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ABSTRACT: Maintenance of a bridge structure is still the main issue in Indonesia due to the high cost of
maintaining the elastomeric bearing especially in the remote area. Integral abutment bridges are becoming
popular because the elastomeric bearings are eliminated, which can reduce the maintenance costs. Pre-bored
pile foundation system is a typical foundation for integral bridge abutment to supports lateral displacement due
to thermal expansion of the girder bridge. Pre-bored pile foundation system can be used to increase the pile
flexibility using a pre-bored hole that filled with elastic materials such as bentonite slurry, loose sand or gravel.
Some of the integral abutment bridges foundation design has proposed, but the previous studies only focus on
the structural system, the soil characteristic behavior and soil response due to this system are still rarely
explained. Therefore, it is necessary to examine the effects of cyclic loads on the filler material inside the prebored ring. The soil behavior for ground soil and filler material due to cyclic lateral loading were performed
using macro-scale testing. In this paper, a series of two-way lateral cyclic loading tests were performed to
evaluate the effect of slow cyclic lateral loading on the filler material behavior of the pre-bored pile foundation
system. The experimental setup is explained in details, and the results are presented in the form of normalized
bending moment and maximum lateral capacity charts against the number of cycles. Moreover, the
densification effect of the filler material inside the pre-bored system due to the cyclic loading was evaluated.
Keywords: Pre-bored pile foundation, Filler material, Cyclic lateral loading, Experimental test

bridge and it needs to be considered in the design
approach. More than half of the state highway
agencies in the United States of America have
accepted the design of integral abutment bridges,
but all have limitations on a safe length for such
bridges [2]. Based on [3], the integral abutment
bridge was not mentioned clearly, but it mentioned
that all bridge design should be considered for the
thermal movements of the girder. The foundation
system of the integral bridge needs to consider on
the girder displacement due to thermal expansion
that allowed in this system. Pile foundation needs to
be more flexible because there is no elastomeric
bearing which is provided in a conventional bridge.
There is no general standard design to analyze the
foundation system of the integral bridge and it is
still developed by researchers.
The integral abutment bridge causes the pile
foundation connection to become fixed. However,
it will cause relatively high pile stresses and
bending moment due to lateral displacement of the
bridge. In order to reduce the stresses, the
connection between abutment and girder can be
design as a pinned-head or create a hinge
connection. The other method is attaching the piles
in pre-bored holes (also called predrilled or preexcavated) as shown in Fig. 1. Based on [4], it

1. INTRODUCTION
Maintenance of a building in Indonesia is still
the main issue. So many infrastructures are built,
but long-term consideration about the maintenance
of a building is still neglected. The bridge structure
is a building that needs to be maintained, especially
for the elastomeric bearing. The elastomeric bearing
of a bridge was made from rubber combined with
steel plate. In order to maintain this elastomeric
bearing, the girder of the bridge needs to be lifted
upward using heavy equipment that needs a high
cost. Integral abutment bridges are becoming
popular around the world, but the standard design is
different from one country to another. This causes
the different technical approach design to solve the
same problem in every country. Conventional
bridges are designed with elastomeric bearing and
other structural releases that allow the girder to
expand or shrink freely due to environmental
thermal force.
The integral-abutment bridge is less expensive
because elastomeric bearings are eliminated in the
bridge deck which reduces the initial construction
and maintenance costs [1]. However, when the
elastomeric bearing and other structural releases are
eliminated, thermal forces are followed into the
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shows that the Iowa Department of Transportation
in 2006 proposed the pre-bored hole diameter is
twice of the pile diameter with 3.05 m of depth. The
depth of the holes can be changed for the special
condition. The pile was installed on the pre-drilled
hole followed by inserting the ring in the hole. The
area between pile and ring was filled with the elastic
filler material to maintain the displacement of the
pile due to lateral loads. A steel or concrete ring
should be placed in the hole to separate the filler
material and ground soil. This ring is expected to
maintain the filler material properties inside the
hole in long-term conditions due to cyclic loading.

