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Tunnel construction in China is increasing year by year. With the passage of

time, China will usher in the peak period of tunnel engineering repair, and it is

vital to study in advance the influential nature of tunnel lining crack disease as

well as management measures. By summarising a large amount of relevant

literature, this paper analyses the main locations where cracks are generated in

tunnel linings. Through the method of finite element numerical analysis,

24 cases of cracks of different widths and depths were modelled and

calculated for each location of lining vaults, shoulders and side walls,

respectively, to analyse the influence of different cases on the internal

forces and deformation of the lining. The study shows that the stress

concentration around the crack tip decreases with the increase of the crack

width, while the stress concentration around the crack tip increases with the

increase of the crack depth. The stresses in the other main parts of the lining

increase after the crack is created, which has a deteriorating effect on the load-

bearing capacity and stability of the lining structure. With the increase in crack

width and depth, the sinking deformation of the vault and the heaving

deformation of the back arch increase, especially when the cracks are large,

but lining cracking has less effect on the lateral deformation of the lining.

Compared to cracks in the top and shoulder of the arch, cracks in the side walls

have amore pronounced effect on the distribution of internal forces around the

cracks.
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Introduction

In recent years, with the rapid development of China’s

economy, the construction of road traffic projects in China is

increasing year by year. In addition, China’s geological

conditions are complex and varied, and the southwest

region is mountainous and hilly, so a large number of

tunnel projects are put into construction. However, due to

the complex geological environment of the tunnel and the

influence of design and construction, The stability of the

project is influenced by many factors. Among them,

theoretical analysis (Bai et al., 2019; Bai et al., 2021a; Bai

et al., 2022), environmental simulation experiments (Hu

et al., 2021), artificial intelligence algorithms (Bai et al.,

2021b; Bai et al., 2021c) and other technologies are widely

used in the analysis of related issues.

There will be many diseases in the tunnel lining in the

later period of use. With the passage of time, China will shift

from the peak period of construction to the peak period of

maintenance, so it is very important to carry out tunnel

disease research before understanding and reserving

technology. Among many diseases of tunnel lining, lining

FIGURE 1
Statistical diagram of main distribution positions of lining cracks.

FIGURE 2
Numerical calculation model
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cracks is the most common, which seriously affect the

bearing capacity and safety performance of lining.

Therefore, the analysis of the causes of tunnel lining

cracks and the impact of cracks on the overall stability of

lining structure is a hot issue in current research (Zhang

et al., 2007).

Scholars had done relevant researches on the problem of

lining cracks. Chen and Mo (2009) established the shield

tunnel model by finite element method, analyzed the

cracking situation of segments in the later tunnel

operation, summarized the easy cracking positions of

segments and gave prevention suggestions. Ye et al.

(2010) made statistics on the crack parameters of a large

number of actual tunnels, and combined with design and

construction records and numerical analysis results,

analyzed various causes of lining cracks, and at the same

time, gave safety diagnosis and evaluation for typical crack

tracking and monitoring research. Huang et al. (2013) used

extended finite element analysis to study the distribution

law, cracking mechanism and crack forms of lining cracks

under the influence of main causes of highway tunnels in

Zhejiang. Briffaut et al. (2016) have studied the sensitivity

and influence of different types of fibers on the early

cracking of concrete lining through laboratory tests and

numerical simulations. The results show that polypropylene

coarse fiber and steel fiber can delay the cracking time and

reduce the influence of cracking, and changing the fiber type

and thickness of secondary lining can help to reduce the

transverse cracking. Asad and Majid (2017) has been

experimentally demonstrated that building materials such

as nylon fiber reinforced concrete can reduce the crack rate

in pipeline lining due to alternating wetting and subsidence.

Liu et al. (2017) analyzed the lining section defects through

the ground penetrating radar (GPR) antenna detection test,

summarized the waveform and frequency spectrum

characteristics of the defects, and put forward the method

of determining the zero line position of radar wave by using

the reflection hyperbola of point objects to invert the

velocity and then calculate the lining thickness, which

can help identify the lining defect types. Fu et al. (2021)

conducted experiments and engineering investigations on

shrinkage characteristics of lined machine-made sand

concrete, gave the differences between machine-made

sand concrete and river sand concrete in mechanical

properties and shrinkage deformation, and analyzed the

causes of circumferential cracking caused by machine-

FIGURE 3
Tunnel lining structure

TABLE 1 Physical and mechanical parameters of materials.

