
Citation: Xu, Q.; Xie, J.; Zhou, F.;

Tang, Z. Numerical Simulation and

Analysis of the Causes and

Distribution of Secondary Lining

Cracks in Overlapping Railway

Tunnels. Appl. Sci. 2023, 13, 6436.

https://doi.org/10.3390/

app13116436

Academic Editor: Ricardo Castedo

Received: 13 April 2023

Revised: 15 May 2023

Accepted: 18 May 2023

Published: 25 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Numerical Simulation and Analysis of the Causes and
Distribution of Secondary Lining Cracks in Overlapping
Railway Tunnels
Qianwei Xu, Jinli Xie *, Feng Zhou and Zhuohua Tang

The Key Laboratory of Road and Traffic Engineering, Ministry of Education, Tongji University,
Shanghai 201804, China
* Correspondence: xiejinli@tongji.edu.cn

Abstract: The construction of new tunnels above existing tunnels has become increasingly common to
optimize underground space utilization. However, such construction may pose potential engineering
hazards due to cracking in the secondary lining of the lower tunnel. This study investigates the
occurrence and evolutionary characteristics of longitudinal cracks in the secondary lining of the lower
tunnel during the construction of the upper tunnel adjacent to the pre-existing lower tunnel. Our
findings demonstrate that the construction of the upper tunnel has a significant impact on the lower
tunnel, as confirmed by on-site monitoring and numerical simulation results. The redistribution of
surrounding rock pressure alters the stress distribution of the secondary lining of the lower tunnel,
which is the primary reason for the observed cracking. To mitigate the risk of cracks, two different
methods are recommended based on the density of the cracks. In areas with less dense cracks,
the method of chiseling and grouting is adopted to improve the strength of the secondary lining,
while in relatively dense areas, resin anchor rods with saddle joints are used to enhance the stability
of the surrounding rock. Long-term monitoring, classification, and early warning of cracks are
also recommended.

Keywords: upper and lower overlapped tunnels; secondary lining; longitudinal cracks; temporal
and spatial distribution law; numerical simulation

1. Introduction

The secondary lining of tunnels is responsible for bearing the rock pressure and
operating loads in tunnels [1,2]. However, concrete cracking is a common occurrence in
the lining due to various environmental factors that the tunnel may be exposed to during
operation [3]. Overlapping tunnel construction methods, which are frequently utilized
due to space limitations, can also lead to cracks in the secondary lining. The propagation
of such cracks can result in severe structural issues such as leakage [4], spalling [5], and
partial lining failure [6], reducing the durability and load-carrying capacity of the lining [7].

Numerous scholars have conducted research on the construction mechanic effects
of tunnels adjacent to existing structures. Yun [8] developed a monitoring program that
utilizes actual field data based on the principal component analysis method, which can
monitor tunnel behavior and prevent large deformations and cracking. Zhang [9] studied
the ground and structural disturbances caused by multi-line overlapping tunnels in China,
while Liang [10] investigated the dynamic response of the new railway tunnel to the
existing railway tunnel’s blasting vibration and its impact on the existing tunnel lining
structure before and after the vibration. Such studies have proved valuable in analyzing
and controlling cracks in the secondary lining. Ukritchon [11] used a three-dimensional
finite element analysis to investigate the undrained tunnel face stability in clay with a
linearly increasing shear strength with depth. This work provides valuable insights into
the instability pattern of tunnels.
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Asymmetric loading effects are the primary cause of secondary lining cracking [12],
which have been the subject of much academic attention. Over the last few decades,
engineers have been interested in the structural collapse of tunnels under asymmetrical
loads [12]. Numerical models have been used to demonstrate the lining cracking and failure
processes in shallow-buried tunnels [13,14], deep-buried tunnels [15], and those exposed
to asymmetrical loads. Two-dimensional numerical models have also been developed
to estimate deformation and displacement behaviors of lining in asymmetrically-loaded
tunnels while considering factors such as the shifting transversal gradient, surrounding
rock grade, and covering thickness [16]. Zhuo presented an asymmetrical rock pressure
calculation approach for super-shallow-buried tunnels [17]. Studies have also investigated
the bearing capacity and most likely lining fracture sites [18,19].

