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Abstract: The plastic region of piles under seismic loads is a crucial concern in seafloor improvement
design. This paper establishes a physical model of the sand compaction pile-immersed tunnel-water
pressure system. This research studies pile arrangements that minimize the sand compaction pile
plastic region under seismic loads. The experiments were validated through numerical simulations.
The results show that “X-shaped” and rectangular pile groups increase the Energy Residual Index
(ERI) due to differences in pile spacing and the instability of the quadrilateral prism damping units
formed by piles and soil. In this scenario, piles are limited to heavy and mild plastic regions, with
boundary depths at L =2.25 D and L = 2.08 D (L represents the pile length, and D is the pile diameter).
Furthermore, increased water pressure amplifies the structural resonance injury, increasing ERI. In
conjunction with the soil, hexagonal pile groups create triangular prism damping units that counteract
seismic wavefronts. The total kinetic energy and strain energy of the piled foundation are lower
than those of the “X-shaped” and rectangular pile groups. The boundaries between the heavy plastic
region, the moderate plastic region, and the mild plastic region are located at depths of L =4 D and
L =8 D, respectively. This study also reveals that a top-heavy mass distribution in the structure leads
to maximum deformation in the heavy plastic region. Pile-soil damping units primarily operate
within the moderate plastic region.

Keywords: sand compaction pile; pile arrangement; plasticity region; seismic loads; energy

1. Introduction

During an earthquake, the characteristics of the seafloor exhibit a significant reduction
in strength and stiffness, accompanied by a substantial increase in pore water pressure.
The reduced mutual support among solid soil particles typically results in damage to
underwater foundations, such as collapse and significant deformation. This often comes
with significant economic losses and casualties. For instance, in the 2011 Great East Japan
Earthquake, the foundations of thousands of structures were damaged [1]. In earthquakes
such as the 1983 Central Japan Sea Earthquake [2], the 1964 Niigata Earthquake [3], and
the 1995 Southern Hyogo Prefecture Earthquake [4], among others, many foundations
experienced significant deformation and collapse. Over the past few decades, extensive
research has been conducted on seismic-related damage to soil and structures [5-8].

Piles are widely used to mitigate the impact of dynamic loads on structures [9-13].
Since shear seismic waves carry the most seismic energy, most existing studies on pile-soil
interaction assume that it is induced by vertically propagating S-waves [14-17]. Under seis-
mic loads, the deformation of most structures is caused by lateral soil movement beneath
the structure [18]. Therefore, lateral dynamic load tests on piles have been extensively
researched. Various methods, including empirical and analytical approaches [19-21], nu-
merical analyses [22-24], and physical experiments [25,26], have been widely employed in
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the dynamic load analysis of piles. These methods effectively analyze pile-soil interface
interactions, non-uniform settlement of piles, the influence of soil liquefaction, and the
impact of changes in saturation pore water pressure on pile strength. Most of the foun-
dation above strengthening studies involve lateral cyclic loads or seismic tests simulated
on shaking tables, effectively addressing pile—soil movement issues under seismic condi-
tions [27]. However, the mechanical behavior of piles essentially represents a process of
energy changes. Further research is needed to understand the relationship between energy
dissipation and plastic deformation during the seismic response of piles.

Underwater piled foundations are often reinforced using sand compaction piles (SCP).
The construction of sand compaction piles involves the insertion of sand into the ground
through casings and compaction by means of vibration and impact techniques [28-31].
SCP, combined with the surrounding soil, forms a composite stratum, creating drainage
pathways that reduce pore water pressure, thereby enhancing densification effects [32,33].
In seismic safety assessments, most research on sand compaction piles (SCP) primarily
focuses on significant lateral displacements caused by earthquakes, which can lead to
structural damage. Alternatively, researchers aim to enhance seismic performance by
considering factors such as the replacement rate of the piled foundation, slenderness
ratio, and arrangement methods [34-36]. In order to explore the seismic response of piled
foundation structures, a significant number of seismic model tests have been conducted,
including shake table tests [37,38] and centrifuge tests [39,40]. Furthermore, the finite
element analysis method is widely employed for the investigation of the seismic behavior
of the pile-structure—soil [41-43]. Most such studies primarily emphasize the bending
moment and acceleration responses of piles. However, they often do not take into account
the impact of pile group arrangements on seismic performance assessments. There is a lack
of research examining the relationship between pile arrangement and the extent of pile
plastic regions.

