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ABSTRACT

With the swift advancement of underground space development, large
deep excavation projects above subway stations are becoming more com-
mon. This study employs the Finite element method-Discrete element
method (FEM-DEM) coupling method to examine the effects of excava-
tion on the structure of nearby subway tunnels. First, the flexible triaxial
compression test was conducted using the FEM-DEM coupling method to
acquire the macroscopic mechanical characteristics of various soil layers.
Based on this, the ground particle model was developed using the particle
size scaling method, the underground continuous wall support was con-
structed via the FEM-DEM coupling method, and the tunnel model was
established using particles arranged circularly. The study shows that with
the excavation, the particles at the bottom of the foundation start to heave
upward, with the maximum uplift displacement being approximately 10
mm. Throughout the excavation process, substantial changes occur in
the contact force chain within the pit, with notable stress release at the
pit bottom. Moreover, the porosity at the pit bottom gradually increases,
and the vertical stress decreases; the stress decreased by 75% compared to
before excavation, primarily due to stress release during excavation. Lastly,
a focused analysis was conducted on the tunnel deformation during exca-
vation. Throughout the foundation pit excavation, the tunnel’s displace-
ment mainly took place within the excavation area, and its vertical dis-
placement increased as the excavation depth increased, with a maximum
displacement of approximately 0.5 mm. Analysis of particle displacement
at various locations in the tunnel revealed that particles closest to the
foundation pit bottom experienced the greatest displacement, whereas
those farther away had relatively smaller displacements. The findings
offer crucial theoretical support for the design and implementation of
excavation projects.
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1 Introduction

With the swift advancement of urban development, the underground rail transit network in cities
is becoming increasingly dense. Concurrently, land development activities are continually seeking
space underground, resulting in frequent deep excavation projects across urban areas. The large-
scale removal of original soil during the excavation of foundation pits causes additional stress and
deformation in the surrounding soil. Consequently, urban subway tunnels are inevitably impacted by
the excavation of foundation pits throughout their operational lifespan [1–3].

The influence of excavation on existing tunnels has long been a significant focus of research.
Extensive studies have employed theoretical calculations [4–7], numerical modeling [8–12], and field
monitoring [13–15] to investigate the uplift deformation phenomena of underlying subway tunnels
during excavation. As urban construction and large-scale underground space development continue,
projects involving excavation in proximity to existing tunnels are expected to become increasingly
prevalent. Therefore, it is crucial to conduct more extensive research on these engineering projects.

To date, scholars both domestically and internationally have conducted substantial research
on the effects of excavation on nearby existing tunnels [16–18]. In recent years, advancements in
computing power and simulation software technology have enabled numerous studies to utilize numer-
ical simulations to model foundation pits and tunnel structures. In finite element method (FEM),
Zheng et al. [19] employed the finite element software and the ideal elastoplastic Mohr-Coulomb
model to study, from both two-dimensional and three-dimensional perspectives, how excavation pits in
soft soil layers affect the structure of tunnels located below the excavation surface and the surrounding
soil. Similarly, Huang et al. [20] used the hardening soil model and finite element theory to analyze the
three-dimensional deformation response of tunnels resulting from unloading during pit excavation,
achieving outcomes concerning the range of influence on the structural response of the underlying
tunnels due to the excavation. In discrete element method (DEM), Lei et al. [21] carried out a series
of transparent soil model experiments to investigate the active face stability of the shield tunnel face
adjacent to existing tunnels, focusing on development process, failure patterns, influence scope, and
supporting forces. Zhou et al. [22] utilized physical model experiments and two-dimensional DEM
analysis to investigate the deformation characteristics of existing tunnels structures due to unilateral
excavation. The research indicates that unilateral excavation leads to the most pronounced lateral
deformation at the station roof.

However, it must be pointed out that FEM is still applied to continuous media and does not
adequately solve the problem of foundation soil particles being discontinuous media, leading to
significant differences between simulation results and measured data. On the other hand, discrete
element software has effectively solved the discontinuous media characteristics of soil particles,
and as discussed earlier, its simulation results closely match the measured results [23]. Additionally,
because discrete element software simulates each particle, it can more effectively investigate the meso-
mechanisms of foundation pit deformation. However, it should be pointed out that since discrete
element software started relatively late and has low visualization capabilities, along with a significant
lack of corresponding secondary development, it is somewhat challenging to promote. Additionally,
due to the limited numerical simulation research using discrete element software-particularly basic
research-the relationship between simulation parameters and actual physical parameters remains
relatively unclear, restricting the software’s promotion and development.