Materials unit weight
of soil
(kN/m3)

Young’s modulus
(GPa)

Poisson’s ratio Inner friction
ange (0)

Cohesion (kN/m2)

Class IV surrounding rock 22 8.1 0.35 55 210

Concrete (C30) 25 31 0.2

Spraying concrete (C25) 25 28 0.2

TABLE 2 Quantitative evaluation criteria of lining cracks.

Criterion Technical manual of railway public works-tunnels

Crack grade Hairy crack Small crack Middle crack Big crack

crack width ≤0.3 mm 0.3–2 mm 2–20 mm >20 mm
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TABLE 3 Simulation schemes.

Cases Crack position Crack width
(mm)

Cases Crack position Crack depth
(cm)

1 Lining vault 0.3 13 Lining vault 10

2 Lining vault 2 14 Lining vault 20

3 Lining vault 10 15 Lining vault 30

4 Lining vault 20 16 Lining vault 40

5 Lining spandrel 0.3 17 Lining spandrel 10

6 Lining spandrel 2 18 Lining spandrel 22

7 Lining spandrel 10 19 Lining spandrel 30

8 Lining spandrel 20 20 Lining spandrel 40

9 Lining side wall 0.3 21 Lining side wall 10

10 Lining side wall 2 22 Lining side wall 20

11 Lining side wall 10 23 Lining side wall 30

12 Lining side wall 20 24 Lining side wall 40

FIGURE 4
Numerical analysis results of undamaged lining model. (A) Contour map of surrounding rock displacement. (B) Cloud map of maximum
principal stress. (C) Displacement in the X-axis direction. (D) Displacement in the Y-axis direction
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FIGURE 5
Cloud map of major principal stress of vault crack. (A) The width of crack is 0.03 mm. (B) The width of crack is 2 mm. (C) The width of crack is
10 mm. (D) The width of crack is 20 mm.

FIGURE 6
Stress variation diagram of main position of cracked lining of vault
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made sand concrete. Xu et al. (2021, 2022) developed a

similar material to simulate the cracking of surrounding

rock and lining, which can effectively simulate the

development and evolution of cracks. Then, the

mechanical properties and cracking characteristics of

lining under the coupling action of temperature and load

were studied by using an independently developed tunnel

geomechanics model test system. Zhang et al. (2022a)

obtained the damage constitutive parameters required for

theoretical research through three kinds of fiber concrete

tests combined with DIC technology, and analyzed the

influence law of different crack position, inclination

angle, vehicle speed and other parameters on the safety

and stability of the lined lining with joints under the

conditions of conventional concrete and different fiber

concrete by finite element displacement method. Zhang

Z. Q. et al. (2022) studied the mechanics and

deformation characteristics, stress distribution, crack

development and failure mechanism of tunnel lining in

water-rich layer through large-scale model experiments.

Zhang et al. (2022c) studied the deterioration process of

tunnel drainage system and the failure mechanism of lining

through field investigation and numerical simulation

analysis based on cracks.

In this paper, the causes and main distribution positions

of lining cracking are analyzed, and the influence of

different positions of lining cracking on the stress and

deformation of lining structure is analyzed by numerical

simulation. This analysis will help to improve the

understanding of the influence of lining crack diseases,

FIGURE 7
Cloud picture of Y-direction displacement of vault crack lining. (A) The width of crack is 0.03 mm. (B) The width of crack is 2 mm. (C) The width
of crack is 10 mm. (D) The width of crack is 20 mm.

Frontiers in Materials frontiersin.org06

Chen et al. 10.3389/fmats.2022.1007855

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1007855


FIGURE 8
Cloud picture of large principal stress of arch shoulder crack, (A) the width of crack is 0.03 mm. (B) The width of crack is 2 mm. (C) The width of
crack is 10 mm. (D) The width of crack is 20 mm.

FIGURE 9
Stress variation diagram of main position of arch shoulder cracked lining
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and give some enlightenment to the later monitoring and

maintenance, stability evaluation and reinforcement and

repair of tunnel lining.

Numerical calculation models and
schemes

Analysis of the distribution of cracks in the
lining

Cracks in any part of the lining can affect the safety of the

tunnel. Studies have shown that lining cracks are mainly

concentrated in the vault, shoulder and sidewall areas, as

shown in Figure 1 Cracks in these parts of the tunnel have a

more significant impact on the lining forces, and the threat to the

overall tunnel lining safety is more obvious when the cracks

expand in large numbers (Yuan, 2019).

