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Abstract Earth loads acting on buried structures are
known to be influenced by the characteristics of the soil,
and the stiffness and geometry of the structure. To reduce
earth pressure acting on buried structures, the induced
trench installation technique has been recommended and
applied in practice for several decades. It involves the
installation of a soft zone immediately above the buried
structure to mobilize shear strength in the backfill material.
In this study an experimental investigation is conducted to
measure the changes in contact pressure on the walls of a
rigid structure buried in granular backfill with a U-shaped
geofoam wrap. The results are compared with the conven-
tional induced trench method as well as the positive projec-
tion installation with no geofoam. Contact pressures on the
walls of the structure are measured using the tactile sensing
technology. The experimental results are used to validate
a finite element model that has been developed to analyze
this soil-geosynthetic—structure interaction problem. The
numerical model is then used to study the soil arching and
the stresses developing in the backfill material for three dif-
ferent EPS densities. In addition, the role of geofoam den-
sity and the maximum fill height that can be carried safely
without exceeding the design strain levels are examined.
Conclusions are made regarding the effectiveness of this
type of EPS inclusion on the earth pressure distribution
around the buried structure.
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Introduction

The magnitude and distribution of earth pressures on bur-
ied structures are known to be dependent on the relative
stiffness of the buried structure and the backfill material. To
reduce earth loads on buried structures, the induced trench
installation (ITI) method introduced by Marston [1, 2] can
be used. In this method, the loads are redistributed around
the buried structure by introducing a compressible mate-
rial above the top of the culvert to promote positive arch-
ing. Significant modifications were made by Spangler [3,
4] to establish what is known as Marston-Spangler theory.
Expanded polystyrene (EPS) has low stiffness and exhibits
a desirable elastic—plastic behavior. When an embankment
is constructed over a buried conduit with EPS inclusion,
the EPS zone compresses more than its surrounding fill,
and thus positive arching is induced above the culvert.

The ITI method of installation for rigid conduits buried
under high embankments dates back to the early 1900s.
Researchers studied the relevant soil-structure interaction
using experimental testing and field instrumentation [e.g.,
5-9] as well as numerical modelling [e.g., 10-14] to help
understand the method and to address uncertainties with
this design approach.

The soft zone geometry is traditionally defined by three
parameters width, height, and the distance from the top of
the pipe to the bottom of the soft zone. For circular pipes,
Vaslestad et al. [6] studied a condition where the pipe is
inserted into a zone of soft material. Yoo and Kang [15]
concluded, based on a large number of parametric studies
that, compared to other configurations, surrounding the
pipe with a soft zone was found to be the most effective in
reducing earth pressures. Limited efforts have been made
to date to investigate the effect of EPS configuration on the
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loads transferred to the walls of a buried conduit, particu-
larly for box sections under high embankments.

The objective of the present study is to examine the role
of geofoam configuration in reducing earth pressures on a
rigid box-shaped conduit. This is achieved using experi-
mental investigation and numerical analysis. A test cham-
ber was designed and built to allow for the earth pressure to
be measured on three sides of the structure. Induced trench
installation was investigated by comparing two different
soft zone configurations as illustrated in Fig. 1. The second
configuration involves U-shaped EPS blocks placed around
the buried structure and the measured pressures are com-
pared with those measured in the first configuration where
one EPS block is placed only above the structure. A finite
element model that is capable of capturing the response
of EPS geofoam material is developed. The model is first
validated using the experimental data and then used to
investigate different EPS configurations and the acceptable
embankment height under the maximum allowable strain
typically used for EPS design. The finite element (FE) anal-
yses presented throughout this study have been performed
using the general finite element software ABAQUS/Stand-
ard, version 6.13 [16].

Experimental Program

The experimental setup used in this study consists of
an instrumented square hollow structural section (HSS)
embedded in a test chamber. The HSS is instrumented using
tactile sensing pads wrapped around the middle third of the

Surface loading
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structure. The chamber dimensions (1.4 X 1.2 X 0.45 m) are
selected such that they represent two-dimensional loading
condition. The rigid walls are placed far enough from the
instrumented HSS section to minimize boundary effects.
The distance from each side of the HSS to the side wall of
the chamber is 0.575 m which is more than twice the width
of the buried structure. All steel wall surfaces were painted
with epoxy coating and a double layer of plexiglass (2 mm
thick) was placed on the back and front of the chamber. The
layer in contact with the box was fixed while the layer in
direct contact with the soil was free providing a smooth
sliding surface hence minimizing friction effects. A partial
view of the test chamber is shown in Fig. 2a. Dry sandy
gravel with average unit weight of 16.28 kN/m> is used
as backfill material. Sieve analysis, conducted on selected
samples, indicated a coarse-grained material with 77%
gravel and 23% sand. The friction angle of the backfill soil
determined using direct shear tests for the above density is
found to be 47°.