Compared with previous studies, this paper offers the following innovations: (1) The paper is based
on real engineering cases, and the calculation results are valuable for engineering applications. (2) The
tunnel in this paper is constructed using a particle model, allowing for consideration of large tunnel
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deformations. (3) The foundation pit support is simulated using the FEM-DEM coupling method,
enhancing the computational efficiency of the model.

This article investigates the deformation characteristics and damage evolution patterns of adjacent
existing tunnels due to excavation. The study employed a FEM-DEM coupling approach. Initially,
microparametric calibration of each stratum was conducted using triaxial compression tests with
flexible boundaries. Subsequently, a FEM-DEM numerical model was developed to assess the impact
of excavation on nearby existing tunnels. The analysis included both macroscopic and microscopic
perspectives, examining stress fields, displacement fields, force chains, and porosity rates. These results
provide valuable insights for engineering professionals in predicting risks for similar projects.

2 Engineering Overview

In this study, a pit excavation project adjacent to an existing subway tunnel is used as a case study.
The maximum excavation depth is 8 m, performed in four stages, with 2 m excavated in each stage.
The stratigraphic distribution within the excavation area consists of a clay layer on top and a gravel
layer beneath. This foundation pit project utilizes a bored cast-in-place pile combined with an internal
bracing support scheme. The cast-in-place piles have a diameter of 800 mm and a spacing of 1.1 m,
with 600 mm diameter jet grouting piles used as an impermeable curtain between the piles. The existing
tunnel beneath the pit has an internal diameter of 6 m, with the distance from the tunnel’s top to the
pit’s bottom being about 8 m. The project overview is illustrated in Fig. 1.

Figure 1: Project overview map

3 Calibration of Mesoscale Parameters for Carious Geological Layers

The macroscopic mechanical properties of the materials are governed by the microscopic param-
eters of the particles and the contact constitutive relationship in PFC. In this study, the FEM-DEM
coupling method is employed to set up flexible triaxial compression tests to determine the macroscopic
mechanical properties of various strata [24,25]. Shell elements are used as the lateral boundary
conditions of the specimen in the triaxial test simulation. Unlike traditional rigid wall boundaries,
the Shell model can represent the lateral deformation of the specimen during the loading process. The
upper and lower boundaries are rigid wall boundaries. The schematic diagram of the flexible triaxial
test is shown in Fig. 2a. Specifically, the clay layer uses a parallel bond model, while the gravel layer
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employs a rolling resistance model. The deviator stress-strain curves of the granular materials were
obtained under confining pressures of 100, 200, and 300 kPa.

Figure 2: Calibration of mesoscale parameters. (a) Diagram of flexible triaxial compression experi-
ment; (b) Stress-strain curve diagram for clay layers; (c) Stress-strain curve diagram for gravel layers

From Fig. 2, it is evident that the stress-strain relationships of different specimens in the triaxial
compression tests show significant differences. The stress-strain curve of the clay layer indicates that
with an increase in axial strain, the deviator stress gradually increases, displaying typical hardening
characteristics. This suggests that in clay materials, as the strain increases, the contact force and
friction between the internal particles intensify, leading to an improvement in load-bearing capacity.
Experimental data indicate that under different confining pressures (100, 200, 300 kPa), the clay layer
consistently shows a hardening trend. The maximum deviator stress increases with confining pressure,
demonstrating that confining pressure significantly affects the load-bearing capacity of the clay layer.

In comparison, the stress-strain curve of the gravel layer shows noticeable softening characteristics.
With the increase in axial strain, the deviator stress begins to decline after peaking, suggesting that in
gravel materials, the contact force between particles decreases under high strain, leading to structural
failure. Under varying confining pressures, the peak deviator stress of the gravel layer increases with
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rising confining pressure, but the post-peak rate of decline in deviator stress also accelerates. This
indicates that the gravel layer is more susceptible to structural failure under high confining pressures.

