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Abstract Extruded Polystyrene (EPS) geofoam is a
light weight material used in a wide range of geotechnical
engineering applications including embankment construc-
tion and bridge approaches to reduce earth loads imposed
on the adjacent or underlying soils and structures. EPS is
also used as a compressible material above deeply buried
culverts to promote positive arching and reduce the load
transferred to the walls of the structure. An important step
towards understanding the soil-geofoam-structure interac-
tion and accurately model the load transfer mechanism is
choosing a suitable material model for the EPS geofoam
that is capable of simulating the material response to com-
pressive loading for various ranges of strains. In this study,
a material model that is able to capture the response of EPS
geofoam is first established and validated using index test
results for three different geofoam materials. To examine
the performance of the model in analyzing complex inter-
action problems, a laboratory experiment that involves a
rigid structure buried in granular material with EPS geo-
foam inclusion is simulated. The contact pressures acting
on the walls of the structure are calculated and compared
with measured data for three different geofoam materials.
The developed numerical model is then used to study the
role of geofoam density on the earth loads acting on the
buried structure. Significant pressure reduction is achieved
using EPS15 with a pressure ratio of 0.28 of the theoretical
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overburden pressure at the upper wall. The proposed FE
modeling approach is found to be efficient in capturing the
behavior of EPS geofoam material under complex interac-
tion soil-structure condition.

Keywords Finite element method - EPS geofoam -
Buried structures - Soil-structure interaction - Soil arching

Introduction

Earth loads on buried conduits are known to be depend-
ent on the installation conditions. A conduit installed in
a trench is usually located completely below the natural
ground surface and frictional forces between the sides of
the trench and the backfill material help to partially sup-
port the weight of the overlaying soil. Embankment instal-
lation, however, refers to the condition when soil is placed
in layers above the natural ground. The vertical earth pres-
sure on a rigid conduit installed using embankment con-
struction method is generally greater than the weight of the
soil above the structure because of negative arching. The
induced trench installation (also called imperfect ditch or
ITI method) has been often used to reduce vertical earth
pressure on rigid conduits. The method involves installing
a compressible layer immediately above the conduit to gen-
erate positive arching in the overlying soil. The Canadian
highway bridge design code [1] and the AASHTO LRFD
bridge design specifications [2] provide guidelines for esti-
mating earth loads on positive projecting culverts, but not
for culverts installed using induced trench technique. This
construction method has been an option used by designers
to reduce earth pressures on rigid conduits buried under
high embankments. Despite its obvious benefits, recent
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doubts have left many designers uncertain as to the viabil-
ity of induced trench construction [3].

The ITI method of installing rigid conduits under high
embankments dates back to the early 1900s. Researchers
studied the relevant soil-structure interaction using experi-
mental testing or field instrumentation [4-8], as well as
numerical modelling [9-13] to help understand the method
and address uncertainties associated with this design
approach.

EPS geofoam material is known to compress in response
to uniaxial compression loading without apparent shear
failure and, therefore, it is difficult to establish the failure
state of the material [14]. It has been accepted in design to
use parameters (e.g. elastic limit and initial tangent modu-
lus) that are obtained from the linear elastic stress—strain
behavior at 1% strain measured in a monotonic compres-
sion load test. Significant efforts have been made by
researchers to model the short-term behavior of EPS geo-
foam used in geotechnical engineering projects. The mate-
rial is often approximated as linear elastic-perfectly plastic
(e.g. [15]) or nonlinear elasto-plastic material (e.g. [16]).
Other nonlinear models have been proposed to capture the
material response under triaxial loading (e.g. [17-19]).

It is often desired to use index test data (e.g. [20]), rou-
tinely conducted by the manufacturer, to create a represent-
ative material model that can be implemented directly into
a finite element analysis and used to simulate the compres-

sive behavior of EPS geofoam in a given application.

