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A B S T R A C T

Soft soil is widely distributed and has complex origins. Shield tunnels are inevitably constructed within soft soil
interlayers, and under seismic action, tunnels may be subject to severe damages. On the basis of actual engi-
neering, this study utilized dynamic triaxial testing to investigate the dynamic properties of soft soil. Using the
PIMY constitutive model, the seismic subsidence characteristics of the soft soil were characterized, and a refined
finite element model was established to study the mutual influence mechanism between the soft soil layer and
shield tunnels via the open-source software framework OpenSees. The results demonstrate that soil exhibits a
softening effect under dynamic loading; soft soil with better structural integrity is less prone to seismic subsi-
dence; and the greater the inertial force acting on the soft soil, the greater the likelihood of settlement. Under
seismic action, the presence of the shield tunnel exacerbates the settlement of the soft soil, as the surrounding soil
experiences significant inertial forces from the tunnel structure, hindering drainage and accelerating the accu-
mulation of pore water pressure; The soft soil itself has large deformation and displacement under the action of
earthquake, which leads to the great stress, deformation, and displacement of the structure. The arch foot position
of the tunnel is identified as the most vulnerable to damage.
1. Introduction

The subsequent optimization project of the Hanjiang, Rongjiang, and
Lianjiang water systems is a major livelihood water conservancy project.
It is also an important part of Guangdong Province's “Five Vertical and
Five Horizontal” backbone water resource allocation network. It is of
significant importance for solving resource and engineering water
shortage problems in the eastern Guangdong region, supporting high-
quality economic and social development in Guangdong. Soft soil is
widely distributed and has complex origins, including marine, estuarine,
river alluvial, and deltaic deposits. Marine soft soil accounts for a large
proportion and is a common weak interlayer in coastal areas. For
example, Tokyo (Yamashita et al., 2012), HongKong (Tong et al., 2012)
and Shanghai (Sun et al., 2019) are distributed. Shield tunnels were
planned for construction in certain sections of the project. Shield tunnels
have difficulty in crossing through soft soil layers, such as mud, as shown
in Fig. 1.
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The 2‒1 soil layer has a high moisture content, a low blow count of
SPT, and relatively soft soil. Soft soil sites are prone to subsidence
damage under seismic action (Jara et al., 2023). In this area, the seismic
intensity is high. To ensure safe operation of the tunnel, it is necessary to
investigate the mutual influence mechanism between the soft-soil inter-
layer and the shield tunnel under seismic conditions and guide seismic
design.