4 Establishment of FEM-DEM Coupled Numerical Model

The foundation model consists of a series of three-dimensional particles. The particle diameter of
the gravel layer is 0.5 m, with a particle count of 31,681. The particle diameter of the clay layer is 0.4 m,
with a particle count of 72,000. Relevant foundation parameters are listed in Table 1. The numerical
modeling process for the entire construction procedure, evaluating the impact of excavation on the
existing tunnel structure, is as follows:

Table 1: Mesoscale parameters for various geological layers

Different strata Clay Gravel

Particle contact model Linearpbond Rrlinear
Effective modulus (Pa) 1 × 107 1 × 108

Normal-to-shear stiffness ratio 1 1
Bond effective modulus (Pa) 1 × 106 /
Bond normal-to-shear stiffness ratio 1 /
Tensile strength (N) 2.1 × 104 /
Cohesion (N) 2.1 × 104 /
Friction angle (°) 0 /
Friction coefficient 0.1 0.3
Rolling friction coefficient / 0.1
Particle density (kg/m−3) 1650 2300

(1) Establish the model boundaries using rigid wall (Wall elements).

(2) ill within the model boundaries using Ball elements, compacting under self-weight. After
multiple cycles, ultimately reach geostress equilibrium.

(3) Remove the soil particles in the tunnel cross-section area and generate a cluster of particles
arranged in a circular ring. Use a parallel bond model between the particles. Compute until the system
reaches equilibrium to simulate the tunnel excavation process.

(4) Remove the soil particles in the trench of the diaphragm wall and generate a Zone finite element
model in the trench. Compute until system equilibrium is reached to simulate the construction of the
diaphragm wall [26].

(5) The process of excavation is as follows: During excavation, remove the particles at the
corresponding positions (ball delete command). Then, compute until the system reaches equilibrium
or the ground displacement ceases. On this basis, proceed to the next stage of pit excavation. The
complete modeling process is illustrated in Fig. 3.

The established model is illustrated in Fig. 4. The model comprises a clay layer and a gravel
layer. In the model, the existing tunnel is generated with particles arranged in a circular ring. This
method uses PFC to simulate the tunnel, precisely capturing the deformation characteristics during
the excavation process. The circular ring arrangement of particles accurately simulates the tunnel’s
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actual structure, resulting in higher simulation precision and effectively reflecting the tunnel’s stress
and deformation under various conditions.

Figure 3: Process of establishing the excavation pit

Figure 4: FEM-DEM coupled model for analyzing the impact of excavation on existing tunnels

A linear parallel bonding model is employed between particles in the tunnel. This model pro-
duces a certain displacement between particles under external loading. If the load surpasses the
bond strength between particles, the particle bonds will fracture. Consequently, the model exhibits
macroscopic failure.

Furthermore, the diaphragm walls (rigid retaining walls) are modeled using the Zone model in
FLAC, a method that significantly improves the computational efficiency of the model. The finite
element method offers substantial advantages in handling large-scale continuous media problems,
allowing for rapid and accurate calculation of the forces and deformation of diaphragm walls during
foundation pit excavation. In the model establishment process, the mechanical properties of various
materials and structures were thoroughly considered. By integrating the strengths of FLAC and PFC,
a comprehensive simulation of the foundation pit excavation process was achieved [27,28]. The model
requires stress equilibrium after each excavation step. Once the maximum imbalance is less than 1e-5,
carry out the next excavation step, continuing until the excavation is fully completed.
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5 Analysis of Results
5.1 Foundation Displacement Field Analysis

The displacement contour map of pit is shown in Fig. 5. The color variations in the figure represent
the magnitude of soil displacement at different stages, with blue to red indicating the displacement
magnitude from small to large. The figure shows that significant heave occurred at the base of
the excavation pit, whereas the soil outside the pit did not experience noticeable displacement. As
the excavation depth increases, the heave at the bottom of the pit also gradually increases, caused
by pressure release. The displacement vectors of particles at the bottom of the foundation pit are
predominantly vertical upward, particularly in the central area of the pit. This finding is consistent
with the observed patterns in numerous cantilever-excavated foundation pits [29,30].