Numerical models

The “stratum structure” model can better simulate the

interaction between stratum and structure than the “load

structure” model. This paper mainly studies the influence of

the existing cracks on the internal force and deformation of the

lining structure. When establishing the model, the boundary

situation is considered to be similar to the actual situation as

much as possible, so the “stratum structure” model is more

appropriate. In the numerical simulations, cracks in the tunnel

FIGURE 10
Cloud picture of Y-direction displacement of arch shoulder crack lining. (A) The width of crack is 0.03 mm. (B) The width of crack is 2 mm. (C)
The width of crack is 10 mm. (D) The width of crack is 20 mm.
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FIGURE 11
Cloud picture ofmaximumprincipal stress of sidewall cracks. (A) Thewidth of crack is 0.03 mm. (B) Thewidth of crack is 2 mm. (C) Thewidth of
crack is 10 mm. (D) The width of crack is 20 mm.

FIGURE 12
Stress variation diagram of main position of cracked lining of side wall
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lining are simulated by removing the grid cells at the

predetermined cracks to achieve a similar effect to the actual

situation.

This paper is based on the G4216 Chengdu-Lijiang

National Expressway, Huaping-Lijiang section, a deeply

buried tunnel in the Yingpan Mountains with complex

topography, geology, environment and construction

conditions, an average burial depth of about 600 m and a

tunnel width of 11 m.

As the spatial effect of the surrounding rock after tunnel

excavation is to be considered, the boundary dimensions of

the built model contain three times the tunnel bore diameter

range (Su, 2012). Taking into account the model’s aspect

ratio, the tunnel model was determined to have a vault depth

of 100m, with the rest of the upper rock being replaced by a

corresponding stress boundary, with a model aspect ratio of

44 × 135.16 m. The model is divided into a total of

5,020 meshes, the boundary conditions are set to the left

and right boundaries of the horizontal direction constraints,

the upper ground constraints for the 500 m surrounding rock

self-weight stress 10000 kN/m (Zhang et al., 2018), The

lower boundary is fully constrained. The Mohr-Coulomb

criterion was chosen for the intrinsic structure of the

surrounding rock and the elastic intrinsic structure model

was chosen for the tunnel lining intrinsic structure. Figure 2

shows the model and Figure 3 shows the tunnel lining

structure. Based on the tunnel design and relevant

geological exploration data and relevant national code

standards, the material parameters selected for the

numerical simulation are shown in Table 1.

Simulation schemes

Firstly, a crack-free lining model is established for

numerical analysis as a control group. Then, according to

China’s Technical Manual of Railway Public Works, the

lining cracks are divided into four levels (see Table 2 for

details), and the cracks with different widths of 0.3, 2,

10 and 20 mm and different depths of 10, 20, 30 and

FIGURE 13
Cloud pictures of Y-direction displacement of side wall crack lining. (A) The width of crack is 0.03 mm. (B) The width of crack is 2 mm. (C) The
width of crack is 10 mm. (D) The width of crack is 20 mm.
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40 cm (Xiao et al., 2021) are set on the inside of vault, arch

shoulder and side wall respectively. A total of 24 simulation

schemes are set according to different positions, widths and

depths of lining cracks (see Table 3). The influence of

different crack positions, different crack widths and

depths on the stress and deformation of tunnel lining

structure is analyzed.

Analysis of internal force and
deformation of crackless lining

The numerical model of undamaged lining is established,

and its internal force and deformation are analyzed as the

control group, and compared with the following different

lining cracking models.

It can be seen from the numerical simulation cloud chart

in Figure 4 that the maximum tensile stress of the undamaged

lining is mainly distributed outside the vault and arch

shoulder, while the maximum compressive stress is mainly

concentrated outside the inverted arch and the wall foot of the

tunnel, and the internal force are basically symmetrically

distributed. Generally, the stress on the outside of the

whole lining structure is higher than that on the inside of

the lining, but the maximum tensile stress and the maximum

compressive stress do not exceed the tensile strength and

compressive strength of concrete, so the lining structure is

in a safe and stable state.

From the displacement nephogram, it can be seen that the

tunnel lining deformation mainly includes vault subsidence,

inverted arch uplift and horizontal deformation of two side

walls, and the maximum vertical deformation mainly occurs

FIGURE 14
Cloud pictures of maximum principal stress of cracks at different depths in vault. (A) The crack depth is 10 cm. (B) The crack depth is 20 cm. (C)
The crack depth is 30 cm. (D) The crack depth is 40 cm.
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in the middle of the vault and inverted arch, which accords

with the actual deformation of tunnel engineering and

verifies the rationality of the model.

