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A three-dimensional backfill-structure-soil/foundation interaction phenomenon is simulated using the
finite element method in order to analyze the dynamic behavior of cantilever retaining wall subjected
to different ground motions. Effects of both earthquake frequency content and soil-structure interac-
tion are evaluated by using five different seismic motions and six different soil types. The study mainly
consists of three parts. In the first part, following a brief review of the problem, the finite element
model with viscous boundary is proposed under fixed-base condition. In the second part, analytical
formulations are presented by using modal analysis technique to provide the finite element model
verification, and reasonable agreement is found between numerical and analytical results. Finally, the
method is extended to further investigate parametrically the effects of not only earthquake frequency
content but also soil/foundation interaction, and nonlinear time history analyzes are carried out. By
means of changing the soil properties, some comparisons are made on lateral displacements and stress
responses under different ground motions. It is concluded that the dynamic response of the cantilever
wall is highly sensitive to frequency characteristics of the earthquake record and soil-structure

interaction.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A main goal in seismic design of structures is to make sure that
the structure has acceptable performance when it is subjected to
ground motions with various intensities and probability of
occurrences during its service lifespan. Study of seismic behavior
is also essential for the safe design of cantilever walls in the
seismic zone since they are widely used as soil retaining systems
supporting fill slopes adjacent to roads and residential areas [1].
Many researchers have proposed several seismic analysis and
design methods for retaining walls by using different approaches.
Even though the quest for reasonable analysis and design meth-
ods of retaining structures has been pursued for many years,
deformations ranging from slight displacement to catastrophic
failure have been observed, and seismically induced retaining
wall failures have been reported during the recent major earth-
quakes incorporating the 1999 Ji-Ji earthquake [2], the 2004
Chuetsu earthquake [3], and the 2008 Wenchuan earthquake [4].

The available methods that have been used for seismic analysis
of retaining walls can conveniently be classified into three main
categories [5]: (1) those are the traditional approaches developed
for verifying geotechnical and structural behavior of walls, in
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which the relative motions of the wall and backfill material are
sufficiently large to induce a limit or failure state in the soil,
(2) those in which the wall is essentially rigid and the ground
motion is of sufficiently low intensity so that the backfill is
presumed to respond within the linearly elastic manner, (3) those
in which the soil behaves as a nonlinear, hysteretic material.
The most well-known methods of the first category are the
Mononobe-Okabe (M-0) method [6,7] and its various variants
[8-10], which have found widespread acceptance in codes (e.g.,
ATC [11], EC-8 [12]). Representatives of the second category are
the contributions of Matsuo and Ohara [13], Wood [14,15], Arias
et al. [16], Veletsos and Younan [5,17-19], and Younan and
Veletsos [20]. By definition, elastic solutions do not consider the
true nonlinear hysteretic behavior of the soil, and they are not
applicable to walls that can slide [21]. Therefore, in the third
category, the finite element method is usually employed to
analyze soil-wall systems [22]. Representatives of the third
category are the contributions of Siddharthan et al. [23], Siller
et al. [24], Elgamal and Alampalli [25], Al-Homoud and Whitman
[26,27]. Moreover, the accuracy of the elastic solutions has been
verified with finite element analyzes carried out by Wu and Finn
[28] and Psarropoulos et al. [29]. Theodorakopoulos et al. [22,30]
and Theodorakopoulos [31] examined the seismic response of
a rigid wall retaining a semi-infinite and uniform soil modeled as
a two-phase poroelastic medium. Lanzoni et al. [32] presented a
simple method for seismic analysis of a flexible wall retaining a
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layer of fluid-saturated viscous and poroelastic soil. Elgamal et al.
[33] investigated the dynamic characteristics of cantilever wall-
backfill system through finite element analysis and forced vibra-
tion tests. Madabhushi and Zeng [34] presented the results of
both finite element simulation and centrifuge test of a flexible
cantilever wall. Mylonakis et al. [35] and Evangelista et al. [36]
proposed stress plasticity solutions for evaluating earth pressure
coefficients. Stamos and Beskos [37] studied the dynamic
response of infinitely long lined tunnels by a special direct
boundary element method. Hatzigeorgiou and Beskos [38] inves-
tigated the seismic response of 3-D tunnels by assuming inelastic
material behavior and considering soil-structure interaction.
Cakir and Livaoglu [39] presented a simplified seismic analysis
procedure for analysis of backfill-rectangular tank-fluid systems.

Considering previous studies, it is seen that most of them have
focused on the determination of earthquake-induced earth pres-
sures. However, limited research has been done on the effects of
soil-structure interaction and earthquake frequency content on
seismic behavior of cantilever walls in three dimensional space.
Due to the importance of these critical parameters, a new study is
necessary to investigate the effects of them on the response.
As for the codes (e.g., TEC [40], IS 1893 [41], EC-8 [42]) about
retaining structures, it is obvious that the analyzes of them are
generally carried out by using pseudo-static approximations
although these approaches do not properly consider the interac-
tion effects.

The aim of this paper is three-fold: (a) after a brief review of
the problem, to present details of finite element model of the
system under investigation, (b) to verify the validity of it under
fixed-base and elastic soil assumptions through the proposed
analytical model, (c) to further investigate the seismic behavior of
cantilever wall considering the effects of soil-structure interac-
tion and earthquake frequency content.

Five different ground motions including 1979 Imperial Valley,
1983 Coalinga, 1987 Whittier Narrows, 1989 Loma Prieta and
1994 Northridge are applied to consider the effect of frequency
content. All records are scaled in such a way that the horizontal
peak ground acceleration reaches 0.37 g. The frequency content
characteristic of the ground motion is reflected in predominant
period, bandwidth, central frequency, power spectrum intensity,
the ratio of peak ground velocity to peak ground acceleration
(PGV/PGA), response spectrum intensity, velocity spectrum inten-
sity and acceleration spectrum intensity etc. [43]. Accordingly,
consideration of the frequency content can be raised through
different ways. Although PGA and PGV are very useful intensity
measures for seismological studies, none can provide any infor-
mation on the frequency content. PGA and PGV have to be
supplemented by additional information for the proper charac-
terization of a ground motion [44]. In this connection, the ratio of
PGV to PGA is a ground motion parameter which provides
information about frequency content. Because PGA and PGV are
usually associated with motions of different frequency, the ratio
should be related to the frequency content of the motion [45,46].
Furthermore, Tso et al. [47] have shown that the ratio of PGA/PGV
indicates the relative frequency content of the ground motion. So,
a good indicator of the frequency content is the ratio of PGA
which is expressed in units g to PGV expressed in units m/s.
Earthquake records may be classified into three groups according to
the frequency content ratio: (a) high PGA/PGV ratio when PGA/
PGV >1.2, (b) intermediate PGA/PGV ratio when 1.2 >PGA/
PGV>0.8, (c) low PGA/PGV ratio when PGA/PGV <0.8. [48].
The Loma Prieta record has low frequency content, the Imperial
Valley and Northridge earthquakes have intermediate frequency
contents, and the Coalinga and Whittier Narrows records have
high frequency contents. It can be expressed here that because of
the complexity of the response of soil-wall-backfill system,

normalization by using the fundamental periods of the wall may
lead to misleading results. The considered system response
includes the contribution of different parts like backfill and soil
foundation responses. Scaling the records in such a way, or in other
words, normalization by taking only wall response into account
may cause to ignore other effects. Therefore, the abovementioned
normalization technique has been selected in this study. However,
it should be stated that the best way for normalization is to use the
fundamental periods of the system, if the first mode almost
controls and characterizes all system response.

