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Abstract: In offshore pile engineering, the installation of jacked piles generates compaction effects
within soil, thus further affecting previously installed adjacent piles. This study proposes a three-
dimensional numerical model for pile group installation, soil consolidation, and loading analysis.
Subsequently, the effect of pile spacing and pile length-to-diameter ratio on the deformation, internal
forces, and vertical bearing capacity of adjacent piles are investigated. The results indicate that with
an increase in pile center distance, the peak lateral displacement of the adjacent piles decreases,
whereas the peak vertical displacement increases. As the pile length-to-diameter ratio increases, the
peak vertical and lateral displacements of the adjacent piles are enhanced. In addition, the peak
axial force of the adjacent piles initially decreases and then increases with the penetration depth of
the subsequent pile, whereas the peak bending moment initially increases and then decreases. The
vertical bearing capacity of the subsequent pile is significantly superior to that of the adjacent piles.
Therefore, the effects of pile installation on adjacent piles should be included in pile engineering. The
impact of the subsequent pile installation on the bearing capacity of adjacent piles can be significantly
reduced by increasing the pile center distance and pile length-to-diameter ratio. The findings provide
useful guidance for pile group engineering.

Keywords: pile group installation; pile center distance; length-to-diameter ratio; compaction effect;
bearing capacity

1. Introduction

Pile foundation systems are widely used in infrastructure construction to transfer
loads to deeper, more stable soil layers to support superstructures. Among various pile
installation methods, jacked piles are commonly used due to their low noise and low
vibration [1,2]. In the process of pile installation, saturated clay, characterized by high
compressibility and low permeability, experiences significant displacement and excess pore
pressure (EPP) due to compaction effects [3-5], which cannot be avoided [6,7] and affect the
safety and bearing capacity of previously installed adjacent piles (referred to as adjacent
piles). Therefore, investigating the impact of subsequent pile installation on adjacent piles
can provide guidance for the design and construction of pile group engineering.

Although the response of adjacent piles can be accurately analyzed through model
tests [8] and field tests [9,10], these methods require substantial investment in experimental
equipment and time. In contrast, theoretical methods and numerical studies have been
widely adopted to analyze the impact of subsequent pile installation on adjacent piles.
Theoretical research was firstly adopted by Bishop et al. [11], who proposed the cavity
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expansion method to solve the problems of metal indentation. The method has been further
developed and extended by various scholars [12-15] and has been widely used in the
mechanical analysis of soil behavior after pile installation. It should be noted that the cavity
expansion method typically simplifies three-dimensional problems into two-dimensional
ones, ignoring the friction contact between the pile and soil during installation, which
may result in inaccurate calculations of soil stress and EPP [16]. Some researchers have
conducted theoretical studies on the response of existing adjacent piles induced by pile
installation using the two-stage method [17-19], namely, (a) soil displacement induced by
pile installation and (b) the impact of soil displacement on existing piles. It is important to
note that theoretical studies often ignore changes in pore pressure within the soil during
pile installation. Moreover, theoretical studies only consider the effect of pile installation on
adjacent existing piles and are not applicable for newly installed piles. Unlike existing piles,
newly installed piles have not undergone the consolidation process of the surrounding
soil. Therefore, the impact of subsequent pile installation on newly installed piles may be
more significant.

Given the simplifications inherent in theoretical solutions, researchers have adopted
numerical methods to simulate the entire process of ground soil response due to pile instal-
lation. Pile installation is a large deformation problem for foundation soils, and methods
such as the Arbitrary Lagrangian—Eulerian (ALE) method and the Discrete Element Method
(DEM) can effectively handle large soil deformations. Consequently, these methods have
been widely used in the pile installation simulations [20-23]. However, most current re-
search has focused on the effects of single pile installation on soil, without considering the
installation process of pile groups.

Some scholars have proposed the multi-stage Eulerian-Lagrangian (MSEL) technique
to analyze the installation of pile groups [24,25]. The MSEL technique treats piles as
Lagrangian elements with infinite rigidity, thereby neglecting pile deformation and soil—-
pile interaction and focusing only on the soil response. Tho et al., Jayasinghe et al., and
Zhou et al. [26-28] studied the response of existing adjacent piles to the installation of
subsequent piles using numerical models. It is important to note that existing piles are
usually pre-embedded in the soil, without considering the installation process of pile
groups and its effects on the bearing capacity of the group. Su et al. [21] demonstrated that
installation effects significantly impact pile bearing capacity, with jacked piles showing
higher capacity compared to wished-in-place piles. Therefore, the installation of pile groups
not only induces deformation and internal forces in adjacent piles but also affects their
bearing performance.

