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Abstract 

Expanded polystyrene (EPS) geofoam has been increasingly used in geotechnical engineering 

applications either as lightweight fill material or as compressible inclusion to reduce earth pressure 

on earth retaining structure under both static and dynamic loading. These applications involve the 

installation of geofoam blocks in direct contact with other materials (e.g. steel, soil, concrete etc.) 

forming a composite structure. In this thesis an attempt has been made to experimentally determine 

shear strength of monoblock of EPS geofoam and interface strength of geofoam interacting with 

different materials. Further, numerical studies are carried out to investigate the role of EPS 

geofoam in reducing lateral earth pressure on rigid non-yielding retaining walls under static and 

dynamic loading conditions.  

First, a series of direct shear tests has been conducted on geofoam samples of three different 

densities, namely, 15 kg/m3, 22 kg/m3 and 39 kg/m3 under three different normal stresses 18, 36 

and 54 kPa. In addition, interface shear tests are also conducted to determine the interface strength 

parameters as these geofoam blocks interact with selected materials (e.g. PVC, sand, concrete, 

steel, wood). Test results revealed that geofoam density and applied normal stress have significant 

effects on the vertical compression and interface strength properties. Next, a 2D plane strain finite 

element model is developed to investigate the effectiveness of EPS geofoam in reducing static 

earth pressure on rigid retaining wall. Numerical model is first validated with the results of physical 

tests. A parametric study is then carried out to investigate the role of EPS geofoam density, relative 

thickness and backfill frictional properties on reduction of static lateral earth pressure on the wall. 

Three different geofoam samples having three different thicknesses interacting with four different 

backfill soils were used in this study.  

Finally, a 2D plane strain finite element model is developed to study the role of EPS geofoam in 

reducing seismic earth pressure. Numerical model is first validated against the results of reduced 

scale shaking table tests. A numerical parametric study is then conducted to investigate the 

effectiveness of EPS geofoam density, relative thickness and backfill frictional properties on 

reduction of seismic earth pressure on the rigid retaining wall. Four different geofoam samples 

having three different thicknesses interacting with four different backfill materials are used in this 

study. The results of numerical studies are presented in the form of design charts for practical 

implication. 
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Résumé 

Le polystyrène expansé (EPS) Geofoam a été de plus en plus utilisé dans les applications 

d'ingénierie géotechnique soit en tant que matériau de remplissage léger ou comme inclusion 

compressible pour réduire la pression de la terre sur les structures de soutènement sous les charges 

statique et dynamique. Ces applications impliquent la mise en place de blocs de Geofoam en 

contact direct avec d'autres matériaux (par exemple l'acier, du sol, du béton, etc.) formant une 

structure composite. Dans cette thèse, une tentative a été faite pour déterminer expérimentalement 

la résistance au cisaillement de monobloc de la EPS Geofoam et la résistance de l'interface de 

Geofoam en interaction avec différents matériaux. En outre, des études numériques sont effectuées 

pour étudier le rôle de la EPS Geofoam dans la réduction de la pression latérale de terre sur les 

murs de soutènement rigides non flexibles dans les conditions de charge statique et dynamique. 

Premièrement, une série d'essais de cisaillement direct a été effectuée sur des échantillons de 

Geofoam de trois densités différentes de 15 kg/m3, 22 kg/m3 et 39 kg/m3 sous les trois contraintes 

normales différentes de 18, 36 et 54 kPa. De plus, les essaies de cisaillement d'interface sont 

également faits pour déterminer les paramètres de résistance de l'interface, car ces blocs de 

Geofoam interagissent avec des matériaux sélectionnés (par exemple PVC, sable, béton, acier et 

bois). Les résultats des essais ont révélé que la densité de Geofoam et la contrainte normale 

appliquée ont des effets significatifs sur la compression verticale et les propriétés de la résistance 

de l'interface. Ensuite, un modèle d'éléments finis de déformation plane 2D est développé pour 

étudier l'efficacité de la Geofoam EPS dans la réduction de la pression statique de terre sur le mur 

de soutènement rigide. Le modèle numérique est initialement validé avec les résultats des essais 

physiques. Une étude paramétrique est ensuite réalisée pour étudier le rôle de la densité de EPS 

Geofoam, l'épaisseur relative et les propriétés de frottement de remblai sur la réduction de la 

pression latérale statique de terre sur la paroi. Trois échantillons de Geofoam ayant trois épaisseurs 

différentes qui interagissent avec quatre différents sols de remblai ont été utilisés dans cette étude. 

Finalement, un modèle 2D d'éléments finis de déformation plane est développé pour étudier le rôle 

de la Geofoam EPS dans la réduction de la pression sismique de terre. Le modèle numérique est 

d'abord validé par rapport aux résultats des essais de la table tremblante à échelle réduite. Une 

étude paramétrique numérique est ensuite menée pour étudier l'efficacité de la densité de la 

Geofoam EPS, de l'épaisseur relative et des propriétés de frottement du remblai sur la réduction 
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de la pression sismique de la terre sur le mur de soutènement rigide. Quatre échantillons différents 

de Geofoam ayant trois épaisseurs différentes interagissant avec quatre matériaux de remblai 

différents sont utilisés dans cette étude. Les résultats des études numériques sont présentés sous la 

forme de tableaux de conception pour implication pratique.
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1 Introduction  

1.1 General 

Expanded polystyrene (EPS) was originally invented in Germany by BASF in 1950 [1]. Expanded 

polystyrene geofoam refers to a rigid, air filled closed cell, lightweight, plastic foam type material. 

“Geofoam” is a generic term given to lightweight blocks of EPS by Horvath [2]. It is almost 100 

times lighter than soil and 10-30 times lighter than other lightweight fill materials [3]. Besides its 

lightweight nature, EPS geofoam also posses many other outstanding characteristics e.g. 

durability, non-biodegradable, water resistant, eco-friendly, easy to install without any specialized 

equipment, ability to retain its shape, high compressive strength etc. EPS geofoam has been used 

in many geotechnical engineering applications, some of the important application of EPS geofoam 

as light weight fill material can be found in: slope stabilization [4-8], sub base fill material [9-11], 

embankments [12-16], earth retaining structures [4,17], bridge abutments and bridge approaches 

[18-22] and thermal insulation for roads [23]. High compressibility of EPS geofoam also makes it 

a suitable for use as compressible material in underground applications [24-26] and as 

compressible inclusion behind the walls of rigid structures [26-31]. 

1.2 Motivation of the Study 

In most of the geotechnical applications (see Figure 1.1), EPS geofoam is used either in direct 

contact with other geofoam blocks or with other construction materials to form a composite 

structure. Successful analysis and design of these structures requires a clear understanding of both; 

compression and shear behavior of the geofoam material as well as the strength of the interface.   

Retaining walls are an integral part of many important infrastructure projects, they are mostly 

provided as preferred countermeasure against soil instability.  
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Figure 1.1  Applications of EPS geofoam in geotechnical engineering 

Compressible nature of EPS geofoam has shown its potential to be used as inclusion or buffer 

behind earth retaining structures under static and dynamic loading conditions. Many researchers 

have demonstrated the use of EPS geofoam inclusion in reducing static earth forces against rigid 

wall through small-scale laboratory tests [32-35] and monitored field installations [26,36,37]. The 

concept of reducing seismic earth forces on rigid retaining wall was first reported by Inglis et al. 

[27] through a field case study. Some researchers also demonstrated the use of EPS geofoam as 

seismic buffer through reduced-scale shaking table tests [38,39].  

It has been observed that very few numerical studies have been done to simulate and expand the 

results of physical tests conducted on rigid non-yielding retaining walls under static or dynamic 

conditions. Also, in most of these studies, the numerical results have not been compared with  

(a) Geofoam as light weight fill 

material 

(b) Geofoam as compressible material    

placed above buried pipes 

(c) Geofoam as compressible inclusion, 

placed behind the gravity retaining wall  

(d) Geofoam as seismic buffer placed 

behind rigid retaining wall 
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measured data based on instrumented physical models. Numerical modelling of complex 

engineering problems involving soil, structure (e.g. footing, walls or buried pipes etc.) and soft or 

compressible inclusion is a challenging task. The complex behaviour of composite structure is 

mainly attributed to the different material models and interaction between these materials. Finite 

Element Method (FEM)  has been proven to be effective in calculating stresses and strains within 

a complex engineering problem.   

The present research has two main goals (a) Experimental: To evaluate the interface strength 

parameters of EPS geofoam interacting with different materials.  (b) Numerical: To use FEM to 

study the behavior of rigid non-yielding retaining walls with EPS geofoam under static and 

dynamic conditions.  

1.3 Research Objectives and Scope 

The major objectives of the present research were:  

1. To perform direct shear tests on monoblock geofoam samples to investigate the shear 

strength parameters of the material. 

2. To perform interface direct shear tests on geofoam samples interacting with other materials 

e.g. PVC, sand, wood, steel, concrete etc. to investigate the interface strength parameters. 

3. To develop and validate a numerical model that is able to simulate the response of rigid 

retaining walls with EPS geofoam under static loading. 

4. To carryout a parametric study to investigate the effect of EPS geofoam and backfill 

properties on the static earth pressure acting on rigid retaining walls.  

5. To develop normalized charts that could be used for the selection of EPS geofoam density 

and thickness to be installed behind rigid retaining walls under static loading. 

6. To develop and validate a suitable numerical model to simulate the seismic response of rigid 

retaining walls with of EPS geofoam inclusion under dynamic loading. 

7. To carryout a parametric study to investigate the effect of EPS geofoam and backfill 

properties on the seismic earth pressure acting on rigid retaining walls.  

8. To develop normalized charts that could be used for the selection of EPS geofoam density 

and thickness to be installed behind rigid retaining walls under dynamic loading. 
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1.4 Original Contribution 

 The original contributions of present research are briefly summarized below: 

1. Determination of shear strength properties of monoblocks of geofoam and interface shear 

strength properties of geofoams interacting with different construction materials. 

2. Development of a validated numerical model to investigate the effect of EPS geofoam on 

reduction of static earth pressures on rigid non-yielding retaining walls. 

3. Development of a validated numerical model to study the effect of EPS geofoam in reducing 

seismic earth pressures on rigid non-yielding retaining walls. 

4. Development of normalized charts based on the obtained results, which can be helpful in 

design of composite retaining structures involving EPS geofoam.      

1.5 Thesis Organization 

This thesis has been organized into six chapters. The chapters follow the order in which the 

research was carried out and presented. A comprehensive literature review of the past research 

related to each topic is presented in the corresponding chapters (chapters 2 to 5). A brief breakdown 

of the thesis is as follows: 

Chapter 1: Introduction 

This chapter includes the general introduction, problem statement, research objectives 

and thesis outline.  

Chapter 2: Experimental Investigation of the Shear Behavior of EPS Geofoam 

This chapter describes  the details of direct shear tests conducted on EPS geofoam 

block and interface direct shear tests conducted on EPS-PVC and EPS-sand interfaces. 

A series of direct shear tests has been carried out on geofoam samples of three 

different densities under three different normal stresses.  

Chapter 3: On the Role of Geofoam Density on the Interface Shear Behavior of Composite 

Geosystems 

In this chapter the details of interface direct shear tests conducted on EPS-concrete, 

EPS-wood and EPS-steel interfaces are presented. A series of direct shear tests has 

been carried out on geofoam samples of three different densities under three different 

normal stresses. 
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Chapter 4: On the Use of EPS Geofoam to Reduce Earth Pressure on Retaining Walls under 

Static Loading: A Numerical Study 

This chapter presents the development and validation of numerical model to 

investigate the effect of EPS geofoam placed behind rigid retaining wall under static 

loading. A parametric study was then carried out to study the effects of geofoam 

density, thickness and frictional properties of backfill soil on reduction of static earth 

pressure acting on rigid retaining wall. 

Chapter 5: On the Role of EPS Geofoam to Reduce Earth Pressure on Retaining Walls under 

Dynamic Loading: A Numerical Study 

This chapter presents the development and validation of numerical model to 

investigate the effect of EPS geofoam placed behind rigid retaining wall under 

dynamic loading. A parametric study was then carried out to study the effects of 

geofoam density, thickness and frictional properties of backfill soil on reduction of 

seismic earth pressure acting on rigid retaining wall. 

Chapter 6: Conclusions and Recommendations 

This chapter presents the global conclusions of the thesis and claims of originality 

arising from the present research. Some recommendations are also presented for future 

research. 
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2 Experimental Investigation of the Shear 

Behavior of EPS Geofoam*  

* A version of this chapter has been published as: 

Khan, M. I., & Meguid, M. A. (2018). Experimental investigation of the shear behavior of EPS geofoam. International 

Journal of Geosynthetics and Ground Engineering, 4(2), 12. 

 

2.1 Preface 

A brief introduction of EPS geofoam, problem statement, research objectives and thesis outline 

are presented in chapter 1. In this chapter results of direct shear test (DST) conducted on 

monoblock of EPS geofoam and interface direct shear test conducted on geofoam-PVC and 

geofoam-sand interfaces are presented in detail.  

2.2 Abstract 

Geofoam has been used in a wide range of geotechnical engineering projects since 1960s; either 

as lightweight fill material (e.g. embankments and bridge approaches) or as compressible inclusion 

(e.g. retaining walls and culverts). In most of these projects, geofoam is installed either in direct 

contact with other geofoam blocks or other construction material. Successful design of these 

composite systems requires a good understanding of both the compression and shear behavior of 

the geofoam blocks as well as the shear strength of the interface. In this study, an attempt has been 

made to measure the shear strength parameters of expanded polystyrene (EPS) geofoam blocks of 

different densities as well as the interface strength parameters as these blocks interact with sand as 

well as polyvinyl chloride (PVC) material. A series of direct shear tests has been carried out on 

geofoam samples of three different densities, namely, 15 kg/m3, 22 kg/m3 and 39 kg/m3. Shear test 

results on geofoam mono-blocks showed that the increase in density results in an increase in the 

material cohesion, which is associated with a decrease in the internal friction angle. Most interface 

resistance was found to develop at small displacements. For geofoam-PVC interface, both the 

adhesion and angle of interface friction slightly increased with the increase in geofoam density. 

2 
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The measured geofoam-sand interface strength revealed a consistent increase in the angle of 

interface friction as the density of geofoam material increased. These experimental results can be 

used to guide engineers in estimating the interface parameters needed for both analytical and 

numerical analyses involving soil-EPS-structure interaction.  

Keywords: EPS geofoam, Direct shear tests, Friction angle, Interface strength, Adhesion. 

2.3 Introduction 

Expanded polystyrene (EPS) was originally invented in Germany by BASF in 1950 [1]. It is an 

ultra-lightweight, rigid, closed cell foam which is significantly lighter than conventional backfill 

material [2]. Geofoam blocks have been successfully incorporated into various geotechnical 

engineering applications serving as lightweight fill material, vibration barrier, or seismic buffer 

for rigid structures [3].  

Geofoam inclusions placed above buried pipes [4,5] or behind retaining walls [6] are known to 

reduce earth loads on these structures leading to safer and economical design. Although geofoam 

blocks in these applications are generally subjected to compressive stresses, interaction with the 

protected structure and the surrounding ground can lead to the development of shear stresses 

particularly when geofoam is installed against the sidewalls of the structure. In most of these 

geotechnical engineering applications, EPS geofoam is installed in direct contact with other 

materials (e.g. soil, concrete, PVC, and steel). Therefore, understanding the shear behavior of both 

the geofoam material and interface strength is essential for successful design of these types of 

structures.   

Several studies investigated the strength properties of geofoam monoblocks and the interface 

properties of geofoam as it interacts with either geofoam or other construction material. A 

schematic showing typical direct shear tests used in these investigations is shown in Figure 2.1. 

For monoblocks, shear deformations generally develop along a horizontal shear plane that cuts 

through the material (Figure 2.1a), whereas interface shear failure develops along the contact 

surface under a given normal load (Figure 2.1b).  

Some of the experimental studies related to the shear behavior of geofoam interface as well as the 

shear strength of geofoam blocks are summarized below.  
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2.4 Shear Behavior of Geofoam Interface 

The interface shear behavior of EPS geofoam can be classified into three categories: (i) geofoam-

geofoam; (ii) geofoam-sand; and (iii) geofoam in contact with other materials (concrete, steel, 

geotextiles, etc.). The relevant literature for these three categories is given in the following 

sections. 

2.4.1 Geofoam-geofoam interface 

Wagner [7] used tilt tests to study the interface strength of two geofoam blocks with density of 22 

kg/m3. The results were compared with those obtained using direct shear tests. The measured 

geofoam-geofoam friction coefficient using tilt tests was found to be 0.54. Peak and residual 

interface friction coefficients measured using direct shear tests were found to be 0.63 and 0.52, 

respectively. The Norwegian Road Research Laboratory [8] recommended an interface coefficeint 

of 0.7 for geofoam-geofoam whereas the UK Transportation Research Laboratory [9] suggested a 

a geofoam-geofoam interface coefficeint of 0.5.  

Kuroda et al. [10] performed a series of shaking table tests to determine geofoam-geofoam 

interface strength and evaluate the effectiveness of binder plates installed between block layers 

under static and dynamic loading. Normal stresses of 7.4 kPa and 14.7 kPa were applied and the 

measured interface friction coefficients were found to range from 0.2 to 0.4. The effect of water 

on geofoam-geofoam interface properties was also studied by Sheeley and Negussey [11]. It was 

found that surface moisture, geofoam density and working stress level have a negligible effect on 

the characteristics of the geofoam-geofoam interface.  

