of the {Y1s} Rs]{Y2} and {Ym} = [RD]{YZ}
anatormaton | [R]={Ku] [Ku]
matrices [R,]=a?[] [s]"[r]-ia[e]s]"[2ay&, ] [@] [M,] [R]

[s]=-e?|+i[20a.4,] +|of]
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Table 5.1 (Continued): The summary of the numerical procedure.

STAGE

DESCRIPTION AND FORMULATION OF THE PROCEDURE

Calculation of the

transformation matrix

{v}=[TKy.}
[T]=[R]+[R]

Calculation of the
effective impedance
matrix for the

structure

[K ST]{ yZO} = { PZO}

[KST] = _QZ[M 22] + [Klz]T [T] + [Kzz]

Determination of the
vector of driving force

amplitude

{Poo}t = [Kusfus }
[KHS] :Half-space impedance matrix

{uﬁ}: Free-field motion of the interface nodes

Determination of the
vector of interface
displacement

amplitudes

{yZO} = [KST + KHS _1{PDO}

Determination of the
response of the

structure

v} =[Re + R [Ker + K| {Poo)e®
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6. SAMPLE PROBLEM 1: 3D BRIDGE-BACKFILL SYSTEM

6.1 Introduction

This chapter includes the dynamic analysis of adaribackfill system under the
effect of the traveling SH waves, which has beavipusly analyzed by Dendrou et
al. [63]. The authors have discussed the travedaigmic wave effect on the dynamic
response of the soil-structure system. The sandgénnodel has been regenerated
and examined using the numerical procedure thakeweloped in this study. The
solution of the soil-structure model has been cotetl implementing the same
geometrical and material properties of the strectamd the soil with the previous
study. Comparing the results of the dynamic analygehas been observed that the
response curves of the bridge-backfill system olethiusing the numerical procedure

developed in this study are in good agreement thighprevious one.

After the verification of the computer program tihaimplemented in this study, the
same bridge-backfill system has been analyzedhfeetdifferent soil types in order
to observe the effect of soil conditions on theaiyic response of the soil-structure

system.

Eventually, the dynamic response for each casebbas obtained by the revised
substructure methodology including the effect oé thamping on the dynamic
transformation matrix of the system. The resultsthe analyses are discussed in

detail.

6.2 Traveling Seismic Wave Effect

The influence of the dynamic soil structure intéiac on the response of the
structures becomes more important, if the size sifucture is large such as a bridge
or a large dam. The effect of the soil-structureriaction may appear in two types
according to the size and geometry of the foundafite first effect is named as the
kinematic interaction. In this type of interactidhe foundation serves as a filtering
effect to the seismic waves by its geometry. Theeotype of interaction, which is
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called as the traveling wave effect, occurs whem ¢haracteristic length of the
structure is in the same order as the wavelengthefeismic waves. In this case,
the ground motion changes to a great extent albedength of the structure. The
traveling wave effect becomes important dependimghe size of the structure and

on the type, frequency and direction of the seisnage [64].

In general, the dynamic response of the structisrearried out with the assumption
that the structure is under the same input exeorasipplied simultaneously at the
entire base. This assumption may be sufficienafetructure with moderate building
dimensions. However, seismic waves traveling akbregsoil-structure interface may
cause a non-uniform effect if the length of theudture is close to the seismic
wavelength. In this case, amplitude and phase afglee base motion at each point

is different.

The spatial variation of motion has been studiedriany researchers, previously.
The early studies are accomplished by Abdel-Ghafé&], Abdel-Ghaffar and
Trifunac [66]. Some of the recent studies are edraut by Romanelli [67], Zembaty

[68] and Todorovska [69] which are mentioned furtinethis section.

The first study [65] concerns the effects of thiéedential motion of the foundations
on the response of a bridge. First part of theystiehls with the analysis of a simple
beam under harmonic excitation. Two end supporte@beam have been subjected
to harmonic ground motion with different phasese Teésponse has been obtained as
displacement amplitudes at specific points of tearb in the frequency domain. In
the second part of the study, a numerical methadblean developed to analyze the
dynamic soil-bridge interaction of a 2D bridge miodée bridge was supported by
two rigid abutments with semi-circular foundatiasting on elastic half-space and
excited by the input motion in the form of plane $#ves. Moreover, a parametric
study was carried out in order to determine theatfbf the soil properties on the
response of the single span bridge. The resulisatelthat the response depends on
the stiffness, the mass and the damping charaitsref the bridge relative to that of
soil. It is also stated that the symmetric modesexwcited for the support motion in
phase whereas the antisymetric modes are domirfaen the abutments move out of
phase. In addition, the peak response displacearaptitudes are magnified at the

natural frequencies in the case of non-verticaltation.
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The second study accomplished by Abdel-GhaffarBifdnac [66] is based on the
same theory with the first study. Similarly, thespense of the 2D model of the
multispan bridge in frequency domain is investigat€ig. 6.1). In this case, the

following issues are discussed:

the effect of span length to the response,

the ratio of successive span length,

the ratio of rigidity of girders to that of the koi

» the effect of angle of the traveling SH wave.
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Figure 6.1 : 2D Multispan bridge under the effect of SH waves)][6

The effect of traveling seismic waves has also Istedied by Werner et al. [70]. A
numerical procedure has been developed to analgzdyinamic response of the soil-
structure system. The bridge system has been ntdsiag finite element methods
and the soil has been modeled employing boundamezits as a homogeneous

elastic half space.

Another study carried out by the same research2gd [nvolves the three

dimensional seismic response of a bridge undeetfieet of the seismic waves using
the same numerical procedure described above. yhandc response of a single
span bridge resting on a soft soil medium has lw@#ained using the developed

methodology (Fig. 6.4). The traveling seismic effeas been discussed considering
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the incident wave angle and the displacement aug@ion different sections of the
bridge. For SH wave angl@, = 04 = 0, the wave propagation is parallel to the
longitudinal direction of the bridge and the pdeiaenotion is in the transverse
direction. The plots of the response indicate tiha structure displacements are
essentially antisymetric about the midspan when addltiples of the half
wavelength are equal to the bridge span. For imtidave anglé\, = 90 andy = 0,
the waves propagate vertically and the particleionois identical at every point of
the foundation. Hence, there is no traveling wavVece and bridge response

amplitudes are symmetrical about the midspan figrdase.
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Figure 6.2 : The 3D bridge model under the effect of SH waveé§.[7

The recent studies on this subject generally famughe spatial variations of the
ground motion due to the size of the structure eteilogeneities of the underlying
soil. The effect of this differential motion is alsamed as the “wave passage effect”
which is the phase shift of the seismic arrivalgiferent parts of the structure. The
study of Romanelli et al. [67] deals with the wavassage effect to assess the
importance of the non-synchronous seismic excitatd long structures. Another
study conducted by Zembaty [68] concerns the randimations of a bridge under
the propagating seismic excitations and the joffeéicés of the pseudostatic and the

dynamic vibrations. In addition, Todorovska [69ktsudied the wave passage effect
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and the dynamic soil-structure interaction on tlesponse of the base-isolated
buildings with embedded foundations.

6.3 The Sample Problem

AN

MAY Z0 2009
11:30: 59

ELEMENT3

brick3

Figure 6.3 : 3D Finite element model of the bridge.

The numerical procedure developed in this studylbesn used to analyze the wave
propagation effect for a bridge-backfill system8#f meters length and 12 meters
width (Fig. 6.3). The finite element modeling ofetrsuperstructure has been
accomplished by ANSYS [60] using the eight nodelbalement (SOLID45) for the
backfill; elastic thin shell element (SHELL63) ftre road deck and the membrane
shell element (SHELL41) for the retaining walls reunding the backfill soil. The
brick element has translational degrees of freedgmuy, andu, at each node. The
thin shell element that is used for modeling thedway slab has 4 degrees of
freedom at each node; translations inxhg, andz directions and rotation abowt
axis. The elastic membrane element representingstineounding walls has only
translational degrees of freedomxny, andz directions (Figure 6.4). The material
and the geometrical properties of the finite eletmeadel are summarized in Table
6.1.
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Figure 6.4 : Solid, thin shell and membrane elements [60].

Table 6.1:Physical and material properties of the bridge

RETAINING BRIDGE

MATERIAL PROPERTIES BACKFILL SOIL
WALLS DECK
Modulus of Elasticity (N/rf) 1.82x16 1.99x16° 1.99x10° 1.82x16
Poisson's Ratio 0.33 0.15 0.15 0.33
Plane Stress- Elastic Elastic
Type of Finite Element Brick Membrane
Shell Thin Shell Half-Space
Thickness -- 0.3 m 1.0m
DOF at each node of the
UXa uya uZ uX1 uyy uZ uXv uyv uZ, ry uXv uyv uZ
element
Number of Elements 20 16 8 16

Prior to the dynamic analysis of soil-structuretegs a modal analysis has been
performed in order to determine the free vibratwraracteristics of the bridge:
natural frequencies, mode shapes and modal pati@ipfactors. The eigenvector of
each mode is normalized to the mass matrix. Intexidithe mass matrix and the
stiffness matrix are obtained and partitioned gseumodes and interface in order to
use in the substructuring. Some of the natural madedridge backfill system are
presented in Figs. A.1 to A.4. Since the naturaffiencies vary within the wide
range of 1.37 Hz and 150 Hz., it has been diffibultistinguish between the natural

modes concerning the roadway slab and the backhilis, a modal analysis of the
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road deck has been carried out apart from the &+gkfill system. The natural
frequencies and the mode shapes involving the érakrk are shown in Fig. A.5.
The dominant frequencies in the dynamic responserioige backfill system are
identified by examining the modal participationttarss and the effective masses of

each natural mode of the system in the next section

6.4 The Modal Participation Factors

The modal participation factdr, is a measure of the contribution of each mode to

the dynamic response of the structure. For anytrarlgi moden, the equation of

motion can be expressed as:

{@} {p)}
M

n

Yo (1) + 26,0, Y, (1) + @y, (1) = (6.1)

where w, : the nth natural frequency of the structufe; the damping ratio of the nth

mode, « : the excitation frequency,{qan}T: the transpose of the™neigenvector,

{p(t)} : the load vector and!1,: the modal mass (generalized mass) determined as
M, ={a} M] {n}.