This study utilized the FLAC3P (version, 7.0) finite difference program to simulate the
entire process of jacked pile installation. Subsequently, the radial displacement and EPP
induced by single pile installation, as well as soil consolidation after pile installation, were
analyzed and validated. Based on these analyses, a separated auxiliary tube method was
proposed to simulate the installation of pile groups. Additionally, the effects of pile center
distance (S) and length-to-diameter ratio (L/D.) on the displacement, internal forces, and
vertical bearing capacity of adjacent piles were investigated.

2. Numerical Modeling and Validation
2.1. Single Pile Installation Model

In this study, the two-pile group installation and soil consolidation process are simu-
lated using a numerical modeling technique. Firstly, the proposed method is applied to
the numerical simulation of single pile installation in this section, and the reliability of the
numerical model is verified by comparison with the single pile test results. The simulation
process involves four stages: (1) stress equilibrium: initialization of soil stress and pore
pressure; (2) pile installation: using undrained analysis, a downward velocity is applied to
the pile to drive it to the specified depth; (3) consolidation analysis: performing coupled
fluid-solid drainage analysis with decoupling through the master—slave process method;
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and (4) static load test: undrained analysis is used to obtain the pile’s load—displacement
curve through the displacement method.

To eliminate the boundary effects, Dong et al. [29] proposed that the boundary distance
from the pile center should be greater than 15 times the pile diameter in the numerical
model. In this study, the model dimension is set to be 30 m x 15 m x 2L (length x width
x height, where L is the pile length). Considering the computational convergence and
accuracy, the horizontal mesh size should not be less than 0.5 to 1 times the pile diameter,
whereas the vertical mesh size can be locally refined according to the pile length. The
geometry mesh is illustrated in Figure 1a. By virtue of symmetry, only half of the pile-soil
system was modeled. The boundary conditions of the model are shown in Figure 1b.
For the mechanical boundaries, the vertical displacement of the bottom boundary and
the horizontal displacement of the right-hand boundary are restrained. For the seepage
boundaries, the ground surface is permeable, the lateral boundaries are 60 times the pile
diameter away from the pile center, and the pore pressure at the edges of the numerical
model can be assumed to be constant; thus, the “no permeability” boundary conditions are
applied at the lateral boundaries of the numerical model.

GP Fixity
Color Index:
Fixed in local X
I Fixed in local Y
Fixed in local Z

2L m

2L m

30m
(a) (b)

Figure 1. (a) Geometry mesh and (b) model boundary conditions.

A study by Carter et al. [30] indicates that the expansion of the foundation soil from
a small cavity and from zero are essentially identical in terms of computational accuracy.
Therefore, an auxiliary tube penetrates the soil downwards and the pile slides after the
tube with constant speed. The friction contact between the installation pile and soil can be
established during pile installation. Similar approaches have been reported in studies by
Henke and Grabe, Konkol and Batachowski, and Cui et al. [16,31,32]. Thus, the equivalent
pile diameter can be determined as follows:

De

S =de= /i~ (1)

where D, represents the equivalent diameter of the pile, de denotes the equivalent radius of
the pile, and d and dj represent the radius of the pile and the radius of the auxiliary tube,
respectively.

In this section, the modeling of a single pile encompasses three stages: initial geostatic
stress, installation, and consolidation. During the first stage, soil gravity is represented
by a body force, and initial stress and pore pressure are established using a geostatic step.
Subsequently, a vertical velocity of 5 x 107> m/step is applied to the pile to simulate the
installation process. The pile and auxiliary tube have radii of 0.25 m and 0.04 m, respectively,
with a pile tip angle of 60°. In this study, the pile exhibits linear elastic behavior, while the
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saturated soil adheres to the Mohr—Coulomb criterion. The material parameters for the pile
and soil are provided in Table 1. The soil-pile interface is modeled using frictional contact
elements; when the shear stress on the contact surface exceeds the maximum allowable
shear stress, separation and slippage between the pile and soil occur. The contact surface
parameters have a significant effect on the pile bearing capacity. In this paper, the contact
surface parameters were calibrated using the centrifuge test of Li et al. [33]; the specific
parameters are shown in Table 2. The pore water in the soil is treated as an isotropic fluid,
with the relevant fluid calculation parameters listed in Table 3. The consolidation stage
involves a coupled analysis of pore water and soil, utilizing the master—slave method to
decouple the fluid—-solid interaction. In this approach, the fluid calculation is the master
process, while the mechanical calculation serves as the slave process.

