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ABSTRACT: Experimental tests and numerical simulations have shown that a vertical inclusion of EPS geo-
foam material placed against a rigid soil retaining wall can reduce both static and dynamic loads acting on the 
wall before and during earthquake. In the current numerical parametric study a rigid retaining wall with fixed
height of 6 m was considered with different EPS materials. Also investigated was the influence of the consti-
tutive model for EPS geofoam on numerical outcomes. The constitutive models considered were as follows: 
a) simple elasto-plastic model with constant Rayleigh damping, b) advanced non-linear model with variable 
hysteresis damping (equivalent linear model, ELM) and, c) strain-hardening model. A FLAC model that has 
been verified against reduced-scale shaking table tests was used to run the simulations. The results show that
for the parameters investigated in this study, there is not a significant variation in load attenuation acting on 
the wall for models with different EPS constitutive models but choice of model may have an important influ-
ence on the magnitude of buffer compression and hence affect the serviceability of the wall and the perfor-
mance of structures in close proximity to the wall. The variation in isolation efficiency is only a few percen-
tage points for the EPS constitutive models used but in general the simulation with hardening model for EPS
showed smaller buffer compression.  

1 INTRODUCTION 

The concept of earth pressure reduction for rigid 
retaining walls under static and dynamic loading 
conditions has been investigated both experimen-
tally and numerically by a number of researchers. 
Earth pressure reduction can be achieved by intro-
ducing a suitable layer of compressible material 
between the rigid wall and the backfill material. 
This inclusion can reduce earth pressures to levels 
close to the active state (minimum theoretical val-
ue) for static loading conditions. The material of 
choice is expanded polystyrene (EPS) which is 
called geofoam in the geotechnical literature and is 
available with a range of densities and compressive 
properties.  
 
Karpurapu and Bathurst (1992) used a verified fi-
nite element method (FEM) numerical model to 
develop a series of design charts that can be used 
to select the properties of the compressible layer 
for static loading conditions.  
 

Shaking table experiments on 1-m high rigid re-
taining wall models were carried out at the Royal 
Military College of Canada (RMC) (Bathurst et al. 
2007; Zarnani and Bathurst 2007).  They demon-
strated that the compressible inclusion concept can 
be extended to reduce large earthquake-induced 
loads against rigid retaining walls. A compressible 
layer for dynamic load attenuation is called a seis-
mic buffer. Numerical simulations are also a po-
werful tool to quantitatively investigate the benefit 
of seismic buffers in rigid retaining wall applica-
tions. Zarnani and Bathurst (2008) first developed 
a finite difference method (FDM) numerical mod-
el. Their numerical model was verified against the 
RMC experimental results and it was shown that 
the simulation results were qualitatively and in 
most cases quantitatively in good agreement with 
measured experimental values. The same numeri-
cal approach was then used to investigate the in-
fluence of two different constitutive models for the 
soil and seismic buffer on the accuracy of RMC 
shaking table test simulations (Zarnani and Ba-
thurst 2009a). Their numerical simulation results 
demonstrated that the more advanced equivalent 
linear method (ELM) constitutive model did not 
significantly improve simulation accuracy com-
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pared to the simpler elastic-perfectly plastic consti-
tutive model with Mohr-Coulomb failure criterion 
(MC). The effect of other parameters such as seis-
mic buffer thickness, stiffness, wall height and 
base excitation characteristics were investigated in 
a numerical parametric study by Zarnani and Ba-
thurst (2009b) using the MC model for buffer and 
soil materials.  
 
The work reported in this paper, is a continuation 
of numerical modeling of seismic buffers by the 
writers. In this paper a typical rigid wall of height 
H = 6 m is selected together with a constant seis-
mic buffer thickness t = 0.9 m. Three different 
constitutive models of varying complexity were 
used to simulate the behavior of the seismic buf-
fers in numerical simulations. The numerical mod-
els were excited at the base and far-field boundary 
using a synthetic earthquake record developed for 
western Canada. This input accelerogram was 
modified to investigate the influence of proximity 
of the predominant frequency of the record to the 
natural frequency of the wall system. 

2 NUMERICAL MODEL 

The finite difference numerical program FLACv5 
(Itasca 2005) was used for this numerical analysis. 
Figure 1 shows the cross section of the numerical 
grid used in the current study. The model height 
(H) was fixed at 6 m and the width of the retained 
soil (B) kept constant at 30 m; hence, the model 
aspect ratio B/H = 5. This ratio was selected based 
on previous similar numerical simulations carried 
out by Bathurst and Hatami (1998) and Zarnani 
and Bathurst (2009b). The thickness of seismic 
buffer (t) was fixed at 0.9 m which is equivalent to 
15% of the wall height (t/H = 0.15). The grid den-
sity (zone size = 0.3 m) was selected based on pre-
vious sensitivity analysis (Zarnani and Bathurst 
2009b). 
 