2. Problem definition

The problem under investigation consists of a uniform layer of
elastic material, that is free at its upper surface, bonded to a non-
deformable rigid base and retained along one of its vertical
boundaries by a uniform cantilever wall that is considered to be
fixed at the base and to be free at the top. The heights of the wall
and soil stratum are considered to be the same, and they are
denoted by H. The properties of the soil stratum are defined by its
mass density, shear modulus of elasticity, Poisson’s ratio.
The properties of the structural wall are defined by its thickness,
mass density, moment of inertia, Young’s modulus and Poisson’s
ratio. Furthermore, dry-cohesionless soil is considered in the
analyzes. The scheme of the backfill-cantilever wall system
examined is shown in Fig. 1.

3. Finite element modeling

The main advantage of the FEM in analyzing a soil-structure
interaction problem is that it can accommodate easily for hetero-
geneity in the soil or structure medium and for nonlinearity in the
materials, as well as in the geometry. Most of the finite element
numerical codes perform analyzes in time domain, allowing the
introduction of specialized constitutive laws describing the linear
and nonlinear behavior of the soil under strong ground motions
[49]. In this connection, the proposed numerical model for the
problem under fixed-base assumption is depicted in Fig. 2.
It should be noted here that the finite element modeling and
analyzes were carried out by using the commercial software,
ANSYS [50]. The literature review shows that to simplify the soil-
structure interaction analysis, three-dimensional problems are
often modeled by considering a two-dimensional slice with the
same material properties. This assumption, although convenient,
is potentially dangerous for the following reasons. First, the
specific radiation damping per unit contact area calculated for
the two-dimensional case overestimates the actual three-
dimensional case for finite frequencies. Second, the contact area
of a reasonably selected two-dimensional model will be larger
than that of the three-dimensional case which will further
increase radiation damping [51,52]. Accordingly, it is not possible
to obtain a two-dimensional representation that will approximate
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Fig. 1. System considered.
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Structural finite element

Soil finite element

3-D viscous boundary

Fig. 2. Finite element modeling of backfill-cantilever wall system under fixed-base case.

both the dynamic stiffness and damping over a reasonable range
of frequencies [53], and since the damping is grossly overesti-
mated, two-dimensional modeling of a three-dimensional case
cannot be recommended for actual engineering applications [51].
Therefore, the author has concentrated on the three-dimensional
modeling of the interaction system for a cantilever wall length of
1 m in this study (see Fig. 2).

In the finite element modeling, the structural wall is modeled
with solid elements defined by eight nodes having three transla-
tional degrees of freedom in each node. The soil stratum is also
modeled with solid elements with eight nodes having three
degrees-of-freedom at each node: translations in the nodal x, y, z
directions. Regarding the backfill-wall interface, although the
option of de-bonding was available in ANSYS, the assumption of
complete bonding - made by both in the study of Veletsos and
Younan and in the analytical model proposed by the author in this
study - was also adopted to permit a comparative study at this
stage. However, after providing the model validation by means of
the proposed analytical model, comprehensive earthquake ana-
lyzes will be fulfilled considering not only effects of earthquake
frequency content and soil interaction but also the behavior of
backfill-wall interface in Sections 6 and 7.

In many earthquake engineering and seismological problems,
wave propagation examinations in a large soil medium are
necessary, and also the simulation of the infinite medium is an
extremely important topic in the dynamic soil-structure interac-
tion problems. The general approach of treating these problems is
to divide the infinite medium into the near field (truncated layer),
which includes the irregularity as well as the non-homogeneity of
the soil adjacent to the structure, and the far field, which is
simplified as an isotropic homogeneous elastic medium [54]. The
finite element methods, being powerful in most engineering
applications of normal size, are somewhat restrictive in the
geotechnical area due to the large physical dimensions. Moreover,
a full nonlinear three-dimensional finite element analysis is still
very costly in terms of the computational efforts. As an alternative
to modeling very large soil volumes and to limit the model to a
reasonable size, special artificial and/or transmitting boundaries
must be introduced in the finite element analysis of dynamic soil-
structure interaction problems. This not only avoids unrealistic
wave reflections against the artificial boundaries introduced in
the mathematical model but also provides the consideration of
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Fig. 3. Forces acting on unit cube [67].

radiation effects, and thus, the results are not distorted. Several
artificial boundaries have been proposed in frequency and time
domains in the case of solids. Lysmer and Kuhlemeyer [55] and
Kuhlemeyer and Lysmer [56] suggest applying viscous tractions
that must absorb reflected energy along the artificial boundary.
The advantage of this approach lies in the fact that the applied
stresses are frequency independent. This technique is widely used
because it is easy to implement and gives satisfactory results for
dilatational and shear waves. Later, different boundary models
have been used and developed [57-64].

In this study, the viscous boundary model, which was success-
fully employed in the finite element modeling of the elevated and
rectangular tanks performed by Livaoglu and Dogangun [65] and
Livaoglu et al. [66], is used in three dimensions to consider
radiational effect of the seismic waves through the soil medium.
A plane wave propagating in the x-direction is considered to
compute the properties of this boundary condition. The forces
that cause wave propagation are shown acting on a unit cube
depicted in Fig. 3.

