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Abstract

Case histories have shown that the liquefaction-induced soil lateral spreading
is one of the main causes of damage to pile foundations subjected to seismic
loading. Post-liquefaction soil behaves similarly to a viscous fluid. This study
investigated the effect of soil lateral spreading on a single pile based on fluid
mechanics in which the liquefied soils were treated as Newtonian fluids. A
numerical simulation on a single pile embedded in a fully saturated sandy
foundation was conducted and compared with shake table tests. The lateral
flow effect and the effect of shear strain rate were discussed. After liquefac-
tion, the acceleration of the foundation shows that there are no obvious
spikes and finally reaches a stable state. The presented method can predict the
pile response better than p-y curve method. A parametric study was per-
formed to explore the effect of several influence factors on pile behaviors. The
results show that the pile head displacement decreases and the maximum
bending moment at pile bottom increases with the increase of bending stiff-
ness. With the same pile bending stiffness, the displacement and bending
moment of pile increase with the increase of soil viscosity and acceleration
amplitude.
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1. Introduction

Pile foundations have been widely used to support bridges, ports, and harbor fa-
cilities that are located on liquefiable soils near a waterfront structure. In recent
years, liquefaction resulting from seismic events has become a major concern
due to its impact on structures, buildings, and other infrastructure during and

after an earthquake. Almost all major earthquakes are accompanied by soil li-
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quefaction, as evidenced by the 1976 Tangshan earthquake in China [1], the
1989 Loma Prieta earthquake in the USA [2], the 1995 Hyogo-ken-Nambu earth-
quake in Japan [3], and the 2008 Wenchuan earthquake in China [4]. Liquefac-
tion-induced ground failure has become one of the leading causes of infrastruc-
ture damage during an earthquake. Under seismic loading, the rapid increase in
pore water pressure quickly decreases the shear strength of the unconsolidated
sediment, possibly triggering large shear deformation. As flow failure of the
ground during an earthquake may be caused by either the dynamic force due to
the seismic acceleration or the static gravity force due to the topography of the
ground [5]. Flow deformation of liquefied soil may continue under a gravita-
tional load after the earthquake. The ground surface is prone to large-scale flow
deformation regardless of whether it is flat or gently inclined. Uzuoak et al [6]
[7] suggested the shear strain of liquefied soil may exceed 100% and could de-
velop into a regional seismic liquefaction event that could cause extensive dam-
age. During the Tajik earthquake in 1989, the sliding mass traveled a distance of
2 km due to the liquefaction of the saturated soil, even though the ground sur-
face was nearly flat [8].

To date, shake table experiments [9] [10] [11] centrifuge tests [12] [13], and
field tests [14] have been extensively performed to investigate the pile behavior
and elucidate the mechanical mechanism. Special attention has been paid to the
problems of lateral flowing pressure on piles [15] [16] [17] liquefaction-induced
drag forces on piles [18] [19], super-structure inertial effects [20], p-y spring
behavior [14] [21], and the effects of upper non-liquefiable crust on the single
pile and pile group response [22] [23]. These investigations highlighted an in-
creased understanding of the effect of lateral spreading on pile foundations and
associated mechanisms. The response of pile foundations to liquefaction-induced
lateral spreading continues to be a complex problem. Therefore, the performance
of pile under lateral spreading has been a research hotspot. It is found that the
main reason for the pile damage in the earthquake is attributed to the excessive
lateral movement of liquefied soils.

Liquefaction hazards are associated with substantial economic and personnel
life losses. The large-scale deformation induced by liquefied soil is more serious
and harmful to the subsurface structure than soil liquefaction itself. Previous
studies of soil liquefaction have mainly focused on influencing factors, initial
conditions, and liquefaction predictions. Recently, more attention has turned to
the importance of the large-scale flow deformation associated with liquefaction.
These studies were generally based on conventional solid mechanics and as-
sumed a relatively limited maximum shear strain [24] [25]. However, the shear
strain of the liquefied soil may exceed 100% in the large-scale flow condition
which means the soil can change from solid-state to fluid-state.