A rigid HSS section with dimensions
0.25 x 0.25 X 0.435 m and 1 cm in wall thickness is used
as a buried structure throughout this study. The structure
is instrumented using three custom made pressure sensing
pads (TactArray sensors) placed directly on the upper, side
and lower walls as shown in Fig. 2b. The measured pres-
sure ranges from O to 140 kPa for the upper and side walls
and from O to 350 kPa for the lower wall. The sensors are
protected from the backfill abrasion by wrapping the whole
conduit with a thin layer of PVC (see Fig. 2b).

In addition to the calibration performed by the manu-
facturer, the accuracy of the sensing pads was checked by

Surface loading
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(b)

Fig. 1 The induced trench installation: a soft zone geometry I, and b soft zone geometry II
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Fig. 2 The experimental setup: a partial view of the test chamber; b
instrumented HSS section

applying known pressure and recording the sensor read-
ings using the data acquisition system. Further calibration
details are provided elsewhere [17, 23].

A total of nine experiments were conducted including
three benchmark tests with only the instrumented HSS
box inside the backfill and then two sets of tests are per-
formed for different geofoam configurations. For all tests, a
well tamped bedding zone of 25 cm in height is created to
ensure consistent initial conditions. The HSS box is placed
over the bedding layer and leveled to minimize concentra-
tion of stresses under the box. Soil placement continued in
layers over the HSS up to the desired height resulting in a
backfill thickness of 0.5 m. Air bag is used to apply uni-
form surface pressure of up to 140 kPa over the prepared
sand. The thickness of the EPS block (5 cm) has been cho-
sen such that it represents about 25% of the height of the
box.

A typical pressure distribution as recorded by the sens-
ing pads located on the upper wall of the buried box is
shown in Fig. 3. These readings are averaged and the
results are used to compare contact pressures in the dif-
ferent investigated cases. The earth pressure on the buried
structure generally increased with the increase in surface
pressure. At an applied pressure of about 140 kPa, the aver-
age readings of the benchmark case (with no EPS installed)
at the upper, lower and side walls are 155, 169 and 68 kPa,
respectively. A summary of the measured and calculated
results for the two different soft zone configurations is pro-
vided in the next section.

Numerical Analysis

A series of 2D finite element analyses is performed using
ABAQUS software to investigate the role of geofoam con-
figuration on the earth pressure transferred to the walls
of the buried structure. The backfill soil is modeled using
elasto-plastic Mohr—Coulomb failure criteria with non-
associated flow rule. The HSS is treated as linear elastic
material with density of 7850 kg/m>. The Poisson’s ratio
and Young’s modulus of the HSS are 0.3 and 200 GPa,
respectively. The properties of the different materials used
in the analysis are summarized in Table 1.

The EPS geofoam inclusion generally behaves as nonlin-
ear elasto-plastic strain hardening material. A constitutive
model that is capable of describing the details of geofoam
behavior, including the nonlinearity, elasticity, isotropic
hardening and plasticity, is needed. These components
have been combined using the commercial finite element
software ABAQUS and used to represent the EPS geo-
foam 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 [18, 19]. This is achieved by
decomposing the total strain values into elastic and plastic
strains to cover the entire range of the EPS response. 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. 4. The
mesh size was adjusted around the structure to provide suf-
ficient details within the studied area. The complete mesh
comprises a total of 1962 plane strain elements (CPES)
and about 6500 nodes for the two examined configurations.
Boundary conditions were defined such that nodes along
the vertical boundaries may translate freely in the vertical
direction but are fixed against displacements normal to the
boundaries (smooth rigid). The nodes at the base are fixed
against displacements in both directions (rough rigid).

Three different contact conditions are considered in this
study; namely, (i) soil-EPS interaction, (ii) soil-structure
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Table 1 Properties of the backfill, EPS and HSS structure used in the analysis
Backfill soil properties
Density (kg/m®) E (MPa) v ¢° w° '
Poisson’s ratio Friction angle Dilation angle Cohesion
(MPa)
1628 150 0.3 47 15 1E-5
EPS geofoam properties
EPS material type Density (kg/m) E (MPa) )
Poisson’s ratio
EPS39 384 17.8 0.15
EPS22 21.6 6.91 0.10
EPS15 144 4.20 0.10
Box material properties
Density (kg/m®) E (GPa) v
Poisson’s ratio
Hollow square section (HSS) 7850 200 0.3