The one dimensional equilibrium equation in the x-direction
is:

d’u  doy
P " dx = 0 M

Because oy=E.y=E/(du/dx), the one dimensional partial
differential equation is written in the following classical wave
propagation form:

dtz p dxz

=0 )
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where v, is the wave propagation velocity of the material and is
given by v, = \/E¢/p, in which p is the mass density and E. is the
bulk modulus. The solution of Eq. (2) for harmonic wave propaga-
tion in the positive x-direction is a displacement u(t,x) of the
following form:

u(t,x)y=U {sin (a)t— %> +4-cos (a)t— %ﬂ 3)
vp Vp
The velocity of a particle (t,x) at location x:
utx)=Uw {cos (a)t— w_x) —sin <wr— w_x)} 4)
Up Up
The strain in the x-direction is:
7 _du  uxb
exn= == v, €)]

The corresponding stress can now be expressed in the follow-
ing simplified form [67]. The same results were obtained by
Lysmer and Kuhlemeyer [55].

o(x,t) =Ece(x,t) = —pvpu(x,t) (6)

The compression stress is identical to the force in a simple
viscous damper with constant damping value equal to pv, per
unit area of the boundary. Also, it can be easily shown that shear
wave radiation boundary condition is satisfied if damping values
are assigned to be pv, per unit of boundary area [67]. v, and v are
dilatational and shear wave velocity of the considered medium.

The viscous boundaries can be used with finite element mesh
as depicted in Fig. 4 for three dimensional model. In this figure, A,
Aq and A, are the fields controlling the viscous dampers, ¢ and ©
are the normal and shear stresses occurring in the boundaries of
the medium, and the subscripts n and t represent normal and
tangent directions in the boundary. When the viscous boundaries
are taken into account, the well-known equation of motion can be
written as follows:

M1 {i(©O} + [C{u®} + [CT{a®} +K {u®)} = {PO} )

where C* is the special damping matrix that may be considered as
follows:

Anpvp 0 0
[C1=| 0  Aunpvs 0 €]
0 0 Appvs

To represent the behavior of the semi-infinite backfill medium,
the critical minimum distance from the face of the wall is taken as
10H, a value which is believed to approximate adequately the
behavior of the semi-infinite layer [5,29]. In this context, the
dashpots were also placed 10H away from the wall in three

anArto-n; NII=A 7,

1%

N, +Ca, =0
Ntl + CtlZ';tl = 0
N, +Cpu, =0

dimensions to improve the accuracy of the simulation (see Fig. 2),
where H is the height of the cantilever wall.

4. Analytical modeling

The condensation of the multi degree of freedom system to a
system with fewer degrees of freedom is a common application in
structural dynamics. This technique provides some appealing
advantages such as the physical insight, conceptual clarity, the
relative easiness of construction and the low computational
effort, and may lead to sufficient engineering accuracy. Accord-
ingly, the simple physical models can be used with a small
number of degrees of freedom. In addition, these models can be
constructed to check the results of rigorous methods such as the
boundary element procedure or finite element method [68]. The
three types of simple physical models - the spring-dashpot-mass
models, the truncated cones and the method with a prescribed
wave pattern in the horizontal plane - are examined in great
detail in the study by Wolf [52].

In this study, a spring-dashpot-mass model with frequency-
independent coefficients is introduced in order to demonstrate
the obtainable accuracy of the finite element model. The simpli-
fied analytical model of cantilever wall retaining a soil stratum on
rigid base is given in Fig. 5. The method presented by Veletsos and
Younan [5] was adopted for the determination of the stiffness and
mass values for backfill soil. Furthermore, the mass of the
cantilever wall is taken into account, and the system is repre-
sented by spring-dashpot-mass model with two degrees of free-
dom in this study while Veletsos and Younan had regarded the
wall as massless. The spring-dashpot-mass system is attached
to the wall at a height=0.637H where H is the height of the wall.
To obtain a simplified model and to permit a comparative study,
the approach is based on the simplifying assumption that com-
plete bonding is presumed at the wall-soil interface. The con-
sidered problem can simply be idealized as in Fig. 5.

*

M, M,
7. 7l
=h |k, + k||

Mode 1 Mode 2

Fig. 5. Proposed spring-dashpot-mass model and modal representation of the
system.

Fig. 4. Viscous boundaries in the 3-D finite element model [65].



100 T. Cakir / Soil Dynamics and Earthquake Engineering 45 (2013) 96-111

The coefficients of the springs, dashpots and masses can be
determined for varying parameters such as the dimensions,
physical and mechanical properties of both soil and wall. To
define the modal characteristics of the system, the corresponding
design parameters as stiffnesses and masses of the system, must
be introduced primarily. The mass m; refers to soil mass and is
equal to

my = 0.543y,pH? )

where

2 p—
I/IJ:%; lﬁoz\/%; l//e:\/% (10)

where p is the mass density of soil, H is the height of both the wall
and the soil stratum, v is the Poisson’s ratio for soil and v/, Yo, Ve
are the functions of v.

The spring stiffness k, for the model with constant parameters is

n? G

where G is the shear modulus of elasticity of soil material.

The mass of the wall is represented by my, and the lateral
stiffness of the wall, k,, can easily be determined as k2=3E1/H3.
The parameters of ¢; and ¢, are the damping values for backfill
and structure, respectively.

The development of the simplified analytical solution may be
derived from a physical interpretation of the solution to the
differential equation. Considering dynamic equilibrium of the
masses by using D’Alembert’s principle, from Fig. 5, basic dynamic
equations can be written in matrix form:

my 0 iiq C1+C —C 1
|:O my {ﬁ2}+ —C C2:|{ﬂ2}
ki +k; kz:|{ll1 }:{Pl(t)} (12)
—ky ko u; Py (t)
where (uq, up), (i1, tt2), (itq, o) are the displacements, velocities
and accelerations of masses m;, m,, respectively, and P;(t) and
P(t) are the external forces. It is worth stating that since the
natural frequencies of the system in the modal analysis are
determined by using undamped free vibration equation of
motions, any data on both the damping matrix and the external
forces are not given herein. However, these data will be included
in Section 6, where the seismic analysis of the interaction system
is performed by means of the finite element model.
The obtained equations can be solved by employing the modal
analysis technique. For this, first, the modal properties such as
effective modal masses (M}, M3), heights (h7, h5) and stiffnesses

(k7,k3) must be determined (see Fig. 5). These modal properties
can be estimated by using Egs. (13) and (14) [69].

(1)’

M, °’

h*:Lg.

n “ho
Ly

ME =T,Lh =

Kr = w2M? (13)

| k,=47238000 N/m

ko= 2074100 N/m

64511 kg

where
; N 5 h ’ N
My = ¢,me, = ij¢jn§ I'n= M_nn; Ly= ijd’jn;
ji=1 ji=1

N
Ly=""mgy, (14)
=1

where N, ¢,, and wﬁ are the total mode number, the nth mode
vector and its eigenvalue, respectively.