Table 1. Material parameters of pile and clay.

Material Saturated Clay Pile
Constitutive model Mohr-Coulomb Linear elasticity

Elastic modulus [E/(GPa)] 0.01 30

Poisson’s ratio [v] 0.45 0.27

Density [p (kg/ m3)] 1800 2500
Internal friction angle [¢/(°)] 20 —
Cohesion [¢/(kPa)] 15 —
Earth pressure coefficient at rest [Kp] 0.5 —

Table 2. Soil-pile surface parameters.

Contact Type Frictional Contact
Normal stiffness [k, (Pa/m)] 1 x 10°
Shear stiffness [kg (Pa/m)] 1 x 10°
Contact surface cohesion [’/ (kPa)] 4
Contact surface friction angle [¢'/(°)] 8

Table 3. Fluid parameters.

Fluid Type Isotropic
Fluid bulk modulus [K¢/(Pa)] 2 x 10°
Modified fluid bulk modulus [K;’(/ (Pa)] 1.5 x 10°
Permeability coefficient [k (cm/s)] 1x1077
Fluid density [py (kg/ m?)] 1 x 103
Fluid tensile strength [(ff,t/ (kPa)] 10
Porosity [P] 0.5
Main process calculation step [m] 10
Slave process calculation step [n] 100

2.2. Model Validation

During the installation of the pile, the compression and shearing of the pile induce
significant soil deformation and generate notable EPP. Figure 2a,b show the distribution
of radial displacement and EPP in the soil when a single pile penetrates to a depth of
10 m. The results indicate that radial displacement is concentrated near the pile and
decreases rapidly with increasing radial distance. The EPP is mainly concentrated around
the pile tip, while the pore pressure at the top and bottom of the pile is lower than the
static pore pressure, resulting in the observation of negative pore pressure. A similar pore
pressure distribution pattern was also reported by Sabetamal et al. [34]. Correspondingly,
stress reduction areas are also observed at the top and bottom of the pile, as illustrated in
Figure 2c,d. As demonstrated by Yang et al. [35], tensile-induced dilation of the soil leads
to a reduction in volumetric stress (or strain), with tensile stress being positive in FLAC3P.
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Hence, it can be inferred that the occurrence of stress reduction and negative pore pressure
around the pile top and bottom are caused by tensile-induced dilation of the soil under
undrained conditions. Additionally, Figure 2d illustrates the variation in soil volumetric
stress at pile penetration depths of 5 m and 10 m. The results show that the volumetric
stress at the pile bottom is lower than the initial stress, while the volumetric stress around
the pile top decreases as the penetration depth increases.
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=7.500 X 1072 pore pressure kRN (g
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Figure 2. Soil response caused by single pile installation: (a) radial displacement, (b) excess pore
pressure, (c) volumetric stress, and (d) variation in volumetric stress with depth.

From the perspective of cavity expansion theory, the expansion of a cylindrical cavity
is typically simplified to a plane problem, where soil displacement varies only with radial
distance. Although theoretical solutions ignore the influence of depth, they provide a good
approximation for estimating the radial displacement of soil caused by pile installation.
According to Pestana et al. [3], the radial displacement of soil at a distance x from the center
of the cylindrical cavity is given by

Sy = de< 1+ (x/de)? — x/de) )

where Sy is the radial displacement of soil at a distance x from the cylindrical cavity center
point, and d. is the equivalent pile radius.
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The variation in EPP within the soil caused by single pile installation can be calculated
using the formula derived by Vesi¢ [12] based on cylindrical cavity expansion theory:

Rp _ <
a 21n(%) +1.7334 20.578], x < Rp o
Cu (17334 - 0578) (%), x > Rp
R E
p
Rp _ 4
de 2(1+ V)Cu @

in which R;, is the radius of the soil plastic zone, d is the equivalent radius of the pile, E is
the elastic modulus of the soil, v is the Poisson’s ratio of the soil, and A is the pore pressure
coefficient, with A ranging from 0.7 to 1.3 for normally consolidated soil and from 1.5 to
2.5 for sensitive soil. In this study, the soil is normally consolidated, so A is taken as 1.2,
and C, is the undrained shear strength of the soil. Since the undrained shear strength of
saturated clay shows an approximately linear or piecewise linear relationship with depth,
Cy is taken as C, =22.5 + 2.5 z in this study.

