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A B S T R A C T

As tunnel engineering progresses, the complexity of geological strata and the presence of water bodies beneath 
tunnels have exacerbated the risk of water inrush incidents. Mutation theory is utilized to elucidate the mech
anisms underlying stratum collapse-induced water inrush, with the Shijingshan Tunnel’s water inrush pattern 
identified as stratum collapse-induced. Finite element method (FEM) numerical models were developed for four 
conditions: original tunnel, Grade III surrounding rock, advanced grouting reinforcement, and sectional exca
vation. The evolution of the plastic zone, deformation, and support forces in the surrounding rock was compared 
across these models. The study demonstrates that shear failure of the rock mass, induced by concentrated stress 
and water pressure during excavation, results in the formation of water inrush pathways. Advanced grouting and 
sectional excavation effectively reduced the plastic zone and vertical deformation. This mitigation lessened 
support damage and decreased the likelihood of stratum collapse. This paper offers technical support and case 
analysis for the prevention of stratum collapse-induced water inrush in underwater blasting operations.

1. Introduction

When tunnel engineering projects pass beneath water bodies, sig
nificant geological hazards such as water inrush and mud gushing often 
occur, posing substantial threats to construction safety and project sta
bility [1]. The risk of water inrush due to stratum collapse is significantly 
increased, especially in areas with weak fractured zones, karst devel
opment, or water-rich formations [2]. In this mode, water inrush typi
cally occurs alongside large-scale instability and collapse of the 
surrounding strata, often resulting in severe damage to the tunnel 
excavation face or lining structure [3]. Traditional water inrush pre
vention technologies and monitoring methods often fail to predict and 
prevent such disasters in a timely manner. Comprehensive research on 
water inrush mechanisms and stratum collapse under different geolog
ical conditions is essential. Such work enhances the safety and reliability 
of tunnel construction [4,5].

Existing research primarily focuses on three areas: theoretical 
studies, laboratory experiments, and numerical simulations. In the realm 
of theoretical research, Zhang et al. [1] proposed three water inrush 
modes for subsea tunnels, revealing their mechanisms and clarifying 
disaster evolution characteristics and methods for characterizing strata 

deformation. [4]. Shen et al. [6] and Zhang et al. [7] employed limit 
equilibrium theory to analyse the mechanical mechanisms of water 
inrush in subsea tunnels and explored the factors influencing critical 
water pressure. Cacciuttolo, C et al. [8] systematically studied water 
inrush mechanisms, control techniques, and related issues in underwa
ter tunnels using the complex variable function method [9]. Niu et al. 
[10] from a fluid dynamics perspective, analyzed hydraulic issues in 
subsea tunnels and established a flow regime system based on engi
neering water environment response. [11]. These methods are primarily 
based on physical and mathematical models, which can systematically 
describe and predict the behaviour and mechanisms of water inrush 
[12]. However, they often require the simplification of complex 
geological conditions and hydrological processes, which may affect the 
accuracy of predictions by neglecting certain real-world factors. On the 
other hand, laboratory experiments can provide detailed data under 
actual conditions, allowing for the analysis of the impact of different 
hydrological and geological factors on tunnels [13,14]. For instance, 
Zhang et al. [15] used model tests to study the water inrush mechanism 
at tunnel base slabs. However, large-scale or complex experiments 
require substantial equipment investment and experimental costs [16, 
17].
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Numerical simulations can integrate theoretical models and experi
mental data, taking into account more complex geological and hydro
logical conditions while performing dynamic analyses. The commonly 
used finite difference software, finite element method (FEM), has been 
applied to study the instability mechanisms of surrounding rock masses 
[18–20]. Zhao et al. [21] simulate the seepage damage behaviour during 
the water inrush process in rock masses by coupling mechanical equa
tions with seepage continuity equations [22], [23]. Li et al. employed 
numerical simulation methods to reveal the influence of parameters 
such as initial support, secondary lining, and grouting reinforcement on 
tunnel water seepage and external water pressure on the lining [24]. 
Shekari conducted fluid-solid coupling numerical simulations for subsea 
tunnels, demonstrating the significant impact of groundwater seepage 
on the deformation of the surrounding rock mass [25,26]. However, 
these studies neglect the nonlinear and dynamic evolution characteris
tics of rock mass mechanical behaviour, making it challenging to predict 
and control the sudden instability processes of surrounding rock in un
derwater tunnels [27,28]. Therefore, the theory of catastrophe is 
introduced to analyse the water inrush mechanism associated with 
stratum collapse. Catastrophe theory effectively describes the abrupt 
changes in complex systems under small perturbations, providing 
theoretical support for predicting the critical instability state of 
geological hazards. Catastrophe theory, via potential function cusp 
models, characterizes the system’s discontinuous shift from stability to 
instability. This makes it well-suited for modeling water inrush caused 
by shear–hydraulic coupling. It can also describe the evolutionary pro
cesses of sudden disasters such as seepage failure and layered collapse, 
aiding in the prediction of critical instability points and enhancing the 
safety of tunnel construction. And numerical simulations are employed 
to validate results under various working conditions [29,30].