250%x250x 10 mm

Interface parameters

Interface type Friction coefficient (u) Egp
Soil-EPS 0.60 0.005
Soil-culvert 0.45

EPS-culvert 0.30

interaction and (iii) EPS—structure interaction. These inter-
actions are simulated using the surface-to-surface, master/
slave contact technique available in ABAQUS. Contact
formulation in 2D space covers both tangential and nor-
mal directions. In the tangential direction, Coulomb fric-
tion model is used to describe the shear interaction between
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the geofoam, the structure, and the surrounding soil. This
model involves two material parameters- a friction coef-
ficient (1), and a tolerance parameter (Ey;,). The shearing
resistance (7) is considered as a function of the shear dis-
placement that represents the relative movement between

the two contacting parties. On the other hand, a ‘hard’
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contact model is used to simulate the contact pressure in
the normal direction.

The soil-EPS interface friction angle has been reported
by several researchers [e.g. 20, 21] and was found to range
from 27° to 33° for different backfill materials. This range
corresponds to a friction coefficient of 0.5 to 0.65. Given
the internal friction angle for the backfill material used in
this study ($p=47°), a soil-EPS interface friction coeffi-
cient of 0.6 is used in the analysis. The friction coefficient
between the soil and the PVC sheet covering the buried
structure is taken as 0.45 based on the values reported by
Vaid and Rinne [22]. The parameters used to describe these
interface conditions are given in Table 1.

Model Validation

The numerical model is first validated by comparing the
calculated pressures with the measured values for the three
investigated cases (a) the benchmark test with no geofoam,
(b) using EPS15, and (c) using EPS22. As shown in Fig. 5,
the measured contact pressures on the upper wall of the
structure increased almost linearly with the increase in the
applied surface pressure. This is particularly true for the
cases where EPS blocks were installed (Fig. 5b, c). For
the benchmark case (Fig. 5a), however, the pressure on the
upper wall was found to fluctuate around the linear pattern
which may be attributed to the particulate nature of the
sand that is in direct contact with the sensors. In general,

the introduction of U-shaped EPS geofoam resulted in
a significant decrease in earth pressure. For example, at
applied 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 was introduced. It was
also found that the numerical model is able to capture
the pressure changes with a reasonable accuracy for the
induced trench cases using two different EPS materials.

Stress Distribution Around the Buried Structure

Figure 6 shows the distribution of stresses around the bur-
ied structure when U-shaped EPS15 blocks are used under
a surface pressure of 140 kPa. The vertical and lateral stress
components are presented separately in Fig. 6a. Vertical
pressure decreased within the soil column located immedi-
ately above the structure from 140 kPa at the loaded surface
to 54 kPa near the upper wall. The soil column adjacent to
the structure experienced an increase in vertical pressure
to values that are more than 200 kPa. This is attributed to
the soil arching that resulted in a redistribution of vertical
stresses away from the soil column containing the soft zone
to the adjacent soil columns located on both sides of the
structure. Similarly, the presence of EPS geofoam on the
side walls resulted in a significant reduction in lateral pres-
sure from about 70 to 15 kPa.
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Another way of presenting the soil arching results is by
plotting the contours of in-plane principal stresses around
the structure as shown in Fig. 6b. The pressure redistribu-
tion is evident in this figure particularly in the close vicinity
of the structure. The distribution was found to be symmet-
ric with stresses gradually decreasing in the backfill mate-
rial as the EPS blocks are approached. The slight differ-
ence in contact pressure between the upper (54 kPa) and
lower (56 kPa) walls is attributed mainly to the self-weight
of the box. The maximum pressure (267 kPa) was found
to develop within the right and left soil columns at a point
located approximately 0.5B (B =the width of the box) away
from the side walls of the buried structure.

@ Springer
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Effect of EPS Density on Contact Pressure

Contact pressures acting on the upper, lower and side
walls of the structure are presented in Fig. 7 for different
surface pressures. The calculated pressure is normalized
with respect to that of the embankment construction with
no EPS geofoam. The maximum contact pressure that
corresponds to 1% EPS strain is used as a reference value
for the comparison between the various investigated
cases. For the upper wall (Fig. 7a), the lowest contact
pressure is calculated for the case of EPS15 with pres-
sure reduction of about 64% compared to the benchmark
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Fig. 6 Stress distribution
around the buried structure at
surface pressure of 140 kPa
(EPS15 geofoam). a Vertical
(left) and lateral (right) stress
distribution, b in-plane princi-
pal stresses

at an applied pressure of 87 kPa. The pressure reduc-
tion ratios for EPS22 and EPS39 were found to be 53
and 27% at applied surface pressures of 97 and 124 kPa,
respectively. The pressure reduction ratios for the lower
wall (Fig. 7b), at 1% strain, were found to be 63, 54 and
23% for EPS15, EPS22 and EPS39, respectively. At the
side walls (Fig. 7c), the geofoam blocks installed against
the side walls resulted in significant pressure reduction
ratios of 81, 75 and 60% for EPS15, EPS22 and EPS39,
respectively.

