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a b s t r a c t

In this study, the results of 1-g shaking table tests performed on small-scale flexible cantilever wall
models retaining composite backfill made of a deformable geofoam inclusion and granular cohesionless
material were presented. Two different polystyrene materials were utilized as deformable inclusions.
Lateral dynamic earth pressures and wall displacements at different elevations of the retaining wall
model were monitored during the tests. The earth pressures and displacements of the retaining walls
with deformable inclusions were compared with those of the models without geofoam inclusions.
Comparisons indicated that geofoam panels of low stiffness installed against the retaining wall model
affect displacement and dynamic lateral pressure profile along the wall height. Depending on the in-
clusion characteristics and the wall flexibility, up to 50% reduction in dynamic earth pressures was
observed. The efficiency of load and displacement reduction decreased as the flexibility ratio of the wall
model increased. On the other hand, dynamic load reduction efficiency of the deformable inclusion
increased as the amplitude and frequency ratio of the seismic excitation increased. Relative flexibility of
the deformable layer (the thickness and the elastic stiffness of the polystyrene material) played an
important role in the amount of load reduction. Dynamic earth pressure coefficients were compared with
those calculated with an analytical approach. Pressure coefficients calculated with this method were
found to be in good agreement with the results of the tests performed on the wall model having low
flexibility ratio. It was observed that deformable inclusions reduce residual wall stresses observed at the
end of seismic excitation thus contributing to the post-earthquake stability of the retaining wall. The
graphs presented within this paper regarding the dynamic earth pressure coefficients versus the wall
flexibility and inclusion characteristics may serve for the seismic design of full-scale retaining walls with
deformable polystyrene inclusions.
� 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Studies on the reduction of dynamic earth pressures of retaining
walls have gained significant importance during this decade.
Within these studies, utilization of geofoam inclusions appears as
an innovative approach to reduce the earth pressures on retaining
walls. Several studies focused on the potential load reduction effi-
ciency of geofoam inclusions, indicating that the reduction per-
formance of the geofoam inclusions depends on characteristics of
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the dynamic excitation, and mechanical characteristics of the
backfill and deformable material.

Athanasopoulos et al. (2007), Bathurst et al. (2007), Zarnani and
Bathurst (2009), and Ertugrul and Trandafir (2011) investigated the
reduction of dynamic earth pressures of yielding rigid walls by
compressible inclusions. Subsequently, Trandafir and Ertugrul
(2011) discussed the influence of geofoam inclusions on reducing
lateral dynamic earth pressure and displacements of a yielding
gravity retaining wall subjected to a real earthquake excitation.
Athanasopoulos-Zekkos et al. (2012) used deformable inclusions to
reduce the seismic incremental earth pressures and displacements
of yielding gravity type earth retaining walls.

In a recent study, Ertugrul and Trandafir (2013) discussed the
results of 1-g static loading tests performed on cantilever retaining
walls with EPS and XPS geofoam inclusions. In this study, only static
load reduction efficiency of geofoamwas investigated. Based on the
static test results, a finite element model was analyzed and the
outputs of the numerical model were validated using test data.
Parametric analyses were performed to investigate the effect of
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different backfill and geofoam characteristics as well as structural
performances of the cantilever walls. Formulas were proposed to
estimate the static load reduction efficiency of geofoam inclusions
placed against retaining walls with different characteristics. In the
current investigation, dynamic response of cantilever earth
retaining walls with deformable inclusions subjected to dynamic
loads are discussed based on 1-g shaking table test results.
2. Methodology of the study

The present study focuses on the reduction of dynamic earth
forces of yielding cantilever retaining walls caused by deformable
geofoam inclusions. Deformable inclusion properties, flexibility of
the retaining wall, granular backfill characteristics and the excita-
tion parameters significantly increase the complexity of the
mechanism of dynamic load reduction mechanism induced by the
deformable panels of geofoam. Under such circumstances, physical
testing with shaking table serves as a versatile tool to investigate
this complex soil-geofoam-structure interaction. In the present
study, the results of 1-g shaking table tests performed on small-
scale flexible cantilever wall models using either the granular
backfill or the deformable geofoam panel-granular backfill system
are presented and discussed. Tests were conducted in a state-of-
the-art laminar container to reduce the disturbance of the model
response from wave reflections encountered in dynamic tests
Fig. 1. Cross-sectional view of the model configurations
performed in the rigid containers. Influences of wall stiffness,
geofoam type, inclusion thickness and seismic excitation charac-
teristics (frequency and amplitude) on the dynamic earth pressures
and wall displacements were investigated.

