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The force chain method is a powerful tool to analyze the pressure arch of a tunnel, which
has important influence on the seismic stability of tunnel structures. The force distribution
around the tunnel before and after an earthquake was observed with numerical simulation
and shaking table test, and then some parameters related to the pressure arch around the
tunnel were analyzed. The discrete element method software PFCwas used to numerically
simulate the variation of shape and height of pressure arch with tunnel depth before and
after an earthquake. The effect of tunnel depth, span, section shape, lining stiffness,
seismic spectrum, and seismic amplitude on the shape and height of pressure arch was
numerically simulated. The numerical results show that the tunnel depth, span, section
shape, and seismic amplitude have great effect on the pressure arch shape, while the lining
stiffness and seismic spectrum has little effect on the pressure arch shape. In addition, the
shaking table tests were conducted to observe the pressure arch shape before and after
an earthquake, and the experimental results were applied to verify the numerical simulation
results.
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INTRODUCTION

A great number of tunnels are planned, are under construction, and have been built all over the world
(Feng et al., 2015; Feng et al., 2022; Yu et al., 2022). For example, there are 20 tunnels that are greater
than 15 km long and 12 potential focal regions along the under-construction Sichuan–Tibet Railway
in China, and the seismic intensity is partly up to 0.3 g (Peng et al., 2020). Therefore, seismic tunnel
disasters are increasingly observed, and, for example, 40 of 59 investigated tunnels suffered from the
2008 Wenchuan earthquake in China, among which 19 tunnels were seriously damaged (Zang,
2017). As a consequence, much attention is paid to the seismic stability of tunnel structures. The
pressure arch, which exists widely in most tunnels, has a direct effect on the bearing capacity of
tunnels.

Much achievement has been obtained in pressure arch research. In 1884, Roberst firstly provided
the concept of “granary effect,” namely, the “pressure arch effect,” by observing the phenomenon in
which the pressure at the granary bottom will be constant when the grain accumulation height is
greater than a given value. Terzaghi testified the existence of pressure arch with the trap-door
experiment (Terzaghi, 1936). InstMin Eng (IME) considered that the pressure arch resulted from the
stress redistribution and exists at every excavation cavern (IEM, 1936). Handy described the pressure
arch with the path of minor principal stress which is approximately like a catenary (Handy, 1985).
Tien analyzed the arching mechanism in terms of the micro-level by photo-elasticity modeling (Tien,
2001). Song Yuxiang numerically simulated the formation process of pressure arches in terms of
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principal stress around tunnels and analyzed various factors
influencing the pressure arch (Song et al., 2017). Zeng Xinping
used numerical simulation to explore the formation mechanism
of deeply buried tunnels and the distribution of vertical Earth
pressure (Zeng, 2018). Shang Bin et al. numerically simulated the
internal and external boundaries of pressure arches and provided
the formula for the surrounding rock pressure with linear
regression analysis (Shang et al., 2020). In addition, they
considered that the surrounding rock pressures are basically
affected by tunnel depth H, span B, internal friction angle φ,
and rock unit weight γ.

The pressure arch is traditionally considered as a shield for the
tunnel, and hence the evolution of the pressure arch under the
earthquake may have great effect on the seismic stability of the
tunnel. However, little attention has been paid to the research in
the pressure arch under earthquakes.

After tunnel excavation, the initial stress field is disturbed, and
the surrounding rock moves due to unbalanced force. When the
new balance state is reached, the surrounding rock within a
certain scope is in the unidirectional compression state, just
like an arch, which is defined as the pressure arch. The
formation and shape of the pressure arch is closely related to
the microscopic motion of rock particles.

A force chain is defined as a line segment that supports a
compressive force (Socolar et al., 2002), which is a powerful
tool to analyze the microscopic displacement and motion of
rock particles. The pressure arch may be considered to consist
of one or more strong force chains, and thus the shape and
stability of the pressure arch can be analyzed by the force chain
method.