However, limited research has been conducted on the causes and timely distribution
of cracks, particularly in the case of closely spaced overlapping railway tunnels. This
study investigates the causes of secondary lining cracks in the lower tunnel resulting from
the construction of an upper tunnel, based on finite element numerical simulation and
field crack measurement data collected from a railway tunnel project in Chongqing. Four
cross-sections with different horizontal spacing were selected to establish two-dimensional
numerical models consistent with the construction conditions on site. The models analyzed
the force and yielding of the lining of the two tunnels under different working conditions,
from which the location of the cracks was determined and compared with the monitor-
ing results to verify the feasibility of the numerical method. The temporal and spatial
distribution of cracks was analyzed, and construction suggestions are proposed.

In order to predict and monitor the stability and safety of tunnels, artificial intelligence
techniques are beginning to receive increasing attention. Visual examinations of tunnels
do not offer a reliable and objective evaluation of their condition [20]. The use of artificial
intelligence in tunnel monitoring is of interest. As one of the effective ways to implement
artificial intelligence, deep learning represents an innovative and advantageous way to
generate reliable synthetic data that represent actual sample characteristics, providing a
useful data augmentation tool in tunnel monitoring [21]. To increase the effectiveness of this
strong indirect survey approach, Marco Martino Rosso et al. created an artificial intelligence-
based hierarchical automated categorization framework for road tunnel issues [20], which
may be one of the lowest costing and most efficient ways of measuring available. In another
case, Ngamkhanong used artificial neural networks to predict the stability of planar tunnels
in rock masses [22]. Practical application scenarios prove the effectiveness of this approach.

This paper is organized as follows. Part 1 analyses the significance and current status
of the research on upper and lower overlapping tunnels and indicates the content of this
paper. Part 2 describes the engineering background of the case study and presents the
finite element numerical simulation model and the analysis methods used in this study.
Part 3 presents the simulation results, including the distribution of stress, deformation,
and crack formation in the lower tunnel lining. Part 4 discusses the implications of the
simulation results and proposes measures to improve the stability of the tunnel lining.
Finally, Part 5 summarizes the main findings and conclusions of this study. This paper
contributes to the understanding of the complex interactions between overlapping tunnels
and their surrounding rock mass and provides practical guidance for engineers to mitigate
the risks of crack formation in lower tunnels subjected to unloading due to the construction
of upper tunnels.

2. Methodology
2.1. Project Overview

The upper and lower overlapping tunnels are located at the railway hub loop in
Chongqing, China, and are the first upper and lower overlapping high-speed rail tunnels
in China. The lower is a two-lane railway tunnel and the upper is a reserved high-speed
railway tunnel. The tunnel region predominantly encompasses wooded terrain, featuring a
range of elevation between 217.9 and 302.3 m. The minimum height difference between the
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upper and lower tunnel track surfaces is 13.96 m, with a minimum interlayer distance of
around 1.7 m. A depiction of the spatial configuration of the intersecting tunnel sections is
presented in Figure 1. The tunnel is designed for mining method excavation. The lower
tunnel was constructed first before the upper tunnel was completed.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 18 
 

2. Methodology 
2.1. Project Overview 

The upper and lower overlapping tunnels are located at the railway hub loop in 
Chongqing, China, and are the first upper and lower overlapping high-speed rail tunnels 
in China. The lower is a two-lane railway tunnel and the upper is a reserved high-speed 
railway tunnel. The tunnel region predominantly encompasses wooded terrain, featuring 
a range of elevation between 217.9 and 302.3 m. The minimum height difference between 
the upper and lower tunnel track surfaces is 13.96 m, with a minimum interlayer distance 
of around 1.7 m. A depiction of the spatial configuration of the intersecting tunnel sections 
is presented in Figure 1. The tunnel is designed for mining method excavation. The lower 
tunnel was constructed first before the upper tunnel was completed. 

