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Abstract

Leakage disasters in shield tunnels frequently occur, leading to severe consequences such as tunnel collapse, road collapse, and build-
ing destruction. Since it is difficult to record the accident evolution process onsite, it is necessary to reproduce it through credible numer-
ical simulations. However, traditional numerical methods face technical bottlenecks when simulating water—sand inrush in shield tunnels
due to challenges such as large deformation analysis and fluid-structure coupling, making it difficult to simulate the process of disaster
progression. To address this issue, a Coupled Eulerian-Lagrangian (CEL) method incorporating seepage analysis, referred to as the S-
CEL method, was proposed to simulate the interaction between water, soil, and a shield tunnel during a disaster. A refined three-
dimensional numerical model was developed using the S-CEL method to simulate the water-sand inrush process. The generation
sequence of new leakage points at the segment joints and the mechanisms driving the progression of the disaster were revealed. New
leakage points were progressively generated along the longitudinal direction of the tunnel. As the number of leakage rings increased,
the amount of soil loss increased rapidly. This led to severe uneven settlement and dislocation deformation of the tunnel. A channel steel
was introduced to reinforce the tunnel in the numerical simulation to mitigate or decelerate the progression of the leakage disaster. The
connection method between the channel steel and tunnel segments was found to be pivotal to the strengthening effect. Employing only
bolt anchoring showed limited efficacy, while enhancing the segment-steel interface with epoxy resin achieved much better performance
in mitigating disaster progression.

Keywords: Leakage disaster; Water-sand inrush; Seepage Coupled Eulerian-Lagrangian (S-CEL); Shield tunnel; Channel steel; Reinforcement; Epoxy
resin

1 Introduction

With the accelerated pace of urbanization and increas-
ing exploitation of underground space resources, shield
tunnels have seen a steady upward trend in deployment
within urban rail transit and underground engineering pro-
jects. However, the dynamic interplay between complex
geological formations and variable hydrological conditions
presents persistent challenges regarding leakage risks
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throughout both the construction and operational phases
(Zheng et al., 2024a, 2024b). Notable case studies demon-
strate this issue. In 2003, Shanghai Metro Line 4 experi-
enced a catastrophic water—sand inrush, leading to
structural compromise of the tunnel, adjacent ground sub-
sidence, subsequent tilting of overlying buildings, collapse
of flood control walls, and piping failures (Bai et al.,
2019; Tan et al., 2021). In 2016, a leakage in Tianjin Metro
Line 1 severely damaged the tunnel segments, necessitating
extensive repairs (Huang et al., 2020). In 2018, Foshan
Metro Line 2 witnessed a water-sand inrush that triggered
tunnel and roadway collapse, resulting in fatalities and
injuries (Yu et al., 2020; Investigation Committee, 2018).

2467-9674/© 2026 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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In 2024, the leakage incident on Xi’an Metro Line 8 caused
a large-scale ground collapse, destroying municipal utility
pipelines. These incidents underscore the gravity of
leakage-related catastrophes and highlight the pressing
need for preventive strategies. Consequently, unravelling
the evolutionary mechanisms of leakage disasters and
establishing an effective prevention framework are impera-
tive to ensure the safety and sustainability of underground
infrastructure.

Numerous scholars have conducted extensive studies on
leakage disasters in shield tunnels. The majority of existing
experimental studies have employed reduced-scale models
(Guan et al., 2022; Zheng et al., 2017, 2024d). However,
their outcomes are largely limited to qualitative insights,
and the quantitative responses of both soil and tunnel
structures in practical engineering remain poorly under-
stood. Given the significant challenges of fully replicating
disaster progression through full-scale tests in practice,
the development of robust numerical models for studying
leakage disasters in shield tunnels has become
indispensable.

In numerical studies, Meguid and Dang (2009) utilized
the finite element method (FEM) to develop a circular
cavity model and systematically analyzed the mechanism
of soil erosion around tunnels. Liu et al. (2013) and Xu
and Lu (2016) investigated the impact of local segment
leakage on pore pressure, surface settlement, and tunnel
deformation using numerical modelling. Zhang et al.
(2017) constructed a tunnel-soil coupling model using
the discrete eclement method (DEM) to eclucidate the
mechanical response mechanisms of seepage erosion in
shield tunnels. Notably, existing numerical studies pre-
dominantly focus on structural deformation or soil loss
induced by initial leakage. However, the complex process
in which seepage erosion of soil triggers tunnel deforma-
tion and damage, which in turn exacerbates leakage,
remains a challenge to simulate. This is primarily due
to technical problems in large deformation simulations
involving seepage analysis, which is a critical gap that
necessitates urgent research.

