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ABSTRACT

During a massive earthquake, large-scale lateral spreading may occur in the ground behind mooring
facilities. Regarding structures with pile foundations, such as piers, lateral spreading pressure acts on the
piles during lateral spreading formation, while the surrounding soil is displaced through the gaps between
the piles. Conventional two-dimensional (2D) analysis methods are generally inadequate for capturing such
three-dimensional (3D) effects. The present study employs a 3D Distinct Element Method (DEM) to
conduct a reproduction analysis of soil displacement and lateral spreading pressure measured during
previous lateral loading experiments. The DEM analysis revealed that, as the load was applied, soil
particles moved around the surface of the piles, resulting in an uplift at the front of the pile on the loading
side and subsidence at the back of the pile. These results closely corresponded to the observed movement of
soil particles during the experiments. Due to the differences in the contact conditions between the pile and
the surrounding soil before loading, the lateral spreading pressure acting on the lower part of the pile was
found to be higher in the analytical results than in the experimental ones. However, the analytical results
agreed with the experimental data in terms of the lateral spreading pressure acting on the upper part of
the pile.
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I.  INTRODUCTION

large seismic motions are anticipated and when there is a

Mooring facilities are critical components of port
infrastructure, primarily used for cargo handling operations.
They are usually built on soft and weak soils found in coastal
regions. During seismic events, these structures are affected not
only by inertial forces, but also by increased earth pressure and
potential soil liquefaction beneath the surface. As a result, the
structures may undergo lateral displacement toward the sea,
leading to potential damage [1-5]. During massive
earthquakes, large-scale lateral spreading is often induced. For
instance, during the Hyogoken-Nanbu Earthquake in 1995,
many port structures were subjected to damage, with the
caisson quay walls at Kobe Port being displaced several meters
toward the sea. At the Takahama Pier in Kobe Port, buckling
occurred at both the pile head and the pile's embedded section.
The buckling of the embedded portion of the pile was attributed
to lateral spreading pressure acting on the pier piles as the
ground behind the pier moved laterally toward the sea, causing
the lateral spreading pressure to be transmitted from the
underlying rubble layers beneath the pier [1]. Therefore, when

possibility that mooring facilities may be subjected to the
effects of lateral spreading, it is critical to adequately assess the
safety of structures under lateral spreading pressure.

In pier structures supported by piles, mass is concentrated
in the superstructure. Consequently, the simplified design
methods [1, 6] employed in the seismic design practice of such
piers only consider the inertial forces acting on the
superstructure; lateral spreading pressure is typically not
considered. One approach for evaluating pile safety under the
influence of lateral spreading pressure is the application of the
beam on the Winkler foundation model. This model represents
the pile as a beam and the soil as a spring. However, during
major seismic events, the soil exhibits nonlinear behavior,
necessitating the modeling of the spring as a nonlinear type.
Despite this, there is limited research on specific methods for
setting the nonlinear characteristics of the spring. The
maximum spring force is generally taken as the passive earth
pressure based on the design method for a continuous wall.
However, according to a lateral loading experiment that
measured the lateral spreading pressure acting on piles [7], the
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maximum lateral spreading pressure was greater than the
passive earth pressure. This depends on the difference between
continuous walls and discretely installed piles. Nevertheless,
there is a lack of knowledge regarding the appropriate method
for setting the upper limit of lateral spreading pressure acting
on piles.