Results of the current study were also compared with those of
analytical SteedmaneZeng methodology (Steedman and Zeng,
1990), which was validated using data obtained from physical
tests performed on centrifuge facility.
3. Physical tests

The 1-g physical tests performed on small-scale geotechnical
models, an inexpensive and efficient way to investigate the
behavior of the prototype qualitatively. However, these tests have
their own disadvantages, e.g. the requirements of the dimensional
similitude theory may not be fully fulfilled in 1-g physical model
tests. Some published papers (Hazarika et al., 2003; Bathurst et al.,
2007) also discussed 1-g shaking table test results without
mentioning prototype dimensions and the dimensional similitude
relationships. In content, dynamic centrifuge tests are more suc-
cessful in satisfying the similitude relationships between the pro-
totype and the model (Wang et al., 2005; Wang, 2012).
Nevertheless, dynamic 1-g tests can provide a source of reliable
data for supporting numerical modeling and back analysis (Wood,
2004).
. (a) Control test; (b) Wall with geofoam inclusion.



Fig. 2. Typical cyclic stressestrain loops for EPS15 (f ¼ 3 Hz; N ¼ 10 cycles). (a)
D(s1 � s3)cyclic ¼ 3 kPa, (b) D(s1 � s3)cyclic ¼ 12 kPa.
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Physical tests were conducted using a rectangular laminar sand
container available in the Department of Civil Engineering at the
Middle East Technical University. The uniaxial container with di-
mensions of 1.0 m � 1.5 m � 1.0 m (length � width � height)
consists of laminar frames, low friction linear and ball bearings,
guide walls to limit vertical dilatational movements of the frames
Fig. 3. Normalized Young’s modulus (E/E0) in relation to the cyclic axial strain
amplitude ((s1 � s3)static ¼ 15 kPa and D(s1 � s3)cyclic ¼ 3e14 kPa).
and a thin membrane made of rubber to prevent material leakage
when the laminar frames are moving.

Pressure and displacement transducers weremounted along the
wall height to monitor pressures and displacements of the wall
stem. Accelerometers were placed at different heights within the
backfill and on the wall to monitor horizontal and vertical accel-
erations. A cross-sectional view of the test set-up and positions of
the transducers are depicted in Fig. 1. The model walls are
composed of steel with dimensions of 700mm� 980mm� (2-4-5-
8) mm (height � length � thickness) rigidly welded to a steel
base with dimensions of 980 mm � 500 mm � 8 mm
(length � width � thickness). The connection of the wall stem to
the wall foundation was achieved by welding. Signals from the
transducers were recorded by a digital data acquisition hardware
capable of 100 kHz sampling at each channel and signal condi-
tioning elements for the required channels.

4. Material characteristics

The geotechnical properties of the dry cohesionless backfill
material used in the tests was described by Ertugrul and Trandafir
(2011). The granularmaterial is classified as poorly graded sand (SP)
which consists of highly angular grains. The maximum and mini-
mum void ratios of the model sand were determined as 0.745 and
0.436, respectively, according to the procedure described by Head
(1992). Specific gravity (Gs) was determined as 2.66 from
the tests performed following ASTM D854-83 procedures.
Consolidated-drained triaxial tests yielded an internal friction
angle and dilatancy angle of 43.5� and 22.5�, respectively, for an
effective confining stress range of 5e15 kPa.

