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Abstract. A change in the deck length under temperature load a�ects the upper part of
integral bridge abutments and causes abutment rotation. The deck contraction makes the
abutment move away from the back�ll and causes wedge failure. To prevent wedge failure,
a new method has been proposed. In this method, the inhibition of integral bridges under
contraction is done by cables connected from each abutment to the buried piles outside
the bridge along the abutments. In the analysis, the behavior of soil around the abutment
and buried piles is an important parameter that has great inuence on the results. In
this paper, the soil behavior around a laterally loaded stub abutment and buried piles was
studied by laboratory stub abutment models using the PIV (Particle Image Velocimetry)
method. The PIV analysis was carried out to obtain the deformation pattern and shear
strains of the soil around the stub abutment and buried piles. The e�ects of piles number
and soil-pile interaction on the soil deformation pattern were investigated. The results
showed that the use of buried piles connected by the cable prevented wedge failure in the
back�ll.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Integral bridges are constructed without expansion
joints. In these bridges, the deck is connected to
abutments continuously. Thus, these bridges act as
a rigid frame [1{5]. Reported by Cooke [6], the North
American Study Tour Report presented several types of
abutments: the full-height frame, embedded-wall abut-
ments, spread footings on reinforced earth wall, vertical
wall with semi-integral, and stub abutment. However,
stub abutments were found to perform well [7]. In
Figure 1, an integral bridge with a stub abutment is
shown.
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This type of bridge has many advantages over
conventional bridges. One important bene�t of this
type of bridge is the removal of expansion joints
and bearings (which are expensive and need installa-
tion, maintenance, and repair problems) [8{10]. On
the other hand, their deck length is increased or
decreased due to seasonal temperature changes [11{
13]. Since integral bridges are of a continuous unit
system, stresses are transferred from the bridge to the
soil under the expansion and contraction caused by
temperature changes. The amount of force generated in
the back�ll depends on the expansion and contraction
of the bridge. The increasing or decreasing amount
of the deck length is directly associated with back�ll
speci�cations. Therefore, the contraction or expansion
of the bridge and the force created in the back�ll are in
interaction with each other [14]. The soil-structure in-
teraction (the back�ll and bridge substructure) causes
a series of behavioral complications [7,15]. The major
problem of integral bridges is related to geotechnical
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Figure 1. Stub-type integral abutment bridge [8].

issues. Figure 2 [16] shows bridge expansion and
contraction problems caused by temperature changes.

The deck contraction causes the abutment to
move away from back�ll and results in wedge failure.
According to Eq. (1) [11], the deck expansion or
contraction (�L) of an integral bridge depends on
daily and seasonal temperature changes (�T ), thermal
expansion coe�cient (�), and the initial length of the
bridge (L0).

�L = �T:�:L0: (1)

The expansion and contraction of the bridge under
temperature load will be high when the length of the
bridge increases. When the expansion and contraction
of the bridge increase, abutment, deck, and the pile
under the abutment withstand larger force beyond
their capacity. It is surely not easy to predict this force
due to the adjacency of the bridge to soil [17]. Zordan
et al. [18] investigated a 2D simpli�ed �nite-element
model of an actual 400-meter-long Integral Abutment
Bridge (IAB), built in Italy. They considered the
negative temperature variations (contraction of the
bridge). Zordan et al. [19], in another paper, pointed
out that achieving the maximum length attainable
with an integral abutment bridge was intrinsically
dependent on a thorough understanding of the soil-
structure interaction behind the abutments.

The researches that have been conducted so far
have attempted to solve the problems caused by the

Figure 2. Thermally induced IAB abutment
displacement [16].

expansion and contraction in the integral bridges.
Researches have suggested di�erent solutions. Mostly
reported among those solutions are the changing of
di�erent variables such as the dimensions of the abut-
ment and the deck as well as the changing of materials
used in the bridge. Attempts have been made to
obtain the optimum size of the bridge. For example,
Kim and Laman [20] studied parametric analysis cases
including back�ll-abutment interaction and soil-pile
interaction. Keisha et al. [21] studied a practical
limit for the maximum length of pre-stressed concrete
girder integral abutment bridges. They carried out
a parametric study on a bridge with the length of
305 m considering the e�ects of abutment height, soil
sti�ness, and pile orientation on integral abutment
bridge response. Their study suggested the maximum
length of 457 m on the basis of critical responses of the
integral abutment bridge. Kong et al. [22] investigated
the thermal performance of Caminada Bay Bridge,
which was built on soft soil conditions in 2011. Based
on the parametric studies, the numerical modeling
methodology for integral abutment bridge, such as tem-
perature loadings, soil-abutment interactions, and soil-
pile interactions, is veri�ed by comparing the bridge re-
sponses with those of the �eld study. The result of this
study showed that the soils surrounding the piles have
the most signi�cant e�ects on the bridge responses.
In addition, changing soft soils to sti� ones produces,
at maximum, 1.5 times smaller bridge displacements.
To prevent excessive and destructive transformations
due to temperature changes, the length of integral
bridges has been limited in most researches [17,23{
27]. However, it is sometimes necessary to construct
longer integral bridges. One suggested solution to
resolving the expansion of the integral bridge problem
at greater lengths is the reduction of the abutment
height in order to reduce the passive force in the
back�ll when the abutment moves towards the back�ll
(deck expansion) [28]. In a contraction case, the
bridge abutment moves away from the back�ll, and a
separation (gap) between the abutment and the back�ll
occurs. To solve the separation (gap) problem, some
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Figure 3. Static lateral loading tests of an abutment
model with nails [29].