Another method for evaluating the impact of lateral
spreading pressure on piles is the Finite Element Analysis
(FEA), which models both the soil and the structure. From the
perspective of reducing computational load, 2D analyses are
commonly applied. Previous studies have assessed the seismic
performance of mooring facilities, such as sheet-pile-type quay
walls and piers with pile foundations [8-13]. In these analyses,
piles are typically modeled as beam elements, and either
adjacent soil elements share nodes with the piles or joint
elements are placed between the piles and the soil to represent
sliding in the axial direction and separation in the perpendicular
direction. During lateral spreading, the soil flows through the
gaps between the discretely installed piles. This phenomenon,
though, cannot be accurately captured through these methods,
leaving unresolved issues in the precise evaluation of the lateral
spreading pressure acting on the piles. To address this, some
cases in the FEA code FLIP model the interaction between the
piles and the soil by introducing pile-soil interaction spring
elements [14, 15]. However, it has been pointed out that 2D
analyses cannot reproduce 3D effects [16], creating a limitation
in accurately capturing the full behavior of lateral spreading
pressure. The 3D DEM [17] is another method for assessing the
lateral spreading pressure acting on piles. DEM has been
widely deployed in civil engineering, with numerous successful
applications being observed in slope failure analysis and seabed
scour analysis in offshore wind turbine foundations [18-23].
Additionally, significant research has been conducted on the
vertical bearing capacity of piles and their lateral resistance
[24-28]. However, no existing studies have used 3D DEM to
evaluate the lateral spreading pressure acting on piles. Thus,
the current research aims to analytically assess the lateral
spreading pressure acting on piles by reproducing the results of
previous lateral loading experiments [7] using 3D DEM.

II. METHOD

A. Overview of Previous Lateral Loading Experiment [7]

Regarding the lateral loading experiment setup, a soil tank
with dimensions of 500 mm in width, 500 mm in depth, and
500 mm in height was used. A model pile with a diameter of 60
mm and a length of 200 mm was fixed to the bottom plate of
the tank with a pile spacing of 220 mm. The pile arrangement
was set based on the foundation of the pier. It should be noted
that this corresponds to a single pile condition, and that the
response may be different in the group pile condition. The soil
used was Tohoku Silica Sand No. 6 in the dry state, which was
air-pluviated to achieve a relative density of approximately
75%, and then filled to a height of 100 mm. The soil tank side
frame was independently loaded horizontally by a mega torque
motor, which applied horizontal displacement to the soil and
induced lateral spreading pressure on the model piles. The
length scaling factor was set to A = 1/100 (model/prototype).
The similitude proposed in [31] was applied. To perform
measurements, soil pressure gauges were mounted using fitting

jigs at two heights on the model pile—50 mm and 75 mm
above its bottom plate. These gauges were placed in the
direction of the loading plate (hereafter referred to as the pile
front) to measure the lateral spreading pressure. Other
measurement items included the horizontal displacement of the
soil tank frame, applied load, and surface displacement of the
soil. As the loading increased, the readings of the soil pressure
gauges increased to a certain limit after which they began to
decrease. The surface of the soil exhibited an uplift on the pile
front and a hollow on the back pile.

B. Analytical Method Using Distinct Element Method

In the 3D DEM, the soil and structure are modeled using
rigid particles, with the intervals of the particles being
connected by springs and dashpots. The linearity and
nonlinearity of the material properties of the soil and structure
are represented through the characteristics of the springs and
dashpots. The equations of motion for any given element are:

F =mi + cx (1)
M=1¢ +cri¢ )
c = 2hmk 3

where F is the resultant force acting on the element, m is
the mass of the element, X is the acceleration of the element, ¢
is the viscosity coefficient, x is the velocity, M is the bending
moment acting on the element, I is the moment of inertia of the
element, ¢ is the angular acceleration of the element, r is the
radius, ¢ is the angular velocity, h is the damping constant, and
k is the spring constant. F and M represent the sum of the
external forces and moments transmitted between elements
connected by four types of springs: axial spring, shear spring,
rotational spring, and torsional spring, as displayed in Figure 1.
Dashpots are connected in parallel with all four types of
springs. When a spring consistently reaches its pre-failure
strength, it is considered to have failed and is subsequently
replaced by a spring with post-failure strength. The force acting
on each element at the current time step is calculated based on
its position in the previous time step. From there, the
acceleration is calculated using the equation of motion, and
numerical integration is utilized to obtain the velocity and
displacement. For any two elements I/, /] with coordinates
1(xi, yi, z) . J(xj, ¥, 7)), and radii 7; , 7r; the contact
determination between elements [ and J at time t is expressed
by:

spring

—

Element model applied to DEM.