The densities of EPS and XPS geofoam materials used as
deformable panels in the physical tests were determined as 15 kg/
m3 and 22 kg/m3, respectively. Low-density geofoam products were
carefully selected for this study in order to provide a low stiffness
buffer between thewall and the cohesionless backfill, thus allowing
for soil lateral displacements induced by the compression of the
deformable zone at very low confining stresses.

Static and cyclic triaxial tests were carried out on geofoam
samples to determine the stressestrain relationship. Cylindrical
specimens having a height to diameter ratio of 2 were extracted
from EPS and XPS panels by computer-controlled laser cutters at
ACH Foam Technologies LLC, Salt Lake City, Utah. The uniaxial
compression tests on geofoam for EPS15 and XPS22 provided yield
stresses of 39 kPa and 131 kPa, respectively, at a strain rate of
10�4 min�1. The strain rate was consistent with the loading rate of
the geofoam panels during the backfilling process of the 700-mm
high retaining wall models in the physical tests.

According to the triaxial test results, EPS geofoam basically ex-
hibits bi-linear stressestrain behavior with strain hardening
occurring at 2% axial strain. Elastic modulus (Ei) representing the
linear elastic portion was determined as 1500 kPa from monotonic
Table 1
A summary of the test parameters.

Wall
type

Wall
flexibility
ratio, dw

Inclusion
material

Inclusion
thickness ratio,
ti/H

Excitation
frequency, f
(Hz)

Acceleration
amplitude, amax

(g)

I* 128 E: EPS15,
X: XPS22
or
N: no
inclusion

7: 0.07
or
14: 0.14

4e10 0.1e0.7
II 524
III 1024
IV 8197

Note: *Bold letters are used to express test series in abbreviated form (e.g. Type-II-
E7 is the abbreviated form to indicate the wall model having dw ¼ 524 and EPS15
geofoam inclusion possessing ti/H of 0.07).
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loading tests. The measured elastic modulus of the EPS used in the
current study is significantly lower than that estimated by the
relationship suggested by Horvath (1995). One important cause of
the low elastic modulus reported in the current study is the low
strain rate (10�4 min�1) that has been adopted in the compression
tests performed. Most of the relationships in the literature between
the elastic modulus and the density of the geofoam were based on
the monotonic test results performed with a customary strain rate
of 10�1 min�1 (Koerner, 2005). Duskov (1997) reported that loading
rate significantly affects the stiffness of the EPS geofoam.

XPS geofoam exhibits a well-defined yield point in association
with strain softening after yielding. Elastic modulus representing
the linear elastic portion was determined as 5580 kPa. The triaxial
test results also revealed that an increase in the confining stresses
causes a decrease in the elastic modulus and yields deviatoric stress
of geofoam.

Stress-controlled cyclic triaxial tests were performed on EPS15
and XPS22 samples to determine the dynamic modulus (Edyn) and
the maximum axial strain (εmax) under dynamic loads. During the
tests, cyclic component of the axial stress remained below the static
confining stresses initially applied to the samples. Fig. 2 shows the
viscoelastic stressestrain response of EPS geofoam at different cy-
clic deviatoric stress levels. Based on the data obtained from cyclic
triaxial tests, the Young’s moduli (E) of the geofoam at different
axial strains were normalized with initial modulus (E0) to develop
E/E0 degradation curves for EPS and XPS geofoams in relation to the
cyclic axial strain amplitude, as shown in Fig. 3.

In the tests, cyclic axial strain amplitudes (εac) up to about 0.50%
were observed. According to the results proposed by Trandafir and
Erickson (2012), geofoam exhibits visco-elasto-plastic behavior
after exceeding threshold of axial strain amplitude of 0.54%. Hence,
the dynamic properties of the EPS and XPS geofoams reported
in this study are representative for the viscoelastic behavior of
these materials. The initial Young’s moduli of EPS15 and XPS22
Fig. 4. Retaining wall model (dw ¼ 524) without deformable inclusion; (a) Before the dynam
10 Hz excitation.
corresponding to a cyclic strain amplitude εac ¼ 0.01% were esti-
mated as 4745 kPa and 8907 kPa, respectively, using the following
equation proposed by Trandafir and Erickson (2012):