In the past few years, a series of laboratory tests conducted by different re-
searchers have shown that liquefied soil behaves similarly to a viscous fluid [26]
[27] [28]. Due to the phase transition, it is difficult to apply solid mechanics
based on small or finite deformation theory to describe the deformation proper-
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ties of the liquefied soil. Thus, a new analytical method is required. Computa-
tional fluid dynamics (CFD) is a computer-based method that makes use of a
discretization of the algebraic equations governing flow and subsequent mathe-
matical manipulation and solution. With the development of computer tech-
nology, numerical simulation methods have been rapidly developed, expediting
the use of such applications as the CFD method to the study of liquefaction-induced
flowing deformation. In recent years, a few preliminary attempts have been made
to promote the application of the CFD method to the flowing deformation prob-
lems of liquefied soil [6] [28] [29]. However, the research is very limited com-
pared with that using solid mechanics and hence there is no generally accepted
theory concerning its use in describing non-linear deformation characteristics.
Besides, there are few studies on large-scale flowing deformation caused by li-
quefaction.

In this paper, the liquefied sand was regarded as an incompressible Newtonian
fluid. The pile-soil interaction was simulated and analyzed based on fluid-structure
coupling theory, and the results were compared with the shake table model tests
to verify the correctness of this method. Besides, the p-y curves method was
adopted to compare with the numerical simulation results of pile response and
discuss the lateral flow effect and the effect of the shear strain rates. Next, a pa-
rametric study was performed using the proposed method. Finally, the results
were utilized to draw insights and conclusions, and future works were proposed

to study the pile-soil interaction in laterally spreading ground.

2. Numerical Modeling
2.1. Governing Equation

In this study, liquefied sand is regarded as an incompressible fluid, and the nu-
merical modeling involves the solution of the Navier-Stokes equations, which is
based on the assumption of the conservation of mass and momentum. The con-

servation of mass is described by the following equation:
op
—+V(pu)=0 1
pr G (1)

and the conservation of momentum is described as:
a’gt;u+V(puu)=pfv+VT @)

The fluid is assumed to follow the generalized Newton’s Law; the constitutive

model can be described as follows:
T:—pl+2n(8—%Vuj (3)

Applying the constitutive model Equation (3) to Equation (2) results in the

Navier-Stokes equation:
a’6%“+V(,ouu)=pfv—Vp+gryAu (4)

In Equation (1) to Equation (4), p is the fluid density, S is the strain rate
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tensor, f, is the volume force, U is the velocity tensor, 7 is the viscosity,
T is the stress tensor, and p is the static pressure.

To solve the Navier-Stokes equations, the PISO algorithm [30] [31] is used.
This is a pressure-velocity calculation procedure based on a finite volume discre-
tization on a staggered grid of the governing equations. The purpose of a stag-
gered grid is to evaluate scalar variables, such as pressure and density, at ordi-
nary nodal points, while velocities are defined at the cell faces between the nodes.
The arrangement for a two-dimensional flow calculation is shown in Figure 1.
The PISO algorithm provides a higher degree of accuracy for pressure and ve-
locity corrections than the SIMPLE algorithm [32], which was used by Uzuoka et

al [6] in the analysis of liquefaction-induced lateral spreading.

2.2. Elements, Materials and Boundary Conditions

Based on the above principle, the pile-soil interaction problem was analyzed by
the iterative coupling method based on ADINA finite element software, and the
stress distribution and displacement of pile foundation were calculated and ana-
lyzed. To investigate the dynamic response of pile foundations in the liquefied
ground, results from the shake table test conducted by Le Su [33] (e.g. Figure 2)
were used to demonstrate the accuracy of the numerical modeling. The input
ground motion applied in the shake table test is presented in Figure 3.

In the FE model, the saturated soil was simulated as an incompressible fluid.
The steel pipe pile was modeled as solid elements with the properties of an elas-
tic section. A fluid-solid coupling surface was set up between the pile and lique-
fied soil. Due to different modules, the discretization of the model is illustrated
in Figure 4. Each node of the pile element is comprised of three displacement
degrees of freedom and three for rotations. The grid of soil elements around the
pile was finer than those far from the pile. In structure modules, the bottom
boundary was assumed fixed in the Y and Z directions, and free in X direction.
In total, a 3D finite element mesh comprising 288 solid elements and 208 shell
elements was used. The 32 spring elements were installed to the bottom of the
pile, and the rotational stiffness of each spring element was 3.75 kN-m/rad.
While in fluid modules, the front and rear boundary was assumed fixed on
Y-axis, and the velocity was set as zero on X-axis. In total, a finite element mesh
comprising 3120 fluid elements was used in the analysis, as shown in Figure 4.