Scope The objective of this study is to propose a
numerical modeling procedure that can be used to inves-
tigate soil arching associated with induced trench instal-
lation of rigid conduits overlain by EPS geofoam inclu-
sions. A nonlinear elastic—plastic hardening model is first
established for three different EPS geofoam densities.
The model takes advantage of the standard compression

tests usually performed by the manufacturer to extract
essential plasticity data that allows for the behavior to
be numerically simulated. The developed model is fur-
ther used to examine the role of EPS geofoam density
in reducing the earth pressures exerted on a rigid buried
structure.

The finite element (FE) analyses presented throughout
this investigation have been performed using the general
finite element software ABAQUS/Standard, version 6.13
[21]. It should be noted that the rheological and anisotropic
aspects of EPS geofoam were not addressed in this study.

EPS Material Model

Three types of EPS geofoam materials, namely: (1) EPS15;
(2) EPS22; and (3) EPS39, are modeled in this study. Index
test results obtained from a series of uniaxial unconfined
compression tests, carried out by the manufacturer, are
presented in Fig. 1. The tests were performed on 125 mm
cubes under monotonic loading for the three different EPS
types. Results show that the tested EPS geofoam generally
behaves as a nonlinear elasto-plastic hardening material. A
constitutive model that is capable of describing the details
of material behavior, including the nonlinearity, elasticity,
isotropic hardening and plasticity, is needed. These com-
ponents have been combined using the commercial finite
element software ABAQUS and used to represent the EPS
geofoam material throughout this study. The approach used
to combine these model features is based on the conversion
of the measured strains and stresses into the appropriate
input parameters in ABAQUS. This is achieved by decom-
posing the total strain values into elastic and plastic strains
to cover the entire range of the EPS response.
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Model Components

The elasticity component of the EPS model is described
by an elastic isotropic model where the total stress and the
total strain are related using the elasticity matrix. The plas-
ticity is modeled using Mises yield criterion with isotropic
hardening and associated flow rule. The isotropic yielding
is defined by expressing the uniaxial compressive yield
stress as a function of the equivalent uniaxial plastic strain.
The isotropic hardening rule is expressed in ABAQUS
using a tabular data of compressive yield stress as a func-
tion of plastic strains.
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The plasticity data has to be specified in terms of true
stresses and true strains despite the fact that test data pro-
vides nominal (engineering) values of total stresses and
total strains [21]. A procedure is, therefore, needed to
first convert the nominal test data into its true values and
then decompose the total strain values into elastic and
plastic strain components to allow for direct data input
into ABAQUS. A flow chart that illustrates the procedure
adopted to determine the numerical input data based on the
experimental results is given in Fig. 2 and summarized in
the following steps:

1. Converting the test data (stresses and strains) from
nominal to true values using:
ec true — 11’1(1 + ec rmm) (1)
. _ O cnom )
ctrue — 2
(l_v'ecnom) ( )
where v is the EPS Poissons ratio
Ceime = €+ € 3)
2. Using the true stress (o,,,) and Young’s modulus (E)
to obtain the elastic strain component:
1
ee = strue/E (4)
3. Subtracting the elastic strain values from the total true

strains to determine plastic strains.

Then, decomposing the total true strain (e, ,,,,) into elas-
tic and plastic components as illustrated in Fig. 3a:

The final EPS plasticity properties are introduced into
ABAQUS input module in terms of true stresses versus
plastic strains. It should be noted that the compressive
stresses and strains used in the above procedure are nega-
tive values.
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The Young’s modulus used to describe the EPS elas-
ticity model is determined using the initial true stress and
strain values. Discrepancy of the Poisson’s ratio value for
EPS geofoam was found in the literature. Most frequently,
values range between 0.05 and 0.2 were used. Recent
research conducted by Negussey [22] concluded that a
Poisson’s ratio value of 0.1 is appropriate. The elastic prop-
erties for the three EPS types used in the numerical study
are summarized in Table 1. The hardening rule data used to
describe the EPS plasticity model is shown in Fig. 3b.