In Figure 3a, the y-axis stands for the normalized radial soil displacement by the pile
diameter. It can be observed that the computed curve agrees well with the theoretical and
measured curves: the radial soil displacement decreases rapidly with increasing radial
distance, and the influence region for the radial soil displacement is 0~10 D.. As shown in
Figure 3b, the EPP normalized by the effective vertical stress (¢/y() decreases rapidly with
increasing radial distance. The EPP obtained from the analytical method is generally higher
than the measured data. These results may be due to the theoretical solution not including
the pile-soil friction effect. The influence region is 0~10 D.. However, the computed EPP
obtained from the proposed numerical method aligns well with the measured values, thus

further validating that the established numerical model is feasible for simulating the pile
installation process.

x/D, x/D,
0.0 25 5.0 7.5 10.0 12.5 15.0 00 25 50 7.5 100 125 150 17.5 20.0 225

35 T T T T T T 7 T T T T T T T T

".’ - <& - Calculated values * O‘ - <@ - Calculated values

30 *  Theoretical values (Pestana, 2002) 6 *  Theoretical values (Vesic, 1972)

\ ¥ Measured values (Gue, 1984) \ X Measured values 2 (Pestana et al, 2002)
L}

25 :? O RN O Measured values 3 (Hwang et al, 2001)
—_ ' 3 ' O Measured values 4 (Bjerrum et al, 1961)
X 20 X T4 b %)

— [} = ")
Q %- o *O
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Figure 3. Comparison of calculated (a) radial soil displacement [3,36] and (b) excess pore pressure
with test results along the radial distance [3,12,37,38].

As soil consolidation progresses, the EPP dissipates gradually over time. This study
calibrates the actual seepage time using the fluid bulk modulus, with the modified fluid
bulk modulus denoted as K;‘f Li et al. [33] measured the dissipation of EPP around the
pile shaft after installation and obtained the pile’s load-displacement (L-D) curve through
centrifuge testing. The material parameters for the calculated model are consistent with
centrifuge tests, as listed in Table 4. As shown in Figure 4, the EPP decreases over time, and
the calculated results are in good agreement with the measured data. Figure 5 presents the
L-D curve of the pile after 8.65 days of consolidation, showing distinct elastic and plastic
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stages consistent with the measured trend. Therefore, this method is suitable for analyzing
the installation, consolidation, and bearing capacity of jacked piles.

Table 4. Clay parameters in centrifuge tests.

Calculation Parameters Values
Effective unit weight [7//(kN/m3)] 8.75
Effective internal friction angle [¢'/(°)] 30
Overconsolidation ratio [OCR] 1.0
Void ratio [eg] 0.98
Elastic modulus [E/(MPa)] 24
Poisson’s ratio [v] 0.45
Cohesion [c/(kPa)] 15
Earth pressure coefficient at rest [K] 0.55
Coefficient of permeability [k/(cm/s)] 2.65 x 1077

O Measured values (Li etal , 2017)
— Calculated values

Diameter 0.5m

12.5m

Pile shoulder

pore pressure, U (kPa)
N
o
o

Depth h

L L L L L

0 20 40 60 80 100
Time, t (days)

Figure 4. Dissipation of excess pore pressure in the soil consolidation stage [33].

500
Elastic stage Plastic stage

400
2 1=8.65 days ®) [e) o
=
< 300 [
<
2
3
£ 200
5]
>

100 + O Measured values (Li et al , 2017)

Calculated values
OCJ 1 1 1 1 1
0 2 4 6 8 10 12
Displacement (mm)

Figure 5. Load—displacement curve of the pile after 8.65 days of consolidation [33].
3. Two-Pile Group Analyses

In geotechnical engineering, jacked piles are generally installed in a continuous se-
quence, where the installation of a subsequent pile (the second pile) exerts lateral pressure
and upward frictional force on the adjacent pile (the first pile), causing the adjacent pile to
experience offset and uplift, as illustrated in Figure 6. Additionally, during the installation
of the subsequent pile, the auxiliary tube can increase the resistance of the adjacent pile.