The Coupled Eulerian—Lagrangian (CEL) method,
which combines the advantages of Lagrangian and Eule-
rian meshes, excels in analyzing problems involving large
deformations and structural failures (Cui et al., 2022;
Kim, 2021). Consequently, it has been extensively used to
simulate tunnel collapse and damage (Zheng et al.,
2023b, 2024c). However, a critical limitation of the CEL
is its inability to incorporate seepage effects; thus, it fails
to account for water-soil-structure interactions and pre-
cludes the simulation of leakage disasters in shield tunnels.
To bridge this gap, a novel numerical framework, termed
the S-CEL method, was developed by integrating seepage
analysis into the CEL framework. The enhanced approach
successfully reproduced the evolution process of water—
sand inrush in shield tunnels and addressed the mecha-
nisms driving disaster progression in shield tunnels. Based
on these insights, targeted reinforcement strategies were

proposed to mitigate disasters, and their effects were quan-
titatively evaluated.

2 S-CEL method
2.1 Principle and framework

This study presents the CEL method incorporating seep-
age analysis, namely the S-CEL method, to simulate the
development process of the water—sand inrush disasters in
shield tunnels. In general, the simulation of this method
involves the coupling of two types of analyses: CEL and
seepage analysis (implemented in ABAQUS 2020). Data
exchange (each explicit analysis step was performed 10
times) between the two analyses was performed using
Python scripts (Python 2.7). As shown in Fig. 1, the execu-
tion steps of the S-CEL method are as follows.

Step 1: Initializing the model. In the model of seepage
analysis (standard solver), the porosity, permeability coef-
ficient, and pore pressure of the soil were initialized. In
the CEL model (explicit solver), the soil and tunnel were
modelled using Eulerian and Lagrangian meshes, respec-
tively. The interaction between the soil and tunnel was sim-
ulated by general contact.

Step 2: Solving the seepage field. In the seepage analysis
model, the initial leakage was activated, and the standard
solver computed the seepage velocity field. Two core data-
sets were extracted: the pore pressure field (X, Py) on the
adjacent soil surface (X denoted three-dimensional coordi-
nates, and P, denoted the corresponding pore pressure)
and the soil seepage force distribution (I, F) (I denoted
the node number in the CEL model, and F, denoted the
seepage force vector at that node).

Step 3: Solving tunnel deformation. Using a Python
script, data import keywords were automatically inserted
into the input file of the CEL analysis to accurately map
the seepage field data from Step 2 to the corresponding
nodes of the CEL model. Subsequently, the tunnel defor-
mation and soil stress owing to the initial leakage were
computed.

Step 4: Updating parameters. New leakage points were
identified based on the tunnel deformation (both disloca-
tions and openings at the joints after deformation were
checked to determine the location of the new leakage
points). By monitoring the Eulerian volume fraction
(EVF), parameters such as the porosity and permeability
coefficient of the soil were updated. Subsequently, the
new parameters were fed back into the model of seepage
analysis.

Step 5: Steps 2-4 were executed cyclically until the total
elapsed time reached the preset simulation time, triggering
the termination criterion and ending the simulation.

2.2 Validation

To validate the reliability of the S-CEL method in sim-
ulating water—sand inrush in shield tunnels, a model test of
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Fig. 1. Schematic of S-CEL method.

tunnel leakage performed by Zhang et al. (2022) was
selected as the benchmark test. The test prescribed a cover
depth (Hy4) and a water level (4,,) of 300 mm, as shown in
Fig. 2(a). The initial leakage was triggered at joint J1 (tun-
nel crown). Four coloured sand layers (L-1 to L-4) were
preset in the model to visually present the subsurface settle-
ments during tunnel leakage. Figure 2(b) shows the numer-
ical reproduction model constructed using the S-CEL
method.