Figure 5: Excavation pit displacement contour map

Furthermore, the figure indicates vertical upward displacement in the area above the tunnel.
This phenomenon is due to the redistribution of soil pressure above the tunnel caused by excavation,
resulting in the upward movement of some soil. Detailed analysis: In the first step of excavation, initial
heave has already occurred at the base of the pit, but the overall displacement is small. With the second
step of excavation, the heave at the bottom of the pit increases significantly. The displacement vector
diagram displays more vertical upward movement. By the 3 step of excavation, the heave at the bottom
of the pit continues to increase, and the coverage area expands. As excavation pit progresses, the stress
release in the soil at the bottom becomes more evident. Upon completion of the 4 step of the pit
excavation, the heave at the bottom of the excavation pit reaches its maximum. The vector diagram of
displacement shows that nearly the entire bottom of the pit is undergoing vertical upward movement,
with the displacement being greatest at the center of the excavation pit.

Due to the excavation of the foundation pit, soil stress is redistributed, leading to upward
deformation of the soil at the bottom, thereby causing uplift deformation of the pit. While it is
usually hard to differentiate between pit uplift and bottom rebound, their mechanisms are quite
straightforward in practical deformation scenarios. Soil rebound is unavoidable, as the unloading of
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soil from the pit top will naturally result in upward displacement, considered elastic deformation.
Additionally, the uplift at the bottom can be categorized into elastic and plastic uplift. During the
initial excavation phase, the pit bottom soil experiences elastic deformation, with the base uplift
showing “small uplift at the sides and large uplift in the center.” Furthermore, the uplift of the soil
is influenced by the characteristics of the soil layers, the size of the pit, and factors like unloading
load. At present, various methods exist for calculating pit bottom uplift deformation.

Sc = ψc

n∑

i=1

pc

Eci

(ziai − zi−1ai−1) , (1)

Sc–Amount of soil rebound at the pit bottom, mm; ψ c–Empirical coefficient used in settlement
calculations; pc–Geostatic stress of soil below the base elevation, kPa; Eci–Soil rebound amount.

5.2 Variation of the Displacement Field in the Particle Monitoring Layer
To gain a better understanding of the spatial variation characteristics of the foundation pit soil

during excavation, two deformation monitoring layers (X1 and X2) were established in the model,
as shown in Fig. 6. After the numerical calculations were completed, the displacement information
of the particles in the Z direction was recorded, and the vertical displacement contour map was
obtained through interpolation. The displacement contour map provides a clearer observation of the
deformation patterns of the soil at the bottom and around the pit.

Figure 6: Monitoring layer final displacement cloud image. (a) X1 monitoring layer displacement cloud
image; (b) X1 monitoring layer displacement cloud image

The figure reveals that the displacement of the monitoring layers is primarily characterized by
heave, with this heave phenomenon being more pronounced near the central position. The heave
has a shape close to conical, the vertical displacement of the soil exhibits a distribution pattern with
larger displacement at the center and smaller displacement at the edges. This conical heave is primarily
caused by the pressure release in the upper soil during the excavation process, resulting in the upward
movement of the soil.

Specifically, the maximum displacement of the X1 monitoring layer is approximately 2 mm, while
the maximum displacement of the X2 monitoring layer is around 0.65 mm. This result shows that the
closer to the base of the pit, the greater the heave displacement of the soil. This is due to the soil of the
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pit undergoing significant vertical upward deformation as it bears the pressure release from the upper
soil, resulting in an increase in the amount of heave.

Further analysis reveals that the X1 monitoring layer is located near the bottom, and thus
is directly influenced by the excavation, leading to the largest displacement. In contrast, the X2
monitoring layer is located slightly farther from the pit and is therefore relatively less affected, resulting
in smaller displacement. This phenomenon aligns with observations in actual engineering projects,
indicating that displacement changes in the soil during excavation pit need to be closely monitored
and analyzed to ensure the safety of the pit.

5.3 Force Chain Analysis
The DEM offers significant advantages in foundation engineering research, providing detailed

data that traditional experimental methods find difficult to obtain. It is particularly suitable for
analyzing the granular skeleton structure and force chain network. Fig. 7 illustrates the changes in
particle contact force chains during the excavation, where the color of the lines indicates the relative
magnitude of the contact forces. The distribution of force chains reveals that during the excavation,
the force chains are sparse at the top and dense at the bottom. Specifically, the contact forces within
the soil of the pit change significantly. The changes in the contact force chains at the bottom of the
excavation pit are especially pronounced.