With respect to soft soil seismic subsidence, the current focus is
mostly on surface structures. Gu et al., (2019) conducted nonlinear dy-
namic finite element analysis of the seismic subsidence response at soft
soil sites with upper structures via the OpenSees numerical simulation
method and studied the impact of various factors on site settlement. Juan
et al., (2020, 2024) studied the system response of soft soil, underground
tunnels, and aboveground structures under seismic action, where the
tunnel position affects the dynamic response of aboveground structures.
Zhang et al., (2023) considered the influence of subway stations on the
dynamic response of steel frame structures on soft soil layers and used
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Fig. 1. Water conservancy project in the Chaoshan area.
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ABAQUS software to establish a model, with the results indicating that
the presence of subway stations leads to seismic wave reflection and
refraction, thereby increasing the seismic response. Wang et al., (2021)
established a method for analysing soft soil settlement of raft shallow
foundations on the basis of the FLAC3D finite difference analysis plat-
form and vibration softening model and investigated the influence of
cylindrical underground structures within soft soil sites on shallow raft
foundation seismic subsidence. In the study of soft soil‒underground
structures, the focus is on the structural response, with experiments and
numerical simulations being common methods. He et al., (2024) studied
the seismic response of shallow rectangular tunnels passing through
saturated sandy and soft clay soils via centrifuge tests. Amith and Kumar,
(2024) used a 1 g shaking table test to explore the interaction between
tunnels and soil under dynamic loading. Zhang et al., (2024) conducted
shaking table model tests to study the seismic response of pile founda-
tions on inclined soft clay ground. Yan et al., (2025) compared and
analysed the seismic response of underground structures at cohesive soil
sites, liquefiable interlayer sites, and fully liquefied sites via centrifuge
shaking table model tests. Huang et al., (2009) conducted centrifuge
shaking table tests on large‒scale piles‒containing underground struc-
tures under seismic action to study their dynamic response characteris-
tics, site settlement, and structural uplift. Chen et al., (2016) conducted
shaking table model tests on subway stations in weak powdery clay sites
under near- and far‒field strong seismic motions, observing low‒fre-
quency amplification and high‒frequency reduction of seismic waves in
soft soil propagation. Jiang et al., (2024) established a three‒dimensional
numerical model of underground bifurcated tunnels in soft soil layers and
analysed the seismic response characteristics and extent of tunnel dam-
age. Gong et al., (2019) established a 2D stratum‒tunnel model via
ABAQUS finite element software and studied the seismic response of
complex soft soil shield tunnels, paying a special attention to the arch
bottom and arch waist regions under seismic action. Pham et al., (2024)
studied the dynamic response of circular, rectangular and
near-rectangular tunnels under seismic loads and reported that the
seismic performance of tunnels of different shapes differed. Huang et al.,
(2020) evaluated the vulnerability of tunnels in Shanghai's soft soil via
numerical simulations. Li et al., (2019) conducted numerical calculations
of soft soil seismic settlement in subway tunnels via ABAQUS finite
element software and softening modulus theory, which revealed that the
presence of tunnel structures increases soil settlement values. When
studying the seismic response of soil‒underground structures, con-
ducting shaking table tests is costly and time‒consuming, making nu-
merical simulation methods more common. However, some constitutive
models do not accurately describe the dynamic behavior of soft soil.
Centrifuge tests revealed that the PM4Silt constitutive model in Flac
performs well in simulating the response of shallow soft soil but poorly
for deep soft soil responses (Mohammad et al., 2024). The equivalent
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linear method is commonly used in simulating soft soil, with Liang et al.,
(2017) employing the equivalent linear method to simulate the nonlinear
characteristics of soil and establishing a 3D nonlinear seismic response
analysis model for deep thick soft soil overlying elastic bedrock. Milind
et al., (2018) used finite element methods to establish simple structural
models and analysed the seismic response and influencing factors of
tunnels in soft soil layers. Lee et al., (2020) analysed the effects of hor-
izontal loads on pile foundations in soft soil layers during earthquakes
through centrifuge tests and numerical simulations and studied responses
such as pile bending moments. From the above studies, it is evident that
there are some issues in current numerical research, i.e., the limited
research on the interaction mechanisms between soft soil interlayers and
structures, the insufficiently detailed structural models, and the incom-
plete simulations of soft soil settlement characteristics. Furthermore,
under general stratum conditions, shield tunnels are prone to severe
damage under seismic action (Kazuhide et al., 2007; Athanasios et al.,
2024; Katariwala et al., 2024), with significant seismic responses in liq-
uefied sandy soil tunnels (Shen et al., 2024; Xu et al., 2024), indicating
that shield tunnels in easily collapsible soft soil sites can be highly
dangerous.

In this paper, based on the follow-up optimization project for the
Hanjiang, Rongjiang, and Lianjiang water system connections, the
interaction mechanism between soft soil and shield tunnels is analysed
by treating the shield tunnel as the object and soft soil subsidence as the
problem. The dynamic properties of soft soil are explored via dynamic
triaxial tests. The PIMY constitutive model was used to characterize the
settlement behavior of soft soil, and a refined finite element model was
established via the open‒source software framework OpenSees. The
dynamic responses of the soil and structures under conditions with and
without soft soil interlayers were studied, and the dynamic mutual in-
fluence mechanism between the soft soil and tunnel was analysed,
providing a reference for the construction of shield tunnels in soft soil
layers.