  
(a) (b) 

Figure 1. Geometric layout of the tunnel; (a) longitudinal section of upper and lower tunnels; (b) 
cross-section of DK63 + 800 (unit: m). 

2.2. Methods of on-Site Investigation of Cracks 
Measurements were carried out on-site to evaluate the attributes of cracks that man-

ifested in the tunnel structures. The cracks were documented through on-site markings 
and photographs. The length, width, and depth of the cracks were meticulously gauged, 
and their locations and mileages were documented. Specifically, red paint was used to 
mark the development and length of cracks by drawing thin lines in the direction of their 
extension. Their depths and maximum crack width were monitored with a non-metallic 
ultrasonic detector and a reading microscope, respectively. In addition, the development 
of cracks was monitored using plaster cake. A 50 mm length of plaster was applied to 
typical cracks. As plaster sets quickly and without shrinkage cracks, the development of 
cracks can be identified by simply observing if the plaster is cracking. These approaches 
facilitated an exhaustive assessment of the characteristics and magnitude of the cracks, 
thereby enabling the development of efficacious repair strategies. 

2.3. Numerical Simulation Calculation Method of Cracks 
2.3.1. Parameter Delineation 

This article presents the design and construction methodology of a joint tunnel pro-
ject, which involves the construction of the upper tunnel adjacent to the pre-existing lower 
tunnel. The two tunnels were excavated using the mining method. The overall construc-
tion was carried out in accordance with the lower tunnel first and then the upper tunnel 
completion. To achieve this, the two-step plus temporary cross bracing construction 
method was employed in the lower tunnel section (DK63 + 690~DK64 + 110) and upper 
tunnel section (AK63 + 820~AK64 + 062), as illustrated in Figure 2, which depicts the 

Figure 1. Geometric layout of the tunnel; (a) longitudinal section of upper and lower tunnels;
(b) cross-section of DK63 + 800 (unit: m).

2.2. Methods of on-Site Investigation of Cracks

Measurements were carried out on-site to evaluate the attributes of cracks that mani-
fested in the tunnel structures. The cracks were documented through on-site markings and
photographs. The length, width, and depth of the cracks were meticulously gauged, and
their locations and mileages were documented. Specifically, red paint was used to mark the
development and length of cracks by drawing thin lines in the direction of their extension.
Their depths and maximum crack width were monitored with a non-metallic ultrasonic
detector and a reading microscope, respectively. In addition, the development of cracks
was monitored using plaster cake. A 50 mm length of plaster was applied to typical cracks.
As plaster sets quickly and without shrinkage cracks, the development of cracks can be
identified by simply observing if the plaster is cracking. These approaches facilitated an
exhaustive assessment of the characteristics and magnitude of the cracks, thereby enabling
the development of efficacious repair strategies.

2.3. Numerical Simulation Calculation Method of Cracks
2.3.1. Parameter Delineation

This article presents the design and construction methodology of a joint tunnel project,
which involves the construction of the upper tunnel adjacent to the pre-existing lower
tunnel. The two tunnels were excavated using the mining method. The overall construction
was carried out in accordance with the lower tunnel first and then the upper tunnel
completion. To achieve this, the two-step plus temporary cross bracing construction
method was employed in the lower tunnel section (DK63 + 690~DK64 + 110) and upper
tunnel section (AK63 + 820~AK64 + 062), as illustrated in Figure 2, which depicts the
tunnel excavation sequence. Primary support was provided by employing C25 shotcrete
with a thickness of 27 cm and Φ22 mm radial anchor rods, while the secondary lining
comprised C35 concrete with a thickness of 65 cm and 70 cm for the upper and lower
tunnels, respectively. However, it is worth noting that the mechanical analysis model did
not take into account the influence of groundwater seepage.
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Figure 2. Tunnel excavation construction sequence.