The pile is considered as a linear elastic material. The constitutive behavior of
the soil is captured by the fluid material since it is assumed as a fluid. Material

parameters are shown in Table 1.

Table 1. Parameters used for the simulation.

Physical quantity Pile Liquefied Soil Water
Modulus of elasticity, £(GPa) 190 / /
Density, p (kg:m™) 2500 1800 1000
Possion’s ratio, v 0.29 / /
Viscosity, 5 (kPa-s) / 20 0.001
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Figure 1. Locations of variables in staggered grid.
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Figure 2. Layout of the model for shaking table test by Le Su [33].
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Figure 4. Calculation grid and monitoring of shake table test analy-
sis (a) Structure finite element mesh; (b) Fluid finite element mesh.
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2.3. Calculation Process

The analysis was carried out in three steps: 1) the soil and pipe pile mesh were
built. The pile and soil were assigned elastic properties and fluid, respectively,
and the static gravity of the model was applied to establish the initial stress states
in the soil. The values of stress in this stage were used as initial values for the
next stage of loading; 2) the spring elements were incorporated into the model;
3) the dynamic analysis was performed by application of the input motion to the
model base. The transient dynamic nonlinear analysis was performed with 1000
steps of 0.001 s. The Newmark method was used to integrate the dynamic response
with a = 0.25 and & = 0.5 for convergence. Besides, the modified Newton-Raphson
algorithm was used to solve system equations.

3. Validation and Analysis

The responses of the soil and the pile are presented in this section and compared
with the recorded data of the shake table test. To demonstrate the accuracy of
the numerical model, only the results of shake table test with rotational stiffness

of 120 kN-m/rad were presented here.

3.1. Displacement and Bending Moment of Pile

As shown in Figure 5, the displacement time-history response of pile head can
be divided into the following three stages: Stage 1 (0-2.3 section) before liquefac-
tion, Stage 2 (2.3-6.8 section) during liquefaction-induced lateral spreading, and
Stage 3 (6.8-10 section) without lateral spreading observed. So, the lateral soil
displacements in Stage3 are not discussed here. The pile head displacements
from the calculation are similar to those from experimental results, although the
amplitude of fluctuation by calculation is greater than the experiment. Before the
soil begins to liquefy (2.3s), due to the apparent viscosity difference between the
soil and the water, there is a distinct upward stage. Thereafter, the amplitude of
the pile head displacements essentially remained constant.

Figure 6 displays the displacement and bending moment of the pile at various
depths. The simulation results by fluid mechanics are consistent with the expe-
rimental results. As expected in this cantilever beam configuration, the bending
moments gradually increase along with the depth, and the maximum bending
moment (M) occurs near the base. However, the displacement response of
pile decreases gradually along with the depth of foundation, which is contrary to
the bending moment response of pile. The lateral displacement of the pile reaches
the maximum at the pile head. The simulated pile displacement is slightly less
than that from the experiment, and the difference between them can be cor-

rected by adjusting the soil viscosity parameters.

3.2. Soil Acceleration

The acceleration responses of soil in shake table tests could be divided into three

main stages. In Stage 1, the amplitude of soil acceleration gradually increased.
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Figure 6. Displacement and bending moment of pile response.

The excess pore pressure, i, developed rapidly in soil foundation, and the soil
reached the initial liquefaction state in this stage. In Stages 2 and 3, the accelera-
tion attenuated significantly as the sand stratum liquefied and then remained
constant at a low level, indicating that the liquefied sand had very low shear
strength. But the numerical modeling does not well simulate the acceleration
response of the soil layer along with the depth in Stage 1, since the fluid had a
low shear strength at a high shear strain. It can compare with the experiment in
Stage 3.