methods, such as nailing [29] and application of foams
and geogrid [30,31], have been used to prevent the
contraction of the integral bridge. The aim of the
techniques, which have been used so far, was to keep
the stability of soil under contraction. For example,
Tatsuoka et al. [29] increased the stability of back�ll
by nailing the full height abutment to the back�ll
in a laboratory test. The image of this method is
shown in Figure 3. Koseki et al. [30] and Tatsuoka et
al. [31] increased the stability of the back�ll by placing
a geogrid in the back�ll connected to the abutment
in laboratory tests. However, these methods did not
decrease the amount of contraction of the bridge and
only increased the stability of the soil. According to the
research by the above-mentioned authors, they have
studied integral bridges with a full height abutment.
Despite their e�ort, they could not reduce or prevent
the contraction of the bridge considerably. Therefore,
further research is required. The aim of the present
study is to inhibit the integral bridge contraction with
a stub abutment.

In the present research, a cable connection from
the abutment to soil was proposed in order to provide
a solution to control the contraction of the integral
bridge with a stub abutment to prevent wedge failure
in the back�ll and to stabilize the soil. In this method,
the connection is done in such a way that one end of
the cable is connected to the abutment and the other
side of the cable is connected to a buried pile, which
is located at a certain distance from the abutment.
By conducting di�erent experiments in a laboratory,

the success of the proposed method was evaluated.
The distance of the pile from the abutment can be
calculated in such a way that the pile location is far
from the area of the active or passive wedge failure,
during winter or summer. When the contraction of
the abutment occurs, the pile is subjected to lateral
force. Therefore, the interaction occurs between the
pile and the neighboring soil. The interaction causes
an opposite force on the abutment, preventing the
contraction of the abutment. The image of this method
is shown in Figure 4.

In the analysis of soil-pile interaction and soil-
stub abutment interaction under lateral load, the
behavior of soil around a stub abutment and piles is
an important parameter that has great inuence on
the results. In this paper, the soil behavior around the
laterally loaded stub abutment and piles was studied
through laboratory stub abutment models using the
PIV (Particle Image Velocimetry) method.

2. Physical modeling and scaling laws

In this research, small physical scale modeling was
implemented and, then, extended to a full scale.
Thus, the appropriate scaling laws and dimensional
analysis to control them seem to be necessary. The
advantages of the small-scale laboratory modeling are
as follows [32]: full control over the details of the model,
the possibility of soil choice, the possibility of boundary
conditions, model loading choice, the low volume of
soil, the possibility of conducting more experiments,
the possibility of studying the e�ects of changes in key
variables and, �nally, low cost in comparison with the
costs of full-scale experiments.

The governing equation of the deformed pile
under the lateral load can be written as follows [33]:

EI
dy4

dz4 = �ky; (2)

where EI, y, z, and k are the pile exural rigidity,
the horizontal displacement of the pile, the distance
measured along the pile length, and the coe�cient

Figure 4. Static lateral loading tests of a stub abutment model in the present research.
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Figure 5. Pile under lateral loading.

of soil reaction, respectively. k is proportional to
the soil shear modulus (G). To normalize Eq. (2),
dimensionless coe�cients according to Eq. (3) are
de�ned as follows:

� =
Z
L
; � =

y
y0
; (3)

where �, L, �, and y0 are the dimensionless depth term,
pile length depth, pile dimensionless displacement,
and the lateral displacement on the top of the pile,
respectively. Thus, Eq. (2) can be rewritten as follows:

EI
L4

d�4

d�4 = �k�: (4)

�1 = kL4

EI is a suitable dimensionless variable to
describe the relative sti�ness of the pile and soil. It
can be assumed that if dimensionless variable �1 is the
same for the model and the real size, then the physical
model will be valid. Figure 5 shows the parameters of
the above equations.

The scale factors of nE , nI , and nk are considered
as the modulus of elasticity E, the inertia moment
of the pile, and the coe�cient of the soil reaction,
respectively. By inserting the scale factors in �1, we
have:
nE � nI = nk � n4

l :

It is assumed that the length scale is nl = 1=n,
which leads to nE � nI = 1=n4+� for the single
gravity experiment and nE �nI = 1=n4 for modeling a
geotechnical centrifuge with a centrifugal acceleration
of ng, where parameter � is relevant to the scaling of
soil sti�ness in the geotechnical modeling.

In granular soils, the sti�ness parameter of the
subgrade changes linearly with respect to stress; there-
fore, k = nh � Z where nh is a constant factor of the
subgrade reaction. In this situation, the scale factor of
soil sti�ness (�) is about 1. The dimensionless group
for 1g experiment can be assumed in granular soil.
Thus, �1 = nhl5=EI. This results in nE � nI = 1=n5.

In the stub abutment physical modeling, if the
width and height of the abutment are B and H,
respectively, then coe�cients � and � are de�ned as
follows:

� =
H
L
; � =

B
L
: (5)

Therefore, the width and height of the abutment on
the full scale will be �L and �L, respectively. Since
the stub abutment is located on one row of exible
piles, a spring steel plate was used for simulation.

