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Abstract: Situated within the context of a soft ground foundation at an iron ore mining site, this
study investigates the impact of substantial surcharges on the settlement of such foundations and
the adjacent infrastructure. By employing the finite-difference numerical software FLAC3D 6.0, a
series of three-dimensional simulations were conducted to assess the stress response and deformation
of gallery pile foundations, shallow foundations, and mine shed pile foundations to step loading.
This study integrates the analysis of soil strength augmentation under considerable stress and its
attenuation characteristics under significant deformation. Various reinforcement measures, such
as the implementation of stone columns, prefabricated vertical drain, and surcharge preloading
techniques, were examined for their capacity to consolidate the foundation, reduce settlement,
and mitigate impacts on adjacent structures. The results reveal that horizontal displacements in
the pile and shallow foundations escalate progressively with additional surcharge throughout the
operational period. The most pronounced horizontal deviation in the pile foundations is observed
at the juncture between sand and silt strata. Stone columns act effectively as a barrier to the sliding
surface, consequently reducing the influence of surcharge on the movement of the foundation.

Keywords: surcharge; composite foundation; pile foundation; settlement; horizontal displacement

1. Introduction

There are a large number of weak and poor foundations in China, especially in the
coastal delta areas, mostly silt, silty soils, etc. These soils have obvious characteristics,
such as high water content [1], high compressibility [2], low water permeability, and high
variability [3,4]. Therefore, engineering construction on the above foundations, especially
under the action of a large-area surcharge, will inevitably cause serious impacts on the
adjacent foundations [5]. So firstly, it is necessary to carry out reinforcement to meet the
settlement requirements raised by the specifications. A composite foundation is a common
form of soft soil reinforcement, generally using partial soil replacement, stone columns to
reinforce soil, or prefabricated vertical drain to accelerate the consolidation of soil, aiming
to improve the bearing capacity and reduce the settlement deformation of the foundation.

Previous studies have endeavored to investigate the intrinsic mechanism of the stone
columns that influence the refinement effect of soft foundations. Shao et al. [6] investigated
the effect of stone columns and geosynthetics on the deformation and stability of embank-
ments on soft soil foundations, and the results showed that stone columns reinforcement
reduced settlement to a greater extent. Zhang and Xiao [7] concluded that the migration
of clay particles would cause blockage of stone columns, which is unfavorable to the
consolidation of soft soil foundations, so they discussed the settlement and consolidation
characteristics of soft soil foundations reinforced by stone columns. Chen et al. [8] assessed
the overall shear strength of composite foundations through on-site monitoring and numer-
ical simulation taking the artificial island of the Hong Kong—Zhuhai-Macao Bridge as an
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example. Han et al. [9] discussed the applicability of vibrated stone columns in underwater
super-soft ground based on field tests and concluded that the amount of filler is the most
important factor for the densification of composite foundations. Tao Yang et al. [10] com-
pared the reinforcement effect of the two treatments on stone columns and prefabricated
vertical drain for soft ground, and the results proved that the prefabricated vertical drain
is beneficial to accelerate the consolidation of soft ground, while the stone columns can
control and reduce the horizontal deflection of the foundation. Dade Zhang et al. [11],
through a failure case study on soft ground reinforced by prefabricated vertical drain,
proposed that the short-term reinforcing effect of geotextile should be considered on the
stability of embankment, and gave emergency disposal measures.

The abovementioned research focused on modeling or field trials; few efforts have
been devoted to theoretical innovations. To further understand the concept of soil consolida-
tion and the influence of large-scale surcharge on adjacent pile foundations, Chen et al. [12]
incorporated the concept of consolidation degree into the settlement deformation of soft
ground foundation and fitted the settlement calculation formula to establish a relation-
ship between the compression coefficient and elastic modulus of composite foundations.
Zhang et al. [13] investigated the law of settlement deformation of composite founda-
tions under surcharge based on soft ground foundations reinforced by stone columns test.
Jiang et al. [14] combined the two-stage analysis method to establish differential equations
of the deformation of pile foundations. They obtained the time-domain solution of the
horizontal displacement of the pile foundation considering the shear effect and the thick-
ness of the pile—soil shear layer, which can well explain the influence of the excavation of
soft ground foundation pits on the adjacent pile foundations. Relying on a soft ground
treatment project in Shanghai, Zhan et al. [15] concluded that the height of the fill and
the thickness of the soft soil layer affect the safety distance of the pile foundations of
adjacent buildings, which reduces the role of the foundations in the horizontal offset of
the adjacent buildings. Because there is a relatively large level of statistical scattering in
soil and foundations, it is of great importance to conduct reliability analysis on shallow
foundations to create instructions for construction. Kaminski and Swita [16,17] raised the
generalized stochastic finite element method in elastic stability problems and conducted a
stochastic perturbation-based finite element method analysis of the stability and reliability
of the underground waste container.