For the dynamic analysis developed, the mode shapirs are normalized to the
lumped mass matrix. Therefore, the modal massdoh enode is unity. For the case

of base excitation under earthquake loading, thec®¥e earthquake loading vector,

{peff (t)} is expressed as:

{p ©}=MErhva ) 6.2)

where {r} is the displacement transformation vector which cismposed of

displacements at each degrees of freedom resutting unit support displacement

and \”/g(t )is the earthquake time history. For a multistoryildimg under the
horizontal ground motion, the vect{n} is simply a unit column vector. Introducing

the upper equation into the equation of motion fémmulation becomes:
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) . {@ MIr} .

Vo (1) + 28,00, Y, (1) + @Y, (1) = 75— 5 Vg (D) (6.3)
{w} MHal}

Considering the total dynamic response of the &iracthe importance of each mode

depends on the spatial distribution of the eartkguaading. The contribution of the

individual modes is expressed in terms of the medaiicipation factor]", which is

defined as [62];

gy vl

" Hal Mal (6.4)

Since eigenvectors are normalized to the mass xmatrithis study, the modal
participation factors are simply the upper parttloé fraction. In addition to the
modal participation factors, the effective masseath natural mode is calculated

revealing the contribution of each mode. Effectivass is defined as:

. (r)?
Mn :+ |
{a) Ml{a} (6.5)

Examining the effective masses of the modal amalg§ibridge deck, it is clearly
observed that the bending modexiz plane (first mode), the bending modexhy
plane (¥ mode), 11 mode are the dominant modes 4ny and x directions,
respectively (Fig. 6.11). The modal analysis of bnelge deck has 27 degrees of
freedom. However, except for the first bending mod& direction (1.04 Hz) and
mode number 7 (bending ¥y plane), none of the bridge deck modes has sigmific

effect on the dynamic response of the bridge bhakfstem.

Observing the natural mode shapes and the effegtass of each mode of the total

system reveal different results (Tables 6.2 t0.6.4)
In thez direction;

» The first mode shape coincides with the first begdnode of the bridge deck
and is a dominant mode similar to the modal anslgdithe bridge deck

comparing the effective mass values.

 The following dominant modes are modes 45, 57, 83, and 92

corresponding to backfill deformation.
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e The modes 57 and 75 are the coupled modes. Botlyebrslab and the

backfill part deform extensively.

* The effective masses are distributed uniformly agnthrese modes indicating

that each of these modes has almost the same effelse dynamic response.
The results in thg direction are summarized below:

* The most dominant modes in thieirection are the 5th and the 12th modes
with 9.42 Hz and 10.51 Hz frequencies, respectivélyboth modes, the

backfill part is deformed.

e The other dominant modes in thelirection (20, 31) have the same effect on
the dynamic response. These modes are relatdietddformation of the

backfill parts.

* Mode 48 coincides with 7th mode of the bridge dediich is the bending

mode inx-y plane.
The results in th& direction are summarized below:

* Mode numbers 13, 17, 58 and 71 have significargcéffe masses in the
direction. Especially, the lower mode 13 havingatural frequency of 10.71
Hz has the highest effective mass among the otloglemindicating that it is
one of the dominant modes in X direction. The cponding mode shapes

reveal that these modes refer to the backfilbdaétion.

Table 6.2:Natural modes of the bridge-backfill system.

x direction y direction z direction

mode frequency effective mass effective mass effective mass

mass fraction mass fraction mass fraction

1 1.04 0.00 0.00 0.00 0.00 75079.40 0.23
2 4.16 3.15 0.00 0.00 0.00 0.00 0.23
3 9.06 0.00 0.00 0.00 0.00 2445.40 0.24
4 9.42 0.00 0.00 0.00 0.00 0.00 0.24

5 9.42 0.00 0.00 102155.00 0.32 0.00 0.24
6 9.86 20230.20 0.06 0.00 0.32 0.00 0.24
7 9.87 0.00 0.06 0.00 0.32 17.34 0.24
8 10.25 903.44 0.07 0.00 0.32 0.00 0.24
9 10.26 0.00 0.07 0.00 0.32 24.42 0.24
10 10.34 0.00 0.07 919.86 0.32 0.00 0.24
11 10.35 0.00 0.07 0.00 0.32 0.00 0.24

12 10.51 0.00 0.07 117836.00 0.69 0.00 0.24

13 10.71 110023.00 0.41 0.00 0.69 0.00 0.24
14 10.83 0.00 0.41 0.00 0.69 0.00 0.24
15 10.83 0.00 0.41 14225.40 0.73 0.00 0.24
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Table 6.2 (Continued):Natural modes of the bridge-backfill system.

x direction y direction z direction
mode frequency effective mass effective mass effective mass
mass fraction mass fraction mass fraction
16 11.12 0.00 0.41 0.00 0.73 85.82 0.24
17 11.17 72429.10 0.63 0.00 0.73 0.00 0.24
18 11.72 0.00 0.63 0.00 0.73 3916.85 0.25
19 11.73 0.00 0.63 0.00 0.73 0.00 0.25
20 11.73 0.00 0.63  24531.10 0.81 0.00 0.25
21 12.13 11616.50 0.67 0.00 0.81 0.00 0.25
22 12.43 0.00 0.67 0.00 0.81 18.39 0.25
23 12.64 162.02 0.67 0.00 0.81 0.00 0.25
24 12.76 0.00 0.67 0.00 0.81 1574.46 0.26
25 12.81 0.00 0.67 0.00 0.81 0.00 0.26
26 12.81 0.00 0.67 3148.61 0.82 0.00 0.26
27 12.96 13325.40 0.71 0.00 0.82 0.00 0.26
28 13.65 0.00 0.71 0.00 0.82 9503.42 0.29
29 13.78 3379.33 0.72 0.00 0.82 0.00 0.29
30 13.83 0.00 0.72 0.00 0.82 0.00 0.29
31 13.83 0.00 0.72  35067.50 0.93 0.00 0.29
32 14.65 0.00 0.72 0.00 0.93 838.95 0.29
33 14.65 2159.95 0.73 0.00 0.93 0.00 0.29
34 14.89 0.00 0.73 0.00 0.93 655.00 0.29
35 14.89 4426.35 0.74 0.00 0.93 0.00 0.29
36 15.14 0.00 0.74 0.00 0.93 5582.74 0.31
37 15.15 7.61 0.74 0.00 0.93 0.00 0.31
38 15.36 0.00 0.74 0.00 0.93 0.00 0.31
39 15.36 0.00 0.74 126.18 0.93 0.00 0.31
40 16.10 0.00 0.74 0.04 0.93 0.00 0.31
41 16.85 0.00 0.74 0.00 0.93 0.00 0.31
42 16.93 0.00 0.74 0.00 0.93 0.00 0.31
43 16.93 0.00 0.74 1866.03 0.93 0.00 0.31
44 17.12 0.00 0.74 0.00 0.93 0.00 0.31
45 17.34 0.00 0.74 0.00 0.93 30135.90 0.40
46 17.34 80.31 0.74 0.00 0.93 0.00 0.40
47 18.59 0.00 0.74 7.63 0.93 0.00 0.40
48 21.95 0.00 0.74 18305.50 0.99 0.00 0.40
49 22.74 0.00 0.74 0.00 0.99 0.84 0.40
50 22.90 0.00 0.74 0.00 0.99 21633.00 0.47
51 22.90 871.82 0.74 0.00 0.99 0.00 0.47
52 23.40 0.25 0.74 0.00 0.99 0.00 0.47
53 24.46 0.00 0.74 0.00 0.99 7.79 0.47
54 31.43 0.00 0.74 0.00 0.99 1633.78 0.48
55 32.53 0.00 0.74 0.00 0.99 0.00 0.48
56 32.57 490.69 0.75 0.00 0.99 0.00 0.48
57 32.58 0.00 0.75 0.00 0.99 24958.80 0.55
58 36.67 31985.90 0.85 0.00 0.99 0.00 0.55
59 37.38 0.00 0.85 319.34 0.99 0.00 0.55
60 37.68 0.00 0.85 0.00 0.99 2407.47 0.56
61 38.45 0.00 0.85 0.00 0.99 0.00 0.56
62 39.25 0.00 0.85 0.00 0.99 3571.84 0.57
63 39.26 18775.10 0.90 0.00 0.99 0.00 0.57
64 40.66 0.00 0.90 1478.61 0.99 0.00 0.57
65 42.08 0.00 0.90 0.00 0.99 0.00 0.57
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Table 6.2 (Continued):Natural modes of the bridge-backfill system.