5. Numerical application and model verification

In this section, to verify the validity and applicability of the
present finite element model, the modal analyzes of a cantilever
wall-backfill system are performed. In the numerical example, a
6 m-high cantilever retaining wall with a constant thickness of
0.4m is considered. As stated before, the critical minimum
distance from the face of the wall is taken as 10H=60 m.
The Young’s modulus, Poisson’s ratio and unit weight of the
concrete were considered as 28,000 MPa, 0.2 and 25 kN/m?3,
respectively. The Young’s Modulus, Poisson’s ratio and the unit
weight of the soil were taken to be 50 MPa, 0.3 and 18 kN/m>,
respectively. The comparison between the numerically derived
result and the analytical data is carried out, and a close match is
also seen in this section.

A computer code was written by the author in order to obtain
modal characteristics of the system via analytical model.
The values of mass and stiffness, which are necessary to estimate
the natural frequencies of the interaction system, are presented in
Fig. 6. The modal characteristics such as the effective modal
masses, stiffnesses and modal frequencies can also be seen in
Fig. 6.

As Fig. 6 depicts, the mode frequencies were computed as 2.85
and 4.47 Hz. It should be noted here that the first and second
modes represent the backfill and wall modes, respectively. 25% of
the total effective mass is represented by the backfill mode, and
75% of it is represented by the structural mode. It means that the
modes are adequate to represent all system behavior.

In addition, the modal characteristics of the same system can
be determined by means of the proposed finite element model.
Fig. 7 illustrates the mode shapes of the system. The first three
vibration modes, which have the ability to represent all system
behavior based on effective modal masses, were identified in this
figure. The frequencies of the modes were estimated as 4.45, 4.89
and 5.61 Hz.

The frequency results obtained by the FEM simulation and the
analytical model are seen in Table 1. It is worth saying here that
only the comparison of the modes related to structure is given
because this work is mainly focused on the cantilever wall
behavior subjected to soil effects in accordance with the purpose
of the study. In this connection, when a comparison is made for
the first structural mode, it is seen that the trend of the present
numerical result agrees well with analytical value so that the

* e
M =17974 kg M =52537 kg

vk =5763000Nm e |\ =41475000 Nm
J— h’ h2 .

Mode 1 (f=2.85 Hz) Mode 2 (f=4.47 Hz)

Fig. 6. Modal characteristics of backfill-cantilever retaining wall system.
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Mode 1 (f=4.45Hz)

Mode 2 (£=4.89Hz)

Mode 3 (£=5.61Hz)

Fig. 7. Mode shapes and frequencies of the system obtained from finite element model.

Table 1
Analytical and numerical results.

Mode categories Mode descriptions Modal frequencies (Hz)

Analytical model Finite element model

Backfill Backfill mode 2.85 -

Structure First mode 4.47 4.45
Second mode - 4.89
Third mode - 5.61

mode frequency is computed as 4.47 Hz from the analytical
model while the same quantity is calculated as 4.45 Hz from the
finite element model. In fact, this reveals successful estimation,
the analytical verification provides strong support for the finite
element model, and this makes the model attractive for use in
further investigations.

6. Seismic analysis

After verifying the validity of the finite element simulation
through the analytical model, the versatility of the finite element
model allows the treatment of some more realistic situations that
are not amenable to analytical solution. Therefore, the modeling
was extended to account for the behavior of wall-soil interface,
elasto-plastic behavior of soil and soil/foundation interaction
effects.

Reasonable modeling of the wall-backfill interaction requires
using special interface elements between the wall and adjacent
soil. Thus, as a special interface element, nonlinear spring is used
between the backfill and wall allowing for the opening and
closing of the gaps (i.e., de-bonding and bonding) to model
backfill-wall interaction. This is a unidirectional element with
nonlinear generalized force-deflection capability that can be used
in any analysis. The element has longitudinal or torsional
capability in 1-D, 2-D, or 3-D applications. The longitudinal option
is a uniaxial tension-compression element with up to three
degrees of freedom at each node: translations in the nodal x, y,
and z directions. The 1-D longitudinal option in the direction of
normal to the wall is taken into account to simulate the behavior
of backfill-cantilever wall interaction surface. In addition to the
modeling of the superstructure, the soil/foundation system is also
modeled with 3-D structural solid elements defined by eight
nodes with three translational degrees-of-freedom in each node,
and the artificial viscous boundaries have been placed in three
dimensions on the boundaries of soil/foundation medium.
Accordingly, the problem presented in Fig. 8 reveals a complex
phenomenon that incorporates both the backfill and soil/founda-
tion interaction effects. The proposed finite element model of the

Backfill-cantilever wall system
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Fig. 8. The problem investigated for dynamic backfill-structure-soil/foundation
interaction.

backfill-cantilever wall-soil/foundation interaction system is also
shown in Fig. 9. Considering most of the methods proposed by the
previous researchers, it is seen that the analyzes of retaining walls
are generally carried out by using pseudo-static and/or pseudo-
dynamic approximations. However, representation of the com-
plex, transient, dynamic effects of earthquake shaking by a single
constant unidirectional pseudo-static acceleration is quite crude.
In the pseudo-dynamic approaches, the dynamic nature of the
earthquake loading is also considered in an approximate and
simple manner. Moreover, the pseudo-dynamic method uses an
elastic wave solution in soil which is in a state of plastic
deformation, and does not take into account the wave reflection
at the soil free surface, and these may lead to an incomplete
analysis for design purpose of the structure. On the other hand,
despite these limitations it is evident that the conventional
pseudo-static approach, which is very widely accepted and
famous for its simple applicability to a wide range of problems,
has continuously been used by the geotechnical engineers for
design of retaining walls. As for the numerical modeling studies
on retaining walls, it is clearly seen that most of them were done
based on the two-dimensional analysis [27,29,36,59,70,71].
It may be possible to obtain close approximations to the system
frequencies, by properly selecting the two-dimensional model.
However, two-dimensional finite elements should not be used to
solve three-dimensional soil-structure interaction problems, and
two-dimensional representations may lead to underestimation of
the peak response, as discussed at the end of the first paragraph in
Section 3. Therefore, extension of 2-D analysis to 3-D analysis
makes the problem more realistic. Furthermore, no de-bonding or
relative slip is allowed to occur at the wall-soil interface in some
of the studies. However, not modeling the de-bonding/recontact
behavior at the interface between the wall and adjacent soil may
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Fig. 9. Proposed finite element model for backfill-cantilever wall-soil/foundation interaction system.