Barrett and Valsangkar [12] conducted direct shear tests on geofoam samples with and without a 

barbed connector under different normal stresses. Results showed that barbed connector plates did 

not provide additional interface shearing resistance. Abdelrahman et al. [13] performed direct 

shear tests on geofoam-geofoam interface and found that the increase in normal stress and the 

decrease in geofoam density cause an increase in both the peak and residual friction coefficients. 

AbdelSalam and Azzam [14] showed that the presence of water significantly decreased the shear 

strength of geofoam-geofoam interface. A summary of some of the available friction coefficient 

values in this category is given in  Table 2.1.  
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2.4.2 Geofoam-sand interface 

Direct shear tests performed by Miki [23] revealed that interface friction coefficients for geofoam-

sand interface range from 0.55 to 0.7 depending on the thickness of the sand below the geofoam. 

Negussey [24] measured geofoam-sand interface friction and found that the friction coefficient is 

similar to that of the sand material. Xenaki and Athanasopoulos [25] found that geofoam-sand 

interaction mechanism can be represented by three stages: purely frictional, frictional-adhesional, 

and purely adhesional depending on the applied normal stress. Direct shear tests were also 

conducted on geofoam-sand interface by AbdelSalam and Azzam [14]. No significant change in 

interface friction coefficient was observed under both dry and wet conditions. Some of the 

available values of coefficient of friction for geofoam-sand interface are summerized  in Table 2.2. 

2.4.3   Geofoam interface with other material 

Direct shear tests were performed by Sheeley and Negussey [11] on geofoam-cast in place concrete 

and geofoam-geomembrane interfaces. Results showed that geofoam-cast in place concrete 

provides more interface friction as compared to geofoam-geomembrane interface. Moreover, peak 

and residual responses were observed in both cases. A study conducted by Chrysikos et al. [19] 

showed that interface friction coefficient between geofoam and other material (i.e., soils, 

geotextiles, geomembranes, precast and cast-in-place concrete) ranges between 0.27 to 1.2. Similar 

study conducted by Padade and Mandal [21] evaluated the interface properties of geofoam in 

contact with other construction materials (e.g. jute geotextile, geogrid and fly ash). It was found 

that with the increase in geofoam density, adhesion values slightly increased while interface 

friction angle remain unchanged. A summary of selected interface coefficients for geofoam 

interacting with other material is given in Table 2.3. 

2.5 Shear Behavior of Geofoam Monoblocks 

Direct shear tests performed by Stark et al. [2] on geofoam samples of different densities showed 

that the cohesive strength is proportionally related to the material density. Similar conclusion was 

made by Padade and Mandal [26] based on direct shear tests performed on four different geofoam 

blocks having densities ranging between 15 and 30 kg/m3. The increase in geofoam density 

resulted in significant increase in cohesion with slight increase in the angles of internal friction. 

Özer and Akay [22] conducted direct shear tests on EPS samples under a normal stress range of 

10 to 40 kPa and found that the shear strength of the tested geofoam blocks is mainly dependent 
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on its cohesion while interface shear strength is dependent on both adhesion and friction 

coefficient. AbdelSalam and Azzam [14] tested both dry and wet geofoam samples and concluded 

that the presence of water caused approximately 30 % reduction in shear strength of the geofoam 

blocks under the same contact pressure. A brief summary of some of the available shear strength 

parameters of geofoam blocks is presented in Table 2.4. 

The above studies provided some guidance in estimating the shear parameters of geofoam blocks 

as well as the interface strength between geofoam and different materials under a given test 

condition. However, the use of Polyvinyl chloride (PVC) or High-density polyethylene (HDPE) 

pipes has been growing in geotechnical applications over the past few years and, to date, a little 

work has been done to evaluate the interface shear parameters for cases where geofoam is installed 

in contact with PVC material. The objectives of this study are to: (i) carry out experimental 

investigation to measure the shear behavior of EPS geofoam blocks that span a range of densities 

from 15 to 39 kg/m3, and (ii) measure the interface strength parameters for geofoam blocks that is 

in contact with PVC material as well as sand material. 

2.6 Experimental Program 

A series of direct shear tests was performed to evaluate the shear strength and interface parameters 

of three different EPS geofoam materials. A total of 27 tests were conducted- 9 tests on 

monoblocks and 18 interface shear tests. A brief description of the material properties and test 

procedure is given below.     

2.6.1 Material properties 

The material used in this study include EPS geofoam, PVC and sand material. The geofoam 

samples were cut from three large blocks of different densities, namely, 15 kg/m3 (EPS15), 22 

kg/m3 (EPS22) and 39 kg/m3 (EPS39). These densities cover the range of commonly used EPS 

materials in geotechnical applications [27]. The reported compressive strengths of these materials 

at 1% strain are 25 kPa, 50 kPa, and 98 kPa, respectively.  The PVC samples (density = 1500 

kg/m3) were precisely cut to fit within the lower part of the direct shear box. As shown in Figure 

2.2, the tested monoblocks measured 99.5 mm  99.5 mm  40 mm whereas the geofoam and PVC 

samples used in the interface tests measured 99.5 mm  99.5 mm  20 mm. Fine-grained silica 

sand, passing #40 sieve and retaining on #100 sieve was used in this study. The properties of the 

PVC and sand material used in the experiments are summarized in Table 2.5. 
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2.6.2 Test procedure 

The shear box used throughout this study measures 100 mm 100 mm  50 mm and the tests were 

performed based on ASTM D5321-17 [31] under three different normal stresses, namely, 18 kPa; 

36 kPa and 54 kPa. Horizontal displacement was applied at the recommended rate of 0.9 mm/min. 

Horizontal reaction was measured using a load cell while horizontal and vertical displacements 

were monitored using Linear Variable Differential Transformers (LVDTs). Tests were terminated 

when a maximum displacement of 10 mm was reached. This displacement limit was dictated by 

the horizontal movement allowed by the direct shear apparatus. ASTM D3080-11 [30] 

specifications suggest that, if no peak is observed, peak shear may be considered at 10% horizontal 

strain. 

A total of 9 tests were performed on monoblocks that measure 99.5 mm  99.5 mm  40 mm. This 

represents three tests for each of the investigated density. Interface shear tests were performed on 

geofoam in direct contact with the PVC and the sand material. In the PVC interface tests, the 

geofoam was placed in upper box while the PVC sample was placed in lower box. This 

arrangement was adopted since the PVC block is considered incompressible compared to the 

geofoam under the applied loading and, hence, ensuring that the shear surface remains in line with 

the separation plane between the upper and lower parts of the box. Another advantage of this setup 

is that it minimizes the tilting that may be experienced if the lower block deforms unevenly during 

loading. Similar arrangement was used to study the geofoam-sand interface where the sand was 

placed in the lower part of the box and compacted to the target density (1.60 g/cm3) before the 

overlying EPS block is placed. Adjustments were made to the setup before each test and a spirit 

level was used to ensure that the samples remain horizontal during the experiments.   

2.7 Results and Discussion 

The applied normal and shear loads as well as the corresponding displacements were measured for 

each of the performed test. The experimental results are used to develop the failure envelops and 

determine the shear strength parameters of the investigated conditions. It is noted that actual shear 

failure or rupture along the shear plan does not usually develop in EPS monoblocks, therefore, 

apparent failure, or excessive permanent deformation, (see Figure 2.2) is used to define the onset 

of monoblock shear failure in this study.    
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2.7.1 Shear strength of geofoam monoblocks 

For the three applied normal stress values (18, 36 and 54 kPa), the horizontal displacements and 

the corresponding shear stresses are presented in Figures 2.3a through 3.3c for EPS15, EPS22, and 

EPS39, respectively. Shear stresses were found to increase with the increase in displacement and 

no apparent failure pattern developed up to the maximum applied displacement of 10 mm. The 

response of the geofoam can be characterized by two phases: (1) for displacement of up to 2 mm, 

shear stresses increased almost linearly with the increase in shear displacements. The maximum 

shear stress measured was found to be approximately 25 kPa, 30 kPa, and 40 kPa for EPS15, 

EPS22, and EPS39, respectively; (2) for displacement of more than 2 mm, shear stresses continued 

to increase at a slower rate reaching maximum values of 37, 42, and 54 kPa for EPS15, EPS22, 

and EPS39, respectively. 

The measured normal and shear stresses are used to plot the Mohr-Coulomb failure envelops for 

the three investigated geofoam densities as illustrated in Figure 2.4. The failure envelops are 

generally parallel with a gentle upward slope. The shear resistance is found to increase with the 

increase in geofoam density. As far as shear strength parameters, it has been reported [22] that 

since the horizontal shear plane induced by the shear box passes through the geofoam specimen, 

the shear resistance is directly related to the cohesion of the geofoam material.  

Figure 2.5 shows the changes in cohesion and friction angle for EPS monoblocks of different 

densities. The cohesive strengths were found to have an increasing trend with the increase in 

density. The cohesion values ranged from 28 kPa for EPS15 to about 56 kPa for EPS39 as 

illustrated in Figure 2.5a. Conversely, the friction angles experienced a slight decrease from about 

10.5o for EPS15 to 9o for EPS39 as shown in Figure 2.5b. This validates the fact that shear strength 

of geofoam is mainly dependent on the material cohesion. 

The recorded vertical compression of the geofoam blocks for different applied normal stresses is 

shown in Figure 2.6. In general, EPS15 experienced more vertical compression as compared to 

EPS39 and the vertical compression increased with the increase in normal stresses. These results 

are consistent with the fact that the compression of geofoam is directly related to applied normal 

stress and inversely related to density of geofoam. The trend lines revealed that the rate of 

compression, reflected by the slope of the lines, was the highest for EPS15 and decreased with the 

increase in geofoam density.   
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Another way to evaluate the effect of geofoam density on the shear strength of the tested blocks is 

to present the results using a normalized shear factor as shown in Figure 2.7. The shear factor is 

defined as the ratio of shear stress at failure to the corresponding normal stress. Shear factors of 

greater than 1 indicate that shear resistance is more than the applied normal stress whereas shear 

factors of less than 1 means that shear resistance is smaller than the normal stress. As illustrated 

in Figure 2.7, the shear factors decreased from about 1.7 to 0.7 for EPS15 and from 3.3 to 1.2 for 

EPS39 depending on the applied normal stress. These results confirm that for a given normal stress 

(e.g. 36 kPa), the shear stress at failure for both EPS15 and EPS22 is slightly higher than the 

applied normal stress with a difference in shear factor of about 10% between the two materials. 

EPS39, however, allowed shear stresses to reach up to 1.7 times the applied normal stress.  

2.7.2 Interface strength properties 

In this section, the results obtained from direct shear tests performed to study the shear resistance 

of geofoam block interacting with PVC and sand materials are presented.  

2.7.2.1 Geofoam-PVC interface 

The relationships between shear stresses and horizontal displacements for geofoam-PVC interface 

are shown in Figure 2.8. The behavior is characterized by rapid linear increase in shear stresses at 

a very small displacements followed by either a plateau (for EPS15 and EPS22) or slow increase 

in shear stresses as the displacements increased up to 10 mm. For a given displacement (e.g. 2 

mm), the average measured shear resistance was found to be 11 kPa, 14 kPa and 18 kPa for EPS 

15, 22 and 39, respectively. No peak or residual stresses were measured for the three investigated 

geofoam materials.  

The failure envelops for the geofoam-PVC interface are shown in Figure 2.9. Shear stresses 

increased almost linearly with the increase in normal stresses. For all geofoam-PVC interfaces, 

linear failure envelopes were observed for all the densities of geofoam (Figure 2.10) and adhesion 

and angle of interface friction were calculated from these envelopes. For a given normal stress, the 

measured interface shear stress was found to increase with the increase in geofoam density. The 

slope of each line represents the interface friction angle whereas the intercept with the vertical axis 

represents the adhesion that develops at the PVC-geofoam interface. The relationships between 

the interface strength parameters and the geofoam density are shown in Figure 2.10. Adhesion 

increased from about 2 kPa for EPS15 to 5 kPa for EPS39 (Figure 2.10a). Friction angle did not 
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change significantly with the increase in density and ranged between 18o to about 21o for the three 

investigated geofoam materials. This range of interface friction is higher than that measured for 

the monoblock. 

Vertical compression during shear in this case was found to be small as compared to the monoblock 

with a maximum compression value of 2 mm for EPS15 as shown in Figure 2.11. This is consistent 

with the thickness of the geofoam blocks used in interface tests, which is half of that of the 

monoblocks. Vertical compression decreased with the increase in density and the difference was 

more pronounced at high-applied normal stresses. 

2.7.2.2 Geofoam-Sand Interface 

The changes in shear stresses with the increase in horizontal displacements are shown in Figure 

2.12.  Shear stresses increased rapidly with the increase in horizontal displacement up to about 2 

mm. The average measured shear resistance at 2 mm displacement was found to be 24 kPa, 28 kPa 

and 31 kPa for EPS15, EPS22 and EPS39, respectively. Slight reduction in displacements was 

measured in all cases as the displacement increased from 2 mm to 4 mm followed by a plateau for 

displacements more than 4 mm. The interface shear stress measured for the geofoam-sand interface 

was found to be generally higher as compared to that of the geofoam-PVC for the investigated 

range of normal stress and geofoam density. 

Mohr-Coulomb failure envelops developing at the geofoam-sand surface are presented in Figure 

2.13. At low normal stress values, the difference between the shear stresses for the three geofoam 

densities is negligible. With the increase in normal stresses geofoam density started to affect the 

developing shear stresses that reached values of 32 kPa for EPS15 and 45 kPa for EPS39 at applied 

normal stress of 54 kPa. This may be attributed to the fact that at low normal stress, little interaction 

develops at the interface between the geofoam and the underlying sand layer, whereas at higher 

normal stress, sand particles penetrate into the geofoam surface resulting in much higher shear 

stress values.   

Shear strength parameters for different geofoam densities are shown in Figure 2.14. Adhesion 

values (Figure 2.14a) were found to decrease from about 12 kPa to 2 kPa as the density increased 

from 15 kg/m3 to 39 kg/m3. This may be attributed to the fact that stiffer geofoam (EPS39) 

develops less interaction with the sand particles as compared to the soft samples (EPS15), which 

allows for the sand penetration across the contact surface. Friction angles (Figure 2.14b) increased 

from 20o for EPS15 to 38o for EPS39. Post-test sample inspection revealed that the upper layer of 
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the sand particles was pushed into the surface of the soft geofoam blocks (EPS15) during testing 

creating a rough surface. Less interaction with the sand material was observed for the stiffer 

geofoam blocks (EPS39).  

Vertical compression developing during the geofoam-sand interface tests is shown in Figure 2.15. 

For the same range of normal stresses, compression values were found to be larger than those 

measured for the case of geofoam-PVC but smaller than the compression of the monoblock. This 

is attributed to the compression experienced by the sand material during shear. 

The above results suggest that the interface strength at the contact surface between a geofoam 

block and other material is highly dependent on the level of interaction that could develop at the 

interface. Stiff geofoam tends to produce small adhesion and friction angle when the geofoam is 

tested against material that has a smooth surface (e.g. PVC). Geofoam was found to develop more 

interaction with sand material resulting in higher adhesion and friction angle. 

2.8 Conclusions 

In this study, a series of direct shear tests was performed to measure the shear strength parameters 

of EPS monoblocks of different densities. In addition, interface shear tests were also performed to 

determine the shear parameters at the EPS-sand and EPS-PVC surfaces. Determining shear and 

interface properties of geofoam is essential for the analysis of geotechnical structures that involves 

geofoam interacting with other material. The experimental results presented in this study provides 

the shear parameters required for numerical modeling of similar problems. The following 

conclusions have been drawn based on this experimental study.  

1. Geofoam monoblocks experienced shear deformation with no actual failure under direct 

shear condition. Shear strength was found to be highly dependent on the material cohesion 

that increased from 28 kPa to 56 kPa as the density increased from 15 kg/m3 to 39 kg/m3. 

Internal friction angle, however, showed slight decrease from 10.5o to 9o with the increase 

in density.  

2. Geofoam-PVC interface showed an increase in adhesion from 2 kPa to 5 kPa with a slight 

decrease in interface friction angle (from 18o to about 21o) as the density of the geofoam 

increased from 15 kg/m3 to 39 kg/m3. For geofoam-sand interface, however, adhesion values 

decreased from 12 kPa to 2 kPa with the increase in EPS density. This is related to the fact 
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that low density geofoam interacts better with sand particles under high normal stresses as 

compared to the high-density geofoam material.  

3. The measured compression for both the monoblocks and interface tests showed similar 

trends, however, the magnitude of compression was found to depend on the thickness of the 

tested geofoam sample. Monoblocks samples experienced more compression as it has twice 

the thickness of that used in the interface tests.  