x direction y direction zdirection

mode frequency effective mass effective mass effective mass

mass fraction mass fraction mass fraction
66 42.63 0.00 0.90 0.00 0.99 2778.70 0.58
67 42.65 660.49 0.91 0.00 0.99 0.00 0.58
68 42.82 0.00 0.91 208.28 1.00 0.00 0.58
69 43.48 0.00 0.91 0.00 1.00 0.00 0.58
70 43.89 0.00 0.91 0.00 1.00 88.84 0.58
71 43.89 23131.70 0.98 0.00 1.00 0.00 0.58
72 43.89 0.00 0.98 4.32 1.00 0.00 0.58
73 44.07 0.00 0.98 0.00 1.00 0.00 0.58
74 44.84 1013.73 0.98 0.00 1.00 0.00 0.58

75 44.89 0.00 0.98 0.00 1.00 40038.60 0.71
76 45.19 0.00 0.98 1253.56 1.00 0.00 0.71
77 45.22 0.00 0.98 0.00 1.00 0.00 0.71
78 47.88 1268.46 0.99 0.00 1.00 0.00 0.71
79 48.02 0.00 0.99 0.00 1.00 1830.42 0.71
80 48.37 0.00 0.99 15.37 1.00 0.00 0.71
81 48.46 0.00 0.99 0.00 1.00 0.00 0.71
82 48.77 134.24 0.99 0.00 1.00 0.00 0.71
83 49.31 0.00 0.99 0.00 1.00 2561.21 0.72
84 51.07 0.00 0.99 34.69 1.00 0.00 0.72
85 51.09 0.00 0.99 0.00 1.00 0.00 0.72
86 51.10 481.64 0.99 0.00 1.00 0.00 0.72

87 51.12 0.00 0.99 0.00 1.00 30301.70 0.81
88 53.42 0.00 0.99 24.63 1.00 0.00 0.81
89 56.99 8.75 0.99 0.00 1.00 0.00 0.81
90 59.22 0.00 0.99 0.00 1.00 0.00 0.81
91 59.22 0.00 0.99 15.38 1.00 0.00 0.81

92 59.25 0.00 0.99 0.00 1.00 30404.30 0.91
93 59.25 1632.13 0.99 0.00 1.00 0.00 0.91
94 59.66 72.43 0.99 0.00 1.00 0.00 0.91
95 62.37 0.00 0.99 0.00 1.00 411.19 0.91
96 64.85 0.00 0.99 0.00 1.00 0.00 0.91
97 69.32 0.00 0.99 90.84 1.00 0.00 0.91
98 74.61 0.00 0.99 8.55 1.00 0.00 0.91
99 74.61 0.00 0.99 0.00 1.00 0.00 0.91
100 74.68 2364.11 1.00 0.00 1.00 0.00 0.91

total mass 321648
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6.5 The Response of the Bridge-Backfill System under Hmonic Excitation

Harmonic response analysis is a technique usedeterrdine the steady-state
response of a structure to loads or displaceméatsviary harmonically with time.

The purpose is to determine the response at vafg@ggiencies. Using the results of
the analysis, the graph of the displacement regpweearsus the frequency is obtained
at different nodal points. The "Peak" values of tiesponse are then identified

indicating important features about the dynamicavédr of the structure.

Considering the matrix of equations of motion;

[M K} +[CKu} +[K {u} ={F.} (6.6)

{Fa}: the applied load vector; [M]: the mass matri€]:[the damping matrix; [K]:
the stiffness matrix andu},{u} and {u}: the acceleration, the velocity and the

displacement vectors of the nodes, respectivelynceSithere is the structural
damping, points of the structure move with the sé®guency but not always in the
same phase. Therefore, the displacement vectortk@nidrce vector) can be defined

as:

{u} {u, o e (6.7)

where {u,_}: the maximum displacement vectar; displacement phase shift and

« : the angular frequency of harmonic motion.

In order to determine the dynamic behavior of thelde-backfill system, the
harmonic response of the structure has been Igitzadalyzed using ANSYS [60].
Even though the numerical study focuses on theeliray wave effect, it is of great
importance to compare the peak frequencies undi&romharmonic motion with
those obtained by the numerical procedure to iflemtie effect of the traveling

seismic waves.

In the numerical procedure developed for this stubg input excitation is in the
form of a plane SH wave motion. The SH wave hasplacement amplitude of 2
units with the shear wave velocity of 213 m/s andinates from an infinite distance
of the elastic half-space soil medium. Since timgtle of the bridge-backfill system
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is close to the wavelength of the seismic wave,pla@e SH wave arriving to the
base causes different values of the displacemeeneat interface node. Therefore,

the excitation at the interface is not uniform.

Unlike the response under the traveling waves, lthemonic response of the
structure is obtained employing uniform base ekoita with harmonic
displacements. Therefore, it is essential to compghe response under traveling

waves with the uniform harmonic base excitation.

The harmonic analysis has been carried out foretlieections; thex and the y
directions separately. The displacements at tlegfade nodes have been constrained
except for the direction of the harmonic motion dach analysis.

The displacement response has been obtained atdtiferent nodes on the bridge
deck. The graphs of the response versus frequan@ach direction have been
plotted for the nodes 47, 50 and 53 as shown is.Fégh to 6.6. Node 50 is the
midpoint of the road deck and 47 and 53 are thsesibnodes to the midpoint. Each
graph indicates that the symmetric nodes 47 an&lbd@ys move with the same
amplitude and direction regardless of the directanthe harmonic motion. In

addition, the response values of these nodes ayslequal to or smaller than the

response of the midpoint.

The peak response for the harmonic excitatiox diirection occurs at 12 Hz and 64
Hz. Considering the mode shapes and the effectisdammass values; the first
frequency coincides with a dominant natural moded® No.21) in the direction,
which corresponds to the backfill deformation.

The peak response for the harmonic excitation eéyttirection occurs at 11 Hz, 17
Hz and 30 Hz. The deformed shape of the responke atl Hz corresponds to the
12th natural mode obtained from the modal analyBie effective modal mass of
this natural mode also implies that the peak fraquecorresponds to a dominant
natural frequency. Similarly, the deformed shapthefpeak responsefat 30 Hz is

related to a coupled mode shape (Mode Number 24)ihe effective mass of the

mode is not high compared to the other modes.
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Figure 6.5 : Harmonic motion in the direction.
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Figure 6.6 : Harmonic motion in the y direction.

64




6.6 The Response of Bridge-Backfill System under PlartéH Wave Excitation

The numerical analysis which has been developedh®rdynamic response of the
bridge under the traveling wave effect has beetieppo the sample problem under

three different conditions:

Case Al:The plane SH wave propagates in the three dimealsk@if-space which

is almost a rigid soil medium.

Case B1:The backfill soil has the same dynamic properyéh the underlying soll

(medium clay).

Case C1:The backfill soil has a very low mass density vatompared to the bridge
and the underlying soil (medium clay).

The material properties of the underlying soil @mel backfill soil surrounded by the
retaining walls are given in Table 6.3. The disptaent amplitudes in thedirection
are plotted against the excitation frequency ofitttéddent SH wave for Cases Al,
Bl and C1 in Figs. 6.12 to 6.14. The results asewtised in the following section.

Table 6.3:Material properties of the soil for Cases Al, Bil &1l.

UNDERLYING SOIL BACKFILL SOIL
. soil
soil type G p Vs type G p Vs
Al granite  2.52x18 2800 3000 gl‘:;' 6.86x16 1500 213.85
B1 med.  go6x16 1500 213.85 MY 6gex1G 1500 213.85
clay clay
c1 Med sa5x1G 1500 21385 U 686x16 3812 13414
clay mater.

v =0.33 (Poisson’s ratio)

G = Shear modulus (NAn

p = Mass density (kg/f

V. = Shear wave velocity (m/s)
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6.7 The Discussion of the Results

Firstly, the results of the uniform harmonic motionthey direction are compared

with the values obtained from the numerical analysider SH wave traveling along
the x direction (horizontal and vertical angles of thawe,0y andéy are zero) for a

very rigid soil condition. The solution under riggdil conditions corresponds to Case
Al that is defined in Table 6.5. The peak resparighe midpoint node 50 occurs at
11 Hz, 17 Hz and 30 Hz for uniform harmonic exditatas observed in Fig. 6.7. The
other symmetrical nodes also reach their peak satighe amplitude at the same

frequencies but with smaller amplitudes.

However, the peak response under the effect dfr#iveling SH wave does not occur
at the same frequency values (F&g7). Displacement amplitude at the midpoint
reaches its peak value at 8.5 Hz and 18 Hz. Intiaddithe uniform harmonic
response curves of symmetrical nodes coincidingHerentire frequency range are
no longer identical for the analysis of the Case Mie curves of the response for
these nodes are still smaller than the midpoint,tbe displacement amplitude of
node 47 is less than that of node 53 for the inpeak frequency of 8.5 Hz.
Furthermore, the second peak response of node@Bptared at 15 Hz, whereas the
peak response of node 47 occurs at 14 Hz withgaiatisplacement amplitude.