However, there are still some shortcomings in the research on the 
water inrush mechanism associated with stratum collapse [27,31]. 
Existing studies mainly address hydraulic characteristics of inrush points 
and localized rock mechanical properties. However, the coupled effects 
during overall stratum instability remain insufficiently understood. 
[32]. Traditional studies often analyze individual factors in isolation, 
failing to reveal the coupled mechanisms of multiple influencing factors. 
For example, the limit equilibrium method neglects the dynamic impact 
of seepage forces on the evolution of the sliding surface, while pure 
seepage models do not account for fracture development induced by 
excavation unloading. This study integrates catastrophe theory with a 
fluid-solid interaction model to incorporate the synergistic effects of 
multiple factors, thereby establishing the critical conditions for water 
inrush. Numerical simulation techniques have shown strong potential in 
analyzing strata response behavior. However, they face limitations in 
modeling dynamic collapse and water inrush under complex geological 
conditions. [33]. A comprehensive theoretical framework for water 
inrush mechanisms associated with stratum collapse is essential. This 
should build on existing research and be further validated through nu
merical simulations and case studies [34,35].

By establishing a systematic stratum collapse-induced water inrush 
model, this study analyses the causes of accidents when tunnels pass 
beneath water bodies. The formation mechanism of water inrush 
induced by stratum collapse is systematically elucidated through theo
retical derivations and field investigations. Key influencing factors and 
operational mechanisms are identified. Based on numerical simulation 
methods, the constructed water inrush model is applied to specific 
tunnel engineering scenarios. Through analysing the structural response 
patterns under different geological conditions and external loads, the 
dynamic coupling process between strata instability and water inrush is 
explored [36]. Typical tunnel water inrush accidents are analyzed to 
summarize their causes and developmental patterns. This provides 
theoretical guidance and technical support for the design and risk pre
vention of future projects. The paper is divided into three main sections: 
first, the mechanism of the stratum collapse-induced water inrush model 
is analysed; second, the mechanism is incorporated into numerical 

models to study the structural response patterns of tunnels; and third, 
based on actual tunnel accidents, the causes of accidents are systemat
ically analysed to provide references for engineering practice.

2. Typical tunnel water inrush modes and their mechanisms

Different water inrush modes may occur depending on the tunnel’s 
geological conditions, groundwater connectivity, and construction dis
turbances. The formation mechanisms and evolutionary processes of 
each water inrush mode typically exhibit significant differences [37].

2.1. Typical water inrush modes

Through comprehensive analysis of tunnel water inrush cases, the 
primary geological causes are identified. These include rock masses with 
joint fissures, fully weathered weak rocks, and fault fracture zones. 
Considering the shallow overburden and unlimited water supply in 
underwater tunnels, water inrush is classified into three modes. These 
are hydraulic fracturing, stratum collapse, and structural surface sliding. 
[4].

The first mode is hydraulic fracturing-induced water inrush, 
commonly occurring in rock masses with developed joint fissures. High 
hydrostatic pressure causes fissures to extend along existing paths. When 
the impermeable layer’s strength is insufficient, the fissures develop and 
connect the surface and tunnel excavation face, triggering a water inrush 
[38,39]. The second mode is stratum collapse-induced water inrush, 
which occurs when tunnels pass through fully weathered weak rock 
masses. The collapse of the strata, caused by shear slip zones, reduces 
the strength and thickness of the impermeable layer, which can no 
longer withstand the overlying water pressure [40]. This leads to 
cracking of the tunnel surrounding rock and connectivity with the 
overlying water body, often accompanied by overall instability of the 
surrounding rock. The third mode is structural surface slip-induced 
water inrush, commonly found in fault fracture zones. This occurs 
when structural interfaces are exposed, which may involve direct 
excavation into water-bearing surfaces. Differential deformation due to 
mechanical property variations causes displacement, misalignment, or 
opening [41].