(b)

Comparison of Two Different EPS Configurations

To illustrate the merits of using U-shaped geofoam blocks
around buried structures, the absolute pressure reduction
is first calculated and compared with the conventional ITI
installation using one EPS block above the structure. The
comparison is further expanded to include the allowable
strain criterion typically used in design.
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Vertical and Lateral Pressures on the Structure

A comparison between the two EPS configurations utiliz-
ing EPS15 as a soft material to promote positive arching
is shown in Fig. 8. It can be seen that, for the investigated
range of surface pressures, the U-shaped EPS material was
found to have superior effects on the earth pressure as com-
pared to the conventional ITI installation with one EPS
block above the structure. The largest effect was found at
the side walls where pressures dropped from 60 to 17 kPa
which corresponds to about 70% pressure reduction as
shown in Fig. 8c. Despite the presence of the EPS15 block
above the upper wall, the soil arching mechanism in this
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case resulted in a slight increase in pressure at the upper
wall as shown in Fig. 8a. This behavior seems to be depend-
ent on the geofoam density as the pressure was found to
decrease on the upper wall when EPS22 and EPS39 are
used under high surface pressure. Further comparison is
provided in “Performance of EPS at small strain” section.

Contact Pressure Distribution

The contact pressure distributions on the walls of the
buried structure for the three different installation meth-
ods are illustrated in Fig. 9 for EPS15 geofoam. For the
embankment installation with no EPS, the distribution
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was generally characterized by stress concentration at
the corners which was more pronounced at the upper and
lower walls. Adding a geofoam block immediately above
the upper wall resulted in a more uniform pressure distri-
bution at that location with a significant drop in pressure
from an average value of 149 to 43 kPa. It is noted that
the average pressure on the upper wall represents 100%
of the overburden pressure for the positive projecting
analysis (no EPS) and about 28% of that value for the
induced trench method. Similarly, the average pressure
on the lower wall decreased from 153 kPa for positive

Applied surface pressure (kPa)

projecting to 81 kPa for the conventional ITI method.
For the side walls, the average pressure decreased from
80 to 59 kPa representing a reduction of about 26%.

Installing the U-shaped EPS blocks around the struc-
ture resulted in average pressures of 54, 56 and 15 kPa
at the upper, lower, and side walls, respectively. Com-
pared with the conventional ITI method, the U-shaped
configuration resulted in significant pressure reduction at
the side and lower walls with a small change at the upper
wall compared to the first configuration.
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Performance of EPS at Small Strain

Based on the previous results, the reduction in pressure
on the sidewalls of the structure is associated with more
stresses developing in the EPS geofoam blocks resisting
these pressures. For EPS15, although more compression
can result in a significant load reduction on the structure,
EPS is usually designed for a maximum strain level that
would minimize excessive compression and long-term
creep. A balance between the load reduction and EPS strain
for a given fill height is, therefore, needed. As an exam-
ple, Fig. 10 shows a performance comparison of three
EPS materials, namely, EPS15, EPS22, and EPS39, for a
maximum allowable strain of 1%. The vertical axes repre-
sent the contact pressure reduction ratio for different EPS
densities as compared to the benchmark case with no geo-
foam. The figure illustrates that, at a given location (e.g. the
upper wall), there is a relationship between the EPS density
and the maximum fill height that can be sustained without
exceeding the 1% EPS strain. For the first configuration
(Fig. 10a), using EPS15 results in about 72% reduction in

@ Springer

pressure at the upper wall allowing a maximum fill height
of about 7 m to be achieved. For the same configuration,
EPS39 allows for a fill height of up to 8.9 m with a smaller
load reduction ratio of about 35%. Using the second config-
uration (Fig. 10b), EPS39 resulted in a pressure reduction
of about 27% at the upper wall with a maximum fill height
of 8.1 m. It can be seen from Fig. 9b that the slight increase
in pressure on the upper wall for EPS15 changed as the
EPS density increased with a maximum pressure reduction
of 28% at the upper wall when EPS39 is used.

Similar approach can be used to study the performance
of EPS blocks at different strain levels (e.g. 2 or 3%) where
the maximum applied pressure or backfill height that cor-
responds to a given strain level can be determined.

