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Abstract

Water and soil gushing in shield tunnels pose a significant risk to tunnel structure safety. However, it is challenging to fully capture the
evolution of the mechanical response of tunnel structures due to the limitations of conventional numerical methods in simulating large
soil deformations around the tunnel due to gushing. This paper developed a coupled material point method (MPM) and finite element
method (FEM) approach for water and soil gushing, where MPM was for modelling the soil deformation and FEM was for modelling
the tunnel response. The developed approach was utilized to conduct the gushing-induced large deformation analyses and generate the
varying soil and water pressures acting on the tunnel lining. Meanwhile, structural internal forces and joint deformations were identified
based on the load-structure method. The findings suggest that the gushing process can be categorized into three stages: initial developing,
rapid developing, and stable developing stages. The soil and water pressures around the gushing point decreased abruptly during the
“rapid developing stage”, but the soil pressures on the tunnel crown and tunnel invert increase, causing a sharp rise in the bending
moment of the lining and severe joint deformations, particularly at joints No. 2 and No. 3. Finally, the parametric analyses show that
a lower gushing location, deeper tunnel depth, and higher soil shear strength will all exacerbate the influence of water-soil gushing on
tunnel structural response, due to variations in the soil and water pressures acting on the tunnel lining throughout the whole process
of gushing. These findings underscore the importance of revealing the evolution of tunnel responses to water-soil gushing for maintaining
tunnel safety.
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particles (Lin et al., 2024; Long & Tan, 2020; Tan & Lu,
2017; Wallis, 2002; Wang et al., 2024; Wu et al., 2014).
As illustrated in Fig. 1(a), this infiltration of water and soil

1 Introduction

As underground transportation networks rapidly

expand, the shield tunnelling method has become increas-
ingly prevalent due to its high efficiency and minimal envi-
ronmental disruption. Shield tunnels are assembled from
concrete linings, and inherently consist of a large number
of segmental joints, which are particularly susceptible to
water inflow and even the accompanying loss of soil
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particles can critically undermine the long-term structural
integrity and operational safety of the tunnel (Mair,
2008; Wongsaroj et al., 2007; Yang et al., 2022; Yoo,
2017; D. Zhang et al., 2015). Defective linings and enlarged
segmental joints can cause more severe water-soil gushing,
with large amounts of soil and water gushing into the tun-
nel, resulting in dramatic consequences and posing a con-
siderable risk to public safety, as shown in Fig. 1(b). For
instance, Huang et al. (2020) investigated a sudden water-
soil gushing incident at a metro line in Tianjin, China, that
led to substantial soil deformation around the connecting
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Fig. 1. Consequence of water and soil inflow in the tunnel.

passage and significant damage to the tunnel linings. Zhang
et al. (2021) reported a water-soil gushing incident at a
Shanghai Metro Line, highlighting the grave risks associ-
ated with this category of hazard, such as sudden ground
settlement and lining cracking failure, which would sub-
stantially degrade the durability of the tunnel lining
(Rabczuk & Belytschko, 2004; Rabczuk et al., 2010; Sun
et al., 2019; Y. Zhang et al., 2020, 2015; Zhang & Mang,
2020; Zhang & Zhuang, 2018, 2019). These cases under-
score the critical need for stringent monitoring, early warn-
ing systems, and effective prevention strategies to address
water and soil gushing in tunnels.

Some researchers have adopted numerical methods to
study the effects of water inflow on tunnel responses as well
as surrounding soil deformation. D. Zhang et al. (2015)
studied the responses of the soil layers and tunnel struc-
tures to partial leakage at segmental joints in saturated
clay, while Yoo (2017) conducted numerical analyses on
the structural performance underlining leakage conditions.
Despite these efforts, there have been a few studies focusing
on the consequences of soil inflow on tunnel linings (Lin
et al., 2022; Meguid & Dang, 2009; Wang et al., 2014).
For instance, Qin et al. (2022) examined the formation of
erosion voids in the surrounding soil and their influences
on tunnel lining using finite element method (FEM). How-
ever, these studies assume the presence of idealized arc-
shaped soil cavities around tunnels and primarily pay
attention to the differences in tunnel behaviour before
and after the creation of erosion voids, overlooking the
development of tunnel responses during the whole water-
soil gushing process (Lin et al., 2023). Although Zhang

et al. (2022) explored the effects of seepage erosion around
shield tunnels at a representative elementary scale using the
discrete element method (DEM), its use for large-scale
geotechnical structures is limited by its computational
demands. This highlights the urgent need for alternative
numerical methods capable of accurately reproducing the
complex interactions between substantial soil deformations
and tunnel structures during water-soil gushing.

Material point method (MPM) is particularly effective
for simulating large deformation issues and has been
applied to various geotechnical problems, including slope
failures (Ceccato et al., 2024; Lu et al., 2024; Ng et al.,
2024; Soga et al., 2016), soil-penetration problems
(Ceccato et al., 2020), and tunnelling (Fern, 2019). More-
over, for both saturated and unsaturated soils, multi-
phase MPM formulations were developed (Bandara &
Soga, 2015; Ceccato et al., 2021; Jassim et al., 2013). In
addressing the soil-structure interaction, several methods
within MPM, such as level-set based contact algorithms
(Zhao et al., 2023), interface elements (Vermeer et al.,
2009), and multi-velocity field formulations (Ma et al.,
2014), have been developed. The nodal contact algorithm
(Bardenhagen et al., 2001) is among the most widely used
due to its efficiency in capturing interactions between solids
and granular material shearing (Ceccato et al., 2017). How-
ever, many of these studies assumed rigid structures, thus
neglecting the critical aspects of stress and strain within
the tunnel structures, which are essential in this study.

Although MPM is advantageous for modelling substan-
tial soil deformations, its computational efficiency and
accuracy are often lower than FEM when dealing with
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small-strain problems (Lei et al., 2022; Lian et al., 2011).
Combining MPM with FEM has attracted increasing
attention for problems involving both small and large
deformations. The material point finite element method
(MPFEM) (Zhang et al., 2006), and the coupled finite ele-
ment material point method (CFEMPM) (Chen et al.,
2015) have been developed for applications such as
hyper-velocity impacts and fluid—structure interactions.
Nonetheless, the combined use of MPM and FEM for
geotechnical problems involving soil-structure interactions
and large soil deformations remains relatively underex-
plored, particularly in the problem of water and soil gush-
ing surrounding tunnels.