E0 ¼ 59:93r2 � 1622:8rþ 15602 (1)

where E0 and r are expressed in kPa and kg/m3, respectively. The
initial Young’s moduli estimated by Eq. (1) were found to be in
agreement with the results of the laboratory tests performed in this
study. Trandafir and Erickson (2012) indicated that results from
cyclic uniaxial compression tests performed on EPS geofoam reveal
insignificant variation in the Young’s modulus for cyclic axial strain
amplitudes of up to 5 � 10�4. Thus, the measured Young’s modulus
values at cyclic axial strain amplitudes not greater than 5 � 10�4 in
cyclic uniaxial compression tests may be appropriate to describe
the small strain elastic behavior of geofoam.

5. Test procedure

The instrumented retaining wall models were placed on the 20-
cm thick compacted layer of sand. During the backfilling process,
the wall model was kept fixed against horizontal movements by
means of lateral supports. Backfill was constituted of 10-cm lifts by
dry pluviation, a commonly used method to reconstitute granular
materials representative of some initial state (Okamoto and Fityus,
2006). To make use of dry pluviation technique, a steel shutter and
diffuser screen having the same dimensions with the laminar
container were manufactured. Based on the test results presented
by Okamoto and Fityus (2006), hole spacing of the shutter and
diffuser screen were selected as 60 mm and 2.36 mm, respectively,
in order to obtain relative densities between 70% and 75% by
raining procedure. At the end of the backfilling process, the data
acquisition equipment was used to monitor wall pressures on the
non-yielding wall (lateral restraints were presented). The data
ic phase; (b) After 0.1 g-4 Hz excitation; (c) After 0.4 g-8 Hz excitation; (d) After 0.7 g-
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acquisition continued during the removal of the restraints accom-
plished by the slow unloading of the mechanical jack located be-
tween the wall model and the sides of the container. Lateral earth
pressures and wall movements were monitored until no further
wall movements and pressure redistribution occurred. The tests
involving compressible geofoam inclusions were carried out
following the same procedure. However, EPS and XPS geofoam
panels were installed between the wall model and the backfill prior
to the pluviation. Direct shear tests were performed to determine
the interface friction between the geofoam and the granular ma-
terial. The friction coefficient of the contact plane between the
geofoam and the granular backfill was found as 0.13 since the
surfaces of the geofoam panels used in the current study were
covered with plastic tape to reduce the friction between the soil
and the geofoam. With decreasing frictional force at the geofoame

backfill interface, the loading axis of the earth thrust becomes
closer to horizontal. In the shaking table tests, harmonic displace-
ments matching the following target sinusoidal acceleration-time
history were applied to the base of the laminar container by
means of dynamic actuator:

ahðtÞ ¼

8>>>>>>>><
>>>>>>>>:

amax

4
ft sinð2pftÞ

�
t <

4
f

�

amax sinð2pftÞ
�
4
f
� t < 5

�

amax

4

��
5þ 4

f

�
� t

�
f sinð2pftÞ

�
5 � t � 5þ 4

f

�
(2)

where t is the time, f is the frequency of the excitation, and amax is
the acceleration amplitude. Although the application of random
Fig. 5. Retaining wall model (dw ¼ 524) with EPS15 deformable inclusion having ti/H ¼ 0.
excitation; (d) After 0.7 g-10 Hz excitation.
earthquake excitations in physical modeling studies is considered
more realistic, Bathurst and Hatami (1998) and Matsuo et al. (1998)
reported that simple harmonic base excitations can cause more
aggressive impact on the physical model when compared with the
effect of a real earthquake excitation with similar predominant
frequency and amplitude. Additionally, application of harmonic
base motion allows the physical models to be excited in the same
controlled way by enabling more accurate comparisons to be made
regarding the effect of different input parameters investigated in
this study. A summary of the test parameters is listed in Table 1.