For instance, for small-scale physical modeling, a
stub abutment characterized by the height of 20 cm
and the width of 50 cm and an aluminum pile (E =
70 GPa) of 350 mm in length, 60 mm in width, and
3 mm in thickness, using a 1:15 scale version, will give
a prototype model of a stub abutment with a height of
3 m and the width of 7.5 m. In addition, a steel pile
(E = 210 GPa) of 5.25 m in length and inertia moment
of 3375 cm4 (e.g., IPE 600) provides the same behavior.
The calculations are done and presented below:
Hm

Hp
=

1
n0 ;

Wm

Wp
=

1
n
: (6)

If 1
n = 1

15 , Hm = 20 cm and Wm = 50 cm, then Hp =
3 m, Wp = 7:5 m where:
Hm The abutment height of the model
Hp The abutment height of the prototype
Wm Abutment width of the model
Wp Abutment width of the prototype
1=n The scale factor

nE � nI = 1=n5: (7)

If 1
n = 1

15 and nE = 70
210 , then nI = 4� 10�6.

Im
Ip

= nI ; (8)

where:
Im Inertia moment of model pile;
Ip Inertia moment of prototype pile.

Im = 1=12:b:t3: (9)

If b = 60 mm and t = 3 mm, then Im = 135 mm4

where:
b Width of the model pile;
t Thickness of the model pile.

According to Eq. (8):

Ip =
Im
nI
:

If Im = 135 mm4 and nI = 4 � 10�6, then Ip =
3375 cm4 (for example, IPE600).
Lm
Lp

=
1
n
: (10)

If 1
n = 1

15 and Lm = 350 mm, then Lp = 5:25 m, where:
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Lm Length of the model pile;
Lp Length of the prototype pile.

The details of the small-scale physical modeling are
described in the following section.

3. Test set-up

3.1. Speci�cation of the experimental device
The experimental device model includes a wooden box
with interior dimensions of 110 � 50 � 80 cm3 (L:
110 cm, W : 50 cm, and H: 80 cm). In order to prevent
the deformation of the box under the lateral pressure
of the soil, a seven-layer wood with the thickness of
16 mm was selected. In the front face of the tank, a
transparent plexiglass characterized by the dimensions
of 110� 80 cm2 and a thickness of 20 mm was used in
order to observe deformation in the soil. For modeling,
a stub abutment of integral bridge was constructed
within a rigid retaining wall box characterized by the
width and height of 50 cm and 20 cm, respectively. The
wall was connected to a �xed support with a width of
50 cm and a height of 30 cm. On the full scale of

integral bridges with the stub abutment, the abutment
bridge was placed over a row of exible piles so that
the abutment could rotate over these piles under the
expansion and contraction of the deck.

To simulate this behavior in an experimental
model, for connection between the abutment and the
support, a exible spring steel plate was used with
a length of 50 cm and a height of 1.5 cm. Hence,
the abutment was connected to the plate, and the
plate was connected to the support. By a construction
method, the abutment can rotate on the spring plate
by a speci�c horizontal force. The speci�cations of the
spring steel plate are given in Section 3.3.

To apply the horizontal displacement caused by
the contraction of the deck, a �xed speed electro motor
was used. The force was applied to the retaining wall
(i.e., on the stub abutment of the integral bridge) by
a lever.

Figures 6 and 7 represent the mechanism for lab
tests and the lab environment, respectively. To record
the amount of lateral displacement of the abutment
and the amount of applied lateral force, the LVDT and
load cell were used, respectively. In this model, the

Figure 6. Schematic view of test setup: (a) Front view and (b) top view (all units in cm).
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Figure 7. General view of the laboratory model apparatus.

data from measurement devices were stored by a data
acquisition system (i.e., the data logger).

As seen in Figures 6 and 7, each pile is connected
by a cable to the wall (i.e., the integral bridge abut-
ment).

3.2. Soil
For evaluation, Firoozkooh dry sand, located in
Tehran, was used. The soil gradation curve graph and
the test sand speci�cations are provided in Figure 8
and Table 1, respectively.

3.3. Pile, cable, spring steel
In this study, a tall pile was used for the test for which
the theoretical de�nition is given by Eq. (11):

L
T
� 4; T = 5

r
EI
nh

; (11)

where L, T , and EI are the embedded length of the
pile, length coe�cient, exural sti�ness, respectively.
In addition, nh is the constant modulus of subgrade
horizontal reaction, which was considered as 2 MN/m3,
experimentally in this project. Since the piles with

Table 1. Speci�cations of sand.

Unit weight () 15 (kN/m3)
Friction angle (�) 36.3 (deg)
Cohesion (C) 0 (kN/m3)
Speci�c gravity (GS) 2.62
Subgrade horizontal reaction
constant module (nh)

2 (MN/m3)

Figure 8. Particle size distribution.

rectangular sections (small thickness with respect to
width) enjoy lower rigidity, the rectangular sections
were selected in order to conduct a better evaluation
of the piles behavior. The pile was placed adjacent
to the plexiglass such that the small width of the pile
section (i.e., in the weak axis direction) faced the front
of the glass plate. The characteristics of the plies are
given in Table 2.

In this study, due to their low exural sti�ness,
cables were connected to the pile(s) from the abutment.
Cables' properties are shown in Table 3. In Table 3,
the lay direction indicates the direction in which the
outer wires (outer strands) of the strand (cable) are
laid around the center wire (core strand). In addition,
\S-lay-left" means that the outer wires (outer strands)
are laid in the left direction around the center wire
(core strand).
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Table 2. Model pile properties.

Length, L (mm) 350
Breadth, B (mm) 60
Thickness, t (mm) 3
EI (N.m2) 9.315
L=T 4.17
Material Aluminum

Table 3. Cable properties.

Diameter 2.5 (mm)

Lay direction S-lay-left

Elastic modulus, E 199 (GPa)

Tensional stress rang, Fu 1400 (MPa)

Table 4. Spring steel properties.