The vertical sides and bottom of the numerical 
domain had fixed velocity boundaries in both X 
and Y directions. During the dynamic loading 
stage, the prescribed acceleration record was ap-
plied to these three boundaries. The rigid wall was 
0.6 m thick and had stiffness 1000 times greater 
than the backfill soil. Free vibration analysis of the 
numerical model revealed that the fundamental 
frequency of the model (f11) is about 2.8 Hz. Inter-
face layers were introduced between the rigid wall 
and EPS layer and between the EPS layer and the 
backfill material. These zero thickness interface 
layers allowed slip and separation to occur be-
tween material zones. The interface between the 
rigid wall and EPS layer had a friction angle of 25 
degrees and the interface friction angle between 

the EPS layer and the backfill soil was 20 degrees. 
These values were based on back-calculation from 
experimental shaking table test results reported by 
Zarnani and Bathurst (2007). 

3 MATERIAL PROPERTIES 

In order to limit the number of variables, the soil 
properties were kept constant in all simulations. 
The soil was modeled as elastic-perfectly plastic 
material with Mohr-Coulomb failure criterion with 
a very low cohesion value (3 kPa). This small co-
hesion was used in all models to ensure numerical 
stability at the unconfined soil surface when mod-
els were excited at high frequencies. Five percent 
Rayleigh damping was also applied to the soil do-
main in all simulations. The equations of motion in 
matrix form include a damping matrix which is 
used to damp the natural oscillation modes of the 
system. This damping matrix for linear elastic equ-
ations of motion, which has components propor-
tional to mass and stiffness of the system, is known 
as Rayleigh damping in dynamic analysis. The 
properties of the backfill material are presented in 
Table 1. These properties are considered typical of 
loose to medium dense sand. 
 

    Table 1. Backfill properties 
Property Value 
Unit weight (kN/m3) 17.2 
Friction angle (degrees) 35 

Cohesion (kPa) 3 

Dilation angle (degrees) 10 

Shear modulus (MPa) 16 

Bulk modulus (MPa) 21 

Shear wave velocity (m/s) 96 

Figure 1. FLAC numerical grid 
 
Two different EPS materials were used in the cur-
rent numerical parametric study. Based on ASTM 
D-6817 standard (ASTM 2006) EPS materials are 
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classified according to density. In this study EPS15 
and EPS29 with minimum densities of 14.4 and 
28.8 kg/m3 were used. Previous experimental stu-
dies plus the results of compression tests by the 
writers presented later have shown that EPS ma-
terial behaves as linear elastic material up to com-
pressive strains of about 1%. However, after yield 
EPS material undergoes a hardening stage during 
which the strength of EPS increases as strain in-
creases. Hardening behavior of EPS has been stu-
died by some researchers. Wong and Leo (2006) 
proposed a simple elasto-plastic hardening model 
for EPS geofoam for strain levels below the sig-
moidal strain (i.e. before rapid strain hardening oc-
curs). Their model requires six independent para-
meters that can be deduced from triaxial tests. 
Hazarika (2006) proposed a constitutive model for 
EPS for large strain applications based on the in-
cremental theory of plasticity. The material para-
meters of the constitutive model were determined 
from a series of unconfined compression tests and 
included different EPS specimen shapes, sizes and 
densities. A hyperbolic constitutive model was al-
so proposed for EPS as a function of density and 
confining stress by Chun et al. (2004).  
 
The choice of constitutive model adopted for EPS 
material may be expected to have an important in-
fluence on the results of numerical simulations. 
Three different models were used in the current in-
vestigation: (1) linear-elastic purely cohesive ma-
terial with Mohr-Coulomb failure criterion and 
constant Rayleigh damping (MC); (2) equivalent-
linear method with variable hysteresis damping 
and Mohr-Coulomb failure criterion (ELM+MC), 
and; (3) strain hardening model with Mohr-
Coulomb failure criterion (HARD+MC). 
 
Figure 2 illustrates unconfined compression test 
results on 250 mm cube specimens of EPS15 and 
EPS29 that were carried out by the writers. These 
results clearly show the linear elastic range, the 
yield point and the subsequent hardening stage. 
For the MC model, the EPS behaves linearly elas-
tic up to the compression yield point (defined as 
twice the cohesive strength) at which point the ma-
terial undergoes plastic deformation with constant 
load capacity; hence, hardening behavior cannot be 
captured. However, MC model approximations for 
two different EPS materials are fitted to the data as 
illustrated in Figure 2. Despite the limitations of 
this simple model, it has proved sufficiently accu-
rate in previous numerical simulations of the RMC 
shaking table tests (Zarnani and Bathurst 2008). 
For dynamic simulations, a constant Rayleigh 
damping of 5% was applied to the EPS zone. 
 
