
lable at ScienceDirect

Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 2132e2146
Contents lists avai
Journal of Rock Mechanics and
Geotechnical Engineering
journal homepage: www.jrmge.cn
Full Length Article
Application of engineered compressible inclusions to mitigating soil-
structure interaction issues in integral bridge abutments

Lila Dhar Sigdel a,*, Minghao Lu a, Ahmed Al-qarawi b, Chin Jian Leo a,
Samanthika Liyanapathirana a, Pan Hu a

a School of Engineering, Design and Built Environment, Western Sydney University, Kingswood, NSW, 2747, Australia
bHigher College of Technology, Abu Dhabi, United Arab Emirates
a r t i c l e i n f o

Article history:
Received 10 August 2022
Received in revised form
30 September 2022
Accepted 28 December 2022
Available online 15 March 2023

Keywords:
Integral bridge
Cyclic loading
Stress ratcheting
Settlement bump
Earth pressure distribution
Soil-structure interaction (SSI)
* Corresponding author.
E-mail address: 18549889@student.westernsydne
Peer review under responsibility of Institute of R

nese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2022.12.033
1674-7755 � 2023 Institute of Rock and Soil Mechanic
license (http://creativecommons.org/licenses/by/4.0/)
a b s t r a c t

The thermally induced cyclic loading on integral bridge abutments causes soil deformation and lateral
stress ratcheting behind the abutment wall due to the expansion and contraction of the bridge deck. The
forward and backward movements of the abutment in response to the expansion/contraction of the
bridge deck lead to the formation of settlement trough and surface heaving, frequently creating a bump
at the bridge approach and increasing the lateral earth pressure behind the abutment. Measures to
reduce the bump at the bridge approach, including several treatment methods, such as compaction of
selected backfill materials, grout injection, installation of approach slab, and using a layer of compressible
inclusion material behind the abutment were proposed. However, these guidelines still lack sufficient
design details and there are limited experimental findings to validate design assumptions. In this paper,
the use of engineered compressible materials to alleviate the lateral earth pressure ratcheting and set-
tlement at the bridge approach is investigated. The comparative study is presented for the soil-inclusion,
material-structure and soil-structure interactions for an integral bridge under three different backfill
conditions, i.e. (a) sand, (b) sand and EPS geofoam, and (c) sand and Infinergy�. The study was conducted
in a special large-scale test chamber with a semi-scale abutment to gain better insights into the soil-
structure interaction (SSI). The kinematics and rearrangement of the soil during the cyclic loading
have been investigated to identify the mitigating effects of compressible inclusions. The comparative
study indicates that both compressible inclusions perform comparatively well, however, Infinergy� is a
better alternative than the medium-density EPS geofoam, as it works more effectively to reduce the
backfill settlement and heaving as well as soil ratcheting effects under cyclic translational movement.
� 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
1. Introduction

Integral bridges without expansion joints can reduce the con-
struction and long-term maintenance costs typically associated
with conventional bridge with expansion joints. Although the
popularity of integral bridges has been increasing in many coun-
tries, there is still a discrepancy in design guidelines and design
practices of integral bridges. The repetitive cyclic loading on inte-
gral bridge abutments is inherent due to the daily and seasonal
temperature variations; consequently, the backfill soil wedge starts
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to slump downwards and towards the back of abutments, resulting
in soil wedge failure during the contraction phase of the bridge
deck. After the subsequent expansion of the bridge deck, the soil
does not return to its original position, leading to a built-up of
lateral earth pressure applied on the abutment (Springman et al.,
1996; Ng et al., 1998; England et al., 2000; Goh, 2001;
CosgroveLehane, 2003; Tapper and Lehane, 2005; Al-qarawi et al.,
2020; Al-qarawi, 2021; Sigdel et al., 2021a). Therefore, especially
during the annual summer expansion of the bridge deck, the
developed lateral earth pressure due to the retained soil reaches a
heightened state, resulting in a significantly higher lateral earth
pressure compared to the earth pressure at the neutral position.
The build-up of lateral earth pressure in this manner can cause
structural distress. Another issue associated with cyclic thermal
loading is the backfill surface settlement and heaving. With the
increase in the number of cycles, settlement and heaving continue
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY
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to develop, which will create a void at the face of the abutment
resulting in an uneven bump at the bridge approach. If an approach
slab is provided, the slab might crack due to the formation of the
void underneath. Most current design guidelines have ignored the
changes in backfill condition and provided little or no information
particularly to rectify the settlement bump issue at integral bridges
due to thermally induced cyclic abutment movement.

The primarily objective of this paper is to conduct a comparative
study of the mitigation performance of two compressible inclusion
materials in an integral abutment, one being a commonly used
conventional compressible inclusion and the other a new poten-
tially promising material. Therefore, the focus of this study is to
investigate the use of the compressible materials to alleviate set-
tlement issues and lateral earth pressure at the integral bridge
abutment. The interactions at the integral bridge abutment incor-
porating two types of compressible inclusions, i.e. EPS geofoam and
a new material, Infinergy� (a trademark of BASF), with the soil
backfill were investigated. These results are also benchmarked
against the case of not using any compressible inclusion to study
the efficacy of each case.
2. Design of compressible inclusions

The studies on different polystyrene products, polyethylene
foam, geocomposite materials, recycled tyre shreds, and rubbers
have identified the potential of using these products as compress-
ible inclusion behind an integral bridge abutment (Carder and Card,
1997, Horvath, 2000, Lee and Roh, 2007; Hazarika et al., 2008; Cui
and Mitoulis, 2015; Argyroudis et al., 2016; DudaSiwowski, 2020).
Integral bridge with reinforced backfill soil has also been investi-
gated to mitigate the geotechnical issues in integral bridges
(Tatsuoka et al., 2009; Munoz et al., 2012). A field study performed
by Hoppe (2005) on a semi-integral bridge with the elasticised
expanded polystyrene (EPS) at the integral backwall reported sig-
nificant reductions in both the lateral earth pressure and observed
settlement of the approach fill behind the abutments. However,
Hoppe’s study provided only limited backfill design configurations,
and the design thickness of elasticised EPS geofoam is postulated
based on the height of the backwall, and the total estimated lateral
movement of the abutments. The findings are based on the moni-
tored bridge over 5 years using the elasticised EPS of 250 mm
thickness, which exhibits linear-elastic behaviour up to approxi-
mately 10% strain and linear (proportional) stress-strain behaviour
up to about 30% strain with well compacted selected backfill ma-
terial. It is advised that an elasticised EPS layer should be designed
to performwithin 10% strain during service (Hoppe, 2005). Virginia
Bridge Design Manual (2020) included the design provisions for
compressible inclusions behind integral bridge abutments based on
Hoppe’s study.

