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Abstract: One of the challenges to the analysis of interactions between soil and piles in lateral
spreading is the modeling of the progress generated by excess pore pressure and soil strength and
stiffness degradation. In this paper, a pile–soil interaction analysis method that introduces the
thixotropic-induced excess pore pressure model (TEPP) to describe the progressive development of
the stress–strain rate connection of liquefying soil is proposed. The reliability of the method was
verified by comparing the calculated results with that of the shake table test. Then, the parametric
analyses of soil–pile interactions were carried out. The results show that the bending moment and
horizontal displacement of pile foundations increase with the increase in superficial viscosity and
inclination angle of the site. The horizontal dislocation and bending moment of the pile foundation
increase with the decrease in loading frequency as a result of the property of amplifying low-frequency
loads and filtering high-frequency loads of liquefied soil.

Keywords: fluid mechanics; sand liquefaction; non-Newtonian fluid; fluid–structure coupling;
pile–soil interaction

1. Introduction

Pile foundations are extensively applied as the base of bridges, high-rise buildings,
ports, and wharves due to their bearing capacity and small settlement. Earthquake lique-
faction has a great influence on infrastructure such as structures and buildings and has
become a hot research topic. The pile foundations of existing buildings and structures
have been severely injured by liquefaction-induced lateral spreading during several earth-
quakes [1–3]. In the 1964 Niigata earthquake, the famous Showa Bridge caved because
of liquefaction-induced lateral displacement [4]. The large lateral displacement of soil
liquefaction resulted in severe damage to many pile-supported bridges and buildings in
the 1976 Tangshan earthquake [5] and 2008 Wenchuan earthquake [6–8]; the liquefaction
of foundational soil causes the shear failure and dislocation of pile foundations and the
fracture and collapse of bridge decks. Consequently, serious attention should be paid to
the seismic response analyses of pile foundations in sites susceptible to lateral spreading in
an attempt to properly design the pile foundation and avoid potential damages. Therefore,
based on the above data on pile foundation failure caused by the liquefaction of foundation
soil, it is necessary to study the interaction mechanism between piles and liquefied soil.

The stiffness and shear strength of soil gradually decrease because of the excess pore
water pressure generation caused by seismic loading, which may cause excessive shear
deformation. After seismic loading, the flow deformation of liquefiable soils may continue
under gravity loading, resulting in ground susceptibility to large flow deformation [9].
During the 1989 Tajik earthquake, the ground slid nearly 2 km due to liquefaction [10].
Many shake table tests [11–13], centrifuge model tests [14,15], and field tests [16] have
been carried out to improve the understanding of seismic pile–soil interactions in lateral
spreading. These tests mainly focus on soil pressure on the pile side [17], the inertial force
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of the superstructure, the p-y curve of the liquefiable site, and the influence of the upper
non-liquefied layer on the response of single piles and group piles [18]. Broms et al. [19]
proposed a method for calculating the horizontal bearing capacity of a single pile based on
the assumption of homogeneous soil. However, the Broms method ignores the apparent
cohesion of coarse-grained soil, and the calculation of coarse-grained soil is conservative.
Hamada et al. [20] proposed that the large lateral displacement caused by soil liquefaction
was the main reason for the injury of dams, underground structures, and other structures
in the earthquake. Since then, the large lateral displacement of liquefied soil has resulted
in a new understanding of the injury mechanism of pile foundations. Wang Ming-wu
et al. [21] studied the seismic response of piles in a liquefied site with slope angles by using
centrifuge tests. The test results showed that the lateral displacement of piles in a liquefied
site with slope angles was more obvious than that in a horizontal liquefied site, and it was
found that the lateral deformation of sand caused by seismic liquefaction increased the
load borne by piles. The dynamic response of pile foundations in liquefied sites is still a
complex problem.