Modeling the Compression Test

Three-dimensional FE analyses are conducted to simulate
the EPS compressive tests on 125 mm cubes. The elasto-
plastic constitutive model, described above, is used to sim-
ulate the measured behavior of the EPS. The cube geometry
is discretized using 8-node linear brick elements (C3DS)
with eight integration points. To simulate the uniaxial com-
pressive test, the EPS model is restrained in the vertical
direction (U,=0) along the base and a compressive load
is applied at the top using a prescribed velocity (V). The
cube movements are constrained in X and Y directions at
both ends (top and bottom) to simulate the friction between
the grips of the loading machine and the EPS cube. The
3D FE mesh used in the analysis, with over 74,000 ele-
ments, is shown in Fig. 4. Several mesh sizes were tested
to determine a suitable mesh that brings a balance between
accuracy and computing cost. An average element size of
3 mm was found to satisfy the balance and produce accu-
rate results.

To validate the numerical model, the calculated and
measured load—strain relationships are compared in Fig. 5.
It can be seen that the calculated responses for EPS15 and

EPS22 agree well with the measured data. For EPS39, the
model slightly overestimated the compressive resistance
beyond the yield point. In general, the proposed elasto-
plastic constitutive model was found to reasonably rep-
resent the response of the material in both the elastic and
plastic regions.

The results also confirm that there is no obvious shear
failure of the material up to 18% strain. For design pur-
poses, the 1, 5, and 10% strains are often used to limit the
applied pressure, depending on the nature of the project.
Figure 6 illustrate the normal stress distributions within
the EPS cube at 5% strain level for the three densities
used in this study. It is noted that the maximum compres-
sive stress was found to be located near the top and bot-
tom sides of the cube and the stress decreased towards the
middle. At 5% strain, stresses developing at the center of
the blocks increased from 70 kPa for EPS15 (Fig. 6a) to
100 kPa for EPS22 (Fig. 6b) and reached about 300 kPa
for EPS39 (Fig. 6¢). The stresses developing in EPS15 and
EPS22 were found to be about 20 and 35%, respectively,
of that calculated for EPS39. This attributed to the fact
that EPS39 (the stiffer of the three investigated materials)
would require higher applied pressure to reach 5% strain as
compared to EPS 15 and EPS22.

Effect of Lateral Confinement

The effect of confinement pressure on the stress—strain
behavior of the different EPS materials is investigated by
introducing all-around pressure on the EPS blocks that is
equal to 50% of the vertical pressure. This pressure level
was chosen to represent a typical at-rest condition that
exists in granular material. The results of the analysis
performed using the above material model are presented

Table 1 Properties of the
backfill, geofoam and HSS
structure used in the numerical
model

Backfill soil properties
Density (kg/m®)
1628

EPS geofoam properties

E (MPa)
150

EPS material type
EPS-39
EPS-22
EPS-15

Box material properties

Square hollow section 250 %250 x 10 mm

Interface parameters
Interface type
Soil-EPS
Soil-culvert
EPS-culvert

v Poisson’s ratio  ¢° w° Cohesion (MPa)
0.3 47 15 1E-5
Density (kg/m3) E (MPa) v Poisson’s ratio
38.4 17.8 0.15
21.6 6.91 0.1
14.4 4.20 0.1
Density (kg/mS) E (GPa) v Poisson’s ratio
7850 200 0.3
Friction coefficient (u) Egp
0.6 0.005
0.45
0.3
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Fig. 4 FE model of the com-
pression test: a 3D mesh, b 2D
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in Fig. 7. It can be seen that the EPS response is insen-
sitive to confinement pressure up to about 2% strain. At
high strain levels, the presence of confinement resulted
in an increase in resistance to the applied axial load. For
example, at 5% strain the confined EPS blocks (EPS15,
EPS22 and EPS39) experienced an average increase in
stress of about 12% as compared to the unconfined sam-
ples. It is therefore concluded that for the range of axial
strains typically used in subsurface EPS geofoam applica-
tion (1-5%), the confining pressure does not have a sig-
nificant effect on the material response to axial loading.