Fig. 1.
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1+ 1 Z Ry 4 V= %nrﬁ (10)
where: m; = pV (11)
2 2 2 _2 2
Rij = J(XJ - xi) + (yj - yl) + (Z] - Zi) (5) Ii - Emiri (12)
m]t = [u_.;]t—At + m]tAt (13)
r; [:pl]t = [(pl]t—At + [(D‘]t At (14)
By integrating the above, the change in position and
rotation is given by:
. 1 — —
(], =3 {[@], + [@],_,,} - A (15)
I J 1 = =
[ad)], =3 {[(p‘]t + [(pl]t—At} y: (16)
Thus, the position of the element at time t is expressed as:
~— [l = [Aw], + [8]e-ac (a7)
< > [q)l-]t = [A¢1]LL + [q)L]t_At (18)
ri Using the positions of the elements at time t, the resultant
P N force, acceleration, velocity, and displacement acting on the
A 7 element at time ¢ + At can be calculated. The springs used to
R .. calculate the total force and moment on the elements are
y expressed as:

Fig. 2. Contact determination of elements.

For all elements J that come into contact with element I, the
vectors [f"]t’ [fs]t, [pfn o and [pfs]t are calculated, and Lh)e
resultant forces are then determined. The total force vector |E|,
acting on element [ at time ¢ is given by:

—_—

il =2 {7, +[E), + ), + 21} ©

The total moment vector |Fy,, |, acting on element [ at time
t is expressed as:

Fodi = (/DN T (B, +T ], @)
The acceleration at time t is expressed as:

[7], = [£],/m ®
(8], = [l 1 ©)

where [u,]; = (uxi, Uy, uzi) is the position vector of element
I at time ¢, [@,]; = (¢x ®Oyis ®,;) is the rotation vector of
element [ at time t, m; is mass of element I, and I; is the
moment of inertia of element /. The velocity at time t can be
obtained by integrating the acceleration computed from using
the above equations. The density p and volume V (calculated
by (10)) are also considered in the calculation. Since a 3D
analysis is used in this study, the mass m; and the moment of
inertia [; can be expressed by (11) and (12). Additionally, by
integrating the accelerations obtained from (8) and (9), the
velocity at time ¢ can be determined as in (13) and (14):

1. Spring for element [

K _EiA; _ G4 _ Gy
Axiali — » “Sheari — » Torsioni — ’
i Ti i
_ Eilj
kBendingi - r_L (19)
2. Spring for element J
i _B4 _G4 _Gily
Axialj — » RShearj — » "Torsionj — )
j Ty
Eil;
— 2l
kBendingj - (20)
J

where A is the contact cross-sectional area, I is the moment of
inertia, and I; is the second polar moment of area.

Since the two springs are connected in series, the spring
constants between elements are expressed as:

i i i

= + 21
kaxiat  kaxiali  Kaxialj
i i i
= + (22)
kshear ksheari kSheaTj
i i i
= + (23)
kTorsion KTorsioni kTorsionj
i i i
= + (24)

kBending kBendingi kBendingj

where four types of spring constants are expressed as:

Kpcial =TT =—T—— (25)

ki'kj  EmRyAp;> EmR;Ap;*
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1 1
kshear 11— T - 1 (26)
ki kj  GmRySp;® GmRjSp;*
1 1
krorsion = 1 1 = 2 - Z 27
ki'kj  GmR{ZTp* GmRTpt
1 1
kBending =1.1= B . B (28)
ki'kj  EBmRSBp? EmR;%Bp;t

t J

where k4 1S the axial spring coefficient, kgpeq, 1S the shear
spring coefficient, kq,,si0n 1S the torsional spring coefficient,
Kgenaing is the bending spring coefficient, E is Young's
modulus, G is the shear modulus, Ap; is the axial index of
particle I, Ap; is the axial index of particle /, Sp; is the shear
index of particle I, Sp; is the shear index of particle J, Tp; is
the torsional index of particle I, Tp; is the torsional index of
particle ], Bp; is the bending index of particle I, and Bp is the
bending index of particle /. In addition, the axial, shear,
bending, and torsional indices are values related to the contact
width when determining the spring constants, and they are
expressed as the ratio of the contact width to the section width.
The 3D DEM analysis model is illustrated in Figure 3.
Generally, the time step At is expressed as a relationship
between the mass of the particle m and the spring constant k:

At < \m/k (29)

Unloading side

«— Loading direction Loading side

Analysis accuracy depends on the time step, and as the
particle diameter decreases, it is necessary to reduce the time
step for the analysis to be accurate [32]. Furthermore, reducing
the used particle diameter increases the number of particles in
the model, thereby increasing the computational load. In this
study, to reduce the computational load while maintaining
analysis accuracy, the scale of the soil tank and piles was set to
four times that of the experiment, the particle radius was set to
0.02 m, and the time step for the analysis was setto 5 x 1077 s.
The dimensions of the bottom plate are 2000 mm in width and
2000 mm in length. Two piles (with a diameter of 240 mm and
length of 700 mm) were arranged on the bottom plate such that
they did not interfere with the particles constituting the bottom
plate. Since the piles were modeled as rigid bodies, the
coordinates of the constituent particles were fixed. By applying
a forced displacement to the loading plate integrated with the
bottom plate, horizontal displacement was imparted to the soil
particles. The ground was created using self-weight analysis,
simulating an air pluviation method, with a layer thickness of
400 mm. The loading speed of the loading plate was set at
0.018 m/s, based on [33], with a loading time of 10 s.

The analysis parameters are presented in Table I. If the
axial, shear, bending, or torsional indices are set too high, the
maximum overlap of particles may increase, leading to a
significant decrease in the soil particle volume during loading.
Therefore, these indices were set to relatively small values of
0.1. The density p was taken as 2.65 t/m3, corresponding to the
typical density of No.6 silica sand.

240mm TABLE L. ANALYSIS PARAMETERS
Material name Unit Pile Sand Loading plate
Particle radius m 0.01 0.02 0.02
400mm Axial index — 0.1 0.1 0.1
Shear index — 0.1 0.1 0.1
Torsional index — 0.1 0.1 0.1
Bending index — 0.1 0.1 0.1
Density g/cm? 2.65 2.65 2.65
Young's modulus | kN/m? | 80000000 | 20000000 20000000
Shear modulus | kN/m? | 30000000 | 7500000 7500000
Damping constant — 0.5 0.5 0.5
Compressive
strength (before | kN/m? 92000 400000 400000
failure)
Tensile strength 2
(before failure) kN/m 0.1 40000 400000
Cohesion (before |/ 0.1 40000 400000
failure)
Friction coefficient
(before failure) B 05 05 05
pACN 880mm Compressive
strength (after kN/m? 92000 400000 400000
failure)
Tensile strength 2
(after failure) kN/m 0.1 40000 400000
Shear strength 2
(after failure) kN/m 0.1 40000 400000
Friction
coefficient(after — 0.5 0.5 0.5
failure)
Time step for
analysis S 0.0000005

Fig. 3. Analysis model.
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The Young's modulus E was set to 8x10° kN/m?, a typical
value for sand particles, and the shear modulus G was set to
3x10° kN/m?, which is calculated from (30) using a Poisson’s
ratio of 0.3. The compressive strength was set to 92000 kPa, a
typical value for sand particles. Since the compressive strength
of sand particles does not change before and after loading, the
same value was used for both the pre-failure and post-failure
states of the particle bonds. The total number of particles
utilized in the analysis was 29603, comprising 3040 pile
particles, 6930 loading wall and bottom plate particles, and
19633 soil particles.