The large deformation of the ground caused by liquefaction is the main cause of
pile foundation failure during earthquakes. Compared with liquefaction itself, the large
deformation caused by liquefaction may be more serious. Previous studies on liquefaction
have focused on liquefaction prediction and its influencing factors. Recently, attention
has been paid to the importance of large liquefaction deformation. These studies usu-
ally use traditional solid-mechanics-based methods and assume relatively limited shear
deformation. However, compared with liquefaction itself, large deformations caused by
liquefaction may be more serious relative to pile foundations. The strain of liquefied soil
may exceed 100%; that is, the soil has changed from a solid phase to a fluid phase. Due
to the existence of phase transitions, the behavior of liquefied soil is no longer suitably
described by traditional elastoplastic constitutive models, which assume relatively limited
shear deformation. Therefore, a new analytic method is necessary.

The application of the fluid dynamics method to analyze the dynamic pile–soil inter-
action is a new research idea. Computational fluid dynamics (CFD) is a computational
method for finding discrete numerical solutions to various complex problems in fluid
dynamics. In recent years, a preliminary attempt has been made to further CFD to solve
liquefaction-related problems [22]. In this paper, a pile–soil interaction analysis method
that introduces the thixotropic-induced excess pore pressure model (TEPP) to characterize
the properties of liquefied soil is proposed. The method proposed in this paper was utilized
for analyzing the large-scale shake table test of pile foundations in liquefied sites, and
the reliability of the method was verified. The effect of the elastic modulus of piles, the
superficial viscosity of soil, the inclination angle of the site, and the loading frequency on
the dynamic response of pile foundations were discussed.

2. Fluid Model and Control Equation

According to the post-compression thixotropic fluid constitutive model, the liquefied
soil is regarded as a non-Newtonian fluid, and the pile foundation is regarded as a linearly
elastic solid. Therefore, the liquefied soil and pile satisfy the governing equations of fluids
and linear elastic solids, respectively.

2.1. Constitutive Model of the TEPP Model

Under cyclic loading, the meso-structure of liquid soil changes. It is assumed that
the skeleton composed of solid particles of soil is the internal network structure of fluid.
Under the action of continuous earthquakes, the vibration pore water pressure increases
continuously, and the internal structure is destroyed continuously and finally tends to the
limit equilibrium state. From the perspective of thixotropic fluid, the liquefaction process
of soil is described as a process in which an imaginary fluid with an initial equilibrium
state gradually destroys the internal structure under cyclic shear and tends to a limit
equilibrium state. Wang et al. [23] proposed the TEPP model for liquefiable soil, which can
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properly capture the strain rate correlation before and during liquefaction. The TEPP model
is adopted as the fluid constitutive relation to describe the rate-dependent behavior of
liquefied soil in this research. Before cyclic loading, the soil skeleton of the liquefiable soil is
in an intact and steady condition, which is defined as the initial equilibrium state, as shown
in Figure 1, with ru = 0 and λ = 1. The continuous cyclic loading induces the generation of
excess pore water pressure and the incremental failure of the internal structure. When the
internal construction is completely destroyed, the soil is at a perfect liquefaction state, with
ru = 1 and λ = 0, which means that it entered the limit equilibrium state (Figure 1).
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Figure 1. Concept of the TEPP fluid model.

Letting the λ = 1 − ru state equation be consistent with the form of Moore-type
thixotropic fluids and conform to the experimental results and two equilibrium states,
the unified thixotropic fluid constitutive model of liquefiable soil is established based on
the Moore-type thixotropic fluid constitutive equation. The state equation and velocity
equation can be expressed as follows [24]:

state equation : τ = [ηe + (η∞ − ηe)]
.
γ (1)

velocity equation : dλ/dt = b(1− λ)− cλ
.
γ (2)

where ηe is the viscosity factor in the limit equilibrium state (liquefaction), η∞ is the viscosity
factor in the initial state, b(1 − λ) and −c

.
λ are the reconstruction and destruction of the soil

internal network structure, and b and c are the physical parameters denoting the internal
structure reconstruction rate and destruction rate, respectively.

2.2. Control Equation of Pile

The governing equation of pile vibration and displacement induced by the soil is as
follows:

M
d2y
dt2 + C

dy
dt

+ Ky + τ = 0 (3)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, y is the pile
displacement, and τ is the pile stress.