This paper presents a comprehensive investigation into
the effects of water-soil gushing on tunnel structures by
introducing a unidirectional MPM-FEM computational
framework. A two-phase single-point MPM formulation
is used to effectively address the complexities of substantial
soil deformations caused by gushing and quantify the
development of soil and water pressure acting on the lining
surface. By using a data transmission module, the soil and
water pressures can be immediately applied as external
loads in an FEM model for solving the response of tunnels
with segment joints. To validate the practicality and relia-
bility of the proposed MPM-FEM approach, a case study
was conducted, which demonstrated the effectiveness of the
proposed approach in capturing the mechanical evolutions
of tunnel structures due to water-soil gushing. Finally, a
parametric analysis was performed to explore the effects
of various factors, including gushing location, tunnel burial
depth, and soil properties, on the internal forces of the lin-
ing and the structural deformation. This study provides
new insights into the evolution of tunnel responses to
water-soil gushing that have never been discussed in earlier
studies.

2 Framework of water-soil gushing modelling

As depicted in Fig. 1, the substantial soil deformation
resulting from water-soil gushing can lead to pronounced
tunnel deflection and potentially severe joint failure, char-
acterizing a complex, large deformation and nonlinear
problem. The critical challenge lies in accurately simulating
the large soil deformations surrounding the shield tunnel
and the nonlinear deflections of the tunnel induced by the
dynamic soil and water pressures acting on the concrete lin-
ing. To achieve this purpose, an MPM-FEM numerical
approach is presented here to investigate the mechanical
responses of tunnels caused by the gushing in water-rich
layers. The numerical approach consists of two main steps:
the MPM modelling of soil deformation and the FEM
modelling of tunnel behaviour.

2.1 MPM modelling of soil behaviour

The MPM is a kind of numerical method which incor-
porates the strengths of the Lagrangian and Eulerian

descriptions, for instance, high computational efficiency
and no mesh distortion (Fern et al., 2019; Sulsky et al.,
1995). In MPM, a set of material points (MPs) is used to
model arbitrarily large deformations of an object. The
MPs carry all data including stress, strain, velocity, density
and other material properties, and update the information
in conjunction with a set of background grids, in which the
momentum equivalent is calculated (Kafaji, 2013). By
resetting the computational mesh after each step, MPM
avoids mesh distortion issues commonly encountered in
FEM. Figure 2 presents a scheme of the MPM approach.
In the two-phase single-point MPM, every MP serves as
a subdomain of the saturated soil and contains data for
both solid and liquid phases. The momentum equation
for the mixture can be written as

dy, dv _
(lfn)psg+np1d—;:%+pg7 (1)

where 7 is the porosity; vs and v, are the velocity vectors of
the solid phase and the liquid phase, respectively; p, and p,
are the densities of the soil and water, respectively;
p = (1 —n)p, +np, is the density of the mixture; g is the
gravity vector; ¢ is the soil stress tensor.

The momentum equation of the liquid phase is given as

dv n
pld—t' =Vp =D& (5 —v) 4 pg, (2)

ki

where k; is the Darcy permeability, and p; is the pore pres-
sure. More details could be obtained from the publications
(Ceccato et al., 2016; Jassim et al., 2013).

As illustrated in Fig. 2, the MPM modelling process
within a single time increment comprises four steps. Ini-
tially, all information in MPs is mapped to the computa-
tional grids. Next, the momentum conservations are
computed at the nodes to update nodal velocities and accel-
erations. In the third step, the nodal data are employed to
update the values of accelerations and strain in the MPs.
Finally, the assignment of MPs to elements is updated fol-
lowing any mesh adjustments, with the mesh restored to its
initial configuration.

Additionally, a specific contact algorithm based on
nodal velocities (Ceccato et al., 2017, 2020) was applied
to take into account the interactions between the soil and
the structure. As plotted in Fig. 2, the procedure of imple-
menting the contact algorithm includes the prediction of
nodal velocities based on momentum balance equations
and the correction of velocities at the contact nodes i,,
which are calculated before updating the MP information:

!
oV N . VA tHAL ALY |
(vs,i ) = Vs K"s,i |8 ) ”f]”i
t+At 1+At t t
+ |:(vsj =V ) '”l} Ty, (3)
!
A\ A (+At (+At .
("1,1 ) =V - [("l,z — Vi ) '”z} n;, 4)

where v.7A and v, are predicted nodal velocities in the
solid phase and the system, respectively, vii* is the
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Fig. 2. Schematic of MPM modelling.

predicted nodal velocity for the liquid phase, v is the
nodal velocity for the structure at nodes i,, n; and 7/ are
the normal vector and the tangential vector to the soil
domain at the node i,, and u is the coefficient of friction.

The second right-hand term of Egs. (3) and (4) repre-
sents a correction for the normal component to prevent
interpenetration. The third term of Eq. (3) accounts for
the adjustment of the tangential component to ensure com-
pliance with the contact law. This paper utilizes Anura3D
MPM (Anura3D, 2023) to model soil-tunnel interactions.
The two-phase MPM formulation is adopted to represent
saturated soil behaviour, which follows the Mohr—Cou-
lomb strength criterion.
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2.2 FEM modelling of tunnel response

In the MPM framework, the tunnel is modelled as a
linear-elastic, homogeneous circular structure, which fails
to capture the mechanical behaviour of a tunnel composed
of segmental joints, as depicted in Fig. 3(a). Consequently,
this study employs an FEM model to simulate the struc-
tural response, applying the varying soil and water pres-
sures on the tunnel surface as external loads, which are
derived from the MPM modelling.

To accurately calculate the structural forces and defor-
mations of a shield tunnel with segment joints, a data inter-
face must be developed to facilitate the transfer of

O -

Tunnel
lining

o5+ 65
840

Ground springs  Joint model

Fig. 3. Schematic of FEM modelling for shield tunnel.
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pressures from the MPM model to the FEM model. Appli-
cation of the contact algorithm allows for the straightfor-
ward determination of external pressures acting on the
linings after each MPM computation step. Specifically,
the nodal forces at the soil-tunnel contact interface can
be obtained through the discretized equations:

f.= /Q B"6,dQ — /Q (1 - n)p.N bdQ, (5)

fi= / B pmdQ — / noN' bdQ, (6)
Q Q

where f; and f; are the vectors of nodal forces over the
domain 2, representing the soil pressure and water pres-
sure on the linings, respectively; o, denotes the Cauchy
stress in the solid phase; B is the strain—displacement

matrix; /V symbolizes the shape function matrix; b indicates
the specific body force; m=(1 1100 0)".