G=—2 (30)

T 2(14v)

III. RESULTS AND DISCUSSION

A. Displacement of Sand Particles

Figures 4-6 illustrate the displacement contours of sand
particles at the ground surface under a displacement of 15 mm.
In the X direction, corresponding to the movement of the
loading plate, the displacement values at the back of the
loading plate, the front of the unloading plate, and between the
piles are approximately the same, indicating that sand particles
flow effectively through the space between the piles.
Conversely, in the areas in front of and behind the piles, the
displacement of the sand particles is minimal, suggesting that
the piles obstruct the movement of the sand particles. In the Y
direction, perpendicular to the loading plate's movement,
significant displacements are observed primarily in the vicinity
of the piles. In front of the piles, sand particles appear to move
around the piles, migrating toward the back surface of the pile.
In contrast, on the back surface of the piles, sand particles
move toward the Y coordinate of the pile center. This
displacement is not caused by the compression of the sand
particles that have turned around from the front of the pile;
instead, it is attributed to the formation of a hollow on the back
of the piles due to loading, causing sand particles to settle
toward the Y coordinate of the pile center. In the vertical (Z)
direction, prominent displacements are again primarily
observed around the piles. Sand particles in front of the piles
are displaced upward, while those behind the piles experience
subsidence. These displacement patterns align well with the
experimental observations, validating that DEM accurately
reproduces the movement of the sand particles.

Fig. 4. X-direction displacement contour (unit: m) (blue (-): move to the
left, red (+): move to the right).

1.500e-01

£0.075

Fig. 5. Y-direction displacement contour (unit: m) (blue (-): move down,
red (+): move up).

Fig. 6.

Z-direction displacement contour (unit: m) (blue (-): subsidence,
red (+): heave).

B. Lateral Spreading Pressure

Figures 7 and 8 demonstrate a comparison between the
analytical results and the experimental data for the lateral
spreading pressure acting on the piles. The lateral spreading
pressure in the analysis was determined by averaging the
contact forces between the pile particles and the soil particles at
a height corresponding to the center of the soil pressure gauges
used in the model experiment. This average contact force was
then divided by the cross-sectional area of the soil particles to
convert it into pressure. At the lower installation height of the
soil pressure gauge, the effective confining pressure is greater,
leading to a higher lateral spreading pressure compared to the
upper gauge. This observation is consistent with previous
models’ experimental results. Overall, the lateral spreading
pressure obtained from the analysis closely matches the
experimental data, although the values recorded at the upper
gauge are slightly lower than those measured in the
experiments. In the experimental setup, the soil density was
1.52 t/m3, whereas in the analytical model, the particle diameter
was 4 cm, larger than that used in the experiments. This led to a
larger void between particles and a smaller soil density (1.14
t/m3) in the analysis. Consequently, the effective overburden
pressure of the near-surface region was lower in the analysis
compared to the experiment, resulting in a smaller applied
pressure. Conversely, the analysis values at the lower pressure
gauge were larger than the experimental values. There was a
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significant difference between the two values immediately after
loading. In the analysis, right after loading began, the value
increased rapidly because the ground in front of the pile was
compressed without significant movement of the sand particles
being observed. In contrast, during the experiment, the lateral
spreading pressure increased gradually as the loading
progressed. This difference arises from the variation in the
contact conditions between the sand particles and the pile
before loading at the locations where the earth pressure gauges
were installed in both the experiment and the analysis. Previous
loading experiments and reproduction analyses of piles focused
on the small displacement range in the initial loading stage
[34]. In contrast, this study successfully reproduced the lateral
spreading pressure in the large soil displacement range.