2.3. Coupling Interface Equation and Free Surface

The fluid–structure interaction interface needs to meet two basic conditions, that is, the
kinematic and dynamic conditions. The kinematic conditions (displacement coordination)
are expressed as follows:

y f = ys (4)

Dynamic conditions (equilibrium of forces):

nτf = nτs (5)
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where n is the normal vector of the fluid–solid coupling interface, ys is the structural
displacement, yf is the fluid displacement, τs is the stress of the structure, and τf is the fluid
stress.

The contact surface between liquefiable soil and the atmosphere is free, and its kine-
matic condition is as follows:

∂F
∂t

+ u · ∇F = 0 (6)

where F represents all the physical quantities on the free surface. When the surface tension
is not considered, the free surface pressure should satisfy P = Pa, and Pa is the atmospheric
pressure.

3. Numerical Model for Shake Table Tests

In this research, liquefied sand is considered to be incompressible non-Newtonian
fluid. Due to the great difference between the two materials, the contact surface between
the pile and the liquefied soil may produce a staggered slip under certain stress conditions.
Therefore, the coupling contact surface should be set here. According to the above principle,
the iterative coupling method based on Adina finite element software is used to analyze
the pile–soil interaction during soil liquefaction, and the bending moment distribution and
displacement of the pile foundation are calculated and analyzed.

3.1. Geometric Models and Boundary Conditions

The numerical analysis of Model 1 in the large shake table tests conducted by He
et al. [25] was carried out to verify the proposed method in this study. The physical model
profile and sensor arrangement of Model 1 are shown in Figure 2. An inclined layered
shear box with 11.6 m × 3.5 m × 6 m (length × width × thickness) was used to model a
gentle slope with an inclination angle of 2 degrees. The piles used in the test were 5.8 m
long in total, with a length of 5 m buried in the soil. Two kinds of end-bearing piles, with
pipe thicknesses of 6 mm and 3 mm, respectively, were used in the tests to inquire into
the effect of pile stiffness. The water table was 5 m high from the bottom of the container.
To achieve liquefaction in shake table tests, the relative density of sand was controlled
to be 40~50%. Experiments were conducted using a sinusoidal base excitation with an
acceleration amplitude of 0.2 g, frequency of 2 Hz, and duration of 10 s. The time history of
input dynamic loading is given in Figure 3.

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 14 
 

 
Figure 2. Sketch of shake table test and sensor setup (Model 1 [25]). 

0 1 2 3 4 5 6 7 8 9 10
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Ac
ce

ler
at

io
n

 (g
)

Time  (s)  
Figure 3. The input signal of sine wave. 

The dimensions of the numerical model were set to be exactly the same as the phys-
ical model. The pile structure and surrounding soil were meshed by the eight-node hexa-
hedron elements and FCBI elements (flow-condition-based interpolation) [26], respec-
tively, as shown in Figure 4. For the solid domain, the left and the right boundary of the 
model were free to move in the shaking direction due to the layered shear box, while the 
out-of-plane displacement was constrained by the front, back, and bottom boundaries. For 
the fluid domain, the left and right boundaries were set to zero velocity in the shaking 
direction, the front and back boundaries were set to be solid wall boundaries, and the 
surface was set to free liquid surface. The pile end was fixed on the bottom of the model. 

There was a possibility of misaligned slips on the contact surface between the pile 
and the liquefiable soil under a certain stress condition, and a coupling contact surface 
was applied in this study.  

Figure 2. Sketch of shake table test and sensor setup (Model 1 [25]).



Sustainability 2023, 15, 5345 5 of 13

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 14 
 

 
Figure 2. Sketch of shake table test and sensor setup (Model 1 [25]). 

0 1 2 3 4 5 6 7 8 9 10
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Ac
ce

ler
at

io
n

 (g
)

Time  (s)  
Figure 3. The input signal of sine wave. 

The dimensions of the numerical model were set to be exactly the same as the phys-
ical model. The pile structure and surrounding soil were meshed by the eight-node hexa-
hedron elements and FCBI elements (flow-condition-based interpolation) [26], respec-
tively, as shown in Figure 4. For the solid domain, the left and the right boundary of the 
model were free to move in the shaking direction due to the layered shear box, while the 
out-of-plane displacement was constrained by the front, back, and bottom boundaries. For 
the fluid domain, the left and right boundaries were set to zero velocity in the shaking 
direction, the front and back boundaries were set to be solid wall boundaries, and the 
surface was set to free liquid surface. The pile end was fixed on the bottom of the model. 