be unrealistic. On the other hand, the problems associated with
seismic behavior of cantilever retaining walls cover many funda-
mental parameters, and the issue of seismic behavior remains
little explored. In fact, the seismic behavior of retaining walls is
governed by earthquake motion characteristics, boundary condi-
tions of the problem, backfill and foundation properties, struc-
tural wall properties, the interaction between backfill and
structure as well as subsoil and structure along their boundaries
[72,73]. The proposed 3-D finite element model can consider
these aspects of the dynamic problem. It should be noted that the
objective here is not to claim a strict validation of the model as
many factors that play important role in the field cannot be truly
accounted for. On the other hand, despite the complexities
associated with accounting for interaction effects, the following

analyzes show that the model can provide a reliable tool for
performing parametric studies. In addition, more recently, some
researchers have performed experimental measurements to
investigate the dynamic behavior of cantilever retaining walls.
In one of these studies, Kloukinas et al. [74] carried out a series of
shaking table tests on scaled models of cantilever retaining walls
to explore the dynamic behavior. First of all, it should be noted
that, in the current subject, this investigation has great challen-
ging and important results. The researchers showed that
systematic amplification is occurred for all harmonic excitations
following the stratigraphy, whereas the earthquake loading
results to conditions closer to the assumptions of the pseudo-
static analysis. There are some interesting points in conformity
with the main idea of this paper. They observed that only the wall
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responds during yielding under harmonic loading, whereas soil
responds in a quite different way. Furthermore, the most impor-
tant outcome of the study in earthquake loading highlights that a
mass of soil moving together with the wall is evident. These
evidences reveal the necessity of modeling the investigated
system by taking both foundation-soil and backfill system
together with the wall into consideration, and the necessity of
investigations on effect of frequency content to the system. These
differences between the earthquake loading and the harmonic
one stem from the frequency content of earthquake loading.
Therefore, as mentioned before, the main objective was selected
to define the frequency content effect of ground motion on soil-
foundation-wall-backfill model. In this context, the experimental
study indicated once again that this is a proven need for soft soil
conditions, especially for earthquake loading. Moreover, backfill
interaction effect appeared as a much more decisive parameter
for such a system as well as soil/foundation interaction.

It is well known that soil materials have a very complicated
behavior. Idealizations are, therefore, often necessary in order to
develop simple mathematical constitutive laws for practical
applications. Although viscoelastic, elastoplastic and hypoplastic
material models have been widely used in representing the
behavior of different soil materials, material tests and existing
database show that granular materials have scattered physical
and mechanical properties which vary due to conditions. Even
bulk mass density may change as 40% via moisture contents.

HER
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On the other hand, the designers for special design and scientists
for scientific purposes to the specific problem can use rigorous
models, i.e., modified cam-clay model for clay and hypoplastic
constitutive model for granular material. However, in this study,
the main purpose was to investigate the seismic behavior of
cantilever wall considering the effects of soil-structure interac-
tion and earthquake frequency content. For such a purpose, the
author did not consider to focus on the effects of specific proper-
ties of granular material like moisture content, void ratio, etc.
In point of fact, one can easily find huge differences between the
results by changing these properties within their range limits. To
that end, by taking the aim into account, Drucker-Prager material
model was used (see Fig. 9). Of course other smooth surfaces have
been proposed but because of its simplicity and available com-
puter codes for it, the Drucker-Prager model has gained popular-
ity and are still used even for analyzing challenging projects in
spite of some limitations of it.

In the nonlinear time history analyzes, 1979 Imperial Valley,
1983 Coalinga, 1987 Whittier Narrows, 1989 Loma Prieta and
1994 Northridge earthquakes are used as excitations in order to
evaluate the effect of earthquake frequency content. The records
are scaled in such a way that the horizontal peak ground
acceleration reaches 0.37 g, as shown in Fig. 10. Furthermore,
the properties of the ground motions are given in Table 2 [75].
As mentioned before, based on the ratio of peak ground accelera-
tion (PGA) to peak ground velocity (PGV), the Loma Prieta record
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Fig. 10. Scaled horizontal components of earthquake records: (a) 1983 Coalinga (b) 1987 Whittier Narrows (c) 1979 Imperial Valley (d) 1994 Northridge (e) 1989 Loma

Prieta.
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Table 2
Properties of ground motions considered in this study [75].

T. Cakir / Soil Dynamics and Earthquake Engineering 45 (2013) 96-111

Earthquake record Station Record/component Peak ground acceleration (g) Peak ground velocity (m/s)
1983 Coalinga 1604 0Oil City Coalinga/C-OLC360 0.370 0.124
1987 Whittier Narrows 24400 LA-Obregon Park Whittier/B-OBR270 0.374 0.145
1979 Imperial Valley 6618 Agrarias Impvall/H-AGRO03 0.370 0.356
1994 Northridge 90053 Canoga Park—Topanga Canyon Northr/CNP106 0.356 0.321
1989 Loma Prieta 47524 Hollister-South & Pine Lomap/HSPO0O 0.371 0.624
Table 3
Properties of soil types considered in this study.
Soil types E (kN/m?) G (kN/m?) v 7 (kg/m?) vs (m/s) vp (m/s)
S1 7000,000 2692,308 0.30 2000 1160.24 2170.61
S2 2000,000 769,231 0.30 2000 620.17 1160.24
S3 500,000 185,185 0.35 1900 312.20 649.89
S4 150,000 55,556 0.35 1900 171.00 355.96
S5 75,000 26,786 0.40 1800 121.99 298.81
S6 35,000 12,500 0.40 1800 83.33 204.12
Table 4
Seismic analysis results for Coalinga earthquake.
Maximum responses Soil types
S1 S2 S3 S4 S5 S6
t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value
u, (m) 3.9 —0.0002 3.9 0.0002 3.9 0.0014 3.95 0.0045 5.25 0.0078 5.4 0.0132
Sz» (MPa) 39 0.1728 39 —0.1668 2.8 -1.1687 2.8 —2.6230 2.8 —2.7286 2.0 —2.1852
Sy» (MPa) 3.9 0.0225 3.9 —0.0221 2.8 -0.1577 2.8 —0.3744 2.8 —0.4041 2.0 —0.3377
Sxb (MPa) 3.9 0.0516 3.9 —0.0500 2.8 -0.4176 2.8 —1.0780 2.8 —1.2065 2.0 -1.0772
Sz (MPa) 39 —0.1760 39 0.1694 2.8 1.1863 2.8 2.6568 2.8 2.7587 2.0 2.2060
Syr (MPa) 3.9 —0.0153 3.9 0.0154 2.8 0.1032 2.8 0.2330 2.8 0.2472 2.0 0.1975
Sxr (MPa) 3.9 —0.0258 3.9 0.0242 2.8 0.1410 2.8 0.2601 2.8 0.2455 2.0 0.1471

ue: Maximum lateral top displacement of cantilever wall; S, Sy, and Sy,: Maximum stresses estimated on the back face (backfill side) of the cantilever wall in z, y and x
directions, respectively; S, Syrand S, Maximum stresses estimated on the front face of the cantilever wall in z, y and x directions, respectively.

is considered as low frequency ground motion, the Imperial
Valley and Northridge records are categorized as intermediate
frequency excitations, and the Coalinga and Whittier Narrows
records are taken into account as high frequency content excita-
tions. It should not be forgotten here that the PGV/PGA or PGA/
PGV ratio is a very important parameter to characterize the
damage potential of near-fault ground motions and indicated as
being a measure of destructiveness [76]. The ground motions with
higher PGV/PGA values have larger damage potential [77,78].