According to the position relationship diagram of the top and lower layers of the
tunnel, a section is picked every 50 m within the mileage range of the fractures in the
secondary lining. The four representative sections illustrated in Figure 3 were chosen for
study. The buried depth and the distance between the upper and lower tunnels are shown
in Table 1.
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Table 1. Information of each calculation section.

Category Section 1 Section 2 Section 3 Section 4

Mileage DK63 + 900 DK63 + 950 DK64 + 000 DK64 + 050
Buried depth of upper tunnel (m) 12.8 26.6 25.8 8.3

The vertical distance between upper and lower tunnels (m) 2.25 2.28 2.28 2.31
The horizontal distance between upper and lower tunnels (m) 3.16 1.46 0.4 0.05

The corresponding model sizes of sections 1 to 4 were determined based on related
theories such as rock mechanics and the influence range of tunnel excavation (which is
typically 3 to 5 times the tunnel radius) [23], as shown in Table 2.
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Table 2. Model size for each calculation section.

Category Section 1 Section 2 Section 3 Section 4

Mileage DK63 + 900 DK63 + 950 DK64 + 000 DK64 + 050
Length of the model (m) 75 75 75 75
Height of the model (m) 65 80 75 60

The Class V surrounding rocks around both tunnels are predominantly loose clayey
soils, thus allowing the morphology and stresses of the surrounding rocks to be simulated
using the Mohr–Coulomb model. The elastic constitutive and two-dimensional plane
strain elements were employed to simulate the secondary lining [24]. The primary support,
comprising shotcrete and temporary cross bracing, was simulated using one-dimensional
beam elements of an elastic constitutive [23,25]. The bolt support function was represented
by the reinforcement area in the numerical simulation, and the reinforcement parameters
were chosen based on 1.1 times the surrounding rock [23]. The material parameter values
for the model were obtained experimentally and are provided in Table 3.

Table 3. Physical and mechanical parameters of model materials.

Material Name Gravity
(kN/m3)

Poisson
Ratio

Cohesion
(kPa)

Internal Friction Angle
(◦)

Deformation Modulus
(GPa)

Grade V surrounding rock 26 0.42 160 24.5 1.65
Bolt reinforcement area 28.6 0.42 176.0 27.0 1.8

C25 concrete 25 0.2 / / 28
C35 concrete 25 0.2 / / 31.5

Steel 78.5 0.25 / / 200

The entirety of the tunnel comprises surrounding rock rated as either grade IV or
V, with the former constituting 8.8% of the combined length of the upper and lower
tunnels (852.72 m). The influence of a Class IV enclosure is neglected as it accounts for a
relatively small proportion of the enclosure, and only the effect of a Class V enclosure is
given consideration.

2.3.2. Boundary Conditions

In the simulation, a normal displacement constraint boundary was established on the
side and bottom surfaces of the model, while the top surface boundary was left free. To
illustrate the grid division of the model, Section 1 was used as an example. The numerical
simulation grid model is presented in Figure 4, while the model of the secondary lining
and anchor reinforcement zone of the upper and lower tunnels is displayed in Figure 5.
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2.3.3. Excavation Process Simulation

The construction process of a tunnel step stacked with temporary cross bracing, as
illustrated in Table 4, presents potential dangers during the last two construction processes
based on engineering experience.

Table 4. A brief description of tunnel simulated construction processes.

Working
Condition Construction Content Remarks

1 Initial ground stress Activating of all soil elements and application of boundary conditions and
gravity loads.

2 Displacement clearing /

3 Construction of the lower tunnel Excavating the hole 1©, spraying the area with mix and anchors and
constructing temporary cross bracing.