2.2. Mechanism of stratum collapse-induced water inrush

When tunnels pass through weakly fractured rock masses, stress 
concentration may lead to localized instability or collapse of the sur
rounding rock. On one hand, this increases the influence range of the 
tunnel excavation, resulting in aggravated uneven settlement of the 
surrounding rock [42]. On the other hand, it damages the structural 
integrity of the surrounding rock. If not addressed promptly, the collapse 
range will continue to expand under concentrated stress. If the overlying 
soil and rock layer thickness is less than the critical thickness, the 
collapse range will extend to the bedrock, triggering overall stratum 
collapse and water inrush disasters [43]. Therefore, the critical thickness 
of the overlying rock layer is an important criterion for determining 
whether a stratum collapse-induced water inrush accident will occur in 
underwater tunnels. This section will use catastrophe theory to establish 
a prediction model for stratum collapse-induced water inrush in un
derwater tunnels.

2.2.1. Prediction model for stratum collapse-induced water inrush
As indicated by the dashed line in Fig. 1, the strata slip surface caused 

by tunnel excavation generally takes the form of a parabolic shape. 
Assuming the strata slip surface to be a straight line (the solid line in 
Fig. 1), The Shijingshan Tunnel passes through highly weathered 
granite, where the rock mass is fractured with poor strength homoge
neity. The shear failure surface tends to propagate along the direction of 
maximum shear stress, which is approximately linear, the angle with the 
horizontal plane is denoted as θ, the tunnel radius is denoted as r, h 
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represents the thickness of the overlying layer. The stress components at 
any point on the slip surface can be expressed as: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

σn =
σx + σy

2
+

σx − σy

2
cos2θʹ − τxysin2θʹ

τn =
σx − σy

2
sin2θʹ + τxycos2θʹ

θʹ = 90◦ − θ

# (1) 

In the equation, σx, σy, and τxy represent the stress components in the 
surrounding rock induced by tunnel excavation.

By integrating Eq. (1) along the solid line, the shear force Tn on the 
slip surface is obtained. The shear strength at any point on the slip 
surface is calculated according to the Mohr-Coulomb criterion, yielding 
the critical shear force Tf on the slip surface: 

Tn =

∫

L
τndL# (2) 

Tf =

∫

L
(μσn + c)dL# (3) 

Where L is the integration path along the solid line, μ is the friction 
coefficient, and c is the cohesion. Using the above physical quantities, 
the safety factor function of the slip surface can be defined as: 

F = Tf − Tn# (4) 

At this point, the potential strata slip surface angle θ0 can be deter
mined by setting the derivative of the safety factor function F with 
respect to the slip angle θ equal to zero.

The following section focuses on the overlying strata of the tunnel as 
the research subject, and derives the critical thickness of the tunnel’s 
overlying strata in underwater tunnels based on catastrophe theory. The 
forces acting on the strata are calculated using the original rock stress. At 
this point, the gravitational force G, frictional force f, and seepage force 
F acting on the overlying strata can be expressed as: 

G =

(
h2l

tanθ0
+ 2rhl − πr2l

)

γ# (5) 

f = 2
∫ h

0
l[K0γzcosθ + (μK0γz + c)sinθ ]

dz
sinθ0

# (6) 

F =

(
h

tanθ0
+ 2r

)

hlJγw# (7) 

In the equation, h represents the thickness of the overlying layer, r is 
the tunnel radius, l is the length of the unsupported section of the tunnel, 
γ is the unit weight of the rock mass, γw is the unit weight of water, K0 is 
the lateral pressure coefficient, and J is the hydraulic gradient, z 

represents the elevation of the hydraulic head. Based on the ultimate 
equilibrium conditions of the strata, the following equation can be 
derived: 

f = G + F# (8) 

Substituting Eqs. (5) to (7) into the above expression, we obtain: 

a2h2 + a1h + a0 = 0# (9) 

Where: 

a0 = − πr2lγ# (10) 

a1 = 2rl(Jγw + γ) − 2cl# (11) 

a2 =
(γ + Jγw − 2K0γ)

tanθ0
l − 2μK0γl# (12) 

Substituting x = h+a1/2a2 into Eq. (9) and simplifying, the surface 
equation for the folding-type catastrophe can be obtained as: 

3x2 + α = 0# (13) 

Where: 

α = 3
(

a0

a2
−

a2
1

4a2
2

)

# (14) 

At this point, the potential function corresponding to Eq. (13) is: 

V(x) = x3 + βx# (15) 

According to catastrophe theory, the critical point of stratum 
collapse in underwater tunnels occurs at α= 0 and x = 0, where: 

x = h +
a1

2a2
= 0 (16) 