Colorado Bridge Design Manual (2023) states that a combina-
tion of mechanically reinforced earth (MSE) walls with a non-
collapsible gap (between the MSE wall and the abutment) filled
with low-density polystyrene is effective when reduced earth
pressure effects are required. According to Utah Bridge Design
Manual (2017), geofoam backfill is recommended as a measure to
reduce or eliminate fill settlement behind the abutment.
Pennsylvania Bridge Design Manual (2019) states that a 2 inches
(50.8 mm) thick sheet of EPS geofoam is required against the entire
area of the back face of the abutment to achieve a reduction in
stress ratcheting. The passive earth pressure coefficient ðKpÞ, equals
to 4 should be used with the designed EPS layer, and Kp ¼ 12
should be used for the structural backfill if there is no EPS layer.
Virginia Bridge Design Manual (2020) states that a layer of EPS
should be provided between the backfill and the abutment to
minimise the effects of stress ratcheting due to thermal loading.
The following guideline is given to calculate the thickness of the
EPS layer, subject to a minimum thickness of 10 inches (25 cm):

EPSt ¼ 10ð0:01Hþ 0:67DLÞ (1)

where H is the height of integral backwall/abutment in inches, DL is
the total thermal movement in inches, and EPSt is the EPS thickness
in inches.

Only a few design guidelines have advised to use of compress-
ible inclusions, particularly EPS geofoam, to reduce the effects of
soil-structure interaction (SSI) issues in integral bridge abutments.
However, available design guidelines are not consistent with each
other and have provided little information about the geometric and
material properties for the design of compressible inclusions.
Although the aforementioned methods solve the problems to a
certain extent, further investigations are necessary to develop
effective solutions to resolve the approach settlement and stress
ratcheting issues. The limited information available on the soil-
material-structure, and SSI, make it difficult to utilise innovative
backfill materials to design economical and durable integral bridge
abutments.
3. Design of compressible inclusions

3.1. Physical modelling and similarity of model

The study in this paper investigated the interactions of an in-
tegral bridge abutment in a large-scale experimental facility. A
semi-scale model of the integral abutment was designed based on
dimensional analysis and by considering all relevant variables and
developing dimensionless groups of those parameters to achieve
stress and strain similarity with a prototype integral abutment
twice its size (Al-qarawi, 2021). The following set of parameters
governing the response of the integral abutment to temperature-
induced displacement was assessed:

f ¼ �
s; r1; g;H; c1;B1; r2; c2;B2; E1; E2; dw; Si;n; Ep; dp; lp; Ip; dp

�

(2)

where s is the stress; r1 and r2 are the densities of soil-1 (soil
adjacent to the abutment) and soil-2 (soil adjacent to the pile if
any), respectively; H is the retained height of the soil (in this case
equal to the wall height); g is the gravitational acceleration; c1,B1,
c2 and B2 are the shear strength parameters of soil-1 and soil-2,
respectively; E1 and E2 are the elastic moduli of soil-1 and soil-2,
respectively; dw and dp are the friction angles at the soil-wall and
soil-pile interfaces, respectively; Si is thewall displacement; n is the
number of movement cycles; and Ep, dp, lp and Ip are the elastic
modulus, diameter, length and moment of inertia of the cross-
section of the pile (if used), respectively.

According to the dimensional analysis, density of the soil in the
experimental model with a scale of 1:2 to the prototype (Hm ¼
H=2, where Hm is height of the model abutment wall) and normal
gravity (gm ¼ g) must be equal to two times that in the prototype
to replicate the similar stress levels as in the full-scale prototype. In
this study, the experiments were conducted under normal gravity
condition (gm ¼ g), where the height of the model abutment wall
ðHmÞ was 0.96 m, half that of prototype wall height (H ¼ 1.92 m).
Material selection for the semi-scale model to achieve similarity
with the prototype is discussed below.
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3.2. Materials

3.2.1. Soil
To replicate the similar stress levels as in the full-scale proto-

type, the density of the material replicating soil should be equiva-
lent to twice that of the soil in the prototype. Black sand, also
named Iron sand, was considered as a suitable model backfill ma-
terial for the experiment. It is a natural granular material formed by
the deposition of volcanic debris from offshore volcanos. The pro-
posed Black sand (dry density w3000 kg=m3Þ, is twice as heavy as
the typical approach backfill soil (dry density 1400e1500 kg/m3)
and possesses similar shear strength parameters, cohesion (c) and
angle of internal friction (4) and Young’s modulus (EsÞ compared to
typical backfill soils.