4 Construction of the lower tunnel Excavating the cave 2©, spraying the area with the mix, and anchoring the rods.
5 Construction of the lower tunnel Excavating the cave 3©, spraying the area with the mix, and anchoring the rods.
6 Construction of the lower tunnel Excavating the cave 4©, spraying the area with the mix, and anchoring the rods.
7 Construction of the lower tunnel Construction of secondary lining and removal of temporary cross bracings.
8 Construction of the upper tunnel Excavating the cave 1©, spraying the area with the mix, and anchoring the rods.
9 Construction of the upper tunnel Excavating the cave 2©, spraying the area with the mix, and anchoring the rods.

10 Construction of the upper tunnel Excavating the cave 3©, spraying the area with the mix, and anchoring the rods.
11 Construction of the upper tunnel Excavating the cave 4©, spraying the area with the mix, and anchoring the rods.
12 Construction of the upper tunnel Construction of secondary lining and removal of temporary cross bracings.

2.4. Analysis Method of the Cause and Distribution of Cracks

The theoretical causes of cracks can be evaluated by comparing the maximum ten-
sile stress and maximum compressive stress with the standard values of the tensile and
compressive strength of C35 concrete, which allows for a determination of whether the sec-
ondary lining has cracks. Similarly, the distribution of cracks can be predicted by analyzing
the distribution law of the plastic zone of the secondary lining.

3. Results
3.1. On-Site Crack Investigation

During the construction of the upper tunnel following the completion of the lower
tunnel, a series of longitudinal cracks occurred in the DK63 + 900~DK64 + 950 section of
the lower tunnel. Longitudinal cracks were mostly produced by evolving rock pressure
or different kinds of construction deficiencies, such as inadequate lining thickness [2]. As
the construction of the upper tunnel squeezed the surrounding rock of the lower tunnel,
the pressure on the surrounding rock of the lower tunnel increased. These cracks were
predominantly located at the right arch waist of the lower tunnel alignment, as illustrated
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in Figure 6. Furthermore, local cracks appeared on both the left and right arch waists, as
shown in Figure 7. The length of the cracks was approximately 12 m, with a width ranging
between 0.2 mm and 0.4 mm and a depth ranging from 7.7 cm to 12.5 cm, as presented in
Table 5.
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Table 5. A summary of crack conditions.

Mileage Crack Length (m) Crack Width (mm) Maximum Crack Depth (cm) Crack Type

DK63 + 905 12 0.3 11.8 Longitudinal direction
DK63 + 905 12 0.2 7.7 Longitudinal direction
DK63 + 932 12 0.3 9 Longitudinal direction
DK63 + 933 12 0.3 10.9 Longitudinal direction
DK63 + 936 12 0.4 11.9 Longitudinal direction

DK63 + 934.5 12 0.2 12.5 Longitudinal direction
DK63 + 934.5 12 0.3 11.2 Longitudinal direction
DK64 + 140 2 0.3 7.8 Circumferential direction
DK64 + 026 12 0.3 8.4 Longitudinal direction
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3.2. Calculation of Stress and Plastic Zone
3.2.1. Stress Distribution

Due to the excavation, primary support, and secondary lining construction of the
upper tunnel, the stress state of the lower tunnel structure will change accordingly [2].
Figures 8–11 show the stress calculation of the secondary lining for each section in working
condition 11 and working condition 12, respectively. As a result, a positive value indicates
tension and a negative value indicates compression.
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stress of working condition 12.

Based on the stress analysis results, it is evident that the construction of the upper
tunnel has caused significant changes in the stress state of the lower tunnel structure.
The majority of the secondary lining in the lower tunnel is under compression, with the
maximum tensile stress appearing near the left and right arch waists. Additionally, it is
observed that the maximum tensile stress value in working condition 1 is higher than that
in working condition 2 for each section, indicating that closing the upper tunnel as soon as
possible to form a ring can help improve the stress state of the lower tunnel.