Once the soil and water pressures are derived from the
MPM modelling, they can be transferred to the FEM
model and applied on the tunnel surface as external loads.
Generally, three primary types of FEM models for shield
tunnels with segmental joints are commonly employed:
the beam-spring model (Zhang et al., 2018), the continuum
model with equivalent joints (Wu et al., 2020), and the 3D
refined model with detailed joint configurations (Yang
et al., 2022; Ye & Liu, 2020, 2021). The beam-spring model
is widely utilized for its efficiency in computing deforma-
tion and internal forces within linings and joints. The con-
tinuum model with equivalent joints is primarily used to
assess the effects of joint leakage on both ground and tun-
nel responses, though it does not account for joint defor-
mation. The 3D model with detailed joint configurations
provides an accurate representation of stresses and strains
in concrete linings and steel bolts within joints, but it is
computationally demanding and often faces convergence
issues. In this study, the beam-spring model is employed
for FEM modelling due to its ability to facilitate a flexible
and efficient data transfer after each MPM calculation step.
The data interface and FEM modelling modules were
implemented using MATLAB software (MathWorks,
2023). Notably, other FEM models can also be adopted
to address the tunnel calculation procedure.

Figure 3(b) presents a schematic diagram of the FEM
modelling framework, which primarily comprises the tun-
nel lining, segmental joints, and soil springs. Furthermore,
the lining is represented by beam elements with a stiffness
matrix k.. Soil springs (k) are positioned to incorporate
the interaction between the tunnel lining and surrounding
soil layers. This study assumes that the direct impact of
gushing on soil strength is negligible. Instead, the nonlinear
stiffness of soil springs is introduced to realize the effects of
gushing-induced tunnel deformation on soil resistance,
which is given using the following equation:

Plim Piim
ks=—m1——""""], 7
0 ( Plim T+ ’705> @)

where py, represents the maximal soil reaction forces
which can be estimated from the friction angle ¢ and the
cohesion values ¢ of the soil (Do et al., 2014); ¢ is the
deformation of soil springs; 7, is the initial soil stiffness,
consisting of the tangential stiffness #,, and the normal
stiffness #o, which could be defined by Eq. (8):

__4 E
140 D’

170,n (8)
where D is the tunnel diameter, v represents Poisson’s ratio,
and E means soil elastic modulus. The normal stiffness is
usually assumed to be three times the tangential stiffness
(Arnau & Molins, 2011; Plizzari & Tiberti, 2006).

The mechanical properties of the segment joints are
modelled using a combination of ‘“‘axial spring (kjn) + tan-
gential spring (kjs) + rotating spring (kj)”, which effectively
represents the nonlinear behaviour of the joint. Once the
element stiffness matrices for both the tunnel lining and
segment joints are derived in the global coordinate system,
the global stiffness matrix Kg is assembled. External loads
P (including soil pressure, water pressure, and gravity) and
boundary conditions are applied, and the nodal displace-
ments U are computed using Eq. (9). Based on the nodal
displacements, the nodal forces and the relative deforma-
tions of elemental nodes in the local coordinate system
can be obtained, which are ultimately the internal forces
and deformations of the tunnel linings and joints. This type
of model for tunnels is also known as a load-structure
model.

Ko-U=P=U=K;-P (9)

2.3 Calculation procedure of MPM—-FEM

Figure 4 illustrates the flowchart of the MPM-FEM
method. The reliability of the MPM in simulating large soil
deformation problems has been validated in prior studies
(He et al., 2023), and the performance of the MPM in repli-
cating engineering-scale problems involving water-soil
gushing will be further verified through a case study in Sec-
tion 3. Additionally, the robustness of the FEM model for
tunnel analysis has been demonstrated in numerous studies
(Yang et al., 2020; Zheng et al., 2016), provided that the
applied external loads are appropriate. Therefore, the pres-
sures transferred from the MPM model to the FEM model
for application on the tunnel surface must be reasonable, as
will be clarified in Section 3. As a result, the MPM-FEM
method offers a viable approach for simulating tunnel
mechanical behaviour during water-soil gushing.

It is worth noting that the MPM-FEM computational
approach is not fully coupled; it involves a unidirectional
data transfer from the MPM to the FEM model. Conse-
quently, the structural deformations computed in the
FEM model do not feed back to influence the large soil
deformations modelled in the MPM. According to the lit-
erature (Tan & Lu, 2017; D. Zhang et al., 2019), large soil
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Fig. 4. Framework of water and soil gushing modelling based on MPM-FEM.

deformations in practical cases of water-soil gushing can
typically reach several meters, whereas tunnel deformations
must be controlled to within a few centimetres. Therefore,
it can be inferred that during water-soil gushing, the effect
of substantial soil deformation on the tunnel structure is
much more significant than the influence of tunnel defor-
mation on the soil. Currently, the development of fully
coupled MPM-FEM models for soil-structure interaction
is still ongoing (Lei et al., 2022; Wang & Wang, 2023).
Thus, the computational method proposed in this paper
would be a meaningful exploration for elucidating the large
soil deformations and the corresponding structural
responses of tunnels caused by gushing. In the future, the
development of coupled MPM-FEM models that account
for the bidirectional interaction between soil and structure
is scheduled for a more comprehensive study of water-soil
gushing in tunnels.

3 Water-soil gushing in shield tunnel
3.1 Validation by a case study

Based on the shield tunnelling project in Shanghai,
China, a case study was conducted to validate the accuracy
and efficiency of the MPM in modelling the gushing in a
tunnel. The twin tunnels in this project are horizontally
parallel, with an axis spacing of approximately 12.8 m. A
detailed cross-sectional diagram is presented in Fig. 5(a).

Both tunnels have external diameters of 6.6 m and internal
diameters of 5.9 m, giving a lining of 0.35 m thick. The tun-
nels are situated at an overburden depth of 23.1 m. The
tunnels are supposed to pass through a sandy silt layer with
high water pressure and high permeability. In this geolog-
ical condition, improper construction practices pose a sig-
nificant risk of substantial water inflows carrying sand
particles through the segment joints into the tunnels.
Unfortunately, an unexpected leakage occurred in the
freezing pipes during the construction of the freezing
method. Subsequently, large quantities of soil grains
quickly gushed into the tunnel through the leakage channel
(as shown in Fig. 5) under high water pressure, causing
significant tunnel deformation and severe spalling of the
tunnel linings. More details are available in the publica-
tions (Liu et al., 2020; Zhang et al., 2021).