Calculated Earth Pressures Versus Positive
Projecting Method

In this section, the earth pressures calculated using
the numerical model is compared with the theoretical
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Fig. 10 EPS performance at 100
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overburden pressures. Figure 11 shows the results for the
upper, lower and side walls using three different types
of EPS geofoam materials and a fill height that corre-
sponds to 1% EPS strain. The horizontal axis represents
the fill height above the box which includes the effect of
both the backfill material and the applied surface pres-
sure. At the upper wall (Fig. 11a), the positive projecting
case (no EPS) showed no difference from the theoreti-
cal overburden pressure yH (where H is the height of the
backfill above the upper wall and y is the unit weight of
the backfill). For the induced trench condition the calcu-
lated earth pressure values on the upper wall were found
to be 0.73yH, 0.48yH and 0.36yH for EPS39, EPS22 and

6 7 8 9 10
Maximum fill height above the box (m)

EPS15, respectively. These values correspond to pressure
reductions of 27, 52 and 64% respectively.

A comparison between the contact pressure at the lower
wall and the theoretical overburden pressure (yH) plus the
self-weight of the box (w) is presented in Fig. 11b. For the
positive projecting case (no EPS), the contact pressure at
the lower wall was found to be 1.02 (yH+w). Using EPS
blocks, the calculated pressures were found to be 0.66
(yH+w), 048 (yH+w) and 0.39 (yH+w) for EPS39,
EPS22 and EPS15, respectively.

Similarly, the lateral pressure on the sidewalls is com-
pared with the theoretical overburden pressure at the mid-
height of the box, yH,, (where H,, = H + L/2 and L is the
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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 condi-
tions the lateral pressure decreased to 0.22yH,,, 0.14yH,,
and 0.1yH,, for EPS39, EPS22 and EPS15, respectively.
These results suggest that careful selection of a suitable
EPS geofoam density is important to ensure that earth pres-
sure induced by a proposed embankment height can be car-
ried safely without exceeding the allowable strain limit of
the EPS material.

Based on the previous results, normalized charts are
proposed for the examined cases to guide in selecting a
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proper EPS material that satisfies a given embankment
height. Figure 12 shows three separate charts devel-
oped for the investigated EPS densities at 1% maximum
allowable strain. The vertical axes represent the pressure
reduction ratio which is related to the EPS type through
the expected fill height. For example, if the expected fill
height is 6 m, EPS22 is considered a reasonable choice
as it will allow for up to 6.4 m of fill height with 52%
pressure reduction at the upper wall. It should be noted
that these results are based on a soil unit weight of 16.28
kN/m? used for the backfill material.
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Summary and Conclusions

In this study, the earth pressure distribution on a rigid
HSS box buried in granular material and wrapped with
U-shaped EPS geofoam was investigated using laboratory
experiments and numerical analysis. The earth pressures
acting on the upper, side, and lower walls are measured
using tactile sensing pads and compared with those of the
positive projecting technique. Three benchmark tests with-
out EPS geofoam and two sets of tests for each EPS con-
figuration were performed in the study. The height of the
embankment was simulated by applying a uniform pres-
sure on the surface of the soil using airbag restrained by a

Fill height above the box (m)

strong reaction frame in both the vertical and lateral direc-
tions. The experimental results showed that for applied sur-
face pressure of 140 kPa, the contact pressure acting on the
upper wall of the buried box decreased by up to 64% when
a U-shaped EPS15 was used.

A numerical procedure for modeling this class of
soil-EPS—structure interaction is developed using
ABAQUS software. A series of 2D finite element analyses
is conducted to study the role of EPS in reducing the earth
loads acting on the walls of the structure. Two different
EPS configurations were simulated in this study: (1) con-
ventional ITI with one EPS block placed directly above the
structure; and (2) three geofoam blocks placed on the upper

@ Springer
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wall and next to the sidewalls of the structure. The calcu-
lated pressures are first compared with experimental data
and then used to study the role of EPS density and con-
figuration on the earth pressure distribution on the struc-
ture. Charts were proposed to allow for the proper choice of
EPS material that satisfies the design criterion for a specific
embankment height.
This study suggests the following:

e Using U-shaped EPS material can have significant
effects on the earth pressure transferred to the walls of a
buried structure.

e The largest effect was found at the sidewalls where con-
tact pressures was found to drop by up to 70%.

e Given the added cost, using U-shaped EPS wrap can be
justified if reducing in lateral earth pressure on the side-
walls is a design requirement (e.g. culverts built near
creeping slopes).

It should be noted that the results presented in this study
are based on a laboratory experimental program and a
large-scale investigation or field tests are needed to confirm
these results.
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