To evaluate the variation of the dynamic response of cantilever
retaining wall supported on flexible foundation, six soil types are
considered in the analyzes. The foundation soil properties are
shown in Table 3. In the finite element analyzes, the Young's
Modulus, the Poisson’s ratio, the unit weight and the internal
friction angle of cohesionless backfill soil are taken to be 30 MPa,
0.35, 18 kN/m>® and 30°, respectively. Furthermore, Rayleigh
damping is taken into consideration in the seismic analyzes. The
damping values for both structure and soil are also taken as 5%.

7. Results and discussions

Results, obtained by applying the proposed methodology, are
presented in terms of the lateral displacements and stresses in
two parts. In the first part, a detailed discussion on the effects of
soil-structure interaction on seismic behavior of cantilever wall is

given. In the second part, the effects of earthquake frequency
content on dynamic behavior of cantilever wall subjected to the
combined effects of backfill and soil/foundation interactions are
discussed. Tables 4-8 report the peak responses and the corre-
sponding times calculated for varying the soil types and the
ground motions. The tables clearly indicate the effects of soil-
structure interaction and earthquake frequency content so that
the maximum values of both lateral displacements and stresses
changed significantly. These effects on seismic response of canti-
lever wall are shown graphically, and discussed comparatively
below. It is important to note here that since all results obtained
from the analyzes cannot be illustrated, some comparisons were
selected to describe the system behavior.

7.1. Effects of soil-structure interaction

Fig. 11 shows the height-wise variations of the lateral dis-
placements of cantilever retaining wall for varying the foundation
soil conditions under the effects of three different ground
motions. It is worth noting here that these displacements repre-
sent the relative lateral displacements of the wall with respect to
the ground. While the negative displacements refer to the move-
ments away from the backfill, the positive ones refer to the
movements toward the backfill. It is observed from this figure
that as the soil stiffness decreases, the displacement response
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Table 5
Seismic analysis results for Whittier Narrows earthquake.
Maximum responses Soil types
S1 S2 S3 S4 S5 S6
t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value
u, (m) 3.1 —0.0002 3.1 0.0002 3.1 0.0015 3.15 0.0036 3.15 0.0050 3.15 0.0048
Szp (MPa) 3.1 0.2169 3.1 -0.2114 3.1 —1.5835 3.1 —3.2310 3.1 —3.1689 3.15 —2.5386
Sy» (MPa) 3.1 0.0284 3.1 —0.0281 3.1 —0.2182 3.1 —0.4685 3.1 —0.4753 3.15 —0.3940
Sxb (MPa) 3.1 0.0625 3.1 —0.0608 3.1 —0.5613 3.1 -1.3301 3.1 —1.4046 3.15 —1.2561
Szr (MPa) 3.1 -0.2211 3.1 0.2149 3.1 1.6076 3.1 3.2719 3.1 3.2022 3.15 2.5650
Syr (MPa) 3.1 —-0.0197 3.1 0.0200 3.1 0.1450 3.1 0.2942 3.1 0.2925 3.15 0.2308
Sxr (MPa) 3.1 —0.0345 3.1 0.0334 3.1 0.2095 3.1 0.3424 3.1 0.3007 3.15 0.1735
Table 6
Seismic analysis results for Imperial Valley earthquake.
Maximum responses Soil types
S1 S2 S3 S4 S5 S6
t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value
u, (m) 7.75 0.0007 7.75 —0.0008 7.75 —0.0055 7.8 —0.0155 7.8 —0.0238 7.85 —0.0340
Szp (MPa) 7.75 —0.4410 7.75 0.4471 7.75 3.0657 7.75 6.2592 7.75 6.7292 8.05 -5.9313
Sy» (MPa) 7.75 —0.0531 7.75 0.0545 7.75 0.3877 7.75 0.8205 7.75 09112 8.05 —0.8975
Sxb (MPa) 7.75 —0.1301 7.75 0.1428 7.75 1.1218 7.75 24733 7.75 2.8154 8.05 —2.7691
Sz (MPa) 7.75 0.4487 7.75 —0.4539 7.75 —3.1081 7.75 —6.3392 7.75 —6.8060 8.05 5.9748
Syr (MPa) 7.75 0.0359 7.75 —0.0357 7.75 -0.2397 7.75 —0.4933 7.75 —0.5423 8.05 0.5352
Sxr (MPa) 7.75 0.0555 7.75 —0.0472 7.75 —0.2534 7.75 —0.4530 8.0 0.4804 8.05 0.3961
Table 7
Seismic analysis results for Northridge earthquake.
Maximum responses Soil types
S1 S2 S3 S4 S5 S6
t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value
u, (m) 8.65 —0.0005 8.65 0.0005 8.65 0.0044 8.65 0.0125 8.7 0.0191 8.75 0.0238
Szp (MPa) 8.6 0.4367 8.65 -0.3194 8.6 —2.7645 8.65 —7.3157 8.65 -9.1277 8.65 —8.3339
Syp (MPa) 8.6 0.0549 8.65 —0.0386 8.6 —0.3587 8.65 —0.9750 8.65 —1.2572 8.65 —1.1969
Sxp (MPa) 8.6 0.1232 8.65 —0.0882 8.65 —0.9968 8.65 —2.9641 8.65 —3.8864 8.65 —3.8803
Szr (MPa) 8.6 —0.4449 8.65 0.3250 8.6 2.8049 8.65 7.4092 8.65 9.2351 8.65 8.4191
Syr (MPa) 8.6 —0.0382 8.65 0.0272 8.6 0.2294 8.65 0.5834 8.65 0.7487 8.65 0.6939
Sy (MPa) 8.6 —0.0654 8.6 0.0474 8.6 0.2904 8.6 0.5562 8.65 0.6353 8.65 0.5219
Table 8
Seismic analysis results for Loma Prieta earthquake.
Maximum responses Soil types
S1 S2 S3 S4 S5 S6
t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value t(s) Value
u, (m) 8.2 0.0009 8.2 —0.0010 8.2 —0.0075 8.25 —0.0219 8.3 —0.0343 8.3 —0.0523
Sz (MPa) 8.15 —0.5479 8.15 0.5592 7.9 3.9685 7.9 10.1317 7.9 13.1700 7.9 12.5971
Syp (MPa) 7.85 —0.0676 8.15 0.0673 7.85 0.5199 7.85 1.3618 7.9 1.8017 7.9 1.8326
Sxb (MPa) 8.15 —0.1542 8.15 0.1727 7.9 1.4700 7.9 41134 7.9 5.6318 7.9 5.9426
Sz (MPa) 8.15 0.5578 8.15 —0.5682 7.9 —4.0262 7.9 —10.2604 7.9 -13.3271 7.9 -12.7250
Syr (MPa) 7.85 0.0479 7.85 —0.0472 7.85 —0.3355 7.85 —0.8235 7.9 -1.0731 7.9 —1.0664
Sy (MPa) 7.85 0.0860 7.85 —0.0837 7.8 —0.4408 7.85 -0.8218 7.85 —0.9809 7.9 —0.8062

generally increases for all ground motions, and this reflects a

significant soil-structure interaction influence on the response.