According to previous studies (Qin et al., 2022; Xie
et al., 2022; Zhang et al., 2024), the gushing problems in
the twin tunnels could be reduced to a plane strain issue.
As shown in Fig. 5(b), the simulation model for gushing
is presented, of which the geometric size is 80 m x 50 m.
The tunnels are represented using a single-phase elastic
material with an elastic modulus of 3.45 x 10’ kPa and a
Poisson’s ratio of 0.2. A two-phase MPM method is
employed to simulate the behaviour of the saturated soil,
whose parameters are provided in Table 1. The gushing
problems are regarded as the drained condition, thus the
effective soil parameters are adopted. It should be empha-
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Fig. 5. Geometry of twin tunnels. (a) Cross-section, and (b) simulation model.

sized that in terms of reducing the computational time, the
bulk modulus of water was set to be smaller than the phys-
ical modulus, which would not substantially affect the
numerical results (Martinelli et al., 2017). The above con-
tact algorithm is employed at the soil-tunnel interface to
represent the impermeable tunnel with a friction coefficient
of 0.2 (Pallett et al., 2002). A 0.2-m wide channel is pre-set
to initiate a sudden gushing. The grid consists of triangular
elements with a size of 0.75 m, each containing 3 MPs. To

enhance computational efficiency without compromising
accuracy (Li et al., 2023; Zheng et al., 2023), the element
size near the gushing channel in the soil domain is refined
to 0.2 m, with 12 MPs per element. As for the boundary
constraints for the soil and water phases, the left and right
boundaries are fixed horizontally, while the bottom bound-
ary is constrained both horizontally and vertically.

Figure 6 illustrates the ground settlement resulting from
the water-soil gushing. Throughout the gushing process,
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Table 1
Soil parameters for gushing simulation.
Parameter Soil type 1 Soil type 2 Soil type 3 Soil type 4 Unit
Sand Clay Sandy silt Silt
Cohesion, ¢ 0 5 0 0 kPa
Friction angle, ¢ 25 25 35 35 (°)
Elastic modulus, E 40 000 40 000 40 000 30 000 kPa
Density of grains, p; 2650 kg/m?
Poisson ratio, v 0.3 —
Porosity, n 0.45 —
Density of water, p,, 1000 kg/m>
Water bulk modulus, K, 80 000 kPa
Water viscosity, 7, 1.002 x 107 kPa-s
Distance to axis C-C (m)
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Fig. 6. Ground settlement with different masses of soil inside tunnels.

significant quantities of soil are carried into the tunnel by
the seepage flow. The total soil mass entering the tunnel
serves as a direct indicator of the progression of the gush-
ing event. To ensure comparability between the numerical
results obtained by the MPM and the in-situ measured set-
tlements, the mass of inflowed soil is utilized to represent
the state of the gushing. For the numerical simulation, it
is the total mass of soils inside the twin tunnels at different
stages, demonstrated as lines; for the case study, it is the
total mass of soils inside the twin tunnel rings at different
monitoring sections, marked as filled points. The monitor-
ing data were obtained from Zhang et al. (2021). It can be
seen that the maximal ground settlement increases with the
quantity of inflowed soils, but the width of the settlement
trough varies less, indicating that the influence range of
the gushing on the ground surface mainly stays within
20 m on both sides of the axis C-C (Fig. 5), which is rela-
tively the same as that reflected by the monitoring data.
Meanwhile, the calculated ground settlement from the

numerical simulation shows good agreement with the mea-
sured values at the monitoring points. Therefore, it can be
concluded that the MPM approach in this study effectively
simulates the large soil deformation process resulting from
engineering-scale gushing incidents.

Furthermore, the simulated initial soil pressures on the
tunnel surface can be calculated and expanded along the
horizontal and vertical directions as shown in Fig. 7. The
theoretical values of the initial loads on the tunnel are cal-
culated by the methods in the literature (Zhang et al.,
2017). The initial soil pressure distribution acting on the
tunnel lining obtained from the MPM modelling matches
well with theoretical initial loads before the gushing. The
initial distribution of the water pressure is also consistent
with a theoretical hydrostatic pressure distribution, which
gradually increases along the depth. Thus, the MPM-
FEM method can provide reasonable soil and water pres-
sure distributions for analyzing tunnel mechanical
behaviours.
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3.2 Simulation design for gushing

Based on the aforementioned case study background,
this paper analyzes the soil-tunnel response induced by
water-soil gushing that occurred in a single tunnel. Figure 8
presents the model setup for the water-soil gushing simula-
tions, with dimensions of 100 m X 50 m. The soil parame-
ters, model boundaries, and other settings were maintained
consistently with the case study. In the FEM modelling, the
tunnel linings are simulated with beam elements, which are
divided into 360 cells. In addition to the geometric
configuration being consistent with those in the MPM,
the lining segments are also referenced to existing typical
metro tunnels. Furthermore, based on the previous studies
(Qin et al., 2022; W. Zhang et al., 2020), the following
structural parameters are adopted. The segmental joints
are modelled with combined springs (kjo = 5 x 10° kN-

m/rad/m?, k{1:6 x 10° kN/m?, kjS:8 x 10* kN/m?) to repro-

duce the effects of bolts, and the reaction of soil on the
tunnel is simulated with nonlinear soil springs k. The load-
ing boundaries of the FEM model are consistent with those
of the tunnel in MPM.

The gushing simulation process is divided into three
stages: (1) Initially, soil stresses and pore pressures are
computed, and restraints are applied at the gushing point
to prohibit soil from entering the tunnels. (2) Next, by
the removal of these restraints, the soil is allowed to flow
into the tunnels within the MPM model. (3) Finally, the
soil and water pressure exerted on the lining are calculated
and transferred to the FEM model as external loads to
determine the internal forces and deformations of the
tunnel.

The water and soil gushing process in tunnels is
influenced by various factors, including the gushing
location, the tunnel depth, and the geological properties.
This study conducted a parametric analysis to examine
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Fig. 8. Model configuration of gushing simulation.
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Table 2
Simulation experiment design.