Width 500 (mm)

Height 15 (mm)

Thickness 1 (mm)

Elastic modulus, E 200 (GPa)

Yield stress, �y 1200 (MPa)

Carbon percentage 1.6%

In this study, the spring steel was used to simulate
the abutments rotation. This plate was located verti-
cally between the abutment and support in order to
connect the abutment and support to each other. The
properties of the spring steel plate are given in Table 4.

3.4. Image analysis by the PIV method
Two Cannon G6 (7.2 megapixels) cameras were used
for the purpose of photographing soil displacements
during the test. The cameras were set up in front and
top of the device. All operations, such as focusing,
gaining, and shutter speed, were done automatically by
the Remote Capture Software. Two 1000-Watt light-
ening projectors were used to provide the environments
with light. Those projectors were deployed at 45-degree
angles over the set.

The Geo PIV software was used to analyze the
screens [34]. In this software, the images were meshed
with a series of patches, and the center of each patch
was selected. By calculating central location changes,
the displacement vectors of the soil were extracted.

The soil displacements are extracted within an im-
age space (units of pixels). Therefore, units need to be
converted to centimeters. Using calibration techniques,
the amount of the soil displacement is converted from
pixels to centimeter. This was undertaken by using
two marker dots on the transparent window. As the

positions of the markers in the transparent window do
not change between images, it is possible to extract
calibration factors to convert the image displacements
(in pixel unit) and real displacements (in centimeter
unit) for the markers.

In the Geo PIV software, the PIV analysis was
done using patches of 32�32 pixels, spaced at 32-pixel
centers, and a search area of 64� 64 pixels.

4. Procedure of the experiment

In the present research, in order to apply the horizontal
displacement - caused by the contraction of the deck -
an electro motor with �xed speed was used. The force
was applied on the head of the stub abutment by a
lever. It was applied from right to left (towards to the
electromotor as shown in Figure 6(a)) in the tensile
form. As mentioned earlier in the introduction section
(Section 1), the purpose of this study is to control and
reduce the contraction of the stub abutment. Based
on a study done by Movahedifar and Bolouri [11], by
reducing the lateral displacement of the abutment, the
number of rotation (lateral displacement) cycles does
not a�ect the backpressure of the back�ll. In this
condition, the pressure distribution (in the wall of the
abutment) is almost linear and is approximately equal
to the at-rest pressure. Since the purpose of the present
research is to reduce the lateral displacement of the
abutment (in this situation, the number of loading
cycles is not signi�cant), the cyclic action has not been
considered.

Soil will have nonlinear behavior in the case of
large lateral displacements of the abutment. This
behavior occurs in some cases such as the unreinforced
abutment and reinforced abutment with fewer piles.
However, as the number of piles increases, the lateral
displacement of the abutment decreases. As a result,
in such cases, the soil behavior is closer to the linear
behavior. The procedure for testing is described below.

In the �rst test, the unreinforced abutment (in
which the abutment was not connected to the pile) was
subjected to the lateral load. The amount of horizontal
load was increased so that the abutments head was
displaced 2 cm under the horizontal displacement (�0).
The amount of horizontal displacement was 10% of
the abutment's height. By using the instruments
installed for the system, the required force for the 2-cm
horizontal displacement was obtained for the unrein-
forced abutment. In the subsequent test, the abutment
was reinforced using a pile, i.e., the abutment was
connected by a pile with a speci�c distance from the
abutment. In this test, the reinforced abutment with
a pile was subjected to the lateral force, F0 (the same
lateral force that displaced the unreinforced abutments
head up to 2 cm). By using an LVDT, in the system, it
is possible to determine the horizontal displacement,
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(the displacement from the abutment reinforced by
one pile), �1, that was caused by F0. By comparing
the values of �0 and �1, the e�ect of the abutment-
reinforcing procedure was determined by using only
one pile. During the conducted experiments for the
reinforced abutment by a pile, the digital photography
of the soil deformations procedure was done from the
top and front view. Finally, the taken photographs
were analyzed using the Geo PIV software. Using the
PIV method and analysis by means of the software,
the displacement vectors and shear strain diagrams
of the soil (around the abutment and the pile) were
obtained for the reinforced and unreinforced abutment
experiments. By comparing the displacement vectors
and shear strain of the soil (around the abutment and
pile), for the unreinforced and reinforced piles, the
stability level and active failure zone of the soil were
investigated. Similar tests were carried out for the
cases of the reinforced abutment with 2, 3, and 4 piles.
Di�erent plan cases of the experiments are plotted in
Figure 9 which are de�ned as follows:

Case (A): The unreinforced abutment, in which the
abutment is not connected to the pile;

Case (B): The reinforced abutment with one pile;

Case (C): The reinforced abutment with two piles;

Case (D): The reinforced abutment with three piles;

Case (E): The reinforced abutment with four piles;

Case (F): The reinforced abutment with one pile
located between two boundary walls (i.e.
between the wooden and plexiglass).

According to Subsection 3.3., the width of the pile is
6 cm. In order to maintain the symmetry and observe
the soil behavior around a pile from the plexiglass in
Cases (B), (C), (D), and (E), as shown in Figure 9, the
width of the piles - embedded in the boundaries - was
considered as 3 cm (which was the half of the width
of the pile far from the abutment). Hence, the piles -
which were only located in the set boundaries - were
halved in the width dimension. In terms of loading
capacity, two piles in the boundaries acted as one pile.
To validate this matter, a laboratory test in which a
pile with the complete width was located at the center
of the set (as shown in Figure 9(f)) was used in order
to compare Case (F) with Case (B).