Figure 7 depicts the free-field accelerations from simulation compared with
the experiment. From the experimental results, it can be found that the number
of seismic cycles required for soil liquefaction differed in depth. For deep soil
layers, it is difficult to liquefy, and more seismic cycles are needed. Besides, the
acceleration response of the soil layer along the depth in Stage 1 is greater than
that in Stage 3. Since the soil layer becomes liquefied, post-liquefaction soil be-
haves similarly to a viscous fluid. The fluid can bear the great shear strain and
consume the energy of seismic waves, so the acceleration of the soil layer
changes slightly. In addition, taking the soil acceleration at 1.1 m depth as an

example, the calculated free field acceleration is consistent with the experimental
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Figure 7. Comparison of simulated free field accele-
ration with experimental results.

result in Stage 3, but the frequency of simulated soil acceleration is lower than
the frequency of base excitation in Stage 1 and Stage 2. Therefore, in the process
of phase transformation, the frequency of soil acceleration changes, and the ac-
celeration response of soil reaches a stable state after liquefaction. With the in-
crease of excess pore pressure, the soil softens and the natural frequency de-
creases gradually, and the shear strain rate increases with the decrease of fre-

quency.

3.3. Lateral Soil Pressure

Currently, two simple lateral soil pressure profiles (uniform and triangular) for a
single pile subjected to lateral soil flow induced by liquefaction have been pro-
posed. The first profile recommends a uniform soil pressure profile proposed by
Dobry et al [34]. Another profile, provided by JRA [35], recommends a triangu-
lar soil pressure profile. This soil pressure can be expressed as

p=Kyz (5)
where p is the lateral soil pressure, and y represents the total unit weight of
overburden soil, K is soil pressure coefficient, and z is soil depth. JRA recom-
mends a coefficient K'with a value of 0.3.

Applying these approaches to the results of this study, the uniform soil pres-
sure and coefficient K can be estimated based on matching the measured bend-
ing moment. In this regard, the soil pressure can be integrated readily along the
depth to obtain the bending moment and pile displacement [36]. Figure 8 shows
the profiles of soil pressure, compared with the BNWF model which is described
by Le Su [33]. A uniform soil pressure p = 4.8 kPa and a coefficient K= 0.7 were
calibrated to approximate the trend of the observed bending moment, but with
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an underestimation of the soil pressure at the base. This calculated soil pressure
shows a similar parabolic profile along with the depth, which is similar to the
BNWF model. This further illustrates the inadequacy of employing a strictly li-

near soil pressure distribution.

4. Comparison with p-y Curve

4.1. Beam on Nonlinear Winkler Foundation Model

Figure 9 shows an idealized schematic of the adopted BNWF model for the
analysis of a single pile subjected to lateral spreading. This model employs an
elastic beam element to simulate the pile and a nonlinear p-y spring element to
represent the behavior of soil-pile interaction. The pile base connection finite
stiffness is defined using a zero-length element with a rotational spring constant

K, and more details can be found in Le Su [33].
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Figure 8. Comparison of soil pressure with var-

ious methods.
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Figure 9. BNWF model of single pile under lateral
spreading conditions.
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In the BNWF model, the behavior of the nonlinear p-y spring element is de-
scribed by American Petroleum Institute [37]. In the p-y spring element, two
critical parameters must be determined according to the configuration of the soil
and pile. One parameter is the ultimate capacity of liquefied sand, p!, and the
other is the initial modulus of the subgrade reaction, & The ultimate capacity
(force per length of the pile, p,) of the non-liquefied sand is obtained by the
following [38]:

p, =(C,H +C,D)7H ()

where C;, C; are related to the internal friction angle, y (see Table 2), yis the
weight of soil, His the soil depth, and Dis the diameter of pile.

Here, the equation proposed by American Petroleum Institute [37] is em-
ployed as:

p = Ap, tanh [ﬁ y] (7)
Ap,

where A is the influence factor of dynamic load which is set as 0.9, 4 is the depth
of soil, and yis the displacement of pile.