Retaining wall models having different stem thicknesses were
used to investigate the influence of relative flexibility of the
retaining structure on the seismically induced earth pressures and
the performance of deformable geofoam inclusions. Plane strain
relative flexibility ratio (dw) of a retaining wall is considered as the
primary parameter affecting the response of the cantilever wall-
backfill system (Veletsos and Younan, 1997) and is expressed in a
dimensionless form as

dw ¼ 12
�
1� n2w

� G
Ew

�
H
tw

�3

(3)

where G is the shear modulus of the backfill, H is thewall height, Ew
is the Young’s modulus of the wall, tw is the wall thickness, and nw
denotes the Poisson’s ratio of the material. Relative flexibility ratios
for four model walls were determined as 128, 524, 1024 and 8197
when calculated using Eq. (3).
6. Discussion of the test results

Residual wall displacements and surface settlements of the
backfill at the end of different seismic excitation phases are
14. (a) Before the dynamic phase; (b) After 0.1 g-4 Hz excitation; (c) After 0.4 g-8 Hz



Fig. 6. Evolution of the dynamic wall pressures monitored at the wall base
(amax ¼ 0.3 g, f ¼ 4 Hz).
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depicted in Figs. 4 and 5. It is indicated that horizontal displace-
ments and backfill settlements increase as the excitations with
higher amplitude and frequency were applied to the model. EPS15
geofoam panel having a relative thickness (i.e. ratio of panel
thickness, ti, to wall height, H) ti/H ¼ 0.14 caused a significant in-
crease in the backfill settlement as a result of the compressive
deformations of the geofoam panel.

In the test series without geofoam panels, the surface settle-
ments at the end of the test were significantly lower when
compared with those of the geofoam tests. It was observed that the
flexural wall deformations and the reduction in the backfill volume
due to dynamic densification are the primary factors causing set-
tlement for the tests without geofoam. However, installation of a
compressible element between the wall stem and the granular
backfill introduces another factor, i.e. compressible deformations of
the geofoam layer, which causes additional surface settlements.
Horvath (2010) defined a dimensionless parameter (l) called the
normalized compressible inclusion stiffness:
Fig. 7. Evolutions of wall displacements for (a) Type-I-N; (b) Type-
l ¼ EH
tiPatm

(4)

where Patm is the atmospheric pressure, in the same units as E, used
to make l dimensionless. Parameter “l” is dependent on H/ti as can
be observed from the given formula. In the current investigation,
the authors defined ti/H as the relative thickness and used this
parameter in the discussions. During the tests, it was observed that
the settlement in the vicinity of the wall increases as ti/H increases.

In the dynamic tests, the granular backfill subjected to dynamic
base excitation was densified, causing higher lateral stresses in the
backfill compared with the initial condition. As the lateral loads of
the geofoam buffer increases permanently due to soil densification,
compressive deformations of the geofoam panels continuously
increase, causing progressive vertical backfill settlements in the
vicinity of the wall. While the compressive deformations in the
geofoam panels increase, higher volume of granular backfill moves
in the horizontal direction towards the wall. This causes additional
vertical backfill settlements concentrated in the vicinity of the wall.
As the relative thickness ratio (ti/H) of the geofoam inclusion in-
creases, the additional vertical settlements are induced by
compressive deformations of the geofoam.
6.1. Dynamic wall pressures and lateral displacements

In Fig. 6, the total dynamic earth pressures at the depth z ¼ H
(i.e. wall base) were compared for Type-III wall models (dw ¼ 524)
subjected to a base excitation characterized by amax ¼ 0.3 g and
f ¼ 4 Hz. Initial static stresses as well as the dynamic incremental
stresses for the walls with EPS15 geofoam inclusions were found to
be lower than those of the model without deformable inclusion.
The increments of dynamic stresses for Type-III-E7 and Type-III-
E14 models (EPS15 inclusion with ti/H ¼ 0.07 and ti/H ¼ 0.14,
respectively) were significantly lower compared with the control
case of the wall without geofoam inclusion (Type-III-N).
I-E14 (dw ¼ 128); (c) Type-IV-N; (d) Type-IV-E14 (dw ¼ 128).