Therefore, in subsequent analyses, the influence of the auxiliary tube on the adjacent pile
should be excluded.
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Figure 6. Schematic diagram of the two-pile group installation.

In this study, the effects of subsequent pile installation on adjacent piles are explored.
The separate auxiliary tube method is proposed for investigating the effect of adjacent piles
on the installation of subsequent piles. In addition, the influence of L/De and pile length
on the responses of adjacent piles are further discussed.

The simulation of two-pile group installation and consolidation was typically carried
out in three stages: (1) In the installation of the adjacent pile, both the pile and the auxiliary
tube are set as rigid and moving downwards with a constant speed. (2) The auxiliary tube
is separated from the pile, and the rigid body constraints on the pile are removed after the
installation process of Pile 1, as illustrated in Figure 7. (3) The installation of the subsequent
pile occurs. It should be noted that the installation of the two-pile group is continuous, so
the intervening consolidation between Pile 1 and Pile 2 is excluded in this study.

Subsequent pile  Adjacent pile
\

T )
O Rigid constraint

O No constraint
=

e Separation

2L m

Stepl: Pile  Step2: After pile
*linstallation installation

5m S 15m

Figure 7. Schematic diagram of the separate auxiliary tube method.

3.1. Displacement of Adjacent Pile
3.1.1. Lateral Displacement

In the process of subsequent pile installation, the lateral displacement of the adjacent
pile varies. Figure 8 illustrates the lateral displacement distribution of the adjacent pile
along the pile shaft with different penetration depths (/) of the subsequent pile. During
the initial stage of subsequent pile penetration, i.e., i < 0.4 L, the lateral displacement of
the adjacent pile decreases with pile depth. As the penetration depth of the subsequent
pile increases, the location of the peak lateral displacement moves downwards. Once the
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penetration of the subsequent pile is complete (i.e., ki = L), the peak lateral displacement
occurs at the pile tip.

0
—a— h=0.2L
—o— h=0.4L
a3 2| Hl—a—h=0.6L
= —>—h=0.8L
o -
E 4|k h=L
=
§
& 6|
=
S
[5)
o gl
10 -

2 73 4 5
Lateral displacement, S, (mm)

Figure 8. Lateral displacement of adjacent pile with subsequent pile penetration depth.

In practice, the pile center distance (S) is usually set as 4~6 times the pile diameter.
Figure 9a compares the lateral displacement distribution of the adjacent pile with different
spaces, i.e., S=4 D¢, 4.5 D¢, 5 D¢, 5.5 De, 6 De. The results indicate that lateral displacement
initially increases and then decreases with increasing depth from the pile top, with the
peak lateral displacement occurring in the lower-middle part of the pile, approximately
0.7 L from the pile top. The peak lateral displacement of the adjacent pile is negatively
correlated with S. As the center distance increases, the peak lateral displacement of the
adjacent pile decreases. Figure 9b shows that with small L/De, the lateral displacement
decreases with depth, whereas the peak lateral displacement occurs at the pile top. For large
length-to-diameter ratios (L/De > 15), the peak lateral displacement occurs approximately
0.7 L from the pile top. In addition, the peak lateral displacement of the adjacent pile
increases with higher L/D,, which is mainly due to the fact that the lateral bending stiffness
of the pile reduces with the increase in L/ De.

0 B A

0
AN L h=L
: L/D =20 2r §=5D,
— 2 I ~~ -
E Ef
g ger
24r 2 4l N,
g —3— §=4.0D, S ——L/D=15 Ry
£ 6| |[—o—s=45D, £ 1T ——1wp~20 M/‘}i
2 | |la—s=s.0p, gn [ | — LD =25
53
Q g} |——s=s5D, S 14T o 1/p=30
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SEA a
10 L L L 1 L & Ly o 1 18 L L L L L L
1.5 20 25 30 35 40 45 50 55 0 1 2 3 4 5 6 7
Lateral displacement, S, (mm) Lateral displacement, S, , (mm)
(a) Pile center distance (b) Length-to-diameter ratio

Figure 9. The effect of S and L/ D, on the lateral displacement of the adjacent pile.