2. METHODOLOGY
Macro-scale testing of single pile model was
performed to determine soil behavior due to cyclic
lateral loading and to evaluate the effectiveness of
this system.
2.1 Properties of Soil and Pile Model
The soil, used in this experimental study, is
Toyoura sand, Kumamoto sand of K7 (fine sand)
and Mixed soil (K4 and K7 soil) as a filler material
which has uniformity coefficient range from 1.24 to
4.67. The index properties of each soil are given in
Table 1. Fig. 2 shows the grain size distribution of
the soil sample used in this study.
Table 1 Index properties of soil
Soil properties

Toyoura

K-7

Mix
Soil

D50 (mm)

0.18

0.17

0.29

Uniformity, Uc

1.40

2.96

4.67

ρmax (gr/cm )

1.60

1.51

1.63

ρmin (gr/cm3)

1.31

1.18

1.30

3

Fig. 1

Typical design of integral abutment bridge
with a pre-bored hole system.

The thermal loading, equivalent to a change in
temperature up to 42 °C, is corresponded to a
change in displacement up to 0.023 m (about 6-7%
of pile dimension) with pile dimension design of
0.376 m x 0.356 m as shown in [5]. They suggested
a galvanized steel sleeve of 0.6 m in diameter filled
with sand is sufficient for accommodating the
lateral pressure from the girder bridge due to
thermal loading. The holes in empty condition may
cause long-term maintenance problems, so the holes
should be filled with an elastic material, such as
bentonite, loose sand, or pea gravel. The previous
researchers only focus on the structural system, but
the behavior of soil and soil response due to the
flexible piling design is still rarely explained. The
characteristic of filler material and standard design
of this foundation system is still in development.
In this study, the effectiveness of filler material
properties such as soil uniformity and density are
evaluated to reduce the pile bending moment. The
effective dimension of the pre-bored hole that can
maintain the bending moment along the pile also
evaluated in this research. The appropriate filler
properties and dimension of this system are
expected to reduce the bending moment along the
pile due to lateral displacement loading which can
solve the problem on the integral abutment bridge
foundation. The effective system will be evaluated
by considering the soil behavior due to cyclic lateral
loading on the pile foundation.
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20%
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0%
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1

10

Grain Diameter (mm)
Fig. 2

Grain size distribution of soil

The pile and ring models are manufactured from
a closed-end aluminum alloy pipe. The outer
diameter (D) of the pile model is 15 mm with a
thickness of 1.2 mm and 450 mm of pile length.
Three different ring diameters (d) of 45 mm (3D),
60 mm (4D), and 75 mm (5D) with a thickness of 2
mm. Based on [6] the lateral performance of a pile
was highly affected by the stiffness of the surface
with the layer depth ratio (x/D) of 2. However, the
plastic deformation still occurred in this area that
inflicts the changing of soil properties due to cyclic
loading [7]. So, in this experiment, 150 mm (10D)
of ring length is used.
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Young’s Modulus of the used aluminum alloy
pile model is 7x1010 kN/m2. Equivalence law is
used for designing pile material, dimensions,
loading speed and displacement. The scaling
formula as shown in Eq. (1), proposed by [8] is used
in this research.

Em I m 1
=
E p I p n5

foundation model test, pile head displacement of 1
mm (about 6% of pile diameter) was applied to
evaluate the behavior of soil and pre-bored pile
structure impacted by girder displacement due to
thermal force. The cyclic lateral load is applied by
frequencies of 0.025 Hz. It is applied until 50 times
of cycles (N=50) in all experiments, so it can
illustrate the impact of the slow cyclic lateral
displacement loading of a girder bridge. The
bending moment, lateral load capacity, and
horizontal displacement were measured and
monitored during the test.
Three experimental characteristics were
conducted in this experimental study, pre-bored
ring filled with different soil density, pre-bored pile
filled with different soil type, pre-bored pile with
different ring diameter ratio (d/D). All of the cases
were tested with two-way symmetric cyclic lateral
loading of 1 mm on the pile head until reach 50
times of cyclic loading. The detailed test cases (10
tests) and the associated test conditions are
represented in Table 2.