Therefore, it can be deduced that the responséh&uniform harmonic excitation
and the response under SH wave propagation resdmbbae not identical even for
the same rigid base conditions. This is an expectetsequence since the input
motion at the base is different for each point witspect to the coordinates of the
nodes for the Case Al. On the contrary, the unifoammonic analysis of the bridge
embankment system is conducted by applying the samimrm displacement

amplitude at the base, which is the general reptagen of the ground motion.

Secondly, the response curves of Case Al, B1 andr€lcompared in order to
determine the effect of the underlying and baclsidil conditions. Figs. 6.7 and 6.9
indicate that both the displacement amplitude amel peak response frequency
increase as the underlying soil conditions gefestifThe peak response values for
Case Bl (where the underlying soil is medium clkag captured at 1.04 Hz, 2.20
Hz, 2.60 Hz, 2.90 Hz, 4.40 Hz and 6.70 Hz. The wasp of the system caused by

the incident SH wave is almost completely dampeer dahe last peak value at 6.7
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Hz. On the contrary, the first peak response ferrtgid soil conditions (Case Al) is
reached at 8.5 Hz and the motion is damped at érecyuvalues higher than 15 Hz.
In this case, it can be concluded that increadiegstiffness of soil increases both the
displacement amplitude and the frequency at whiehpieak responses are obtained.
In addition, there is a greater extent of fluctoatin the amplitude values for the
case of the soft soil conditions (Case B1).

Finally, the dynamic analysis is carried out fors€&1, which has the same type of
underlying soil (medium clay) as Case B1 but withstdfer backfill material.
Comparing the results of the two cases indicatesbitier backfill material magnifies
the ground motion. Because, the amplitude value€ase C1 slightly exceeds the
initial displacement amplitude at 3.5 Hz. The resthe peak response amplitudes
are smaller than the initial value. In additionisitlear that the response of each node

on the road deck is much closer to each otherfitraGase B1.

Cases Al, B1 and C1 are analyzed under the effabiedraveling SH waves with
amplitude of 2 units and the propagation directeminciding with x axis of the
bridge model. The solution of each case has beewluoted by the computer
program developed in this study using the methaglotteveloped by Dendrou et al.
[29]. The response curves of Case C1 indicate ttietsolutions obtained in this
study are in good agreement with the results obthlyy the authors. Verifying the
developed numerical procedure in this study, tha&lgerbackfill models are
reanalyzed implementing the revised numerical tegle) which includes the effect
of damping on the dynamic transformation matrixhef system. The response curves
of Cases A2, B2 and C2 that are obtained by the m&thodology are given in
Figures 6.7 to 6.9.

Comparing the results of Case Al and Case A2 quoreing to the rigid soil
condition, it is clearly seen that the peak respoasiplitude occurs at the same
excitation frequency (8.5 Hz) for both of the arsaly. However, the response
amplitude at the midpoint for Case Al is reducednfia value of 20 units to 15 units
for Case A2. Similarly, the response values ofatieer two nodes on the bridge deck
are also smaller for Case A2. This reduction opldisement amplitude values is due
to the implementation of the damping matrix inte ttynamic transformation matrix.
Since the response of the bridge deck is obtainedhb multiplication of the

dynamic transformation matrix and the response oveof the base nodes, the
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reduction in the dynamic transformation matrix &g reduction in the response

curves of the superstructure.

The peak response values of Case B2 are also sntladle those of Case Bl.
Moreover, the displacement amplitude of Case BZ2nexceeds the initial value
within the frequency range of the analysis. Finatlgserving the response curve of
Case C2 shows that the motion is almost totally mdnfor the excitation

frequencies higher than 1 Hz using the revised oaustlogy.
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Case Al (top) and Case A2 (bottom).
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DISPLACEMENT AMPLITUDE IN THE Y. DIRECTION

8.0

8.0 AN —MNd6-47.48
/N

—HN49.50-51

ZE ﬂﬁ‘\ “\ h —MWEAAE A
21
. AV
1.0 \J

A
I N AN

oo o5 10 15 20 25 30 35 40 45 50 33 60 63 70
frecuency (Hz)

amplitude inp direction

DISPLACEMENT AMPLITUDE IN THE Y DIRECTION

4
3.5 1

— H4a-47-48

3 —— MN49-50-51

=—MN53-53-54

amplitude iny direction
b2

oo 1 1.5 2 25 335 4 45 5 35 & A5 T OTs B
frequeney (Hz)

Figure 6.8 : The response in the y direction for Case Bl (top) @ase B2 (bottom).

69
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7. SAMPLE PROBLEM 2: 3D MULTISTORY BUILDING

7.1 Introduction

This chapter includes the application of the preglosumerical procedure on a real
multistory building in Dlzce. The dynamic respomseves of each story level and
the foundation are obtained for stiff and soft soihditions. The analysis of the soil-
structure system is conducted for both verticalig dorizontally propagating SH
waves. The response for each case has been usaldulate the maximum drift ratio
of the existing building. Eventually, the damagatestor level of the structure has
been identified using the provisions prepared byMRE[16,17]. The results are
discussed in the last section of this chapter.

7.2 Simplified Equivalent Single-Degree-Of-Freedom (SDF) System for the
Coupled Soil-Structure System

The frequency of the soil-structure system to kedyeed by the numerical procedure
developed is compared with the results obtainethbyequivalent single degree of
freedom (SDOF) representation of the 3D structline derivation of the formula to
determine the frequency of the coupled systemlyalsummarized by the following

equations.

Equations of motion of a an equivalent single degoé freedom (SDOF) soil-

structure system are given as:

- ma’ (U +U, + hg+k@+24)u = malu, (7.1)
- ma’ (U+U, +hg+k, (@L+24,i +2{ i)u, = matu, (7.2)
—maf (U +U, +he+k (L+2¢j +2{ i)p=mhatu, (7.3)

where m: the effective mass of the structure in its fundatal mode;w : the

excitation frequency of the input motionh: the effective height of the structure
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determined for its fundamental modk; the lateral stiffness of masg : the

hysteretic damping ratio of the structukg;: spring coefficient of foundationy, :
the hysteretic damping ratio of the foundatiafy;: the hysteretic damping ratio of

the soil; up : the displacement amplitude of foundatiam; : the displacement
amplitude of the ground motion; the displacement amplitude of mass due to elastic

deformation of the SDOF system;: the rocking amplitude of the mass (Fig. 7.1).
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>
ug

Figure 7.1 : The single degree of freedom model for soil-strieetateraction [18].

The set of equations of motion are representedsasyée matrix;

£(1+25)—1 -1 -1
v u
-1 %(1*‘26”2(90—1 -1 u, =11l (7.4)
of ) _ hg| |1
-1 -1 Er(1+25¢|+259|)—1

where «y : the fixed based natural frequency of the stmagtuw, : the natural
frequency of the structure without rocking vibratiay : the natural frequency of the

structure without horizontal vibration:;.

Eliminatingu, andhg@form the above equation yields;

_w (1+24)

S

T @22y

(7.5)
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of  (1+240)

hqo:;rs o 2{() n ZZgi) (7.6)
u is derived as:

& & ar2d) & a+2d) | &
(“ 2 W o ((+20,i+20) of W20, +20,0) U=zt (7.7)

The properties of the SDOF system are given bynttaral frequency, the ratio
of the hysteretic damping; and the equivalent effective seismic ingut. The

parameters given by the tilde (~) denote the ptasef an equivalent oscillator

replacing the real system. The equation of motogiven as:

(-ma? +iaE +K)u = mefl, (7.8)

where

oy

& = - (7.9)

c=2k< (7.10)
m

Eq. (7.8) can also be expressed as:

= o of
(1+ 201 —Eju == (7.11)

For an undamped system whegg =¢, =¢{,=¢ = ahd a=a, the coupled

frequency of the system given in Eq. 6.6 can bessgmted as [22]:

1,1.1
A (7.12)

1
I

where the fixed based frequency of the structuradsw), , the natural frequency of
the mass with horizontal vibratiom), and the natural frequency of the mass with

rocking vibrationw are defined as:
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_k

af = - (7.13)
_ky

@ = (7.14)
_k

of = " (7.15)

7.3 Two-Degree-Of-Freedom System for the Coupled Soilt$icture System

In addition to the simplified SDOF system that escribed in the previous section,
the dynamic characteristics of the soil-structuystem are also compared by an
alternative simplified method which is composedtwb masses representing the
building and the foundation (Figure 7.2) [18].

BUILDING | — zp

c, e
k: - wp = 27 f,
j £b

[FOU'NDA'I‘ION — Iy

mg
i
kg wy =27 fy

] ‘ff

GROUND — Zy

Figure 7.2 : Two degree of freedom system for the soil-structystem [18].