Case number Gushing location, 6 (°) Soil type Tunnel depth, H (m)
1 0 1 20
2 45 1 20
3 90 1 20
4 135 1 20
5 180 1 20
6 90 2 20
7 90 3 20
8 90 4 20
9 90 1 5
10 90 1 10

these influences, focusing on the location of the gushing
channel 0 (as shown in Fig. 8, representing the angle
between the vertical axis and the gushing location), the
tunnel buried depth (denoted as H), and the soil properties
(including soil elastic modulus E, cohesion ¢, and friction
angle ¢). Therefore, a total of ten numerical simulations
were created, as listed in Table 2. Four distinct soil types,
with parameters listed in Table 1, are compared to reveal
the influence of the target soil parameter. Except for the
variable under investigation, all other conditions remain
constant across simulations.

4 Tunnel responses to gushing

According to previous research (Qin et al., 2022; Wang
et al., 2014; Ye & Liu, 2020), the leakage occurring in the
tunnel waist would have a serious impact on the tunnel
structures. So this section firstly emphasizes the case of
the gushing location at 8 = 90°.

4.1 Development of the hydro-mechanical soil behaviour

Figure 9 shows that the mass of soil rushing into the
tunnel was essentially increasing linearly with time. The
increasing rate of the inflowed soil mass slightly slowed
down after "= 60 s, which was mainly due to the height
of inflowed soil over the height of the gushing channel, thus
affecting the water-soil gushing. It is important to note that
an inflowed soil mass of 2000 kg/m represents an extremely
dangerous state, far beyond the stage that might be reached
in an actual incident (Cheng et al., 2020; D. Zhang et al.,
2020; Zhang et al., 2021). Therefore, this study focuses
on the results of water-soil gushing before 7' = 60 s to
reveal the whole process. In order to properly correlate
with the progression of gushing in practical cases, the
inflowed soil mass in the tunnel will be used as a reference
for the temporal development in the following analysis.

Water-soil gushing causes significant soil deformations
surrounding the tunnel, impacting the hydro-mechanical
soil behaviour. Figure 10 shows the development of soil
hydro-mechanical behaviour when the gushing occurs at
location 8 = 90°. For a better demonstration, the results
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Fig. 9. Development of the gushing process and flow zone.

of the semi-model are presented here even though the case
is not symmetric, because the variations of the soils on the
side near the gushing channel are remarkable and distinc-
tive enough to represent the evolution of hydro-
mechanical soil behaviour explicitly. As shown in Fig. 10
(a), large soil areas undergo deformation as the gushing
progresses, and the affected area gradually stabilises over
time. Additionally, there is a smaller region where soil dis-
placement continues to increase consistently.

Based on the characteristics of soil movements, the
influenced area in the model could be categorized into three
zones: the flow zone (displacement larger than 50 mm), the
disturbed zone (displacement varies from 10 to 50 mm),
and the stationary zone (displacement smaller than
10 mm). Note that the 50 mm threshold represents the cri-
terion for first-level project impacts on surrounding soils in
China (MOHURD, 2014). Figure 10(b) indicates that the
shear sliding surface closely aligns with the boundary of
the flow zone, which expands progressively from the gush-
ing channel to the ground. This comparison shows that the
development of the flow zone could reflect the progression
of gushing. Thus, the development of the flow zone is
shown in Fig. 9. The whole process could be broken into
three stages: (1) the first “initial developing stage”, where
the flow zone gradually expands; (2) the second ‘“rapid
developing stage”, where the flow zone area quickly
increases; (3) the third “stable developing stage”, where
the flow zone stabilizes, though soil within the zone contin-
ues to rush into the tunnel.

Figure 10(c) and (d) illustrates the development of soil
hydro-mechanical responses to the gushing, with flow zone
contours included. Within the flow zone, both pore pres-
sure and effective soil stress decrease sharply. In contrast,
soil stress increases notably beneath the shear sliding sur-
face, represented by the flow zone contour, especially along
the lateral sides of the tunnel. To further elucidate the
mechanisms of gushing-induced hydro-mechanical soil
behaviours surrounding the tunnel, Fig. 11 displays the
patterns of soil stress and pore pressure along the horizon-
tal and vertical axes passing through the gushing point
(two axes illustrated in Fig. 8). Overall, both soil stress


move_t0010
move_f0045
move_f0050

92 X.-C. Xie et al. | Underground Space 26 (2026) 82—105

Distance (m) Distance (m)
0 10 20 30 0 10 20 30 0 10

Depth (m)

Distance (m) Distance (m)

Distance (m)
20 30 0 10 20 30 0 10 20 30

Distance (m)

Distance (m) Distance (m)

0.2

(=]
Total displacement (m)

(=}

Distance (m)

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
0 0 - 0 0 - 0 ;
: ) 2 ) 0.10 _
=210 Contour of Contour of g
" I flow z @
£ Contour of flow zone / owzone 5 ol .2
'g. flow zone / : ). Contour of 0.05°E
2 20 / ’ /‘// ! flow zone ot ,‘é
J : » ) , A
Mass=900 kg/m
-30 - . -30 . -30 . -30 . -30 .
Distance (m) Distance (m) Distance (m) Distance (m) Distance (m)
0 10 20 30 0 10 20 30 0 10 30 0 10 20 30 0 10 20 30
L - - 0 0
5)
2 100 =
g :
g‘ 200 %
A a
Mass=600 kg/m 300
Distance (m) Distance (m) Distance (m)

0 10 20 30 10 20 30 0 10 30 0 10 20 30 0 10 20 30
L 5 é\
- 50§
g 2
g 100 2
& 5
& .20 -20 &
F /] 2 1505
g
0 Mass=300 kg/m 0 Mass=600 kg/m 0 Mass=900 kg/m 0 ass=1600 kg/m 56 ass=2000 kg/m | ®200 g

Fig. 10. Evolution of soil behaviours caused by gushing. (a) Soil displacement, (b) deviatoric strain, (c) pore pressure, and (d) effective soil stress.

and pore pressure near the gushing point of the tunnel
decrease sharply once the gushing begins. Subsequently,
the influence range in the horizontal direction stabilizes
at approximately 3D, where D is the tunnel diameter.
The reduction in pore pressure is primarily within a small
range of D from the gushing point both in horizontal
and vertical directions, giving rise to a significant hydraulic
gradient. The decrease in pore pressure around the tunnel
led to a redistribution of soil stress. As the horizontal dis-
tance from the tunnel increases, soil stress initially increases
and then decreases. Meanwhile, soil stress along the verti-
cal axis also shows a local increase at the tunnel top and
bottom. Since the soil movement at the tunnel crown and
invert was roughly constrained by the tunnel linings, while
significant soil deformation occurred in the flow zone due
to gushing, a trap-door effect emerged (Pardo & Sdez,
2014; Zheng et al., 2015), leading to the formation of a soil
arch around the flow zone.