3.1.2. Vertical Displacement

Figure 10a demonstrates the effect of S on the vertical displacement of the adjacent
pile. The results indicate that with an increase in h, the vertical displacement first rises
rapidly and then increases gradually. It is worth noting that S has little effect on the
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initial increase rate of the vertical displacement, whereas the final vertical displacement is
largely dependent on S. The peak vertical displacement is positively correlated with S. As
S increases, the peak vertical displacement also increases.

— —~
g g
£ g
N N
2N v
g g L/D=25=-=+ L/D=30
£ T E 4t Ty LID=35
g 4 £ 7 8 £ a8
= E sgo 8 = 5[ ETogs 626 626
[ EOr 5 [ £0
2 3 s 2 85
o T4 = 2 Fa
S 4l £ = [ £
-2 2 E z ] 23
g g
8 g 5 1F 22
> 1 Z 1 > =1
Zo0 ¥ 5o
0 ) E. 5:4.0DCIS#1-5Dc s:ls,onc SZS.SIDE $=6.0D, ofF ? = L/D=15 LID=20 L/D=25 L/D=30 L/D=35
1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12

Penetration depth of subsequent pile (m)

(a) Pile center distance

0 2 4 6 8

10

12

14

16

18

Penetration depth of subsequent pile (m)
(b) Length-to-diameter ratio

Figure 10. The influence of S and L/De on the vertical displacement of the adjacent pile.

Figure 10b reports that for small L/ D,, the vertical displacement first rises rapidly and
then increases gradually, reaching its peak value once the subsequent pile installation is
completed. For large length-to-diameter ratios (L/De > 25), the vertical displacement of
the adjacent pile can be divided into three stages: a steep increase stage, a gradual increase
stage, and a decrease stage. After reaching the peak value, the vertical displacement slowly
decreases with further increases in h. Additionally, an increase in L/De results in a larger
peak vertical displacement of the adjacent pile.

Figure 11 illustrates the influence of S and L/D. on the peak displacement of the adja-
cent pile. The results indicate that the peak vertical displacement is generally higher than
the peak lateral displacement. During the installation of the subsequent pile, the adjacent
pile is subjected to horizontal lateral pressure and upward friction. In the process of pile
installation, horizontal ground movements and vertical displacements can be observed [39].
However, the soil movements are mainly in the horizontal direction, and their inclination
increases towards the vertical direction with increasing distance from the adjacent pile’s
center [40]. Therefore, with the increase in pile center distance, the lateral displacement of
the soil around the adjacent pile significantly decreases, while the inclination in the vertical
direction increases, leading to an increase in the peak vertical displacement of the pile. In
addition, both the peak vertical and lateral displacements of the adjacent pile rise with
larger L/ De.
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Figure 11. Influence of S and L/D. on the peak displacement of the adjacent pile.
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3.2. Internal Forces of Adjacent Pile

In FLAC3D, while using solid elements to model pile foundations accurately reflects
the actual cross-sectional shape and dimensions of the piles, it does not allow for the direct
computation of internal forces such as axial force and bending moment. Therefore, this
study introduces a structural element pile model to calculate the internal forces of adjacent
piles. Specifically, the adjacent pile (the first pile) is modeled using solid elements to analyze
compaction effects during its installation. Once the adjacent pile installation is complete,
the structural element is established along the central axis of the pile. Subsequently, the
installation of the subsequent pile (the second pile) is carried out, and the changes in axial
force and bending moment in the adjacent pile during the process are recorded.

Figure 12a shows the variation in axial force of the adjacent pile with /. The results
indicate that the peak axial force is primarily located at the bottom of the pile, approx-
imately 0.8~0.9 L from the top of the pile. Additionally, the peak axial force decreases
with increasing h. This is mainly because the axial force of the adjacent pile is largely
related to the soil stress. After the adjacent pile is installed, there is significant geostress
and additional stress at the bottom of the pile, resulting in a higher axial force at the bottom.
As h increases, the geostress concentrates in the soil around the subsequent pile, leading
to a decrease in the peak axial force of the adjacent pile. Since the bending moment of
the adjacent pile is mainly related to the lateral pressure exerted by the subsequent pile,
as h increases, the lateral pressure’s effect on the adjacent pile is transmitted downward.
Therefore, as shown in Figure 12b, the peak bending moment of the adjacent pile moves
downwards along the pile with increasing .