The spring-dashpot between the two masses contteerstiffness and the damping
characteristics of the building and the latter espnts the stiffness and the damping
of the foundation, which is determined using th& gmperties. The motion of the
coupled system is assumed to be in the horizomedtecbn and the rocking motion is
neglected for the linear system. The dynamic charatics of the soil-structure
system is determined for its fundamental mode [T@jo equations of motion can be

written for the system as given below;

m; yf+cf Yf+kf yf_Cbe_kb Yy =~ )20 (7-16)
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mo(yf'*'yb)-l'Cbe-l'kb Y, =—m, Xo (7.17)

where m,: the mass of the building,: the stiffness of the building (for the fixed

based condition)G,: the damping of the building (for fixed based citiod); m, :
the mass of the foundatidh;: the stiffness of the foundatiom;, : the damping of

the foundation. The stiffness and the damping patara of the foundation is
determined assuming that there exists no buildingtlee foundation. The final
natural frequencies of the soil-structure system @erived from Eqgs. (7.13) and
(7.14) as [71];

o, = 5| o + W e 2o + @+ i -4eic | (7.18)

where y=m /m,: the mass ratioxw, =,/k; /m, : the natural frequency of the

foundation without the buildingw, = \/k, / m, : the fixed based natural frequency of

the building. Natural frequency of the foundatisrdetermined using Hall's Analog
[72] that is based on a SDOF system representiaghtitizontal and the rocking
vibrations of a rigid circular footing. The equatiof the harmonic motion for a rigid

circular disk considering merely the horizontaligatton is;

mu+c, u+k u=Q.e“ (7.19)

where u : the horizontal displacement at the surface tfd@mace; @ : the amplitude
of the harmonic force applied horizontally at trenter of rigid foundationm: the
mass of the foundatiorks : the spring constant anck : the damping constant

determined as:

o = 320-KGr,
X 7-8u

_184Q-4) .
= e r2\ oG (7.21)

(7.20)

where G : the shear modulus of the sgil;the Poisson’s ratio of the sqil; the mass

density of the soil andy: the equivalent radius of a rectangular foundation.
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Considering the harmonic rocking motion withoutikontal vibrations, the equation

of motion can be written as:

|, @+ C,prk, =M €“ (7.22)

whereg: the angle of rotation of the foundatidg; the mass moment of inertityo:
the amplitude of the harmonic rocking momeky; the spring constant arg : the

damping constant determined as:

3
= 8Gry (7.23)
31— 1)
4
= 080G (7.24)
1-u)1+B,)
whereByis calculated as:
30— )l
B,=———~%
T (7.25)

Natural frequency of the foundation is determinsohg the two equations of motion

for free vibration. Finally, the value ab, is implemented in Eq. (7.15) in order to

calculate the frequencies of the coupled motion.

7.4 Response of Two-Degree-Of-Freedom Model to Earthqéka Ground Motion

In Sections 7.2 and 7.3, the given formulationsearployed in order to determine
the natural frequencies of the soil-structure systising simplified models instead of
the detailed finite elements model. Response of3thesoil-structure system is also
analyzed by an alternative formulation based on diygamic equations of a
representative Two-Degree-of-Freedom model. Thplatement amplitude values
due to the horizontal harmonic ground motion ammgared with the results of the

numerical model.

The representative model has two degrees of freeonzontal displacement of the
concentrated mass concerning the structure and¢hdheontal displacement of the
foundation. The time dependent variables of theesysare the horizontal ground

motion uy(t), the horizontal displacement of foundatiayt), the deformation of the
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structureu(t), the total horizontal displacement of the struamitunasax(t), which are
shown in Figure 7.3.

u(t) |

u (t)l
O7 O

i
K

m ] | | | |

2r,

u (1) u, ()

u,(t)
Figure 7.3 : Two-degree of freedom model.

The displacement of the foundatiog(t) and the deformation of the magé) are
expressed in terms of the harmonic ground motigt) = A€ through the use of

transfer functions defined as:

U, (t) = Qu, (t) (7.26)
u(t) = Iugy(t) (7.27)
The equation of motion for the mass can be wridtgn

ma (t) + cu(t) + ku(t) =0 (7.28)

Since the total displacement of the mass is expdeasu(t) = (2 + I7) uy(t), Eq.
(7.26) can also be written as:

-maf(Q + IT) Uy (1) +cillany(t) +kiTuy(t) =0 (7.29)
The dynamic equilibrium equation of motion at tbaridation level is defined as:

m, U, (t) + md, (t) + P(t) =0 (7.30)

77



where P(t) =K, [, (t): the force applied to the foundation by the unded soil,

K, is the frequency-dependent foundation impedandehii determined as:

K, =kK, (7.31)
whereK is calculated as:

K = 8Gr,
X Z—ﬂ

(7.32)

and the dimensionless coefficietd is determined using Fig. 7.4 [73] for
dimensionless frequency = wro/vs wWherevs is shear wave velocity of the soil.
Using the above equations, Eg. (7.28) can be ranrin terms of transfer functions

as.
- M@ u,(t) - ma?(Q + IT) uy (t) + K« (2 - D uy(t) =0 (7.33)

Eventually, Egs. (7.27) and (7.31) are rearrangedmiatrix form in order to

determine the transfer functiong, and 77 . The set of equations can be written as:

k ci 0
1 1-——-—1||(e
[ ma’ mwj _ (7.34)
1+ K 1 nl |-K& |
m mao ma/

e 4| ——— k=13
kx : .\_._.-'—*-\- : p= 1/2
05l _ 8Gr ]

T2 | Cx”
0'| 1 I 1 )

1...
s e T —
0~ L 1 1 | 1 1 1 |

Figure 7.4 : Coefficients in impedance functions of a rigid nass circular footing
resting on the elastic half-space [73].
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7.5 Verification of the Numerical Procedure: A Simplified Three Dimensional

Frame

ELEMENTS AN

ELEM NUM TN 25 2010

T 12:58:07
& = . 7
2 c 3
il
X

Figure 7.5 : Three dimensional modeling of the single storyctrce.

Before analyzing a multistory building composedntdny degrees of freedom, the
numerical model that is developed is simplifiedaasingle story structure (Fig. 7.5).
The system is composed of a raft foundation, aeisigell element for the floor slab;
four beams and four columns. The soil structureesyss excited by a vertical SH
wave propagating in thedirection. The amplitude of the seismic waé# is equal
to 2 cm. The material properties that are usedHterdetailed numerical model is
given in Table 7.1. However, the solution of theglified model is accomplished
for the soil conditions given as Soil A.

The results of the simplified numerical analysi®whthat the peak displacement
response amplitude of the structure (in yheirection) relative to its foundation is
0.072 cm at 8.55 Hz (Figs. 7.6, 7.7 and 7.8). Tioeee the fundamental frequency of
the fixed based structure in tlgedirection has been reduced from 10.46 Hz to 8.55

Hz due to the soil-structure interaction effect einthe harmonic seismic motion. For
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verification of this result, the frequency of thal structure system is compared with
the results obtained using Egs. 7.13, 7.16 andwil8éh have been derived from the
lumped mass-spring-dashpot SDOF and Two-Degreeeetibm models as given in
Sections 7.2, 7.3 and 7.4. The results clearly sthatthe frequency obtained using
the numerical analysis developed in this studyigaod agreement with the results
obtained by the formulations previously definedha literature (Table 7.2).

Table 7.1:Mechanical and material properties of soil-struetsystem.

Mechanical/ Material Property Structure Foundation Soil A Soil B
Modulus of Elasticity (N/rf) 3x10° 3 x10° - -
Shear Modulug of Elasticity ) i 6 x 17 2 52%10°

(N/m")
Mass Density (kg/f) 2550 2550 1500 2800
Poisson's Ratio 0.20 0.20 0.33 0.33
Shear Wave Velocitys (m/seé) - - 200 3000.00
N Columns_- Beams: Membrane
Type of Finite Element 3D Elastlc_Beam Shell
Slab: Elastic Shell
Slab Thickness: 24 cm Elastic Half-Space
Geometric Properties of Finite  Column Dimension: 60x40 ¢m
Elements Beam Dimension: 47x20 ¢m

Foundation Thickness: 20 cm
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Figure 7.6 : Response of one story building at the foundation.
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Figure 7.8 : Relative displacement of the first story level wiispect to foundation.
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The displacement response of the soil-structuréesyshas been obtained for
increasing excitation frequencies at the foundagind first story levels as shown in
Figs. 7.6 and 7.7. Eventually, the relative disptaent response of the first story
level has been plotted in Fig. 7.7, which is theizemtal motion of the roof relative

to the base.

Table 7.2: Comparison of the natural frequency of the soikdtire system..

Natural frequency Frequency of the

Frequency of soil-structure system Equation No.of the structure  coupled systerfy
f, (Hz) (Hz)
Simplified Equivalent SDOF System Egui\gc)an 10.46 8.92
Two-Degree-of-Freedom System Eg”ig;m 10.46 9.03
Two-Degree-of-Freedom System Egugtzl;)n 10.46 9.71
3D Modeling of Soil-Structure System 10.46 8.65

(This Study)

Table 7.3:Comparison of the displacement amplitude valugsdirection.

3D modeling of the Idealized 2DOF mass-

Peak response of soil-structure system soil-structure system  spring-dashpot model

Total response of the structyegt)| 11.04 12.69

Response of the structure relative to the base 8.45 10.86
u(®l

Response of the foundatiup(t)| 4.06 2.12

The peak displacement amplitudes that are obtdigetie numerical analysis of the
system are compared with the results obtained byathalytical solution that is
determined using the equations of motion for treaiided 2DOF system in Section
7.4. The peak values of the response are obtamedibg the transfer functions that
are defined to express the total response of thetsteuw(t), the deformation of the
structureu(t) and the response of the foundatig(t) in terms of the ground motion

Ug(t). These results are compared with the values mdadey this study in Table 7.3.