Figure 2(c) shows a comparison between the experimen-
tal settlements and numerical predictions under the same
volume loss of soil (¥, = 342 cm®). The results are in good
agreement with the overall settlement and deformation pat-
terns. The vertical displacement profiles demonstrate that
the maximum settlement discrepancies across all layers
are within 5%. This confirms that the S-CEL method can
accurately capture the dynamic evolution of soil deforma-
tion patterns during a tunnel leakage, thereby establishing
its applicability for simulating complex hydromechanical
coupling processes in full-scale disasters. For more detailed
validation of the S-CEL method, reference can be made to
the research conducted by Zheng et al. (2025).

3 Numerical model
3.1 Model information

A three-dimensional numerical model was developed
using the S-CEL method to simulate water—sand inrush
in a full-scale shield tunnel. To improve computational effi-
ciency, a half-symmetric model was built, with the ofy
plane defined as the symmetry plane (Fig. 3). The tunnel
lining consisted of 25.5 rings, including 15.5 detailed rings
(Rings #0 to #15, whose structural features were elabo-
rately modelled) and 10 simplified rings (homogeneous cir-
cular rings). Each detailed ring comprised six segments: one
key segment (K) with a central angle of 22.5°, and five stan-
dard segments (B1-B5), each with a central angle of 67.5°.
The circumferential joint between Rings #i and #(i + 1)
was labeled CJ-i and further subdivided into CJ-i-1 to
CJ-i-16, corresponding to 16 bolt positions. The six longi-
tudinal joints between the adjacent segments in Ring #i
were sequentially named LJ-i-1 to LJ-i-6. Straight bolts
and a staggered-joint assembly scheme were used. The rein-
forcement configuration followed the design of typical
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Tianjin Metro tunnels: 10 external steel bars (16 mm diam-
eter), 10 internal steel bars (20 mm diameter), and 10 mm
diameter stirrups.

The tunnel lining had an outer diameter of 6.2 m, an
inner diameter of 5.5 m, and a width of 1.5 m. The soil
model measured 62.00 m (length, along the x-axis) x 38.2
5 m (width, along the y-axis) x 40.30 m (height, along
the z-axis). A 1 m thick void layer was set at the top of
the sand layer to prevent material spillage during the sim-
ulation. The tunnel was buried to a depth of 18.6 m, fully

embedded within a 15.5 m thick sand stratum. The lateral
boundaries, located 27.9 m from the tunnel walls (x-axis
direction), ensured an adequate distance for the boundary
condition implementation.

Normal displacements were constrained at the bottom
and lateral boundaries of the model. For the soil-
structure interaction, the normal contact between the tun-
nel and soil was specified as hard contact, with tangential
behavior governed by the penalty function method (friction
coefficient = 0.4) (Zheng et al., 2024c). Similarly, the
segment-to-segment normal contact employed hard con-
tact, and the tangential interaction followed the penalty
method with a friction coefficient of 0.62 (Ye & Liu,
2021). To simulate bolts freely passing through the bolt
holes, no contact or constraints were defined between the
bolts and segments (Zhao et al., 2023). The initial leakage
point was set at B3 in Ring 0. New leakage points were
identified at the tunnel joints when the relative joint dis-
placement (e.g., joint dislocation and opening) exceeded
12 mm (Zheng et al., 2018). To balance accuracy and effi-
ciency, the leakage points identified in every one-tenth
explicit analysis step were grouped into a single set for iter-
ative calculations.

The model consisted of 1 880 732 nodes and 1 824 176
elements. The elements included 234 880 Eulerian hexahe-
dral solid elements (EC3D8R) for the soil, 1 206 240 hexa-
hedral solid elements (C3D8R) for the tunnel segments,
4102 beam elements (B31) for the bolts, and 248 340 truss
elements (T3D2) for the steel bar.
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3.2 Material parameters

The Mohr—Coulomb constitutive model was employed
for the soil. The material parameters were determined
according to Zheng et al. (2023a), as listed in Table 1.
For the tunnel segment, the concrete damaged plasticity
(CDP) model was adopted in accordance with the Code
for Design of Concrete Structures (GB/T 50010—2010)
(MOHURD, 2011), with its mechanical parameters
(Zheng et al., 2023c; Wu et al., 2022) presented in Table 2.
Both the steel bars and bolts utilized the bilinear material
model, with their primary mechanical parameters
(MOHURD, 2011) listed in Table 3.