0 0 =
h=0.2L \ h=0.2L
— L —— h=0.4L —~ 5l , —— h=0.4L
g —— h=0.6L £ —— h=0.6L
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1000 -10 -20 -30 —40 -50 -60 -70 2 0 2 4 6 8 10 12 14 16 18 20 22
Axial force, F, (kN) Bending moment, M (kN-m)
(a) Axial force (b) Bending moment

Figure 12. Internal forces of adjacent pile with different penetration depths of subsequent pile.

For subsequent analysis, normalization was performed using h/L (subsequent pile
penetration depth/pile length). Figure 13 shows the variation in peak axial force and peak
bending moment of the adjacent pile with S. The results indicate that the peak axial force
increases with the increase in S, while the peak bending moment generally decreases with
the increase in S. Additionally, the peak axial force first decreases and then increases with
the increase in , with the maximum peak axial force occurring around h/L = 0.1. The
peak bending moment first increases and then decreases with the increase in h, with the
maximum peak bending moment occurring around /L = 0.7. Figure 14 shows that the
peak axial force and peak bending moment of the adjacent pile generally increase with
the increase in L/D.. The maximum peak axial force occurs around h/L = 0.1, while the
maximum peak bending moment occurs around //L = 0.7 or h/L = 0.8.
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Figure 14. Variation in peak axial force and peak bending moment with L/De.

3.3. Vertical Bearing Capacity of Adjacent Pile

After pile installation, excess pore pressure is generated within soil. Positive EPP is
mainly concentrated near the pile tip, while negative EPP is mainly distributed around
the upper part and lower part of the pile, as shown in Figure 15a. Notably, the EPP at
the tip of the subsequent pile is significantly higher than that of the adjacent pile. As
the soil undergoes drainage consolidation, the EPP gradually dissipates. According to
the principle of effective stress in saturated soils, the effective stress in the soil changes
with the pore pressure. Figure 16 shows the variation in radial effective stress at different
depths. The results indicate that, after 100 days of soil consolidation, the radial effective
stress at the middle of the pile (z = 0.5 L) is significantly lower than immediately after pile
installation, primarily due to the recovery of negative pore pressure. Additionally, due
to the dissipation of EPP, the radial effective stress at the pile tip (z = L) is significantly
higher than immediately after pile installation. It is noteworthy that, after 100 days of
consolidation, the radial effective stress around the subsequent pile is higher than that
around the adjacent pile.

In this study, the vertical bearing capacity of the pile is defined as the endpoint of
the elastic stage in the load—displacement curve. The load—displacement curve is obtained
using the displacement control method, where vertical displacement is first applied to the
pile, and the corresponding reaction force at the pile head is then extracted. As shown in
Figure 17, after 10 days of soil consolidation, the vertical bearing capacity of the subsequent
pile is significantly higher than that of the adjacent pile. Figure 18 compares the variation in
vertical bearing capacity (Q(t)) between the adjacent pile and the subsequent pile over time.
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The results show that the vertical bearing capacity initially increases and then decreases,
with the peak capacity for the adjacent pile occurring around day 20 and the peak capacity
for the subsequent pile around day 50. This is primarily due to the linear distribution of
pore pressure in the direction of gravity after soil consolidation is completed. In the later
stages of soil consolidation, pore water continuously flows into the soil at the top of the
pile, gradually reducing the effective stress in this region and consequently decreasing the
vertical bearing capacity of the pile.
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Figure 15. Pore pressure distribution of soil at different times: (a) after pile installation, (b) after
5 days, (c) after 10 days, (d) after 20 days, (e) after 50 days, and (f) after 100 days.
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Figure 17. Load-displacement curves of piles.

Additionally, at various time intervals, the vertical bearing capacity of the subsequent
pile is consistently higher than that of the adjacent pile. This phenomenon can be attributed
to two main factors: first, the additional stress generated within the soil during the instal-
lation of the subsequent pile accumulates on top of the stress caused by the adjacent pile,
resulting in a greater additional stress around the subsequent pile; second, the excess pore
pressure generated after the installation of the subsequent pile is significantly higher than
that of the adjacent pile, and as the soil consolidates, the increase in effective stress around
the subsequent pile is more pronounced.