Many scholars have carried out in-depth research on the force
chain. Dantu observed the tree-pattern structure of the force
chain with photo-elasticity method (Dantu, 1957). Sanfratello
et al. firstly obtained the structure of the force chain within a
dense 3D granular assembly by observing the internal force chain
structure with magnetic resonance elastography technique
(Sanfratello et al., 2009). Oda observed the microstructure in
shear band with micro-focus X-ray computed tomography and
found that the local dilatation in a shear band is inevitably related
to the extensive rotation of particles (Oda et al., 2004). Miao
Tiande observed the contact force at the bottom of 3D ordered
granular arrays jointly by the aluminum-plastic board and carbon
paper techniques and found that all arrays have obvious arching
effect and the force distribution depends largely on the crystal
structure (Miao et al., 2007). Sun Qicheng numerically simulated
the force chain pattern and stress distribution of 12,000 static
sand grains by 2D discrete element method (DEM) based on strict
contact theory and found that the friction coefficient of particles
has great effect on the force chain behavior (Sun and Wang,
2008). Majmudar used PFC2D to analyze the tangential and
normal grain-scale forces inside 2D photo-elastic disks subject to
pure shear and isotropic compression (Majmudar and Behringer,
2005). Iwashita analyzed the force chain by slightly modified
DEM and found that the applied stress is basically transferred by
the force chain which is parallel to the principal stress, and the
force chain varies with stress (Iwashita and Oda, 2000).

Therefore, it is feasible to study the shape and influential
factors of a pressure arch with force chain due to its successful
development.

NUMERICAL SIMULATION

The Particle Flow Code (PFC) was developed by Itasca
Consulting Group, Inc., in America to analyze the mechanical
properties and behavior of granular and solid materials in terms
of a microscope, and PFC consists basically of variably sized rigid
spherical particles. The conventional macroscopic constitutive
relation and its corresponding parameters can be automatically
determined in PFC, and only the geometric and mechanical
parameters of rigid particles and their contact need be defined.
The motion of each particle arising from the contact and body
forces acting upon it is determined by Newton’s second law, while
the contact forces arising from the relative motion at each contact
is updated by the force-displacement law. Thus, PFC may well
simulate the mechanical behavior of inherently loose granular
materials such as soil. In addition, PFC is especially suitable for
the simulation of large deformation problems such as fracturing,
and therefore it has been widely used in the tunnel and
underground engineering.

The force chain pattern around the tunnel before and after an
earthquake were numerically simulated by the DEM software of
PFC and then was used to analyze the shape and influential
factors of a pressure arch under an earthquake.

The microscopic parameters of soil and lining for numerical
simulation were determined by adjusting them in a numerical
triaxial model until the macroscopic behavior of the numerical
model was almost identical to the experimental counterparts
(Badakhshan et al., 2020; Chen et al., 2022; Wang and Zhao,
2022). Finally, the parameters were obtained, as listed in Tables 1
and 2 (Chang-nü et al., 2021; Hu et al., 2021; Zhou et al., 2022).

The particles in PFC2D are generally formed by generating
non-overlapping sets of balls with the ball generate command or
by distributing overlapping balls to match a specified size
distribution with the ball distribute command. The two
particle generation methods are greatly different from each
other. In this paper, the particles were formed by the ball
generate command which generates non-overlapping balls.
This process stops when the number of attempts to place balls
without overlap is achieved or when the target number of balls is
created. By default, the ball positions and radii are drawn from
uniform distributions throughout the model domain. Therefore,
the set of balls is greatly affected by the state of the random-
number generator. The optional range is applied to each ball
upon generation, and, if the ball does not fall within the range, it is
not added to the model and does not affect the stopping criteria.