2. Dynamic characteristics of soft soil

The residual strain theory (Yu and Shi, 1989) can provide a pre-
liminary explanation for soft soil seismic subsidence. The reasons for
settlement are quite complex and can be summarized as structural effects,
inertial effects, softening effects, and soil reconsolidation deformation.
During an earthquake, the cement material in the soil is destroyed, the
pore water pressure increases, and the soil skeleton tends to shrink. To
investigate the dynamic properties of soft soil, samples of the 2‒1 soil
layer were taken, and dynamic triaxial tests were conducted. The test
procedures included sample installation, sample saturation and consoli-
dation, sample loading, and data recording and processing, with some
experimental processes shown in Fig. 2. The confining pressure was



Fig. 2. Partial test procedure.

Table 1
Dynamic modulus test scheme.

Confined pressure (kPa) Axial dynamic stress (kPa)

Initial value Increment End value

Case1 50 10 5 30
Case2 100 10 10 50
Case3 150 20 10 60
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designed on the basis of the burial depth of the soft soil, and dynamic
modulus tests and dynamic strength tests were conducted following the
above steps to obtain the corresponding results.

2.1. Tests for determining the dynamic modulus of soils

The dynamic modulus test adopts step-by-step loading to apply
seismic waves. The test scheme is shown in Table 1.

The nonlinear stress‒strain behavior of soil is typically represented
via a hyperbolic model, where the reciprocal of the dynamic elastic
modulus is linearly related to the dynamic strain, as expressed in Eq. (1).
The dynamic modulus test results are shown in Fig. 3.
3

1
Ed

¼ εd
σd

¼ aþ bεd (1)



Fig. 3. 1/Ed ~ εd relationship for samples. Fig. 4. Dynamic stress vs. number of failure vibration cycles.
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where a and b are parameters obtained by the experiment, Ed is the dy-
namic elasticity modulus, and εd is the dynamic strain.

Fig. 3 shows that under the same conditions, as dynamic strain in-
creases, the dynamic elastic modulus gradually decreases, indicating the
softening effect of the soil under dynamic loading. With increasing
confining pressure, the dynamic elastic modulus also increases. This
means that soft soils with better structural integrity exhibit greater
resistance to deformation, indicating that soft soils with better structures
are less susceptible to seismic subsidence.

Since the unit weight of the 2‒1 soil layer is 15 kN/m3 and the burial
depth is mostly more than 5 m, the maximum dynamic elastic modulus of
the soft soil is taken as the average of the values at confining pressures of
100 kPa and 150 kPa, which is 34 MPa. Therefore, the maximum dy-
namic shear modulus of the soil can be calculated as 12.1 MPa.

2.2. Tests for determining the dynamic strength of soils

The dynamic strength test uses a single-stage loading method to apply
seismic waves. The test scheme is shown in Table 2.

In the dynamic strength test, when the strain reached 5%, the sample
failed. From this, the relationship curve between the failure dynamic
stress and the corresponding failure vibration cycles under different
confining pressures can be obtained. This curve can be plotted in a
semilogarithmic coordinate system, as shown in Fig. 4.

From Fig. 4, in a semilogarithmic coordinate system, the relationship
between the dynamic stress and failure vibration cycles generally shows a
linear trend. As the dynamic stress increases, the sample requires fewer
vibration cycles to reach failure. This indicates that under seismic con-
ditions, the greater the inertial forces in the soil are, the more susceptible
it is to seismic subsidence. Additionally, under the same conditions of
failure vibration cycles, as the confining pressure increases, the dynamic
stress required for the sample to reach failure also increases. This implies
that soft soils with better consolidation exhibit greater resistance to
failure. In other words, well‒structured soft soils are more resistant to
seismic subsidence.
Table 2
Dynamic strength test scheme.

Confined pressure (kPa) Axial dynamic stress (kPa)

Case 1 50 30
Case 2 50 40
Case 3 50 50
Case 4 100 40
Case 5 100 50
Case 6 100 60
Case 7 150 50
Case 8 150 60
Case 9 150 70

4

3. Constitutive model of soft soil and numerical model
construction

This research needs a fine-grained soft soil constitutive model, which
is complex and inefficient to develop in Abaqus or Ansys. Opensees is a
computing platform specifically used for seismic analysis, which is more
suitable for the research problem in this study. This study is based on
OpenSees platform research.