First, in Cases (B), (C), (D), and (E), the re-
inforced abutment was subjected to lateral force F0
to obtain horizontal displacements �1, �2, �3, and
�4, and they were compared with �0 to recognize
the e�ect of the piles on the abutment connection,
through cables, on the abutment horizontal displace-
ments. Next, in Cases (B), (C), (D), and (E), the
abutment was subjected to the horizontal displacement
of 2 cm to obtain the required force for each case.
These forces (F1, F2, F3, and F4) were compared with
F0 to determine and assess the e�ects of piles number
on the required lateral force associated with the 2-cm

Figure 9. (a) Case (A): The plan of the unreinforced abutment, (b) Case (B): The plan of the reinforced abutment with
one pile close to plexiglass, (c) Case (C): The plan of the reinforced abutment with two piles, (d) Case (D): The plan of the
reinforced abutment with three piles, (e) Case (E): The plan of the reinforced abutment with four piles, (f) Case (F): The
plan of the reinforced abutment with one pile located between two boundary walls (i.e., between the wooden and
plexiglass) (all units in cm).
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horizontal displacement. In doing so, the pile-soil-pile
interaction is illustrated.

5. Test results and discussion

In the following sentences, \the reinforced abutment"
means that the abutment is connected to the pile(s) by
the cable(s).

The described experiments in the previous section
were conducted for Cases (A) to (F). The lateral force
- exerted by an electromotor - was applied to the
abutment. Then, it was applied from right to left
(towards to the electromotor as shown in Figure 6(a))
in the tensile form. Finally, the experimental results
were analyzed by the Geo PIV software. In all
experiments, the coordinates' origin (i.e., x = 0, y = 0)
was assumed to be on the top of the abutment (in the
stationary stage, i.e., before its lateral deformation). In
all experiments, in the cases of reinforced abutments,
the pile(s)' distance from the abutment was selected as
40 cm. This distance was selected in order to avoid the
location of the pile(s) from the wedge failure area. If
the pile is located in this zone due to the instability of
this zone under the expansion and contraction of the
bridge, the performance of the pile(s) lateral strength
is weakened in the soil. Since the soil friction angle is
of 36.3 degrees, by considering the plane failure zone,
Eqs. (12) and (13) can be written in the following based
on Rankine's theory:

Lactive = H � tan
�

45� '
2

�
; (12)

if H = 20 cm and ' = 36:3, then Lactive = 10:12 cm.

Lpassive = H � tan
�

45 +
'
2

�
; (13)

if H = 20 cm and ' = 36:3, then Lpassive = 39:5 cm.
By considering Eqs. (12) and (13) and Figure 10,

the active and passive wedge failures occurred at
distances of 10.12 cm and 39.5 cm far from the
abutment (xpassive = 39:5 cm and xactive = 10:12 cm),
respectively.

Therefore, by locating the pile(s) 40 cm away from
the abutment, the pile(s) was (were) not found in the
passive or active wedge failure area.

The results of the experiments of Cases (A) to (F)
are discussed under the following topics:

1. The comparison of lateral load-displacement dia-
grams in Cases (A) to (F);

2. The comparison between displacement vectors of
the soil around the abutment and the pile(s);

3. The comparison of the created shear strain in the
soil around the abutment and the pile(s).

Figure 10. Active and passive failure zones of back�ll (all
units in cm).

It should be noted that the main purpose of the present
research is to investigate the soil's behavior around
the stub abutment and the pile under lateral load, as
discussed in Sections 5.2 and 5.3.

5.1. Lateral load-displacement curves of an
abutment

The lateral force-displacement diagrams for abutments
head are plotted by curves (a) to (f) shown in Figure 11.
The plans of these cases are illustrated in Figure 9.
In Figure 11, the vertical axis indicates the applied
lateral load on the abutment (in Newton), and the
horizontal axis shows the horizontal displacement of
the abutment (in mm). In all cases, the abutment
was displaced 2 cm under the horizontal displacement,
which was 10% of the abutment height. As observed in
Figure 11, by increasing the lateral force, the horizontal
displacement of the abutment is increased. In addition,
more piles connected to the abutment by the cable(s)
produce greater lateral force required for the horizontal
displacement. By considering the curves in Figure 11,
it is observed that, in Case (A), in order to displace