The maximum density test (ASTM D4253-16e1, 2016) and
minimum density test (ASTM D4254-00, 2000) were conducted for
the Black sand. Its maximum and minimum densities were deter-
mined as rmax ¼ 3278 kg/m3 and rmin ¼ 2690 kg/m3 respectively.
Sieve analysis (Fig. 1) showed that the particle size of Black sand
ranging from 75 mm to 0.3 mm. The diameter corresponding to 50%
finer in the grain size distribution, D50, is 0.132 mm. Based on the
shear box and triaxial tests conducted at different relative densities,
it is found that the residual and peak friction angles vary from 32�

to 43� for the relative density in the range of 4.5%e73.5%,
respectively.
Fig. 2. Unconfined compression test for (a) EPS geofoam and (b) Infinergy�.
3.2.2. Compressible wall inclusion
EPS geofoam is the most common compressible inclusion rec-

ommended by many design practices and has been studied by
many researchers (Horvath, 1997; Leo et al., 2007; Al-qarawi et al.,
2016; Gade and Dasaka, 2022). However, in this paper, a new ma-
terial called “Infinergy�” (manufactured by BASF) is studied with
EPS geofoam in a comparative assessment of performance. Both are
also benchmarked against the “no inclusion” case. There is little or
no information in the literature about applying Infinergy� as a
construction material. Before the experiments, uniaxial compres-
sion and hydrostatic compression tests were carried out for both
Infinergy� and EPS geofoam to investigate the constitutive
behaviour. Figs. 2 and 3 illustrate the material behaviour under
loading for EPS geofoam and Infinergy�, respectively. Mechanical
properties derived from the experiments are summarised in
Table 1.

Based on the experiments, it is found that the compressive
strength at 10% strain is 96 kPa for the EPS geofoam and 50 kPa for
the Infinergy�. The elastic modulus of the Infinergy� is approxi-
mately 10 times less than that of the EPS geofoam. EPS geofoam
behaves as a linear elastic material up to a strain of about 1.8%,
Fig. 1. Particle size distribution for Black sand.
whereas Infinergy� behaves as a linear elastic material up to a
strain of about 45%, which is about 25 times higher than EPS geo-
foam. Unit weight of EPS geofoam is 11.5 times less than that of
Infinergy�. Therefore, it can be concluded that Infinergy� is highly
elastic in behaviour and less stiff than EPS geofoam. In addition,
Infinergy� is 11.5 times heavier than the EPS geofoam, and about
6.5 times lighter than typical soil used as a backfill material (1400e
1500 kg=m3Þ.

Although the Infinergy� is a new material, studies by Ge et al.
(2017) and Jiang et al. (2022) have shown it has high fatigue
threshold, high abrasion and good chemical resistance. A 200 cyclic
compression test at 60% strain (beyond its elastic limit of 45%)
conducted by Ge et al. (2017) showed that the Infinergy� samples
recover on the average more than 95% both in stress and
compression modulus, after samples have been allowed to recover
for 24 h, 3 d and 6 d. Scanning electron microscopy (SEM) tests
carried out on the samples before and after the test have shown no
significant damage to either the cell structure or the inter-bead
bonding, and a low shrinkage ratio of only about 0.7%. Infinergy�
has a rebound (energy return) of about 55%, whereas for
commercially available EPS Geofoam it is less than 20% (Prissok
et al., 2010). A variety of Infinergy� applications from footwear to
athletics track, playground andmotorcyclist helmet can be found. A
tensile strength test conducted by Ge et al. (2017) on Infinergy�
indicated a high tensile strength of 1.8 MPa and an elongation at a
break of 360.1%, which is much higher than that for commercially
available EPS geofoam (<15%).



Fig. 3. Hydrostatic compression test for (a) EPS geofoam and (b) Infinergy�.
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SEM tests were carried out to study the microstructure of the
EPS geofoam and Infinergy� samples. The internal structure of the
EPS geofoam (density ¼ 20 kg/m3) and Infinergy�
(density ¼ 230 kg/m3), magnified by 160 times and the electron
beam operated using a 25 kV charge, is shown in Fig. 4. The internal
structure of EPS geofoam is composed of fused thinner translucent
closed cell walls. Also, the SEM micrographs of the EPS sample
show a dense honeycomb structure with irregular internal voids
and cell wall thickness. Infinergy� has a less dense honeycomb
structure with thicker cell walls and larger internal voids.

3.3. Experimental set-up

3.3.1. Model facility
The model tank of the experimental facility with a moveable

abutment wall controlled by actuators on the left is shown in Fig. 5.
It has dimensions of 3 m � 1.5 m � 1.2 m
(length � breadth � height). The size of the tank was determined
Table 1
Material properties for EPS geofoam and Infinergy�.

Material type Density (kg/m3) Elastic modulus (kPa)

EPS geofoam 20 4550
Infinergy� 230 435
based on the three-dimensional (3D) finite element modelling
(FEM) conducted by Al-qarawi (2021). It was designed in such a
way that any potential failure surface during experiments would
not be intersected and affected by the tank boundaries. Also, the
tank width is chosen to be sufficient so that the total frictional force
from the sides of the tank is insignificant compared to the lateral
soil thrust.

The wall has an actual height of 1.1 m, which could simulate up
to a 2.2 m high abutment on a field scale. However, in these ex-
periments, the height of the backfill retained by the abutment was
set up to 0.96m, which is equal to a 1.92m high abutment on a field
scale. The front side of the tank consists of a 25-mm thick trans-
parent perspex and the back side of the tank is made of a 5-mm
thick steel sheet. Both walls are braced by vertical and horizontal
steel frames. A perspex sheet of 5 mm in thickness is also attached
to the back side steel wall to reduce thewall friction and to simulate
the same conditions as at the front side perspex wall. The rear end
wall of the tank is made of a 25-mm thick steel sheet braced by
vertical and horizontal steel frames. The abutment wall is 50-mm
thick braced with vertical, horizontal, and diagonal steel frames
at the actuator side, and attached with 40-mm thick transparent
perspex at the soil side. Pressure transducers were mounted on the
40-mm thick perspex sheet. The abutment wall sits on a metal
sheet at 50 mm above the floor of the tank.

3.3.2. Instrumentation
Four electronic actuators were attached to the abutment wall

and fixed to the vertical frame at the other end (see Fig. 5). A
software module controls the four actuators and can be pro-
grammed to effect translational, rotational, or mixed translational
and rotational movements in both active and passive directions.
Each actuator has a maximum load capacity of 150 kN, load accu-
racy of �1%, inbuilt linear variable differential transformer (LVDT),
and one external LVDTattached outside the actuator. The minimum
speed limit of the actuators is 0.005 mm/min, and the maximum
speed limit is 50 mm/min, with an actuator stroke length of
200 mm (�100 mm). The system can also be controlled by either
displacement or load.