Further experiments are needed to study the interface strength properties of geofoam with other 

construction material, including, concrete, steel and different types of backfill material. 
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Table 2.1 Selected geofoam-geofoam interface studies 

Reference 
Test /Sample size                                

(mm x mm) 

Sample 

density 

(kg/m3) 

Coefficient of friction / friction 

factor 

McAffee [15] Ring shear test 15 0.90 (peak), 0.62 (residual) 

Nomaguchi [16] Monotonic and cyclic direct 

shear test 

____ 

 

0.5 

Sheeley, Negussey [11] Direct shear test 

100  100 to 500  500 

18 0.9 (peak), 0.7 (residual) (dry) 

Direct shear test  

100  100  25  

20 0.85 (peak), 0.7 (residual) (dry) 

0.80 (peak), 0.65 (residual) (wet) 

Negussey et al. [17] Lower sample: 600  600 Upper 

sample: 175  375 

18 0.94 (peak), 0.65 (residual) 

20 1.13 (peak), 0.68 (residual) 

Atmatzidis et al. [18] Direct shear test  

100  300 

20 0.83 (peak) 

30 0.93 (peak) 

Chrysikos et al. [19] Direct shear test  15 & 30 0.7-0.84      0.8 (average) 

Barrett, Valsangkar [12]  Direct shear test 

430  280  100 

30 0.87-1.06 (peak)   0.74-0.86 (residual) 

15 0.60-0.99 (peak)   0.60-0.75 (residual) 

Abdelrahman et al. [13] Direct shear test 

120  120  60 

20 0.75-0.90 (peak)   0.55-0.63 (residual) 

30 0.65-0.82 (peak)   0.50-0.59 (residual) 

Neto, Bueno [20]  

Direct shear test 

 

20 0.65 (peak), 0.51 (residual) 

30 0.75 (peak), 0.48 (residual) 

Padade, Mandal [21]  

Direct shear test  

300  300  75 

22 0.55 (peak), 0.53 (residual) 

30 0.57 (peak), 0.55 (residual) 

Özer, Akay [22] Direct Shear 

150  100 

19 0.79 (peak), 0.72 (residual) 

29 0.98 (peak), 0.63 (residual) 

AbdelSalam, Azzam [14]  Direct shear test  

100  100  50  

____ 

 

0.54 (dry) 

0.71 (wet) 
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Table 2.2 Selected geofoam-sand interface studies 

Reference 

Test /Sample 

size                                

(mm  mm) 

Sample 

density 

(kg/m3) 

Coefficient of friction / friction factor 

Miki [23] Direct shear test 20 0.70 (sand layer thickness <35mm)                                        

0.55 (sand layer thickness >35mm)  

Negussey [24] Direct shear test ____ 

 
same as that of friction angle of sand 

alone. 

Xenaki, Athanasopoulos [25] Direct shear test  

100  100  

10 0.67 (purely frictional),  

0.34 (frictional-adhesional), 

 0 (purely adhesional.) 

20 0.62 (purely frictional) 

 0.27 (frictional-adhesional) 

AbdelSalam, Azzam [14] Direct shear test  

100  100  50  

____ 

 
0.66 (dry) 

0.61 (wet) 
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Table 2.3 Selected geofoam-other material interface studies 

Reference 

Test /Sample 

size                                

(mm x mm) 

Sample 

density 

(kg/m3) 

Interface  

Coefficient of 

friction / 

friction factor 

Sheeley, Negussey [11] Direct shear 

test  

100  100  25  

____  geofoam-cast in place concrete  2.36 (peak)                              

1 (residual) 

geofoam- smooth 

geomembrane 

0.7 (peak)                                  

0.4 (residual)  

Chrysikos et al. [19] 

 

Direct shear 

test  

 

____ 

 
geofoam-other materials (i.e., 

soils, geotextiles, 

geomembranes, precast and 

cast-in-place concrete). 

0.27 to 1.2 

Padade, Mandal [21]  Direct shear 

test 

300  300  75 

15 geofoam-geotextile 0.17 

geofoam-geogrid 0.14 

geofoam-fly ash 0.21 

30 geofoam-geotextile 0.19 

geofoam-geogrid 0.12 

geofoam-fly ash 0.23 

AbdelSalam, Azzam [14] Direct shear 

test  

100  100  50  

____ 

 
geofoam-concrete smooth 

(dry) 

0.49 

geofoam-concrete smooth 

(wet) 

0.51 

____ 

 
geofoam-concrete rough(dry) 0.96 

geofoam- concrete rough (wet) 0.48 
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Table 2.4 Selected geofoam monoblock studies 

Reference 
Test /Sample size   

(mm x mm) 

Density                     

(kg/m3) 

Shear strength parameters 

ca
 (kPa) δ (degrees) 

Stark et al. [2] ____  18.4 27.5 ____ 

 

28.8 50.0 ____ 

 

 

Padade, Mandal [26] 

 

Direct shear test  

100  100  50  

 

15 30.8 3.0 

20 36.0 4.0 

22 40.3 4.5 

30 59.8 6.0 

Özer, Akay [22] Direct shear test  

100  100  

18.5 26.6 10.0 

29.9 49.8 8.9 

AbdelSalam, Azzam [14] Direct shear test  

100  100  50 

20 12 (dry) 33 (dry) 

20 16 (wet) 19 (wet) 
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Table 2.5 Properties of the PVC and sand used in the experiments 

PVC material* 

Density 1500 kg/m3 

Tensile Strength 41368 kN/m2 (6000 psi) 

Water Absorption 0.13 % 

Coefficient of Thermal Expansion 3.3  10-5 1/ oF  

Silica sand 

Density  1.60 g/cm3 [28] 

Coefficient of uniformity (Cu) 1.9 
[29] 

Coefficient of curvature (Cc) 1.3 

Peak internal angle of friction (ϕpeak) 41o 
[30] 

Residual internal angle of friction (ϕresidual) 35o 

* Provided by the manufacturer 
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Figure 2.1  Schematics of the direct shear test: (a) geofoam block; (b) geofoam-PVC interface 

 

 

Figure 2.2 Geofoam and PVC samples used in the experiments 
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Figure 2.3 Shear stress vs. horizontal displacemnts for monoblocks of different densities: (a) 

EPS15; (b) EPS22 and (c) EPS39 
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Figure 2.4 Mohr-Coulomb failure envelopes of geofoam monoblocks 
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Figure 2.5 Effect of geofoam density on: (a) cohesive strength and (b) friction angle 
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Figure 2.6 Vertical compression measured of geofoam monoblock under different applied 

normal stresses 

 

 

Figure 2.7 Shear factors for different geofoam materials 
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Figure 2.8 Shear stress vs. horizontal displacemnts for geofoam-PVC interface: (a) EPS15; (b) 

EPS22 and (c) EPS39 
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Figure 2.9 Mohr-Coulomb failure envelopes for geofoam-PVC interface 
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Figure 2.10 Effect of geofoam density on the shear strength of the geofoam-PVC interface: (a) 

adhesion; and (b) friction angle 

 

0

1

2

3

4

5

6

10 15 20 25 30 35 40 45

A
d

h
es

io
n

 (
k

P
a
)

Density (kg/m3)

(a) EPS-PVC

0

5

10

15

20

25

30

35

10 15 20 25 30 35 40 45

F
ri

ct
io

n
 a

n
g
le

 (
d

eg
)

Density (kg/m3)

(b) EPS-PVC



[35]   

 

 

Figure 2.11 Vertical compression measured for the geofoam-PVC interface test under different 

applied normal stresses  

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60 70 80

V
er

ti
ca

l 
co

m
p

re
ss

io
n

 (
m

m
)

Normal stress (kPa)

15 kg/m³

22 kg/m³

39 kg/m³

EPS-PVC



[36]   

 

 

 

 
Figure 2.12 Shear stress vs. horizontal displacemnts for geofoam-sand interface: (a) EPS15; (b) 

EPS22 and (c) EPS39 
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Figure 2.13 Mohr-Coulomb failure envelopes for geofoam-sand interface 
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Figure 2.14 Effect of density on the shear strength of the geofoam-sand interface: (a) adhesion; 

and (b) friction angle 
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Figure 2.15 Vertical compression measured for the geofoam-sand interface under different 

normal stresses 
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3  On the Role of Geofoam Density on the 

Interface Shear Behavior of Composite 

Geosystems*       

* A version of this chapter has been published as: 

Meguid, M. A., & Khan, M. I. (2019). On the role of geofoam density on the interface shear behavior of composite 

geosystems. International Journal of Geo-Engineering, 10(1), 6. 

 

3.1 Preface 

Chapter 2 presented the results of direct shear test (DST) conducted on monoblock of EPS geofoam 

and interface direct shear test conducted on geofoam-PVC and geofoam-sand interfaces. In this 

chapter interface properties of EPS geofoam have been investigated with some more materials. 

The results of interface direct shear test conducted on geofoam-concrete, geofoam-steel and 

geofoam-wood interfaces are presented in detail.  

3.2 Abstract 

Expanded polystyrene (EPS) geofoam has been increasingly used in geotechnical engineering 

applications to replace conventional backfill material or to reduce earth pressure on retaining and 

buried structures. In most of these applications, geofoam blocks are installed in direct contact with 

different construction material (soil, concrete, steel, wood, etc.). This results in a composite system 

that is subjected to loading in both the normal and shear directions. Therefore, successful analysis 

and design of these composite structures require a detailed knowledge of interface strength 

characteristics of geofoam under a combination of normal and shear stresses. In the current 

research, an attempt has been made to study the interface shear characteristics of geofoam with 

selected materials, including concrete, wood and steel. Three different geofoam densities namely, 

15, 22 and 39 kg/m3 were used in this study. A series of direct shear tests (DST) was conducted 

with a shear box of dimension 100 mm × 100 mm × 50 mm under three different normal stresses 

18, 36 and 54 kPa. Test results revealed that geofoam density and applied normal stress have 

3 
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significant effects on the vertical compression and interface strength properties (i.e. adhesion and 

friction angle) of the investigated geosystem. Surface roughness was found to play a significant 

role in the shear resistance at the contact. Geofoam-concrete interface showed maximum strength 

as compared to wood and steel materials. Care should be exercised when placing geofoam against 

steel or wood surfaces as the mobilized friction angle is generally small and sliding may develop 

depending on the applied normal stress level. 

Keywords: EPS geofoam, direct shear tests, friction angle, adhesion, interface shear strength. 

3.3 Introduction 

The use of expanded polystyrene (EPS) geofoam as construction material dates back to the 1960s. 

Norwegian engineers used EPS geofoam for thermal insulation in road projects constructed in 

1965 [1] and large geofoam blocks were used in 1972 as a lightweight fill material in embankments 

built on soft soils [2]. Since then the use of molded geofoam blocks has been expanded to other 

geotechnical engineering applications, including slope stabilization [3-7], subbase fill material [8-

11], embankments [2,3,9,12-22], earth retaining structures [3,16], bridge approaches [3,15,23-26] 

and buried pipes [3,27,28]. The high compressibility nature of geofoam material makes it also 

suitable for applications that require the presence of compressible buffers behind the walls of rigid 

structures [20,29-31].  

In most of the above applications, EPS geofoam is used in conjunction with other construction 

materials (e.g. soil, concrete, wood, PVC, steel, geogrid) to form a composite system, which is 

then exposed to static or dynamic loadings. A schematic that illustrates the use of EPS behind a 

retaining wall is shown in Figure 3.1. Therefore, detailed information of the interface strength is 

required for successful analysis and design of structures constructed with EPS inclusion. Interface 

strength is usually determined using the ratio of resisting shear stress to the applied normal stress.  

Several researchers investigated the interface shear characteristics of geofoam interacting with 

different construction materials. A summary of these studies is given below. 

Sheeley and Negussey [32] performed a series of modified direct shear tests to study the interface 

properties of geofoam in contact with geomembrane (smooth or textured) and cast-in-place 

concrete. Tests were conducted on EPS samples of 18 and 29 kg/m3 densities under constant 

normal stress that ranges from 14 to 48 kPa. It was found that both smooth and textured 

geomembranes offered much less interface friction (both peak and residual) as compared to cast-

in-place concrete.  
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Direct shear tests were conducted by Chrysikos et al. [33] to measure the frictional resistance at 

the interface between geofoam blocks (densities 15 and 30 kg/m3) and other materials (concrete, 

soils, geomembranes, and geotextiles). The friction coefficients were found to range from 0.27 to 

1.2.   

Padade and Mandal [34] performed a series of direct shear tests for various geofoam samples 

interacting with jute geotextile, fly ash, and geogrid. EPS geofoam samples with densities of 15 

and 30 kg/m3 were tested under normal stress range of 25 to 100 kPa. Results showed that the 

increase in geofoam density resulted in a slight increase in adhesion with no significant change in 

interface friction angle. For both geofoam densities, geofoam-geogrid interface showed the least 

frictional resistance while geofoam-fly ash interface showed the most frictional resistance.    

Abdel-Salam and Azzam [35] conducted modified direct shear tests on geofoam-concrete interface 

under dry and wet conditions. Results indicated that the roughness of the concrete surface has a 

significant effect on the interface friction coefficient. For dry condition, concrete with rough or 

textured interface showed much larger frictional resistance over that with a smooth surface. On the 

contrary, for wet condition, smooth interface developed more frictional resistance.   

Khan and Meguid [36] presented experimental results involving geofoam-PVC and geofoam-sand 

interfaces utilizing EPS samples of 15, 22 and 35 kg/m3 and a 100 mm × 100 mm direct shear box. 

To measure the interface coefficient between PVC and geofoam, a PVC block  99.5 × 99.5 × 20 

mm was placed in the lower half of the box and then overlain by a geofoam block of the same size. 

For tests involving geofoam-sand interface, silica sand was compacted in layers in the lower half 

of the box to reach a density of 1.6 g/cm3. Tests were performed under a normal stress that ranged 

from 18 to 54 kPa. Results showed that geofoam-sand interface developed frictional resistance that 

is much larger that that measured for the geofoam-PVC interface. A summary of some of the 

available interface friction coefficients is given in Table 3.1. 

3.4 Scope and Objectives 

Although the above studies covered important aspects related to the interface strength of geofoam 

interacting with various construction material, there is a need for additional investigations to 

understand how geofoam density affects the interface strength for a range of materials. The aim of 

this study is, therefore, to evaluate the role of EPS density on the interface shear strength of three 

different materials, namely, concrete, wood and steel. Details of the experimental program are 

given in the subsequent section. 
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3.5 Experimental Program 

A series of direct shear tests were performed to evaluate the interface shear properties of different 

EPS geofoam blocks placed over a given construction material. A total of nine experiments were 

performed for each of the three investigated materials (concrete, wood, and steel) such that the test 

is repeated three times for each geofoam density (15, 22, and 39 kg/m3). The material properties 

and test procedure are given below.  

3.5.1 Material properties 

The materials used in this investigation include EPS geofoam, concrete, wood and steel as depicted 

in Figure 3.2. Three different sets of geofoam samples with densities of 15 kg/m3 (EPS15), 22 

kg/m3 (EPS22) and 39 kg/m3 (EPS39) were examined. These material densities cover a wide range 

of EPS geofoam used in geotechnical projects [37]. Before commencing the interface tests, 

uniaxial compressive strength tests were performed on the EPS samples as per ASTM D1621-10 

(2010) specifications. The uniaxial compression curves (presented in Figure 3.3) are characterized 

by a linear increase in response up to about 1% strain (calculated as the ratio of sample 

compression to the original sample height). This is followed by an increase at a slower rate up to 

the maximum applied stress. The uniaxial compressive strength properties are summarized in 

Table 3.2. For EPS15, the uniaxial compressive strength at 1% strain was found to be 50 kPa which 

increased to 80 kPa at 5% strain and reached 90 kPa at 10% strain. These strength values were 

almost doubled for EPS22 where the strength values at 1% and 5% strains were found to be 63 

kPa and 125 kPa, respectively. 

The steel, concrete and wood samples were cut accurately to fit into the lower part of the direct 

shear box. Plain concrete samples were prepared using fine and coarse granite with a water-cement 

ratio of 0.65 which has a slump of 228 mm. Visual inspection of samples revealed that the concrete 

surface was rough while pine wood and steel were characterized by a relatively smooth surface of 

different texture. Properties of all the three materials as obtained from the manufacturer are given 

in Table 3.3.  

3.5.2 Test procedure 

Interface direct shear tests were performed throughout this study following ASTM D5321-17 [39]. 

A direct shear box of dimensions 100 mm × 100 mm × 50 mm was used throughout this study. 

For each interface test, a geofoam sample was placed in the upper part of the box while the other 
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block of interacting material was placed in the lower part of the box as shown in Figure 3.4. This 

arrangement ensures full contact between the two samples during the test. It also reduces the 

chances of tilting that may develop if the lower sample compresses non-uniformly. Due to the 

heavy weight of the steel block, a thin 6-mm steel plate was used with 14 mm dummy wooden 

block (see Figure 3.2b). This allowed for the weight of the box to be easily managed.  

During the test, a horizontal displacement was applied to the lower half of the box at a rate of 0.9 

mm/min while the upper half was fixed. Tests were conducted under normal stresses of 18, 36 and 

54 kPa. Vertical and horizontal displacements were measured using linear variable differential 

transformers (LVDTs) and the shear force was measured using a load cell. Tests were terminated 

when the shear force started to decrease or when the maximum displacement allowed by the direct 

shear box (i.e. 10 mm) was reached. According to ASTM D3080-11 [40], if no peak behavior is 

observed during the test, peak shear stress may be considered to develop at 10% horizontal strain. 

Adhesion and interface friction angles were determined from the results of the direct shear tests 

for different geofoam densities.  

3.6 Results and Discussion 

The results of the performed tests are presented in this section for the three investigated materials 

(concrete, steel and wood). The role of geofoam density in each case is highlighted. Stress-

displacement relationships are presented using the normalized stress ratio that represents the ratio 

between shear and normal stresses as measured in the experiments.  