(1)

Where: Em is the modulus of elasticity of pile
model, Ep is the modulus of elasticity of prototype
pile, Im is the moment of inertia of model pile, Ip is
the moment of inertia of prototype pile, and n is the
scale factor for length.
2.2 Experimental Test Setup
Laboratory test setup which is used for testing
during the experimental course in this study is
shown in Fig. 3. The testing equipment consists of
a testing tank that is made from an acrylic plate, and
it is supported by a steel frame. The cyclic loading
device and measuring device are used to record data
and control the number of lateral displacement load
applied on the pile head. The laboratory test was
performed using a pile model test inserted in sandy
soil. On the top area of the pile, a ring was placed
and filled with filler material that has different soil
grain size and uniformity coefficient. Lateral cyclic
displacement was applied to the pile head.

Pile head displacement,
y (mm)

2
1
0
-1
-2
0
Fig. 4

20

40
Time, t (s)

60

80

Typical sinusoidal loading pattern.

Table 2 Number of experimental tests conditions.
Pre-bored system
(Ground soil: K7 sand, Dr=80%)
Test
ID
OL01

Fig.3

Experimental test setup.

2.3 Testing Procedure
The sinusoidal harmonic lateral displacement
applied to the pile head model during experimental
testing as shown in Fig. 4. Two-way symmetric
cyclic lateral loading is applied on two opposite
sides of a pile head model to provide horizontal
deflection on the pile head. In case of pre-bored pile
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1-Layered
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(%)
80

-

Load
freq. (Hz)
0.025

PB01

Toyoura

40

4

0.025

PB02
PB03

Toyoura
Toyoura
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4
4

0.025
0.025

PB04
PB05
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Toyoura
Toyoura
Toyoura

70
70
70

3
5
4

0.025
0.025
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PB07
PB08
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Mix soil
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70
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4
4
4
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density, the lateral capacity and (Kh)i were increased,
but it is not in a significant different from the first
cycle until 50 times of the cycle. It indicates that the
cyclic loading leads to improve the properties and
reduction of the void ratio of filler material inside
the ring. The soil particle was moving and causing
the hardening of soil. Consequently, enhancement
of soil properties occurs for loose sand and
confining pressure increases during cyclic loading.
On the other hand, the 70% and 90% of density
provide a stable lateral capacity and (Kh)i until 50
times of cyclic loading.

3. RESULTS AND DISCUSSIONS
The main focus of this experiment is the
measurement of the pile bending moment and
lateral load capacity which is periodically
monitored by using attached strain gauges along the
pile. To investigate the effect of filler material to the
lateral capacity of the pile, the initial modulus of
soil subgrade reaction (Kh)i was generally calculated
by using the Eq. (2).

(K h )i =

∆H
∆y.D

(2)
50

Where ∆H is lateral load, ∆y is lateral
displacement and D is the diameter of the pile.
Initial modulus of soil subgrade reaction (Kh)i has an
essential role in calculating lateral pile capacity [9].
The normalized bending moment, which is the ratio
of the measured bending moment to the yielding
moment of pile material (Mm/My), were estimated.
The bending moment is calculated from the bending
strain measured at various points along the length of
the instrumented model piles using the Eq. (3).

EIε
Mm =
r

Toyoura, Dr=40% N=1
Toyoura, Dr=70% N=1
Toyoura, Dr=90% N=1

Lateral loading (N)

40
30
20
10
0
-10
-20
-30
-40
-50

(3)

-1.5

-1

-0.5

0

0.5

1

1.5

Displacement (mm)
Where E is Young’s modulus of the model pile
material, I is a moment of inertia of the model pile,
ε is measured bending strain and r is horizontal
distance between strain gauge position (outer
surface of the pile) and neutral axis. Yielding
moment (My) of the pile model is calculated by
using Eq. (4), with σy is yield stress of model pile
material.