Five pressure transducers were installed at the abutment wall,
facing the backfill to record the lateral earth pressure distribution
during the experiment. The bottom pressure transducer was
installed at 10 mm from the bottom of the wall, and the rest of the
pressure transducers are equally spaced at 200 mm. Also, one
pressure transducer is installed at the rear end wall, which is at the
opposite end to the abutment, to make sure that the measured
readings at the abutment end are free of boundary effects. The
readings from the pressure transducers are recorded in a computer
using a data logger.

3.3.3. Sand filling
The model tank was filled with Black sand using two powerful

motors and dispersed directly from the top of the tank, which is
1.2 m height from the bottom of the tank. Because of the high
blown power, falling height is kept constant throughout the sand
loading process. The filling method is kept consistent for all ex-
periments with and without an Infinergy� compressible inclusion.
Although the motors were fixed in their position, due to the high
wind speed generated by themotors, sandwas dispersed all around
Yield stress (kPa) Compressive strength at 10% strain (kPa)

95 96
210 50



Fig. 4. SEM images for (a) EPS geofoam and (b) Infinergy�.

Fig. 5. Model tank with the semi-scale abutment wall lo

Table 2
Test conditions of the experimental cases.

Test No. Backfill Speed (mm/min) Displacement/height, �D=H

Experiment 1 Sand only 2.5 1
Experiment 2 Sand plus Infinergy� 2.5 1
Experiment 3 Sand plus EPS geofoam 2.6 1

Note: The abutment displacement in Experiments 1e3 is �10 mm.
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the tank during filling, and a relatively denser backfill is created.
The experiment with EPS geofoam as a compressible inclusion was
conducted by Al-qarawi (2021), and a manually operated mobile
sand raining system was used to deposit the sand inside the tank,
which is different from the motor-driven system described above.
Hence, relative densities of the backfill inside the tank were
determined as 79.8%, 78.4%, and 25.6%, respectively for experi-
ments with three different backfill conditions: (a) Experiment 1,
sand only; (b) Experiment 2, sand and Infinergy�; and (c) Experi-
ment 3, sand and EPS geofoam.
3.3.4. Experimental cases
Experiments 1 and 2 were identical in terms of the speed of the

wall movement, backfill density, and the total number of cycles of
the experiment, as shown in Table 2. Experiment 3 by Al-qarawi
(2021) was conducted only up to 50 cycles. For the initially
designed large-scale testing chamber, 50 cycles was the limit the
experiments could have been conducted due to mechanical con-
straints, therefore, comparative experiments between Infinergy�
and EPS geofoam was planned for 50 cycles before our large-scale
testing chamber was updated. The EPS geofoam testing was con-
ducted using the old version of the test chamber. Following
updating of the test chamber after the EPS geofoam experiment,
testing could be extended to 120 cycles with installation of
powerful actuators. Since Infinergy� is a newmaterial used for this
kind of application and found to produce good results at 50 cycles,
it was then decided to subject the performance of Infinergy� to
more rigorous loading by extending the test to 120 cycles. For sake
of comparison, Experiment 1 (no inclusion, sand only) was also
extended to 120 cycles. The wall movement for Experiment 3 was
cated on the left (Note: all dimensions are in mm).

(%) Total time (h) Relative density, Dr (%) Number of cycles Source

32 79.8 120 This study
32 78.4 120 This study
12.5 25.6 50 Al-qarawi (2021)



Fig. 6. Backfill profiles at neutral position: (a) At zero cycle, (b) After 50 cycles, and (c) After 120 cycles.
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performedmanually. Hence, the rate of wall movement was slightly
different compared to the first two experiments. Since the design
life of an integral bridge varies from 75 years to 120 years (e.g. 75
years in the USA, 120 years in the UK and 100 years in Australia),
these experiments were conducted for 120 cycles corresponding to
120 cycles of seasonal changes.
Fig. 8. Distributions of passive pressure along the height of the wall at the 25th cycle
(Cycle-25), 50th cycle (Cycle-50), and 120th cycle (Cycle-120).
4. Results and discussion

4.1. Results from the three experiments

4.1.1. Experiment 1
In this test, the wall was moved in a cyclic translational move-

ment, and 120 cycles of 10 mm displacement amplitude at a rate of
2.5 mm/min were applied. This would correspond to a �20 mm
cyclic displacement in the prototype. PD 6694-1 (2020) has advised
that for 40 mm of (total) integral bridge deck movement, if the
bridge is symmetrical in shape, and the foundation condition is
identical for each abutment, the design displacement for each in-
tegral abutment will be 20 mm, and in that condition, an integral
abutment can be designed using the limit equilibrium approach.
The allowable maximum bridge length for the design of integral
bridge is 60m in some countries, i.e. UK, New Zealand and Australia
(Sigdel et al., 2021b). In accordance with the AS 5100:2017 (2017),
by considering themaximum air temperature of 55 �C and 45 �C for
the superstructure of steel deck on steel beams, and concrete deck
on steel beams, respectively, the anticipated thermal displacement
at the end of the bridge deck for an integral bridge of 60-m span
length would be 19.3 mm for steel bridge and 14.6 mm for the
concrete bridge. Hence the choice of �10 mm abutment displace-
ment in these experiments (or �20 mm in field scale) covers the
upper bound abutment displacement of a majority of integral
bridges of 60 m span or less. Soil deformation behind the abutment
was recorded at three different positions of the wall during every
cyclic movement (active, passive, and neutral). The earth pressure
distribution was recorded at an interval of 10 s. Images were taken
at each loading cycle of the experiment, and marker lines were
placed to observe the failure surface during the experiments. The
initial and final backfill conditions after 50 cycles and 120 cycles are
shown in Fig. 6. Backfill profiles behind the wall after 25 cycles, 50
cycles, and 120 cycles of translational movement are shown in
Fig. 7.