Various contact models are provided in PFC2D, and the linear
parallel bond model, which has constant normal and shear
stiffness at the contact point and permits some tension
between the contact, was applied in this paper. According to
the force-displacement law for the linear parallel bond model, the
contact force and moment are updated by
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Fc � Fl + Fd + �F (1)
Mc � �M (2)

where Fc is the contact force, Fl is the linear force, Fd is the
dashpot force, �F is the parallel-bond force, Mc is the contact
moment, and �M is the parallel-bond moment. The parallel-bond
force is then resolved into a normal and shear force which are
computed by

�Fn � �Fn + �Kn
�AΔδn (3)

�Ft � �Ft − �Kt
�AΔδt (4)

where �Fn is the parallel-bond normal force, �Kn is the normal
stiffness, �A is the contact area, Δδn is the relative normal-
displacement increment, �Ft is the parallel-bond shear force, �Kt

is the shear stiffness, and Δδt is the relative shear-displacement
increment.

The balls were appropriately scaled up during model
generation for the purpose of higher computation efficiency. A
total of 35,762 particles were formed, and the established model is
shown in Figure 1.

The pressure arch shapes before and after an earthquake were
firstly simulated based on force chain pattern, and then the effects
of tunnel depth, span, section shape, lining stiffness, seismic
spectrum, and seismic amplitude on the pressure arch shape
were analyzed.

Effect of Tunnel Depth
The magnitude of contact force between particles can be
represented in terms of the thickness of force chain. The
thicker the force chain, the larger the contact force, and vice
versa (Chen-Peng, 2021; Deng et al., 2021;Wang et al., 2022). The
force chain patterns of 15 and 25 m deep tunnels before and after
an earthquake are shown in Figures 2 and 3, respectively.

Figure 2 shows that the force chain around a shallow tunnel
before an earthquake is thick, with obvious pressure arch structure,
indicating that the stress within the surrounding rock is large. In
addition, the upper pressure arch is relatively weak in structure.
When the shallow tunnel suffers from the horizontal earthquake,
the force chain around the tunnel becomes thin, indicating that the
stress within the surrounding rock decreases, and the lining
deforms largely due to the increasing stress of lining structure.
The results demonstrate that the pressure archmay be weakened to
some extent when the tunnel is subject to seismic load.

Figure 3 shows that the pressure arch exists for deep tunnel
before an earthquake, with strong structures at the left and right
sides and weak structures above the tunnel. After the horizontal
earthquake is applied, the force chain around the tunnel becomes
thick, and the pressure arch expands and moves away from the
tunnel, with little change in tunnel deformation. It is inferred that
the seismic load may damage the original pressure arch around
the deep tunnel and cause the surrounding rock to be denser.
Thus, a new stronger pressure arch forms, with some change in
shape and position.

Therefore, the tunnel depth has a large effect on the pressure
arch under an earthquake. For a shallow tunnel, seismic load may
totally or partly damage the original pressure arch, and no new
pressure arch forms. For a deep tunnel, seismic load may change
the shape and position of the original pressure arch, and a new
stronger one forms. Because the vertical load applied on the
tunnel depends largely on the height of the pressure arch above
the tunnel, the heights of the pressure arch before and after an
earthquake are listed in Table 3.

Effect of Tunnel Span
The force chain patterns of circular tunnels with diameters of 4, 8,
and 12 m were numerically simulated under the same horizontal
seismic acceleration, respectively, as shown in Figure 4.

TABLE 1 | Microscopic parameters of soil.

Min. Radius Maximum radius Normal
contact stiffness Kn

Shear
contact stiffness Ks

0.1 0.17 1e9 6.67e8

Tensile strength cb_tenf Shear strength cb_shearf Contact friction coefficient Particle density
1e8 1e8 0.5 2,200

TABLE 2 | Microscopic parameters of tunnel lining.

Tensile strength
cb_tenf

Shear strength
cb_shearf

Normal contact
stiffness Kn

Shear contact
stiffness Ks

Lining density Lining thickness

1e15 1e15 1e10 1e10 2,500 0.2

FIGURE 1 | 2D PFC model of tunnel.
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FIGURE 2 | Force chain pattern of 15 m deep tunnel. (A) Before earthquake. (B) After earthquake.

FIGURE 3 | Force chain pattern of 25 m deep tunnel. (A) Before earthquake. (B) After earthquake.