However, few studies mentioned above address the computation of large three-
dimensional numerical models in complex environments, providing limited consideration
to the foundation types of adjacent buildings, and they rarely investigate the internal force
distribution within pile foundations. Therefore, this work employs the Hardening Soil
Model (HS) to accurately characterize the deformation and strength characteristics of soft
soil foundations under loading and unloading conditions. Furthermore, the stress response
of adjacent pile foundations to large-scale surcharge is significantly discussed.

Relying on an iron ore base in a sea area of Ningbo, this paper considers the strength
hardening and softening characteristics of soil under high-stress conditions and large-
deformation conditions, respectively. This paper establishes a numerical model to assess
the impact of large-scale surcharge of pile foundations, the shallow foundations of the
gallery, and the pile foundations of the mine shed, aiming to reduce the post-industrial
settlement of foundations and the impact of the surcharge on the foundations of the
adjacent buildings.

2. Hardening Soil Constitutive Model

The key issue in numerical analysis involves selecting appropriate constitutive models
and computational parameters. The Hardening Soil Model (HS) effectively captures the
hardening behavior of soft clay, differentiating between the loading and unloading phases.
This makes it well suited for simulating the impact of large-scale surcharges on adjacent
pile foundations in soft terrain. In this study, we employ the Hardening Soil Model to
accurately depict the deformation and strength characteristics of soft soil foundations
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under the loading and unloading conditions associated with mine heaping. Within this
model, the elastic part is usually represented by a linear elastic model, while the plastic
part involves the plastic flow law and hardening law of the soil, with a total of eleven
parameters, including cohesion ¢, internal friction angle ¢, dilatancy angle 1, reference

secant stiffness from drained triaxial test Eggf , reference tangent stiffness for oedometer
ref
oed”
unloading/reloading Poisson’s ratio vy, reference stress p’ef , failure ratio R fr and coeffi-

cient of earth pressure at rest Ky. According to the correlation of the common correlation

modulus, i.e., E;gf = E:frf /3, E;i ;= E;gf /1.25, the values of Eg%f and EZQ are obtained.

Figure 1 shows the stress—strain relationship of the HS model.
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Figure 1. Constitutive model of hardening soil (HS).

3. Numerical Analysis Model
3.1. Calculation Model and Parameters

The pile foundations and shallow foundations of the gallery are located in the same
stratigraphic environment, and the surface of the original soil is 5.1 m below the absolute
elevation of 0 m in Figures 2 and 3. The foundation soil from top to bottom is as follows:
@1 muddy, thickness of 4 m; 3); muddy silty clay, with a thickness of 4 m; (3);.1 muddy
clay, thickness of 10 m; (3),.; silty clay, thickness of 15 m; (3); silty clay, thickness of 17 m;
(®; silty clay, thickness of 2.9 m; (®); silt, thickness of 3.5 m. Sand lies from an absolute
elevation of 0 m to the original soil surface (absolute elevation —5.1 m), and backfill stone
lies from an absolute elevation of 0 m to 5.8 m in the figure. The specific layering and
physical-mechanical parameters of the soil are shown in Table 1.

Table 1. Soil profile and soil parameters of gallery foundation.