To describe the soil arch effect, the concept of the stress
variation ratio R, was introduced (Lee et al., 2006), defined
as

/ /
_0: =90y

Ro =22, (10)

where ¢} is the current effective stress, and oy is the initial
effective stress before the gushing starts. Figure 12 shows
the distribution of R, when the inflowed soil mass reached
2000 kg/m. Positive R, indicating an increase in effective
soil stress, is observed at the tunnel crown, tunnel invert,
and beneath the sliding surface. Conversely, negative R,
representing unloading, appears on the side where gushing
occurs. The severe water and soil gushing results in signif-
icant unloading of the surrounding soil on the affected side,
with effective stress further reduced due to decreased pore
pressure. These variations in soil stress and pore pressure
around the tunnel, particularly near the gushing points,
cause notable changes in the external loads on the tunnel
surface, ultimately impacting tunnel structural safety.

4.2 Development of soil and water pressures on lining surface

Throughout the process of gushing, a massive soil mass
was carried by the water flow into the tunnel, leading to
variations in the soil and water pressure on the lining sur-
face, as displayed in Fig. 13. The distribution of the initial
soil pressure varies with the angle 0 increasing, and the soil
pressure reaches a peak at the tunnel invert (0 = 180°).
Since the gushing location is at 0 = 90°, the soil pressure
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Fig. 12. Soil arching effect induced by water-soil gushing.

around 6 = 90° decreases dramatically due to the gushing,
but the soil pressures acting on the tunnel crown and tunnel
invert increase. As the gushing progresses, the maximum
soil pressure increases by as much as 100% compared to
the initial state.

ratios of the current pressures P, relative to the initial pres-
sures P, are obtained for each stage. After the occurrence
of the gushing, the soil and water pressures close to the gush-
ing location are significantly reduced, while the soil pressures
near the tunnel crown and tunnel invert increase substan-
tially. With the development of soil loss to 1000 kg/m, the
increased rate of the soil pressure near the tunnel invert even
reached 100% from the initial state. Such severe variations of
the soil and water pressures on the linings will inevitably
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have a significant impact on the internal force and deforma-
tion of the tunnel, which might cause damage to the struc-
tures. Therefore, it is of great importance to reveal the
development of the responses of tunnel structures under
the influence of gushing.

4.3 Progressive mechanical behaviour of tunnel structures

4.3.1 Tunnel linings

Figure 15 illustrates the development of the internal
forces of the lining induced by the gushing at a location
of 0 = 90°. As presented in Fig. 15(a), the axial force of
the lining at the tunnel waist is initially the largest. While
the impact of gushing on the axial force is minimal, causing
only a slight increase near the tunnel waist. Figure 15(b)
indicates that the maximal shear forces initially occur at
0 = 45°, 135°, 225°, and 315°. Then the maximal shear
force increased significantly, with an increase rate reaching
up to 114% compared to the initial state. A significant
increase in shear force close to a segment joint could lead

to intense shear compression between the concrete seg-
ments and bolts, potentially resulting in concrete crushing.

Figure 15(c) shows the bending moment distribution
before and after the gushing. Positive values represent ten-
sion on the outer lining surface, whereas negative ones
mean tension on the inner surface. Initially, the outer sur-
face experiences tension within the angles of 45°-135°. The
highest positive bending moments are observed at the tun-
nel waist (0 = 90°). After the gushing, the peak positive
bending moment increases by about 82%, while the peak
negative bending moment rises by roughly 75%. Overall,
the shear forces and the bending moments noticeably
increase due to the gushing, particularly on the side adja-
cent to the gushing location.

Figure 15(d) illustrates the progression of lining defor-
mation resulting from gushing, scaled up by a factor of
100 from the actual values. The following diagrams of
the tunnel lining deformation are presented in the same
way. As shown in Fig. 15(d), the water-soil gushing can
lead to excessive ovalisation of the tunnel because of a
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reduction of the soil and water pressure acting on the lin-
ing. This could result in a larger opening deformation of
the joint and potentially trigger a series of secondary

disasters.

To illustrate the impact of water-soil gushing on maxi-
mal internal forces, Fig. 16 presents the relationships

between the inflowed soil and these internal forces. The
locations from which these values were obtained have been
discussed in Fig. 15. For instance, the maximal bending
moment is located at the tunnel waist, i.e., where the gush-
ing occurs. It is observed that the internal forces in the lin-
ings increase sharply following the onset of gushing,
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subsequently stabilizing during the ‘‘stable developing
stage” (refer to Fig. 9). In summary, the progressive
mechanical behaviour of the tunnel is closely linked to
the evolution of the flow zone. Notably, the maximal pos-
itive bending moment gets to its inflection point faster due
to the initial sharp decline in soil and water pressures at this
position, where the gushing occurs (see Fig. 13).

4.3.2 Segment joints

As a vital component of shield tunnel structures, the
response of segment joints significantly impacts tunnel
safety. For instance, excessive deformation of segment
joints can lead to waterproofing failure, rendering the tun-
nel structure hazardous even if the tunnel lining remains
intact. Table 3 lists the initial internal forces at the joints,
and Fig. 8 shows the location of the joints corresponding
to their number. Segment joints primarily bear shear forces
within tunnel structures. As indicated in Table 3, the great-
est initial shear forces occur at joints No. 3 and No. 4,

Table 3

Initial internal forces of joints.

Joint location 1 2 3 4 5 6
Axial force (kN) 1185 1452 1289 1290 1452 1185
Shear force (kN) —42 -159 278 =278 159 42

Bending moment (kN-m) —178 147 3.5 4.5 146 -178

while the smallest are observed at joints No. 1 and No. 6.
As gushing progresses, the internal forces in the segment
joints will change, resulting in associated joint deforma-
tions, such as openings and dislocations.

Figure 17 shows the evolution of the joint deformations
induced by the gushing. The joint deformations consist of
axial, tangential, and rotational components. These values
can be directly derived from the relative displacements of
the nodal displacements, as mentioned in Section 2.2. Pos-
itive values of axial deformation indicate the opening of
joints; positive and negative values of shear deformation
merely distinguish the direction of dislocation; angular
deformation is positive when joints undergo exterior open-
ing and negative for interior opening. These patterns of
joint deformation are demonstrated in Fig. 18.