σ yI
r

Hysteretic lateral displacement curve for
the pre-bored system filled with different
soil density
8.0E-06

Normalized lateral laod,
H/(Ap.Ep)

My =

Fig. 5

(4)

3.1 Lateral Capacity of Pile
Results of cyclic lateral load-displacement tests
for the pre-bored system with different filler
material density of 40%, 70%, and 90% are shown
in Fig. 5. The change of maximum lateral pile
capacity during the cyclic loading is shown in Fig.
5. It was observed that the maximum lateral pile
capacity at the first time of cyclic loading reached
to 19.68 N, 21.63 N, and 24.79 N for each density
of 40%, 70%, and 90%. Based on Fig. 5, it can be
noticed that the filler material with 40% of density
generates a lowest lateral capacity and also the
lowest value of (Kh)i. However, these values
significantly increase with increasing of loading
cycles number (N) as shown in Fig. 6. For another

7.0E-06
6.0E-06
5.0E-06
Dr=40% (PB01)
Dr=70% (PB02)
Dr=90% (PB03)

4.0E-06
3.0E-06
1

Fig. 6

10
Cycle time

100

Effect of soil density on the lateral capacity
of pre-bored pile system

3.2 Effect of Soil Type
The effect of soil type also evaluated to
determine the effect of filler material properties that
can maintain the pile bending moment during the
lateral cyclic loading. Three types of soil with
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uniformity coefficient in a range of 1.40 to 4.67
were used as filler material. Toyoura sand with the
lowest and Mix soil with the highest uniformity
coefficient. The result was shown in Fig. 7. Based
on Fig. 7, the K7 soil provides the lowest and
Toyoura sand provide the highest bending moment
at the first time of loading (static load).

deformation occurred on the soil, as shown in Fig.
8, that reduced the soil-pile interaction.
Based on Fig. 8, it shows that the plastic
deformation occurred after cyclic loading number
(N) of 20 and it increases until 50 times of cyclic
loading. This plastic deformation effect on the soilpile interaction that reduces the soil resistance on
pile during the lateral cyclic loading.

Normalized bending moment,
Mm/My

0.35

3.3 Effect of Ring Diameter

0.33

The plastic deformation of soil was created on
the soil surface due to cyclic lateral loading. It was
extended laterally as a shape of an ellipse with
major and minor axes of 6D and 4D after applying
50 two-way lateral cyclic loading with 3 mm of pile
head displacement [10]. Based on the test results of
the one-layered test with 1 mm pile head
displacement (OL01), the plastic deformation width
of soil is about 30-40 mm, or 2 to 3 times of pile
diameter as shown in Fig. 9. Three types of ring
diameter were used in this experimental study. The
ring diameter ratio, the ratio between ring diameter
(d) and pile diameter (D), of 3D, 4D, and 5D were
used to determine the effect of ring diameter on
filler material behavior due to cyclic lateral loading.

0.31
0.29
Toyoura 70% (PB02)
K7 70% (PB08)
Mix soil 70% (PB09)
1 Layer K7 80% (OL01)

0.27
0.25
1

Fig. 7

10
Cycle time

100

Effect of soil uniformity on bending
moment of pre-bored pile system

Fig. 9

Conditions after 50 times of loading with
pile head displacement of 1 mm.

Fig. 8

Normalized bending moment,
Mm/My

0.35
Plastic deformation after cyclic loading
applied.

However, the value of bending moment on K7
soil is increased significantly during the cyclic
loading. This occurred due to the K7 sand consists
of some fine particles that are filled the particle void
during the cyclic loading and increase the stiffness
of soil. The Mix soil which has a well-graded
particle distribution provide the small bending
moment and increases with the increasing of cycle
number. However, after 20 times of cyclic loading,
the values of bending moment are reduced until the
end of loading. This happened due to the plastic

0.33
0.31
0.29
N=10
N=30
N=50

0.27

N=20
N=40

0.25
2

3
4
5
Ring diameter ratio (d/D)

6

Fig. 10 Effect of ring diameter due to cyclic
loading.
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The effect of ring diameter on the bending
moment of the pile during the cyclic loading is
shown in Fig. 10. Based on Fig. 10, the bigger
diameter of the ring provides a smaller bending
moment of the pile during the cyclic loading. The
ring diameter ratio lower than 4 provides a similar
result of bending moment during the cyclic loading.
It indicates that the bending moment of the pile can
be affected by attachment of pre-bored ring.
However, the ring diameter inside the plastic
deformation area of soil is not recommended
because it can inflict the movement of the pre-bored
ring.