Influence analysis of cracks with
different widths on lining structure

Analysis of internal force and deformation
of lining after vault cracking

As shown in Figures 5, 6, the crack tip of lining mainly

bears compressive stress, and both sides of the crack are

mainly tensile stress, and the maximum stress value is

concentrated at the crack tip, which exceeds the

compressive strength of concrete, that is, once cracks are

generated in lining, there will be an expansion trend. When

the depth of lining crack is constant, with the increase of

vault crack width, the tensile stress and compressive stress

at the crack are decreasing, because the stress concentration

at the crack is weakening with the crack expansion. As

shown in Figure 6, with the increase of crack width, the

integrity of the lining structure is destroyed to a certain

extent, which will weaken the bearing capacity of the

lining structure. The stress at the main position of the

lining is constantly increasing, especially the internal force

at the foot of the wall is significantly increased. Except for the

cracks, the whole lining structure is still in a safe working

state.

As shown in Figure 7, the vertical displacement of the

lining arch increases after the lining vault cracks, which

aggravates the phenomenon of vault subsidence, which is

not conducive to the stability of the lining. At the same time,

with the increase of crack width, compared with the

undamaged lining, the vertical displacement of inverted

arch slightly increases, which shows that the influence of

vault cracking on the vertical deformation of lining is mainly

concentrated around the arch of lining.

Analysis of internal force and deformation
of lining shoulder after cracking

As shown in Figure 8, the stress value around the arch

shoulder crack is obviously larger than that around the vault

crack, and the crack tip is damaged by compression, and the

FIGURE 15
Picture of Y-direction displacement of cracked lining at different depths of vault. (A) The crack depth is 10 cm. (B) The crack depth is 20 cm. (C)
The crack depth is 30 cm. (D) The crack depth is 40 cm.
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stress concentration range caused by the arch shoulder crack

is larger, so the arch shoulder crack damages the lining more

than the vault crack. With the increase of crack width, the

stress at the crack decreases, and the crack propagation rate

will decrease, but the internal forces of other main parts of

the lining increase, as shown in Figure 9.

When the crack width is 20 mm, the stress value at the outer

edge of the lining at the crack reaches about 20MPa, which is

close to the compressive strength of concrete. At this time, the

safety of the lining structure has been greatly affected, and the

reinforcement and repair measures should be taken in time.

When there is a large crack larger than 10mm, the internal force

of the cracked side wall is increased by the arch shoulder crack,

but the law is not obvious when there is a small crack.

As shown in Figure 10, the cracking of the lining arch

shoulder will increase the vertical deformation of the lining

and aggravate the arch subsidence and inverted arch uplift.

With the continuous expansion of crack width, the vertical

settlement deformation of vault and the uplift deformation

of inverted arch are increasing, especially when the crack

width exceeds 10mm, the deformation is more obvious,

which has a certain deterioration effect on the lining

structure. At this time, monitoring should be strengthened

or repair measures should be taken to ensure the bearing

safety.

Analysis of internal force and deformation
of lining wall after cracking

As shown in Figure 11, the stress at the crack of the lining

side wall is obviously greater than that at other parts of the

lining, and the stress concentration phenomenon is very

obvious. Comparing Figure 5 and Figure 8, it can be seen

that after the lining side wall cracks, the stress around the

cracks increases significantly more than that at the lining vault

and arch shoulder. When the side wall crack is less than 10 mm,

the stress at the bottom of the crack is greater than the strength

of the concrete, and the stress at other parts is in a safe bearing

state.

FIGURE 16
Cloud pictures of maximum principal stress of cracks at different depths in arch shoulder. (A) The crack depth is 10 cm. (B) The crack depth is
20 cm. (C) The crack depth is 30 cm. (D) The crack depth is 40 cm.
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As shown in Figure 12, after the side wall cracks, the side wall

gradually changes from the compression state to the tension

state. When the crack width reaches 20 mm wide, the

compressive stress on the outside of the lining and the tensile

stress on the side wall of the crack will soon reach the

compressive strength and tensile strength of concrete, which

indicates that the local concrete at the crack of the lining side wall

will be crushed at this time, and the safety of the lining side wall

can no longer be guaranteed. Therefore, reinforcement and

repair should be carried out in time to prevent the lining

structure from being unstable and damaged.