There was a possibility of misaligned slips on the contact surface between the pile 
and the liquefiable soil under a certain stress condition, and a coupling contact surface 
was applied in this study.  

Figure 3. The input signal of sine wave.

The dimensions of the numerical model were set to be exactly the same as the physical
model. The pile structure and surrounding soil were meshed by the eight-node hexahedron
elements and FCBI elements (flow-condition-based interpolation) [26], respectively, as
shown in Figure 4. For the solid domain, the left and the right boundary of the model were
free to move in the shaking direction due to the layered shear box, while the out-of-plane
displacement was constrained by the front, back, and bottom boundaries. For the fluid
domain, the left and right boundaries were set to zero velocity in the shaking direction, the
front and back boundaries were set to be solid wall boundaries, and the surface was set to
free liquid surface. The pile end was fixed on the bottom of the model.
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There was a possibility of misaligned slips on the contact surface between the pile and
the liquefiable soil under a certain stress condition, and a coupling contact surface was
applied in this study.

3.2. Material Parameters

The pile is considered a linearly elastic material, and liquefied soil is regarded as an
incompressible non-Newtonian fluid. The specific parameters are listed in Table 1.

Table 1. Parameters of soil and pile foundation in the numerical model.

Projects
Length/

Thickness
Outer

Diameter
Wall

Thickness
Modulus of

Elasticity Density Poisson’s
Ratio Viscosity

h (m) d (m) δ (m) E (GPa) ρ (kg/m3) ν η (kPa·s)

Rigid piles 5.8 0.318 0.006 200 7800 0.29 /
Flexible piles 5.8 0.318 0.003 200 7800 0.29 /
Liquefied Soil 5 / / / 1900 / 60~2000
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For the soil domain, the TEPP is introduced, and the state equation is described in
Equation (1). In this study, the coefficient of viscosity, η∞, of the liquefiable soil ranges from
60 kPa·s to 2000 kPa·s depending on the completeness of its internal structure, which could
be indicated by the generation of excess pore pressure ratio in the soil. The relationship
between the coefficient of viscosity and excess pore pressure ratio (u/σ′c) adopted in this
study is given in Figure 5.
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3.3. Analysis Procedures

The computational analysis was separated into two stages: (1) Simulations were
conducted to obtain the initial stress state of the soil by applying the gravity load to the
convection–solid coupling model. The stress and strain of the model at this stage were used
as the initial state applied at the dynamic analysis stage; (2) the dynamic analysis of the
pile–soil interaction was conducted by applying a sine-wave load. In order to better obtain
the dynamic interaction between the pile and soil during the accumulation of pore pressure,
a sine-wave excitation with an acceleration amplitude of 0.2 g and a frequency of 2 Hz
was used in this research. The flow field analysis used the improved Newton–Raphson
arithmetic to deal with the system’s equation and the Newmark method for calculations.
The time step was 0.01 s, with a total of 1000 steps.