3.1. Model characterization of soft soil

The PIMY constitutive model is capable of effectively simulating the
settlement behavior of soft soil (Poudel and Chaulagain, 2024; Ozturk
et al., 2024). In this model, the yield function is defined as a cylindrical
multi‒surface with the yield surface type being the Von Mises yield
surface. The equation for the yield surface is shown in Eq. (2). In the
equation, bold letters represent tensors, and ‘:’ denotes the double dot
product operation between tensors.

f ¼
�
3
2
ððs� αÞ : ðs� αÞÞ

�1
2 �K¼ 0 (2)

where f is a functional symbol, s is the deviatoric stress tensor, α is the
back stress tensor, and K is a parameter for defining the yield surface size.

The individual yield equation defines a cylindrical yield surface in the
principal stress space, which appears as a circle on the deviatoric plane.
By applying the multiple yield surface theory, stacked yield surfaces can
be obtained, as illustrated in Fig. 5.

The shear stress and shear strain in this model are related through the
shear modulus, as shown in Eq. (3), and the shear stress‒strain curve is
Fig. 5. Criterion of multiple yield surfaces in the principal stress space.



Fig. 7. Implementation process and internal functions of the PIMY.
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depicted in Fig. 6. This model employs an associated flow rule, which
posits that the increment of plastic strain is orthogonal to the yield sur-
face. Additionally, it utilizes the incremental plasticity theory, which
requires the sizes of multiple yield surfaces to remain constant, with only
their positions changing.

τoct ¼Gmaxγoct
1þ γoct

γr

(3)

where τoct is the octahedral shear stress, τoct ¼ 1ffiffi
3

p ffiffiffiffiffiffiffiffi
s : s

p
, Gmax is the shear

modulus at low strain, γoct is the octahedral shear strain, and γr is the
internally calculated shear strain used to define the shape of the curve,
γr ¼ γmaxτmax

Gmaxγmax�τmax
, where τmax corresponds to the shear strength associated

with the peak shear strain γmax.
Implementing the PIMY model in OpenSees involves several steps.

First, parameter initialization, where the shape and size of the yield
surfaces are constructed based on the input material parameters. Next,
the stress update algorithm is used to solve for stress. This involves
providing initial strain and initial stress, specifying strain increments,
and using the constitutive equations to calculate stress increments, ulti-
mately obtaining the stress. Subsequently, it is necessary to check if the
stress and strain comply with the model's requirements; if not, stress
correction is needed. Finally, the correct stress and strain values are
output. The operational flow of this material model is illustrated in Fig. 7.

During stress calculations, OpenSees uses explicit integration algo-
rithms, which divide the predefined strain increments into several sub-
increments for computation, as shown in Eq. (4). Additionally, when
calculating stress, it is necessary to compute the shear modulus of the
material, which is dependent on the position of the material within
multiple yield surfaces at that moment.

Δσk
n ¼

1
m

Xm�1

j¼0

Dep
nþj=mΔε

k
n (4)

where Δσkn is the stress increment, m is the number of subincrements,
Dep

nþj=m is the tangent elastoplastic matrix calculated on the basis of the

new stress and state variables obtained from the previous strain sub-
increments, and Δεkn is the strain increment.
3.2. Finite element model

Based on the design data, a two‒dimensional finite element model
Fig. 6. PIMY shear stress
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was established via the ‘soil‒structure’ method on the OpenSees plat-
form, as shown in Fig. 8. The inner diameter of the shield tunnel was 6 m,
the outer diameter was 6.7 m, and the burial depth was 10.65 m. The
tunnel lining consisted of one crown block, two adjacent blocks, and
three standard blocks.