Note that both p, and & must be further modified to take the liquefaction ef-
fect into account. Therefore, Li et al [39] conducted eight shake table experi-
ments on a single pile in the liquefiable ground to get parameters p, and k. Pa-

rameters p, and k were modified as follows:

P =anp, (8a)
Ky = Pk (8b)
where aand pare the liquefaction effect modification factors, derived from D;:
a =(0.0267/1 +0.055) gl 0tetr (9a)
B =(3.1952/1+0.495) D (9b)

where e is Euler’s number, z is pile depth below the ground surface, /is pile
length and D, is the relative density of soil.
Based on the modified ultimate capacity and initial modulus, the equation is

modified as follows:

p=Ap™ tanh{ Kigh yj (10)
u Apliq

u

Table 2. Parameters selected for BNWF models.

v G G
30 1.95 2.7
32 2.1 2.9
34 2.9 34
36 3.2 3.6
38 4.0 4.0

>40 4.6 4.35
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According to the experimental configuration and the aforementioned formu-

las, the soil spring parameters ( p!® and k;, ) in the BNWF model can be cal-

lig
culated.

4.2. Results and Discussion

As shown in Figure 10, the calculated pile responses using p-y method are com-
pared with the results obtained by the proposed method to verify the reliability of
the simulation method. The simulation method established in this study to esti-
mate the response of piles in the seismic load by treating the liquefied soil as the
liquid is shown to provide good agreement with the p-y method, although the
simulated pile bending moments are slightly less than the values of calculation.
Moreover, the simulated pile head displacement is closer to the experimental
one compared to that obtained from p-y method. It can be seen that the method
of analyzing pile response under dynamic load is reasonable when the liquefied

soil is regarded as fluid.

4.3. Lateral Flow Effect

At present, there are many methods for the pile-soil interaction, such as the p-y
curves and m method. These methods are based on solid mechanics theory,
without considering the lateral flow effect of liquefied soil, thus underestimating
the soil-pile interaction, especially for the lateral expansion of fully liquefied soil.
The m method cannot describe the force acting on the pile at the pile-soil inter-
face, which ignores the effect of the soil movement during the earthquake. The
p-y curve method describes the interaction of pile-soil interaction inaccurately,
due to the development of pore pressure and the flow effect of liquefied soil.
There is an obvious correlation between the flow effect and soil-pile interaction.
The existing methods do not consider the influence of the flow effect and the
excess pore pressure of the liquefied soil on the response of the pile foundation.
Therefore, it is necessary to establish a new method, which can be used for the
analysis of pile-soil interaction in the liquefied foundation.

The comparison of pile responses using the proposed simulation method and
p-y method under different liquefaction soil flow velocities, V; is shown in Fig-
ure 11. The pile head displacement increases from 4 cm to 10 cm with the
change in velocity from 0 m/s to 0.15 m/s because a larger velocity can mobilize
a greater soil wedge behind the pile. Therefore, the bending moment and pile
displacement of pile increase with the increase of velocity under the same bend-
ing stiffness.

It can be seen that the flow effect of liquefied soil cannot be neglected, and the
effect is more obvious when the velocity is greater. Due to the flow effect of the
liquefied soil, the force will increase, resulting in additional internal stress and
deformation of the pile foundation, so the pile foundation seismic design needs
to consider the flow effect of the liquefied stratum. For liquefied soils with lateral
spread, the existing methods must be modified to avoid underestimating the

pile-soil interaction.
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Figure 11. The lateral flow effect on pile response.

4.4. Effect of Shear Strain Rates

In the soil liquefaction process, with the increase of pore pressure, the viscosity
of soil decreases, but the corresponding shear strain rate increases gradually,
which leads to the increase of shear stress of pile. Loading frequency is not an
important factor affecting soil dynamic strength, but it affects the accumulation
of pore pressure [40]. Although the soil nonlinearity during the pore pressure
development is considered by the p-y curve method, the shear strain rate is not
considered. Under cyclic loading, the greater the loading frequency, the greater
the strain rate [41]. The results of pile-soil interaction may be closely related to
the strain rate. Here, the effect of frequency on pile-soil interaction is discussed.
Shear rates corresponding to different frequencies are shown in Figure 12. The
frequency has a significant effect on shear strain rate, indicating that the shear

strain rate of soil increases with the increase of loading frequency.
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Figure 12. Shear rates corresponding to different frequencies.