3.6.1 Interface strength properties 

3.6.1.1 Geofoam-Concrete interface 

The relationship between shear stress ratio and the sample displacements are presented in Figure 

3.5 for the three investigated geofoam densities. The applied normal stresses ranged between 18 

and 54 kPa.  For EPS15 (Figure 3.5a), samples generally showed hardening behavior following an 

initial linear response. The shear stress ratio was found to decrease with the increase in applied 

normal stress.  Figure 3.5a also shows that the increase in normal stresses is directly related to the 

increase in the measured vertical displacement of the sample. The maximum vertical 

displacements at the end of the tests were found to be 3.8 mm, 2.2 mm, and 1 mm for applied 

normal stress of 18, 36 and 54 kPa, respectively.  
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For EPS22 and EPS39 (Figure 3.5b and 3.5c), the behavior is characterized by stiffer response as 

compared to EPS15. This is evident from the small displacement level required to reach the 

maximum stress ratio. The response reached a plateau at a horizontal displacement of about 2 mm 

for the investigated range of normal stresses.     

The vertical displacements (compression) of the EPS22 and EPS39 samples were found to reach 

maximum values of 1.8 mm and 0.9 mm, respectively. These values are consistent with the 

increase in geofoam density under the same level of normal stress. 

The failure envelops developing at the geofoam-concrete interface for the three investigated EPS 

samples are presented in Figure 3.6.  Interface friction angles and the corresponding adhesion 

values along the contact surface are determined using the slopes and intercepts of the failure 

envelope.  It was found that friction angles generally increased with the increase in geofoam 

density.  Adhesion, on the other hand, was found to decrease with the increase in geofoam density. 

This could be attributed to the fact that under low applied normal stress, less interaction develops 

between the high-density geofoam (EPS22 and EPS39) and the concrete surface as compared to 

EPS15. The effect of geofoam density on the interface shear strength parameters is further 

illustrated in Figure 3.7 by plotting the material density on the horizontal axis and the shear 

strength parameters on the vertical axes. It is evident that the interface friction angle increases at a 

slow rate from 37o to 48o as the EPS density increased from 15 to 39 kg/m3, whereas the adhesion 

along the contact surface rapidly decreased from about 11 kPa to 1 kPa.  

Figure 3.8 shows the effect of geofoam density on the maximum vertical compression of the 

samples as measured in the experiments. The results show that sample compression reached 3.5 

mm (about 17% of the sample height) for EPS15 under normal stress of 54 kPa. The compression 

significantly decreased to 1.6 mm for EPS22 and 0.9 zmm for EPS39. This response is consistent 

with the increase in material stiffness associated with the increase in density. 

3.6.1.2 Geofoam-Wood interface 

For geofoam-wood interface tests, stress ratios were plotted against sample displacements as 

depicted in Figure 3.9. Samples were tested under applied normal stresses that range from 18 to 

54 kPa. For EPS15 and EPS22 (Figure 3.9a and 3.9b), initially, stress ratio increased linearly with 

the increase in sample displacement and then reached the maximum stress ratio at applied 

displacement that depends on the stress level. For EPS39, the maximum stress ratio reached about 

0.75 with a maximum horizontal displacement of around 10 mm. EPS15 and EPS22 were found 
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to reach maximum vertical displacement of 3.8 mm and 1.8 mm, respectively under normal stress 

of 54 kPa.      

For EPS39, a slightly stiffer response was observed (Figure 3.9c) such that maximum stress ratios 

corresponded to smaller displacements as compared to the other geofoam cases. Vertical 

displacements measured showed trends that are consistent with those observed in the previous tests 

where sample compression decreased with the increase in geofoam density. 

Mohr-Coulomb failure envelopes were plotted, and interface strength parameters were calculated 

for all geofoam-wood interface tests as shown in Figure 3.10. Failure envelops were generally 

parallel with upward slope. Interface shear strengths values were found to increase with the 

increase in normal stress and decreases with the increase in geofoam density. This may be 

attributed to the fact that low density geofoam (EPS15) develops more interaction with the wood 

grains as compared to higher density geofoam (EPS39) under the same applied normal stress. As 

the geofoam density increased from 15 kg/m3 to 39 kg/m3, adhesion values decreased from 7.6 

kPa to 2.33 kPa whereas the angles of interface friction remained almost unchanged as shown in 

Figure 3.11.  

Figure 3.12. shows the relationship between the maximum vertical displacements and the applied 

normal stress for the three investigated geofoam densities. Results show that vertical compression 

of geofoam is directly related to applied normal stress and inversely related to geofoam density.   

EPS15 showed maximum compression of 3.6 mm (18% of the sample height) while EPS39 

showed maximum compression of 1.6 mm (8% of the sample height). The rate of increase in 

sample compression was more rapid for EPS15 as compared to the two other densities.    

3.6.1.3 Geofoam-Steel interface 

The relationships between the stress ratio and measured horizontal displacements for the case of 

geofoam-steel interaction are shown in Figures 3.13a through 3.13c for EPS15, EPS22 and EPS39, 

respectively. EPS15 showed insignificant hardening behavior (Figure 3.13a) with soft response at 

small strains compared to EPS22 and EPS39 (Figure 3.13b & 3.13c). The maximum stress ratios 

reached 0.8, 0.65, 0.56 at displacements of 1 mm, 0.45 mm, and 0.4 mm for EPS15, EPS22 and 

EPS39, respectively. In addition, vertical displacements measured during the shear tests showed 

trends that are consistent with the geofoam density. EPS15, EPS22 and EPS39 experienced 

maximum compression values of 3.2 mm, 1.1 mm and 0.7 mm, respectively, under an applied 

normal stress of 54 kPa. 
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For all geofoam-steel interface tests, linear Mohr Coulomb failure envelopes were plotted in Figure 

3.14. It was found that for a particular value of normal stress, higher density geofoam samples 

showed lower interface strength as compared to lower density geofoam. This is attributed to the 

fact that low density geofoam interacts better with the contacting material as compared to high 

density geofoam. This observation is also confirmed by the decrease in adhesion from 7.6 kPa to 

3.9 kPa and decrease in angle of interface friction from 21.6o to 20.3o as shown in Figure 3.15. 

Maximum compression is plotted in Figure 3.16 for the range of applied normal stress. Trends are 

found to be consistent with previous test results where the rate of compression was rapid for EPS15 

compared to the rest of the samples.   

3.7 Practical Significance 

For comparison purpose, the results of this study are combined with those reported by Khan and 

Meguid [36] for cases involving geofoam-sand and geofoam-PVC interaction as summarized in 

Figure 3.17. It should be noted that the density of EPS39 used in this study is slightly different 

from EPS35 used previously by Khan and Meguid [36]. This is attributed to the changes made 

during the manufacturing process and therefore, the results presented for EPS39 for sand and PVC 

materials are considered approximate.  

For all investigated materials, adhesion at the interface generally decrease with the increase in 

geofoam density (Figure 3.17a) except for PVC where the adhesion was relatively small due to the 

low surface roughness. EP15 and EPS22 seem to interact better with construction material of rough 

surfaces particularly sand and concrete. Under the same normal load, EPS39 did not allow enough 

surface interaction resulting in smaller adhesion for all studies materials. As far as the friction 

angle component of the interface strength, concrete, wood, and sand presented higher surface 

friction that increased with the increase in EPS density. This was not the case for steel and PVC 

as the friction angle did not significantly change and was about half of that of the concrete material. 

A summary of the measured test results and the average friction coefficient values for each material 

is provided in Table 3.4.  

The practical significance of these results is that EPS density plays a role in the interface shear 

strength properties of a composite system. The reported values in this study may be used to 

estimate the expected shear resistance when designing a geotechnical structure with EPS geofoam 

inclusion that may experience movement along the interface.  
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3.8  Conclusions 

In this study, 27 direct shear tests were performed to investigate the behavior of geofoam in contact 

with different construction materials. Tests were conducted using three geofoam densities 

interacting with three different construction materials, namely, concrete, wood and steel. The 

following conclusions have been drawn from this experimental study. 

1. When EPS geofoam blocks are subjected to a combination of normal and shear stresses, 

geofoam density and applied normal stress play an important role on the shear resistance at 

the interface. 

2. Geofoam blocks in contact with concrete, wood and steel showed a decreasing trend in 

adhesion as the geofoam density increased from 15 to 39 kg/m3. However, the interface 

friction angle was found to increase for the case of concrete compared to other materials. 

3. Vertical compression of EPS geofoam showed trends consistent with the geofoam density 

for all investigated materials. Compression values are directly related to applied normal 

stress and inversely related to geofoam density. 

4. Using rough surface concrete is recommended for projects involving EPS gefoam blocks in 

direct contact with the concrete and backfilled with sand material as the increase in interface 

friction coefficient on both sides of the geofoam blocks will result in an increase in the shear 

resistance of the composite system. 
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Table 3.1 Selected geofoam interface studies 

Reference 

Test /Sample 

Size                                

(mm x mm) 

Sample 

density 

(kg/m3) 

Interface  
Friction 

Coefficient  

Sheeley and Negussey 

[32] 

Direct shear test  

100 x 100 x 25  

____ 

 

geofoam-cast in place concrete  2.36 (peak)                            

1 (residual) 

geofoam- smooth geomembrane 

(PVC)  

0.7 (peak)                                

0.4 (residual)  

Chrysikos et al. [33] 

 

Direct shear test  

 

____ 

 

geofoam-other materials (i.e., 

soils, geotextiles, geomembranes, 

precast and cast-in-place 

concrete) 

0.27 - 1.2 

Padade and Mandal [34] Direct shear test 

300 x 300 x 75 

15 geofoam-geotextile 0.17 

geofoam-geogrid 0.14 

geofoam-fly ash 0.21 

30 geofoam-geotextile 0.19 

geofoam-geogrid 0.12 

geofoam-fly ash 0.23 

AbdelSalam and Azzam 

[35] 

Direct shear test  

100 x 100 x 50  

____ 

 

geofoam-concrete smooth (dry) 0.49 

geofoam-concrete smooth (wet) 0.51 

____ 

 

geofoam-concrete rough (dry) 0.96 

geofoam- concrete rough (wet) 0.48 

Khan and Meguid [36] Direct shear test 

100 x 100 x 50 

15 geofoam-PVC block 0.7 - 1.7 

22 geofoam-PVC block 0.78 - 2.0 

35 geofoam-PVC block 1.2 - 3.2 
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Table 3.2 Physical property requirements of EPS geofoam [38] 

Type EPS15 EPS22 EPS39 

Density, min., (kg/m3) 14.4 21.6 38.4 

Compressive Resistance, min., (kPa) at 1 % 50 63 190 

Compressive Resistance, min., (kPa) at 5 % 80  125 350 

Compressive Resistance, min., (kPa) at 10 % 90  140  385 
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Table 3.3 Properties of material used 

Properties of Concrete 

w/c ratio  0.65 

Cement (c) 335 kg/m3 

Water (w)  218 kg/m3 

Coarse granite  1060 kg/m3 

Fine granite  680 kg/m3 

Concrete Density 2293 kg/m3 

Slump 228 mm 

Properties of Steel* 

Density 8142 kg/m3 

Yield Strength 60000 psi (413.685 MPa) 

Tensile Strength 95000 psi (655 MPa) 

Elastic modulus 27557-30458 ksi (190-210 GPa) 

Poisson's ratio 0.27-0.30 

Hardness (Rockwell) B 90 (Medium)  

Properties of Pine wood* 

Density 375 kg/m3 

Tensile Strength, Ultimate 305 psi (2103Pa) 

Modulus of Rupture 8.56 ksi (59 MPa) 

Flexural Yield Strength     6000 psi (413.69 MPa) 

Flexural Modulus 1200 - 1240 ksi (8274-8550 MPa) 

Compressive Yield Strength 508 psi  (3503 kPa) 

Shear Strength 899 psi  (6198 kPa) 

* Provided by the manufacturer 
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Table 3.4 Summary of experimental results 

Test /Sample 

Size                                

(mm x mm) 

Sample 

density 

(kg/m3) 

Interface  
Coefficient of friction  

Measured Average 

Direct shear test 

100 x 100 x 50 

15 geofoam-concrete 0.96 - 1.39 1.2 

22 1.04 – 1.33 1.1 

35 1.17- 1.28 1.2 

Direct shear test 

100 x 100 x 50 

15 geofoam- wood 0.84 - 1.04 0.95 

22 0.81 – 1.02 0.92 

35 0.76 – 0.83 0.80 

Direct shear test 

100 x 100 x 50 

15 geofoam-steel 0.54 – 0.79 0.67 

22 0.47 – 0.66 0.56 

35 0.44 – 0.58 0.50 
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Figure 3.1  Application of geofoam behind Retaining Wall  

 

 

Figure 3.2 Tested materials: (a) EPS geofoam; (b) steel; (c) concrete; (d) wood 
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Figure 3.3 Stress strain curve of EPS material  

 

 

Figure 3.4 Schematic of a typical interface shear test 
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Figure 3.5 Relationships between sample displacements and stress ratio for geofoam-concrete 

interface: (a) EPS15; (b) EPS22; (c) EPS39 
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Figure 3.6 Mohr-Coulomb failure envelopes at the geofoam-concrete interface 

 

 

Figure 3.7 Effects of EPS density on the shear strength parameters developing at the geofoam-

concrete interface 
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Figure 3.8 Changes in vertical compression with the increase in normal load for the geofoam-

concrete tests 
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Figure 3.9 Relationships between sample displacements and stress ratio for geofoam-wood 

interface: (a) EPS15; (b) EPS22; (c) EPS39 

-12

-8

-4

0

4-0.5

0

0.5

1

1.5

0 2 4 6 8 10 12

V
er

ti
ca

l 
d

is
p

la
ce

m
en

t 
(m

m
)

S
tr

es
s 

ra
io

, 
  

Horizontal displacement (mm)

18 kPa
36 kPa
54 kPa

(a) EPS15
s n

 

-12

-8

-4

0

4-0.5

0

0.5

1

1.5

0 2 4 6 8 10 12

V
er

ti
ca

l 
d

is
p

la
ce

m
en

t 
(m

m
)

S
tr

es
s 

ra
io

, 
  

Horizontal displacement (mm)

18 kPa

36 kPa

54 kPa

(b) EPS22

s n

 

-12

-9

-6

-3

0

3-0.25

0

0.25

0.5

0.75

1

0 2 4 6 8 10 12

V
er

ti
ca

l 
d

is
p

la
ce

m
en

t 
(m

m
)

S
tr

es
s 

ra
io

, 
  

Horizontal displacement (mm)

18 kPa
36 kPa
54 kPa

(c) EPS39

s n

 



[62]   

 

 

Figure 3.10 Mohr-Coulomb failure envelopes at the geofoam-wood interface 

 

 

Figure 3.11 Effects of EPS density on the shear strength parameters developing at the geofoam-

wood interface 
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Figure 3.12 Changes in vertical compression with the increase in normal load for the geofoam- 

wood tests 
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Figure 3.13 Relationships between sample displacements and stress ratio for geofoam-steel 

interface: (a) EPS15; (b) EPS22; (c) EPS39 
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Figure 3.14 Mohr-Coulomb failure envelopes at the geofoam-steel interface 

 

 

Figure 3.15 Effects of EPS density on the shear strength parameters developing at the geofoam-

steel interface 
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Figure 3.16 Changes in vertical compression with the increase in normal load for the geofoam-

wood tests  
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Figure 3.17. Comparison of interface shear strength properties of EPS geofoam: (a) Adhesion; 

(b) Friction angle 
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4  Evaluating the Role of Geofoam Properties in 

Reducing Lateral Loads on Retaining Walls: A 

Numerical Study* 

* A version of this chapter has been published as: 

Khan, M. I., & Meguid, M. A. (2021). Evaluating the role of geofoam properties in reducing lateral loads on retaining 

walls: A Numerical Study. Sustainability, 13, 4754. 

 

4.1 Preface 

In previous two chapters (chapter 2 and  chapter 3), focus was to experimentally determine the 

shear strength of monoblock of EPS geofoam and interface strength properties of EPS geofoam 

with different interacting materials e.g. PVC, sand, concrete, steel and wood. In this chapter, a 2D 

finite element model has been developed and validated to investigate the role of EPS geofoam in 

reducing lateral earth pressure on rigid wall under static loading. A parametric study was also 

conducted, and results were presented in the form of design charts for practical use. 

4.2 Abstract 

Expanded polystyrene (EPS) geofoam is a lightweight compressible material that has been widely 

used in various civil engineering projects. One interesting application of EPS in geotechnical 

engineering is to reduce the lateral earth pressure on rigid non-yielding retaining walls. The 

compressible nature of the EPS geofoam allows for the shear strength of the backfill soil to be 

mobilized, which leads to a reduction in lateral earth pressure acting on the wall. In this study, a 

finite element model is developed and used to investigate the role of geofoam inclusion between a 

rigid retaining wall and the backfill material on the earth pressure transferred to the wall structure. 

The developed model was first calibrated using experimental data. A parametric study was then 

conducted to investigate the effect of EPS geofoam density, relative thickness with respect to the 

wall height and frictional angle of backfill soil on the effectiveness of this technique in reducing 

lateral earth pressure. Results showed that low-density EPS geofoam inclusion provided the best 

4 
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performance, particularly when coupled with backfill of low friction angle. The proposed 

modeling approach has shown to be efficient in solving this class of problems and can be used to 

model similar soil-geofoam-structure interaction problems.  

Keywords: EPS geofoam, Inclusion; Rigid retaining wall; Isolation efficiency; Finite element 

modelling; Lateral earth pressure. 