The soil behind the abutment slumped down from the original
ground surface in front of the wall, and soil heaving was observed.
Fig. 7. Backfill profiles along the
The soil profiles in Fig. 7 show that the maximum soil settlement
near the abutment remained the same after 50 cycles. However, the
heaving along the surface had changed slightly between 50 and 120
cycles. The maximum vertical soil settlement adjacent to the
abutment after 25 cycles was 325 mm. After 50 cycles, it was
410 mm, showing that the maximum total settlement increased by
only 21% after 25 cycles. These results show that the degree of
settlement increases with an increasing number of cycles up to a
certain number of cycles and after that, it reaches a residual set-
tlement value.

The amount of soil heaving also increases with the number of
loading cycles. After 25 cycles, the maximum height of the heave
reached 85 mm, which was measured above the original soil sur-
face. It was 180 mm after 50 cycles and 195 mm after 120 cycles. It
shows that the rate of soil heaving increases with the number of
cycles only up to a certain number of cycles and then starts to
decrease. The measured area of the settlement trough behind the
abutment was 0.14 m2 and the heaved area was 0.16 m2 after 120
cycles. The total volume of heaving soil deposited away from the
abutment was slightly higher than the total volume of soil settle-
ment trough behind the abutment. The passive earth pressure
distributions along the height of the abutment at the 25th cycle,
50th cycle, and 120th cycle are presented in Fig. 8, and the
surface at different cycles.



Fig. 9. Distributions of maximum earth pressure envelope along the height of the wall
until 25 cycles, 50 cycles, and 120 cycles.
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maximum earth pressure envelopes after 25 cycles, 50 cycles, and
120 cycles are presented in Fig. 9.

Fig. 8 captures the maximum pressure distributions at the 25th
(Cycle-25), 50th (Cycle-50) and 120th cycles (Cycle-120). It is
observed that at the top part of the abutment, the pressures
recorded by the top three pressure cells were higher at Cycle-25
than those at Cycle-50 and Cycle-120. In fact, the top two pres-
sure cells recorded zero reading at Cycle-50 and Cycle-120. This is
because the depth of the settlement trough after 50 cycles had
fallen below the level of these two pressure cells. The maximum
pressure envelope in the top part of the abutment was therefore
established before Cycle-50. However, in the lower part of the
abutment, the pressures at Cycle-50 and Cycle-120 exceeded those
of Cycle-25 indicating that following the soil circulation, the passive
load was redistributed to the lower part of the abutment at Cycle-
50 and Cycle-120. The maximum pressure envelope in the lower
part of the abutment was therefore established after Cycle-50.

Fig. 9 shows the full maximum earth pressure envelope after
Cycle-25, Cycle-50 and Cycle-120. It shows that the effect of several
cycles on the maximum lateral earth pressure envelope over the
upper part of the abutment (to a depth of 0.55 m below the initial
soil surface) was insignificant. Lateral earth pressure increased
slowly after 25 cycles in the bottom lower region of the abutment
(0.55e0.96 m below the initial soil surface). The maximum passive
pressure at the bottom transducer (0.95 m) increased with the
number of loading cycles. This may be due to the soil densification
progressing towards the bottom of the wall because of soil
slumping. The maximum passive earth pressure of 324.3 kPa was
observed at 0.75 m below the original ground level of the backfill
during the experiment. According to these results, the maximum
earth pressure distribution over the bottom lower part of the
abutment will increase continuously during the cyclic translational
movement. These results confirm that the earth pressure distri-
bution is not a triangular shape as suggested by PD 6694-1 (2020)
for integral bridge abutments under cyclic translational wall
movements.
4.1.2. Experiment 2
Thirty sheets of Infinergy� with dimensions of

0.12 m � 0.5 m � 0.03 m (length � breadth � height) were glued
together to form a block with a thickness of 0.3 m and fitted inside
the model tank over the inner surface of the abutment as shown in
Fig. 10. Sand filling in the tank was carried out in the same manner
as in the Experiment 1. The test configuration and data recording
were similar to Experiment 1 (Table 2). The final backfill conditions
after 50 cycles and 120 cycles of �10 mm cyclic translational
movement are shown in Fig. 10. Backfill profiles behind the wall
after 25 cycles, 50 cycles, and 120 cycles of translational movement
are plotted in Fig. 11.

There was no deposition (i.e. heaving) of the sand above the
original backfill level, and themaximum settlement and settlement
trough area was considerably less than in the Experiment 1.
Because the thickness of the compressible inclusion was 300 mm,
the horizontal axis in Fig. 11 started from 300 mm. Fig. 11 shows
that 79% of the maximum settlement (60 mm) occurred before the
25th cycle, and the effects of loading cycles were insignificant after
25 cycles. Also, 85% of the total settlement (65mm) occurred before
the 50th cycle. It shows that the rate of soil settlement increased
with the number of cycles only up to a certain number of cycles and
started to decrease after that.

The increase in lateral earth pressure with an increase in the
number of cyclic loading was insignificant, and maximum passive
pressure was increased by only 5 kPa from 25 cycles to 120 cycles
(see Fig. 12). Because there was no significant difference in passive
earth pressure at different cycles, only the maximum earth pres-
sure envelope is presented here. The maximum earth pressure
observed in Experiment 2 was 46 kPa at 0.75 m below the initial
soil surface which was approximately seven times less than the
maximum earth pressure recorded in Experiment 1. The maximum
earth pressure recorded for Experiment 2 was only 22% of the yield
stress of the Infinergy�.
4.1.3. Experiment 3
In this test, the wall was moved in the translational movement

for a total of 50 cycles of �10 mm displacement amplitude at a rate
of 2.6 mm/min (Al-qarawi, 2021). Block of medium-stiffness EPS
geofoam of 600 mm in thickness was used as a compressible in-
clusion between the soil and wall. This experiment was conducted
in a different experimental set-up (see Table 2), and the results
cannot be compared directly with Experiments 1 and 2. Therefore,
results have been adjusted to match the experimental conditions of
Experiments 1 and 2, and discussed in the following section. The
backfill conditions, backfill profiles, and maximum earth pressure
envelopes at 25 and 50 cycles are presented in Figs. 13e15,
respectively.