T T T T 1

6 9 12 15 18
Strain (%)

Numerical Analysis of a Buried Structure Installed
Using ITI Method

A two-dimensional finite element model has been devel-
oped to simulate the test setup shown in Fig. 8 and examine
the role of EPS geofoam on the changes in earth pressure
acting on a rigid buried structure. The setup consisted of a
hollow structural section of 10 mm wall thickness instru-
mented using tactile pressure sensors [23-26]. A block of
EPS geofoam, 2 inch in thickness, is used as a compress-
ible material and placed directly above the structure. The
chamber dimensions (1.4% 1.2x0.45 m) are selected such
that they represent two-dimensional loading condition. The
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Fig. 6 Normal stress distri-
bution (kPa) at 5% strain: a
EPS15, b EPS22, ¢ EPS39

use of air bag ensures uniform distribution of pressure on
the surface of the soil. Dry sandy gravel with average unit
weight of 16.3 kN/m® and friction angle of 47° is used as
backfill material. A benchmark test is first conducted to
measure the contact pressure on the walls of the structure
due to the increase in surface pressure in the absence of
geofoam. EPS geofoam blocks 5 cm (2 inch) in thickness,
are then introduced immediately above the structure and
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the changes in contact pressure are measured for different
geofoam densities. The details of the experimental investi-
gation can be found elsewhere [27].

The finite element (FE) mesh that represents the
geometry of the experiment, the boundary conditions,
and the different soil zones around the HSS section is
shown in Fig. 9. The mesh size was adjusted around the
structure to provide sufficient resolution and accuracy
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Fig. 7 Effect of confinement 600
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within the studied area. The complete mesh comprises
a total of 1962 linear plane strain elements (CPE4) and
2282 nodes. Boundary conditions were defined such that
nodes along the vertical boundaries may translate freely
in the vertical direction but are fixed against displace-
ments normal to the boundaries (smooth rigid). The
nodes at the base are fixed against displacements in both
directions (rough rigid).

Strain (%)
()

Modeling Details

The backfill soil is modeled using elasto-plastic
Mohr—Coulomb failure criteria with non-associated flow
rule. The input parameters as listed in Table 1. The dila-
tancy angle was determined using Bolton’s Equation
[28] which relates the mobilized frictional angle (¢,)
to the critical state friction angle (¢.,). The HSS sec-
tion is treated as linear elastic material with density of
7850 kg/m3, Poisson’s ratio of 0.3, and Young’s modu-
lus of 200 GPa. The EPS material model developed
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Fig. 9 The finite element mesh used in the analysis of the buried
structure

in the previous section is used to simulate the geofoam
inclusion.

Three different contact conditions are considered in this
study; namely, (1) Soil-EPS interaction, (2) Soil-Structure
interaction and (3) EPS-Structure interaction. These inter-
actions are simulated using the surface-to-surface, mas-
ter/slave contact technique available in ABAQUS. Con-
tact formulation in 2D space covers both tangential and
normal directions. In the tangential direction, Coulomb
friction model is used to describe the shear interaction
between the geofoam, the structure, and the surround-
ing soil. This model involves two material parameters- a

@ Springer

friction coefficient (u), and a tolerance parameter (E;,).
The shearing resistance (z) is considered as a function of
the shear displacement that represents the relative move-
ment between the two contacted parties. On the other
hand, a ‘hard’ contact model is used to simulate the con-
tact pressure in the normal direction. The parameters used
to describe these interface conditions are given in Table 1.

Calculated Versus Measured Earth Pressures

The numerical modeling results are first validated by com-
paring the calculated pressures on the walls of the buried
structure with the measured values for the three cases (a)
the benchmark test with no geofoam, (b) using EPS15, and
(c) using EPS22. As shown in Fig. 10, the numerical model
is able to capture the pressure changes, at the upper and
lower walls of the structure, with a reasonable accuracy for
the benchmark test as well as for the induced trench cases.
Significant reduction in earth pressure was found due to the
addition of EPS geofoam above the structure. For exam-
ple, at surface pressure of 140 kPa, the earth pressure on
the upper wall decreased by 60% (from 149 kPa for the
benchmark case to 60 kPa) for the induced trench instal-
lation using EPS22 and the reduction in pressure reached
about 70% (43 kPa) when EPS15 inclusion was introduced.
Similar behavior was found at the lower wall with pressure
reductions of 40% (90 kPa) and 45% (80 kPa) for EPS22
and 15, respectively.