Substituting Eqs. (11) and (12) into the above expression, the critical 
thickness of the overlying strata is obtained as: 

hcr = −
a1

2a2
=

[r(Jγw + γ) − c ]tanθ0

2K0γ(1 + μtanθ) − γ − Jγw
(17) 

2.2.2. The evolution mechanism of stratum collapse-type water inrush
Research has shown that after yielding of the geotechnical materials, 

they typically exhibit strain-softening characteristics. The associated 
mechanical parameters undergo significant changes as plastic strain 
increases, primarily reflected in the elastic modulus E, cohesion c, and 
internal friction angle ϕ. These parameters are defined as functions of 
the equivalent plastic strain, where the equivalent plastic strain can be 
expressed as: 

deps =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(de1
ps − dem

ps)
2
+ (dem

ps)
2
+ (de3

ps − dem
ps)

2

2

√

(18) 

According to the Kozeny-Carman equation, the relationship between 
the permeability of a saturated porous medium and volumetric strain 
can be expressed as: 

k = k0
1

1 + εv

(

1 +
εv

n0

)3
(19) 

In the equation, εv represents the volumetric strain; k0 denotes the 
initial permeability; and n0 is the initial porosity.

Based on the above formula, a stress-permeability coupling analysis 
is conducted using FEM, with the Mohr-Coulomb criterion applied. The 
study focuses on a tunnel with a radius of 7.5 m, and an overlying water 
layer with a depth of 30 m. The initial parameters of the surrounding 
rock include an elastic modulus E0= 1.4 GPa, Poisson’s ratio μ= 0.3, 
internal friction angle ϕ0= 30, cohesion c0= 0.3 MPa, dilatancy angle 
ψ= 18∘, porosity of 0.2, and permeability of 1.0 × 10− 6 cm/s. The 

Fig. 1. Calculation model of formation collapse water inrush.
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normal displacements at the left, right, and bottom boundaries of the 
model are fixed, with a surface water head of 30 m and a tunnel 
boundary water head of 0. The mechanical parameter degradation of the 
surrounding rock during the failure process is considered, and the sur
rounding rock enters the residual stage when the equivalent plastic 
shear strain reaches 1.0 × 10− 4.

The calculation results show that the evolution process of the stratum 
collapse-type water inrush in an underwater tunnel is illustrated in 
Fig. 2, and can be divided into four stages: In the first stage, shear failure 
occurs in the surrounding rock under concentrated stress. In the second 
stage, the shear strain range expands, with shear failure occurring on 
both sides, and hydraulic fracturing is triggered under water pressure. In 
the third stage, when the overlying soil layer thickness is less than the 
critical roof thickness, the shear strain at the crown increases and de
velops upwards, connecting with the hydraulic fracture at the ground 
surface. In the fourth stage, a water inrush channel is formed, and the 
shear slip zones on both sides of the tunnel connect with the ground 
surface, resulting in stratum collapse and triggering a water inrush 
disaster.

As shown in Fig. 3, the evolution of the tunnel crown and ground 
surface settlement over time exhibits a clear consistency: From 
0–8 seconds, both the ground surface and tunnel crown settlements in
crease slowly with time; from 8 to 10 seconds, prior to the formation of 
the shear bands, the deformation rate begins to increase; after 
10 seconds, during the formation of the shear bands, the deformation 
rate rapidly increases, ultimately leading to the collapse of the sur
rounding rock.

3. Numerical simulation analysis of surge water accidents

In order to determine the cause of the stratum collapse, this section 
will focus on the stability of the strata, surrounding rock reinforcement 
measures, and construction methods. The FEM model is employed to 
perform numerical simulations on the collapsed segment of the tunnel. 
Models will be established with optimized strata parameters, grouting 
rings, and improved construction methods. We analyse the plastic zone 
distribution, initial support stress, and crown settlement in the right-line 
tunnel by comparing the original and modified models，the feasibility 
of the prediction model is evaluated. The fundamental causes and 
mechanisms of surrounding rock instability in the Shijingshan Tunnel 
will be explored.

3.1. Project overview

The tunnel of Section 1 of the southern segment of the Xingye 
Expressway passes beneath the Shijingshan of the Jida Reservoir. The 
strata, from top to bottom, primarily consist of: artificial fill, alluvial 
deposits, colluvial layers, residual soils, completely weathered granite, 
strongly weathered granite, moderately weathered granite, and frac
tured granite, as shown in Fig. 4.

