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In this paper, the capability of 3D nonlinear finite
element models is validated by single pile and 5x3
pile group filed experiments that is subjected to
cyclic lateral loading. Then, a series 3D finite
elements models are built to analyze the effect of
the number of cycles of lateral loading, pile
spacing, and pile group arrangement. The results
have shown that the number of cycles affected the
pile-soil system stiffness seriously, and the pile
group effect became insignificant asthe increase of
pile spacing, while this effect became more
significant with the increase of the pile group
arrangement. In practical engineering, the pile
spacing and pile group arrangement should be
considered and chosen carefully.

1 Introduction

Pile foundations are commonly used to support
various important structures such as bridges,
highways, and tall builds. These kinds of structures
are usually subjected to cyclic lateral load caused by
wind, waves, and earthquakes. In order to investigate
pile behavior under lateral load, few experiments
have been conducted. For example, Brown et al. [1]
finished large-scale lateral loading tests on a 3x3 pile
group and an isolated single pile that were
constructed in dense sand and stiff clay. Morrison
and Reese [2] finished similar tests on 3x3 pile group
in medium dense sand. Similarly, Rollins et al. [3]
finished full scale lateral load tests on 3x3, 3x4 and
3x5 pile groups that were located in sand and on clay
ground. McVay et al. [4] studied pile group behavior
in medium loose and medium dense sand ground
using centrifuge tests. However, due to the high costs
and logistical difficulty of conducting cyclic lateral
load tests on the pile groups, most of these full-scale
and centrifuge load tests are focused on a narrow
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aspect of this problem. For example, most of the
experiments were performed on 3x3 free-head pile
groups with the center-to-center spacing of three pile
diameters (D), and most of the experiments did not
consider the effect of pile type, pile group
configuration, pile spacing and so on.

Numerical method, such as finite element (FE)
method, plays an important role in studying the
behavior of pile subjected to lateral load and is much
cheaper than the field and centrifuge tests. There are
numerous studies in the literatures concerned with
the application of the FEM for piles subjected to
lateral cyclic loads [5-9]. However, the main purpose
of the research is to validate the proposed
constitutive model or developed algorithm. Few of
them attempted to analyze the behavior of piles
subjected to cyclic lateral load and to investigate the
factors affecting the behaviors.

In view of this, a series of FE models have been
established to systematically analyze pile group and
single pile behavior under cyclic lateral load. In the
presented paper, the capability of the 3D nonlinear
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FE model in predicting pile behavior is firstly
validated by full-scale field tests on a 5x3 pile group
and single pile. After that, based on the capability of
the proposed numerical method, the parameters that
affect the response of piles under cyclic lateral load,
such as the number of cycles of lateral loading, pile
spacing, and pile group arrangement, are studied
systematically.

2 Brief descriptions of the full-scale field
experiments

Two full-scale in-site tests on a single pile and 5x3
pile group subjected to multistage cyclic lateral
loading were conducted by Walsh [9] of Brigham
Young University. The test site was located near the
Salt Lake City International Airport. The 5x3 pile
group experimental setup is show in the Fig. 1. For
the two tests, all piles were made of steel pipes, with
an outer dimension of 324 mm, a wall thickness of
9.5 mm. The total length of tested piles was 13.683
m, and the parts of the above ground surface were 483
mm. The pile moment of inertia () was 1.43x108
mm?* for piles of the two tests. For the pile group, the
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pile spacing was 3.92 D (pile diameter) in
longitudinal (X) direction and 3.29 D in transverse (Y)
direction, respectively.

Cone penetrometer test (CPT), standard penetration
test (SPT), pressuremeter test (PMT), vane shear test
(VST) and general laboratory tests were conducted to
determine the soil classifications and parameters of
the test site [9]. According to the results of the above
tests, the soil profile used in numerical computer
model can be idealized as follows: 0-2.4 m refilled
sand, 2.4-4.6 m soft clay, 4.6-6.3 m sand, 6.3-8 m soft
clay, and below 8 m sand. The depth of water table
was 2.1 m.