It is possible to evaluate the lateral displacements in terms of
time history using the suggested model. Accordingly, the deviations

of the displacements in time are illustrated and compared in Fig. 12
in order to clarify the changes of the lateral top displacement values
due to the flexible foundation conditions. It can be noted from
Fig. 12 that the response amplification/reduction has occurred



106

T. Cakir / Soil Dynamics and Earthquake Engineering 45 (2013) 96-111

a b
movement away movement toward movement away movement toward movement away movement toward
from backfill backfill from backfill backfill from backfill backfill
7 7 7
o AT R Jdy ;
I r \ 1 1
'|| l / I,’ \ \ I i \“ \ l !
sLo / AR WY S R
r [ | I K r \‘ \ I Il 5 Y \ l !
—_ I| / “ II ‘\ Ir
£ aptdldopn §af—y—t1H Ear V)
- \ | l ’ = \ I / = \ \ l /
5 -. / 5 \ / 5 \ /
5 3 ittt GRS A 2 s Y
= W Il I N
\ I/ \ ’I ‘\ ’I
2r '|| I 2F k| ’ 4 2 " I
\ / S2 \ ’ \ ]
I \|I / > [T/ 52
1+ I/I/ — — -S4 1+ \\,’ —_—— -S4 1 \\\”,' —_—-54
] [P s6 ‘\l{/ ------ s6 | (R 6
0 / 1 I 0 1 I | 1
-0.005 0.000 0.005 0.010 0.015 -0.04  -0.02 0.00 0.02 0.04 -0.06  -0.03 0.00 0.03 0.06

Displacement (m)

Displacement (m)

Displacement (m)

Fig. 11. Calculated lateral displacements along the height of the cantilever wall for (a) Coalinga (b) Imperial Valley (c) Loma Prieta earthquakes.
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Fig. 13. Time histories of lateral top displacement of the cantilever retaining wall for (a) Whittier Narrows (b) Northridge earthquakes.

depending on the soil/foundation conditions. For example, while the
maximum lateral displacement is estimated as 0.0055 m for S3 soil
type, the same quantity is calculated as 0.0340 m for S6 soil type in
case of Imperial Valley earthquake. Thus, it can be highlighted that
soil-structure interaction affects the system behavior so that the
dramatic increment in the displacement response is almost at a level
of 519% between S3 and S6 soil types. A similar trend is observed for
Loma Prieta earthquake as well, the maximum displacement
responses due to the soil-structure interaction are highly magnified,
and the responses tend to increase with decreasing soil stiffness. For
instance, the value of peak lateral displacement is 0.0075 m for S3
soil type, whereas the displacements are computed as 0.0219 m and
0.0523 m for S4 and S6 soil types, respectively. It is obvious that

soil-structure interaction leads to the dramatic increments of about
192% and 597% in peak displacement responses for S4 and S6 soil
types in comparison with S3 soil type, respectively. If similar
comparisons are also made for Whittier Narrows and Northridge
earthquakes from Fig. 13, same tendency can be observed. These
variations reveal a significant soil-structure interaction effect on the
response, and confirm that the exclusion of the accurate soil proper-
ties may cause underestimation or overestimation of the displace-
ment response, and this, in turn, fairly affects the design process due
to the displacement sensitivity of cantilever retaining walls.

The estimated stress responses and their variations in time
at the back and the front faces of the cantilever retaining wall can
be compared with each other to introduce the soil-structure
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interaction effects. Under the effect of Coalinga earthquake, the
comparisons of stress time history responses in z and x directions for
both back and front faces of the cantilever wall are shown in Figs. 14
and 15, respectively. As these figures depict, the maximum stresses
obtained at the critical sections of the wall change with varying soil
conditions. For example, at the back face of the wall in z direction,
while the peak stress, as compression, has the value of 1.1687 MPa
for S3 soil type, it is calculated as 2.7286 MPa for S5 soil type. This
reflects a stress increment of about 133% between S3 and S5 soil
types due to the variation of soil conditions. A similar trend can be
observed at the front face of the wall as well, the maximum stress
responses due to the soil-structure interaction are highly magnified
(see Fig. 14b). For instance, the value of peak stress is 0.1760 MPa
for S1 soil type, whereas the same quantity is calculated as
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Fig. 14. Time histories of stress in z direction at (a) back face (b) front face of the
cantilever wall for Coalinga earthquake.
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1.1863 MPa for S3 soil type, and a stress increment of nearly 574%
takes place at the front face of the wall. Furthermore, it is important
to state here that the peak responses of stresses in the wall in z
direction take place at the level of 0.2 m from the top of the
foundation. If similar comparisons are made in x direction as seen
in Fig. 15, the same trend and soil-structure interaction effects can
be clearly observed. For example, the changing of soil type from
S3 to S5 causes a stress increment of about 189% at the back face of
the wall. Furthermore, as can be seen from Fig. 15, the maximum
responses at back and front faces of the wall differ remarkably.
When the computations are carried out for the systems under
the effects of Imperial Valley and Loma Prieta earthquakes as seen
in Figs. 16 and 17, it is possible to observe the soil-structure
interaction effects once again. The most important point arising
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from these comparisons is that the variation of the soil properties
notably affects the stress response of the system. This implies that
the response amplification or reduction pattern due to the
deformable foundation is highly dependent on the soil properties,
and the time history diagrams describe different behaviors of the
structure for all ground motions. Therefore, these evaluations
should be considered as an alert that especially the mechanical
properties of soil are extremely sensitive parameters affecting the
results and thus should be measured with utmost care.