During the tunnel excavation process, the strength of the strata 
decreased, with the thickness of the strongly weathered and completely 
weathered limestone layers increasing. A weathered deep trough, 
reaching a maximum depth of 72.45 m, also developed. Within this 
weathered trough, the surrounding rock was weak, with a large-scale 
fragmented rock mass, a high degree of fissure development, and poor 
surrounding rock stability. According to the previous research, collapse- 
type water inrush is characterized by two factors. First, the tunnel tra
verses weak, fractured rock masses. Second, the overlying rock layer is 
thinner than the critical thickness. The water inrush zone of the right- 
line tunnel collapses from the weathered trough toward the excava
tion rear. The collapse zone intersects with the weathered trough and 
primarily traverses strongly weathered granite, with numerous frac
tures. The overlying artificial fill contains groundwater, which is stored 
in the pore spaces of loose soil and fractures in the weathered granite, 
forming multiple permeable channels. Due to the disturbance caused by 
excavation, the surrounding rock fissures develop and interconnect, 
forming drainage channels. This results in a hydraulic connection be
tween surface water and the bedrock fracture water, and the thickness of 
the overlying rock and soil layers in the collapse zone is small, resulting 
in high water pressure. Therefore, it is concluded that the water inrush 
incident in the Shijingshan Tunnel is a collapse-type water inrush.

3.2. Basic conditions of numerical simulation

The distribution of each stratum is shown in Fig. 5. Advanced 
geological drilling in the interval strata measured a 24-hour stable 
groundwater table depth with an average value of 2.84 m and an 
average elevation of 30.41 m. According to regional empirical data, the 
annual variation range of the groundwater level in the survey area is 
2.5 m. The parameters for each rock layer were determined based on 
supplementary investigation data, as shown in Table 1.

To account for the weakening effect of seepage on the mechanical 

Fig. 2. Evolution process of formation collapse water inrush via FEM.
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properties of the surrounding rock, this study employs an effective 
stress-damage coupling model to dynamically reduce rock parameters 
[44]. The specific steps are as follows:

Based on Terzaghi’s effective stress principle, pore water pressure uw 
reduces the effective stress of the surrounding rock, expressed as: 

σʹ = σ − uw⋅I (20) 

This leads to the degradation of shear strength parameters (cohesion 
c and internal friction angle ϕ) in the Mohr-Coulomb criterion.

A damage factor D∈ [0,1] is defined to characterize fracture propa
gation induced by seepage. It is related to equivalent plastic strain deps 

and porosity change Δn: 

D = 1 − exp(− α⋅deps − β⋅Δn) (21) 

where calibration parameters α= 2.5 and β= 0.8 are determined 
through triaxial seepage tests.

Dynamic Reduction of Parameters: 

ć = c0⋅(1 − D) (22) 

tan∅́ = tan∅0⋅(1-0.6D) (23) 

Eʹ = E0⋅(1-0.3D) (24) 

As shown in Fig. 6, the scale of the calculation model is 120 m 
× 100 m, with a depth of 50 m from the tunnel bottom to the model 
bottom and 17–27 m from the crown to the ground surface, totalling 
197,000 elements. The construction adopts the bench excavation 
method, with each bench measuring 4 m in length and progressing 1 m 
per calculation step. The initial support is delayed by one step behind the 
face and is applied layer by layer, while the secondary lining is delayed 
by 8 steps behind the face and completed in a single step. Based on the 

Fig. 3. Evolution characteristics of ground deformation during formation collapse water inrush.

Fig. 4. Longitudinal section diagram of the right tunnel line.

Fig. 5. Geological cross-section diagram.

Table 1 
Model parameters.

Structural Name Model Elastic Modulus 
/GPa

Poisson’s Ratio Cohesion /kPa Friction Angle /(◦) Dilatancy Angle 
/(◦)

Permeability Coefficient 
/(cm⋅s− 1)

Fractured Granite Mohr-Coulomb 0.3 0.36 50 20 10 1.0 × 10− 4

Completely Weathered Granite Mohr-Coulomb 0.5 0.35 100 22.4 5 1.0 × 10− 3

Strongly Weathered Granite Mohr-Coulomb 1 0.3 150 29 8 1.0 × 10− 4

Moderately Weathered Granite Mohr-Coulomb 5 0.26 1000 38 15 1.0 × 10− 5

Soil Layer Mohr-Coulomb 0.08 0.4 20 12 5 1.0 × 10− 8

Lining Elasticity 30 0.2 — — — —
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theoretical analysis in the previous section, the mechanism of collapse- 
type water inrush in the strata is mainly caused by the sliding of the 
shear zone, resulting in stratum collapse. An elastic-plastic model 
(Mohr-Coulomb) is adopted for the constitutive relationship of the sur
rounding rock [45]. The interaction between the seepage field and stress 
field is also considered, with parameters shown in Table 1. The over
burden thickness h in the numerical simulation corresponds to the 
critical thickness hcr in the theoretical model. The hydraulic gradient J 
and permeability coefficient k in the theoretical model are dynamically 
coupled through the initial water head and tunnel boundary water head 
set in the simulation. The equivalent plastic strain deps in the theoretical 
model is intuitively validated by analyzing the plastic zone expansion 
path in the simulation. To explore the cause of stratum collapse, the 