Fig. 8. Evolution of the total dynamic thrust for (a) Type-I-N; (b) Type-I-E14 (dw ¼ 128); (c) Type-IV-N; (d) Type-IV-E14 (dw ¼ 8197).
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The evolutions of lateral displacements at the wall top during
dynamic phase (amax¼ 0.3 g and f¼ 4 Hz) for themost rigid (Type-I,
dw ¼ 128) and the most flexible models (Type-IV, dw ¼ 8197) are
compared in Fig. 7. The horizontal displacements monitored at the
top (indicated with bold lines) of the model Type-I (Fig. 7a) are
significantly lower than those observed for the more flexible model
wall Type-IV (Fig. 7c). Residual wall displacements (dres) increase as
wall flexibility ratio increases. EPS15 geofoam inclusions with ti/
H ¼ 0.14 significantly reduce the dynamic incremental and residual
wall displacements (Fig. 7b and d).

Based on the comparisons of the lateral dynamic pressure and
wall displacements with different flexibility ratios, it can be noted
Fig. 9. The parameters used in the calculation of the dynamic earth forces according to
SteedmaneZeng method (1990).
that the earth pressure against the rigid walls was reduced by the
within-backfill deformations induced by the lateral compression of
the low stiffness inclusion. The widespread backfill settlements
were considered to be an indicator of the compressive de-
formations of the geofoam panel. This positive effect of the
deformable geofoam panels also reduces the flexural displace-
ments of the wall stem in association with the load reduction
behavior. Pressures and displacements of the walls with XPS geo-
foam panel were not presented in Figs. 6 and 7. However, it can be
said that the XPS deformable panels have slightly low efficiency
compared with the performance of the EPS geofoam panels.

The evolution of the total dynamic lateral force of model walls
Type-I and Type-IV is depicted in Fig. 8. Wall flexibility has an effect
on the residual earth force (Pres) as well as on the dynamic
component (DPdyn) of the total thrust (Fig. 8a and c). EPS15 geofoam
with ti/H ¼ 0.14 provides significant reduction in Pres and DPdyn for
both of the models (Fig. 8b and d).
Fig. 10. Normalized earth pressure profiles calculated with SteedmaneZeng method
(amax ¼ 0.3 g and f ¼ 5 Hz).



O.L. Ertugrul, A.C. Trandafir / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 417e427424
6.2. Comparisons of the test data with the results obtained by
SteedmaneZeng method

One of the important studies addressing the evaluation of dy-
namic lateral earth pressures of fixed base cantilever retaining
walls was presented by Steedman and Zeng (1990). In this study,
the authors proposed an analytical methodology which took into
account the shear wave velocity distribution within the backfill,
thus allowing for a phase difference and variable acceleration
profile in a prototype. Centrifuge test data exhibited a good
agreement with the results obtained by the analytical methodology
well known as SteedmaneZeng (SeZ) method.

The parameters used in the calculation of seismic forces with
the analytical approach suggested by Steedman and Zeng (1990)
are presented in Fig. 9. The harmonic base excitation is written as

A
�
z; t

	 ¼ khg sin
�
u

�
t � H � z

Vs

��
(5)

where kh is the horizontal acceleration amplitude, Vs is the shear
wave velocity of the backfill, u is the angular frequency of the base
shaking, and z is the elevation measured from the wall top. For a
typical fixed base cantilever wall, the horizontal inertia force Qh
acting on a horizontal element (thickness of dz) of the failurewedge
within the backfill is given by

Qh ¼
ZH
0

r

�
H � z
tan a

�
Aðz; tÞdz (6)

where r is the density of the backfill, and a is the inclination angle
of wedge with the horizontal direction. The total dynamic thrust is
calculated with the following equation considering the equilibrium
of the forces acting on the wedge shown in Fig. 9:
Fig. 11. Normalized pressure profiles (amax ¼ 0.3 g and f ¼ 5 Hz). (a) dw ¼ 1024, without geof
(d) dw ¼ 524, EPS15 with ti/H ¼ 0.14.
Pae ¼ Qh cosða� 4Þ þW sinða� 4Þ
cosðd� aþ 4Þ (7)

whereW is the weight of the soil wedge, 4 is the angle of soil shear
resistance, and d is the angle of wall friction. The total lateral earth
pressure coefficient is thus obtained as