3.2.2. Plastic Zone Distribution

Figures 12–15 present the distribution of the plastic zone of the secondary lining
during the upper tunnel excavation process. The figures reveal several distinctive patterns
in the distribution of the plastic zone. The plastic zone is predominantly located on both
sides of the arch waist of the lower tunnel, and the extent of the plastic zone on the right
side is greater than that on the left side. A comparison between working condition 11 and
working condition 12 indicates that the secondary lining of the upper tunnel can be closed
into a ring after completion, resulting in the restoration of most of the plastic zone of the
lower tunnel structure to an elastic state. This implies that the surrounding rock stress is
redistributed, leading to an improvement in the stress state of the lower tunnel.
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As the horizontal distance between the upper and lower tunnels decreases, the dis-
tribution of the plastic zone gradually changes from a predominantly larger distribu-
tion on the right side of the arch waist to an equal distribution on both sides, exhibiting
apparent symmetry.

4. Discussion
4.1. Statistics on the on-Site Distribution of Cracks

Table 6 and Figure 16 present the analysis of crack types and distribution positions.
Longitudinal cracks accounted for the majority of the cracks with a percentage of 88.89%,
while circumferential cracks accounted for only 11.11%. The longitudinal cracks were
mainly concentrated on the right arch waist, while the circumferential cracks were dis-
tributed on the right wall.

Table 6. Crack statistical analysis results.

Crack Type Proportion/Number
of Articles Location Proportion/Number of

Articles

Longitudinal 88.89%/8 Right arch waist 100%/8
Circumferential 11.11%/1 Right side wall 100%/1
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4.2. Discussions on the Theoretical Causes and Distribution of Cracks

Figures 17 and 18 present a comparison between the maximum tensile and compressive
stress of the secondary lining of the lower tunnel and the standard value of concrete’s
tensile and compressive strength. The results indicate that the unloading effect of the upper
tunnel excavation results in a change in the structural stress of the lower tunnel. This
change causes the maximum tensile stress of the secondary lining of the lower tunnel to
exceed the standard value of the concrete tensile strength. As a result, the rock mass at the
arch waist enters a plastic state, leading to the formation of cracks in the secondary lining.
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Figure 17 further highlights that section 2 has the highest maximum tensile stress value
among all the sections. This finding indicates that the unloading of the upper tunnel near
this specific mileage has the most significant impact on the surrounding rock of the lower
tunnel, causing the most noticeable trend of concentrated distribution of cracks. Moreover,
the maximum tensile stress corresponds to working condition 11, wherein the temporary
cross bracing of the upper tunnel has not been removed, and the secondary lining has not
yet formed a ring. Therefore, this suggests that the lower tunnel is most prone to cracks
during this phase.
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In addition, Figure 19 demonstrates that, except for section 3, the maximum tensile
stress occurs at the right arch waist, suggesting a higher risk of crack formation near the
right arch waist. Conversely, the maximum tensile stress of section 3 occurs at the left
arch waist. Additionally, the maximum tensile stress at sections 2 to 4 is relatively high,
implying that cracks may develop at both the left and right arch waists of sections 2 to 4.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 18 
 

The Left Arch Waist The Right Arch Waist

75%

25%

Working condition 
11

 
Figure 19. The maximum tensile stress conditions and distribution locations. 

After comparing the on-site monitoring feedback and the lining crack situation with 
Figures 15 and 19, it can be concluded that the theoretical distribution law of cracks in 
time and space is consistent with the existing crack distribution law. This indicates that 
the theoretical analysis is reliable and can be used to guide the design and construction of 
similar tunnel projects in the future. 