impacts of strata stability, surrounding rock reinforcement measures, 
and construction methods on strata failure are examined. Regarding 
strata stability, the strata parameters are optimized to Grade III sur
rounding rock parameters, the properties of the weathered trough sur
rounding rock are modified to moderately weathered granite. Regarding 
surrounding rock reinforcement measures, a 3 m thick advance grouting 
reinforcement layer is added outside the initial support, with the 
grouting ring preceding the face by 4 m. Regarding the construction 
method, the bench excavation method is replaced with the sectional 
excavation method.

3.3. Numerical simulation results and analysis

3.3.1. Plastic zone of the surrounding rock
As shown in Figs. 7 and 8, the distribution of the plastic zone around 

the tunnel mainly involves two aspects: first, the boundary between the 
water-bearing soil layer under water pressure and the surrounding rock 
of different properties [46]; and second, certain regions of the sur
rounding rock near the tunnel face. The plastic zone is primarily char
acterized by tensile failure, with only a few localized shear failures 
occurring at the crown and near the tunnel face. Shear and tensile fail
ures simultaneously occur at the contact surfaces between the surface, 
strongly weathered granite, and moderately weathered granite, as well 
as at the tunnel face. Among them, the plastic zones at the boundary 
between the surface and different surrounding rocks have little impact 
on surrounding rock instability [47]. According to Eq. (17), the 
numerically simulated ultimate roof thickness is calculated to be 21.5 m. 

Fig. 6. Bench excavation method diagram.

Fig. 7. Plastic zone in the right tunnel line.
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In the numerical model, the overburden thickness ranges from 
h= 17 − 27 m. When h< hcr , the numerical simulation results indicate 
that a water inrush channel forms. Conversely, when h>hcr, the plastic 
zone does not extend to the surface. This consistency confirms the 
reasonableness of the parameter mapping and validates the reliability of 
the model through cross-verification. In the original condition (Figs. 7
(a) and 8(a)), many plastic zones in front of the tunnel face are con
nected to the surface, forming sliding surfaces of collapse, leading to 
high susceptibility to surrounding rock instability. After improving the 
surrounding rock stability (Figs. 7(b) and 8(b)), the plastic zone in the 
Grade III surrounding rock condition is significantly reduced. Confined 
to the surface and the boundary between different surrounding rocks, 
indicating that enhancing stability can prevent surrounding rock failure. 
With the application of advance grouting reinforcement (Figs. 7(c) and 8
(c)), the range of the plastic zone is significantly reduced and remains 
unconnected, thus preventing surrounding rock failure. However, since 
the advance grouting only acts within a certain range in front of the 
tunnel face, there still exists a large plastic zone in areas not reinforced 
by grouting. After switching to sectional excavation (Figs. 7(d) and 8
(d)), the plastic zone is significantly reduced, and the plastic connected 
zones around the tunnel are located behind the tunnel face. At this point, 
the initial support has been applied, increasing the support strength, and 
the surrounding rock will not collapse. In addition to improving sur
rounding rock stability, advance grouting reinforcement can reduce the 
connection between surface water and the tunnel plastic zone caused by 
fractures. This enhances surrounding rock stability within a certain 
range. Compared to the sectional excavation method, enhancing the 
support strength is more effective in controlling surrounding rock 
instability.

3.3.2. Initial support stress
According to experience, the tensile strength of concrete is typically 

5–10 % of its compressive strength. Considering the effect of hardening 
time, the tensile strength is set to 1 MPa. The blue area in the figure 
represents tensile stress less than 1 MPa, where no failure has occurred; 
the coloured areas represent tensile stress greater than 1 MPa, where 
failure has occurred. A cross-section located 5 m from the tunnel face, 
where the initial support has just been completed, is selected for 
analysis.