The results for the total response of the strucsiuewv that the analytical solution of
the 2DOF system is compatible with the numericdltsmn. However, there is a
discrepancy between the peak values of the relatisponse. Since the response of

the structure relative to the bas@) are directly related to the deformation of the
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structure, the relative motion of the lumped maspgresenting the structure is

overestimated for the idealized 2DOF model.

In addition, there is a difference between the sasp of the foundatiom(t)
obtained by the 2DOF system and the results of nimmerical analysis. This
difference depends on the fact that the responsigedbundation is a function of the
coupled stiffness matrix as well as the stiffnesstrives of the structure and the
foundation for the 3D numerical analysis. On thentrary, the solution of the
idealized model does not include a spring consepriesenting the coupled stiffness

of the system.

The results show that the displacement values dmd dhifted fundamental
frequencies obtained from the developed numerigalyais as well as the existing
formulations are in good agreement with each othberefore, the verification of

the numerical procedure developed in this stugccomplished.

7.6 Three Dimensional Modeling of A Reinforced ConcretéMultistory Building

After verification of the numerical procedure thatdeveloped in this study for a
simple model, three-dimensional modelling of anserg 6-story building in Bolu
has been accomplished using the developed numeprcakedure (Figs. 7.9 and
7.10). Finite element modelling of the building hbsen developed using the
building drawings that had been reproduced by theeying team of researchers
from Purdue University after the 1999 Duzce Earttkgu[74].

The surveying data show that the building has &aesearfoundation resting on clay
soil conditions. The floor slab has a thicknesdtm and the dimensions of the raft
foundation are 19.4 m (ixdirection), 20.4 m (in thg direction) and the thickness is
30 cm. Material properties and the soil conditiafighe soil-structure system are
listed in Table 7.1. The Soil Type A, B refer teethtiff clay and hard rock soil
conditions, respectively. The foundation surfacljch is the interface of the soil-
structure interaction, is discretized by 30 rectdagelements as shown in Fig. 7.9.

83



ANSYS

APR 30 2010
03:01:25

v O 8 O e e 6
@ 9 G e <,
o © U & @ &
@ 4 ¢ ey 63 &9
o ¢ O g 63
® 43 < ) @9

@ v 9 @ & @

Figure 7.9 : FEM of the building and discretization of the sslitucture interface.
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Table 7.4:The natural frequencies, the proportional dampimdythe effective
masses for the first 20 modes.

Mode Frequency Proportional Effective mass  Effective Effective mass

(Hz) damping x) mass (Y) 2
1 1.70 0.05 133027.0 0.0 0.0
2 2.13 0.05 0.0 130635.0 0.0
3 2.24 0.05 5.3 1435.1 0.0
4 5.92 0.09 11224.4 0.0 0.1
5 7.51 0.11 0.0 10967.7 0.0
6 7.87 0.11 0.1 732.2 0.0
7 11.97 0.16 3447 .4 0.0 0.2
8 15.49 0.21 0.3 2735.2 0.2
9 16.12 0.22 0.6 945.0 0.1
10 19.06 0.25 1.0 6.1 27383.5
11 19.14 0.25 0.4 10.3 8416.5
12 20.01 0.27 1504.8 0.0 16.3
13 20.74 0.28 0.5 6.7 20015.4
14 21.16 0.28 0.0 6.3 15393.5
15 21.84 0.29 0.1 1.1 1493.3
16 22.04 0.29 1.0 0.3 1579.7
17 22.13 0.29 0.0 0.2 189.0
18 22.33 0.30 1.3 0.3 8299.6
19 22.36 0.30 0.1 0.0 4123.3
20 22.39 0.30 3.5 1.3 1196.5

Sum of effective masses: 149217.9 147482.9 88107.2

7.7 Discussion of the Results

The results of the numerical analysis of the doilcture system have been discussed
considering the topics listed below;

the peak displacement and the frequency values dhat obtained for

increasing excitation frequency;
« the dynamic response of the building under seismane motion;

« the interstory drift and the drift ratios at eatbrg level at the peak response
frequency;

e the torsional irregularity factor at each storydewat the peak response
frequency;
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» the damage level related to the drift ratios oladimt the peak excitation

frequency.

Table 7.5:The summary of the results.

SOIL A (soft soil) SOIL B (rigid soil)
Response of the soil-structure
system Vertical Horizontal Vertical Horizontal
SH wave SH wave SH wave SH wave
arF;eﬁ't‘ugggﬁgethm;?gejé’ﬁcnsgt 3.37 cm 3.39 cm 2.01cm 2.02 cm
P quency 1.25 Hz 1.25 Hz 1.95 Hz 2.05 Hz
the base
arieﬁ't‘ugejgﬂgstig'fsrg'alf;:';e”;t 8.49 cm 9.02 cm 2560cm  25.21cm
P quency 1.35 Hz 1.35 Hz 2.15 Hz 2.15 Hz

the 6" story
Ratio of transfer functions for the Peak value Peak value Peakvalue Peak value
acceleration at 1.85 Hz at 1.95 Hz at2.15Hz at2.15Hz

Displacement response amplitude
at the 6th story relative to the base

Torsional irregularity factor at the 1.068 at 1st 1.198 at 1st 1.071 at 1st 1.060 at 1st
peak response frequency story story story story

0.0058 at 1st 0.0062 at 1st 0.0269 at 0.0266 at 1st
story story 1st story story

6.59 cm 7.06 cm 26.3cm 26.0 cm

Drift ratio for each story

7.7.1 Effect of the soil-structure interaction on he fundamental frequency of the

structure

The reinforced concrete building that is choseraasample problem is analyzed
under the effect of the traveling SH wave with ampatude of 1 cm and a varying
vertical angle betweerf ¢horizontally propagating) and 9(Qvertically propagating).
Considering the local coordinate system of the-stilcture interface (Fig. 7.9), the
vertically incident SH wave propagates along ztdrection and causes a free-field
harmonic motion in thg direction at each node of the surface foundatsmilarly,
the particle motion of the horizontally incident Stdve is in they direction but the
direction of propagation is along thelirection. Since the out-of-plane motion of the
SH wave is independent of the angle of incidertoe amplitudes of the incident and
the reflected waves are equal and in phase. Therefloe amplitude of free-field
displacement caused by the SH wave at the surfateecsoil is always twice the
amplitude of the wave which can also be noticedhftbe wave equation given in
Eqg. (3.52) .

The most important aspect of soil-structure phemamas that it causes a reduction
in the natural vibration frequency of the structureder seismic excitation. This
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reduction is larger for very soft soil conditionsdathe shift of the natural frequency
is negligible for rigid soil conditions. Observirige displacement response curves
obtained from the numerical analysis (Figs. B.lodigh B.8), the shift of the
fundamental frequency in thedirection is larger for the soft soil conditior3ofl A)
and it is smaller for the rigid soil conditions {SB). Therefore, the results agree

with the previous studies confirming the validibhetdeveloped numerical model.

Since the soil-structure system is under the eftdca vertical or a horizontal
incident SH wave, the dynamic base excitation imgthe fundamental fixed base
mode of the structure in tlyedirection with a natural frequency of 2.13 Hz. feak
values of the response curves indicate that theralarequency of the structure is
reduced to 1.25 Hz and 1.95 Hz for Soil A and Boitespectively.

The previous study conducted Bgfak E. [10] suggests a powerful tool to indicate
the effect of the soil-structure interaction on thetural frequency of the coupled
system. Fourier amplitude spectra (FAS) of accat@rarecords at the top and
foundation levels are obtained for a seismic motidre ratio of FAS for the top and
foundation levels |R| is identical to the ratio thie transfer functions for the
acceleration as |R| = g#f. This ratio always has a peak at the fixed base
fundamental frequency of the structure regardiéshe underlying soil conditions
unless there exists a rocking motion. As a contidiouof this study, this useful

technique has been employed as an indicator afditestructure interaction.

In the study ofSafak [10], the ratio of the FAS has been used émtifly the soil-
structure interaction for the buildings from vibeat recordings. Referring to this
study, the identification method has been applrethis research in a different way.
Instead of the ratio of the FAS obtained from re#ration recordings, the
acceleration response ratio of the 6th story aedfidbindation are determined under
the effect of the SH waves using the developed migaleprocedure. The results
confirm the validity of this technique for the déyged numerical model for the

dynamic soil-structure analysis (Figs. B.9-B.12).

The response curves that are obtained for fouerdifit conditions show that the
effect of the wave propagation can be observedviak soil condition (Soil A) and

horizontal SH wave. This is an expected resultabse wave propagation effect is
significant for long structures having comparahlaehsions with the wavelength of

the incident wave. Since the size of the buildimgpout 20 m) is not long in
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comparison with the wavelength (about 100 m for 2),Hhe effect of the wave
propagation causes a small shift in the frequencmsesponding to the peak

response of the propagation even for the softcamitlitions.

7.7.2 Effect of soil-structure interaction on the pak displacement response of

the soil-structure system

Apart from the effect of the soil-structure intdfan on the fundamental frequency
of the fixed base building, the second issue thaliscussed is the peak response
amplitudes, which are important concerning thegteprocess of the structure. The
peak response that is attained at the fundameetiéncy of the system at the base
does not vary to a great extent due to soil camaltiand direction of the incident
wave. However, the response at the top story ferrigid soil conditions (which is
about 25 cm) is substantially higher than that led system with the soft soil
conditions (9 cm). This indicates that the stiffnasd the shear wave velocity of the
underlying soil have a major influence on the resgoof the structure at the
fundamental frequency. As the stiffness of the umie soil increases under
constant initial SH wave amplitude, the force es@rn the structure due to the base
excitation increases as well. Therefore, the hotalodisplacement of the roof
increases, depending on the increase of the ercitdbrce due to the seismic

motion.