4.3 Introduction 

Expanded polystyrene (EPS) is a lightweight, closed cell, rigid foam material that is almost 100 

times lighter than soil and 10-30 times lighter than other construction fill materials [1]. Horvath 

[2] first used the term “geofoam” for expanded polystyrene and recommended its addition to the 

geosynthetic category. Early application of EPS geofoam as engineering fill material started in the 

1960s. The Norwegian geotechnical engineers in 1965 used EPS geofoam in a road project for 

thermal insulation [3]. In 1972, EPS geofoam was used to construct embankments on soft soils 

[4]. Over the past 40 years, EPS geofoam has been successfully used in a variety of engineering 

projects, most of which involve the use of molded blocks of EPS geofoam as light weight 

construction material for slope stabilization [5-9], subbase fill material [1,10-12], embankments 

on soft ground [10,13-17], earth retaining structures [5,18], bridge approaches and abutments 

[5,19-23] and buried pipes [5,24,25]. The compressible nature of the EPS geofoam also encourages 

its use as a compressible inclusion [26-29]. 

Retaining structures are integral components of many important structures including bridges, ports, 

highways, railway and underground structures. These retaining structures are typically designed 

to resist lateral earth pressure exerted by the surrounding soil mass. The design of a retaining wall 

is strongly related to the magnitude and distribution of earth pressure acting on the wall. The higher 

the earth pressure, the more the cost of the wall structure. Various methods are suggested to reduce 

the magnitude of lateral earth pressure on retaining walls. Pressure reduction can be achieved by 

allowing controlled yield of the backfill soil by introducing compressible material between the 

wall and backfill soil. Partosand and Kazaniwsky [30] introduced EPS geofoam of low stiffness 

between a relatively higher stiffness retaining structure and the retained soil mass (see Figure 4.1). 

The least stiff material (EPS geofoam) generally compresses more than the other two materials, 

which causes reduction in the lateral earth pressure due to the mobilization of the shear strength 

within the adjacent soil [27].   
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Depending on the response of the earth retaining structures under the applied lateral loading, 

retaining walls can be broadly classified as: (i) Non-yielding: when the structure is not allowed to 

displace or deform horizontally under the applied loads. These structures are typically designed 

based on at-rest earth pressure condition; (ii) Yielding: when the structure is allowed to displace 

or deform horizontally under the applied load. Mostly, these structures are designed for active 

earth pressure condition. Compressible geofoam inclusion is generally more beneficial for non-

yielding (rigid) retaining walls.  

Researchers [30-35] showed that the magnitude of the lateral loads on retaining walls could be 

reduced by installing a material of lower stiffness between the backfill soil and the wall structure, 

without increasing the wall stiffness. Partos and Kazaniwsky [30] reported reduction in lateral 

earth pressure on a non-yielding basement wall by placing a prefabricated expanded polystyrene 

beaded drainage board between the wall and the granular backfill. Karpurapu and Bathurst [35] 

used numerical modeling to demonstrate that installing a geofoam layer with thickness that is equal 

to 1% of the wall height can bring the lateral earth pressure to a minimum level. Hatami and 

Witthoeft [36] extended the geofoam application to geosynthetic reinforced soil walls. Numerical 

results confirmed that the total forces that cause external sliding and overturning decreased by 

about 30% and 25%, respectively. Trandafir et al. [37] concluded that the presence of EPS geofoam 

within the upper half of the wall can help with the load reduction.  

Ertugrul and Trandafir [34] studied the behavior of geofoam inclusion behind flexible walls. 

Results indicated that geofoam inclusion behind a retaining wall can cause significant decrease in 

lateral thrust. This was attributed to the relative stiffness between the wall and the backfill material. 

Azzam and AbdelSalam [38] carried out numerical analysis to investigate the performance of rigid 

yielding retaining walls with geofoam inclusion. Results showed that use of EPS significantly 

reduced the lateral pressure depending on the ratio between the EPS thickness and wall height. 

Chauhan and Dasaka [33] showed that geofoam inclusion can provide 8-42 % reduction in lateral 

pressure for a surcharge of 10-50 kPa.  

4.4 Scope and Objective 

This study focuses on the use of EPS geofoam in reducing the lateral earth pressure behind rigid 

non-yielding retaining walls. A two-dimensional finite element model is developed and validated 

using experimental data reported by Ertugrul and Trandafir [39]. A parametric study is then 

performed to examine the role of relative thickness, stiffness of the EPS geofoam and strength 
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parameters of the backfill soil on the lateral earth pressure acting on rigid retaining wall. The 

results of this study are presented in the form of design charts for a wide range of wall configuration 

and material properties.  

4.5 Description of the Physical Model 

Ertugrul and Trandafir [39] performed a series of experiments on a rigid non-yielding retaining 

wall with vertical EPS geofoam inclusion. A steel wall with dimensions 700 mm × 980 mm × 8 

mm was firmly welded to a steel base 980 mm × 500 mm × 8 mm and hosted in a rigid container 

2m × 1m × 1m. A schematic of the test setup and the locations of the pressure transducers (P1 to 

P4) are shown in Figure 4.2. Dry, clean sand was used as backfill material. Triaxial compression 

tests conducted on sand samples of relative density, Dr, of 70% indicated friction and dilatancy 

angles of 43.5° and 22.5°, respectively. Blocks of EPS15 geofoam (15 kg/m3) were installed 

between the wall and backfill. The properties of the sand and the EPS geofoam materials are 

summarized in Table 4.1. 

Experiments were conducted on four different wall configurations. In the first set of tests, lateral 

earth pressures were measured against the rigid wall with no geofoam inclusion, whereas the other 

sets of tests involved three different geofoam thicknesses that correspond to t/H ratios of 0.07, 0.14 

and 0.28, where t is the geofoam thickness and H is the wall height. The geofoam was placed 

behind the rigid retaining wall and the earth pressures were measured using four pressure 

transducers installed vertically along the wall height at 20 cm spacing as shown in Figure 4.2. 

4.6 Numerical Analysis and Model Validation 

A two-dimensional finite element model was developed based on the experimental setup reported 

by Ertugrul, Trandafir [39]. The analysis was performed using the commercial software PLAXIS 

2D 2015 [40]. The retaining wall and the backfill material are modeled using 15-node triangular 

elements as shown in Figure 4.3. Smooth rigid boundary conditions are specified along the vertical 

boundaries whereas rough rigid boundary condition is specified along the base of the model. Both 

the backfill and foundation soil were modeled as Mohr-Coulomb elastoplastic materials whereas, 

EPS geofoam was modelled as linear elastic material. Given that the EPS15 geofoam used in the 

experiments was subjected to a maximum horizontal pressure of about 3.6 kPa, which is much 

smaller than the yield stress (y = 38 kPa), the use of elastic material model for the geofoam is 

considered acceptable. Table 4.1 summarizes the material properties of both the soil and the EPS 
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geofoam used in validating the numerical model. The retaining wall and its base were modelled as 

plate elements. Material properties of wall and the base are given in Table 4.2. The soil-wall, 

geofoam-wall and soil-geofoam interfaces were modelled using Mohr-Coulomb elastoplastic 

interface elements. The interface friction angles were back-calculated to match the experimental 

data. For geofoam-wall, soil-geofoam and soil-wall interfaces, the interface friction angles were 

found to be 16o, 8o and 5°, respectively. EPS15 blocks of similar dimensions and material 

properties to those used in the experiments was adopted in the model with three different geofoam 

thicknesses that correspond to t/H ratios of 0.07, 0.14 & 0.28.  

The steps taken in modeling the retaining wall can be summarized as follows: (1) the foundation 

bed is first generated; (2) the wall and the base are activated; (3) the EPS blocks are introduced 

against the wall; (4) the backfill material is added in layers to reach the target height.  

Four cases were numerically investigated starting with the reference model where no geofoam 

blocks are installed (t/H = 0).  

The model validation results are presented in Figure 4.4, where the lateral earth pressure values,

h , are normalized with respect to the vertical pressure at the wall base ( 11.55 )v base H kPa − = = , 

and are plotted against the wall depth. For the four investigated cases, the calculated lateral 

pressures are compared with the experimental data. The results show that the numerical model is 

generally able to capture the pressure distribution with depth. This is particularly true for the case 

where no geofoam is installed, as represented by the solid line in Figure 4.4. For the cases where 

geofoam is placed behind the wall, the numerically computed results slightly underestimated the 

lateral pressure near the base of the wall. This could be attributed to the frictional forces mobilized 

at the soil-base and the geofoam-base interfaces.       

It is observed that for all investigated wall models, EPS geofoam experienced maximum horizontal 

stress values hmax of 2.5, 2.0 and 1.3 kPa for t/H of 0.07, 0.14 and 0.28, respectively. This is found 

to be within the elastic limit of the used EPS15 geofoam, which has a compressive resistance of 

about 19 kPa at 1% strain [39]. This also confirms the assumption of linear elastic response for the 

EPS geofoam under the applied loading. It is also found that the presence of geofoam inclusion 

behind the non-yielding retaining wall resulted in arching effect within the lower half of the wall, 

which helped in absorbing the majority of the lateral earth pressure acting on the wall.  

The difference between the experimental data and the numerically calculated total lateral thrust 

was found to range between 5% and 9% for the four investigated cases.    
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4.7 The Effect of Geofoam and Backfill Properties on the Lateral Earth Pressure Acting on 

the Wall.  

A parametric study was conducted using a full-scale model to investigate the effect of geofoam 

density, thickness and backfill friction angle () on the lateral earth pressure acting on the wall. A 

2.80 m high retaining wall model was developed using 15-nodded plane strain triangular elements. 

A wall (2800 mm × 3920 mm × 32 mm) with rigid base (3920 mm × 2000 mm × 32 mm) was 

modelled using plate elements. The numerical parameters used to model the wall and the base are 

summarized in Table 4.2. The foundation and backfill soils were modelled using Mohr-Coulomb 

elastoplastic material model. In addition, Mohr-Coulomb elastoplastic interface elements were 

used at the wall-soil, wall-geofoam and soil-geofoam interfaces. For the wall-geofoam, geofoam-

soil and wall-soil interfaces, a range of friction angles between 8o and 22° was used in the analysis 

to cover wide possibilities of contact properties. 

Three different geofoam materials, namely EPS22, EPS29 and EPS39, of different relative 

thicknesses with respect to the wall height (t/H = 0, 0.05, 0.1, 0.15, 0.2, 0.25 & 0.3) were  

considered. The results of the uniaxial compressive strength tests performed on the three geofoam 

materials are depicted in Figure 4.5. For the three geofoam materials, with densities of 22, 29, and 

39 kg/m3, the reported compressive strength results at 1% strain are found to be 70, 94 and 192 

kPa, respectively. Given the expected range of lateral pressure (3 to 23 kPa), the geofoam materials 

are subjected to pressure levels that are within the linear elastic range. Material properties of both 

the soil and geofoam used in this parametric study are summarized in Table 4.3. It is worth noting 

that the material properties, aspect ratio, and boundary conditions used in the numerical model of 

the large-scale wall are similar to those used in the model calibration shown in Figure 4.3. The 

results of the parametric study are provided in the following section.  

4.8 Results and Discussion 

The results of the numerical analysis are presented in this section by comparing the changes in 

horizontal pressure with depth for the benchmark case (no geofoam) with those obtained when 

geofoam blocks of different thicknesses and densities are installed. The calculated lateral earth 

pressure distributions with depth are presented using four sets of charts grouped in Figure 4.6(a) 

through 4.6(c) for backfill material with friction angle of 30o; Figure 4.6d through 4.6(f) for 

backfill material with friction angle of 35o; Figure 4.6(g) through 4.6(i) for backfill material with 
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friction angle of 40o; and Figure 4.6(j) through 4.6(l) for backfill material with friction angle of 

45o. Three EPS densities are examined, namely, 22, 29 and 39 kg/m3. The relative thicknesses of 

the geofoam panels t/H were chosen to cover a wide range of possibilities starting from t/H ratio 

of 0 (no geofoam) and increasing incrementally to 0.3. Rankine’s active earth pressure (R. AEP) 

and Jáky’s [41] at rest earth pressure (J. AREP) lines are also added to compare the theoretical 

value with those calculated using the numerical analysis. The effects of different parameters on 

the lateral pressure distribution on the wall for each case are presented under separate headings 

below. 

4.8.1 Benchmark case (no geofoam) 

By inspecting the results in Figure 4.6(a) through 4.6(f), it is evident that for backfill materials 

with lower friction angle values, 30o and 35o, the calculated earth pressure distributions were 

generally found to linearly increase with depth consistent with that of the theoretical at-rest earth 

pressure (J. AREP) line. However, for backfill with higher friction angles of 40o and 45o (Figure 

4.6(g) through 4.6(l) the lateral pressure distributions change from linear to nonlinear near the 

middle of the wall.  

As the friction angle increased from 30o to 45o, the at rest earth pressure coefficient decreased 

resulting in a decrease in lateral pressure from 22.4 to 13.4 kPa.  This can be attributed to the 

frictional forces developing at the interface between the backfill and the base plate supporting the 

wall, which differs from the theoretical solution obtained for semi-infinite soil medium. 

4.8.2 Effect of geofoam density 

By inspecting Figure 4.6(a) through 4.6(l), it is evident that for a given geofoam thickness and 

backfill properties, density of EPS geofoam has significant effect on the lateral pressure acting on 

the retaining wall. It was found that, for a given type of backfill material, geofoam of lower density 

absorbs more lateral pressure and can bring the soil into active or near active state as compared to 

higher density geofoam that has the same thickness. For example, for t/H = 0.1 and soil = 30o, the 

maximum pressure decreased from 12.4 kPa to 10.8 kPa as the geofoam density decreased from 

39 kN/m3 to 22 kN/m3. This is consistent with the fact that geofoam of lower density compresses 

more under the same applied lateral pressure resulting in more movement and consequently less 

pressure on the wall. This shows that low density geofoams are considered to be effective in 

absorbing static lateral pressure acting on rigid retaining walls.    



[75]   

 

4.8.3 Effect of geofoam thickness 

For a given geofoam density and backfill material, the relative thickness of the geofoam (t/H) can 

significantly affect the magnitude of lateral earth pressure as depicted in Figure 4.6(a) through 

4.6(l). EPS geofoam with smaller t/H value absorbed less pressure as compared to geofoam of 

higher thickness ratio for the same geofoam density and soil type. For example, for a geofoam 

density 22 kg/m3 (EPS22) and soil = 30o, the maximum earth pressure decreased from 10.82 kPa 

to 8.38 kPa as the geofoam relative thickness (t/H) increased from 0.1 to 0.3. This is attributed to 

the fact that thicker geofoam can compress more under the same applied lateral pressure, which in 

turn produces more movement and less pressure on the wall. However, as increasing the thickness 

of the geofoam can result in adding more costs to the project, a balance needs to be struck between 

the additional cost of the geofoam material and the design benefits associated with the reduction 

in lateral earth pressure on the wall. 

4.8.4 Effect of friction angle of backfill soil 

The magnitude of lateral earth pressure is found to be also influenced by the friction angle of 

backfill soil, soil. Soils with higher friction angles exert less pressure on the retaining wall due to 

smaller coefficient of active earth pressure. As shown in Figure 4.6(a) through 4.6(l), soils with 

smaller friction angle induced less lateral pressure as compared to those with higher friction angle 

for the same geofoam density and thickness. For example, for geofoam with density of 22 kg/m3 

(EPS22) and t/H = 0.1, soil with soil = 30o corresponded to 38% reduction in pressure while soil 

with soil = 45o corresponded to 28% reduction in lateral earth pressure. This indicates that the use 

of EPS geofoam inclusion is effective in soils that have lower friction angle values.   

It is important to mention that although the presence of geofoam inclusion behind rigid retaining 

walls caused reduction in lateral earth pressure, there exist a limiting combination of geofoam 

density and relative thickness of the geofoam (t/H) to achieve active state, which depends on the 

frictional properties of backfill material as depicted in Figure 4.6(a) through 4.6(l). For example, 

for backfill with soil = 40o, active condition can be achieved using t/H = 0.1 for EPS22, t/H = 0.2 

for EPS29 or t/H = 0.3 for EPS39. Therefore, depending on the frictional properties of the backfill 

material and the magnitude of tolerable stresses on the retaining wall, a suitable geofoam density 

along with required t/H value may be selected to achieve active or near active conditions in the 

backfill.    
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4.8.5 Isolation Efficiency (IE) 

Another way to evaluate the performance of EPS inclusion is by expressing the results in terms of 

isolation efficiency. Isolation efficiency (IE) is defined as “the ratio of the difference between the 

total lateral thrust on the wall before and after the geofoam in installed (To - TEPS) divided by To”.  

100o EPS
E

o

T T
I

T

−
=   

The total thrust lateral acting on the wall can be computed using the following equation: 

0

H

xT dz=   

where, T is the total lateral thrust acting on the wall, x is the lateral earth pressure and H is the 

wall height. Figure 4.7 shows the effects of density and relative thickness of the geofoam and the 

frictional properties of the soil on the isolation efficiency. The results show that for the investigated 

four soil types, the isolation efficiency increases with the increase in the relative geofoam 

thickness. It was also found that the isolation efficiency increased with the reduction in the friction 

angle of the backfill material. For example, for geofoam density of 22 kg/m3 (EPS22) and t/H of 

0.1, the isolation efficiency decreased from 38% to 28% as the friction angle of the backfill soil 

increased from 30o to 45 o. This is due to the fact that higher friction angles (soil) correspond to 

smaller at-rest earth pressure coefficient, which induces smaller lateral pressures on the geofoam 

and the wall. The maximum isolation efficiency is achieved with EPS22 for backfill soil with soil  

= 30o, whereas the minimum value of isolation efficiency is obtained with EPS39 for backfill soil 

having soil  = 45o. This response is consistent with the increase in the material stiffness associated 

with the increase in the geofoam density [42-44]. 