Figure 7: Analysis of force chains in the excavation pit process

As the excavation continues, the force chains at the base of the pit become sparser. This is primarily
due to the upward movement of particles at the bottom of the pit during excavation, leading to
stress release. Consequently, the contact between particles decreases, resulting in sparser force chains.
Moreover, the distribution of force chains in the tunnel area also changes during the excavation process.
The figure shows that the distribution of force chains in the tunnel area gradually diminishes as
excavation advances. This is because the tunnel undergoes upward displacement during the excavation
process, leading to stress release in the surrounding soil, which in turn reduces the contact forces in the
tunnel area. This stress release not only reduces the contact forces around the tunnel but also lowers
the overall structural strength of the tunnel.

The changes in force chain distribution indicate that stress release at the base of the excavation pit
and in the tunnel area is a significant process during excavation. This stress release alters the contact
force chains in the soil, thereby affecting the overall stability of the tunnel.

5.4 Analysis of Porosity and Stress Changes at the Bottom of the Excavation Pit
During the excavation, measurement circles (Fig. 8) are placed at the bottom of the pit to measure

changes in porosity and vertical stress in Fig. 9 illustrates the variation patterns of porosity and
vertical stress of the measurement spheres at different excavation steps. The figure shows that porosity
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gradually increases as excavation progresses. This is due to the stress release affecting the soil at the
bottom of the excavation pit during excavation, causing the contacts between particles to loosen and
thereby increasing the porosity. Specifically, during the 1 step of excavation, the porosity changes were
minimal, remaining relatively stable. However, beginning with the second step, the porosity showed a
noticeable upward trend. During the third and fourth steps, the porosity increased further, indicating
a gradual loosening process of the soil. Correspondingly, the vertical stress gradually decreases as
the excavation progresses. In the first step of excavation, the vertical stress decreases slightly, but the
change is not significant. In the 2 step of excavation, the vertical stress decreases significantly due to
the reduction of overburden pressure on the soil at the bottom during excavation, resulting in stress
release. During the 3 and 4 steps of excavation, the vertical stress continues to decrease, indicating
that the stress release process at the bottom of the pit is ongoing. This phenomenon of increasing
porosity and decreasing vertical stress indicates that the strength of the soil at the base gradually
decreases during the excavation process. The increase in porosity reflects the loosening of the soil’s
internal structure, while the decrease in vertical stress indicates a reduction in the stress borne by the
soil. Together, these factors lead to a gradual decrease in the strength of the soil. In summary, during
the excavation, the porosity gradually increases with the excavation depth, while the vertical stress
gradually decreases. These changes are primarily due to the stress release in the soil and the loosening
of the particle structure during the excavation process.

Figure 8: Location distribution of measurement spheres

5.5 Analysis of the Impact of Excavation Pit on the Deformation of Existing Tunnels
The excavation unloading of the pit will cause soil deformation, which will inevitably have a

significant impact on the tunnel located beneath it. As shown in Fig. 10, as the pit is excavated, the
tunnel gradually displaces upward. This upward displacement is due to the unloading caused by the
excavation above the existing tunnel. Specifically, the maximum displacement of the tunnel occurs in
the central area of the excavation pit, with the displacement direction being vertical upward, while the
minimum displacement occurs near the ends of the tunnel.

In the 1 step of excavation, the tunnel deformation is relatively small and mainly concentrated in
the central area. As the excavation progresses, the tunnel deformation gradually increases. During the 2
step of excavation, the upward displacement of the tunnel becomes more pronounced, with a noticeable
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increase in displacement. In the third and fourth steps of excavation, the upward displacement in the
central area of the tunnel reaches its maximum, showing significant vertical upward deformation.

Figure 9: Curve of porosity and vertical stress changes at the bottom of the excavation. (a) Porosity
change curve; (b) Vertical stress change curve

Figure 10: Displacement cloud map of tunnel deformation

This deformation can be explained by the redistribution of soil stress during the excavation. The
excavation causes unloading of the overlying soil, and the pressure release results in upward movement,
which in turn affects the deformation of the tunnel below. The central area of the tunnel, situated
directly beneath the base, undergoes the greatest changes in overlying soil pressure, resulting in the
largest vertical upward displacement. Conversely, the areas near the ends of the tunnel, being farther
from the foundation pit, are relatively less affected and show smaller displacement.