As shown in Fig. 17(a), joints No. 1 and No. 6, along
with joint No. 2, show notable axial tensile deformation.
In addition, the opening deformations at the joints keep
growing until the inflowed soil reaches 1000 kg/m, after
which it gradually stabilizes, mirroring the development
of lining forces. Figure 17(b) indicates substantial shear
deformation in joints No. 1, No. 2, No. 3, and No. 6 fol-
lowing the onset of water-soil gushing, with joint No. 3
continuing to exhibit increasing dislocation. Considering
the initially high shear force at joint No. 3, there is a height-
ened risk of significant longitudinal joint displacement or
even concrete spalling.
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Figure 17(c) reveals notable exterior tensile deformation
at joint No. 2, which tends to increase as water-soil gushing
progresses. Considering the axial deformation of joint No.
2 presented in Fig. 17(a), it can be concluded that the
waterproofing capability of the tunnel is further weakened,
which may result in secondary seepage problems and the
creation of new pathways for water-soil gushing. Overall,
the gushing considerably affects the mechanical properties
of joints, which are the weakest parts of the tunnel struc-
tures. Therefore, it is crucial to monitor joint deformation
and implement protective measures to prevent secondary
disasters.

5 Parametric analyses
5.1 Evolution of pressures on tunnel surface

In the process of gushing, a significant soil mass enters
the tunnel with the seepage flow, leading to variations in
the pressures acting on the linings. To accurately compare
the influence of targeted factors rather than the mass of
inflowed soil on the tunnel response, the following analyses
focus on the stage where the inflow mass is 1000 kg/m.
Figure 19 presents the pressure ratio for different gushing
locations. The pressure ratio greater than 1 represents that
the soil and water pressure increases. As presented in
Fig. 19(a), the soil pressure decreases to zero around the
gushing location in each case, but the overall distribution
of the soil pressure varies. When the gushing point is
located in the upper tunnel, the decrease in soil pressure
occurs mainly within approximately + 30° from the gushing
location, with minimal impact on the tunnel invert. Con-
versely, when the gushing location is in the lower half of
the tunnel, the soil pressure is affected across the entire tun-
nel surface, showing an increase in the upper part and a
decrease in the lower part. Particularly in the gushing at
0 = 90°, the soil pressure at the tunnel invert increases dra-
matically, with a maximum increase of 100% compared to
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the initial state. Figure 19(a) also shows the evolution of
water pressure acting on the lining in each case. The water
pressure decreases to zero around the gushing location. It
can be observed that the extent of water pressure reduction
gradually increases as the gushing location descends. For
example, in the gushing at 6§ = 0°, the water pressure is
affected in the upper part of the tunnel, while in the gushing
at 0 = 180°, the influence range is from 0 = 30° to 330°. In

conclusion, the lower the gushing location, the greater the
influence of gushing on the tunnel.

Figure 19(b) illustrates the pressure ratios on the tunnel
surface at varying tunnel depths. To facilitate visual compar-
isons between different tunnel scenarios, the cover-to-
diameter ratio (C/D), which is the ratio of the overburden
depth to the diameter of the tunnel, is used to represent the
effect of tunnel depth in the following analysis. Despite the
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differences in the tunnel depth, the distribution patterns of
soil and water pressures due to the gushing remain consistent.
However, the soil pressure ratio at the tunnel invert increases
with greater tunnel depth. It is vital to note that the initial soil
and water pressures vary for different tunnel depths, leading
to different absolute reductions in soil and water pressures for
each case. Figure 19(c) presents the pressure ratios of the soil
and water pressure for different soil types. Comparing the
results for sand and clay indicates that the cohesion of the
soil layer has a minimal influence on the overall distribution
of soil and water pressure. In contrast, comparing soil types
of sand and sandy silt reveals that an increase in friction
angle exacerbates the variation in soil and water pressures.
A comparison of sandy silt and silt demonstrates that the
elastic modulus has little impact on the evolution of the soil
and water pressures acting on the lining surface.

5.2 Mechanical responses of tunnel lining

Figure 20 compares the distributions of the additional
internal forces due to the gushing with the same amount
of soil inflow. It can be observed from Fig. 20(a) that the
additional axial forces and bending moments vary notice-
ably for different gushing locations. In each case, the inter-
nal forces at the gushing point usually increase sharply due
to the gushing. As the gushing location descends, the addi-
tional bending moment gradually increases. For example,
in the cases of the gushing location at 8 = 90° and
0 = 135°, the bending moment at the tunnel invert
increased by 80% from the initial value (-267 kN-m). In
the gushing at 6 = 180°, the additional bending moment
is smaller than in the cases above. This is because the dis-
tribution of surface pressures on the lining is symmetric
along the vertical axis of the tunnel when the gushing loca-
tion is at 0 = 180° (Fig. 19), and the variations in surface
pressure primarily result in overall tunnel settlements
rather than increasing tunnel deflection. After all, the addi-
tional axial forces are sufficiently small compared to the
initial axial forces (1115-1499 kN).

Figure 20(b) shows that, although the tunnel depth in
each case is different, the distributions of the additional
axial forces and bending moments induced by the gushing
are consistent. The maximum internal forces in all cases are
increasing, thus exacerbating the risk to the tunnel lining.
Furthermore, the deeper the tunnel is buried, the greater
the variation in internal forces induced by the same mass
of inflowed soil. Figure 20(c) presents the effects of soil
types on the additional internal forces caused by the gush-
ing. Comparing soil types of sandy silt and silt indicates
that the variation in soil modulus has nearly no effect on
the internal forces of the tunnel. The results of sand and
clay show that the increase of the cohesion will slightly
increase the variation of the internal force. In addition, a
comparison of sand and sandy silt indicates that a reduc-
tion of the friction angle can give rise to a decrease in the
internal forces, which corresponds to the influence of the

friction angle on the soil and water pressures due to the
gushing.