Because the total thickness of the EPS block was 600 mm, the
horizontal axis in Fig. 14 starts from 600 mm. Results show that the
maximum settlement closer to the abutment increased by only
about 23% between the 25 cycles (135mm) and 50 cycles (175mm).
Similar to Experiments 1 and 2, the rate of soil settlement increased
with the number of cycles only up to a certain number of cycles and
started to decrease after that. This indicates that the settlement is
likely to reach a residual state eventually on this projected trend. As
in Experiment 2, heave was not developed behind the abutment
wall.

Only three pressure transducers were installed in Experiment 3,
therefore, pressures were recorded only at three locations along the
height of the abutment. Because there was only a marginal differ-
ence in passive earth pressure for a different number of cyclic
loading, only themaximum earth pressure envelopes are presented
here. Fig. 15 shows that the lateral earth pressure becomes inde-
pendent of the number of cycles and reaches a residual value
without any signs of ratcheting between 80 and 90 kPa. The
maximum earth pressure observed in Experiment 3 was 90 kPa
which was approximately 28% of the maximum earth pressure
recorded in Experiment 1.



Fig. 10. Backfill profiles at neutral position after (a) 50 cycles and (b) 120 cycles.

Fig. 11. Backfill profiles at different cycles. Fig. 12. Distributions of maximum earth pressure envelope along the height of the
wall until 25 cycles, 50 cycles, and 120 cycles.
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Fig. 13. Backfill condition after 50 cycles (at neutral position) (Al-qarawi, 2021).

Fig. 14. Backfill profile at different cycles.

Fig. 15. Distributions of maximum earth pressure envelope along the height of the
wall until 25 cycles and 50 cycles.

Fig. 16. Backfill profiles: (a) After 50 cycles, and (b) At the end of experiments.
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4.2. Comparison of results from the three semi-scale experiments

4.2.1. Soil deformation
The backfill profiles after 50 cycles of each experiment and at

the end of the experiment (after 120 cycles for Experiments 1 and 2,
and after 50 cycles for Experiment 3) are shown in Fig. 16. The



Fig. 17. Maximum settlement near the edge of the abutment (at the interface of
abutment and soil, or the interface of inclusion and soil) with a number of cycles.
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maximum settlement near the abutment with respect to the
number of loading cycles is shown in Fig. 17. It is found that the
Infinergy� perform better than the EPS geofoam, as observed from
the results presented in Figs. 16 and 17. Because the relative density
of the soil in the same semi-scale model tank was different for
Experiment 3, the settlement values from Al-qarawi (2021) have
been adjusted to normalise the findings from the three experi-
ments to the identical situation for all three experiments, as shown
in Table 3.

Since the maximum developed earth pressure behind the
abutment in Experiment 3 was approximately equal to the yield
stress of the EPS geofoam, and the value started to stabilise even
before the 50th cycle, only adjustment for the soil settlement in
Experiment 3 is deemed necessary. The (downwards) adjustment
factor of 0.88 was estimated by benchmarking the settlement re-
sults over 20 cycles from Al-qarawi (2021) for �10 mm cyclic
translational movement for sand only case (no compressible in-
clusion) against those of Experiment 1.

A comparison between Al-qarawi’s and Experiment 1’s settle-
ment results shows a strong correlation between compaction level
and settlement behind the abutment. Both have a similar experi-
mental set-up except for the relative density of the backfill. These
findings are also reported by other investigators (Hoppe, 2005;
Aziman et al., 2019; Gade and Dasaka, 2022). Applying the
adjustment factor to accounting for different relative densities, the
total settlement for Experiment 3 was therefore reduced to 154mm
(compared to the original settlement of 175 mm) at the end of 50
cycles. With the revised value, Infinergy� still performed better in
respect of the maximum soil settlement in being less than 50% of
that of the EPS geofoam for the first 20 cycles (52 mm versus
109 mm), and even better with an increase in the number of cycles.
It also shows that Infinergy� reduced the maximum settlement to
only about 16% of that without any inclusion, whereas EPS geofoam
reduced it to about 38% of the same “no inclusion” benchmark, in
all cases for the first 50 cycles.

The total area of settlement trough after 50 cycles and 120 cycles
with Infinergy� reduced to about 8.4% and 8.6% of that without any
inclusion, respectively at the same number of cycles. After 50 cy-
cles, the settlement trough area with EPS geofoam (0.065 m2) was
approximately 46% of that for the no inclusion case (0.14 m2).
Therefore, in terms of the maximum settlement and settlement
trough area behind the abutment, Infinergy� performed better
even with the thickness being equal to half of the thickness of EPS
geofoam used in Experiment 3.

Soil movement behind the abutment during the cyclic trans-
lational movement of 120 cycles without an inclusion layer and
with an inclusion layer is presented in Fig. 18. The vector plot of the
soil deformation was obtained using the open-source software
modules (OpenPIV) for Particle Image Velocimetry (PIV) image
analysis and post-processing of images captured during the ex-
periments (Liberzon et al., 2021).

Active slip surfaces in Experiment 1, which changed with cycles
of loading, and a passive failure surface which started to appear at
later cycles were both clearly observed (Fig. 18). After a certain
number of cycles, the settlement in Experiment 1 stabilised. The
soil particles near to the abutment started to circulate around.
Nevertheless sand particles were also moving in an upward di-
rection. However, only the active slip surfaces due to slumping of
soil particles with an increase in number of cyclic loading were
observed in Experiment 2 (sand and Infinergy�). There was no
clear passive failure surface developed during Experiment 2. This
could be because the soil settlement stabilises due to themitigation
effects of the compressible inclusion on the SSI after a certain
number of cycles.