Considering the influence of boundary effects, the distance between
the transverse boundary where the tunnel intersects with the soil is
approximately 8 times the width of the tunnel outer diameter, whereas
the distance between the bottom boundary where the tunnel intersects
with the soil is approximately 5 times the width of the tunnel outer
diameter. The lateral length of the soil was 100m, the vertical height was
50 m, the thickness of the soft soil layer was 8 m, and the middle of the
soft soil layer was aligned with the center of the tunnel. The mesh around
the tunnel and the surrounding soil was dense and small, whereas the
mesh farther away was sparse and larger. The main body of the tunnel
lining and joints were simulated via four‒node quadrilateral elements,
and the bolts were simulated via truss elements. To account for the fluid‒
structure coupling effect, the soil at the site was modelled via four‒node
fluid‒solid coupling elements on the basis of the U‒P format of the Biot
theory. This model consisted of 9 832 nodes and 9 446 elements.
‒strain relationship.



Fig. 8. Finite element model.
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3.3. Material constitutive model and parameters

The numerical model includes the shield tunnel and the surrounding
soil. Next, we introduce their constitutive models and material parame-
ters separately. In this study, based on the different materials, the shield
tunnel was divided into segments, joints, and bolts, with the relevant
parameter values shown in Table 3. The main body of the segment was
composed of steel bars and C55 concrete, which generally has a high
stiffness and is not easily damaged. Therefore, a linear elastic constitutive
model was used to simulate it. For joints, the presence of segment seg-
mentation and bolt holes reduces the concrete's deformation resistance at
the joint. Therefore, a stiffness-reduction method was applied to simulate
the concrete at the joint, with the elastic modulus reduced to 3% and the
yield stress reduced to 50%. Additionally, the tension‒compression
behavior at the joint was significantly different. Hence, a modifiedMohr‒
Coulomb elastoplastic constitutive model, specifically the Drucker‒
Prager elastoplastic constitutive model, was used to simulate the joint. To
account for the different tension‒compression stiffnesses, an elastic
material only under compression was added at the joint. The bolts were
made of steel and were simulated via the Giuffre‒Menegotto‒Pinto
constitutive model. The soil can be divided into a soft soil interlayer and
other soil layers, both of which are simulated via the PIMY constitutive
model. The soft soil interlayers used the parameters of layer 2‒1, whereas
the other soil layers used normal soil layer parameters.
Fig. 9. Acceleration time history curve of the El‒Centro wave.
3.4. Boundary and load conditions

The boundary conditions of the model included fixed constraints at
the bottom, which restrained the lateral and vertical displacements of the
bottom soil. Periodic boundaries were applied on the sides, meaning that
Table 3
Material parameters.

Density
(kg/m3)

Elasticity modulus
(MPa)

Maximum shear modulus

Segment 2 400 3.55 � 104 –

Joint 2 400 1.07 � 103 –

Bolt 7 850 2.06 � 105 –

2‒1 layer 1 500 – 12.5
Normal soil layer 1 800 – 15.0
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points at the same height on the left and right sides had the same lateral
and vertical displacements. Based on the hydrogeological conditions, the
groundwater level was assumed to reach the ground surface, and the pore
water at the top of the model was constrained. The top of the model was
treated as a free-drainage surface, whereas the lateral and bottom
boundaries were impermeable.

Seismic loading was applied at the bottom of the tunnel in the form of
horizontal acceleration. Given that the maximum seismic intensity in the
Chaoshan region could reach level VIII and that the El‒Centro wave is a
classic natural wave with a broad spectrum of components used in
seismic analysis, an El‒Centro wave with an amplitude of 0.2 g was
applied for loading. The acceleration time history curve of this wave is
shown in Fig. 9.

4. The mutual influence mechanism of soft soil‒tunnels

To investigate the mutual interaction mechanism between soft soil
and tunnels, this section presents calculations of the seismic response of
the soil and structures with and without a soft soil layer, revealing certain
patterns.
4.1. Soil responses

The soil responses encompass the acceleration, displacement, excess
pore pressure ratio, and shear stress‒strain variations of the soil. The
observation and analysis points for the soil near and far from the tunnel
were selected, as shown in Fig. 10.

The acceleration responses at various locations with and without a
soft soil layer are shown in Fig. 11. A comparison of the peak accelera-
tions at points A and B1 with and without a soft soil layer clearly reveals
that the presence of the soft soil layer increases the acceleration peak
values of the soil layer where the tunnel is located. A comparison of the
variations in the acceleration peak values at points B1, B2, and B3 reveals
that the peak acceleration values exhibit an amplification effect in the
general soil layers, whereas they rapidly attenuate within the soft soil
layer.