The test was performed using a displacement
controlled approach, the target displacements were 6,
13, 19, 25, 38, 51, 64, 76, and 89 mm which were
applied ten times respectively. The lateral load was
applied slowly, which can be considered as static
load. Due to an accident that happened during the
application of 51 mm, the data of 51 mm and above
are not reliable. The pile behavior under target
displacements of 6, 13, 19, 25, 38 mm were analyzed
during the numerical calculation.
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Figure 1. In-site experimental setup (after Walsh).
Table 1. Parameters of soil model
Soil laver Thickness  Density Shear Poisson’s Cohesion Friction
Y of layer (t/m®)  modulus (kPa) ratio (kPa) angle (°)
Sand 24 1.67 55,000 0.4 0 40
Clay 2.2 1.91 87,000 0.4 30 0
Sand 1.7 1.81 105,000 0.4 0 38
Clay 1.7 1.91 129,000 0.4 30 0
Sand 8.0 1.67 155,000 0.4 0 40

3 The finite element model
3.1 The finite element mesh

The above described single pile and 5x3 pile group
in-situ cyclic lateral load tests were modeled using

OpenSees [ 10] that is an object-oriented, open-source
FE analysis framework. The piles in single pile and
pile group tests were all assumed to be linear elastic,
while the soil domain behaved elastic-plastic under
the cyclic loading. Only half of each model was
meshed using symmetry considerations, as shown in
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Figs. 2a and b. The soil domain was modelled by
eight-node brick elements and the piles were
modelled by beam-column elements and placed at
their centers. As shown in Fig. 2¢, the beam-column
elements (rigid links) perpendicular to piles were
used to represent the pile cross-sectional spatial
domains (diameters).

Figure 2. Finite element modeling: (a) singlepile; (b)
pile group; and (c) pile simulation.

The length of links were equal to pile radius, and 8
links were used around each pile node. Rigid links’
nodes were tied away from pile centerline to the
coincident nodes of the adjacent 3D soil brick
elements in the three translational degrees of freedom
using equalDOF constraints in OpenSees [11-12].
The other node of rigid link shared the same node
with pile. These links were defined to 10* time stiffer
than the pile elements.

3.2 Boundary condition

The boundary conditions of single pile and pile group
models were the same. The base boundary was
modelled using fixed boundary, i.e., the longitudinal
(X), transverse (Y), and vertical (2) directions were all
fixed. The left, right and back sides of the models
were fixed in X and y directions, which means that the

soil domains could get deformed in vertical direction
freely. The plane of symmetry was fixed in y
direction.

3.3 The constitutive model

Two kinds of soil constitutive models are used in this
FE analysis. Pressure-IndependMultiYield
constitutive model (PIMY) [13] and Pressure-
DependMultiYield constitutive model (PDMY) [14]
are chosen to describe the behavior of sand and clay
respectively. These two models are based on multi-
yield-surface plasticity and formulated in effective
stress space. The PIMY model is used to simulate
monotonic or cyclic response of materials, such as,
clay or organic soils. The shear behavior of this type
of soils is insensitive to the confinement change. This
constitutive model is an elastic-plastic model and the
plasticity exhibits only in the deviatoric stress-strain
response. The volumetric stress-strain response is
linear-elastic and independent of the deviatoric
response. A set of Von Mises yield surfaces with
different sizes have been adopted in this model to
define the hardening zone of the model. Nonlinear
kinematic hardening and associative flow rules are
employed to reproduce hysteretic behavior. The
PDMY model is an elastic-plastic model which is
used to simulate the essential response of pressure
sensitive soil materials. In this model, a set of
Drucker-Prager multi yield surfaces with a common
apex that form the hardening zone of the model.
Nonlinear kinematic hardening and non-associative
flow rules are employed to reproduce the dilatancy
effect. These two multi-surface models have been
extensively calibrated and validated using on various
laboratory tests [15] and centrifuge test [16] and
could be used to model soil behavior under static and
dynamic loading.

3.4 Soil parameters

In the finite element model, PIMY constitutive laws
are adopted to simulate behavior of soil layers 2 and
4 (clay), while the PDMY constitutive laws are
employed to model behavior of soil layers 1, 3, and 5
(sand). Material constitutive parameters were
determined for the five soil layers by SPT results and
general laboratory sample test data (for example,
undrained shear strength test, unit weight test, and
gravity test.), all the original data could be obtained
from reference [9]. The main soil parameters include
the unit weight, shear modulus friction angle, and
cohesion are listed in Table 1. For the clay (layers 2
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and 4), these soil parameters are sufficient to
characterize completely the pressure independent
model. In the case of the PDMY model, in addition
to the parameters listed in Table 1, other parameters
governing the dilatancy and contraction behavior
cannot be measured directly using laboratory test.
The recommended values given by Lu [17] were used
in this analysis.