TABLE 3 | Factors influencing the height of pressure arch above tunnel.

Item
factor

Value Before
earthquake

After
earthquake

Increment Increment
rate

Value
rate

Height
rate

before
earthquake

Height
rate
after

earthquake

Sensitivity
before

earthquake

Sensitivity
after

earthquake

Depth (m) 15 0.8 1 0.2 0.25
20 1.2 2.1 0.9 0.75 0.33 0.50 1.10 1.50 3.30
25 1.5 3.3 1.8 1.20 0.25 0.25 0.57 1.00 2.29

Span (m) 4 2 2.1 0.1 0.05 0.33 −0.36
8 2.9 5.8 2.9 1.00 1.00 0.45 1.76 0.45 1.76
12 3.3 9.1 5.8 1.76 0.50 0.14 0.57 0.28 1.14

Section shape Circular 2.9 5.8 2.9 1.00 −0.12 −0.36
Rectangular 4.1 8.8 4.7 1.15 0.41 0.52

Lining stiffness
(N/m)

1E+10 2.9 5.8 2.9 1.00 −0.29 −0.34
5E+10 2 5.3 3.3 1.65 4.00 −0.31 −0.09 −0.08 −0.02
1E+11 1.2 5.1 3.9 3.25 1.00 −0.40 −0.04 −0.40 −0.04

Seismic spectrum El Centro 2.9 5.8 2.9 1.00 1.42 0.14
Kobe 2.9 5.3 2.4 0.83 0.00 −0.09

Wenchuan 2.9 5.1 2.2 0.76 0.00 −0.04
Seismic
amplitude (g)

0.1 2.9 3.6 0.7 0.24 0.00 −0.29
0.2 2.9 4.3 1.4 0.48 1.00 0.00 0.19 0.00 0.19
0.3 2.9 5.8 2.9 1.00 0.50 0.00 0.35 0.00 0.70

Sensitivity here is defined as the ratio of height rate to value rate.
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Figure 4 shows that when the tunnel span is small, the force
chain around the tunnel is thick and continuous, with small lining
deformation, indicating that a complete pressure arch exists and the
tunnel lining is stable.When the tunnel span is moderately large, the
force chain above the tunnel is thin while those at the two sides are
thick, with relatively large lining deformation, demonstrating that
the pressure arch above the tunnel tends to fail and the left and right
sides of lining are subject to large stress. When the tunnel span is
large, the force chain above the tunnel disappears and those at the
two sides become thin, with large lining deformation, which
indicates that the pressure arch fails and the tunnel lining is not
stable. Therefore, under the same horizontal seismic acceleration, the
small-span tunnel may be stale. As the tunnel span increases, the
pressure arch above the tunnel firstly fails, then the other pressure
arch, and the seismic stability tends to decrease rapidly. The height of
the pressure arch under various span conditions before and after an
earthquake are listed in Table 3.

Effect of Section Shape
The force chain patterns of circular and rectangular tunnels with
identical span and lining structure were numerically simulated
under the same horizontal seismic acceleration, respectively, as
shown in Figure 5.

Figure 5 shows that the force chain of a circular tunnel is thick
and complete, indicating that the pressure arch is continuous and
the lining is stable, while the force chain of a rectangular tunnel is

thin above the tunnel and thick on the two sides of the tunnel,
indicating that the upper force chain tends to fail and the lining
may become unstable due to the large applied stress. Therefore,
the circular tunnel has better seismic stability than the rectangular
tunnel. The height of the pressure arch of circular and rectangular
tunnels before and after an earthquake are listed in Table 3.

Effect of Lining Stiffness
The force chain patterns of circular tunnels with lining stiffness of
1e10, 5e10, and 10e10 N/m (the selected value is close to the actual
project) were numerically simulated under the same horizontal
seismic acceleration, respectively, as shown in Figure 6.