Soil Arching Mechanism

To demonstrate the changes in pressure distribution on
the walls of the buried structure, the in-plane principal
stresses are presented in Fig. 11 at applied surface pres-
sure of 140 kPa. When the box structure is buried in the
backfill without geofoam inclusion (Fig. 11a), negative
arching developed where the rigid box attracted more
earth load compared to the surrounding soil. By examin-
ing the earth pressure distribution on a horizontal plane
located along the top of the upper wall (Fig. 11a), it was
found that the average pressure away from the influence
zone of the buried structure is 144 kPa which increased
to 149 kPa on the upper wall of the box. This represents
the combined effect of the weight of the backfill mate-
rial and the surface pressure applied at the top of the
chamber. The contact pressure distribution dramatically
changed when EPS15 block was placed immediately over
the buried box as shown in Fig. 11b. The compression of
the geofoam block created a reduction in contact pressure
on the upper wall of the box (from an average of 149 to
43 kPa) coupled with an increase in pressure within the
backfill material located on both sides of the box. The
pressure distribution reveals that movement of the soil
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column above the geofoam block resulted in not only in  Effect of EPS Density

a contact pressure reduction on the upper wall but also
a reduction in earth pressure above the box. By compar-
ing the pressure distributions in Fig. 11, it is clear that
induced trench installation using EPS geofoam has a sig-
nificant impact of the earth loads transferred to the walls
of the buried structure.

The effect of EPS density on the load transferred to the
buried structure is numerically examined in this section
by comparing the calculated pressures at the investigated
locations (upper, lower and side walls) for three different
EPS materials, namely, EPS15, EPS22, and EPS39. The
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Fig. 11 In-plane principal
stress distribution around the
structure at applied surface
pressure of 140 kPa

maximum surface pressure was increased in the analy-
sis up to 300 kPa to allow for the behavior of the system
to be investigated at high stress levels. For the analyzed
induced trench cases, the surface pressure that allows for a
maximum of 1% strain in the EPS is used in this paramet-
ric study. The results are presented in Fig. 12a, b, ¢ for the
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upper, lower and side walls, respectively. Contact pressure
is also compared with the benchmark case (no EPS geo-
foam) to evaluate the effect of each EPS type on the load
re-distribution around the buried structure. The vertical
axes in Fig. 12 represent the contact pressure normalized
with respect to that of the benchmark case.
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Fig. 12 Effect of EPS density 1.0
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For the upper wall (Fig. 12a), the EPS density was found
to have a significant impact on the earth pressure acting on
the wall. Compared with the benchmark, the lowest contact
pressure is calculated for the case of EPS15 with pressure
reduction of about 75% at an applied pressure of 105 kPa.
The pressure reduction for EPS22 and EPS39 were found
to be 60 and 30% at applied surface pressures of 113 and
135 kPa, respectively.

120 180 240 300
Applied surface pressure (kPa)

The pressure reduction ratios for the lower wall
(Fig. 12b), at 1% strain, were found to be 47, 40 and 23%
for EPS15, EPS22 and EPS39, respectively. These effects
are found to be smaller compared to the reduction ratios
calculated for the upper wall. Similar trends were found for
the contact pressures on the side wall (Fig. 12¢) with pres-
sure reduction ratios of 25, 20 and 8%, respectively for the
investigated EPS densities.
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It is worth noting that, due to the linear nature of the cal-
culated responses, the above reduction ratios are expected
to apply for other EPS types and surface pressures as long
as the maximum strain in the EPS does not exceed 1%.