4 Verification of numerical model
4.1 Single pile
The comparison between the numerical calculations

and the measured results reported by reference [9] is
shown in Fig. 3.
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Figure 3.Load versus displacement time history at
pile head.

There is an excellent comparison between the
numerical results and the field test data. Even at
larger displacements, the distinction between the
numerical and the experimental results is less than
8%, which is within reasonable limit in view of the
variability of soil properties.

4.2 5x3 pile group

The numerical calculations and experimental results
of pile head load versus deflection for each row in the
5x3 pile group are presented in Fig. 4. In general,
good agreements are achieved between the numerical
calculations and test results for each row of pile
group. However, the numerical results of leading and
second row are a little lower than the test results. The
distinction between the numerical and the
experimental results of the second row is less than
13%, which is acceptable.

The numerical results of both single pile and pile
group matched reasonably well the test data. Hence,
it could be concluded that the numerical scheme
adopted in the present investigation is capable of
modeling the pile-soil interaction under lateral load.
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Figure 4.Numerical and experimental load versus
displacement for each row in pile group.

5 Parametric study

Based on the numerical models mentioned above, a
series of numerical models were developed to
investigate the effect of number of cycles of load, pile
spacing, and number of piles in group. The models
were designed as follows:

(1) Effect of number of cycles of load: single pile
with number of lateral cyclic load 10 times, and target
loading displacements 6, 13, 19, 25, 38 mm.

(2) Effect of pile spacing: 5x3 pile group with S/D
(spacing to diameter ratio) equal to 2 to 8, number of
lateral cyclic load 10 times, and target loading
displacements 6, 13, 19, 25, 38 mm.

(3) Number of piles in pile group: 1x2, 2x2, 3x3, 5x3
pile group with S/D equal to 3, number of lateral
cyclic load 10 times, and target loading
displacements 6 mm, 13 mm, 19 mm, 25 mm, and 38
mm.
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5.1 Effect of number of cycles of loading

Based on the numerical model mentioned above, the
complete load versus pile head displacement time
history is shown in Fig. 5. The peak load versus
displacement under each cycle is shown in Fig. 6.
From these two figures, it can be concluded that the
load-displacement behaviour under the cyclic lateral
load is highly nonlinear and as the increase of number
of loading cycles, the degree of nonlinearity becomes
stronger, which may be attributed to the decrease of
pile-sand stiffness.
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Figure5.Complete load versus pile head
displacement time history.
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Figure6.Pile head load versus pile head
displacement of cycle 1 to cycle 10 for
single pile.

In order to quantify the decrease system resistance
with cyclic load, the definition of pile-soil stiffness K
given by the equation:

AF
K="1 1
AL (1)

Where AF is the change in force between two sets of
data and AL is the change in deflection corresponding
to those forces. In other words, AF is merely the
maximum load developed against the pile for a given
cycle, and AL is the deflection at the same time step.
The average of normalized stiffness with cycle
number at various target deflection is shown in Fig.
7. In general, the stiffness of soil-pile system reduces
as the increase of number of loading cycles at various
target displacements, and nearly half the loss of
stiffness that occurred in all ten cycles takes place
during the first cycle.
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Figure7.The average of normalized soil-pile
stiffness with the cycle number at various
target displacements.
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Figure 8. Bending moment versus depth at various
target displacements for cycle 1 and cycle
10.

Comparison of bending moment versus depth at
various target loading displacement (6 mm, 13 mm,
19 mm, 25 mm, 38 mm) for cycle 1 and cycle 10 is
presented in Fig. 8. For each target displacement, the
first cycle requires the pile to sustain more bending
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moment than the corresponding tenth cycle, which is
due to the soil soften effect adjacent to the pile and
development of the gap between pile and the
surrounding soil. It is also observed that the depth of
maximum bending moment point along the pile
increases, as the development of target gets
displaced. This is caused by the gap around the pile
getting deeper, as the number of loading cycle
increases.