This paper investigates the mechanical behavior of the pile-soil interface in the sand
compaction pile (SCP)-immersed tunnel-water pressure system (SIS system) using physical
experiments. Numerical analysis is employed to validate the physical experiments. This
study analyzes the energy absorption and dissipation processes of the piled foundation
in response to seismic forces, examining the patterns of energy variation within the piled
foundation. It establishes a relationship between the plastic region of SCP and the arrange-
ment of the piles. These findings provide a reliable basis for designing pile arrangements
to support immersed tunnel structures.

2. Physical Modelling

Objectives: assessing the effectiveness of different arrangements of SCP in improving
seabed foundations through physical model experiments; investigating the relationship be-
tween pile arrangements and pile plastic regions; and analyzing the damping characteristics
of pile foundations when water depth varies.

2.1. Design of Physical Model

This study investigates the arrangement angles (6) for rectangular pile groups (dis-
placement rate 50%, slenderness ratio 6.25), “X-shaped” pile groups (displacement rate 37%,
slenderness ratio 9.37), and hexagonal pile groups (displacement rate 62%, slenderness
ratio 15). It conducts nine sets of physical model experiments with varying water pressure
(P) at different depths (H; = 48.78 m, Hy = 32.12 m, H3 = 23 m). The model dimensions
and experimental equipment are depicted in Figure la. Figure 2 illustrates the vertical
SCP improvement zone, where the highest degree of soil densification occurs within a 2 D
(with D being the pile diameter) range [44]. The arrangement of the three types of piles
mentioned above is determined based on the replacement rate of the foundation [44].
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Figure 2. Arrangement angle of the SCP.

2.2. Research Material

The model trench has dimensions of a rigid container measuring 0.3 m x 0.3 m x 0.5 m.
The composition of SCP is as follows: sand with particle sizes greater than 0.25 mm
accounts for 23% of the total weight, sand with particle sizes between 0.18 mm and 0.25 mm
constitutes 70% of the total weight, and sand with particle sizes smaller than 0.18 mm
makes up 7% of the total weight. Sand compaction is performed in six layers using the
sand compaction pile (SCP) method, with a compaction density (DL) of 90%. The selection
of the foundation materials takes into account the pore water pressure and consolidation
state in the long-term seabed environment. Polystyrene particles (EPS) are employed,
mixed with clay at the optimal moisture content, to replicate the high compressibility
and low permeability characteristics of marine clay [45]. The polystyrene particle (EPS)
foam has a particle size of 0.3 mm, with specific characteristics as detailed in Table 1. The
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physical properties of the artificially deposited seabed soil in the experiment are presented
in Figure 3.

Table 1. Parameters of sand piles and foundations.

Foundation Sand
Properties Value Property Value
Particle size dgpg (mm) 0.3 Y1 (d > 0.25 mm) 0.23
Volume ratio Vggi1:VEps 8/1 Y2 (d = 0.18-0.25 mm) 0.7
Permeability (m/d) 0.0016 Y3 (d < 0.18 mm) 0.07
Void ratio e 1.07 Permeability (m/d) 2.592
Moisture content W 0.216 Pile depth L (m) 0.2
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Figure 3. Basic physical properties: (a) gradation curve; (b) shear strength.
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At the pile-soil interface shown in Figure 1b, soil pressure box sensors, displacement
sensors, and strain gauges are evenly distributed along the depth direction, as depicted in
Figure 2. The stress and deformation within the plastic regions of the piles are measured
under different water pressures and SCP arrangement angles. The seismic input for the
model is selected from the PEER Ground Motion Database-NGA west2, and time-history
analysis is performed using data from the Hexi Lin Earthquake Observatory in Greece. The
earthquake has an intensity of 7.5, a characteristic period of 0.40 s, a damping ratio of 0.05,
and a peak acceleration of 0.05 g, categorizing it as a major seismic event. This information
is illustrated in Figure 4.
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Figure 4. Time history acceleration.