Figure 6 shows that, as the lining stiffness increases, the force
chain of a circular tunnel changes a little, and the lining deformation
decreases, indicating that the lining stiffness has little effect on the
shape of the pressure arch. In addition, the increase in lining stiffness
can reduce the lining deformation and improve the seismic stability
of the tunnel. The height of the pressure arch of tunnels with various
stiffness before and after an earthquake are listed in Table 3.

Effect of Seismic Spectrum
The El Centro earthquake, Kobe earthquake, and Wenchuan
earthquake have different seismic spectra and were selected to
numerically simulate force chain patterns of circular tunnels
under the same horizontal seismic acceleration. Three seismic
waves of various types are shown in the Figure 7.

FIGURE 4 | Force chain patterns of circular tunnel with diameters of 4, 8, and 12 m after earthquake. (A) Diameters of 4 m. (B) Diameters of 8 m. (C) Diameters
of 12 m.

FIGURE 5 | Force chain patterns of circular and rectangular tunnels after earthquake. (A) Circular. (B) Rectangular.
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The numerical results are shown in Figure 8.
Figure 8 shows that the force chain patterns are almost

identical under three various earthquakes, indicating that the
seismic spectrum has little effect on the pressure arch. The height
of pressure arch of tunnels before and after earthquakes of various
spectra are listed in Table 3.

Effect of Seismic Amplitude
The force chain patterns of circular tunnels with seismic
amplitudes of 0.1, 0.2, and 0.3 g were numerically simulated

under the El Centro earthquake, respectively, as shown in
Figure 9.

Figure 9 shows that, as the seismic amplitude increases, the
force chain around the tunnel becomes thick, especially on the
two sides, and the lining deformation increases greatly due to the
increasing stress, indicating that the lining structure may suffer
great deformation or even failure under the large horizontal
seismic amplitude. In addition, the pressure arch around the
tunnel may become thick if the seismic amplitude increases. The
height of the pressure arch of tunnels before and after the El
Centro earthquake of various amplitudes are listed in Table 3.

Table 3 shows that the tunnel depth has the largest effect on
the shape of the pressure arch; the span, section shape, seismic
amplitude, and lining stiffness have moderate effect, and the
seismic spectrum has little effect. The factor sensitivity after the
earthquake is greater than that before the earthquake, and the
reason is as follows: before the earthquake, it is a static problem,
and after the earthquake, it is a wave dynamic problem. The six
influencing factors have different mechanisms for static and
dynamic effects, so their sensitivities are also different. In
addition, only the values about the pressure arch above the
tunnel are listed in Table 3, and the values about the pressure
arch under and on the two sides of the tunnel differ from the
values in Table 3.

SHAKING TABLE TEST

The shaking table test was conducted to verify the numerical
results about the force chain and pressure arch around the tunnel
under an earthquake.

The device for the test is the hydraulic ES-5 shaking table system,
which was manufactured by the Suzhou Sushi Testing Instrument
Co., Ltd, China, and consists mainly of the platform, power
amplifier, sensors, and controller, with maximum acceleration of
40 m/s2, maximum load of 1,500 kg, and rated excitation force of
50 kN. The model has a scale of 1:50, as shown in Figure 10.

The grid was notched on the glass window of a model box to
observe the shape variation of the pressure arch, and some foam
board was installed to reduce the boundary effect (Wen-guang
et al., 2005). The lining materials are usually made of waterproof

FIGURE 6 | Force chain patterns of circular tunnels with various lining stiffness after earthquake. (A) Lining stiffness of 1e10N/m. (B) Lining stiffness of 5e10N/m. (C)
Lining stiffness of 10e10N/m.

FIGURE 7 | Three seismic waves of various types. (A) El Centro
earthquake. (B) Kobe earthquake. (C) Wenchuan earthquake.
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sponge, latex, molded polystyrene foam, and rubber. The friction
along the contact surface may be simulated by means of a thin
layer of polystyrene foam on the inner lining surface. According
the laboratory equipment conditions and testing requirements,

an about 22.5 cm thick layer of molded polystyrene foam was
chosen as the shock absorption structure on the inner lining
surface, as shown in Figure 11.