To facilitate the discussion on the impact of S and L/ D, on the vertical bearing capacity
of the adjacent pile, normalization was performed using Qa(f)/Qs(t) (adjacent pile vertical
bearing capacity /subsequent pile vertical bearing capacity). As shown in Figure 19, increas-
ing both S and L/ D, reduces the impact of the subsequent pile installation on the bearing
capacity of the adjacent pile. Notably, increasing L/ D is more effective in enhancing the
adjacent pile’s bearing capacity compared to increasing S. Additionally, the vertical bearing
capacity of the adjacent pile initially increases and then decreases over time. When soil
consolidation reaches approximately 10 days, the difference in bearing capacity between
the adjacent pile and the subsequent pile in saturated clay is minimized.



Appl. Sci. 2024, 14, 8321 150f 17

I Subsequent pile Adjacent pile
N/

=3.0000 X 10*
=6.0000 X 10*
=9.0000 X 10*
-1.2000 X 10°
-1.5000 X 10°
—1.8000 X 10°
=2.1000 X 10°
—2.4000 X 10°
=2.7000 X 10°
—2.9004 X 10°

I =3.6991 X 10!

10 days (unit: Pa)

—1.5549 X 102
I—3.0000 X 10*
—=6.0000 X 10*
=9.0000 X 10*
-1.2000 X 10°
-1.5000 X 10°
-1.8000 X 10°
=2.1000 X 10°
—2.4000 X 10°
=2.7000 X 10°
=3.0000 X 10°
-3.3000 X 10°
-3.5281 X 10°
100 days (unit: Pa) ]

Radial effective stfﬂ)f soil at different consolidation times

P e e e e L B

450 F ¥ %
" 20 100
420 10 _(p— —(— »
L 5 Peak
= 390 ./( - - - - -
L = (M= Vertical bearing capacity of adjacent pile
E 360 - 0, == Vertical bearing capacity of subsequent pile
Si330 -
330_ -0 -----_u_____________-[.
300 W Pk gesp
- / L/D,=20
270 | (W . s 1 . 1 A
0 20 40 60 80 100

Time (days)

Figure 18. Changes in vertical bearing capacity of the adjacent and subsequent pile with time.

0.80 - 0.90 -
0.78 0.85
< 076 < os0f PO
2’ % ';;'fﬁ i - -m--0 days
5’7 074+ w” L --0--5 days 5‘3" 0.75 ,;','"” ar’ - -®--5 days
o --A--10 days ’gf’ ol - -A--10 days
0.72 L -=»--20 days 0.70 - @’,," - -»--20 days
L7 50 days » 50 days
070 L/D,=20 |- -7 --100 days 0.65 8§=5D, |- -»--100 days
§=4.0D, S=4.5D, $=5.0D, S=5.5D, S=6.0D, LID=15 LID=20 L/D=25 L/ID=30 L/D=35
Pile center distance, S Length-to-diameter ratio, L/D,
(a) Pile center distance (b) Length-to-diameter ratio

Figure 19. Effects of S and L/D, on vertical bearing capacity of adjacent pile.

4. Conclusions

Through the project of continuous group pile installation in saturated clay, this paper
explores the impact of subsequent pile installation on the adjacent pile based on a three-
dimensional numerical model. The main conclusions are as follows:

This paper investigates the impact of subsequent pile installation on adjacent pile
in a continuous pile group installation project within saturated clay, based on a three-
dimensional numerical model. The main conclusions are as follows:
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The peak vertical displacement of the adjacent pile is significantly higher than the
peak lateral displacement. As S increases, the peak vertical displacement of the adjacent
pile increases, while the peak lateral displacement decreases. With an increase in L/ De,
both the peak vertical and lateral displacements of the adjacent pile increase.

As the penetration depth of the subsequent pile increases, the peak axial force of
the adjacent pile initially decreases and then increases, while the peak bending moment
initially increases and then decreases. The maximum peak axial force of the adjacent pile is
approximately at i/L = 0.1, and the maximum peak bending moment is approximately at
h/L =0.7~0.8.

The peak axial force of the adjacent pile increases with the increase in S, while the
peak bending moment decreases with the increase in S. Both the peak axial force and peak
bending moment increase with the increase in L/ De.

The vertical bearing capacity of the pile initially increases and then decreases over
time, and the vertical bearing capacity of the subsequent pile is significantly higher than
that of the adjacent pile. Increasing S and L/D. can reduce the impact of subsequent
pile installation on the bearing capacity of the adjacent pile. Compared to increasing S,
increasing L/ D, is more effective in improving the bearing capacity of the adjacent pile.
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