Figure 11. Curves of lateral force-displacement for the
head of abutment.
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the abutment to an amount of �0 = 2 cm, it is
necessary to apply the lateral force of F0 = 170 N to
the abutment head. In other words, if the abutment is
subjected to the lateral force of 170 N, the abutment
will be displaced by 2 cm. According to curve (b)
in Figure 11, for the lateral force of F0 = 170 N,
the abutment head had �1 = 10 mm in horizontal
displacement. Based on the comparison of curves (a)
and (b) in Figures 11, it can be concluded that when
the abutment is reinforced by a pile connected to the
cable, its horizontal displacement reaches from �0 =
20 mm to �1 = 10 mm. It means that the horizontal
displacement is decreased by 50%, and this behavior
is very productive for integral bridges. In curves (c),
(d), and (e) of Figure 11, for the load, F0 = 170 N,
the abutment had horizontal displacements of �2 =
5:5 mm, �3 = 3:5 mm, and �4 = 2 mm, respectively.
According to the comparison of curves (a), (c), (d),
and (e) in Figure 11, it is observed that when the
abutment is reinforced by two, three, or four piles, its
displacements are decreased by 72.5%, 82.5%, or 90%,
respectively. By considering the above explanations,
reinforcing the abutment using the pile(s) connected
to the cable results in the horizontal displacement
reduction under constant force. The reduction amount
reaches 90%. This behavior is bene�cial for integral
bridges; since the bridge is subjected to contraction
due to the integrity of the superstructure with the
abutment, the abutment moves away from the back�ll
and results in problems such as an active wedge
failure creation in the back�ll of the abutment. The
active wedge failure leads to an empty zone under the
approach slab that creates several problems for the
bridge. After the contraction and the wedge failure,
in the expansion case in the next summer season, the
abutment is subjected to excessive and unpredictable
stresses that cause damage to the structure of bridges.
Therefore, by reinforcing the abutment with the pile(s)
connected to the cable and, subsequently, by the 90%
reduction of the abutment contraction, the bridge
contraction is hindered considerably by this method.
By preventing the bridge contraction, the wedge failure
is not created in the back�ll. Thus, the problems
resulting from the contraction of the integral bridge
are solved. According to curves (b), (c), (d), and (e)
in Figure 11, when the abutment is subjected to a
horizontal displacement of �2 = 20 mm, the amounts
of required lateral force are F1 = 278 N, F2 = 382 N,
F3 = 444 N, and F4 = 517:5 N, respectively. In other
words, by increasing the number of piles, the required
lateral force is increased. The experiment is carried out
in Case (F), as shown in curve (f) of Figure 11, and is
compared with the procedure in Case (B), as shown
in curve (b) of Figure 11, to recognize the e�ect of
boundary friction on the results. According to curve (f)
in Figure 11, it is observed that the curve is very close

Figure 12. Curves of lateral force-displacement for the
pile connected to cable.

to that in Case (B). Due to the application of special
materials in the internal boundary of the plexiglass, the
boundary friction does not have any sensible e�ect on
the results.

In order to determine the e�ect of the soil-pile
interaction on the load-bearing capacity of the piles,
connected to the cable, in Cases (B), (C), (D), and (E),
load-displacement diagrams were plotted for each case.
By using Eq. (14), the load-displacement diagram for
each pile in Cases (B), (C), (D), and (E) was extracted,
as listed in Figure 12.

FPull � Fabutment

number of piles
= Fpile: (14)

FPull indicates the required force to apply the lateral
displacement of the abutment in the reinforced case to
the pile(s), and Fabutment indicates the required force to
apply the lateral displacement in the unreinforced case.
In Figure 12, the vertical axis shows the lateral force
of the pile connected to the cable (in Newton), and the
horizontal axis shows the horizontal displacement of
the pile connected to the cable (in mm). According to
Figure 12, by increasing the lateral force, the horizontal
displacement of the pile connected to the cable is
increased. Since the distance(s) between the pile(s)
in Cases (E) and (D) is less than that in the other
cases, the soil-pile interaction is increased. The load-
displacement curves related to Cases (E) and (D) are
lower than the other curves. However, in Case (C), the
distance between piles is longer and, thus, the lateral
load-bearing capacity of each pile is increased.

5.2. Soil displacement vectors around the
abutment and buried pile

As discussed in Section 3.4 in order to obtain the
displacement vectors of the soil around the abutment
and the buried pile from both the top and front views,
the digital photography was conducted during each ex-
periment and analyzed by the Geo PIV software. The
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Figure 13. Soil displacement vectors around abutment and pile for Cases (A), (B), (C), (D), and (E) (front view) (all
units in cm).

displacement vectors of the soil around the abutment
and pile are shown in Figure 13.

In Figure 13, to ensure a better resolution of the
displacement vector, the vectors are plotted with a
zoom of 3�. The point with the coordinates (x = 0,
y = 0) shows the location of the abutment head before
the deformation occurs. In the front view, in the
reinforced abutment (Cases (B), (C), (D), and (E)), the
piles are located in x = 40 cm (from the coordinate's
origin). As seen in Figure 13, for all cases, the soil
particles, located at a far distance from the abutment
and pile, are not displaced and will remain in their
initial positions. By approaching the abutment and
pile location, where the soil particles are located near
the pile and abutment, displacement vectors indicate
more displacements than those in other positions.
Therefore, the magnitude of the displacement vectors
in those particles is greater than that of other positions.

According to Figure 13(a), it is observed that in
the unreinforced abutment under the lateral load of
F0 = 170 N, the magnitude of the displacement
vectors of the soil around the abutment is high. In
Case (B), the abutment was subjected to the lateral
load of F0 = 170 N, the magnitude of displacement
vectors of the soil around the abutment is lower than
that in Case (A). However, some large displacement
vectors under the lateral load were created around the
pile. In Case (C), the abutment is subjected to the
lateral load of F0 = 170 N, and the magnitude of the
displacement vectors of the soil around the abutment
is lower than those in Cases (A) and (B); in addition,
the magnitude of the displacement vectors around the
pile under the lateral load is lower than that in Case
(B). In Cases (E) and (D), the abutment is subjected
to the lateral load of F0 = 170 N. The magnitude
of the displacement vectors of the soil around the
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Figure 14. Soil displacement vectors around abutment and pile for Cases (B), (C), (D), and (E) (top view) (all units
in cm).

abutment is lower than those in Cases (A), (B), and
(C). The magnitude of the displacement vectors around
the pile under the lateral load is lower than those in
Cases (B) and (C). Therefore, when the number of
reinforcing piles increases, the magnitude and depth of
the displacements of the soil around the abutment and
pile decrease. Even in Case (E), the displacement of
the soil around the abutment and pile approaches the
very small amount. This behavior is very bene�cial
in integral bridges, because in this behavior, in the
contraction of the bridge, the active wedge is not
created in the soil behind the abutment. Hence, the
most important problem of integral bridges is solved.
According to di�erent cases of Figure 13, it is observed
that by reinforcing and increasing the number of piles,
displacements on the soil surface are decreased. Even
in Case (E), the displacement on the soil surface
approaches zero. This behavior is the reason why that
the damage to the topside of the bridge adjacent to soil
does not take place. This is also very useful for integral
bridges. The investigation of the interaction between
the pile and soil, based on di�erent cases of Figure 13,
indicates that the soil particles located on the right
side of each pile move downwards with the steep angle,
while the soil particles on the left side are displaced
upwards with a salient angle. This procedure is normal,
according to the applied direction of the lateral force.