To validate the reliability of the segment parameters,
this study simulated the full-scale segmental lining loading
test conducted by Liu et al. (2016), as shown in Fig. 4(a).
The model test used 24 concentrated loads (P;, P,, Ps,
etc.) to simulate the actual loads acting on the shield
tunnel.

The loading path was divided into two stages, described
as follows.

(1) First stage: Loads P;, P>, and P5 increased linearly
from zero. At the end of this stage, P; reached 300
kN, P, was 0.7 times P;, and P3 was 0.5 times the
sum of Py and P, (i.e., P3 = 0.5(P; + P»)).

(2) Second stage: Load P; remained constant, P,
decreased continuously until the structure reached
its ultimate bearing capacity, and P; always main-
tained a value of 0.5(P; + P»).

A comparison of the load-convergence deformation
curves (Fig. 4(b)) showed that the deviations between the
numerical results and test data were controlled within
10%, indicating that the model was able to simulate the
mechanical behavior of full-scale tunnel structures.

4 Evolution mechanism of leakage disasters

Based on the S-CEL method proposed in Section 2 and
the numerical model established in Section 3, this section
discusses the simulation results of leakage disasters in
shield tunnels.

Figure 5 illustrates the development process of the leak-
age disaster in the shield tunnel, which comprises initial
and intensification stages. During the initial stage, the
emergence of the initial leakage point led to a water—sand
inrush. This disturbed the stratum around the tunnel,
thereby leading to geostress redistribution and tunnel

Table 2

Parameters of segment concrete.

p (kg/m®)  E(GPa) v $(°) e Soolfeo  Ke Q
2400 35.50 02 38 0.1 1.16 0.6667  0.0005

Note: ¢-Dilation angle, e-Flow potential eccentricity, fio/feo-Biaxial/
uniaxial compression plastic strain ratio, K.-Invariant stress ratio, and
u-Viscosity.

deformations (e.g., dislocations and openings). Once the
relative joint displacement reached the limit of triggering
leakage (12 mm in this study) (Zheng et al., 2018), more
leakage points formed, indicating that the disaster had
transitioned to the intensification stage. During this stage,
a large amount of water—sand gushed into the tunnel
through the new leakage points, which resulted in a signif-
icant expansion of the disturbed stratum zone, further
aggravating tunnel deformation and damage. This process
repeatedly and progressively caused an increasing number
of tunnel linings to suffer deformation, damage, and leak-
age, thereby driving the continuous progression of the
disaster.

Figure 6 shows the evolution sequence and spatial distri-
bution of the new leakage points. Obviously, new leakage
points emerged progressively along the longitudinal direc-
tion of the tunnel in a ring-by-ring manner. The 2nd group
of leakage points (@) first appeared at the circumferential
joint #0 (CJ-0-8 and CJ-0-9), just adjacent to the initial
leakage point. Subsequently, the development of the disas-
ter accelerated markedly; starting from the 3rd group (Q),
the number of leakage points increased rapidly.

New leakage points predominantly arose at the circum-
ferential joints, which accounted for approximately 93% of
all leakage points, whereas the longitudinal joints con-
tributed only 7% (marked with a red square), which was
a negligible proportion. This distinct pattern highlighted
the dominant role of longitudinal deformations (uneven
settlements and dislocations) over transverse deformations
(diameter convergence) in the tunnel.

5 Countermeasures against leakage disasters

The findings presented in Section 4 revealed that
approximately 93% of the leakage points arose at the cir-
cumferential joints, indicating insufficient stiffness (Liu &
Sun, 2020; Lin et al., 2020). This structural deficiency pre-
disposes the joints to relative displacement (e.g., disloca-
tions and openings), which progressively results in new

Table 1

Parameters of soil.

p (kg/m®) E (kPa) v ¢ (°) ¢ (kPa) k (m/s) e
1660 62 400 0.3 31.725 13.8375 5.787x107° 0.603