. Thickness Unit Weight ¢ ’ g’ g4 g9 ref
Soil Layer /m 'ylkN-m§3 /kPa f ;p /MPa /MPa /MPa " fea Koo R
backfill stone 5.1 18 5 26 0 7 8.4 84 03 100 05 08 09
@1 muddy 4 16.1 22 5 0 21 231 1617 033 100 06 09 09
@1 muddy silty clay 4 16.9 60 281 0 23 253 1771 030 100 06 08 0.8
@21 muddy clay 10 16.6 64 273 0 21 231 1617 032 100 05 08 0.8
®).» muddy clay 15 16.7 90 266 0 24 264 1848 031 100 05 08 08
@; silty clay 17 17.7 70 310 0 36 39 2772 028 100 05 08 09
@ silty clay 2.9 19.2 12 320 0 61 671 4697 027 100 05 08 09
®)s silt 35 20 60 360 0 119 1309 9163 026 100 05 08 09
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Figure 2. Model of composite foundation and gallery pile foundation under surcharge.

Shallow foundation and stone columns

69m

181m
Figure 3. Model of composite foundation and gallery shallow foundation under surcharge.

The pile foundation part was simplified as reinforced foundation treatment, and
the backfill sand part used the Mohr-Coulomb Law as a constitutive model. An elastic
constitutive model was adopted for the cast-in-place pile, shown in Table 2. The model was
fixed at the bottom, with normal constraints all around, and free at the top surface. The
model was set up with impermeable boundaries around the periphery and at the bottom
surface. The groundwater level is stable at —2.0 m during the construction period; the
groundwater level is considered to be +4.3 m during the use period. The length of the stone
columns is 30 m, with a replacement rate of 20%. The length of the stone columns is 60 m.

Table 2. Pile and stone block parameters.

Tvpe of Pile Thickness or Diameter  Unit Weight  Cohesive Internal Elastic Poisson’s
yP Length/m /mm /KN-m—3 /kPa Friction Angle/° Modulus/MPa Ratio
backfill stone 18 0 40 55 0.18
Stone columns 800 23 5 20 45 0.25
cast-in-place pile 800 23.5 30,000 0.2

As shown in Figure 4, the model has a total length of 181 m and a width of 8 m, with
a fixed bottom, normal constraints around the perimeter, and a free top surface, and the
model is set up with impervious boundaries around the perimeter and the bottom surface.
The height of the heaping mine is 12 m, and the width of the gravel pile reinforcement
under the heaping mine is 45 m. The length of the gravel piles under the heaping mine is
30 m, and the length of the gravel piles in the area of building pile foundations is 35 m, both
of which adopt the Mohr—Coulomb isotropic model with a replacement ratio of 25%. Four
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Surcharge

steel piles are set up under each bearing, which are steel piles with a diameter of 800 mm, a
wall thickness of 12 mm, a length of 50 m, and a top elevation of 4.3 m, adopting the elastic
isotropic model. The groundwater level is considered to be stable at —2.0 m during the
construction period and +4.3 m during the service period.

Pile foundation and stone columns

Shed pile foundation

47m

181m [

Figure 4. Model of composite foundation and shed pile foundation under surcharge.

The surface of the original soil is 3.2 m below the absolute elevation of 0 m. The
foundation soil from top to bottom is as follows: (2); muddy, thickness of 10.5 m; 3); muddy
silty clay, thickness of 8 m; (3).1 muddy clay, thickness of 6 m; (3),., muddy clay, thickness
of 8 m; (@ silty clay, thickness of 1 m; (); silty clay, thickness of 4 m. Backfill sand lies
from the absolute elevation of 0 m to the original soil surface (absolute elevation —3.2 m),
and backfill stone lies from the absolute elevation of 0 m to 5.8 m in the figure. The Mohr—
Coulomb model is adopted for backfill stone, while the hardening soil constitutive model
is adopted for others. The specific physico-mechaniscal parameters of the soil are shown
in Table 3.

Table 3. Soil profile and soil parameters of pile foundation.