The soil response patterns differ when a soft soil layer is present or
absent. The focus here is on the soil response in the presence of a soft soil
(MPa) Maximum bulk modulus (MPa) Poisson's ratio Yield stress
(MPa)

– 0.167 –

– 0.167 17.75
– 0.3 640

58.3 – –

75.0 – –



Fig. 10. Soil observation and analysis points.

Fig. 11. Peak accelerations at various locations with and without a soft
soil layer.

Fig. 12. Fourier spectra of the input wave and measurement point.
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layer. The Fourier spectra of the El‒Centro wave and the acceleration at
point B3 are shown in Fig. 12. In the presence of a soft soil layer, the
high‒frequency components of seismic motion decrease underground,
whereas the low‒frequency components are significantly amplified.

The displacement response of the near‒field and far‒field soils due to
seismic motion (taking B1 as an example) is shown in Fig. 13. The x‒
direction displacement curves of the soil at both locations are similar,
following a trend consistent with the integration of the input acceleration
at the base, and both exhibit a certain amount of lateral displacement at
the end of the seismic motion. There is a significant difference in the y‒
direction displacement of the soil at the two locations. Under seismic
action, the near‒field soil continuously subsides, with the rate of subsi-
dence gradually slowing, resulting in a final settlement of 0.57 cm. The
vertical displacement of the far‒field soil remains relatively stable,
initially decreasing and then increasing, with a final uplift of 0.03 cm.
The above results indicate that under seismic action, the soil near the
tunnel structure experiences settlement, whereas the soil further expe-
riences uplift due to the subsidence of the intermediate soil.

The pore pressure ratio response of the near‒field and far‒field soils is
shown in Fig. 14. The pore pressure ratio of the soil at both locations
undergoes significant changes in the first few seconds, after which it
stabilizes around a certain level with some fluctuations. The pore pres-
sure ratios in the soil are relatively low, consistent with the character-
istics of soft soil. The pore pressure ratio at location A is greater than that
at B1, and the pore pressure in the soil at location A exhibits noticeable
fluctuations during the accumulation process. This is likely due to its
proximity to the structure.

The shear stress‒shear strain responses of the near‒field and far‒field
soils are shown in Fig. 15. The shear stress‒shear strain curves of the soil
exhibit hysteresis behavior, reflecting the material properties of the soil.
Furthermore, the shear strain in the soil located near the tunnel is greater
than that in the soil farther from the tunnel. This indicates that the soil
near the tunnel experiences enhanced shear effects.
7

4.2. Responses of the structure

The responses of the structure are reflected by changes in the tunnel
inclination angle, displacement, bolt stress, and joint opening, as shown
in Fig. 16.

The responses of the tunnel inclination angle with and without a soft
soil layer are shown in Fig. 17. The tunnel inclination angle exhibits
severe fluctuations during the seismic process, indicating that the shape
of the tunnel is constantly changing. In the presence of a soft soil layer,
the tunnel inclination increases significantly, reaching a maximum
ofincreases significantly, reaching a maximum of 0.256%.

The tunnel displacement is obtained by averaging the displacement
values at four points inside the tunnel: top, bottom, left, and right. The
displacement response is shown in Fig. 18. The x‒direction displacement
of the tunnel is consistent with the displacement curve obtained by
integrating the bottom input acceleration with respect to time. When a
soft soil interlayer is present, the tunnel's lateral displacement is greater.
In both cases, the y‒direction displacement of the tunnel rapidly in-
creases at the beginning of the vibration and continues to increase with
time, albeit at a decreasing rate. This indicates that the tunnel experi-
enced seismic subsidence. With a soft soil interlayer, the tunnel's settle-
ment displacement is much greater, reaching a maximum of 0.787 cm.