3. Analysis of Experimental Results
3.1. Bending Moment of the Piles

Figure 5 displays the distribution of the maximum bending moments in a single pile
within the pile group. As 0 increases from 45° to 90°, the depth of the maximum bending
moment below the pile decreases from 6 D to 4.58 D. Simultaneously, zero bending moment
points appear both in the upper and lower regions of the pile. The overall trend of the
pile rotation is counterclockwise, with the right side of the pile top experiencing tension
while the left side of the pile bottom is under tension. The higher bending moments in the
upper portion of the pile compared with the lower portion are a result of greater horizontal
displacement. This P-A effect is similar to the study conducted by Wen et al. [46]. The
maximum bending moments in the upper part of the SCP occur at depths ranging from 1 D
to 2.68 D for all three angles. Increasing the angle 0 causes the migration of the maximum
bending moment towards the pile head. This phenomenon is attributed to soil degradation
around the intermediate piles. Gonzalez et al. [47] also observed similar phenomena during
their study on soil degradation at the pile-soil interface. It is worth noting that for the same
6 value, an increase in water pressure enhances soil confinement and stiffness. However,
the location of the maximum bending moment does not change with the increasing pile
bending moment.
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Figure 5. Bending moment distribution of the piles.

3.2. Friction and Displacement of the Pile-Soil Interface

The frictional-displacement (f-s) relationship at the pile-soil interface, where the
response is maximum, is depicted in Figure 6. Due to the significant soil settlement
exceeding that of the pile group unit, it results in the relative upward movement of the
piles. With the increase in 6 values and water pressure, this relative movement exhibits an
exponential growth trend. The deformation zones in the soil are classified based on the
slope of the frictional displacement curve (f-s). When 6; = 45 degrees, a heavy plastic region
(A2) and a mild plastic region (C2) are formed, with L = 3.5 m serving as the boundary.
When 6, = 60°, noticeable changes in the slope of the f-s curves occur at L = 4 m and
L =8 m (L represents the pile length). This leads to the formation of a heavy plastic region
(Al), a moderate plastic region (B1), and a mild plastic region (C1). When 63 = 90°, the
plastic regions A3 and C3 are separated by L =5 m.
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Figure 6. Friction-displacement curves of the pile-soil interface.
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After the earthquake, the maximum settlement zone of the soil around the pile is
located in the heavy plastic region A. In this area, the bending moment on the pile is also
at its highest. The vertical displacement decreases in a linear manner. When the frictional
reaches a critical value, the vertical displacement decreases. This is due to the mobilization
of the bearing capacity end of the pile and the frictional side of the pile to resist axial
forces [46]. The soil around the pile is in a state of force equilibrium. In the lower part,
within the mild plasticity region C, the frictional undergoes minimal variations. However,
there is a sudden and steep reduction in settlement. In this region, which is closer to the
seismic sources, the soil experiences a high degree of compaction. This results in an increase
in effective stress. Additionally, the “X-shape” pile group exhibits a similar frictional to the
hexagonal pile group. However, it does not display the intermediate plasticity region B.
In the “X-shape” pile group, the boundary of the heaviest plasticity region with the most
deformation is shallow, at 0.5 m. This indicates that the pile spacing differences in the
“X-shape” pile group may result in an incomplete group pile effect [48]. Under the same
seismic conditions, differences in pile spacing result in non-uniform soil compression. This
phenomenon is closely related to the location of the peak moments on the pile sides.

3.3. Piled Foundation Energy Absorption and Dissipation

The seismic performance of a structure fundamentally represents its capacity to dissi-
pate seismic energy. This dissipation of seismic energy within a structure occurs primarily
in two main forms: firstly, through internal damage transforming into thermal energy dissi-
pated into space, and secondly, through external dissipation associated with the pile—soil
interface interaction. These correspond primarily to the internal strain energy (ALLSE)
and the external kinetic energy (ALLKE). Therefore, analyzing these two energy variations
determines the position and size of the plastic region of the pile [49].