Kae ¼ 2Pae
gH2 (8)

The distribution of the total lateral pressure pae(z) is expressed
as

pae
�
z
	 ¼ vPaeðzÞ

vz
¼ cosða� 4Þkhgz

cosðd� aþ 4Þtan a
sin

�
u

�
t � z

Vs

��

þ gz
tan a

sinða� 4Þ
cosðd� aþ 4Þ

paeðzÞ ¼ padðzÞ þ pasðzÞ

9>>>>>>=
>>>>>>;

(9)

where pad(z) and pas(z) are the dynamic and static components of
the total lateral pressure, respectively. The loading point of the
dynamic thrust can be expressed by

Hd ¼ Mdðz ¼ HÞ
Pad cos d

¼
ZH
0

padðzÞcos dðH � zÞdz
Pad cos d

(10)

whereMd (z¼H) is the total bendingmoment at the fixed base, and
Pad is the dynamic component of the total thrust. Earth pressure
profiles calculated with the analytical method and those obtained
fromphysical tests are presented in Figs.10 and 11, respectively. The
oam panel; (b) dw ¼ 524, without geofoam panel; (c) dw ¼ 1024, EPS15 with ti/H ¼ 0.14;



Fig. 12. Location of maximum thrust in relation to (a) Acceleration amplitude, amax (for f =f *n ¼ 0:32); (b) Frequency ratio, f =f *n (for amax ¼ 0.7 g).

Fig. 13. Variation of dynamic earth pressure coefficient (Kae) with amax ðf =f *n ¼ 0:15Þ
for the Type-I model (dw ¼ 128).
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total earth pressures observed along the wall height are in good
agreement with those calculated with the analytical procedure.
However, the initial static and dynamic components were found to
be significantly different from those estimated by the analytical
method. According to the test results presented in Fig. 11, it can be
inferred that the lateral arching behavior of the granular backfill
leads to the formation of nonlinear pressure profiles along the wall.
Regarding the static and dynamic components of the total earth
force, the discrepancy between the test data and the results of the
analytical study could be explained with the arching effects pre-
sented in the physical model. Pressures estimated with the
analytical methodology were found to be more representative for
the Type-I with low flexibility ratio, dw ¼ 128 (comparison of
Figs. 10 and 11b).

The ratio of the dominant excitation frequency to the funda-
mental frequency of the wallebackfill system plays a major role in
the magnitude of seismic pressures and wall displacements. In
order to make comparisons of the seismic forces in relation to the
frequency ratio achieved in the tests, the first fundamental fre-
quency (fn) of an equivalent one-dimensional linear elastic soil
column can be estimated by a known height (H), shear modulus (G)
and backfill density (r) as follows:

fn ¼
ffiffiffiffiffiffiffiffi
G=r

p
4H

(11)

The modified natural frequency ðf *n Þ of a backfill-retaining wall
systemwas approximated as 32 Hz using the following shape factor
suggested by Wu (1994):

f *n ¼ Sfn

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
1

2� n

�s �
H
B

�2

9>>=
>>; (12)

where B is the width of the two-dimensional model. Considering
the backfill height and the fundamental frequency of the backfill-
retaining wall system for the tests carried out within this study,
phase differences within the backfill could not be observed. How-
ever, amplification of the base motion within the backfill could be
observed for the range of investigated excitation characteristics.
Since this study was performed on small-scale wall models in 1-g
environment, backfill phasing effects were out of the scope of the
investigation.
Loading points (ht/H) of the total dynamic thrust for different
excitation characteristics are presented in Fig. 12. According to the
test data, the loading point of total thrust is estimated between
0.4H and 0.6H from the wall base. However, the loading point
calculated with the analytical method is lower. This discrepancy
originates from the shape of the total dynamic pressure profiles of
the physical tests and those calculated with analytical method.
6.3. Dynamic earth pressure coefficients (Kae)