Comparison with Theoretical Overburden Pressure

In this section, the earth pressures calculated using
the numerical model is compared with the theoretical

overburden pressure at different locations. Figure 13 shows
the results for the upper, lower and side walls using three
different types of EPS geofoams for up to a maximum fill
height that corresponds to 1% strain in the geofoam block.
The horizontal axis represents the fill height above the box
which includes the effect of both the backfill material and
the applied surface pressure. At the upper wall (Fig. 13a),
the positive projecting case (no EPS) showed no difference
from the theoretical overburden pressure YH (where H is

Fig. 13 Predicted contact pres- 160
sures vs theoretical overburden H = height of the fill above the top of the box yH
pressures (up to 1% strain) for < 7= unit weight of the fill
a. upper wall; b lower wall; ¢ i 120
sidewall = S
L 0.65yH
2 _.--®
o 80 wnznl
o
8 2 0397H
g 40 i
o ——
o EPS15 - @028 yH
(a)
0
0 4 6 8 10
Fill height above top of box (m)
160 0
w = self-weight of the box 'Oy
s
0.8 (yH+
& 120 0o Vchal
0] vy, o0 '39 -7
5 . ‘ Lower wall oL
0 Ptaas
g 80 ; _e 0.62 (yH+w)
- - E‘)S'Z?a f ®
§ PR 0.54 (yH+w)
g 40
O
s (b)
0
0 4 6 8 10
Fill height above top of box (m)
160

120

80

40

Lateral contact pressure (kPa)

H, = (H + L/2), height of the fill above the mid-height of the culvert
L = height of the culvert

NoEPS

Side wall
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the height of the backfill above the upper wall and v is the
unit weight of the backfill). For the induced trench condi-
tion the calculated earth pressure values on the upper wall
were found to be 0.65yH, 0.39yH and 0.28yH for EPS39,
EPS22 and EPS15, respectively. These values correspond
to pressure reductions of 35, 61 and 72% respectively.

The comparison between the predicted contact pres-
sure at the lower wall and the theoretical overburden pres-
sure (yH) plus the self-weight of the box (w) is presented in
Fig. 11b. For the positive projecting case, the contact pres-
sure at the lower wall was found to be 1.02 (yH+w). Using
EPS blocks, the calculated pressures were 0.8 (yH+w),
0.62 (yYH+w) and 0.54 (yH+w) for EPS39, EPS22 and
EPS15, respectively.

The calculated lateral contact pressures on the side walls
are compared with the theoretical overburden pressure at
the mid-height of the box, yH,, (where H,=H+L/2 and
L is the vertical height of the box) as shown in Fig. 11c.
For the positive projecting case, the calculated lateral
pressure was found to be 0.53yH,,, while for the induced
trench conditions the lateral pressure decreased to 0.48H,,,
0.42H,,, and 0.39H,, for EPS39, EPS22 and EPS15, respec-
tively. These results suggest that careful selection of a suit-
able EPS geofoam density is important to ensure that earth
pressure induced by a proposed embankment height to be
built over a buried structure can be carried safely without
exceeding the design strain limit of the geofoam material.

Summary and Conclusions

In this study, a numerical procedure for modeling the short-
term response of EPS geofoam under uniaxial compression
loading is developed using ABAQUS software. The model
takes into account different features of the constitutive
behavior responsible for the observed response in the labo-
ratory, including material nonlinearity, plasticity and iso-
tropic hardening. The material model is validated for three
different EPS geofoam materials using index test results
and the role of lateral confinement on the stress—strain
response is also examined. Calibrated using the experimen-
tal data, a series of finite element analyses is performed to
investigate the earth pressure distribution acting on a rigid
buried structure installed using the induced trench method.
The reduction in earth load on the structure is calculated
for different EPS geofoam densities. Results showed that
the introduction of EPS geofoam block immediately above
the structure has a significant effect on the contact pressure
distribution particularly on the upper wall covered by the
geofoam inclusion.

The calculated pressures on the buried box were com-
pared to the theoretical overburden pressures (resulting
from the self-weight of the soil) in addition to the external

surface loading. It is found that significant pressure reduc-
tion is achieved using EPS15 with a pressure ratio of 0.28
of the theoretical overburden pressure at the upper wall.
This translates into a reduction in contact pressure of about
70% on the upper wall.

Finally, the proposed FE modeling approach has proven
to be efficient in capturing the behavior of EPS geofoam
material under complex interaction soil-structure condition
and can be adopted to simulate similar soil-geofoam-struc-
ture interaction problems.
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