The second EPS constitutive model (ELM+MC) is 
based on the concept of shear modulus reduction 

and increase of hysteresis damping with increasing 
shear strain. Shear modulus degradation and in-
crease in hysteresis damping is the result of hyste-
resis stress-strain loops with progressively shal-
lower slopes and greater width as shear strain 
increases. Details of the adaptation of this constitu-
tive model for EPS materials in FLAC numerical 
simulations have been reported by Zarnani and Ba-
thurst (2009a). Figure 3 illustrates the shear mod-
ulus reduction and damping ratio changes with 
shear strain for different EPS materials. In some 
previous studies it was shown that the density of 
EPS material and the magnitude of confining pres-
sure do not have a significant effect on the shear 
modulus degradation curve (Athanasopoulos et al. 
1999, 2007; Ossa and Romo 2008). Also shown in 
Figure 3 are the results of resonant column tests on 
EPS15 and EPS29 at 0 and 20 kPa confining pres-
sure carried out by the writers. The resonant col-
umn results by the writers show slightly stiffer be-
havior compared to earlier investigations. The 
degradation curve that was adopted for the ELM 
model in the current numerical study was selected 
to fall between data reported by others and more 
recent data by the writers. Degradation curves for 
the equivalent-linear elastic method (ELM) were 
used along with the same shear yield strength (co-
hesion) for the geofoam (i.e. Mohr–Coulomb fail-
ure criterion). In this model, EPS cyclic response 
remains continuously non-linear below the yield 
strength. 

Figure 2. Compressive stress-strain behavior of EPS 
 
The third EPS constitutive model (HARD+MC) is 
based on the Mohr-Coulomb failure criterion but 
with the possibility of strength parameter harden-
ing after the onset of plastic yield. In the hardening 
model in FLAC (Itasca 2005) the user can define 
strength parameters as piece-wise linear functions 
of the hardening parameter which in turn is a func-
tion of plastic shear strain. The code records the to-
tal plastic shear strain by incrementing the harden-
ing parameters at each time step and adjusts model 
properties to conform to the user-defined functions 
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(Itasca 2005). In the current investigation the cohe-
sive shear strength parameter of the EPS material 
was changed with plastic shear strain as illustrated 
in Figure 2. It is clear that this hardening model is 
better able to capture EPS behavior at higher strain 
levels than the MC model. A constant Rayleigh 
damping ratio of 5% was also used for simulations 
using this constitutive model. 

Figure 3. Shear modulus and damping variation of EPS 
material with shear strain 

 
The shear strength parameters used for two differ-
ent types of EPS are presented in Table 2. These 
material properties were based on experiments per-
formed by the writer and correlations available in 
the literature. 
  
Table 2. EPS properties 

Property Type 
EPS15 EPS29 

Density (kg/m3) 15 29 
Yield (compressive) strength (kPa) 54 150 
Cohesion (shear strength) (kPa) 27 75 
Shear modulus (MPa) 2 4.5 
Bulk modulus (MPa) 1.7 4.13 

4 MODEL EXCITATION 

In this study, one of a series of synthetic earth-
quake records developed for western Canada by 
Atkinson and Beresnev (1998) was used as the ex-
citation record applied to the numerical model. 

This record (Figure 4) identified as M6.5, R30 (M 
= moment magnitude of earthquake, R = distance 
of the earthquake from the city in km) is a short 
period event for cities of Vancouver and Victoria 
in British Columbia. The magnitude of the accele-
ration was scaled to 0.6g (PA=peak acceleration) 
for this numerical study. The fast Fourier trans-
form (FFT) analysis of this record shows that it has 
a predominant frequency (f) of about 1.3 Hz. In 
order to investigate the effect of predominant fre-
quency of the earthquake record on the results, the 
time increment of the original record was adjusted 
to achieve predominant frequencies of 0.6 Hz, 2.99 
Hz and 3.37 Hz. It has been shown that the prox-
imity of the fundamental frequency of excitation to 
the natural frequency of the structure has a very 
significant impact on the seismic performance of 
these structures (Zarnani and Bathurst 2009b). 
Based on the 2.8 Hz natural frequency of the mod-
el (f11), different frequency proximity ratios (f/f11) 
were investigated. Table 3 summarizes different 
characteristics of the excitation records. 