5.2 Effect of pile spacing

The average pile head load versus displacement
curves obtained from a 5x3 pile group (with various
pile spacing) and a single pile are shown in Fig. 9. It
should be noticed that the data of the pile group are
averaged values. For a given target displacement (for
example, 38 mm), the load of the pile group with pile
spacing S/D=S8 is the largest one, while the pile group
with S/D=2 sustains the least lateral load. This
phenomenon is attributed to a group effect caused by
overlapping of stress zones. For closely spaced pile
groups (for example S/D=2), once the piles of group
are subjected to lateral load, the entire soil enclosed
by the pile group moves as a single block in one
direction. Under the cyclic lateral load, the soil
enclosed especially by the piles of group is
remodelled and softened. While, for the large spacing
pile group, the portion of the soil between thegroup
of pile is relatively uneffected. This is due to the fact
that the distances between the piles are large enough.
In view of this, the pile group effect becomes
unobvious as the increase of pile spacing.
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Figure 9. Load versus displacement for pile groups
with different pile different spacing.

Fig. 10 shows the comparison of bending moment of
single pile and pile group (averaged values) with
various pile spacing. The bending moment of larger

spaced pile group is highly larger than closely spaced
pile groups, and the point of maximum bending
moment of closely spaced group are deeper than pile
groups with large spacing.
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Figure 10. Bending moment versus depth for pile
groups with different pile spacing.

It can also be concluded that the lateral load and
bending moment of a single pile is larger than the
average values of pile group with S/D=8. This means
that the pile group effect does not disappear in 5x3
pile group when a distance between piles increases
to S/D=8. In other words, the critical pile spacing of
a 5x3 pile group is larger S/D=8, and this result is
different with the conclusions obtained from 1x2,
1x4 and 2x2 whose critical piles' spacings are 5D,
6D and 7D respectively [18].

As mentioned in the conclusion above, the pile group
effect reduced with the increase of pile spacing.
Therefore, larger pile spacing is recommended
during practical design of a pile group, if we want to
increase the pile group efficiency and lateral capacity
of pile group foundations.

5.3 Effect of a pile group arrangement

The plots of the average load versus pile head
displacement of a single pile and 1x2, 2x2, 3x3 and
a 3x5 pile group with a pile spacing equal to 3D are
presented in Fig. 11. It should be noted that the values
of the pile group are averaged. In comparison to the
single pile, the average load per pile in the pile group
is less than that of the single pile for the same pile
displacement. This means that the nonlinear load-
displacement behavior is more obvious as the pile
group scale increases. It can also be obtained from
the figure that as the pile groupscale increases, the
distinction of load-displacement behaviour between
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the single pile and the pile group raises. This
phenomenon can be explained as the increase of pile
group effects the raise of pile group scale.
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Figure 11. Comparison of pile head load versus
displacement for pile group with various
number of piles.

1x2
2x2
3x3
3%5
Single pile

Depth (m)
&

0 50 100 150 200
Bending moment (kN-m)

Figure 12. Bending moment versus depth for pile
group with various numbers of piles.

The effect of number of piles in the pile group on
average bending moment profiles is shown in Fig. 12.
Bending moment of the single pile is much larger
than that of the individual pile in the pile group. The
maximum bending moment reduces

significantly as the numbers of piles increase in
group. The increase in number of piles in the pile
group leads to the occurrence of the maximum
bending moment at deeper depth, as the stiffness of
the pile-soil system reduces under the cyclic load.
This phenomenon shows the pile group effect is
much more significant as the pile group scale
increases. The increase of the pile group effect is
caused by the increase of overlapping stress zone of
the pile group.

Based on the results of the load-displacement and
bending moments of various pile group scale, it is
clear that as the pile group scale increases, the pile
group effect is more obvious. Thus, lateral bear
capacity and efficiency pile group reduce
significantly, so the scale of the pile group should be
considered and chosen reasonably in the practical
engineering.

6 Conclusion

The behavior of piles subjected to the cyclic lateral
load has been investigated in the paper through a
series of 3D nonlinear finite-element analyses. Based
on the results from these analyses, the following
conclusions can be drawn:

(1) The numerical scheme adopted in the present
investigation is capable of modeling the behavior of
a single pile and a pile group under the cyclic lateral
load.

(2) The number of the cyclic lateral load affects the
pile-soil system stiffness seriously. As the number of
the cycle increases, the pile-soil stiffness reduces.
Approximately half the loss of stiffness happens
during the first cycle which occurs in all ten cycles.
(3) The soil pile interaction of pile group under the
cyclic lateral load is seriously affected by the pile
spacing. As the pile spacing increases, the pile head
lateral load and maximum bending moment increase,
which is close to the value of a single pile gradually.
(4) As the pile group scale increases, the pile group
effect is more significant which results that reaction
of individual pile in a group reduces under the same
target deflection and much less in comparison to the
reaction of a single pile.
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