Table 3 Input parameter for 2D FEM analysis
Soil properties

Toyoura
(Filler)

K-7

Dry density (kN/m3)

14.72

14.13

Cohesion (kN/m2)

0.91

0.11

Friction angle, φ (°)

36.67

38.03

Elastic modulus (kN/m2)

12685

7590

Poisson’s ratio, ν

0.26

0.25

Dilatancy angle, ψ (°)

7.61

7.30

3.4 Comparison of Experiment and Numerical
Analysis
2.5E-06
Numerical analysis using 2D Finite Element
Analysis (FEM) was performed to evaluate the
effect of pre-bored ring diameter when monotonic
lateral loading applied on the pile head. In this
numerical analysis, the pile assumes as a continuous
wall in plain strain conditions. Geometrical
idealization used for soil analysis according to
equivalent pile stiffness method and soil conditions
idealized by the hardening soil model. In this
analysis, the wall thickness is same with the pile
model width, and the equivalent stiffness of the wall
(Eeq) is the average of pile and soil stiffness [11] as
shown in the Eq. (5).

Eeq =

E p Ap + Es As
At

Experimental Test (PB06)
2D FEM Analysis

H/(Ap.Ep)

2.0E-06
1.5E-06
1.0E-06
5.0E-07
0.0E+00
0

0.2
0.4
0.6
0.8
Displacement (mm)

1

Fig. 12 Comparison between experimental and 2D
numerical analysis

(5)

3.0E-06

H/(Ap.Ep)

Where, Ep, Ap, Es, As, At are pile stiffness, pile
area, soil stiffness, soil area and the total area of pile
and soil. The initial condition of the numerical
model is shown in Fig. 11. The parameter input is
conducted based on the Triaxial consolidated
drained (CD) laboratory test. The input parameters
used in the modeling are shown in Table 3.

Experimental Test (PB06)
2D FEM Analysis

2.0E-06

1.0E-06

0.0E+00
2

3
4
5
Ring diameter ratio (d/D)

6

Fig. 13 Effect of ring diameter on the experimental
test and 2D FEM analysis conditions
The result of 2D FEM analysis is shown in Fig.
12 compared to the experimental test for monotonic
loading condition. Based on Fig. 12, the result of
normalized lateral loading, H/(Ap.Ep), for both
numerical and experimental test provide a similar
relation. The comparison of normalized lateral
loading, H/(Ap.Ep), between 2D FEM analysis and
experimental results are shown in Fig. 13. The
changing of the pre-bored ring diameter results the

Fig. 11 Finite Element Method (2D) analysis mesh
95

International Journal of GEOMATE, June 2019, Vol.16, Issue 58, pp.90 - 96

bigger diameter of the ring provides a smaller lateral
load, H, for both experimental and 2D FEM
analysis in monotonic loading conditions. The ring
diameter ratio lower than 4 provides a similar result
of lateral pile capacity. It indicates that the lateral
pile capacity of pile also affected by of pre-bored
ring dimension. The gap between 2D FEM analysis
(plain strain) and experimental test (1g model)
results occurred due to the effect of boundary
conditions from each analysis.
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4. CONCLUSIONS
The filler material with low uniformity (uniform
soil) provides a stable bending moment value
during the cyclic loading. On the other hand, the
utilization of filler material using non-uniform soil
is difficult to maintain the filler properties because
the soil hardening has occurred during the cyclic
loading. This soil hardening inflicts a plastic
deformation on the top area of the pile and it is
effected on the soil-pile interaction that reduces the
soil resistance on pile during the lateral cyclic
loading.
Filler material with low uniformity coefficient
and medium or high density provide a stable pile
performance during the cyclic loading. So, it can
maintain the lateral displacement due to thermal
expansion on the integral bridge abutment
foundation system. The effective diameter of the
ring is recommended more than the plastic
deformation area of the soil for a shallow depth of
ring to separate the filler material inside the ring and
ground soil. In this research there is a limitation of
data to evaluate the system, further data is required
to get comprehensive results in the future.
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