Note: p-Density, E-Young’s modulus, v-Poisson’s ratio, ¢-Friction angle, c-Cohesion, k-Permeability coefficient, and e-Void ratio.
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Table 3
Parameters of rebar and bolt.
Materials p (kg/m?) E (GPa) v Yield strength (MPa) Ultimate strength (MPa)
HPB335 7800 206 0.3 335 455
HRB400 7800 206 0.3 400 540
Bolt 7800 210 0.3 400 500
— l*il‘r)st B In Case 2, the channel steel was connected to the segments
400-sta‘ge’L Second stage \ l' |, Py via anchoring. Each channel steel had only one anchor
g 300_‘“ """""""" x \\\ /// point on each segment ring. In Case 3, in addition to
g | A S i - L anchoring, a layer of epoxy resin was applied at the inter-
g 200[ /,,'- _______________ — _ | Mg face between the channel steels and segments for bonding,
va L P; S N .‘\'\\ further enhancing the connection between them.
. r ) ) ) == P I To accurately simulate the interface slip, failure, and
0 10 20 30 40 50 60 separation between the channel steels and concrete in Case
Load step 3, a bilinear cohesive zone model (CZM) was employed to
simulate the bonding effect of the epoxy resin. The model
250¢ (b) accounted for the mechanical behavior of the epoxy resin
G 1qterface under co.rnblned tension angi shear. As shown in
I S Lepa Fig. 8, as the interface deformation progressed, the
g 150F! mechanical behavior evolved in three distinct stages.
= 100k Stage 1 was the elastic stage. The cohesive stress
o ! —Experimental results increased linearly with the relative displacement until the
S0F ==himuecical resnlts initial damage threshold was reached.
0O — e . Stage ii was the softening stage. After reaching its peak

Convergence (mm)

Fig. 4. Validation of segment parameters. (a) Loading scheme (Liu et al.,
2016), and (b) comparison of tunnel responses.

leakage. Enhancing the inter-ring connections can poten-
tially mitigate or decelerate the progression of leakage dis-
asters. To test the feasibility of this concept, a longitudinal
channel steel was used to strengthen the tunnel. A system-
atic analysis was conducted to evaluate the inhibitory
effects of various bracing configurations on the propaga-
tion of leakage, with particular attention on their capacity
to constrain joint deformation during disasters.

5.1 Configurations of longitudinal channel steel

As shown in Fig. 7, the channel steel selected was type
20b, as specified in Hot rolled section steel (GB/T 706—
2016) (Masteel Group Holding, 2016), with a strength
grade of Q355B (parameters listed in Table 4 (Angang
Steel Company Limited, 2018)). Its height was
h = 200 mm, leg width was b = 75 mm, web thickness
was t, = 9 mm, and flange thickness was = 11 mm. In
the cross-section of the tunnel, a total of six channel steels
were arranged, numbered No. 1 to No. 6, respectively.
Each channel steel had a length of 23.25 m, which was con-
sistent with the length of the detailed rings.

In this study, three cases were analyzed. Case 1 served as
the control group in which no reinforcement was adopted.

value, the cohesive stress gradually decreased to zero as the
displacement increased.

Stage iii was the debonding stage. The relative displace-
ment continued to increase, whereas the cohesive stress
remained zero.

The specific parameters were determined following Sun
et al. (2022); such parameter settings have been widely rec-
ognized and applied in relevant studies (Li et al., 2023; Liu
et al., 2025). For tensile strength: o.xn = 2.4 MPa,
Smaxn = 0.8 mm, and Gy = 960 N/m. For shear strength:
Omaxt = 2.5 MPa, sy = 4.5 mm, and GY = 5625 N/m.
The normal stiffness (K,) was 144 MPa/mm, and the
tangential stiffness (K;) was 40 MPa/mm.