Another observation is that the maximum hori-

zontal displacement occurs in the pile and abutment
head and decreases with depth. At low depths, the
displacements of soil around the pile and abutment
are very small. In addition, it is observed that the
horizontal displacements of soil particles in front of
the pile are larger than the vertical ones. Vertical dis-
placements occurred on the soil surface in front of the
pile, which exerted great e�ect on pile displacement.
Therefore, investigating the vertical displacement of
the soil in front of the pile is very important. Such
a conclusion was extracted from Hajialilue et al. [35]
research; hence, it can be cited as a general conclusion
in soil behaviorism.

The displacement vectors of the soil around the
piles, from the top view, for Cases (B), (C), (D), and
(E) are listed in Figure 14 in order to investigate the
interaction of the piles with each other.

In Figure 14, these vectors are plotted with 3�
zoom to observe a better resolution of displacement
vectors. To investigate the deformations around the
piles and displacement vectors, a 50-cm plan of the
set (in which the piles exist) was extracted, as plotted
in Figure 14. In this �gure, in Cases (B), (C), (D),
and (E), the row of piles is de�ned to be placed in x
direction, and the load is applied in y direction in the
weak axis of piles. In all cases, the piles are located
on the axis of y = 25 cm. According to Figure 14,
in all cases, soil particles, far away from the piles,
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were not displaced. Therefore, the magnitude of the
displacement vectors related to these particles was zero.
However, in the location of piles, the soil particles
located near the piles indicated great displacement
so that the magnitude of the displacement vectors
of these particles was large. For Cases (B) and
(C), Figure 14 indicates that the soil displacements
in the load direction are larger than those in the
perpendicular direction of the applied load. If the
reinforcing piles are placed in one row, it is recom-
mended that the direction of the wrapping piles be
located perpendicular to the load direction. In this
way, by increasing the number of piles (and, thus,
decreasing the distance between them), the interaction
of the piles is decreased. As a result, the loading
capacity of the piles is increased. Therefore, in this
study, the direction of the piles' location was chosen to
be perpendicular to the load direction. According to
Cases (B), (C), (D), and (E), the more the number of
the piles there are, the less the �eld and magnitude
of displacement occur around the piles (in constant
force). In these cases, the piles have lower interaction
with each other, resulting in the better performance
of all piles. Thus, in Case (E), the displacement of
the soil around the piles is so small (almost zero).
Therefore, this behavior is useful for the soil adjacent
to the bridge and hinders the destruction of the
superstructure.

5.3. Shear strains around the abutment and
buried piles

Figure 15 indicates the shear strain of the soil around
the abutment and buried pile (from the front view).

The coordinate point of (x = 0, y = 0) shows
the location of abutment's head before the deformation
occurs. In the reinforced abutment (i.e., Cases (B),
(C), (D), and (E)), the pile(s) is (are) located at x =
40 cm. The colorful bands, which are shown in all
�gures, indicate the limit of shear strains.

As observed in Figure 15, for all cases, the shear
strain of the soil around the abutment and pile is high.
The created shape of shear strain wedge is triangular
in 2D (in front view). As seen in Figure 15, Case
(A), in the unreinforced abutment which is subjected
to the lateral load of F0 = 170 N, the shear strain
around abutment is high, and the maximum value
of shear strain in this area is about 0.8. In Case
(B), the abutment is subjected to the lateral load of
F0 = 170 N, the amount of shear strain of the soil
around the abutment is less than that in Case (A), and
its maximum value is about 0.5. On the other hand, in
this case, in the soil around the pile, high shear strain
occurred such that its maximum value was about 2.5.
It means that when the abutment is reinforced by a
pile, the value of shear strain in the soil around the
abutment is decreased by 40%; however, in the soil

around the pile, the high shear strain is created. In
Case (C), the abutment was subjected to the lateral
load of F0 = 170 N. The amount of maximum shear
strain around the abutment was about 0.15, which was
less than that in Cases (A) and (B). The amount of
the shear strain in the soil around the pile was about
1, which was less than that in Case (B). In Cases (E)
and (D), the abutment was subjected to the lateral
load of F0 = 170 N. The amount of maximum shear
strain in the soil around the abutment for Case (D)
was about 0.07 and, for Case (E) was about 0.01 which
was less than that in Cases (A), (B), and (C). The
amount of maximum shear strain in the soil around
the pile for Case (D) was about 0.5 and, for Case (E)
was about 0.08 that was less than that in Cases (B) and
(C). When the abutment was reinforced by 1, 2, 3, and
4 piles connected to the cables, the amount of shear
strain in the soil around the abutment was reduced by
40%, 81%, 91%, and 99%, respectively. This behavior
is useful for integral bridges and solves the problems
for the contraction of integral bridges. If the amount of
shear strain in the soil around the abutment is reduced,
the wedge failure is not observed in the soil.