4.8.6 Lateral earth pressure coefficient ratio 

The lateral earth pressures obtained from the numerical models were used to back-calculate the 

coefficient of lateral earth pressure KFEM based on following equation:  

2 0

2 H

FEM xK dz
H




=   

where,  is the unit weight of soil,  x is lateral earth pressure and H is the wall height. The KFEM 

values were then normalized using Rankine active earth pressure coefficient, Ka, and presented in 

Figure 4.8, where, 
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Figure 4.8(a) through 4.8(d) show the change in lateral earth pressure coefficient ratio (KFEM/Ka) 

with the change in the relative thickness of the geofoam (t/H) for the three investigated densities 

of geofoam, 22, 29 & 39 kg/m3 and the four different backfill soils (soil  =30o, 35o, 40o, 45o). A 

KFEM/Ka ratio of less than 1 means that the lateral earth pressure values are less than the 

corresponding Rankine’s active earth pressure. Also, for a given soil friction angle, a decreasing 

trend in KFEM/Ka ratio with the increase in t/H indicates a better geofoam performance. For 

example, for soil = 30o, maximum performance is achieved with EPS22 at t/H = 0.3 where KFEM/Ka 

ratio is minimum.  

It is important to note that an increasing trend in KFEM/Ka ratio with the increase in friction angle 

should not be interpreted as “KFEM  increases with the increase in friction angle (soil)”. This is due 

to the fact that Ka is not constant for the four investigated backfill soils (soil  =30o, 35o, 40o, 45o) 

as Ka decreases with the increase in friction angle. 

4.8.7 Horizontal displacement in backfill soil 

Figure 4.9(a) through 4.9(d) present the effect of geofoam density, relative thickness and backfill 

properties on the horizontal displacement obtained in the backfill soil. It is found that for a given 

backfill soil, the horizontal displacement increases with the increase in t/H ratio and decreases with 

the increase in geofoam density. Moreover, for backfill with different frictional properties, 

horizontal displacement decreases with the increase in friction angle. For example, for a soil with 

soil =30o, geofoam density of 22 kg/m3, the horizontal displacement decreased from 1.34 mm to 

0.23 mm as t/H decreased from  0.3 to 0.05. This is due to the fact that thicker geofoam inclusion 

allows for more mobilization of the soil strength as compared to geofoam of reduced thickness. 

The maximum horizontal displacement (1.34 mm) is achieved for the case of EPS22 and soil of 

30o, whereas the minimum horizontal displacement (0.24 mm) is achieved for the case of EPS39 

and  soil of 45o.  

4.9 Practical Implication 

The results of this parametric study suggest that the isolation efficiency, IE, associated with a case 

of geofoam inclusion behind a rigid wall depends on the used geofoam density and thickness and 

the frictional properties of the backfill material. Therefore, the normalized charts presented in this 
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study can help for the preliminary assessment of the various design options that could guide 

engineers in their design. The charts presented in Figure 4.7 can be easily adapted and used to 

select a suitable geofoam density and thickness to achieve a specific isolation efficiency. To 

illustrate this procedure, a design example is given below:  

Given Data: 

H = 4.0 m 

soil = 35o  

IE = 40 % 

Find geofoam EPS22 thickness = t =?  

Solution: 

For IE = 40 % 

Using Figure 5.10(c): 

t/H = 0.118 

t = 0.118 × H 

t = 0.118 × 4 = 0.472 m = 47.2 cm 

The nominal required EPS thickness (t) that satisfies a 40% reduction in pressure is 47 cm. 

4.10 Conclusions  

In the present study, the effect of EPS geofoam inclusion on rigid non-yielding retaining wall is 

numerically investigated using plane strain finite element modeling. Experimental data obtained 

using controlled laboratory tests was used to validate the numerical model. A parametric study is 

then performed to examine the effects of EPS geofoam density and relative thickness and the 

properties of the backfill soil on reducing the lateral earth pressure acting on a non-yielding 

retaining wall. The investigated parameters included three different geofoam densities and 

thickness interacting with four different backfill soils. The following conclusions can be drawn 

from this study: 

1. Geofoam inclusion placed vertically behind rigid non-yielding retaining walls can allow the 

backfill soil to move towards the wall. This deformation helps in mobilization the soil shear 

strength leading to reduction in lateral earth pressure acting on the wall.   
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2. The response of the granular backfill soil in these applications can be reasonably predicted 

using Mohr-Coulomb elastoplastic material model, whereas linear elastic model is found to 

be suitable for the geofoam material. 

3. Relative thickness and density of the EPS geofoam and the frictional properties of the 

backfill material are found to play major roles in the magnitude of the isolation efficiency. 

It is also found that low density geofoam can provide better performance compared to higher 

density material. For a same geofoam density, the thickness of the geofoam inclusion is 

found to have an effect on the geofoam compression. It is also found that EPS geofoam 

inclusions are more effective in soils with relatively low friction angles.  

Notation 

The following symbols are used in this paper: 

Dr = Relative density of soil 

t = Thickness of geofoam 

H = Wall height 

h = Horizontal pressure 

yield = Yield stress 

v base −
= Vertical pressure at the wall base 

E = Elastic limit 

, soil = Friction angle of soil 

IE = Isolation efficiency 

To = Total lateral thrust for without geofoam case  

TEPS = Total lateral thrust for with geofoam case  

T = Total thrust lateral acting on the wall 

KFEM = Back-calculated coefficient of lateral earth pressure from FE analysis 

  = Unit weight of soil 

Ka = Rankine active earth pressure coefficient   
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Table 4.1 Material properties of soil & EPS geofoam (Validated model [39])  

Property Backfill Soil Foundation soil EPS Geofoam 

Material model Mohr-Coulomb Mohr-Coulomb Linear Elastic 

Unit weight,  (kN/m3) 16.5 17.5 0.15 

Young’s Modulus, E (kN/m2) 5200 5500 1500 

Poisson’s ratio,  0.33 0.33 0.01 

Cohesion c’ (kN/m2) 0.01 0.01 - 

Friction angle ’ (degrees) 43.5 45 - 

Dilatancy angle Ψ’ (degrees) 22.5 22.5 - 

Ko determination 
0.3116 

(automatic) 

0.2929 

(automatic) 
- 

Maximum void ratio 0.745 - - 

Minimum void ratio 0.436 - - 

Specific gravity 2.66 - - 

cc (coefficient of curvature) 0.80 - - 

cu (coefficient of uniformity) 3.31 - - 

Percent finer than #200 sieve 1.14 - - 
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Table 4.2 Material properties of wall and wall base  

Property 

Validated Model [39] Parametric study 

Wall Wall Base Wall Wall Base 

Material type 
Elastic; 

Isotropic 

Elastic; 

Isotropic 

Elastic; 

Isotropic 

Elastic; 

Isotropic 

Normal stiffness, EA (kN/m) 
9.02E+05 6.44E+05 1.44E+07 1.03E+07 

Flexural rigidity, EI (kN m2/m) 
6.87 6.87 4.40E+02 4.40E+02 

Weight, w (kN/m/m) 
0.624 0.624 2.496 2.496 

Poisson’s ratio,  
0.25 0.25 0.25 0.25 
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Table 4.3 Material properties of soil and EPS geofoam (Parametric study) 

Property Backfill Soil Foundation soil EPS22 EPS29 EPS39 

Material model 
Mohr-

Coulomb 

Mohr-Coulomb Linear 

Elastic 

Linear 

Elastic 

Linear 

Elastic 

Unit weight,  (kN/m3) 
16 17 0.22 0.29 0.39 

Young’s Modulus, E 

(kN/m2) 

25,000 30,000 6,910 10,000 178,000 

Poisson’s ratio,  
0.33 0.33 0.12 0.13 0.15 

Cohesion c’ (kN/m2) 
0.01 0.01 - - - 

Friction angle ’ 

(degrees) 

30o - 45 o 45 - - - 

Dilatancy angle Ψ’ 

(degrees) 

0 0 - - - 

Ko determination 
0.292 – 0.50 0.2929  - - - 
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Figure 4.1 Use of EPS behind retaining walls 

Figure 4.2 Geometry and configurations of the physical model [39] 
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Figure 4.3 Finite element mesh of the rigid non-yielding retaining wall with geofoam 

inclusion 

Figure 4.4 Normalized lateral earth pressures vs wall depth 
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Figure 4.5 Stress-strain relationships of EPS22, EPS29 & EPS39 
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Figure 4.6 Lateral earth pressure distributions on walls for different geofoam densities, 

thicknesses, and  backfill material 
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Figure 4.7 Isolation efficiency vs t/H for EPS22, EPS29 & EPS39: (a)  =30o, (b)  =35o,  (c)  

=40o, (d)  =45o 
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Figure 4.8 Variation of lateral earth pressure coefficient ratio KFEM/Ka ratio for various t/H , EPS 

& backfill  values: (a)  =30o, (b)  =35o, (c)  =40o, (d)  =45o 
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Figure 4.9 Horizontal displacement of backfill soil vs t/H for EPS22, EPS29 & EPS39:  

(a)  =30o, (b)  =35o, (c)  =40o, (d)  =45o 
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5  On the Use of EPS Geofoam to Reduce Earth 

Pressure on Retaining Walls under Dynamic 

Loading: A Numerical Study* 

* A version of this chapter has been submitted as: 

Khan, M. I., & Meguid, M. A. (2021). On the use of EPS geofoam to reduce earth pressure on retaining walls under 

dynamic loading: A numerical study. International Journal of Geosynthetics and Ground Engineering. 

 

5.1 Preface 

In the previous chapter (chapter 4), role of EPS geofoam on reducing lateral earth pressure on rigid 

retaining wall was studied using a numerical parametric study and results were presented in the 

form of design charts. In this chapter, a 2D finite element model has been developed and validated 

to investigate the role of EPS geofoam in reducing seismic earth pressure on rigid wall. A 

parametric study was then conducted, and results were presented in the form of design charts for 

practical implication. 

5.2 Abstract 

The magnitude of lateral earth pressure plays an important role in the analysis and design of earth 

retaining structures. Expanded polystyrene (EPS) geofoam panels have been successfully used in 

reducing lateral thrust on walls under static loading condition. The presence of geofoam panels 

between a rigid wall and the backfill soil allows for controlled deformation to develop, which leads 

to the mobilization of soil shear strength. When subjected to dynamic loading, the magnitude of 

earth pressure acting on a rigid wall can become significantly larger. In this study, a finite element 

model is developed to investigate the effectiveness of installing geofoam buffer behind a rigid 

retaining wall on the seismic lateral thrust induced by the backfill material. A parametric study 

was then conducted to investigate the effect of geofoam density, relative thickness of the geofoam 

with respect to the wall height and the friction angle of the backfill soil on the effectiveness of this 

technique to reduce the impact of seismic events on the stability of the wall. Results showed that 

5 
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provision of EPS geofoam behind rigid non-yielding retaining wall can provide 10-40% reduction 

in seismic thrust depending on the geofoam density, relative thickness and frictional properties of 

the backfill soil.       

Keywords: EPS geofoam, Seismic buffer; Rigid retaining wall; Isolation efficiency; Finite 

element modelling; Lateral earth pressure; Plaxis. 

5.3 Introduction 

Expanded polystyrene (EPS) geofoam has a long history with successful applications in the field 

of transportation and geotechnical engineering. The generic term “geofoam” was first introduced 

by Horvath [1] for rigid plastic foam type materials used in geotechnical applications. Later, the 

term “geofoam” was expanded to include any cellular material manufactured by an expansion 

process [2]. These synthetic materials are now part of the geosynthetic family as proposed by 

Horvath [3]. 

The early use of EPS geofoam in geotechnical engineering started in 1960s. The Norwegian 

geotechnical engineers used EPS geofoam for thermal insulation in roads [4] and in lightweight 

road embankments constructed over soft soils [5]. Due to its extreme lightweight nature (ρ = 12 to 

39 kg/m3), high compressibility and high strength, EPS geofoam has been used in several 

geotechnical applications, for example: slope stabilization [6-10], subbase fill material [11-14], 

embankments [15-19], earth retaining structures [20], bridge approaches and abutments [21-25], 

buried pipes [26-28] and compressible inclusion or seismic buffer [29-33]. 

Retaining walls (e.g. cantilever walls, basement walls or bridge abutments) are an integral part of 

many important infrastructure projects, they are mostly provided as preferred countermeasure 

against soil instability. Retaining wall could be “non-yielding” or “yielding” depending on whether 

horizontal displacement and wall deformation are permitted [34].       

Past experience showed that retaining walls may be vulnerable to severe damage under excess 

dynamic forces induced during an earthquake. Several post-earthquake studies revealed that large 

displacements can lead to excessive deformation and possibly failure of the retaining walls [35]. 

Therefore, in seismically active areas, a retaining structure must be designed to resist both static 

and dynamic earth pressures. The current USA and Canadian design codes emphasises the use of 

an increased earthquake return period  in the design of civil engineering structures in seismically 

active regions [36,37], which results in higher design loads on earth retaining structures. Therefore, 

both geotechnical and structural engineers are interested in developing new methodologies to 
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attenuate larger seismic loads on earth retaining structures which in turn leads to an economical 

and safe design.  

EPS geofoam has proved its potential to resist  both lateral and vertical stresses in many 

geotechnical projects. The most important characteristics of the geofoam include durability, 

stability and ability to resist moisture and deterioration. To suit wide range of application, density 

and stress-strain behavior of EPS geofoam can easily be modified during manufacturing. Cost 

effectiveness of the geofoam increases when it is used as multipurpose material in geotechnical 

engineering projects. 

Compressible EPS geofoam inclusion placed behind a rigid retaining wall has been suggested to 

attenuate the dynamic earth forces by allowing controlled yielding of backfill soil [38-45]. The 

idea of using EPS geofoam as compressible inclusion is not new. Researchers have shown that 

static lateral loads on retaining walls can be reduced by placing a layer of EPS geofoam  between 

the wall and the backfill soil without increasing the wall stiffness [46-53]. During an earthquake 

event, compressible EPS geofoam layer allows for the lateral expansion of backfill soil (controlled 

yielding) by taking up the major portion of the seismic lateral thrust while the remaining thrust is 

transferred safely to the rigid retaining structure. Lateral expansion of backfill soil also helps in 

the mobilization of full shear strength of the soil which brings the surrounding soil to active failure 

state. This technique can be applied to both new and existing structures. 

Inglis et al. [54] in a case study reported the first use of seismic buffer in Vancouver, Canada. 

Vertical EPS panels that are 450 mm to 610 mm thick were placed behind three rigid basement 

walls to reduce dynamic lateral earth pressures during an earthquake (see Figure 5.1). Pseudo-

static analysis [55], Pseudo-dynamic analysis [56-58] and dynamic analysis [59] were performed 

to compute the seismic earth pressures on the walls. Results from these analyses show that presence 

of about 1 m thick EPS geofoam inclusion between the rigid retaining wall and the backfill can 

reduce the lateral seismic earth pressure by about 50% in comparison to rigid retaining wall with 

no geofoam buffer.  

According to Inglis et al. [54] a good buffer material should: (a) be strong and rigid enough to 

withstand static soil forces with small deformations and creep but at the same time should also be 

able to resist the possible dynamic forces without causing failure; (b) be inert and should not 

deteriorate due to water, chemical attack, aging, etc.; (c) be economical in comparison to the cost 

of the structure.  



[97]   

 

Several researchers investigated the role of EPS geofoam in attenuating the seismic earth pressure 

on retaining walls. A summary of some of these studies is given below. 

5.3.1 Experimental Studies 

Bathurst et al. [42] presented a proof of concept for the application of geofoam as seismic buffer 

behind rigid retaining walls using 1-g shaking table. Tests were conducted on small-scale physical 

models of retaining walls with EPS geofoam inclusion of different  density placed against the 

retaining walls. Test results showed that low stiffness (density = 1.3 kg/m3 ) geofoam achieved 

40% reduction (at a peak base acceleration of 0.8g) while high stiffest (density = 1.6 kg/m3) 

geofoam achieved about 15% reduction in earthquake load compared to the control wall (with no 

EPS geofoam).      

Hazarika et al. [60,40] conducted reduced-scale shaking table tests on a 0.7 m high retaining wall 

models having varying buffer thickness (t/H = 0.02, 0.05 & 0.08; where t = thickness of EPS 

geofoam and H = wall height). The buffer used in this study was a sponge type material having  

density of 22 kg/m3.Tests were performed under a 3.3 Hz frequency sinusoidal base acceleration 

record (having peak accelerations of 0.2, 0.44, 0.6 and 0.8g) applied in the horizontal direction. 

Results showed that provision of EPS geofoam layer between the wall and backfill soil could 

reduce the peak lateral load on the wall by about 30-60 %.       

Dasaka et al. [44] performed 1-D shaking table tests on reduced-scale physical models of gravity 

retaining wall subjected to both surcharge and seismic loading.  Surcharge pressures of 10, 30 & 

50 kPa were applied on top of the backfill and for each pressure increment, a 3 Hz sinusoidal 

stepped-amplitude horizontal base acceleration with a peak acceleration amplitude of 0.7g was 

applied to the model. It was found that provision of ESP geofoam (density 10 kg/m3) behind 

gravity retaining walls could reduce the maximum seismic lateral thrust on the wall by about more 

than 28%. In a similar study, Dave et al. [61] studied the effect of boundary conditions at the wall 

base (with and without hinge). Retaining walls with a hinge showed a hydrostatic seismic pressure 

distribution while fixed walls showed a curvilinear seismic pressure distribution. It was found that 

EPS geofoam of density 10 kg/m3 reduced the  total lateral thrust by about 23% and 28%, for 

retaining walls with and without hinge boundary conditions, respectively. 