Figure 7a—c represent the plastic hysteresis loops from the piled foundation seismic
loads tests. The area under the loading-displacement curve in the hysteresis loop reflects
the magnitude of energy absorbed by the structure, while the area under the unloading-
displacement curve represents the dissipated energy. It can be observed that the area under
the loading curve is consistently greater than the area under the unloading curve.

]
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Horizontal displacement (mm)
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Figure 7. Cont.
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Figure 7. Plastic hysteresis curves for different 6 values of the piled foundation: (a) H = 23 m;
(b) H=32.12m; (c) H = 44.78 m; (d) Area different of hysteresis curves.
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The Energy Residue Index (ERI) of the piles is shown in Figure 7d. ERI is calculated as
the difference between energy absorption and dissipation in the piles, divided by the total
work done by seismic loads on the piled foundation. When 0 = 90°, the ERI at H = 32.12 m
under water pressure is 2.67 times higher than that at H = 23 m. Additionally, at H = 44.78 m,
the ERI is two times higher than that at H = 23 m. At this point, the pile group forms
a rectangular spatial volume. The piles experience irregular lateral displacement due
to insufficient stability. The surrounding soil experiences relatively minor deformation,
resulting in low energy dissipation. Most of the energy is transformed into the internal
energy of the soil, leading to an increase in ERI. When 6 = 45°, the maximum ERI value
occurs at an H = 44.78 m water pressure. This is due to the inhibitory effect of water pressure
on the vertical frequency of the structure [50,51]. The foundation acts as a transmission
medium between these two factors. The piled foundation experiences frequency resonance.
Resonance results in additional energy being absorbed by the foundation. This leads to
the peak in the ERI. When 6 = 60°, the ERI values under three different water pressures are
relatively close. This reflects the stability of the hexagonal pile arrangement.

The ratio <y of the damping coefficient is between the piled foundation and the non-
piled foundation. This ratio 7 reflects the energy dissipation capacity when the foundation
exhibits elastic-plastic behavior. From the relationship shown in Figure 8, the change in
the v over the course of the earthquake can be seen. At 6 = 60°, as a result of the seismic-
induced plastic deformation of the foundation increasing, oy gradually decreases. However,
the decrease in value A7 is consistently 2.5. At 6 =4 5° and 6 = 90°, ¢ values exhibit
significant fluctuations. These fluctuations may pose a safety risk due to the instability of
the damping ratio in seismic design.

44 —0—0,=90° —O0— 0,=45° 0,=60° H=23m

. m\ng =1 X

N QWO b O -
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Figure 8. Damping coefficients ratio of the piled foundation.

4. Numerical Modelling

In physical experiments, there are limitations in analyzing the energy dissipation
effects in the foundation. ABAQUS software (version 2020) offers advantages in parameter-
ized analysis and visualization. Therefore, finite element analysis is employed to study the
energy conversion efficiency of piled foundations. Shear seismic waves carry the majority
of seismic energy. Strong seismic motion is induced by vertically propagating waves.
This phenomenon has been documented in previous studies [14-17]. Earthquake-induced
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horizontal and vertical loads act on tunnel structures. These loads lead to deformations
and stress concentrations in tunnel structures. Potential injury can also result from these
earthquake effects. Prior research has extensively investigated these phenomena [52,53].

4.1. Seismic Loads Input

Numerous research findings indicate that when seismic waves occur on the foundation,
the seabed and its surroundings are considered as an unbounded, infinite space. Seismic
waves penetrating through the foundation experience damping from the surrounding
soils. The upper boundary of the model is in contact with the water, preventing seismic
waves from propagating upward and generating reflected waves. In this study, viscoelastic
boundaries were employed to simulate the penetration and reflection injury of seismic
waves within the SIS system. An equivalent seismic loads program for the numerical
surface of the model was developed based on the principles of three-dimensional wave
theory. The seismic loads were implemented and transmitted through the input model
file using MATLAB. The input equation for this process was derived from the work of Liu
et al. [54].