4.2.2. Lateral earth pressure distribution
The variation of maximum earth pressure coefficient along the

height of the abutment for all three experiments up to 50 cycles,
together with the at-rest lateral earth pressure coefficient (K0Þ from
Experiment 1 are shown in Fig. 19. The lateral earth pressure co-
efficient ðk ¼ shmax =svoÞ along the height of the abutment is
plotted with respect to the normalised depth (Z/H). Here, shmax is
the maximum lateral earth pressure, svo is the initial vertical stress,
Z refers to the depth of the soil from the surface, and H refers to the
total backfill height. Furthermore, passive earth pressure coefficient
(KpÞ was calculated for residual and peak friction angles (32� and
43�) based on the shear box and triaxial test results of the Black
sand at different relative densities and presented together in Fig.19.
The passive earth pressure coefficient was calculated using the log-
spiral solution developed by Al-qarawi et al. (2021), which applies
to the retaining wall structure under monotonic loading.

The graph shows that the maximum lateral earth pressure co-
efficient recorded without any compressible inclusion is 13.6,
which is 3 times and 1.6 times higher than the maximum lateral
earth pressure coefficient recorded in Experiment 2 (sand and
Infinergy�) and Experiment 3 (sand and EPS geofoam), respec-
tively. Moreover, the conventional passive pressure coefficient, Kp,
based onmonotonic loading does not accurately predict the passive
lateral pressure caused by cyclic abutment wall movements.

The maximum earth pressure envelopes obtained from these
three experiments have been compared with design guidelines
used in practice: PD 6694-1 (2020), Utah Bridge Design Manual
(2017), MassDOT (2020), CAN/CSA-S6-14 (2015), Pennsylvania
Bridge Design Manual (2019), and presented in Fig. 20. For PD
6694-1 (2020), earth pressure distribution was calculated for two
values of peak friction angles (32� and 43�). Most of the current
design practices seem to underestimate the maximum lateral earth
pressure. Only the earth pressure distribution calculated using PD
6694e1 for a friction angle of 43� was close at the lower bottom
part of the abutment (at 0.78 m below the original soil level),
whereas for the upper part PD 6694e1 overestimates the lateral
earth pressure. These results emphasised the fact that the use of a
right triangular passive pressure distribution based on any of the
current design practices does not replicate the lateral earth pres-
sure distribution in integral bridge abutments under cyclic trans-
lational movements.

4.2.3. Effects of Infinergy� layer in mitigating the displacement of
abutment

Experimental evidence suggests that the 300 mm thick Infin-
ergy� performed better than the 600 mm thick EPS geofoam of
medium density, with respect to the significant reduction of the soil
settlement and lateral earth pressure behind the abutment. To



Table 3
Comparison of settlement data.

Experiment type Relative
density, Dr

(%)

Total
cycles

Maximum
settlement (mm)

Settlement at the
20th cycle

Adjusted settlement at the
20th cycle (Dr z 80%)

Adjusted settlement at the
50th cycle (Dr z 80%)

Area of settlement trough at
the 50th cycle (m2)

Sand only (Al-
qarawi 2021)

25.6 20 313 313 275 N/A N/A

Experiment 1 79.8 120 410 275 275 410 0.14
Experiment 2 79.5 120 76 52 52 76 0.012
Experiment 3 25.6 50 175 124 109 154 0.065

Fig. 18. Vector plots of sand movement in (a) Experiment 1 (sand only), and (b) Experiment 2 (Infinergy� and sand).

Fig. 19. Variations of maximum lateral earth pressure coefficient along the height of
the wall. Fig. 20. Comparison of maximum earth pressure envelope along the height of the wall

(up to 50 cycles) with different practices.
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Table 4
Comparison of transferred displacement at Infinergy�-soil interface.

Passive displacement
(mm)

Interface displacement (mm) at following thickness
of Infinergy�

Percentage of transferred displacement (%)
(experiment ¼ 300 mm)

Percentage of transferred
displacement at following
thickness of Infinergy� (%)

Experiment ¼ 300 mm FEM FEM

300 mm 450 mm 600 mm 300 mm 450 mm 600 mm

2.5 0.63 0.6 0.57 25 24 23
5 1 1.05 0.79 0.59 20 21 16 12
7.5 1.18 0.82 0.59 16 11 8
10 1.5 1.4 0.85 0.6 15 14 9 6
12.5 1.74 0.88 0.61 14 7 5
15 2.5 2.29 0.95 0.63 17 15 6 4
17.5 2.94 1.01 0.68 17 6 4
20 5 4.92 1.2 0.71 25 25 6 4

Fig. 21. Resultant soil movement after 20 mm of monotonic passive displacement: (a) Sand only, and (b) Sand and Infinergy� (Note: all dimensions are in m).

Fig. 22. Transferred displacement to Infinergy�-soil interface (mm).
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further examine the displacement of the abutment transferred to
the soil under cyclic translational movements in presence of
Infinergy� inclusion, a monotonic passive translational displace-
ment experiment was conducted on the semi-scale model tank.