Ertugrul et al. [45,62,63] investigated the effect of geofoam as a seismic buffer behind flexible 

cantilever walls using 1-g shaking table tests. Comparison of tests results showed that geofoam 

with the lowest stiffness (density = 15 kg/m3) could reduce up to 50% of the dynamic thrust acting 
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on the wall. It was also found that the point of application of the dynamic thrust could vary from 

0.4H to 0.6H depending on the type of geofoam used, the flexibility ratio of the wall and the 

characteristics of the excitation record.   

Although physical testing is helpful in the verification or validation of numerical models, it has 

limitations with respect to the  model scale and the associated cost of large physical models. On 

the other hand, centrifuge testing provides a valuable mean  for testing small-scale models without 

significant boundary effect issues. Athanasopoulos-Zekkos et al. [43] performed centrifuge tests 

on 4 m high rigid retaining wall models with and without EPS inclusion. Tests were conducted 

under a range of sinusoidal motions. Comparison of test results of models with and without 

geofoam inclusion confirmed reduction of seismic earth pressure due to controlled yielding of 

backfill soil associated with compression of the geofoam inclusion. For EPS geofoam buffer with 

a relative thickness, t/H = 0.1, the isolation efficiency was found to vary between 10 and 50 % 

under an input excitation of 2Hz  with peak acceleration of 0.2g. A summary of shaking table test 

results is presented in Table 5.1. 

5.3.2 Numerical Studies 

Inglis et al. [54] performed finite difference analysis of a 10 m high wall with EPS seismic buffer. 

Wall models were tested under a simulated earthquake loading as well as a constant amplitude 

harmonic sinusoidal loading (1.57 Hz frequency). Results showed that provision of EPS seismic 

buffer reduced peak lateral stress on the wall by around 50 %. 

Pelekis et al. [64] conducted finite element study to investigate the potential application of 

geofoam as seismic buffer. Reinforced concrete cantilever retaining walls (H = 3.3, 4.8 & 7 m) 

were subjected to an actual earthquake record with predominant frequencies of 2 and 3 Hz with 

base acceleration ranging between 0.1g to 0.5 g. It was found that depending on the thickness and 

stiffness of EPS geofoam a significant reduction in seismic earth pressure can be achieved. On the 

other hand, intensity of motion (peak acceleration) showed negligible effect on the seismic earth 

pressure reduction.  

Armstrong, Alfaro [65] conducted a numerical study on the benefits of using EPS geofoam behind 

rigid retaining wall under seismic loading. A 10 m high wall with different EPS geofoam relative 

thicknesses (t/H = 0.025, 0.05, 0.075 & 0.1; where t = thickness of EPS geofoam and H = wall 

height) and two backfill soils with friction angles of 30o and 35o were considered. Models were 

tested under  an input excitation of 1.5 Hz for 2 seconds, with a peak acceleration of 1.9g. Results 
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showed that provision of EPS seismic buffer only reduced 25% of the passive seismic thrust while 

a minimal reduction was observed on active seismic thrust.  

Zarnani et al. [66-68] simulated shaking table tests conducted on reduce scale wall models with 

EPS geofoam inclusion. Results showed that  the analysis  qualitatively captured the total earth 

force-time response and in most casaes showed a good agreement with experimental results. 

Zarnani, Bathurst [69] conducetd a parametric study using validated numerical model to study the 

effect of wall height; thickness, stiffness and type of EPS geofoam and excitation record on the 

performance of EPS geofoam as seismic buffer. It was found that geofoam stiffness K = E/b; ( 

where E = modulus of elasticity and b = geofoam thickness) plays a vital role in the design of 

composite systems. Moreover, for mitigation of seismic induced dynamic loads, 𝐾 ≤ 50 MN/m3 

was found  to be practical for the design of these composite systems. 

Athanasopoulos et al. [70] studied the response of retainig walls with EPS geofoam subjected to 

harmonic base excitations using finite element analysis. It was found that EPS density, thickness, 

wall height, wall flexibilty, intensity and frequencey of base motion strongly affect the efficiency 

of EPS geofoam as seismic buffer. In a similar study, Zekkos et al. [71] showed that for non-

yielding walls, in general, isolation efficiency increses with the increase in inclusion thickness. On 

the other hand, for yielding retaining walls, isolation efficiency increses with the increase in 

inclusion thickness up to a limiting value that can not be exceeded with further increase in inclusion 

thickness. 

Wang et al. [72] numerically simulated the results of shaking table tests conducted by Bathurst et 

al. [42] on a wall model with EPS geofoam. A reasonable agreement was found between the 

numerical and measured data.   

Wang, Bathurst [73] used finite element to numerically simulate a reduced scale retaining wall 

tested using shaking table. Numerical results were found to be in reasonable agreement with the 

experimental results. It was also found that lower density geofoam being the most compressible 

material could absorb greater portion of energy during earthquake as compared to EPS geofoam 

higher density. A summary of numerical studies is presented in Table 5.2. 

5.4 Scope and Objective 

The present study focuses on the use of EPS geofoam in reducing the seismic lateral earth pressure 

behind rigid non-yielding retaining walls. A 2D dynamic numerical model is developed using 

finite element software PLAXIS [74]. The results of the FE analysis were validated against the 
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experimental results reported by Bathurst et al. [42]. Parametric analyses are then performed to 

investigate the effect of relative thickness, stiffness of EPS geofoam and strength parameters of 

backfill soil on the seismic lateral earth pressure acting on the wall. 

5.5 Description of the Physical Model 

Bathurst et al. [42] carried out 1-g shaking table tests on small scale rigid non-yielding retaining 

wall models with EPS geofoam seismic buffer at the Royal Military College of Canada (RMC). 

Models were built and tested in a strong rectangular container (2.5 m × 1.4 m × 1.3 m) firmly 

attached to the shaking table platform (2.7 m × 2.7 m in plan area) as shown in Figure 5.2. A 6 

mm thick aluminium rigid wall was placed on linear bearings at the front of the rectangular 

container, which could be moved to place 0.15 m thick EPS geofoam between the wall and backfill 

soil. The back wall of the container was rigidly braced.   

Backfill soil (dry synthetic olivine sand) was placed and compacted in 200 mm thick lifts. 

Conventional direct shear tests conducted on sand samples (100 mm × 100 mm) of relative density, 

Dr, of 86% indicated friction and dilatancy angles of 46° and 15°, respectively. Blocks of Type I  

EPS geofoam as per ASTM classification [75] having density 16 kg/m3 were placed between the 

wall and backfill. Properties of the soil and the geofoam are given in Table 5.3. 

A total of 9 load cells (4 horizontal & 5 vertical) were installed to record the components of vertical 

and lateral earth forces on the rigid wall. Four displacement potentiometers were passed through 

EPS buffer and installed on the front face of the wall to measure the dynamic compressive strain 

of the geofoam. An additional potentiometer was attached directly to the shaking table to record 

the displacement-time history of the model. Four accelerometers were also placed during the 

placement of the backfill soil at specific locations to record the acceleration response during the 

tests. An additional accelerometer was attached to the base of the shaking table to measure the 

acceleration-time history.  

A 5 Hz frequency variable-amplitude sinusoidal base acceleration record (with peak accelerations 

0.8g) as shown in Figure 5.3(a), was applied as horizontal base excitation in all tests. The 

acceleration amplitude was increased in increments of 0.05g  and each increment was kept for 5 

seconds. A 2-second accelerogram window at amplitude step is shown in Figure 5.3(b). This 

simple stepped-amplitude sinusoidal base acceleration record is more aggressive than an actual 

earthquake record with same predominant frequency and amplitude [76,77]. A stepped record also 

simplifies the interpretation of seismic wall response. 
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According to the scaling rules proposed by Iai [78], a 5 Hz frequency (i.e. 0.2 s period) corresponds 

to 2 Hz frequency (i.e. 0.5 s period) at 1/6 prototype model scale. Moreover, frequencies ranging 

from 2-3 Hz are representative of typical predominant frequencies of medium to high frequency 

earthquakes [76]and fall within the expected earthquake parameters for North American seismic 

design  

5.6 Numerical Analysis and Model Validation 

The numerical simulations were performed using a finite element (FE) based commercial software 

PLAXIS 2D v 20.03.00.60 [74]. Two-dimensional (2D) plane strain models were developed to 

simulate the dynamic response of rigid retaining wall for following cases: (a) without EPS 

geofoam (b) with EPS geofoam. The height and width of numerical models and thickness of EPS 

geofoam were selected to match the dimensions used in the physical tests. Several mesh sizes, time 

increments, and maximum steps were tested to determine a suitable mesh, time increment, and 

max steps to maintain a balance between accuracy and computing cost. The FE mesh, geometry 

and boundary conditions is shown in Figure 5.4. The retaining wall and the back of the box were 

modelled as plate elements. The backfill soil was modelled using 15-node triangular plane strain 

elements.  

Proper boundary conditions were defined to simulate shaking table test results. The displacements 

along the vertical boundaries were fixed in the x-direction (smooth rigid) during the initial phase 

(initial stress state) and released in the x-direction during the dynamic phase. However, 

displacements along the bottom boundary were fixed in both the x & y-directions (rough rigid) 

during the initial phase and released in the x-direction during dynamic phase. Interfaces between 

the wall-backfill, wall-EPS and EPS-backfill were also specified. The backfill soil was modelled 

using the Hardening Soil (HS) model with Rayleigh damping. The HS model is an elasto-plastic 

second-order hyperbolic isotropic-hardening model developed by Schanz et al. [79]. The EPS 

geofoam was modelled as linear elastic material. The material properties of backfill soil and EPS 

geofoam are given in Table 5.3.  

The steps taken in creating the plane strain  model can be summarized as follows: (1) Generation 

of box, retaining wall, backfill soil and EPS geofoam in one initial step; (2) the application of 

stepped amplitude sinusoidal input excitation at the base with a peak acceleration of 0.8g at the 

base and the two vertical boundaries of the models.  
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The results of both the numerical analysis and experimental data for two condition (with and 

without EPS geofoam) are presented in Figure 5.5. It can be seen that as the time increases from 0 

to 86 sec, acceleration amplitude also increases from 0 to 0.8g, which significantly increases the 

horizontal force on the wall. It is noted that, for clarity, only the peak horizontal wall force is 

plotted against time. Comparison of the measured and calculated data shows a good qualitative 

and quantitative agreement. The underprediction  at the beginning of the tests (first 15 sec) is 

mainly attributed to the locked-in stresses developed during the compaction process in the physical 

test, which could not be simulated  in the model. Other than these stresses, numerical results show 

a reasonable trend for both cases with a slight overprediction for the case where no geofoam. 

Figure 5.6 represents the results of the FFT analysis conducted using the acceleration time histories 

obtained from the numerical model. It is clearly shown that the dominant frequency in the backfill 

soil is the same as that of the frequency of the input signal. i.e. 5 Hz. 

5.7 The Effect of Geofoam and Backfill Properties on the Dynamic Lateral Earth Pressure 

Acting on the Wall  

A parametric study was conducted to examine the effect of geofoam density, relative thickness 

and backfill friction angle ()  on the reduction of dynamic lateral earth force acting on the wall. 

A 1.0 m high retaining wall model was developed using 15-noded plane strain triangular elements. 

Retaining wall was modelled as plate element. The backfill soils was modelled using Hardening 

Soil (HS) model with Rayleigh damping. Four different backfill materials with friction angle () 

values ranging from 30o to 45o were considered in the parametric study. The EPS geofoam was 

modelled as linear elastic material. Four different geofoam densities representing EPS15, EPS22, 

EPS29 and EPS39 with three different EPS thickness “t” to wall height “H” ratios, also known as  

relative thickness (t/H = 0, 0.1, 0.2, & 0.3) were considered. The experimental uniaxial 

compression curves of the four geofoam materials are shown in Figure 5.7. For geofoam densities 

of15 (EPS15), 22 (EPS22), 29 (EPS29) and 39 (EPS39) kg/m3, the reported compressive strength 

values at 1% strain are 45, 70, 94 and 192 kPa, respectively. Therefore, given the expected range 

of lateral earth pressure (2-19 kPa), geofoam material was assumed to behave as linear elastic 

under static and dynamic applied lateral earth pressures. Material properties of both the soil and 

the geofoam are summarized in Table 5.4. The boundary conditions, input excitation and dynamic 

time used in all the simulations are the same as those used in the validated model shown in Figure 
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5.3. In total, 52 simulations were run, 4 without EPS geofoam and 48 with EPS geofoam to study 

the role of EPS geofoam in reducing seismic earth pressure behind rigid non-yielding retaining 

wall. The results of the parametric study are presented in the following section.  

5.8 Results and Discussion 

The results of the parametric study are presented by comparing the computed peak wall force-time 

response before and after adding geofoam of different thicknesses and density. The peak 

incremental dynamic wall force or lateral thrust, ΔT, was computed by integrating the peak 

dynamic horizontal earth pressure distribution along the wall height at a particular time step. The 

computed peak wall force-time responses are presented in Figure 5.8(a) through 5.8(h) for backfill 

material with ϕ =30° & 35° and in Figure 5.9(a) through 5.9(h) for backfill material with ϕ =40° 

& 45°. Four EPS densities, namely, 15, 22, 29 and 39 kg/m3 and  three relative geofoam thicknesses 

(t/H =  0.1, 0.2, & 0.3) are considered. 

5.8.1 Benchmark case (no geofoam): 

In Figure 5.8(a) through 5.8(h) and Figure 5.9(a) through 5.9(h), No EPS line shows the value of 

peak horizontal force acting on the wall due to various backfill materials. The peak force at time t 

= 0, corresponds to static condition and the peak wall force at time t ≠  0, corresponds to dynamic 

condition. For all four backfill soils, it can be seen that as the time increases from 0 to 86 sec, 

acceleration amplitude also increases from 0 to 0.8g which causes a significant increase in the 

horizontal force acting on the wall. It was also found that increase in friction angle (ϕ) values  from 

30° to 45°, static lateral thrust decrease from 3.92 to 2.29 kN/m and seismic lateral thrust increases 

from 15.7 to 17.25 kN/m.  

5.8.2 Effect of geofoam density 

It is evident from Figure 5.8(a) through 5.8(h) and Figure 5.9(a) through 5.9(h) that for a given 

backfill material and EPS thickness, change in EPS density (stiffness) causes reduction in seismic 

peak wall force on the wall. For example, for a backfill soil with a friction angle ϕ=40° and 

t/H=0.3, the peak seismic wall forces  increased from 10.62 kN/m to 12.70 kN/m as the density of 

EPS geofoam was varied from 15 to 39 kg/m3. This is due to the fact that softer geofoam has the 

ability to absorb more energy under the same applied dynamic lateral thrust, which in turn allows 
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more movement and consequently less pressure on the wall. Therefore, low density geofoam 

blocks are more effective than high density geofoam. 

5.8.3 Effect of geofoam thickness 

Inspection of Figure 5.8(a) through 5.8(h) and Figure 5.9(a) through 5.9(h) reveals that for a given 

backfill and EPS density, the change in the relative thickness of EPS geofoam (t/H) causes 

reduction in seismic peak wall force on the wall. For example, for a backfill soil with a friction 

angle ϕ=40° and geofoam density 15kg/m3 (EPS15), the peak seismic wall forces decreased from 

14.30 kN/m to 10.62 kN/m as the relative thickness of EPS geofoam (t/H) was varied from 0.1 to 

0.3. This is consistent with the fact that thick geofoam blocks compress more as compared to thin 

geofoam of same density, which results in more compression and more energy is absorbed under 

the same applied force 

5.8.4 Effect of friction angle of the backfill soil 

Frictional properties of the backfill soil can affect the magnitude of both static and seismic earth 

pressure. It was observed that for a given geofoam thickness and density, as the friction angle (ϕ) 

of the backfill soil changes from 30° to 45°, the static lateral thrust decreased from 3.92 to 2.29 

kN/m and the seismic lateral thrust increased from 15.7 to 17.25 kN/m as depicted in Figure 5.8(a) 

through 5.8(h) and Figure 5.9(a) through 5.9(h). For example, for EPS15 having t/H of 0.2, the 

peak seismic wall forces  increased from 11.43 kN/m to 12.03 kN/m as the friction angle (ϕ) of 

backfill soil was varied from 30° to 45°. It means that under dynamic loading conditions, EPS 

geofoam works better when used with a backfill soil having higher frictional properties. 

5.8.5 Isolation Efficiency (IE) 

The performance of EPS geofoam behind rigid retaining walls under seismic conditions can also 

be evaluated by computing the Isolation Efficiency (IE), which is “the ratio of the difference 

between the peak lateral seismic thrust for benchmark (no geofoam) case (To) and the case where 

geofoam is installed (TEPS) to the peak lateral seismic thrust for the benchmark case (To)” as 

expressed below:  

100o EPS
E

o

T T
I

T

−
=   
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Figure 5.10(a) through 5.10(d) show the influence of backfill frictional properties, geofoam 

densities and relative thicknesses on the isolation efficiency (IE). Isolation efficiency is directly 

related to the relative thickness of the geofoam, friction angle of backfill soil and inversely related 

to geofoam density. It was observed that for thinner geofoams (t/H=0.1) of different densities, 

higher isolation efficiency was observed in soils with low friction angles 30° to 35°. However, for 

thicker geofoams (t/H=0.3) of different densities, higher isolation efficiency was observed in soils  

with high friction angles 40° to 45°.  