5.2 Strengthening effect

Figure 9 shows the tunnel settlements under different
soil mass losses for the three cases. Notably, enhancing
the interface bonding strength between the tunnel lining
and channel steel using epoxy resin significantly improved
the capacity of the inter-ring joints to resist discontinuous
deformation. By contrast, bolt anchoring between the seg-
ments and channel steel exhibited limited effectiveness in
mitigating settlement. For instance, under the mass loss
of soil M = 2.03 t (purple line), Case 1 (without any rein-
forcement) recorded a maximum settlement of 39.6 mm.
Case 2, in which bolt anchoring was used to connect the
channel steel and the segments, reduced the maximum
settlement to 33.3 mm. In comparison, Case 3, with the
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additional application of epoxy resin bonding, achieved a
significantly lower maximum settlement of only 22.4 mm.
Further analysis revealed distinct deformation patterns.
In Cases 1 and 2, settlement developed sequentially starting
from Ring #0, with the 2nd group of leakage points occur-
ring at the joint between Rings #0 and #1. By contrast,
Case 3 exhibited an integral settlement of Rings #0 to #3
with the 2nd group of leakage points appearing at the joint
between Rings #3 and #4. This divergence indicated that
the epoxy-enhanced connections significantly improved
the structural integrity of the tunnel by enabling a more
uniform deformation distribution across adjacent rings.
As shown in Fig. 10, the Von Mises stress distributions
in the channel steels are presented under the mass loss con-
dition of soil M = 3.2 t. In Case 2, only the No. 4 channel
steel exhibited significantly high stress values, whereas the
other five channel steels exhibited relatively low stress
levels. This phenomenon was primarily owing to the sub-
stantial segmental lining deformation (uneven settlement)
occurring at the tunnel invert, where the initial leakage

occurred. As the No. 4 channel steel was located at the tun-
nel bottom, it directly bore the shear loads induced by the
joint dislocations. By contrast, all six channel steels in Case
3 demonstrated notably elevated stress distributions. This
behavior can be linked to the introduction of an epoxy
bonding interface between the channel steels and segments.
The enhanced interfacial connection facilitated a more inte-
grated structural response, enabling synergistic deforma-
tion between the channel steels and tunnel linings.
Consequently, this configuration optimized the shear resis-
tance capacity of the channel steels by ensuring a more uni-
form stress distribution and full utilization of their
mechanical properties.

To further quantify the health status of the leakage
shield tunnels in the 3 cases, an evaluation method for
the health status of the tunnel-soil system was proposed.
The specific procedure is as follows.

Step 1: Grade classification of the indicator. Four indi-
cators (MOHURD, 2013) were employed in the evaluation
method, i.e., joint dislocation (4, mm), joint opening (o,
mm), convergence deformation (¢, %oD), and surface settle-
ment (s, mm). Among the four indicators, the joint disloca-
tion and opening reflected the integrity and sealing
performance of the tunnel structure. The convergence
deformation characterized the overall deformation trend
and stability of the tunnel. The surface settlement indicated
the degree of soil loss and environmental disturbance. Each
indicator was divided into four grades. The four grades
ranged from grade I (safest) to grade IV (most dangerous).

Step 2: Indicator scoring. Scores were assigned to the
four graded indicators. Two scoring metrics, #. and ¢;, were
introduced. For grades I to IV, the 7, scores were assigned
as 1, 2, 3, and 4, respectively, while the ¢, scores were
assigned as 0, 0.1, 0.3, and 0.5, respectively (Tongji
University & China Construction, 2020).

Table 4
Parameters of channel steel (Angang Steel Company Limited, 2018).
Materials p (kg/m?) E (GPa) v Yield strength (MPa) Ultimate strength (MPa)
Q355B 7850 206 0.3 355 455
Channel steel ©4
Bolt Damage
Tensile stress - | Se— initiation
— :b
2 : Damage
Q ' .
Shear stress s k/ /" evolution
= ;
Segment Segment Segment 5
GC = q's .(szlx.o-max
Note: = = 3 =
0,max denotes the peak cohesive stress. 0 i 9 n Oy 1il 0
J.... denotes the relative displacement for material failure. Separation

max

G* denotes the energy dissipated during material failure.

Fig. 8. CZM model for epoxy resin interface.



Step 3: Health status evaluation of single-segment ring.
The health status of the single-segment ring was evaluated the four indicators, and 3
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Fig. 10. Von Mises stress contours of channel steels.
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where f,,,x was the maximum value of the 7, scores among
t; represented the summa-

using the Hg and defined as

HS:5.5—<

4
tmax+ Z Z

i=0,i7j

)

(1)

tion of the #; scores of the remaining three indicators (the
t; score of the jth indicator was the maximum among all
four evaluated indicators). Based on the Hg values, the
health grades of a single-segment ring can be classified into
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four categories: A, B, C, and D. The classification criteria
are illustrated in Fig. 11.