This phenomenon suggests that in foundation pit excavation projects, special attention should be
given to the deformation in the central area of the tunnel to ensure its structural safety. In summary,
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during the excavation, the tunnel’s vertical displacement mainly occurs in the central area at the bottom
of the pit, and the tunnel’s displacement increases with the depth of the excavation.

The displacement of the particles at the top of the tunnel is extracted, and the particle distribution
is illustrated in Fig. 11. The vertical displacement distribution of the tunnel at different steps is shown
in Fig. 12. The figure shows that the heave displacement of the tunnel is mainly concentrated within
the range of −7–7 m, corresponding to the excavation range of the pit. In the 1 step of excavation, the
maximum displacement is approximately 0.08 mm. With the excavation depth increasing further, the
vertical displacement of the tunnel continues to increase, ultimately reaching a maximum displacement
of 0.5 mm during the fourth step of excavation.

Figure 11: Particle distribution at the top of the tunnel

The shape of the displacement curve in the figure shows that the displacement is greatest in the
central area of the tunnel, gradually decreasing towards the sides, and eventually approaching zero
at locations far from the excavation. In the initial stages of excavation, the increase in displacement
is relatively slow. But as the excavation depth increases, the rate of displacement growth accelerates
significantly. This indicates that the impact of excavation on the displacement of the tunnel exhibits
distinct phase characteristics. Specifically:

Although the displacement of the tunnel increases with the excavation depth, the overall displace-
ment is still significantly less than the heave displacement. This phenomenon indicates that while the
excavation does affect the tunnel, this impact remains within a controllable range and has not caused
excessive deformation of the tunnel.

In summary, the vertical displacement of the tunnel is mainly concentrated within the excavation
area and increases gradually with each excavation step during the excavation. However, the overall
displacement is significantly less than the heave displacement at the base of pit.
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Figure 12: Displacement curves at the tunnel top for various excavation phases

Prior to foundation pit construction, the tunnel is under force equilibrium. Since the soil’s
coefficient of earth pressure at rest K0 < l, the horizontal principal stress acting on both sides of
the tunnel is less than the vertical principal stress at the top, The tunnel’s cross-section experiences
“vertical compression and horizontal stretching” deformation, as illustrated in Fig. 13a. Following
foundation pit construction, the stress acting above the tunnel becomes less than the horizontal stress,
leading the tunnel’s cross-section to transform into “vertical stretching and horizontal compression”
[26], the tunnel’s convergence deformation state is depicted in Fig. 13b.

Figure 13: Deformation of the tunnel cross-section induced by foundation pit excavation. (a) Initial
convergence state of the tunnel; (b) Tunnel convergence variation after foundation pit excavation

Fig. 14 illustrates the deformation shape of tunnel uplift along the longitudinal variation. After
the overlying soil is removed, the rebound of the pit bottom leads to upward displacement of the tunnel.
The maximum uplift of the tunnel is located at the center of the excavation and gradually diminishes
toward both sides.

Fig. 15 shows the changes in vertical displacement of tunnel monitoring points under different
conditions. For a detailed study, three representative particle positions within the tunnel are selected,
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where upward displacement of the tunnel is considered positive and downward displacement is
negative. The figure indicates that with the increasing depth, the displacement of the tunnel also
increases. This suggests that the particles at the top of the tunnel move upwards, with the maximum
displacement occurring in particles closest to the base of the excavation.

Figure 14: Longitudinal changes in tunnel uplift induced by pit excavation

Figure 15: Displacement path analysis for particles at various positions. (a) Distribution of particle
positions; (b) Displacement curve of B1 particles; (c) Displacement curve of B2 particles; (d) Dis-
placement curve of B3 particles
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In general, the vertical displacement at all monitoring points increases as the depth of excavation
increases. Particles closer to the base of the excavation show the largest displacement, whereas those
further from the base exhibit relatively smaller displacements. This demonstrates that the effect of
excavation on the particles at the top of the tunnel diminishes with distance. The step-like rise in the
displacement curve indicates that each excavation step introduces new impacts on the tunnel particles,
resulting in increased displacement.