As shown in Fig. 9(a), the maximum tensile stress reaches 6.94 MPa. 
Both the upper and lower edges of the left arch shoulder exceed the 
tensile strength and are connected, indicating failure of the initial sup
port. By organizing Figs. 9 and 10, the maximum tensile and compres
sive stresses for each condition are obtained and listed in Table 2. After 
improving the surrounding rock stability, the maximum tensile stress in 
the tunnel cross-section is reduced from 6.94 MPa to 0.65 MPa, which is 
less than 1 MPa, and no tensile failure occurs. The maximum compres
sive stress decreases from 11.78 MPa to 2.69 MPa. The maximum tensile 
stresses of the initial support for advance grouting reinforcement and 
sectional excavation are 1.14 MPa and 1.71 MPa, respectively. Although 
these exceed 1 MPa, they do not surpass 5 % of the ultimate compressive 
strength, and the failure zones are not connected (Fig. 9(c) and (d)), so 
no tensile failure occurs. Since the maximum compressive stress in all 
three modified conditions is much lower than the ultimate compressive 
strength of C30 concrete, the initial support does not fail. The control 
effect ranks as: Grade III surrounding rock > advanced grouting 
> sectional excavation. Due to the change in the strata properties and 
the variation in the reservoir water depth, the load on the tunnel has 
significantly increased, but the design strength of the initial tunnel 
support remains unchanged, leading to failure.

Fig. 8. Plastic zone in the tunnel cross-section.
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3.3.3. Vertical deformation of the surrounding rock
As shown in Fig. 11, the vertical deformation of the surrounding rock 

is primarily seen as crown settlement and floor heave. Crown settlement 
is more pronounced, indicating significant disturbance to the crown 
during tunnel excavation. Notably, under the original condition, the 
maximum settlement of the tunnel crown occurs near the tunnel face, 
rather than in the area where the initial support has been completed. 
This suggests poor surrounding rock conditions and the occurrence of 

advance failure, as the original support scheme failed to provide suffi
cient support to resist the deformation of the surrounding rock. Table 3
presents the maximum deformation for each working condition, along 
with the extent of reduction relative to the original condition. The 
maximum deformation at the tunnel crown is reduced from 5.52 cm to 
0.48 cm, achieving a 90 % reduction. After improving surrounding rock 
stability through advance grouting reinforcement or sectional excava
tion, the maximum crown deformation is significantly smaller than in 

Fig. 9. Major principal stress in the right tunnel line cross-section.

Fig. 10. Minor principal stress in the right tunnel line cross-section.
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the original condition. The reduction magnitude is ranked as: Grade III 
surrounding rock > sectional excavation > advance grouting rein
forcement. In addition to improving surrounding rock stability, replac
ing bench excavation with sectional excavation reduces construction 
disturbance during tunnel excavation [48]. Compared to advance 
grouting, sectional excavation provides better control over surrounding 
rock deformation by preventing advance failure.

4. Accident analysis

4.1. Risk assessment

The Shijingshan Tunnel is located in a complex geological area, with 

surrounding rocks in Grade III to V, and the tunnel crosses a weathered 
zone. The rock and soil mass within the zone consists of fractured 
granite, which has high permeability, thereby increasing the risk of 
water inrush. (Fig. 12, Fig. 13)

Based on the risk grade determined by the permeability coefficient 
(Table 4) and actual monitoring data, the permeability coefficient of the 
geological body in the tunnel section is 1.5 × 10⁻⁴ cm/s [15,49]. This 
indicates moderate permeability and a relatively high safety risk. This 
also suggests the potential for localized water inrush or collapse. The 
permeability coefficient of the Shijingshan Tunnel places it in a high-risk 
zone, particularly in the weathered zone where the rock mass has fis
sures. Water pressure is transmitted through the fissure network, 
increasing the risk of surrounding rock failure.

Numerical simulations show that as excavation progresses, the sur
rounding rock of the right-line tunnel gradually enters the plastic failure 

Table 2 
Maximum stress in the tunnel cross-section.

Working Condition Maximum Tensile 
Stress/MPa

Maximum Compressive 
Stress/MPa

Original tunnel model 6.94 11.78
Grade III surrounding 

rock
0.65 2.69

Advance grouting 
reinforcement

1.14 2.71

Sectional excavation 
method

1.71 2.63

Fig. 11. Longitudinal distribution of settlement in the right tunnel line.

Table 3 
Maximum deformation of the tunnel crown.

Working Condition Maximum Deformation 
/cm

Reduction Magnitude 
/(%)

Original tunnel model 5.52 —
Grade III surrounding rock 0.48 90
Advance grouting 

reinforcement
1.82 67

Sectional excavation method 1.51 73
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zone. This is particularly evident between the RK2 + 005 and 
RK2 + 035 sections, where surrounding rock strength decreases and the 
plastic zone expands. The development of the fracture network causes 
water pressure to directly act on the tunnel support structure, increasing 
its risk of failure. In such an environment with high water pressure and 
weak surrounding rock, the existing initial support cannot effectively 
resist the surrounding rock settlement and heave, leading to an 
increased risk of water inrush and collapse. To mitigate the risk, it is 
recommended to enhance advance grouting in high-risk areas and 
reinforce the initial support structure.