When the abutment was reinforced by a pile (Case
(B)), the maximum shear strain in the soil around the
pile was about 2.5. However, when the abutment was
reinforced by 2, 3, and 4 piles connected to the cables
(Cases (C), (D), and (E)), the amount of maximum
shear strain in soil around the pile was reduced by
60%, 80%, and 97%, respectively. This behavior is so
bene�cial for the soil around the integral bridge under
contraction.

Due to the lateral load direction (which is from
right to left), the shear strain area does not have a
regular form towards the pile location and is inclined
to the left. However, the shear strain made in the soil
behind the pile (right side of the pile) is more than
that in front of the pile (left side of the pile). Such
a conclusion was extracted from Hajialilue et al. [35]
research; hence, it can be cited as a general conclusion
in soil behaviorism.

In order to investigate the interaction of the piles,
the shear strain of the soil around the piles, from the
top view, was considered for Cases (B), (C), (D), and
(E) (shown in Figure 16).

The coordinate axes and the direction of the piles'
location in Figure 16 are the same as those in Figure 14.
According to Figure 16 and Cases (B), (C), (D), and
(E) (from the top view), it can be observed that the
back and front of the pile area (in which the shear strain
occurred on it) has a circular shape. In front of the pile,
there was an area where a pile under the lateral load
moved in its direction. The back zone was considered
as the area where a pile under the lateral load moved
away from it. According to Figure 16, the circular area
that was created in the front zone of the pile was larger
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Figure 15. Soil shear strain around abutment and pile for Cases (A), (B), (C), (D), and (E) (front view) (all units in cm).

than the circular zone related to the back area of the
pile. When these 2D circular and triangular areas were
combined (in Figure 15), a conical shape was formed in
the three-dimensional space. Therefore, the failure area
of the active and passive zones was conical in shape,
as approved by the latest studies [35]. Hajialilue et
al. [35] concluded that the shape of the wedge failure
around the pile under the lateral load was conical by
examining the behavior of the soil around the pile
under the lateral load. The schematic diagram of the
wedge failure, achieved by using the PIV method, is
shown in Figure 17. In the present study, by examining
the shear strain diagrams from the top view (Figure 15)
and the front view (Figure 16) and their combination,
it is shown that the shape of the failed wedge is conical.
Therefore, by comparing the results of this research and

the research done by Hajialilue et al. [35], a general
conclusion in soil behaviorism is obtained, which is the
conical shape of the failed wedge in the soil around the
pile under the lateral load.

According to Figure 16 and Cases (B), (C), (D),
and (E), it is observed that by increasing the number of
piles, the amount of shear strain on the soil is decreased
considerably so that the amount of maximum shear
strain on the soil in Case (B) is about 0.5. However,
the amount of shear strain on the soil in Case (E) is
about 0.04, which is a very low value and indicates the
reduction by about 92%. In other words, by increasing
the number of reinforced piles for the integral bridge,
the amount of shear strain on the soil is decreased
considerably. This behavior is useful for the pavement
above the pile.
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Figure 16. Soil shear strain around pile for Cases (B), (C), (D), and (E) (top view) (all units in cm).

Figure 17. Proposed 3D model of passive zone of
soil [35].

6. Summary and conclusions

The e�ects of an integral stub abutment bridge rein-
forced by a pile, connected to the cable to hinder the
contraction of an integral bridge, were investigated by
modeling it in the laboratory. Then, the models were
analyzed. Since the most important issue of integral
bridges is the soil behavior around the bridge, in this

research, the PIV method was used for conducting
experiments. In this method, soil behavior around stub
abutment can be investigated. By investigating the
results of the experiments of reinforcing an abutment
by a pile connected to the cable(s), the following results
can be concluded:

- The lateral displacement of the abutments head was
hindered considerably. By increasing the number
of reinforced piles, the magnitude of the lateral
displacement was decreased; accordingly, when the
abutment was reinforced by four piles connected to
cables, the magnitude of the lateral displacement of
the abutment's head was decreased by about 90%;

- The magnitude of the displacement vectors of the
back�ll decreased considerably; increasing the num-
ber of piles caused lower displacement of the back�ll;

- In the soil around the pile, the displacement was cre-
ated. When the number of the piles was increased,
the magnitude of soil displacement around the pile
was decreased;

- The shear strain created in back�ll was decreased
considerably such that increasing the reinforced piles
led to lower shear strain;

- In soils around the pile, the shear strain was created
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when the number of reinforced piles was increased;
the amount of the shear strain of the soil around the
pile was decreased. In addition, the failure area of
the active and passive zones (in soils around the pile)
has a conical shape.

The contraction of integral bridges is one of the
most important problems of integral bridges so that,
during the bridges contraction, the abutment will move
far from the back�ll. This leads to the active pressure
in the back�ll behind the abutment. The active
pressure created in the back�ll leads to active wedge
failure. This wedge failure makes many problems in
the bridge including the empty area under an approach
slab. Therefore, excess and unpredictable forces on the
abutment occurred. In this study, by using the pile,
the lateral displacement of the abutment was controlled
against the force (due to the bridge contraction).
Therefore, the magnitude of displacement vectors and
shear strains of the soil around the abutment sharply
decreased. Therefore, wedge failure in the back�ll was
prevented. In this way, the problems caused by the
wedge failure in the back�ll of the integral abutment
bridge were eliminated. In this research, granular soil
behavior was investigated. The results of this research
are limited to these soils.
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