Fa(t) = Anc®/ (xn, yn, 2, ) + K (0, Y, 20, t) + Co/f (xn, Y, 20, t)

where F,(t) represents the seismic load at any given time at arbitrary point, n, on the
boundary of the model. A, corresponds to the control area at point 1. o/ denotes the stress
tensor generated by the seismic waves in the normal direction to the boundary in the free
field. 1 stands for the displacement vector of the incident wave. v/ represents the velocity
vector of the incident wave. x,,, y,, and z, indicate the coordinates of point n. ¢ signifies
the transit time of the wave, encompassing both the incident wave, 1, and the reflected
wave, tp. K and C are the stiffness and damping coefficients of the viscoelastic boundary, as
illustrated in Figure 9.

|
|
‘?
] g
15
I3
f”y-‘

Figure 9. Schematic of the numerical model. 1—backfill; 2—immersed tunnel; 3—SCP; 4—gravel
cushion; 5—incident wave.

4.2. Model Parameters

The fundamental parameters of the Modified Cam-Clay (MCC) soil model include M,
eo, €1, A, K, and v. These parameters can be estimated based on theoretical analysis and em-
pirical data [55-57]. In the p— coordinate system, the slope of the Critical State Line (CSL),
denoted as M, is given by M = 6sing/(3 — sing). In the e-Inp coordinate system, the slope of
the Normal Consolidation Line (NCL) is represented by A = Cc/2.3, and in the same coordi-
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nate system, the slope of the rebound line is denoted as Kr, which falls within the range of
0.2 to 0.5 times A. The relationship between the soil void ratio and the over-consolidation
ratio (OCR) at a specific location is expressed as e = ¢y + Alnpg + Krln(OCR). During the
consolidation process of the seabed, the sand compaction pile forms drainage channels that
reduce excess pore water pressure. The permeability coefficient ks in the soil is related to
the change in soil void ratio e during deformation. The equation for k; is ks = Cr el(1 +e),
where Cr=ko(1 + eg)leg® is an empirical coefficient [58]. Here, ey and kg represent the initial
void ratio and permeability, respectively. This process increases the seabed density and
deformation. On the other hand, the hardening behavior of SCP under seismic loads is
simulated using the Cap model (DP) and the Porous Elastic (Proelastic) material model. The
immersed tunnel and the gravel cushion layer are considered impermeable and experience
minimal deformation. Therefore, linear elasticity modeling is applied to simulate their
behavior. Specific parameters for these components can be found in Table 2.

Table 2. Material constants for modeling.

Parameters Marine Clay SCP Immersed Gravel Cushion Backfill
Consolidation index, A 0.113 0.023
Swelling index, Kr 0.05058 0.0103
Critical state parameter, M 0.668 1.2
Poisson’s ratio, v 0.36 0.3 0.17 0.45 0.37
Density, p (g/m3) 1.851 1.765 2.45 0.9 2
Buoyant density, pw (g/m3) 0.801 0.715 14 0.85 0.95
Cohesion, C (kPa) 74 0.5
Friction angle ¢ (°) 15 30
Young’s modulus, E (kPa) 2821.83 E* 30,000 20,000 150,000
Permeability, x (m/s) 1.8 x 1078 3x107°
Coefficient of lateral pressure 0.577 0.5
Initial void ratio, e; 1.059 0.72
Degree of saturation 1 1

Note: E* = 0.604¢(0m/ aat)A, where “0,” is the stress of atmospheric and “o,” is the current average principal
stress in the soil unit under consideration [46].