Torsional irregularity factor which is the ratio tife maximum relative interstory
drift to the average relative interstory drift i®tdrmined at the peak response
frequency of each case (Table 7.5). The resultsalethat the torsional irregularity
factor is below the limiting value which is statasl 1.20 in the Turkish Earthquake
Code for both types of the soil under the vertisglve propagation [75]. The
torsional irregularity factor determined by the dgmic analysis for the rigid soll
condition (Soil B) under horizontal wave propagatis also very close to the results
obtained for the vertical wave propagation. Howewbrs factor is comparably
higher than the rest of the cases for the softcamtitions (Soil A) under horizontal

wave propagation, still lower than the limiting wal
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7.7.3 Damage identification using the drift ratio

Finally, the most important issue that is discussgidg the results of the numerical
analysis is the story drift and the drift ratio edich story. As the main objective of
this study, a numerical procedure has been dewelopanalyze the soil-structure
system under the effect of the seismic wave motiand to determine the
displacement response at each node of the systevarfging excitation frequencies.
Using the peak displacement response at the funttahfeequency, the drift ratio of

each story is obtained. Subsequently, a damagéfidation procedure is introduced
employing the damage states described in the teghmanual of HAZUS [16] in

terms of the drift ratios considering the effecttloé soil-structure interaction. The

proposed procedure is described in Fig. 7.11.

DISPLACEMENT MECHANICAL
SPECTRUM OF A PROPERTIES OF THE
SPECIFIC EARTHQUAKE UNDERLYING SOIL
FEM OF THE FREE FIELD MODELLING OF
STRUCTURE DISPLACEMENT THE SOIL

A 4
DYNAMIC ANALYSIS

A 4

A

A 4 A 4

« DAMAGE STATE DRIFT RATIO OF
 BUILDING TYPE EACH STORY
» DESIGN LEVEL LEVEL

\ 4
DAMAGE LEVEL OF THE BUILDING

Figure 7.11 : The procedure proposed for the damage identifioatio

HAZUS99 Technical Manual [16] defines the struckudamage states as “Slight”,
“Moderate”, “Extensive” and “Complete” for 16 bashwilding types. For the
numerical example that is analyzed, the 6-storiding falls into the model building
type of “Reinforced Concrete Moment Resisting Frg@&M)” which is in the mid-
rise range. Seismic design levels of buildings alassified as “High-Code”,

“Moderate-Code”, “Low Code” and “Pre-Code” accomglito the seismic zones. The
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drift limits that are described with respect to tte@nage states in HAZUS99 [16] are
listed in Table 7.6.

Table 7.6:Drift ratio at the threshold of the damage stateddM building type
according to HAZUS99 [16].

Seismic design level Slight Moderate Extensive Cletep
High-code 0.0033 0.0067 0.0200 0.0533
Moderate-code 0.0033 0.0058 0.0156 0.0400
Low-code 0.0033 0.0053 0.0133 0.0333
Pre-code 0.0027 0.0043 0.0107 0.0267

Similarly, FEMA 356 [17] restricts the drift ratiowith respect to the structural
performance levels and ranges defined as Immedatmipancy (S-1), Damage
Control Range (S-2), Life Safety (S-3), Limited &g f Range (S-4), Collapse
Prevention (S-5) and Not Considered (S-6). Thet dinfits for concrete frames
stated in FEMA 356 Prestandard [17] are summariredable 7.7. Finally, The
Turkish Earthquake Resistant Design Code [75] stHte drift limit as the smaller
value of 0.0035 and 0.02/R where R is the struthehavior factor.

Table 7.7:Structural performance levels and damage givenEiyiA 356 [17].

Structural performance levels

. ) Collapse Life Immediate
Drift ratio prevention safety occupancy
(S-5) (S-3) (S-1)
Transient 0.04 0.02 0.01
Permanent 0.04 0.01 negligible

Examining the interstory drift results obtained the analysis of soil-structure
system (Figs. C.1-C.4), the maximum drift ratiotké building, which is built on

stiff clay (Soil A), is estimated as 0.0058 and 0B® for the vertical and the
horizontal incident SH wave, respectively. These walues are just below the limits
corresponding to the moderate damage state fordugk seismic design level given
in HAZUS99 [16]. Considering the Turkish Earthqudkesistant Design Code [75],
the drift limit is given as 0.0035 or 0.02/R = (B0@here R is four for the reinforced
concrete framed structures. The calculated val@i¢gseodrift ratio do not satisfy the

requirements given by the Turkish Code [75].

The maximum inter-story drift ratios estimated fbe soil-structure system with
rigid soil condition (Soil B) are about 0.0266 tooth the vertical and the horizontal
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wave propagation. These values exceed the drift hon extensive damage state
according to the high-code design level definedHAZUS99 [16]. They are also
slightly higher than the limit for the Life Safetstructural performance level
suggested by FEMA 356 [17].

Examining the story levels versus interstory duwttio plots in (Figs. C.1 —C.8), it is
obvious that the maximum drift ratios are attairedthe first story levels and
decrease linearly with increasing story levels.eréfore, the most critical part is the
first story when the structure is under the effettthe seismic waves causing

horizontal motion of the structure.

The initial amplitude of the SH wave which is tal@n2, = 2 cm, corresponds to a
mild earthquake ground motion using the responsetsp obtained for 1999 the
Duzce Earthquake [76]. The results of the dynanmalysis of the soil-structure

system for the existing soil conditions (Soil A(alindicate that the damage level of
the building under the given SH wave excitationciese to the damage of the
building that is stated as slightly damaged byrdssarch team [74].
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8. CONCLUSIONS AND RECOMMENDATIONS

The interaction of the soil with the foundation endseismic loading plays an

important role on the performance of the structtspecially, the dynamic behavior

of structures resting on soft soil is strongly efésl by the interaction of the soil and
the foundation. The extent and the type of theceffeainly depend on the stiffness
of the underlying solil; the stiffness, the mass #mel geometric properties of the
structure and the shape and the type of the foiomaystem. Thus, the influence of
the soil-structure interaction has always beenngportant issue that has drawn the

attention of the researchers throughout many years.

Many methods have been developed to deal with §rardic analysis of the
structures that are built on soft soil. The bagpraach to the solution of the
problem is to model the total soil-structure syst@ma to analyze the total system
under the effect of the seismic excitation whethmerthe time domain or in the
frequency domain. The techniques to analyze thbl@no are mainly categorized in
two groups as the direct method and the substrictoethod. The numerical
modeling of the structure is generally conductedhgyFinite Elements technique for
both of the methods. Nevertheless, the Finite Efgnoe the Boundary Element

methods can be implemented for the modeling ostilemedium.

In this study, a coupled Finite Element-Boundargrint (FE-BE) methodology is
introduced for the modeling of the soil-structuystem. The dynamic analysis of the
soil-structure model is accomplished by the “Sulittrre Method” under the effect
of the traveling seismic waves. The total systesuisstructured as the structure and
the unbounded soil. Then, the structure is modellsthg the Finite Elements
Method and the modeling of the soil medium is ealout by the Boundary Element
Method. Eventually, the two models are coupledchatdoil-structure interface using
the displacement compatibility and the dynamic iopuiim equations at the soil-
structure interface. The dynamic response of thacttre is obtained by the

numerical solution of the set of the dynamic edpilim equations under the effect of
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the traveling seismic wave motion at the interfaceles, which are determined by
the elastic wave theory.

Finally, a drift-based damage identification tecjud is introduced for the multistory
buildings using the peak response at each stog}.|&he response is obtained by the
solution of the soil-structure model that is getedlausing the developed numerical

procedure.

8.1 Conclusions

Using the numerical procedure, a three dimensibridhge-backfill system has been
analyzed under the effect of the traveling SH wafegsdifferent soil conditions.
Initially, three different bridge-backfill model wagenerated. Among these, the
solution of Case C1 was used for the verificatidnthe implemented procedure
comparing the response curves with those obtaine®dndrou et. al. [26]. The

results were in good agreement with the previoudyst

Using the same methodology, the solution of Case®d Case B1 has been carried
out as a parametric study to determine the effécthe soil conditions on the
dynamic response of the soil-structure system. Exagnthe results of analyses, it is

concluded that;

* Increasing the stiffness of the soil underlying streicture, increases the peak

response of the bridge under constant wave amplitud

* The results of the dynamic analysis for each camkemuconstant SH wave
amplitude reveal that the excitation frequency that peak response occurs
increases as the soll gets stiffer.

* The response of the bridge-backfill system has la¢ssm obtained by uniform
harmonic excitation. Comparing the results of tlanfonic analysis with
those of Case Al (rigid soil conditions), it wassetved that the motion of
the bridge deck was symmetrical about the centedhefbridge at the peak
frequency for the harmonic motion, but the respookeéhe symmetrical
nodes were not identical for the solution of Cade Fhis was an indication
of the traveling seismic wave effect. Since thection of the propagation for
the incident SH wave coincided with the longitudiaais of the bridge, the

deck was subjected to a non-uniform seismic maiogach point.
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After presenting and discussing the results of QelseB1 and C1, the same models
were reanalyzed using the improved methodologythis case, the bridge models
were named as Case A2, B2 and C2. The conclusiattelrawn from the

comparison of the results are discussed below.