The evolution of the lining deformation and the internal
forces is related, and together they demonstrate the
mechanical response law of the tunnel structure during
the process of gushing. Figures 21 and 22 show the defor-
mation of the tunnel when the soil inflow mass is 1000 kg/
m in different cases. As presented in Fig. 21(a), the tunnel
deformations in the gushing at 6 = 90° and 0 = 135° are
significant. The tunnel lining in the gushing at 0 = 135°
even undergoes asymmetrical deformation, while the corre-
sponding tunnel convergence is rather small, as depicted in
Fig. 22(a). Due to the decrease in surface pressures at the
gushing point (Fig. 19), the tunnel exhibits increasingly
pronounced settlement as the gushing location descends.
It can be concluded that the gushing point in the lower tun-
nel has the most drastic influence on the mechanical
responses of the lining. The gushing at 6 = 90° is the most
representative, in which the additional bending moments
and the lining deformations due to the water-soil gushing
are the most significant, as well as the tunnel convergence.

Figures 21(b) and 22(b) show the tunnel deformations
when the soil inflow mass is 1000 kg/m for different tunnel
depths. Similar to the distribution law of the internal force
induced by the gushing, the development pattern of the
tunnel deformation is hardly affected by the tunnel depth,
except for the maximum deformation. The linings are sub-
ject to “‘horizontal expansion” deformation, which
increases with tunnel depth. The tunnel convergence and
vertical settlement in the case of C/D = 3.2 are approxi-
mately 7.4 times and 13.9 times those in the case of
C/D = 0.8, respectively. In conclusion, in the case of a
larger tunnel depth, the gushing will cause a more severe
effect on the responses of the linings.

Figures 21(c) and 22(c) compare the gushing-induced
lining deformation in cases of different soil types. Accord-
ing to the comparison of sandy silt and silt, the elastic mod-
ulus shows little effect on the development of the tunnel
deformation, in parallel with the impact of the soil types
on the internal forces. Soil types with higher cohesion
and friction angle would slightly increase the gushing-
induced tunnel deformation and convergence. With the
evolution of the internal forces and deformations of the
tunnel lining in different soil types, it can be deduced that
the greater soil shear strength does not represent a lower
risk of gushing-induced damage to the structure. On the
contrary, after the surrounding soil undergoes large defor-
mation due to gushing in the tunnel, the internal forces and
deformations of the tunnel lining in the soil layer with
higher shear strength will be greater.

5.3 Deformation of segment joints
Figure 23 compares the gushing-induced deformation of

the segment joints in different cases. The horizontal axis
represents the location of the joint in each case. As shown
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in Fig. 23(a), the opening deformations of the joint in the
case of gushing location # = 90° and 0 = 135° are the lar-
gest. The dislocations are also generated, and the most sig-
nificant dislocations are observed in the cases of gushing
locations 6 = 90° and 6 = 180°. These joint deformations
will affect the waterproofing of the tunnel and even the
structural strength. Therefore, it can be considered that if
the gushing point is at the lower part of the tunnel, the
joints will be in a more dangerous state under the influence

of the gushing, which is inextricably linked to the signifi-
cant development of mechanical responses of the tunnel.
Figure 23(b) compares the effects of different tunnel
depths on the deformation of segment joints induced by
gushing. It can be observed that the increase in tunnel depth
essentially does not change the deformation characteristics
of the joint in all cases, but only enlarges the joint deforma-
tions. For instance, joints No. 2 and No. 5 exhibit an exter-
nal opening deformation in all cases. With certainty, the
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increased tunnel depth will place the joints that are under
the influence of the gushing in a more endangered state.
Therefore, the greater the tunnel depths are, the greater
the impact of the gushing on the tunnel structures.

Figure 23(c) presents the joint deformations due to the
gushing in the cases of different soil types. Since the elastic
modulus has nearly no effect on the soil and water pres-
sures on the lining surface, its effect on joint deformation
can also be neglected. By comparing the results for sand

and sandy silt, the increase in friction angle significantly
amplifies the opening deformations of joints No. 1, 2, 5,
and 6, which are located in the upper part of the tunnel.
Meanwhile, the dislocations of joints No. 3 and 4 also
increase as the friction angle rises. All in all, when the soil
shear strength increases, the gushing-induced joint defor-
mation increases. Therefore, enhancing water resistance is
more effective in mitigating the severe consequences of
gushing than reinforcing the surrounding soil.
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6 Conclusions

This study has carried out an in-depth study on the evo-
lution of the tunnel mechanical responses caused by gush-
ing. Firstly, based on the MPM-FEM approach, a
framework of water-soil gushing modelling was estab-
lished. Then, a case study was carried out, and the develop-
ment of the structural internal forces and deformations was
revealed. Finally, the effects of gushing location, tunnel
depths, and soil types on the mechanical behaviours of
the structures owing to the gushing were investigated.
The main findings can be listed as follows:

(1) The framework of water-soil gushing modelling
based on the MPM-FEM approach is proven to
accurately simulate gushing-induced large soil defor-
mations and the associated mechanical behaviours of
the tunnels with joints, which is vital for under-
standing and mitigating the impacts of gushing on
underground infrastructures.

(2) The hydro-mechanical behaviour of the soil surround-
ing the tunnel is significantly influenced, which can be
defined as the flow zone, disturbed zone, and stationary
zone. The affected range of pore pressure and soil stress
by the gushing is approximately within three times the
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diameter from the point of gushing. Furthermore, a soil
arch developed around the flow zone at a distance of
one tunnel diameter from the gushing point.

(3) The mechanical response of tunnel structures to
water-soil gushing is characterized by significant
changes in internal forces and deformation patterns.
This study revealed that shear forces and bending
moments in the tunnel lining undergo notable varia-
tions, with maximum increments of 114% and 82%,
respectively, which could lead to severe structural dis-
eases such as joint opening, segment dislocation, and
waterproofing failures, particularly at weak joints
No. 2 and No. 3.

(4) The lower the gushing location, the more significant
the change in the internal forces of linings. The gush-
ing at 6 = 90° and 0 = 135° causes bending moments
to increase by 80% from the initial value. Addition-
ally, deeper tunnel depths exacerbate these mechani-
cal responses of tunnels, and the tunnel settlement
in the case of C/D = 3.2 is approximately 13.9 times
that in the case of C/D = 0.8. Furthermore, the
gushing-induced additional internal forces and defor-
mations of the tunnel will be greater in the soil layer
with higher shear strength.

(5) The joint deformation caused by the gushing is also
influenced by gushing location, tunnel depth, and soil
properties. As the gushing point moves downward,
the joint deformations, including joint opening and dis-
locations, increase significantly. In addition, the deeper
the tunnel, the greater the impact of gushing on the
joints. Moreover, gushing in soil layers with higher
shear strength leads to larger opening deformations
of joints located in the upper part of the tunnel.
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