By gathering 20 engineering cases in soft soil regions where foundation pit excavation impacts
underlying tunnels, it was found that the vertical displacement of the tunnels was uplift in all cases, with
maximum uplift amounts ranging between 0.4 and 15.9 mm, suggesting that the calculation results in
this paper fall within a reasonable range for tunnel uplift.

6 Discussion

This paper merely takes into account the influence of foundation pit excavation in a simplified
manner. In actual excavation processes, factors like pit dewatering, construction time, support meth-
ods, and subway operation conditions should be considered, all of which affect tunnel deformation
to some extent. Although dewatering occurs during foundation pit excavation, this paper does not
consider it due to the limitations of the discrete element method and concerns about computational
efficiency. In future calculations, the fluid-solid coupling method can be employed to study the
impact of pit excavation dewatering on existing tunnels. The findings of this paper have considerable
theoretical significance regarding the deformation of tunnels following foundation pit excavation. The
discrete element method excels in simulating soil failure, large deformation issues post-failure, and
stress paths that are challenging to measure in practical engineering. While the discrete element method
is currently unsuitable for practical engineering design, its analytical results regarding the mechanisms
in foundation pit excavation processes are informative.

7 Conclusions

In this research, the FEM-DEM coupling method is employed to study the effects of pit excavation
on the structure of adjacent existing metro tunnels. The conclusions are as follows:

The flexible triaxial compression test was conducted using the FEM-DEM coupling method
to acquire the macroscopic mechanical characteristics of various soil layers. Then, the ground
particle model was developed using the particle size scaling method. Based on this, the underground
continuous wall support was constructed via the FEM-DEM coupling method, and the tunnel model
was established using particles arranged circularly.

An obvious heave occurred at the bottom of the pit, whereas the soil outside the pit showed no
significant displacement. With the increase of excavation depth, the bottom uplift of the foundation
pit also gradually increases, reaching a maximum displacement of approximately 10 mm; this is due
to stress release during the excavation. The displacement vectors of the particles at the pit bottom are
predominantly upward, particularly in the central region of the pit where the particle displacement
vectors are greatest.

The displacement of particles in the monitoring layer is primarily characterized by heave, with
the heave shape approximating a cone, suggesting that the soil’s vertical displacement exhibits a
distribution pattern with larger displacement at the center and smaller at the edges. The nearer to
the pit bottom, the greater the soil’s uplift displacement.
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In the excavation process, the contact forces within the pit soil change significantly. The variation
of contact force chains at the bottom of the pit is especially evident. With the ongoing excavation, the
force chains at the pit bottom become sparser. This is primarily due to particles moving upward at the
bottom of the pit during excavation, causing stress release.

The porosity increases progressively with the advancement of excavation. This occurs because
stress release during the excavation process impacts the soil at the bottom of the pit, leading to loosened
contacts between particles, which in turn increases the porosity. Throughout the excavation of the
pit, the porosity at the bottom increases as the excavation depth increases, whereas the vertical stress
decreases gradually. These variations are primarily caused by stress release in the soil and the loosening
of particle arrangements during the excavation process.

The tunnel gradually moves upward with the excavation. This upward movement is caused
by the unloading effect from the excavation above the tunnel. Specifically, the tunnel’s maximum
displacement occurs at the center of the excavation pit in a vertically upward direction, while the
minimum displacement occurs near the tunnel ends. In the process of excavation, the tunnel’s vertical
displacement primarily occurs in the central area of the pit bottom, and it increases as the excavation
depth increases. During the first excavation step, the tunnel’s maximum displacement is around
0.08 mm; as excavation proceeds, the displacement keeps increasing, ultimately reaching about 0.5 mm
at the fourth excavation step. The displacement is largest at the center of the tunnel, gradually
lessening toward both sides, and eventually nearing zero at positions distant from the foundation pit
excavation zone. Selecting three representative particle positions inside the tunnel, the displacement
of the tunnel particles also increases as the excavation depth increases. The particles close to the
foundation pit bottom show the greatest displacement, whereas those farther away display relatively
smaller displacement.

In conclusion, this study has elucidated the mechanical behavior of different materials during
foundation pit excavation and its effects on tunnel structures through detailed experiments and
numerical simulations. The results offer significant theoretical support for the design and construction
of foundation pit projects, assisting in the optimization of excavation plans to ensure the safety of
tunnel structures.
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