4.3. Finite Element Mesh and Boundary Condition

The interaction between the piles and the surrounding soil is modeled as frictional
contact, combining normal direction hard contact with tangential friction contact. An inter-
face strength reduction factor of 0.8 is applied [59]. Initial overburden stress is determined
using the static earth pressure coefficient, with Ky = 1 — sing, where ¢ represents the soil
friction angle. Finite element analysis is used to simulate the behavior of the pile—soil
interaction, with C3D8P elements employed for the piles and C3D8R elements used for the
gravel cushion layer and tunnel. In order to account for the longitudinal tunnel similarity
to an infinitely long cavity, a single group of SCP pile elements is considered along the
Y-axis direction, and the width of the model extends up to 112 m to eliminate boundary
effects. In the Z-axis direction, the bottom of the model is situated 3.1 D (D represents the
pile diameter) away from the pile ends [60]. Constraints are applied to the boundaries of
the model and base, and spring-dashpot elements are included to represent viscoelastic
boundaries. Within the SIS system, the effect of water pressure is implemented by adding
additional mass at the top of the model, as depicted in Figure 9.
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4.4. Verification of Numerical Results

In order to validate the accuracy of the numerical model, a comparison was conducted
regarding pile foundation settlement and lateral load. This comparison aimed to assess the
consistency between the numerical and physical models. Figure 10a illustrates the piled
foundation settlement curve. Throughout the simulation process, noticeable fluctuations
of approximately 15 mm were observed, gradually converging to a stable value. The final
settlement results from the physical model deviated by only 4% from the stable settlement
values obtained in the numerical model. From Figure 10b, it can be observed that the
two models exhibited a similar variation pattern in horizontal loads, with the maximum
difference in peak points being 9%. The reasons for the observed differences include
boundary effects in the physical model and the absence of seismic wave reflection effects
in the physical model. It is evident from these results that the consistency between the
experimental and numerical findings is satisfactory.
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Figure 10. Result validation: (a) settlement of the foundation; (b) transverse load of the foundation.
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5. Energy Absorption and Dissipation of the SCP and Soil
5.1. Total Kinetic Energy (ALLKE) of the Piles and Foundation

Figure 11 shows the variation in the total kinetic energy (ALLKE) of the pile group and
the foundation. When the 6 value ranges from 45° to 90° in the seismic energy field, there is
an observed energy change phenomenon where E1 > E2 < E3, as shown in Figure 11a. The
generation of pile group kinetic energy is attributed to the lateral loads of the earthquake
on the pile sides, resulting in vibrations and stresses in the SCP. When an external force acts
on an object, it produces inertia. This inertia induces deformations in the SCP. At 8, = 60°,
the SCP forms an equilateral triangle arrangement. In this configuration, the deformations
and vibrations of the SCP are evenly distributed, leading to soil densification between the
piles. The densified soil forms a triangular prism damping unit with the hexagonal pile
group, reducing the response of SCP level. At 6; = 45°, the differences in pile spacing cause
a 120% amplification of kinetic energy. For 63 = 90°, the pile-to-soil interaction forms an
unstable rectangular damping unit, resulting in a 60% increase in kinetic energy. This is
consistent with the law observed in the pile-soil interface f-s curves in Section 3.2.
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Figure 11. Kinetic energy change: (a) Kinetic energy of the SCP; (b) Kinetic energy of foundation.

Figure 11b clearly shows that the area under the kinetic energy of the piled foundation
curve follows the pattern 52 < 53 < S1. In the context of seismic energy conservation, it
is observed that in Figures 5 and 6, the hexagonal pile group exhibits the least bending
moments and axial forces but the largest deformations. In terms of the dissipation of
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seismic energy, it is divided into two parts: one involving motion and friction and the other
related to structural internal injury converted into thermal energy. Piles with higher strains
dissipate more internal energy, resulting in lower kinetic energy associated with motion.
As a result, the hexagonal pile group exhibits the smallest area under its kinetic energy
curve, signifying greater structural stability.