A two-dimensional (2D) plane strain FEM using the Abaqus FE
program was also developed, to simulate a 0.96 m high abutment
wall retaining a 300 mm thick Infinergy� inclusion layer and soil
backfill. A Four-node bilinear plane strain quadrilateral element
type was selected for the FEM and Abaqus/explicit analysis was
performed using an interval of 2.5 mm monotonic passive trans-
lational movements (see Table 4) up to 20 mm. Numerous studies
have been carried out using the Hyperelastic constitutive models
for rubber and foam-like materials (Swanson, 1985; Bergström and
Boyce, 1998; Steinmann et al., 2012). The stress-strain response for
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Hyperelastic material is nonlinear in nature, and increases mono-
tonically until failure, as shown in Figs. 2 and 3 for Infinergy�. This
material model enables the internal energy stored in thematerial to
be fully recovered after unloading if it is within the elastic limit. The
Hyperelastic material model is available in Abaqus FE program, and
it allows using the material test data to define the deviatoric and
volumetric responses of the material under deformation. Therefore,
Hyperelastic material model was used for the Infinergy�, based on
the material tests conducted on both materials, and Mohr-Coulomb
model was adopted for the Black sand behind the wall. The in-
teractions between the interfaces (Infinergy� and sand, Infinergy�
and wall) were modelled using the contact algorithm in Abaqus/
Standard, where a penalty friction formulation with finite sliding
for the tangential behaviour and hard contact for the normal
behaviour has been adopted. Friction angles 15� and 20� were used
to model the interfaces of Black sand-Infinergy� and wall-Infin-
ergy�, respectively. The gravity load and predefined initial stresses
were defined at the initial step and propagated into the latter
gravity and loading steps. Passive displacement as per the test
requirement was provided using the boundary conditions. The FEM
results of the soil movements for the soil without and with Infin-
ergy� are shown in Fig. 21.

Experimental data show that the Infinergy� inclusion has
clearly mitigated the abutment displacement transferred to the
backfill soil. The average transferred displacement at the interface
of backfill soil/Infinergy� observed from the experiment is
compared with FEM results as shown in Table 4. Both experimental
and FEM results show that the transferred movement was about
14%e25% of the abutment wall displacement for 300 mm thick
Infinergy� (Fig. 22 and Table 4). Therefore, the experimental results
validate the predicted transferred displacements of the FEMmodel.

FEM analysis has then extended to 450 mm and 600 mm thick
Infinergy� to study how the transferred displacement would be
further mitigated by increasing the thickness of Infinergy�. Based
on the FEM results, increasing the thickness of Infinergy� by 1.5
times (to 450 mm), the transferred displacement is now about 6%e
24% of the abutment wall displacement, compared to 15%e25% for
the Infinergy� of 300 mm thickness (Table 4). Furthermore, by
increasing the thickness of Infinergy� by twice (to 600 mm), the
transferred displacement is about 4%e23% of the abutment wall
displacement. These results would suggest that beyond a certain
optimal thickness, the reduction of transferred displacement with
increased Infinergy� thickness would be marginal.
4.2.4. Cost comparison
The total cost associated with the construction of an integral

bridge is determined by many factors, including the construction
and material cost, maintenance cost, social cost, the economics of
scale, and environmental cost. Therefore, a cost analysis and direct
cost comparison of backfill design options (e.g. EPS geofoam versus
Infinergy� versus mechanically stablised wall (MSW)) are fraught
with difficulties. However, the use of compressible inclusions can
reduce the maintenance cost and any other costs arising from road
closures to repair the bridge approach due to settlement issues of
integral bridges. In addition, both types of compressible inclusions
discussed in this paper are lightweight materials compared to
conventional fill materials and hence benefit from the reduction of
the material handling cost involved with equipment and
manpower. Another cost benefit is the savings due to the reduction
of overall project duration. It is noteworthy to point out that the
significant reduction in earth pressure development behind the
abutment due to abutment movements can also reduce the
construction cost of the superstructural and substructural ele-
ments. Since cost is another critical aspect to be studied and needs
rigorous analysis, further research is required to incorporate the
cost analysis with different backfill design options to help in the
selection of the optimal solution.
5. Conclusions

This paper studied the interactions of integral bridge abutment
and backfill due to cyclic translational movement for three different
backfill conditions: (a) sand only as backfill, (b) sand and EPS
geofoam inclusion, and (c) sand and Infinergy� inclusion. The
backfill settlement profile and the earth pressure distribution
behind the abutment wall were investigated and compared. Based
on the results presented in this paper, the following conclusions
can be drawn:

(1) Infinergy� as a compressible inclusion is a better alternative
than the EPS geofoam, as it worked more effectively to
reduce the soil settlement and heaving, as well as soil,
ratcheting effects under cyclic translational movement. For a
cyclic translational movement of�10mmandwhen 300mm
thick Infinergy� was used, the maximum soil settlement
reduced to approximately 18.6% and soil settlement trough
area to about 8.6% of thosewithout inclusion after 120 cycles.
A maximum earth pressure of 325 kPawas developed for the
compacted sand-only backfill as opposed to only 47 kPa for
the backfill with the Infinergy� inclusion.

(2) Medium density EPS geofoam also performed relatively well
concerning the earth pressure behind the abutment wall.
However, soil deformation was still significantly high,
despite the thickness of the EPS block being double that of
the Infinergy� layer.

(3) Based on the measured interface displacement and FEM
analysis, Infinergy� has the potential to absorb a significant
percentage of applied displacement while transferring the
remaining to the backfill. It is surmised based on experi-
mental results that in a field scale of 1.92 m high abutment
using 600 mm thick Infinergy� inclusion, 75%e85% of
20 mm applied displacement would be absorbed with the
remaining 15%e25% transferred to the backfill.

(4) FEM modelling results also suggest that beyond an optimal
thickness of Infinergy� inclusion, the reduction in trans-
ferred displacement would be marginal.

(5) The use of Infinergy� as a compressible inclusion has the
potential to reduce significant cost of abutment and backfill
construction. In addition, Infinergy� is recyclable, has good
chemical resistance, is long-term durable over a wide range
of temperatures, sustainable, and non-hazardous. These at-
tributes are favourable to the environment.

(6) The study suggests that the conventional passive pressure
coefficient Kp which is derived from monotonic passive wall
movement, is not an accurate predictor of the passive pres-
sures caused by cyclic wall movements, such as in an integral
bridge abutment.

(7) Most of the design practices including PD 6694-1 (2020),
CAN/CSA-S6-14 (2015), and MassDOT (2020) have suggested
that for cyclic translational movement, the design pressure
distribution behind the integral abutment wall is a right-
angle triangle with the maximum earth pressure at the
bottom of the abutment. The results in this paper show that
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the pressure distribution has a peak value in the lower half of
the abutment, but not at the bottom.
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