3.4. Verification of the Method

The results of the pile’s dynamic displacement, the bending moment, and the soil’s
accelerations from the numerical analysis were compared with that of the shake table test.
The time history of displacement at the pile head is compared in Figure 6. The consequence
indicates that the dynamic response of the proposed model generally agrees with that of
the physical model. The displacement of the pile heads of the experiment and numerical
simulation both increased at first and then decreased at the end of shaking. At about 2.8 s,
the displacement of the pile head reached its maximum value, and the apparent viscosity
of liquefiable soil was about 150 kPa·s. During the liquefaction process, there are three
characteristics: (1) With continuous loading, the apparent viscosity of the fluid gradually
decreases and finally tends to be stable. (2) The inclined surface slowly slows down during
the shake progress and eventually tends to form a “horizontal surface”. (3) Along with the
decrease in the inclination angle, the thrust of soil on the pile is weakened as a result of
the decrease in the flow rate of the soil around the pile. Therefore, the displacement of the
pile head gradually decreases after about 2.8 s under the combined influence of apparent
viscosity and flow rate.
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The time history of bending moments of rigid piles measured at different depths is
shown in Figure 7. The bending moments obtained by the numerical simulation were
consistent with that of the experiment. The bending moment increased at the beginning of
shaking and then gradually decreased after 4 s due to the reduction in apparent viscosity
and flow rate of the liquefiable sand. Moreover, closer to the bottom of the model, a more
pronounced increase in the bending moment of the pile was noted. The time at which the
bending moment increased to its maximum value gradually decreased with the depth of
the pile. There was a divergence between the tests and the experiments of the bending
moment of the pile foundation of 6–10 s. The reason is that the constitutive model used
in fluid mechanics ignores the spatial difference of apparent viscosity, which leads to the
large apparent viscosity of the bottom after liquefaction and the relatively small apparent
viscosity of the first liquefaction on the surface.
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Figure 8 presents the time history of the acceleration of the soil at different depths.
The accelerations of the soil exhibited a decreased amplitude near the surface, and the
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acceleration amplitude in the loose sand after liquefaction was significantly reduced. This
is due to the increase in the damping of liquefiable soil and the loss of stiffness and strength,
which is related to the generation of excess pore water pressure.
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For the results of the test, the soil surface is the first to be liquefied. The shake table
test results show that the acceleration of the soil surface gradually decreases with the
vibration time. Based on the numerical simulation of the fluid mechanics method, the
attenuation phenomenon of soil surface acceleration is not obvious, which may be related to
the apparent viscosity value when completely liquefied. On the other hand, the simulation
results show that soil liquefaction has strong spatial nonlinearity. The apparent viscosity of
the surface soil is very small during liquefaction, while the deep soil may not be liquefied.
Similarly, if the soil layer is liquefied, the near-surface acceleration period increases slightly,
and the natural frequency of the soil decreases.

4. Parametric Analysis

Based on the fluid–solid coupling model of pile–soil interaction established between
the two, the parameter influence analysis of pile–soil dynamic interactions in a liquefiable
site was carried out, mainly considering the influence of elastic modulus and apparent
viscosity and indirectly analyzing the influence of the site inclination angle on lateral flow
and shear strain rate (expressed by loading frequency). The analysis parameters are shown
in Table 2.

Table 2. Parametric analysis conditions.

Elastic Modulus Apparent Viscosity Site Inclination Angle loading Frequency

E (GPa) η (kPa·s) α (◦) f (Hz)

80 10 0 1.5
160 50 1 2
240 100 2 3
320 200 3 4
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4.1. Effect of Elastic Modulus of Pile

Four elastic moduli of 80 GPa, 160 GPa, 240 GPa, and 320 GPa were assigned to the
pile to study its effect on pile–soil interactions in the liquefiable site. The distributions
of the peak horizontal displacement and bending moments of the pile with depths for
different elastic moduli are shown in Figure 9. The peak horizontal displacement of the pile
foundation decreases with an increase in elastic modulus, and the distribution of bending
moments along the depth was in contrast to the response of displacement.
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4.2. Effect of the Soil Apparent Viscosity

The apparent viscosity of liquefiable soil constantly decreases with the generation of
excess pore pressure. To investigate the effect of apparent viscosity on the pile response,
a horizontal site model without an inclination angle was established to eliminate the
influence of the flow rate. Different apparent viscosities of the liquefied soil (10 kPa·s,
50 kPa·s, 100 kPa·s, and 200 kPa·s) were assigned in this study.

Figure 10 indicates the effect of apparent viscosity on the dynamic response of the
pile. It can be seen that when the elastic modulus and loading frequency are constant, the
peak bending moment and horizontal displacement of pile foundations increase with an
increase in apparent viscosity. The greater the apparent viscosity, the closer the soil is to
the solid state and the greater the dynamic soil thrust, resulting in an increase in the peak
bending moment response. This is because the increase in dynamic earth pressure on the
pile is related to the increase in soil modulus and strength.