. Thickn nit Weight ’ ref ref ref ref E
Soil Layer e Uy/ktN-rilat cba LN B e U Aea KoM R

backfill stone 5.8 18 0 40 0 0.15 55
backfill sand 3.2 18 0 26 0 7 8.4 84 0.3 100 05 08 09
@1 muddy 10.5 16.1 10 124 0 2.1 2.31 16.17 0.35 100 0.6 09 09
®1 muddy silty clay 8 16.9 10.6 172 0 2.3 2.53 17.71 035 100 0.6 08 08
3®7-1 muddy clay 6 16.6 10.8 136 0 2.1 2.31 16.17 0.32 100 05 08 08
®2-2 muddy clay 8 16.7 12.3 143 0 24 2.64 1848 032 100 05 08 08
®; silty clay 1 17.7 12.7 204 0 3.6 3.96 27.72 0.3 100 05 08 09
®); silty clay 4 19.2 35.4 16 0 6.1 6.71 4697 0.3 100 05 08 09

stone columns 30 23 5 20 0.25 45

steel pile 50 78.50 0.3 2 x 10°

3.2. Working Condition of Calculation

Case 1: A pile foundation is adopted as the foundation of the gallery, which is a
concrete grouted pile with a diameter of 1000 mm, a length of 60 m, and a top elevation
of 3.5 m.

Case 2: A shallow foundation is adopted as the foundation of the gallery, and a stone
column composite foundation is adopted for the foundation treatment. The diameter
of stone columns is 1 m, with a spacing of 2.3 m, a length of 30 m, and a top elevation
of +0.0 m.

Case 3: A pile foundation is adopted as the foundation of the mine shed, and 4 piles
are set up under each bearing platform. The pile foundation adopts steel piles with a
diameter of 1000 mm, a length of 50 m, and a top elevation of 4.3 m.
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Horizontal position (m)

4. Study on Deformation Characteristics of Composite Foundation
4.1. Analysis of Influence of Ore Stacking on Gallery Pile Foundation
4.1.1. Analysis of Foundation Settlement

The maximum settlement of the site after preloading and before surcharge is 2.83 m,
which occurs in the unreinforced area as well as on the outside of the shallow foundation
reinforcement area of the gallery. Below 0 m, with the increasing depth, the vertical
settlement of each stratum decreases continuously, and the settlement of the reinforced
area below the surcharge and the area where the gallery pile foundations are located is
obviously smaller than that of its two sides, which indicates that the reinforcement effect of
piles is remarkable.

The maximum settlement of the site after surcharge is 1.85 m, which occurs at the
leftmost side below the surcharge. The left side of the site sinks, and the right side rises,
and the value of rises is much smaller than the value of the settlement. As the horizontal
position is constantly to the right, the vertical displacement of each stratum gradually
decays until the settlement is almost zero, and the influence of surcharge on the settlement
and deformation of the pile foundations at the far end is very limited. With the depth
constantly increasing, the vertical settlement gradually decreases. The above results are
shown in Figure 5.

Horizontal position (m)
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Figure 5. Settlement of composite pile foundation: (a) after preloading and before surcharge; (b) af-
ter surcharge.

4.1.2. The Deformation of Pile Foundations of Adjacent Gallery

After construction, when the foundation consolidation reaches a certain degree, the
displacement is cleared, and the surcharge is applied step by step, the horizontal offset
of the gallery pile foundation gradually increases, with a maximum of 9.85 cm (right). It
should be noted that the turning point for the horizontal offset of pile foundations, where
the location shifts from decreasing to increasing, lies at —4 m. This point coincides with
the boundary layer between backfill sand and silt. Additionally, the settlement of the
pile foundations during the usage phase is not significant. The above results are shown
in Figure 6.
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Horizontal displacement (cm)
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Figure 6. Horizontal deviation of gallery pile foundation after surcharge.

4.2. Analysis of the Impact of Mine Heaping on the Gallery Shallow Foundations
4.2.1. Analysis of Foundation Settlement

After preloading and before surcharge, the maximum settlement of the site is 2.86 m,
which occurs in the unreinforced area as well as the outer side of the reinforced area of
the shallow gallery foundations. Below 0 m, with increasing depth, the vertical settlement
of each stratum decreases continuously. And the settlements of two reinforced areas are
smaller than their settlements on both sides, which indicates that the effect of stone columns
reinforcement is remarkable.

After surcharge, the maximum settlement of the site is 1.94 m, which occurs on the
leftmost side below the surcharge. The left side of the site sinks, the right side rises,
and the number of rises is much smaller than the settlement value. With the horizontal
position continuously to the right, the vertical displacement of each stratum gradually
decays until the settlement is almost zero. And the influence of surcharge on the settlement
and deformation of the pile foundations at the far end is very limited. With the depth
continuously increasing, the vertical settlement gradually decreases.