FIGURE 8 | Force chain patterns of circular tunnels under earthquake of various spectra. (A) El Centro earthquake. (B) Kobe earthquake. (C) Wenchuan
earthquake.

FIGURE 9 | Force chain patterns of circular tunnels under earthquake of various amplitudes. (A) 0.1 g. (B) 0.2 g. (C) 0.3 g.

FIGURE 10 | Shaking table and model box. FIGURE 11 | Shock absorption structure of molded polystyrene foam for
shaking table test
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The surrounding rock for the shaking table test was made by a
mixture of river sand, laundry liquid, and sawdust. The river
sand was selected as the aggregate because it not only matches
well the general requirements of aggregate similarity but also
has better simulation on the discreteness of the surrounding
rock due to the great variability of its grain size. Additionally,
the water content of the mixture was kept almost constant
because the river sand has low moisture content, ensuring good
stability in the physical and mechanical properties of the
mixture. The sawdust was used to adjust the unit weight of
the mixture and enhance the stabilization in the mixture
properties because the sawdust can absorb much water and
cementation material. The laundry liquid has low cementation
and thus reduces the mixture strength to better simulate the
mechanical behavior of surrounding rock. Furthermore, the
three different materials did not react chemically with each
other after mixing, so the physical and mechanical properties of
the mixture was very stable. The major mechanical parameters
of the original surrounding rock and the mixture materials are
listed in Table 4.

The mixture ratio of the simulated Class-V surrounding rock
for the shaking table test was finally determined by a series of trial
tests, as listed in Table 5.

The tunnel excavation was simulated with a special device by
the aeration and deflation of a balloon. This device is basically
made with two layers of rubber acting as the tunnel and lining,
respectively. The tunnel layer is divided into two parts, one over
the tunnel axis and another beneath the tunnel axis. The upper
part and arch support jointly form an arch area. Each aeration bag
has one inlet and one outlet. The outside of the arch support is
attached with several strain gauges or connected to a pressure
gauge. When the aeration bag is fully aerated through the inlet,
the arch-shaped bag and the lining can be tightly joined. When
the air in the aeration bag is drained through the outlet, the stress
change in the arch support can be measured by the strain gauges
or pressure gauge. Thus, the tunnel excavation processes can be
judged.

The fully aerated bag embedded in the soil is used to simulate
the tunnel excavation. The pressure gauge connected to the
aeration bag is used to simulate the stress release of tunnel
excavation by releasing air to some extent and therefore the
effect of excavation method on the formation and variation of the

pressure arch and the seismic performance of the tunnel
structure. To gain the goals above, the fully aerated bag is
firstly embedded in the soil to simulate the tunnel conditions
before excavation, and then some air is released with the
pressure gauge to simulate the tunnel excavation. Thirdly, the
outside bag is aerated to simulate the tunnel reinforcement by
controlling the pressure gauge. Finally, various seismic waves
are exerted on the model bottom. The formation of the pressure
arch and the variation of soil particles before and after the
earthquake were recorded with a camera. Thus, the shapes of the
pressure arch can be compared with these photos and numerical
results.

In terms of tunnel depth, seismic spectrum, and seismic
amplitude, a total of 12 testing situations were schemed for
the shaking table test, as listed in Table 6.

According to the testing scheme in Table 6, the El Centro
earthquake, Kobe earthquake, and Wenchuan earthquake were
separately applied on the model in terms of the tunnel depth,
seismic spectrum, and seismic amplitude. The experimental and
numerical results are shown in Figures 12–14 for comparative
purposes.

Figures 12–14 show that the shape of the pressure arch by the
shaking table test is basically identical to that by numerical
simulation. When the tunnel is shallow, the failure plane
extends to the ground surface, and thus no pressure arch is
formed. The soil pressure around the tunnel decreases gradually
with the tunnel depth, indicating that the pressure applied on the
tunnel also decreases gradually with tunnel depth. In addition, the
collapse degree of the pressure arch under the earthquake reduces
obviously with the tunnel depth, which demonstrates that it is
feasible to use the force chain to analyze the shape of the
pressure arch.