5.9 Practical Implication 

Results of present numerical study are summarized in the form of guidance charts (see Figure 5.10) 

for the selection of minimum thickness and density of geofoam to achieve a desired isolation 

efficiency (IE) for a given backfill material. A design example is presented in this section to explain 

how the design charts presented in Figure 5.10 can be utilized by geotechnical engineers.  

Design Example: 

Given Data: 

H = 1.0 m 

 = 40o 

IE = 30 % 

Find geofoam EPS15 thickness = t =?  

Solution: 

For IE = 30 % 

Using Figure 5.10(c): 

t/H = 0.19 

t = 0.19 × H 

t = 0.19 × 1 = 0.19 m = 19 cm 

The required EPS15 thickness (t) to satisfy a 30% reduction = 19 cm 

5.10 Conclusions  

In the present study, a 2D FE model is developed to study the effect of geofoam on the seismic 

earth pressure acting on rigid retaining walls. Numerical model was first validated using results of 

shaking table tests. A parametric study was then conducted to investigate the effectiveness of EPS 

geofoam density, relative thickness of the EPS geofoam with respect to the wall height and 
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frictional angle of backfill soil on reduction of seismic earth pressure. Based on the results of 

numerical analyses following conclusions can been drawn: 

1. An optimal design of retaining structure requires, lesser loads to be transferred to the 

retaining structure under applied loading. Provision of EPS geofoam placed between the wall 

and backfill soil provides controlled yielding of soil (i.e. mobilization of major portion of 

soil strength) under dynamic loading which leads to reduction in seismic thrust on the wall.  

An advantage of this technique is that it could be applied to both new and existing structures. 

2. The behavior of backfill soil and EPS geofoam are reasonably well predicted by using 

Hardening Soil (HS) material model for backfill soil and linear elastic model for EPS 

inclusion.  

3. The performance of EPS geofoam as seismic buffer is a function of density of EPS geofoam, 

relative thickness and frictional properties of backfill soil. It was found that low density 

geofoam provides better performance as compared to high density geofoam. On the other 

hand, for a same density geofoam, thicker geofoam is found to absorb more pressure than 

thinner geofoam. It was also found that using geofoam as seismic buffer is more effective in 

soils with high frictional properties as compared to soil with low frictional angles.  

4. The limitation of the present study is that the parametric study was not extended to relative 

thickness 0.1< t/H< 0.3 because there exist a limiting value of t/H depending upon the 

relative thickness of EPS geofoam and stiffness of backfill soil. 

Notation 

The following symbols are used in this paper: 

Dr = Relative density of soil 

t = Thickness of geofoam 

H = Wall height 

σE = Elastic limit 

, = Friction angle of soil 

IE = Isolation efficiency 

To = Total seismic lateral thrust for without geofoam case  

TEPS = Total seismic lateral thrust for with geofoam case  

T = Total seismic thrust lateral acting on the wall 
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Table 5.1 Summary of shaking table test results 

Property 
Bathurst et al.             

[42] 

Hazarika et al.  

[60,40] 

Dasaka et al. 

[44] 

Ertugrul et al. 

[45,63,64] 

Wall height H (mm) 1000 700 700 700 

Relative thickness, t/H 0.15 0.08 0.125 0.14 

Wall type Rigid Rigid Rigid Flexible 

Inclusion material EPS geofoam Sponge  EPS geofoam EPS geofoam 

Acceleration, a (g) 0.7 0.8 0.4 0.7 

Reduction (%) 40 30-60 27 50 
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Table 5.2 Summary of numerical studies 

 

 

 

 

 

 

 

 

 

 

 

 

Reference 
Approach / 

Software 

Assumptions / 

Models 

Reduction 

(%) 

Inglis et al. [54] FDM /       

FLAC                     

Soil: Mohr Coulomb  

EPS geofoam: Double yield 

constituency model 

50 

Pelekis et al. [65] FEM /             

FLUSH PLUS 

Soil & EPS geofoam: Viscoelastic 

materials with strain-dependent values 

of shear modulus and damping ratio 

>50 

Armstrong et al. [66] FDM /          

FLAC                     

Soil: Mohr Coulomb  

EPS geofoam: Hyperbolic 

 model 

25 

Zarnani et al. [67-69] FDM /           

FLAC                     

Soil: Mohr Coulomb  

EPS geofoam: Linear elastic-plastic 

50 

Athanasopoulos et al. [71] FEM /          

PLAXIS 

Soil:  Non-linear 

EPS geofoam:  Non-linear 

 

50 

Zekkos et al. [72] FEM /          

PLAXIS 

Soil:  Elasto-plastic 

EPS geofoam:  Linear elastic 

 

50 

Wang et al. [73] FDM /           

FLAC                     

Soil:   Mohr Coulomb 

EPS geofoam:  Linear elastic 

 

50 

Wang, Bathurst [74] FEM /          

ABAQUS 

Soil:   Mohr Coulomb 

EPS geofoam:  Linear elastic-plastic 

 

50 
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Table 5.3 Material properties of soil & EPS geofoam (Validated model [42]) 

Property Backfill Soil EPS Geofoam 

Unit weight,  (kN/m3) 15.7 0.15 

Young’s Modulus, E (kN/m2) 
15,200 4700 

Poisson’s ratio,  
0.33 0.09 

Cohesion c’ (kN/m2) 
0 - 

Peak friction angle p (degrees) 
51 - 

Residual friction angle r (degrees) 
46 - 

Dilatancy angle Ψ’ (degrees) 
15 - 

Specific gravity 
2.88 - 

cc (coefficient of curvature) 
1.27 - 

cu (coefficient of uniformity) 
2.5 - 

Percent finer than #200 sieve (%) 
<3 - 
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Table 5.4 Material properties of soil and EPS geofoam (Present study) 

Property Backfill Soil  EPS15 EPS22 EPS29 EPS39 
 

Material model 
Hardening 

Soil  

Linear 

Elastic 

Linear 

Elastic 

Linear 

Elastic 

Linear 

Elastic 

 

Unit weight,  (kN/m3) 
15.7 0.15 0.22 0.29 0.39  

Young’s Modulus, E 

(kN/m2) 

15,330 4,200 6,910 10,000 178,000  

Poisson’s ratio,  
0.33 0.11 0.12 0.13 0.15  

Cohesion c’ (kN/m2) 
0 - - - -  

Friction angle ’ (degrees) 
30o - 45 o - - - -  

Dilatancy angle Ψ’ 

(degrees) 

15 - - - -  

Ko determination 
0.292 – 0.50 - - - -  
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Figure 5.1 EPS seismic buffer behind basement walls in Vancouver Canada (after Inglis et al. [54]) 

 

 

Figure 5.2 Physical shaking table test setup (after Bathurst et al. [42]) 

 

 

 

 

  
    

  

  

Extent of Tower EPS seismic buffer 

Basement floor-1 

Cut slope 

Basement floor-2 

Basement floor-3 

Basement floor-4 

Backfill soil 

Drain (typical) 

Tower Footing 

Improved soil 

Depth (m) 

0 

5 

10 

 

Old fill (sand) 

Clayey silt 

  

 

Rigid Wall 

  Shaking Table 

 
  

Plywood 

base 

Backfill Soil 

1.0 m 1.0 m 0.15 m 

Rigid box 

Bracing A1 

A3 

A2 

A4 

0.5 m 

A5 

Load cell 
Accelerometer 

Potentiometer 

0.5 m 

EPS Geofoam  

Linear bearings 

0.5 m 



[119]   

 

  

Figure 5.3 (a) Input horizontal base accelerogram; (b) 2-second accelerogram window at 

amplitude step (after Bathurst et al. [42]) 

 

 

Figure 5.4 Plaxis FE mesh of the rigid non-yielding retaining wall with geofoam buffer  
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Figure 5.5 Validated PLAXIS Models (a) without EPS geofoam (b) with EPS geofoam  

   

Figure 5.6 FFT plots for acceleration at location A1, A2, A3 and A4 (Numerical) 
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Figure 5.7 Stress-strain relationships of EPS15, EPS22, EPS29 & EPS39 
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Figure 5.8 Horizontal wall force for different geofoam densities, thicknesses, and  backfill material (ϕ 

=30° & 35°) 
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Figure 5.9 Horizontal wall force for different geofoam densities, thicknesses, and  backfill material (ϕ 

=40° & 45°) 
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Figure 5.10 Isolation efficiency IE vs t/H for EPS22, EPS29 & EPS39: (a)  =30o, (b)  =35o, (c)  =40o, (d)  

=45o 

 

 

 

 

 

 

 

0

10

20

30

40

50

0 0.1 0.2 0.3 0.4

Is
o
la

ti
o
n

 E
ff

ic
ie

n
cy

, 
I E

(%
)

t/H 

(a) soil =30o

EPS15

EPS22

EPS29

EPS39
0

10

20

30

40

50

0 0.1 0.2 0.3 0.4

Is
o
la

ti
o
n

 E
ff

ic
ie

n
cy

, 
I E

(%
)

t/H 

(b) soil =35o

EPS15

EPS22

EPS29

EPS39

0

10

20

30

40

50

0 0.1 0.2 0.3 0.4

Is
o
la

ti
o
n

 E
ff

ic
ie

n
cy

, 
I E

(%
)

t/H 

(c) soil =40o

EPS15

EPS22

EPS29

EPS39
0

10

20

30

40

50

0 0.1 0.2 0.3 0.4

Is
o
la

ti
o
n

 E
ff

ic
ie

n
cy

, 
I E

(%
)

t/H 

(d) soil =45o

EPS15

EPS22

EPS29

EPS39



[125]   

 

 

6 Conclusions and Recommendations  

6.1 Overview 

The present research aimed at: (i)  evaluating the shear strength of geofoam monoblock of different 

densities and the interface strength of geofoam interacting with different materials; (ii) to 

numerically investigate the role of using EPS geofoam panels in reducing lateral earth pressure on 

rigid non-yielding retaining walls under both static and dynamic loading conditions.      

6.2 Conclusions 

The following are the global conclusions drawn from the present research: 

1. In chapter 2, a series of direct shear tests was performed to determine the shear strength of 

EPS monoblocks. In addition, interface shear tests were also conducted to determine the 

shear strength at EPS-PVC and EPS-sand interfaces. Tests were conducted using three 

different geofoam densities, namely, EPS15, EPS22 and EPS39. All direct shear tests were 

conducted under a normal stress range of 18 to 54 kPa. Results showed that: 

▪ No actual failure plane develop in the monoblocks and only shear deformations were 

recorded within the tested blocks. The shear strength of EPS monoblock was found to be 

mainly dependent on the material cohesion. Material cohesion showed significant 

increase with the increase in EPS density. However, internal friction angle, showed a 

slight decrease with the increase in EPS density. 

▪ EPS-PVC interface showed an increase in adhesion and a slight decrease in interface 

friction angle with the increase in geofoam density. However, for EPS-sand interface, 

increase in geofoam density resulted in a decrease in adhesion value and an increase in 

interface friction angle. 

▪ Thickness of EPS geofoam was found to have a significant effect on the vertical 

compression for both monoblocks and interface tests. Monoblocks samples experienced 

6 
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more compression due to greater thickness as compared to geofoam samples used in 

interface tests. 

2. In chapter 3, a series of direct shear tests was performed to investigate the shear behavior of 

EPS geofoam with different construction materials e.g. concrete, wood and steel. Three 

geofoam samples of different densities namely, EPS15, EPS22 and EPS39 were used. The 

following conclusions can be drawn from this experimental study: 

▪ The density of EPS geofoam and applied normal stress both showed significant effects 

on the interface resistance.  

▪ EPS blocks in contact with concrete, wood and steel showed an increase in adhesion 

values with the increase in geofoam density. However, interface friction angle was found 

to increase for the case of concrete as compared to other materials. 

▪ Vertical compression of EPS geofoam was found to be directly related to the applied 

normal stress and inversely related to the geofoam density. 

3. In chapter 4, a plane strain finite element model was developed to investigate the effect of 

EPS geofoam inclusion on the earth pressure acting on rigid non-yielding retaining walls. A 

numerical model was first validated against the results of physical tests. A parametric study 

was then carried out to investigate the role of EPS geofoam density, relative thickness and 

backfill frictional properties on the static lateral earth pressure on the wall. Three different 

geofoam samples having three different thicknesses interacting with four different backfill 

soils were used in this study. The following conclusions can be drawn from this numerical 

study: 

▪ The presence of EPS geofoam panels placed behind rigid retaining walls could help in 

reducing lateral earth pressure due to controlled yielding of the backfill soil.  

▪ For a rigid retaining wall under static loading conditions, the response of the backfill soil 

and EPS geofoam were reasonably predicted using Mohr-Coulomb elastoplastic material 

and linear elastic models, respectively. 

▪ Isolation efficiency of EPS geofoam was found to be dependent on the relative thickness, 

density of the EPS geofoam and the frictional properties of the backfill soils. It is also 

found that low density geofoam can provide better performance compared to higher 

density material. 
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4. In chapter 5, a plane strain finite element model was developed to study the role of EPS 

geofoam panels placed between a rigid wall and backfill under dynamic loading conditions. 

Numerical model was first validated using shaking table test results. A parametric study was 

then conducted to investigate the effects of EPS geofoam density, relative thickness and 

backfill frictional properties on the seismic earth pressure acting on the rigid retaining wall. 

Four different geofoam samples having three different thicknesses interacting with four 

different backfill materials were used in this study. The following conclusions can be drawn: 

▪ For a rigid retaining wall under dynamic loading conditions, the response of the backfill 

soil and EPS geofoam were reasonably predicted using Hardening Soil (HS) and linear 

elastic models, respectively. 

▪ Isolation efficiency of EPS geofoam was found to be dependent on relative thickness, 

density of the EPS geofoam and the frictional properties of the backfill soils 

6.3 Claims of Originality 

1. Evaluating the shear properties of different geofoam materials and measuring the interface 

shear properties of geofoam interacting with other construction materials. 

2. A numerical model was validated and used to study the effectiveness of EPS geofoam in 

reducing static earth pressures on rigid retaining walls. 

3. A dynamic numerical model was validated and used to study the role of EPS geofoam on 

the reduction of seismic earth pressures on rigid retaining walls. 

4. New normalized charts were developed based on the obtained results, which can be used to 

guide design of composite structures involving EPS geofoam. 

6.4 Recommendations for Future Work 

Building on the results reported in this thesis, the research can be expanded in the future to include  

▪ Studying the effect of EPS geofoam density, thickness and backfill properties in reducing 

earth pressure on gravity and flexible walls.  

▪ Develop simplified design approach that could be adopted by engineers in different seismic 

zones in Canada and elsewhere in the world. 
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Appendix (A) 

A.1 Direct Shear Test Setup 

 

Figure A.1 Schematic diagram of direct shear test setup 

A.2 Finite Element Constitutive Models 

A brief summary of finite element constitutive models used in this research are presented in detail 

as follows: 

A.2.1 Linear Elastic Model 

This model is based on Hooke’s law of isotropic elasticity. It is a simple model and requires only 

two input parameters Young’s modulus, E and Poisson’s ratio, ν to define the linear elastic 

behavior. A typical stress strain curve of a linear elastic material is shown in Figure A.2. An ideal 

elastic material does not undergo permanent deformation and returns to its original shape when 

the loads are removed. Also, there is no dependence on the rate of loading or straining. 
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Figure A.2 Stress strain curve of an elastic material 

A.2.2 Mohr-Coulomb Model

The Mohr-Coulomb soil model is a linearly elastic and perfectly plastic model as shown in Figure 

A.3. The linear elastic portion of the Mohr-Coulomb model is based on Hooke’s law of isotropic

elasticity and the perfectly plastic portion is based on the Mohr-Coulomb failure criterion. This 

model requires five input parameters i.e. Young’s modulus, E and Poisson’s ratio, ν for soil 

elasticity; friction angle,  and cohesion, c for soil plasticity and ψ as an angle of dilatancy. 

Figure A.3 Stress strain curve of a perfect elasto plastic material 

According to principle of elasto-plasticity, total strain, ε, is divided into elastic, εe, and plastic, εp, 

strains.  
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Similarly, strain rate is also divvied into elastic and plastic components.

  e p  = +

Figure A.4 The Mohr-Coulomb model yield surface in (a) principal stress space (c = 0); (b) p-q 

plane 

The Mohr Coulomb model has a fixed yield surface as shown in Figure A.4. The material behavior 

is elastic within the region below the yield surface. However, as the stress approaches to yield 

surface (boundary of elastic region), the material behavior becomes plastic. The yield function, f, 

defined by Mohr-Coulomb (1773) using soil shear stress, , normal stress, , friction angle,  and

cohesion, c as    

tanf c   = − −

Plastic yielding occurs when the yield function is equal to zero (f = 0). 

A.2.3 Hardening Soil (HS) Model

Hardening Soil (HS) model is an advanced model (see Figure A.5) as compared to Mohr Coulomb 

model and is used to simulate behavior of both soft and stiff soils. Nonlinear, inelastic and stress 

dependent behavior of soil could be captured using Hardening Soil model. HS model also 

considers the variation of elastic stiffness with stress which is taken as a constant value in Mohr-

Coulomb model.  
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Figure A.5 Stress strain curve of an elastic material 

As compared to the yield surface of Mohr-Coulomb model, the yield surface of hardening soil 

model is not fixed but can expand due to plastic straining as shown in Figure A.6. There are two 
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