In Figs. 13e15, the lateral earth pressure coefficients (Kae) are
depicted for wall models with different flexibility ratios and
deformable inclusion characteristics. According to Fig. 13, increase
of amax causes a nonlinear increase in Kae values. A good agreement
can be noted between the coefficients calculatedwith the analytical
method and the test data corresponding to the wall without
deformable buffer. The earth pressure coefficients shown in Fig. 13
were calculated from test data obtained from the rigid wall model
Type-I (dw ¼ 128). On the other hand, wall flexibility has a prom-
inent role in the dynamic earth pressures as demonstrated in
Fig. 14. According to the test results, the total lateral dynamic forces
decrease as the flexibility ratio of the wall increases. Deformable
geofoam inclusions reducing earth pressure coefficients depends
on the inclusion characteristics and flexural attributes of the wall.
As observed in Fig. 14, the inclusion with the smallest stiffness
ratio (Ei/ti) provides the highest reduction. For thewall model Type-
I (dw ¼ 128), EPS15 inclusion having ti/H ¼ 0.14 provides



Fig. 15. Variation of dynamic earth pressure coefficient (Kae) for wall Type-III with f =f *n
(amax ¼ 0.3 g, dw ¼ 1024).

Fig. 14. Variation of dynamic earth pressure coefficient (Kae) with dw (base motion
f =f *n ¼ 0:13, amax ¼ 0.3 g).
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approximately 50% decrease in Kae. The same geofoam inclusion
provides only 33% decrease in dynamic earth pressure coefficient
for the model Type-IV (dw ¼ 8197). The influence of frequency ratio
ðf =f *n Þ on Kae values for Type-III wall (dw ¼ 1024) is shown in Fig. 15.
It can be observed that Kae values significantly increase as ðf =f *n Þ
increases.

7. Conclusions

In this study, results of small-scale physical tests on flexible
cantilever earth walls with deformable geofoam inclusions were
presented. Wall models having different flexibility ratios were
subjected to harmonic base excitations. Deformable inclusions
possessing different stiffness and thickness characteristics were
installed between the model walls and the cohesionless granular
backfill to serve as the deformable layer. Test results indicated that
the wall flexibility has a significant influence on the dynamic earth
pressures. The dynamic earth forces and displacements of the walls
with deformable panels were compared with those of the models
without geofoam inclusions. Comparisons indicate that geofoam
panels of low stiffness installed against the model retaining walls
affect displacement and lateral pressure profile along the wall
height. The efficiency of dynamic load and displacement reduction
decreases as the flexibility ratio of the model wall increases. On the
other hand, load reduction efficiency of the geofoam increases as
the amplitude and frequency ratio of the seismic excitation in-
creases. Relative flexibility of the deformable layer (the thickness
and the elastic stiffness of the polystyrene material) plays an
important role in reducing seismic earth forces. Depending on the
inclusion characteristics and the wall flexibility, up to 50% reduc-
tion in dynamic lateral earth pressures may occur. According to the
test results, the model retaining walls without geofoam inclusions
experienced high residual stresses when subjected to the earth-
quake effect due to densification of the granular material.
Deformable inclusions reduced residual wall stresses observed at
the end of seismic excitation, thus contributing to the post-
earthquake stability of the retaining wall. Loading point of the
maximum dynamic thrust varies between 0.4H and 0.6H,
depending on the inclusion type, flexibility ratio of the wall and the
characteristics of the harmonic motion applied to the base of the
models. Dynamic earth pressure coefficients were compared with
those calculated by the proposed analytical approach. Pressure
coefficients calculated with this method were found to be in a good
agreement with the testing results of the model walls with low
flexibility ratio.

The presented graphs concerning the earth pressure coefficients
versus the wall flexibility and inclusion characteristics may serve
for the seismic design of full-scale retaining walls with deformable
polystyrene inclusions.
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