4.3. Suggestions on Cracks in the Secondary Lining 
4.3.1. Tunnel Crack Treatment Measures 

Effective treatment of tunnel cracks can be approached from three main perspectives: 
strengthening the lining’s strength, improving the stability of the surrounding rock, and 
implementing long-term monitoring and early warning. Appropriate solutions and mon-
itoring requirements have been suggested based on the relevant specifications for differ-
ent parts of the tunnel with varying densities of cracks. Crack width is classified as hairy 
(less than 0.3 mm) or small (between 0.3 mm and 2 mm), and recommended treatment 
measures for these types of cracks involve strengthening daily monitoring and imple-
menting long-term monitoring without treatment. Surface smearing is commonly used 
for cracks less than 0.5 mm in width for surface repair. When it comes to crack depth, it 
should not exceed 25% (16 cm) of the lining thickness. Grouting can be used for plugging, 
without the need for structural reinforcement. For crack length, continuous cracks exceed-
ing 6 m in length require reinforcement with bolts. 

4.3.2. Suggestions for the Treatment of Cracks in the Lower Tunnel 
The crack length in the lower tunnel of Jigongzui is 12 m, with a crack width ranging 

from 0.2 to 0.4 mm, and a crack depth between 7.7 and 12.5 cm. Considering the dimen-
sions of the cracks, the method of using bolt reinforcement to improve the stability of the 
surrounding rock is not prioritized in order to protect the waterproof layer of the tunnel. 
Therefore, the following measures are recommended. 

For areas where longitudinal cracks are not densely distributed, Figure 20 shows the 
treatment measures. Firstly, a groove with a depth and width of 15 cm × 8 cm should be 
drilled along the crack, and the groove should be cleared. Secondly, the groove should be 
filled with high-strength expansion mortar with a thickness of 13 cm, and a grouting noz-
zle should be pre-buried every 60 cm along the groove. To ensure the effectiveness of the 
grouting, the grouting nozzle must be at the bottom of the chiseled groove. Thirdly, after 
the high-strength expansion mortar has solidified, the pre-prepared slurry (epoxy resin: 
dibutyl: ethylenediamine: talc = 1:1.2:0.7:0.8) should be injected into the grouting tip until 
it is full. Finally, after the grouting is completed, the remaining groove surface should be 
smoothed with color mortar to a thickness of 2 cm. 

Figure 19. The maximum tensile stress conditions and distribution locations.

After comparing the on-site monitoring feedback and the lining crack situation with
Figures 15 and 19, it can be concluded that the theoretical distribution law of cracks in
time and space is consistent with the existing crack distribution law. This indicates that
the theoretical analysis is reliable and can be used to guide the design and construction of
similar tunnel projects in the future.

4.3. Suggestions on Cracks in the Secondary Lining
4.3.1. Tunnel Crack Treatment Measures

Effective treatment of tunnel cracks can be approached from three main perspectives:
strengthening the lining’s strength, improving the stability of the surrounding rock, and
implementing long-term monitoring and early warning. Appropriate solutions and moni-
toring requirements have been suggested based on the relevant specifications for different
parts of the tunnel with varying densities of cracks. Crack width is classified as hairy (less
than 0.3 mm) or small (between 0.3 mm and 2 mm), and recommended treatment measures
for these types of cracks involve strengthening daily monitoring and implementing long-
term monitoring without treatment. Surface smearing is commonly used for cracks less
than 0.5 mm in width for surface repair. When it comes to crack depth, it should not exceed
25% (16 cm) of the lining thickness. Grouting can be used for plugging, without the need
for structural reinforcement. For crack length, continuous cracks exceeding 6 m in length
require reinforcement with bolts.

4.3.2. Suggestions for the Treatment of Cracks in the Lower Tunnel

The crack length in the lower tunnel of Jigongzui is 12 m, with a crack width ranging
from 0.2 to 0.4 mm, and a crack depth between 7.7 and 12.5 cm. Considering the dimensions
of the cracks, the method of using bolt reinforcement to improve the stability of the
surrounding rock is not prioritized in order to protect the waterproof layer of the tunnel.
Therefore, the following measures are recommended.