As shown in Figure 13, the vertical settlement deformation

of the lining at the crack will be increased after the side wall

cracks. For the lining structure, the vertical deformation of

other parts has little influence. Compared with the undamaged

lining, the side wall cracks will increase the settlement

deformation of the vault, but the increased value is very

small. It can be seen that the influence of side wall lining

cracks on the vertical deformation of lining is mainly

concentrated around the cracks.

Influence analysis of cracks with
different depths on lining structure

Analysis of internal force and deformation
of lining after vault cracking

As shown in Figure 14, when the lining vault cracks, the stress

of the lining structure is symmetrically distributed, and obvious

stress concentration occurs near the crack tip. With the increase

of crack depth, the maximum stress around the crack tip is

increasing. When the crack depth is greater than 30 cm, the

damage range of compressive stress at the crack tip is close to the

lining edge, and the lining stability cannot be guaranteed.

Therefore, reinforcement and repair measures should be taken

in time.

As shown in Figure 15, with the increase of vault crack depth,

the vertical displacement of the lining structure vault increases,

but the increased value is relatively small, and the main influence

range is concentrated near the vault crack, while the vertical

displacement of other main parts has no obvious effect.

FIGURE 17
Cloud image of Y-direction displacement of lining with cracks at different depths in arch shoulder. (A) The crack depth is 10 cm. (B) The crack
depth is 20 cm. (C) The crack depth is 30 cm. (D) The crack depth is 40 cm.
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Analysis of internal force and deformation
of lining shoulder after cracking

As shown in Figure 16, when the arch shoulder cracks, the

stress value around the crack is obviously higher than that of the

vault crack, and the stress concentration around the crack is

larger, indicating that the arch shoulder is more sensitive to the

change of crack depth, that is, the arch shoulder crack is more

destructive to the lining than the vault crack. With the increase

of crack depth, the stress around the crack increases

continuously. When the crack depth is more than 30 cm, the

compressive stress of the lining edge near the crack tip has

reached the compressive strength of concrete, and the safety

and stability of the arch shoulder of the lining structure cannot

be guaranteed. Therefore, it is necessary to strengthen the

monitoring of the cracks at the arch shoulder to ensure

timely repair and reinforcement.

From Figure 17, the vertical deformation of the lining will

be increased when cracks appear in the arch shoulder, and the

settlement displacement around the vault will increase with

the increase of the crack depth, but the increment will be

small. Compared with the undamaged lining, the arch

shoulder crack also increases the uplift displacement of the

inverted arch.

Analysis of internal force and deformation
of lining wall after cracking

As shown in Figure 18, the stress around the crack at the side

wall increases obviously, and the stress around the crack is larger

than that in the vault and arch shoulder, which is more sensitive

to the depth factor. When the side wall crack is larger than 30 cm,

the stress at the lining edge near the crack tip has reached the

limit value, and the lining structure at the side wall has been in a

state of destruction.

As shown in Figure 19, with the increase of crack depth, the

maximum vertical settlement of lining vault is increasing.

Compared with the undamaged lining, the vertical

displacement of the inverted arch is increased by the side wall

crack, but the change is no longer obvious with the increase of the

crack depth.

FIGURE 18
Cloud pictures ofmaximumprincipal stress of cracks in side walls at different depths. (A) The crack depth is 10 cm. (B) The crack depth is 20 cm.
(C) The crack depth is 30 cm. (D) The crack depth is 40 cm.
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Conclusion

In this paper, through numerical analysis of the model of

lining cracking at different positions, the influence of lining

cracking at different positions on the stress of lining structure

and the variation law of displacement are summarized. The main

conclusions are as follows:

1) Based on the Yingpanshan tunnel, the numerical analysis

shows that the internal force of the deep buried tunnel lining

is basically symmetrically distributed without damage, and

the internal force will be redistributed after the lining cracks.

2) When the lining cracks, with the increase of the crack width,

the stress concentration at the crack of the lining decreases

continuously; With the increase of crack depth, the stress

concentration at the crack of lining increases continuously.

And the stress of other main parts of the lining has increased,

which has a certain deterioration effect on the bearing

capacity and stability of the lining structure.

3) Cracking of lining has little effect on the lateral deformation

of lining, and the small lateral deformation is mainly

distributed around the crack. With the increase of crack

width and depth, the subsidence deformation of vault and

the uplift deformation of inverted arch increase continuously,

especially when the crack is wide.
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