Figure 13 shows the effect of frequency on pile response. The pile head dis-
placement increases from 0.038 m to 0.048 m, and the pile bending moment in-
creases from 1.15 kKN-m to 1.83 kN-m as the frequency varies from 0.5 Hz to 3
Hz, respectively. From the numerical simulation results, it can be found that the
difference in frequency leads to the difference in soil shear strain. The effect of
shear strain rate should be considered in the analysis of pile-soil interaction

during the liquefaction process.

5. Parametric Study
5.1. Influence of the Pile Modulus

The influence of pile modulus £ on the pile response is shown in Figure 14. In-
creasing the pile modulus can reduce the pile lateral displacement, but lead to

the gradual increase in the bending moment of the pile.

5.2. Influence of Soil Viscosity

The influence of soil viscosity, 7, on the pile response is shown in Figure 15.
With the increase of soil viscosity 7 from 10 kPa-s to 50 kPa-s, the displacement
of pile head increases from 3.8 cm to 6.9 cm, and the maximum bending mo-
ment at pile bottom increases from 1.2 kN-m to 3.6 kN-m, respectively. The
greater the soil viscosity, the greater the lateral force acting on the pile, and the
greater the bending moment and lateral displacement of the pile. Ramos et al
[42] indicate that when 7 is large, the pile displacement is mainly caused by the
deformation of pile. However, for a smaller 7, the pile displacement should be
the sum of the displacement related to the deformation of the pile and the dis-

placement related to the rotation of the pipe.

5.3. Influence of the Acceleration Amplitude

As shown in Figure 16, the pile head displacement increased from 1.1 cm to 6.8
cm with the change in acceleration amplitude from 0.05 g to 3 g, respectively.
For the same soil viscosity, the pile bending moment increased with the incre-
ment in acceleration amplitude. In this regard, the greater bending moment re-

sulted in a larger pile displacement. It shows that the pile will have a large lateral
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displacement due to the lateral spreading of the liquefied soil, which will in-

crease the overall displacement of the supporting structure.
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Figure 13. The effect of frequency on pile response.
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6. Conclusions

Based on the fluid mechanics, the pile-soil interaction simulation model under
the condition of liquefaction-induced large lateral spreading was established by
taking liquefied soil as a Newtonian fluid. The simulation results were compared
with the shake table test and p-y method to study the behavior of piles subjected
to the flow of liquefied soils. The influencing factors of pile-soil interaction in
laterally spreading ground are analyzed. The following conclusions can be drawn:

1) The behavior of liquefied soil is similar to that of viscous fluid. The pile-soil
interaction can be well simulated based on fluid mechanics theory which treated
liquefied soil as fluid.

2) There are no obvious spikes of soil acceleration, which indicates that the
liquefied soil can bear the large shear strain and consume seismic wave energy.
In the process of liquefaction, the natural frequency of soil layer decreases
slightly with the phase transformation, and finally reaches a stable state. It is un-
reasonable to assume that the distribution of soil pressure is strictly linear along
the depth direction, which may underestimate the soil pressure at the pile bot-
tom.

3) The p-y curves method for analyzing the behavior of the pile under lateral
spreading was adopted to validate the numerical simulation response. Lateral
flow effects exacerbate the pile response, both in pile head displacement and
bending moment. A larger frequency leads to large shear strain rates in soil, and
the pile will undergo a relatively large lateral displacement and bending moment
due to larger shear strain rates. The effects of lateral flow and shear strain rates
are not considered by p-y curves. Compared with p-y curves, the method pro-
posed in this study is more reasonable.

4) The results show that the pile head displacement decreases with the in-
crease of bending stiffness, but the maximum bending moment at pile bottom
increases slightly. With the same pile bending stiffness, the displacement and

bending moment of pile increase with the increase of soil viscosity and accelera-
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tion amplitude.

It should be noted that more shake table tests and numerical simulations with
various scenarios should be conducted to investigate more influencing factors
such as time-varying viscosity, overburden pressure, and earthquake parameters,
which are also significant in the seismic design of pile foundations under lateral

spreading.
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