The displacement is cleared after preloading, and the post-work settlement of each
stratum of the composite foundation under the action of large-stress load is shown in
Figure 7. The figures show that there is a large vertical settlement in the foundation at
the horizontal position of —66 m~20 m, i.e., the area directly under the surcharge, among
which the maximum vertical settlement is 1.94 m, located in the unreinforced area under
the surcharge.

Horizontal position (m) Horizontal position (m)
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=16 ) | PR vv g-0. 1 Y5
g A [pooeee®d A \ = 1 / 1
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Figure 7. Settlement of shallow foundation: (a) after preloading and before surcharge; (b) after surcharge.
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4.2.2. Deformation of Adjacent Gallery Shallow Foundations

After the construction displacement is cleared to zero, the mine heaping load is applied
step by step, and the horizontal offset of the gallery shallow foundations is gradually loaded.
Then, the maximum horizontal displacement is 10.24 cm, located in the upper left part
of the foundation, and the displacement along the center line level is 10.0 cm. As the
surcharge increases, the horizontal displacement of the shallow foundation continues to
rise, as illustrated in Figure 8. This pattern mirrors the previous trends observed in the
process of horizontal displacement. The amplitude of horizontal displacement changes
modestly within the reinforced area, initially increasing and then decreasing. Upon exiting
the reinforced area, the horizontal displacement quickly decays to zero. Furthermore, the
influence of the surcharge on the horizontal displacement of the composite foundation
diminishes with increasing depth.

Horizontal displacement (cm)

12
™ Shallow foundation

- ——

-10

Reinforced area

1
1
1
1
1
o
11.#(‘111
1
1
1
1
1

-20

=30

-40

Depth of pile foundation (m)

i ; —&— before surcgarge
v —@— the first surcharge
—50 SAT —A— the second surcharge
oKy g
» —w— the third surcharge
the forth surcharge

=60

Figure 8. Horizontal deviation of gallery shallow foundation after surcharge.

4.3. Analysis of Influence of Surcharge on Shed Pile Foundation
4.3.1. Analysis of Foundation Settlement

In this section, the post-work settlement of the foundation is investigated, and the
displacement after preloading is cleared to zero. Firstly, within the internal heaping mine,
the maximum settlement of the site is only 0.2 m, as shown in Figure 9a, which is located
in the area directly under the surcharge and the shallow surface area. With increasing
depth, the settlement of the soil under the internal surcharge is also gradually reduced. In
addition, the influence range of the internal heaping mine is very small, and it has almost
no effect on the left area of the stone columns on the right side.

Figure 9b reflects the changes in foundation settlement after unloading the internal
surcharge and applying surcharge externally. It can be seen that the settlement is the
largest in the unreinforced area of the shallow ground surface below the surcharge, which
reaches 2.66 m. In general, the vertical displacement of the foundation gradually decreases
from left to right, and the settlement is very small at the foot of the slope. For the strata
with different burial depths, the vertical settlement is negligible far away from the foot
of the slope. Therefore, the location of the steel piles for this condition is also within the
safety range.
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Figure 9. Settlement of composite foundation: (a) internal surcharge; (b) external surcharge.

4.3.2. Deformation of Adjacent Shed Pile Foundation

The height of the internal surcharge is 6 m and the total length is 48 m, which is located
at the right upper part of the steel pile, and it produces outward compression on the soil
on both sides. The displacement and deformation values of each point of the steel pile
are extracted, as shown in Figure 10a. The steel pile has a deformation to the left, with a
horizontal offset of 2.38 cm, which is located at a burial depth of —10 m, i.e., in the silt layer.
The external surcharge has a total height of 12 m and is loaded step by step four times,
located at the upper left of the composite foundation, with a total length of 66 m, as shown
in Figure 10b. The steel pile has a deformation to the right, and the offset keeps increasing
with increasing the surcharge levels, with the maximum value reaching 11.2 cm, located at
the top of the steel pile. And with the increase in the depth, the horizontal offset of the steel
pile gradually decreases. We consider the surcharge process to occur as follows: after the
internal surcharge is finished, it is usually unloaded and then carried to external sites. As
shown in Figure 10c, the maximum horizontal offset is 2.38 cm after the internal surcharge.
After unloading the internal surcharge and loading the external level by level, the offset
direction of the steel pile transforms and begins to deform to the right. After four-stage
loading, the maximum horizontal offset is 8.82 cm, located at the pile top, and the offset is
reduced by 21.2% compared with that of Case 2. And with the increase in the depth, the
horizontal offset of the steel pile is gradually reduced to zero.