The bolt stresses and joint opening responses are shown in Fig. 19.
With a soft soil interlayer, the bolt stresses and joint opening displace-
ments at various positions are significantly greater than those in the case
without a soft soil interlayer. In the presence of a soft soil interlayer, the
maximum values of bolt stress and joint opening occur at bolt5 and
joint5, respectively. The maximum bolt stress is 344 MPa, and the
maximum joint opening displacement is 0.835 mm.



Fig. 13. Displacement response in different directions.

Fig. 14. Excess pore pressure response.

Fig. 15. Shear stress‒shear strain response at A and B1.

Fig. 16. Observation positions and indices of the tunnel.
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4.3. Discussion and analysis

Based on the above dynamic response results, the mutual influence
mechanism between the soft soil interlayer and the shield tunnel can be
identified. First, the presence of the shield tunnel exacerbates the set-
tlement of the soft soil. On the one hand, under seismic action, the
8

surrounding soil around the tunnel experiences significant inertial forces
from the tunnel structure, increasing soil stress and accelerating its
softening. This is manifested by a stronger shear effect on the soil near the
tunnel, resulting in larger settlement displacements. On the other hand,
the presence of the tunnel impedes soil drainage, accelerating the accu-
mulation of pore water pressure, leading to a significant decrease in
effective stress and increased soil deformation. This is manifested by a
rapid increase in pore water pressure in the soil surrounding the tunnel.
When summarizing the research progress on structural aseismic resis-
tance under soft soil foundations, Cheng et al., (2024) reached the same
conclusion. Under the action of an earthquake, excessive pore pressure in
the soil mass results in destruction of part of the soil skeleton and a
reduction in the shear strength and stiffness of the softened soil mass,



Fig. 17. Curve of tunnel inclination.

Fig. 18. Displacement of the the tunnel.
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thus weakening the overall strength and stiffness of the soil mass.
Furthermore, under seismic action, the stress and deformation of the

settling soft soil are significant, leading to substantial increases in the
stress, deformation, and displacement of the structure, which is similar to
the rule obtained by Sun et al., (2020). The dynamic action on the soft
soil layer is stronger, as evidenced by the higher peak accelerations
transmitted into this layer. This is due to the presence of a weak interface
between the soft soil layer and the ordinary soil layer, where seismic
waves are reflected and amplified. As seismic waves exit the soft soil
layer, the peak acceleration decreases significantly, indicating that the
soft soil layer absorbs a considerable amount of seismic energy.
Furthermore, soft soil is more prone to deformation, which results in
deformation and displacement in tunnels within soft soil. For example,
settlement of the soft soil induces settlement of the tunnel, whereas shear
deformations in the soft soil lead to shear deformations in the tunnel.
Additionally, when there is a soft soil interlayer, the tunnel experiences
significant bolt stress and joint opening, with bolt4 and bolt5 and joint4
and joint5 showing notably greater responses than other locations. This
finding indicates that under seismic action, the arch foot position is most
susceptible to damage in the tunnel.

5. Conclusions

On the basis of an analysis combining experimental and numerical
methods on the dynamic influence mechanism between soft soil and
9

shield tunnels, the following conclusions have been drawn.

(1) The dynamic characteristics of soft soil are studied via dynamic
triaxial tests, and the calculation parameters of soft soil are ob-
tained. Dynamic modulus and dynamic strength tests show that
soil deforms and softens under dynamic loading. The better the
structure of soft soil is, the less earthquake subsidence occurs.
Earthquake subsidence is more likely to occur when soft soil is
subjected to greater inertia forces.

(2) The presence of the shield tunnel exacerbates the settlement of the
soft soil, as the surrounding soil experiences significant inertial
forces from the tunnel structure, hindering drainage and acceler-
ating the accumulation of pore water pressure.

(3) The soft soil itself experiences large deformation and displace-
ment under the action of earthquakes, which leads to high stress,
deformation, and structural displacement. The arch foot position
of the tunnel is identified as the most vulnerable to damage.

(4) Soft soil interlayers should be avoided in the design and con-
struction of shield tunnels, and antivibration measures should be
taken when passing through soft soil interlayers is unavoidable.



Fig. 19. Responses of the bolts and joints.
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