During the liquefaction process, the shear deformation and acceleration of the soil
change with the decrease in apparent viscosity. Figure 11 compares the acceleration of
soil at different depths with different apparent viscosity. It could be observed that the
amplitude of soil acceleration for the apparent viscosity of 200 kPa·s was larger than that for
the apparent viscosity of 50 kPa·s. Moreover, the apparent viscosity also affects the phase
difference of soil acceleration, and this phenomenon is more obvious near the surface of
the model, which is essentially due to the fact that the ability of soil with different apparent
viscosities to withstand shear deformation is different, which explains the filtering effect
found in liquefied soils.
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4.3. Effect of the Site Inclination Angle

The inclination angle of the site will affect the shear strain rate of the liquefiable soil,
thus affecting the pile–soil interaction. Similarly to the impact of water at different speeds
on the pier, it will lead to differences in structural internal forces. In this study, four different
inclination angles (0◦, 1◦, 2◦, and 3◦) were adopted to study the effect on dynamic responses
of the pile foundation. The distribution of the peak horizontal displacement and bending
moments along the depth for different inclination angles are presented in Figure 12. With
the increase in inclination angle, the peak horizontal displacement response becomes larger,
and the peak bending moment response of the pile foundation increases. The displacement
and bending moment of the pile foundation are positively correlated with the lateral flow
rate of soil around the pile, and the influence of the flow rate is more and more obvious.
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The flow slip caused by soil liquefaction will cause additional load on the pile foundation,
which will aggravate the dynamic response of the pile foundation.
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4.4. Effect of Loading Frequency

Figure 13 shows the dynamic responses of the pile foundation under different loading
frequencies. The peak horizontal displacement and bending moments of the pile founda-
tion increase with a decrease in the loading frequency. The bending moment of the pile
foundation reaches the maximum when the seismic frequency is 1.5 Hz. The reason for this
phenomenon is that with the extension of continuous loading time, the apparent viscosity
of the soil decreases gradually, the fluidity of the soil increases, and the shear strain rate
increases. However, the soil also has a significant weakening effect on high-frequency
ground motion, so the pile foundation response under high-frequency loads is small; that
is, liquefied soil has the characteristics of amplifying low-frequency loads and filtering
high-frequency loads.
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5. Conclusions

A pile–soil interaction analysis method that introduces the TEPP to represent the
characteristics of liquefied soil is proposed. The proposed method was proven by compar-
ing the calculated results with that of the shake table test. On this basis, the influencing
factors including the elasticity coefficient of the pile, the apparent viscosity of the soil, the
inclination angle of the site, and the loading frequency on the dynamic response of pile
foundations were discussed. The main results are as follows.

(1) The simulation results showed that the liquefaction characteristics of the soil were
similar to that of thixotropic fluid as the pore pressure of the liquefaction can unify
the periodic process. The experimental results showed that the pore pressure of
liquefaction can simulate the soil after liquefaction, not only with respect to the flow
characteristics but also the physical condition in advance of liquefaction.

(2) The bending moments and lateral displacements of the pile, as well as the accelerations
of the soil obtained by the numerical simulation, are consistent with that of the
experiment. The peak horizontal displacement of pile foundations decreases with the
elevation of the elastic modulus, and the distribution of bending moments along the
depth was in contrast to the response of displacement.

(3) The peak bending moment and horizontal displacement of pile foundations increase
with the increase in apparent viscosity as a result of the increased dynamic earth
pressure on the pile associated with the higher modulus and strength of the soil.
With the increase in inclination angle, the peak horizontal displacement and bending
moments of the pile foundation at all depths both increase due to the additional load
on the pile foundation. The peak horizontal displacement and bending moments of
the pile foundation increase with a decrease in the loading frequency as a result of
the property of amplifying low-frequency loads and filtering high-frequency loads of
liquefied soil.

(4) The dynamic coupling interaction between liquefied soil and piles is closely related
to the apparent viscosity of liquefied soil. The apparent viscosity could affect the
amplitude of soil acceleration. Moreover, the apparent viscosity also affects the
phase difference of soil acceleration, and this phenomenon is more obvious near the
surface of the model due to the ability of soil with different apparent viscosities to
withstand shear deformation being different, which explains the filtering effect found
in liquefied soils.
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