* The revised numerical technique includes the effe@fctdamping on the
dynamic transformation matrix of the system. Udimg new formulation, the
peak displacement amplitudes of the bridge deckafbrof the cases are
reduced since the reduction in the dynamic transftion matrix causes a

reduction in the response curves of the supersireiets well.

 Comparing the results of the solutions correspandio the rigid soil
condition (Case Al and Case A2), it was observed tine peak response
amplitude occurred at the same excitation frequelegpite the reduction in
the amplitude values.

» For the bridge-backfill system resisting on stiffiy the response was again
reduced by the revised methodology. In additior, displacement amplitude
of Case B2 never exceeded the initial value withafrequency range of the

response curve.

As a second sample problem, three-dimensional rogebdf an existing 6-story
building in Bolu has been accomplished using theelbpped numerical procedure.
Dynamic analysis of the building resting on raftridation was carried out for two
different soil conditions; soil types A and B capending to the stiff clay and the
rigid soil conditions. In addition, the sample piesh was analyzed under the effect
of the traveling SH waves with two different inaideangles as 90(vertically
propagating) andhorizontally propagating). The conclusions wigagn from the

results are listed below;

« Comparing the displacement response curves obt&iaedthe analyses for
the soft and stiff soil conditions, there is a rethn in the fundamental
frequency for both of the soil conditions. Howewis reduction is observed
to be larger for the response of the structure withsoft soil condition and
the shift of the natural frequency is negligible foe rigid soil condition.
This is an expected result because the effectektil-structure interaction

causes a reduction of the fundamental frequencyhef structure under
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seismic excitation. Thus, the proposed methodology also serve as an
efficient tool to identify the change in the dynamroperties of the structures

caused by the dynamic soil-structure interaction.

e Safak E. [10] introduced a simple technique to idgrthe effect of the SSI
using the vibration recordings. The FAS of the &ration records at the
roof and the foundation levels were obtained fosra& motion. The author
stated that the ratio of the FAS for the top arelfttundation levels always
had a peak at the fixed base fundamental frequehdiie structure if the
rocking motion of the system had a negligible impac the response. This
was used as an indicator of the SSI by the aufflnis approach has been
applied in this dissertation as well. However, éast of the acceleration
records of a real seismic motion, the ratio of ékseeleration response of the
6™ story and the foundation were determined underetffiect of the SH
waves using the developed numerical procedure. Tésults were
satisfactory. Regardless of the soil conditions, ftftios of the acceleration

response always peaked at the fixed based natacpldncy of the structure.

* Obtaining the displacement response of the muliistauilding by the
proposed methodology, the horizontal displacemahtes at each story level
were used to evaluate the drift ratio at the pesdpaonse. The structural
damage was identified in terms of the maximum drdtio, using the
structural performance levels defined in FEMA 3%8][or the damage states
given in HAZUS99 [17]. The results showed that $hreictural damage of the
building built on stiff clay were just below thamlits corresponding to the
moderate damage state for the high-code seismimgrddsvel given in
HAZUS99 [17]. For rigid soil conditions, the resuikxceeded the drift limit
for extensive damage state according to the higlecaesign level
(corresponding to the fourth seismic zone in UBEjircked by HAZUS99
[17].

8.2 Contributions

The major contributions of this study are summarizelow;

96



An effective computational tool has been developedrder to obtain the

dynamic response of a structure under the efféstnse waves.

The methodology introduced in this study originatesm a previous
numerical approach that is conducted for the dynaanialysis of a simple
bridge-backfill system [26]. Improving the formutat and the numerical
procedure, the new computational tool is capablgobfing various types of
structures such as buildings, suspension bridgeasridge-backfill systems

etc. with a great number of structural nodes.

The new methodology provides an improved formutatad the dynamic
transformation matrix of the soil-structure systemvhich relates the
displacement response amplitude vector of the sdnitture interface with
the dynamic response of the structural nodes. dtldie®en observed that the
response obtained by the previous techniques exdltite damping matrix of
the structure in the dynamic transformation matHgwever, this assumption
has led to the overestimated values of the stractesponse. Including the
effect of the damping in the formulation, more i&# response values are

obtained by the solution of the soil-structure sgst

The technique introduced §afak E. [10] for the identification of the SSI
using the vibration recordings was adopted in thismerical study.
Alternatively, instead of the ratio of the FAS bettop and foundation levels
obtained from the acceleration records of a reishse motion, the ratio of
the acceleration response of theggory and the foundation were determined
using the developed numerical procedure. Sincedt@s of the acceleration
response have peaks at the fixed based naturaleiney of the structure
regardless of the soil conditions, this approachlieen proposed as a simple
method for the identification of the SSI of the tgibry buildings which is

one of the contributions of this study.

This study introduces an efficient technique fordaft-based damage
identification for multistory buildings using theymbmic response at each
story level. Obtaining the displacement response ohultistory building

under the effect of the seismic waves, the horalodisplacement values at

each story level are used to evaluate the drift edtthe peak response. Using
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the structural performance levels defined in FEMZ6 318] or the damage
states given in HAZUS99 manual [17], the structaiainage is identified in

terms of the maximum drift ratio values of the Hinp.

8.3 Recommendations for The Future Work

Developing the coupled BE-FE methodology, the swdium is represented
as an elastic half space. However, in reality thdeulying soil deposits are
mostly composed of layers with different mechaniqgabperties. This
heterogeneity considerably affects the vibratiohshe foundations and the
superstructure as well. The types of soil composimglayers can cause an
amplifying effect on the seismic waves reaching-swucture interface. This
amplification can lead to an increased responsthefsuperstructure. Thus,
further work is necessary for the implementatiorthaf layered soil medium

as a soil model within the computer program.

As a further research, a vibration-based study orukiistory building can be
conducted in order to verify the results of the ayic soil-structure model
developed in this study and to improve the propasethodology. Thus, a
new technique can be introduced for the identifcatof soil-structure

interaction based on vibration recordings of a feitearthquake motion and

the results obtained form the proposed numericadquure.

The computer program that has been developed mbtapf obtaining the
displacement and the acceleration response of amyt pf a multistory
building excited by the seismic waves through tld. dmplementing a
layered soil model within the computer program, theme drift-based
damage identification technique can be used tosast®e damage levels of

the buildings that are founded on layered soil mnedi
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APPENDIX A.
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Figure A.1 : Mode shapes of the bridge (1-9).
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Figure A.2 : Mode shapes of the bridge (10-17).
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Figure A.3 : Mode shapes of the bridge (18-26).
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Figure A.4 : Mode shapes of the bridge (31, 45, 57, 58, 71, 75).
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APPENDIX B.
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Figure B.1 : Displacement response at the foundation normalizgdrespect to the
base excitation for the Soil A and the vertical B&ve.

frequency (Hz)

Figure B.2 : Displacement response at the sixth story normakuéd respect to the
base excitation for the Soil A and the vertical B&ve.
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Figure B.3 : Displacement response at the foundation normalddrespect to the
base excitation for the Soil A and the horizontdl\gave.
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Figure B.4 : Displacement response at the 6th story normalwéd respect to the
base excitation for the Soil A and the horizontdl\&ave.
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Figure B.6 : Displacement response at the 6th story normakuéd respect to the

base excitation for the Soil B and the vertical\B&le.
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Figure B.7 : Displacement response at the foundation normaliddrespect to the
base excitation for the Soil B and the horizontd\#ave.
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Figure B.8 : Displacement response at the 6th story normakvéd respect to the
base excitation for the Soil B and the horizontd\#ave.
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ratio of transfer fuctions for acceleration

frequency (Hz)

Figure B.9 : Ratio of the acceleration response (top/base}herSoil A and the
vertical SH wave.

ratio of transter fuctions for acceleration

frequency (Hz)

Figure B.10 : Ratio of the acceleration response (top/base}HerSoil A and the
horizontal SH wave.
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vertical SH wave.
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horizontal SH wave.
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APPENDIX C.
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Figure C.1 : Displacement response of the story levels reldbvimundation atf =
1.45 Hz for the Soil A and the vertical SH wave oot
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Figure C.2 : Interstory drift ratio at f = 1.45 Hz for the Sdil and the vertical SH
wave motion.
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Figure C.3 : Displacement response of the story levels relatvioundation at f =
1.45 Hz for the Soil A and the horizontal SH wawvetion.
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Figure C.4 : Interstory drift ratio at f = 1.45 Hz for the Sdiland the horizontal SH
wave motion.
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Figure C.5 : Displacement response of the story levels relatviundation at f =
2.15 Hz for the Soil B and the vertical SH wave it
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Figure C.6 : Interstory drift ratio at f = 2.15 Hz for the Sdl and the vertical SH
wave motion.
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Figure C.7 : Displacement response of the story levels relatvioundation at f =
2.15 Hz for the Soil B and the horizontal SH waweation.
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Figure C.8 : Interstory drift ratio at f = 2.15 Hz for the Sd&l/ horizontal SH wave
motion.
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