5.2. Total Strain Energy (ALLSE) of the Pile

Internal strain energy dissipation within SCP is a crucial mechanism for resisting
seismic energy-induced damage in the foundation. Figure 12 shows the total strain energy
of a single pile. When 6; = 45° and 03 = 90°, the strain energy of the pile only undergoes
the Aej energy change process. This leads to the maximum strain energy near the top of
the pile. The fixed connection between the pile top and the immersed tunnel structure
results in a top-heavy structural mass distribution, intensifying the seismic forces on the
top of the pile. Conversely, at 6, = 60°, there are both strain energy increase (Aej) and
decrease (Ae,) processes. This distribution of mass, with more mass concentrated at the
top, causes reduced strain energy both at the top of the pile and at the end of the pile. The
presence of the triangular prism damping units impacts this variation. It partially cancels
the seismic wavefront, reducing the energy transmitted to the top. The larger embedment
depth of the pile at the bottom increases the surrounding soil pressure. This also reduces
the deformations of the pile. As a result, there is a lower strain energy than that in the
middle section.
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Figure 12. Strain energy at different depths of the piles: (a) 8; = 45°, H = 44.78 m; (b) 6, = 60°,
H =44.78 m; (c) 65 = 90°, H = 44.78 m.

To distinguish the ability of a pile to absorb seismic energy, we evaluate the difference
in strain energy transition amplitudes. Refer to the energy change lines (denoted as A) in
Figure 12a—c, where A1 =3.75m, A2 =4.1m, A3 = 8.3 m, and A4 = 5 m. This correlates with
the plastic regions discussed in Section 3.2.

6. Location of the Boundaries of the Damaged Region

Based on the analysis of the mechanical behavior at the pile-soil interface and the
energy change, the relationship between the plastic regions of the piles and 6 values is
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quantified, as shown in Figure 13. For the “X-shaped” pile group, the boundary between
the heavy and mild plastic region is located at a depth of L = 2.25 D, with a vertical angle of
1.06 61. In the case of the hexagonal pile group, the boundaries between heavy, moderate,
and mild plastic regions are found at depths of L =4 D and L = 8 D, with vertical angles of
10.39 0, and 0.774 6,, respectively. The rectangular pile group has boundaries for heavy
and mild plastic regions at a depth of L = 2.08 D, with a vertical angle of 0.622 03. The
arrangement of SCP should aim to form triangular prism damping units and establish a
mass distribution where the upper part is lighter than the lower part. This ensures that the
structure can achieve optimal support and protection during seismic events.

Vertical angle
0.396,
1060, . 01 0.7740; o 02 i3
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Figure 13. Plastic regions of the pile.

7. Conclusions

This study investigates the seismic response of the SIS system. Physical experiments
were conducted to analyze the distribution of pile bending moments, pile-soil interface
interactions, and plastic hysteresis loops of the pile foundation in a detailed parameterized
manner. Subsequently, numerical analysis was employed to validate the physical model,
and further analysis was carried out to examine the energy variations in the sand pile and
foundation within the seismic energy field. The key research findings are summarized
as follows:

The “X-shaped” and rectangular pile groups only exhibit heavy plastic region A with
significant mass distribution and mild plastic region C with less soil compression. The
absence of a moderate plastic region B is attributed to the variations in pile spacing and
instability caused by the formation of quadrangular prism damping units between the piles.

The hexagonal pile group, which forms a triangular prism damping unit with the
surrounding soil, mitigates the piled foundation response. It partially counteracts the
seismic wavefront, reducing the extent of injury to structures with a top-heavy mass
distribution. This enhances the energy dissipation capacity of the piled foundation and
stabilizes the damping characteristics.

The greater the Energy Residual Index (ERI), the lower the structural energy dissipa-
tion, indicating poorer seismic performance. Irregular pile spacing and the instability of
the quadrilateral prism damping unit formed by piles and soil increase the ERI of the piled
foundation. An increased underwater pressure results in higher ERI due to the enhanced
suppression of vertical seismic frequencies. The occurrence of frequency resonance-induced
injury leads to additional energy.

The relationship between the plastic region and pile arrangement was determined
based on the mechanical behavior of the pile-soil interface and the energy changes. For
the “X-shaped” pile group, the boundary between the heavy and mild plastic regions is
located at a depth of L =2.25 D. In the hexagonal pile group, the boundaries between the
heavy, moderate, and mild plastic regions are situated at depths of L =4 D and L =8 D. The
boundaries between the heavy and mild plastic regions are found in the rectangular pile
group at a depth of L =2.08 D.
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