7.2. Effects of earthquake frequency content

In fact, the previous evaluations and comparisons clearly show
the effects of earthquake frequency content on dynamic response
of cantilever retaining wall. Accordingly, Tables 4-8 indicate that
effect of earthquake frequency content is significant on the
structural response of the wall so that the peak responses are
different from each other depending on the variation of the
ground motion. Another sign of the frequency content influence
on the response is that the occurrence times of response change
with changing earthquake record. Furthermore, all maximum
responses increase as the frequency content of the considered
earthquakes decreases, and this is valid for all soil types. At this
point, this can be attributed to the magnitudes of the considered
earthquakes since the Coalinga earthquake had a magnitude of
5.2, the Whittier Narrows earthquake had a magnitude of 5.3, the
Imperial Valley earthquake had a magnitude of 6.5, the North-
ridge earthquake had a magnitude of 6.7 and the Loma Prieta
earthquake had a magnitude of 6.9. The effects of the frequency
content on seismic response of the cantilever wall are illustrated,
and their implications are also discussed comprehensively below.

A comparison among the height-wise variations of lateral
displacements of cantilever wall under earthquake effects with
different frequency contents is presented in Fig. 18. It is worth
noting once again that these displacements represent the relative
lateral displacements of the wall with respect to the ground.
Effects of earthquake frequency content on the displacement
response of the wall are clearly observed from this figure, and it
is obvious that the structural response is highly dependent on the
earthquake frequency content so that a considerable increase
occurs in displacement response due to the frequency content
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variation. The results show that the responses due to low
frequency content earthquake of Loma Prieta are highly magni-
fied, and the least response values are obtained under the
Coalinga and Whittier Narrows earthquakes with high frequency
content.

To clarify the changes of the lateral displacement due to
different earthquake records, the deviations of the displacements
in time are illustrated and compared for S3 and S6 soil types in
Fig. 19. As Fig. 19a demonstrates, while the maximum lateral top
displacement is calculated as 0.0055m at 7.75s for Imperial
Valley earthquake with moderate frequency content, the same
quantity is computed as 0.0075 m at 8.2 s for Loma Prieta earth-
quake with low frequency content. Hence, it can be noted that
input earthquake motion affects the system behavior so that the
increment in the displacement response is almost at a level of
37%. If similar comparison is made for S6 soil type, a similar trend
of an increase in the response can be seen (see Tables 4-8).
For instance, the value of maximum Ilateral displacement is
0.0132 m for Coalinga earthquake, while the displacements are
estimated as 0.0340 m and 0.0523 m for Imperial Valley and
Loma Prieta earthquakes, respectively. It is clear that the variation
of the ground motion leads to the dramatic increments of about
158% and 296% in peak displacement responses for Imperial
Valley and Loma Prieta earthquakes compared to the Coalinga
record, respectively. When the calculations are carried out for the
systems under the effects of Whittier Narrows and Northridge
earthquakes as seen in Fig. 20, it is possible to observe the
earthquake frequency content effects once again. It is found that
the effect of earthquake frequency content is quite significant on
the displacement response, and may cause a considerable
increase in time domain peak response values.

In addition to the lateral displacement response, stress beha-
vior of the cantilever wall is thoroughly investigated in this
section. The time history diagrams of stress responses at the back
face of the cantilever retaining wall in z and x directions for S3
and S6 soil types are presented in Figs. 21 and 22, depending on
the five different ground motions. As these figures depict, the
maximum stress responses obtained at the critical sections of the
wall generally tend to increase in absolute value with decrement
in the frequency content. For example, at the back face of the wall
in z direction for S3 soil type, while the maximum stress, as
compression, has the value of 1.1687 MPa for Coalinga record
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with high frequency content, its value is 3.9685 MPa for Loma
Prieta earthquake with low frequency content, as tension. This
reflects an increase of about 239% in stress value due to the
variation of the ground motion. The same tendency can be
observed for S6 soil type, as seen in Fig. 21b. For instance, the
value of peak stress is 2.1852 MPa under the Coalinga record,

whereas the same quantity is

calculated as 12.5971 MPa under
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Fig. 22. Variation of stresses in x direction at the back face of the cantilever wall

under the effect of five different ground motions for (a) S3 (b) S6 soil types.

the Loma Prieta earthquake, and a dramatic stress increment of
approximately 476% occurs. This implies that the effect of earth-
quake frequency content on seismic response of cantilever walls
is more pronounced for relatively soft soil conditions (like S5

and S6).

If similar comparisons are carried out in x direction at the back
face of the cantilever wall as seen in Fig. 22, it is clearly observed
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that the response amplification has occurred for all cases as the
input earthquake changes. For example, in S6 soil type, the peak
stress is 1.2561 MPa for high frequency content record of Whittier
Narrows, it is calculated as 3.8803 MPa for moderate frequency
content record of Northridge, and it is 5.9426 MPa for low
frequency content earthquake of Loma Prieta. This comparison
reveals frequency content effects on seismic response once again.

It is clear that the response amplification or reduction pattern
due to deformable foundation is highly dependent on the nature
of the earthquake.

8. Conclusions

A seismic analysis procedure that can be used for the deter-
mination of dynamic behavior of cantilever retaining walls under
horizontal ground excitation in three-dimensional space is pre-
sented in this study. The study explores different factors such as
soil-structure interaction and earthquake frequency content
which may have considerable effect on the seismic response of
cantilever walls. The soil is modeled as an elasto-plastic medium
obeying the Drucker-Prager yield criterion, and backfill-wall
interface behavior is taken into account by using interface
elements between the wall and soil to allow for de-bonding.
Viscous boundary model is also used to simulate the wave energy
absorption.

Five different ground motions with same peak ground accel-
eration are applied to examine the effect of earthquake frequency
content on the seismic behavior of backfill-cantilever wall-soil/
foundation interaction system. The effect of foundation deform-
ability on the overall seismic response of the system is also
investigated by comparing the results among six different soil
types under five different earthquake records.

The computational results include the lateral displacements
and stresses in the wall obtained from nonlinear time history
analyzes of the considered system. It is found that soil-structure
interaction has a significant effect on the seismic behavior of
cantilever wall. Therefore, the exclusion of the accurate soil
properties may cause underestimation or overestimation of the
response, and this, in turn, may lead to unsafe seismic design of
R/C cantilever retaining walls.

The earthquake frequency content may also be one of the most
important parameters to be considered in seismic analysis and
design. In general, as the soil gets softer, the earthquake
frequency content becomes more effective, and affects the system
behavior more. This conclusion is valid for almost all response
parameters investigated in this study, namely the lateral displa-
cement over the height of the structure, top displacement and
stress. Furthermore, it is found that the ground motions with
higher PGV/PGA values have larger damage potential on cantile-
ver retaining walls.

It is clear that the dynamic behavior of cantilever walls depends
on a wide range of parameters such as nature of earthquakes,
backfill interaction and soil/foundation interaction which should be
taken into consideration in current codes of practice. Accordingly,
this research provides an important addition to the available knowl-
edge database of the seismic analysis of cantilever walls.
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