Step 4: Health status evaluation of the tunnel interval.
The health index for a tunnel interval (Ht) was derived
by summing the Hg values of individual segment rings cal-
culated using Eq. (1). Thus, the overall health status of the
tunnel interval can be evaluated quantitatively.

Figure 12 shows the decline in H as the leakage disaster
progresses in all three cases. Five typical moments were
selected for the analysis, corresponding to the numbers of
leakage rings of 0, 2, 4, 6, and 8. Among the four indica-
tors, surface settlement and joint dislocation had the most

significant impacts on tunnel health, whereas the effects of
joint opening and convergence deformation were relatively
less significant. This indicates that during the progression
of leakage disasters, the longitudinal uneven deformation
of the tunnel and mass loss of the soil are the two key con-
tributing factors. In addition, the development of the disas-
ter also exhibited obvious nonlinear characteristics; the
overall tunnel health index Hr initially decreased slowly,
but with the generation of new leakage points, a notable
drop in Ht occurred. In particular, after the number of
leakage rings reached 6, a large number of segment rings
degraded to health grade D.
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1. Hy : health index of a single segment ring.

2. H; : health index of a tunnel interval.

3. n : the total number of segment rings in the evaluation interval.

Fig. 11. Evaluation procedures of tunnel health status.
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Fig. 12. Evaluating health status of shield tunnels as leakage disasters
progressed.

With the same number of leakage rings, using only bolt
anchoring to connect the channel steel and segmental rings
had limited effectiveness in mitigating the decline in Hr.
For instance, when the number of leakage rings reached
8, 14 segment rings were classified as health grade D, one
ring as grade C, and one ring as grade B in Case 1. Case
2 (bolt anchoring only) yielded 12 grade D rings, one grade
C ring, and 3 grade B rings, demonstrating only a 14.29%
reduction in grade D segmental rings compared to Case 1.
By contrast, integrating epoxy resin to strengthen the inter-
face between the channel steel and segmental rings signifi-
cantly inhibited Ht degradation. Under the same
conditions, Case 3 (epoxy-enhanced connection) recorded
8 grade D rings, 3 grade C rings, and 5 grade B rings,

achieving a 42.86% reduction in grade D segmental rings
relative to Case 1.

6 Conclusions

In this study, the CEL method incorporating seepage
analysis was presented to simulate the development process
of water—sand inrush disasters in shield tunnels. The pro-
cess of generating new leakage points in the shield tunnel
as the disaster progressed was revealed. A channel steel
reinforcement method was proposed as a countermeasure
against disasters, and its effectiveness in mitigating them
was evaluated. The main conclusions are summarized as
follows.

(1) The development process of a leakage disaster in a
shield tunnel comprised initial and intensification
stages. During the intensification stage, a large
amount of water-sand gushed into the tunnel
through the new leakage points, which resulted in a
significant expansion of the disturbed stratum zone,
further aggravating tunnel deformation and damage.

(2) Approximately 93% of the leakage points occurred at
the circumferential joints during the disaster, indicat-
ing insufficient stiffness. This structural deficiency
predisposed the joints to relative displacement (e.g.,
dislocations and openings), which progressively
resulted in new leakage. Enhancing the inter-ring
connection, e.g., employing channel steel to reinforce
the tunnel, can mitigate or decelerate the progression
of leakage disasters.

(3) The connection method between the channel steel
and tunnel segments was pivotal to the strengthening
effect. Bolt anchoring alone showed limited efficacy in
mitigating disaster progression, whereas enhancing
the interface between the channel steels and segments
with epoxy resin enabled more integrated structural
behavior, facilitating synergistic deformation between
the channel steels and tunnel linings. Consequently,
this configuration significantly optimized the shear
resistance of the channel steels by ensuring uniform
stress distribution and full utilization of their
mechanical properties.

(4) A comprehensive method was proposed to evaluate
the health status of the tunnel-soil system. It can be
used to quantify the severity of disasters in a leakage
shield tunnel or assess the effectiveness of reinforce-
ment measures.

To focus on the primary leakage mechanisms and asso-
ciated countermeasures, the modelling in this study was
based on a single sand layer, with no consideration given
to the presence of multi-layered strata (e.g., clay layers).
Subsequent research should incorporate such scenarios
and perform parameter analyses.
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