Figure 4. The acceleration record (M6.5, R30) 

5 NUMERICAL RESULTS AND 
DISCUSSION 

The most important function of EPS seismic buf-
fers is dynamic load attenuation. Hence, wall force 
results are the focus of this current investigation. 
Figure 5 shows the temporal variation of total wall 
force acting on the rigid retaining wall using the 
MC+HARD model for EPS.  
 
The maximum calculated wall force for the case of 
no EPS seismic buffer was compared to the maxi-
mum wall force with an EPS seismic buffer. An 
isolation efficiency factor was defined to quantify 
the relative performance of the EPS wall with re-
spect to load attenuation (Zarnani and Bathurst 
2009b). This parameter is computed as the differ-
ence in total measured wall force with and without 
a seismic buffer (force attenuation) divided by the 
wall force for the control case (without buffer) in 
percent. Figure 6a and 6b show, respectively, the 
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maximum wall force calculated during model exci-
tation and the isolation efficiency for different nu-
merical simulations with different EPS material 
types and different EPS constitutive models. In all 
cases, the maximum wall force is much less using 
a layer of EPS seismic buffer placed against the ri-
gid retaining wall. The amount of wall force reduc-
tion is higher for the models with the more com-
pressible EPS15 buffers compared to the models 
with EPS29. Figure 6a also illustrates that the 
magnitude of maximum wall force for the models 
with EPS seismic buffer is not significantly af-
fected by the choice of EPS constitutive model. 
Figure 6b shows that for the parameters investi-
gated in this study, there is not a significant varia-
tion in isolation efficiency for models with differ-
ent EPS constitutive models. The variation in 
isolation efficiency is only a few percentage points 
for the EPS constitutive models used.  

Figure 5. Typical total wall force response with time 
 

Table 3. Excitation record characteristics 
Excitation  
record 

property   
PA (g) f (Hz) f/f11 

M6.5, R30_f0.6 0.6 0.6 21% 
M6.5, R30 0.6 1.3 46% 
M6.5, R30_f3 0.6 3 107% 
M6.5, R30_f3.37 0.6 3.37 120% 

 
Another performance feature of interest is the 
compression of the EPS buffer during excitation. 
Profiles of time-coincident maximum EPS buffer 
compression along the height of the rigid wall are 
presented in Figure 7 for all numerical simulations. 
It can be seen that the maximum buffer compres-
sion is significantly higher for EPS15 compared to 
EPS29. This is attributed to the more compressible 
behavior of the lower density EPS material. Also, 
when results of maximum buffer compression of 
EPS15 are compared it can be seen that in most 
cases the maximum buffer compression occurs for 
simulations with MC constitutive model for EPS 
buffers and the smallest buffer compression gener-
ally occurs when the MC+HARD constitutive 
model for EPS is used. For example, Figure 7b 
shows the greatest buffer compression for EPS15 

(excited with original M6.5, R30 record at 46% of 
f11). The maximum buffer compression from all 
simulations is about 5.5% which means that the 
material should be in the hardening stage (Figure 
2). However, using the hardening model 
(MC+HARD) for the EPS layer the maximum buf-
fer compression is reduced to about 3%. 

Figure 6. Maximum wall force and isolation efficiency for 
different models 

 
For the models with EPS29 the effect of EPS con-
stitutive model on buffer compression is not signif-
icant because of its higher density and stiffness. 
For all simulations using EPS29 the maximum 
buffer compression did not exceed the elastic limit 
of the material, hence the choice of EPS constitu-
tive model did not have any significant effect on 
buffer compression at these low strain levels. 
 
The magnitude of buffer compression may influ-
ence other performance limit states. If too much 
compression occurs in the buffer during seismic 
loading, then excessive deformation of structures 
located on the backfill surface close to the wall 
could occur. Hence, for design of a seismic buffer 
placed against a rigid retaining wall, both load re-
duction (or isolation efficiency) and ground de-
formations in proximity to the wall should be con-
sidered. In conclusion, the most important findings 
from this numerical investigation are that for the 
range of parameters investigated, the choice of 
constitutive model for EPS seismic buffer may not 
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have a significant effect on load attenuation but it 
may have an important influence on the magnitude 
of buffer compression and hence influence the ser-
viceability of the wall and the performance of 
structures in close proximity to the wall. However, 
the more complex constitutive models (ELM+MC, 
HARD+MC) require more parameters to define the 
material models and more experimental data to 
back-fit the model parameters. They are also more 
computationally intensive than the simple linear 
elastic plastic MC model.  
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Figure 7. Maximum buffer compression for all models
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