9%
(=}

—experimental values

[S8]
153

—analytical values

553
f=}

—_
f=}

Lateral spreading pressure
(kKN/m?)
&

|

0 5 10 15 20
Ground displacement (mm)

Fig. 7. Comparison between the analytical values and the experimental
values (upper gauge).

30

—experimental values

I3
[

—analytical values

553
(=}

—_
(=}

Lateral spreading pressure
(kN/m?)
o

w

f=}

0 5 10 15 20)

Ground displacement (mm)

Fig. 8. Comparison of analytical and experimental lateral spreading
pressure values at the lower soil pressure gauge.

Figures 9 and 10 show the X-component of the composite
displacement vector (comprising X, Y, and Z components).
Here, the solid white line represents the pile. The region where
the displacement in the X-direction is small around the pile
surface (enclosed by the white dashed line) is wider in the
upper gauge than in the lower gauge. At the upper gauge, the
lower confining pressure allows soil particles to move more
freely around the pile during lateral spreading. Consequently,
the displacement in the X-direction on the front surface of the
pile is smaller than the overall lateral spreading. Lateral
spreading pressure can be calculated by multiplying the lateral
spreading quantity by the subgrade reaction modulus, which is
evaluated based on the ground deformation modulus. It is
known that the ground deformation modulus depends on the
confining pressure, which is proportional to the overburden
pressure. The shear modulus of the ground is proportional to

the square root of the confining pressure [35], and Young’s
modulus is proportional to the shear modulus, as given by (28).
Therefore, it can be assumed that the subgrade reaction
modulus increases with depth, proportional to the square root
of the depth. Based on this, if the lateral spreading quantity
remains constant with depth, the lateral spreading pressure will
also increase with depth, proportional to the square root of the
depth. However, particularly in the analysis results, the lateral
spreading pressure in the lower gauge is significantly larger
than the upper gauge. This suggests that the lateral spreading
quantity is not constant concerning depth.

o
o

s

Fig. 9.
section).

Composite displacement vector (X- component) (unit: m) (upper

Fig. 10.
section).

Composite displacement vector (X-component) (unit: m) (lower

IV. CONCLUSIONS

This study aims to quantitatively assess the lateral
spreading pressure acting on a pile when the surrounding
ground is displaced through the gaps between piles. To achieve
this, the results of previous horizontal loading experiments
were reproduced using a three-dimensional (3D) Distinct
Element Method (DEM). The main conclusions drawn are:

e In the DEM analysis of soil particle movement at the
ground surface, soil particles slipped between the piles with
loading, while at the front and back of the pile, the pile
acted as an obstacle, resulting in only minimal soil particle
movement. In the direction perpendicular to the loading
plate's movement, soil particles at the front of the pile
moved around the pile towards its the back side, while at
the back of the pile, a hollow formed, causing movement
towards the pile's center. In the vertical direction, soil
particles at the front of the pile rose, and sank at its back
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part. The patterns of these soil particle displacements are
consistent with previous experimental results, confirming
that DEM successfully reproduced the movement of the
sand particles.

The lateral spreading pressure at the lower gauge was
higher than at the upper gauge, consistent with previous
experimental results. At the upper gauge, the analytical
pressure was slightly lower than its experimental value,
primarily due to the lower soil density used in the analysis.
Conversely, the analytical pressure at the lower gauge was
higher than in the experiment, with a notable spike being
noted immediately after loading. This discrepancy is
attributed to the differing pre-loading contact conditions
between soil particles and the pile at the gauge locations.
Unlike previous studies, this analysis successfully captured
the behavior of lateral spreading pressure under large soil
displacements.

When comparing the lateral spreading quantity at the front
of the pile, the result showed that it was smaller in the
upper gauge and larger in the lower gauge. This is because
the ease with which soil particles move around the pile is
dependent on the confining pressure. The significant
difference in the lateral spreading pressure analysis values
between the upper and lower gauges is primarily influenced
by the difference in lateral spreading quantities.
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