4.2. Causes of water inrush

When crossing the weathered zone, the stratum in which the tunnel 
is located consists of fully weathered granite and fractured granite, with 

developed fissures. Groundwater flows along these fissures, forming 
multiple permeable channels. Borehole survey results indicate that the 
groundwater level in the reservoir area is relatively high, and some 
fissures are connected to the weathered zone of the tunnel surrounding 
rock. Groundwater flows into the tunnel through these fissures, leading 
to the occurrence of the water inrush incident.

Numerical simulations confirm that when the right-line tunnel ap
proaches the weathered zone, as shown in Fig. 14, the rock strength 
significantly decreases, fissures expand, and the tensile stress on the 
tunnel crown and sidewalls exceeds the support design limits. The sur
rounding rock is unable to resist water pressure, ultimately leading to 
collapse and water inrush. Particularly in the RK2 + 010 section, the 
settlement of the tunnel crown and heave of the base slab are particu
larly pronounced. Combined with the weakened bearing capacity of the 
strata and the sharp increase in groundwater pressure, water inrush 
becomes an inevitable consequence. Based on numerical simulations 
and field conditions, the main cause of the water inrush in the tunnel is 
the complex geological conditions and the sudden increase in ground
water pressure. To prevent similar incidents in future construction, it is 
recommended to implement advance reinforcement in weathered zones 
and high water pressure areas. Additionally, optimizing the initial 

Fig. 12. The schematic diagram of seepage trace on tunnel face.

Fig. 13. Core samples of rock from borehole.

Table 4 
Water inrush risk classification of tunnels.

Risk 
Grade

Permeability coefficient 
/(m⋅s− 1)

Permeability 
description

Disaster scale 
description

I > 1 × 10− 4 High 
permeability

A large-scale water 
inrush or collapse may 
occur.

II 1 × 10− 7~1 × 10− 4 Moderate 
permeability

Localized water inrush 
or collapse may occur.

III 1 × 10− 8~1 × 10− 7 Low 
permeability

Fracture-induced water 
inrush may occur.

IV < 1 × 10− 8 Very low 
permeability

No significant risk of 
water inrush.

Fig. 14. Longitudinal distribution of settlement in the right tunnel line.

J. Chen et al.                                                                                                                                                                                                                                     Deep Resources Engineering 2 (2025) 100186 

10 



support design and applying advance grouting will reduce the risk of 
water inrush.

5. Conclusion

To investigate the cause of the water inrush accident in the Shi
jingshan Tunnel, a stratum collapse-induced water inrush analysis and 
prediction model based on catastrophe theory was proposed. Numerical 
models under different working conditions are established using the 
FEM. The feasibility of the prediction model is evaluated by comparing 
the development of plastic zones in the surrounding rock, deformation 
patterns, and support stress responses. Numerical results indicate that, 
after tunnel excavation, the surrounding rock undergoes shear failure 
under concentrated stress, while hydraulic fracturing occurs at the 
surface due to water pressure. When the thickness of the overlying strata 
is less than the critical roof thickness, upward-developing shear strains 
at the arch waist connect with surface fractures, forming a water inrush 
pathway. Meanwhile, shear slip zones on both sides of the tunnel link to 
the ground surface, leading to stratum collapse and triggering the water 
inrush hazard.

Based on the identified water inrush mechanism and site conditions, 
the Shijingshan Tunnel accident is determined to be a stratum collapse- 
induced water inrush. A fluid–solid coupling numerical model is estab
lished to analyse the cause of the incident. Four working conditions are 
designed from the perspectives of stratum stability, surrounding rock 
reinforcement, and construction methods: the original tunnel model, 
Grade III surrounding rock, advanced grouting reinforcement, and 
staged excavation. Numerical results indicate that the original condition 
presents a high risk, while the other three scenarios significantly reduce 
the extent of the plastic zone and vertical deformation, with intact 
support structures and no risk of collapse. Combined with the geological 
and construction conditions of the inrush section, the accident is 
attributed to low surrounding rock strength and surface water infiltra
tion through connected fractures. Among the control measures, Grade III 
surrounding rock exhibited the best performance, followed by advanced 
grouting and staged excavation. This study provides a theoretical basis 
for assessing and mitigating water inrush risks during tunnel construc
tion beneath water bodies.
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