4.4. Analysis of the Effect of Surcharge on the Internal Forces in the Adjacent Building Foundation

Among the three types of pile foundations, steel piles were only used for the material
shed. Therefore, in this section, Case 3 will be used as the study object to discuss the effect
of graded surcharge on the internal forces of the adjacent pile foundation, including axial
force, shear force, and bending moment. As shown in Figure 11, the maximum horizontal
shear force of —392.6 kN (left) is located at a pile foundation elevation of —34 m when
the internal surcharge is applied after preloading. When the external surcharge is applied
after unloading the internal one, the force direction of the steel pile changes. And the shear
force on the steel pile increases gradually with the increase in the loading stage, and the
maximum value of 699.4 kN (right) is located at the pile foundation elevation of —20 m,
i.e., the silty chalky clay layer. For the internal force distribution of the pile foundation
itself, it shows a trend of increasing first and then decreasing. The maximum axial force is
252.2 kN, located approximately at the elevation of —5 m.
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The bending moment distribution of the left and right steel piles is the same, which
shows that the internal surcharge pile is deformed to the left with a maximum bending
moment of —841.8 kN-m. During external surcharge, the steel pile is bent to the right. And
after the completion of the four-stage loading, the bending moment reaches a maximum of
1170.1 kN-m, located at a pile foundation elevation of —10 m, which is inside the silt layer.

5. Discussion

In this paper, 3D numerical simulation analyses are carried out to investigate the
effects of large-scale mine heaping load on the deformation and internal force of adjacent
structures in soft soil. The deployment of stone columns, prefabricated vertical drain,
preloading, and other treatments is considered, aiming to improve the foundation strength
and reduce the settlement. The displacement and deformation of composite foundations
under large-stress mine heaping loads are evaluated. Meanwhile, a sensitivity study is
carried out; and the effects of step-by-step loading and surcharge sequence on the overall
deformation of the foundations are discussed. In summary, the following conclusions can
be obtained from the analyses:

(1) The horizontal displacements of the pile foundation and shallow foundation of the
corridor in the using stage increase with the step-by-step loading of surcharge. The
maximum horizontal offset of the former is 9.85 cm and the latter 10.24 cm, among
which the turning point of the horizontal offset of the pile foundation from decreasing
to increasing occurs at —4 m, located in the demarcation layer of backfill sand and silt.

(2) The maximum settlements during both construction and operation occur in the unre-
inforced zone. And the settlement in the stone columns reinforced zone is less than
that on both sides of it. The stone columns are effective in blocking the slip surface,
which to some extent reduces the effect of large-stress surcharge on the pile offsets.

(3) Taking Case 3 as an example, after internal surcharge, the steel pile is deflected to
the left by 2.38 cm. After unloading the internal surcharge and applying an external
one, the pile is deflected to the right by 8.82 cm. And the amount of deflection is
reduced by 21.2% compared to 11.2 cm for only external surcharge, which shows the
importance of the surcharge process.

(4) The horizontal shear force on the pile foundation increases with the increase of
surcharge, which is consistent with the response law of its horizontal deflection. A
corresponding bending moment is generated, and the change in internal force is
coordinated with the displacement and deformation.

There are also some research directions to follow in the future. The purpose of this
article is to investigate the effects of large-scale surcharge on the deformation and internal
force of adjacent structures in soft soil and raise some measures to reduce the displacement
and force. For further research, a reliability analysis can be conducted and the failure
probability in different conditions can be evaluated based on random field theory and
machine learning [18]. Also, we have noticed that in this project, there are several layers
of soft soil, which make the FDM discrete equations more complex. To figure out the
effect of heterogeneous media on numerical calculations, further research can focus on the
formation and soil parameter variability.
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