TABLE 4 | Major mechanical parameters of original surrounding rock and mixture materials.

Class-V surrounding
rock

Elastic modulus
(MPa)

Poisson’s ratio Unit weight
(KN/m³)

Cohesion (kPa) Angle of
internal friction

(°)

Original 1,800 0.35 21 200 25°

Testing 60 0.35 7 1.03 25°

TABLE 5 | Mixture ratio of simulated Class-V surrounding rock.

Name River sand Sawdust Water Laundry liquid

Ratio (%) 41.3 49.6 4.1 5

TABLE 6 | Seismic loading scheme for shaking table test.

No Earthquake name Direction Peak acceleration (g)

1 El Centro earthquake Along x-axis 0.05
2 El Centro earthquake Along x-axis 0.1
3 El Centro earthquake Along x-axis 0.2

4 El Centro earthquake Along x-axis 0.3
5 Kobe earthquake Along x-axis 0.05
6 Kobe earthquake Along x-axis 0.1
7 Kobe earthquake Along x-axis 0.2
8 Kobe earthquake Along x-axis 0.3

9 Wenchuan earthquake Along x-axis 0.05
10 Wenchuan earthquake Along x-axis 0.1
11 Wenchuan earthquake Along x-axis 0.2
12 Wenchuan earthquake Along x-axis 0.3
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FIGURE 12 | Experimental and numerical results of 15 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.

FIGURE 13 | Experimental and numerical results of 20 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.

FIGURE 14 | Experimental and numerical results of 25 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.
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CONCLUSION

In this paper, the force chain was used to analyze the shape of the
pressure arch around the tunnel before and after an earthquake,
and the effect of some factors on the shape of the pressure arch
was studied. In addition, the shaking table test was carried out to
verify the numerical results. Some preliminary conclusions were
obtained as follows:

1) The shape of the pressure arch can be well represented by
some easily visible indexes such as the thickness, integrity, and
density of the force chain. Thus, the force chain is a powerful
tool for the study on pressure arches around a tunnel.

2) The area of the pressure arch decreases gradually with the
tunnel depth, indicating that the smaller the area of the
pressure arch, the less surrounding rock that the tunnel
self-stabilization needs, the more stable the tunnel, and the
better the seismic stability of the tunnel. When the tunnel
depth reaches a given value, the tunnel depth has little effect
on the seismic stability of the tunnel.

3) As the tunnel span increases, the area of the pressure arch
increases, and the tunnel becomes less stable. Therefore, the
larger the tunnel span, the less the seismic stability of the
tunnel. The rectangular tunnel has a larger area of pressure
arch than the circular tunnel, and thus it is less stable than the
circular tunnel. The lining of a rectangular tunnel suffers from
large deformation after an earthquake. The lining stiffness has
little effect on the shape of the pressure arch. However, the
lining stiffness has a direct effect on the seismic stability of the
tunnel. The larger the lining stiffness, the better the seismic
stability of the tunnel.

4) The seismic spectrum has little effect on the shape of the
pressure arch because the tunnel has less self-vibration
characteristics than the on-ground buildings. As the
seismic amplitude decreases, the tunnel deformation and
pressure arch height decrease gradually. Therefore, the
smaller the seismic amplitude, the more stable the tunnel.

5) This paper mainly calculates and analyzes the change law of
the pressure arch shape around the circular tunnel lining
structure; it has similar conclusions under the conditions of
other lining shapes (horseshoe and rectangle).

Generally, it is suitable to analyze the variation of pressure
arch shape by means of the force chain. This paper is an attempt
to study the pressure arch through the force chain, and the next
step needs to be combined with theoretical methods to conduct
in-depth research. Only the 2D numerical simulation was
conducted in this paper, and the 3D visualization study on the
force chain may be carried out by transparent soil model test in
the next stage. The research results of this paper can be used for
seismic calculation and design of tunnel and underground
engineering.
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