For areas where longitudinal cracks are not densely distributed, Figure 20 shows the
treatment measures. Firstly, a groove with a depth and width of 15 cm × 8 cm should be
drilled along the crack, and the groove should be cleared. Secondly, the groove should
be filled with high-strength expansion mortar with a thickness of 13 cm, and a grouting
nozzle should be pre-buried every 60 cm along the groove. To ensure the effectiveness of
the grouting, the grouting nozzle must be at the bottom of the chiseled groove. Thirdly,
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after the high-strength expansion mortar has solidified, the pre-prepared slurry (epoxy
resin: dibutyl: ethylenediamine: talc = 1:1.2:0.7:0.8) should be injected into the grouting tip
until it is full. Finally, after the grouting is completed, the remaining groove surface should
be smoothed with color mortar to a thickness of 2 cm.
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To ensure the protection of the waterproof layer in the lower tunnel of Jigongzui, the
recommended treatment measures for the cracks, with a length of approximately 12 m,
a width ranging from 0.2 to 0.4 mm, and a depth varying from 7.7 to 12.5 cm, prioritize
the use of high-strength expansion mortar and epoxy resin slurry injection instead of bolt
reinforcement to improve the stability of the surrounding rock. For areas with longitudinal
cracks that are not densely distributed, a 15 cm × 8 cm groove is drilled along the crack,
and a grouting nozzle is pre-buried every 60 cm. The groove is filled with high-strength
expansion mortar and the pre-prepared slurry is injected into the grouting tip. In areas
where the local longitudinal cracks are relatively dense, Φ25 mm resin anchor rods are laid
on both sides of the crack, with a longitudinal spacing of 3 m, and a water-stop device and
backing plate are installed at the end of the anchor rod.

Additionally, strengthening the monitoring and long-term monitoring of the cracks’
length, width, and depth, with a focus on section 2, where the cracks are concentrated, is
recommended. It is important to classify the cracks and provide early warning in a timely
manner [26].

4.4. Limitations and Future Work

Based on the assumptions made, the present simulation only considers the impact of
mechanical factors and does not account for the influence of groundwater. The inclusion
of groundwater effects would provide a more accurate estimate of settlement results.
Additionally, due to the limitations of computing resources, a plane strain model was
employed for the numerical simulation calculation model instead of a three-dimensional
one. With improved computational efficiency, a three-dimensional calculation model could
be developed to study the distribution of cracks in the tunnel’s three-dimensional space,
allowing for more precise identification of the areas where cracks may arise.

5. Conclusions

The present study focuses on the analysis of the causes and distribution of cracks in
overlapping railway tunnels using finite element numerical simulation. The main findings
of this study are as follows.

(1) The construction of the upper tunnel leads to a significant unloading effect on
the lower tunnel, causing the redistribution of surrounding rock pressure. The maximum
tensile stress of the secondary lining of the lower tunnel exceeds the standard value of the
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tensile strength of C35 concrete, which is the primary cause of longitudinal cracks in the
tunnel lining structure.

(2) Both left and right arch waists are prone to longitudinal cracks, with a higher risk
of cracking at the right arch waist than the left arch.

(3) The unloading effect of the upper tunnel has the most significant impact on the
lower tunnel in the vicinity of section 2.

(4) The unloading of the upper tunnel is most apparent before the removal of the tem-
porary bracing and construction of the secondary lining. Thus, accelerating the completion
of the secondary lining construction can reduce the possibility of cracks in the lower tunnel.

(5) This study recommends chiseling and grouting to improve the strength of the
secondary lining in the area where the longitudinal cracks are not very dense. However,
resin anchor rods with saddle joints are recommended in relatively dense areas to enhance
the stability of the surrounding rock. This study also emphasizes the importance of
long-term monitoring, classification, and early warning of cracks to ensure the safety of
the tunnel.
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