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Abstract. The total length of tunnels in China has ranked first in the world. However, in the
construction of railway tunnels in difficult mountainous areas, it is easy to have cavity behind lining
tunnel (CBLT) diseases. Moreover, in the operational tunnels, the proportion of CBLT diseases is
also high. Therefore, the influence of CBLT on the safety of tunnel lining structure should be studied
which is of great significance for ensuring safety and prolonging service life. Based on ABAQUS
finite element analysis (FEA) software, the numerical models of CBLT are established respectively
under four different working conditions: No CBLT, CBLT is on the arch bottom, arch top, spandrel.
By comparing the displacement deformation characteristics, stress change characteristics and
compression damage characteristics of the tunnel structure under these four working conditions, the
law of the influence of cavity positions on the safety of the tunnel structure is obtained. Research
results show that the influences of different positions of CBLT on the safety performance of lining
structures are different. This research can be used to analyze the safety of tunnel structure in the
presence of CBLT disease and guide the safety evaluation of tunnel..
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1. Introduction

Between 2014 and 2024, as China's economy has been developing rapidly, the length of railway
operation has exceeded 150,000 kilometers, and the length of high-speed railway opened to traffic
has exceeded 40,000 kilometers. In China, 70% of which are mountains, hills and plateaus. The
construction of large-scale railway infrastructure on these mountains and plateaus inevitably requires
a large number of tunnels to connect [1]. By the end of 2023, 18,537 railway tunnels with a length of
23,508 km have been put into operation in China, and 2,668 with a length of 7,110 km are under
construction [2].

Nowadays, the high-speed railway tunnel project has been moving towards the bad geological
section of the difficult mountainous area in the west. However, the railway tunnels built in the difficult
mountainous areas often have CBLT diseases due to poor construction quality control and untimely
maintenance [3]. Tunnel construction is a complex system engineering, CBLT disease occurs
frequently, in the current operation of the tunnel, the hole behind the lining disease accounts for about
25% [1].

Through literature review, the diseases of the lining of 3 tunnels are analyzed [1]. Huangtuling
Tunnel (Pinggu District, Beijing, China) tunnel arch and side wall have many cracks accompanied by
different degrees of water leakage disease, and there are CBLT at the development site of cracks and
the spalling site of concrete. There are 15 CBLT in the left wall (Yunyang, Chongging, China), 15
cavities on the top, 14 cavities in the arch bottom plate. There are more than 20 CBLT of Lijihuayuan
Tunnel (Chongging, China) with serious water leakage diseases [1].

As a common tunnel disease, lining crack damage is the result of long-term adverse effects of
supporting structure and surrounding rock [4]. In China, the early construction of the tunnel generally
adopts the form of straight wall, due to the uneven quality of tunnel construction, a large number of
straight wall tunnel lining structure under the load variation and environmental effects of its long-
term mechanical properties and durability is difficult to ensure, straight wall tunnel lining structure
disease gradually emerged, it seems that the disease distribution phenomenon of straight wall tunnel
lining structure is more serious. The CBLT is one of the primary factors contributing to lining
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deterioration [5]. Consequently, an in-depth exploration of the impact of this CBLT on the safety of
straight-wall tunnel structures is indispensable. Such research holds immense significance in
guaranteeing the operational safety of straight-wall tunnels and enhancing their service life.

Zhang et al. studied the impact of cavities behind the lining on tunnels by establishing two-
dimensional and three-dimensional (3D) FEA models. He concluded that the cavities at the arch top
have a great influence on the tunnel structure [6]. Wang studied the bending moment and axial force
of the lining structure in the presence of cavities in combination with the risk probability model in
literature, and obtained a cavity risk assessment method [7]. In the study of Wang et al., a numerical
simulation was adopted to obtain the laws of the influence of CBLT on the displacement and stress
of the lining [8]. Che established a 3D FEA model to study the influence law of cavities behind the
lining of straight-wall tunnels on the internal forces of the lining structure [9]. Zhu used ANSYS for
numerical simulation analysis to study the mechanical properties of the lining structure under
different stress fields and different cavities positions [10]. Liu used the numerical simulation
calculation method to study the structural reliability indexes of the secondary lining structure under
different conditions and different stress states [11]. Luo used the "Tongji Shuguang GeoFBA" FEA
software to study the internal forces of the lining structure when there were CBLT and obtained the
variation law of the internal forces [12]. Liu studied the influence of different characteristic
parameters of cavities on the lining structure by establishing a numerical calculation model of tunnels
containing cavities [13]. Lai et al. used the ANSY'S FEA software to establish two-dimensional plane
models with and without CBLT, studied the influence laws of cavities in terms of size and position
on tunnels, and analyzed the variation laws of the bending moment and axial force [14].

According to the detection of geological radar, in fact, there are different degrees of holes in the
lining arch, arch waist and other areas of highway tunnel [15]. Based on ABAQUS FEA software,
this paper established four numerical models of CBLT under different working conditions, namely
no CBLT, and the positions of CBLT are on the arch bottom, arch top and spandrel respectively. By
comparing the deformation displacement, stress distribution characteristics of tunnel models under
CBLT at different positions and the compression damage characteristics, the influence of CBLT on
security was studied. To provide certain reference significance for tunnel structural safety evaluation.

2. Tunnel Lining Cavity Calculation Model

2.1. Model Establishment

Based on the ABAQUS FEA software, this chapter relies on the project of a two-way two-lane
straight wall tunnel to establish a 3D model. The tunnel buried depth in the model is 300m. Fig. 1(a)
IS a cross-section of the tunnel. In the 3D model, about 4-5 times the tunnel diameter was taken on
both sides of the tunnel, and the tunnel was taken from the surface upwards, limiting the horizontal x
displacement of the model, the front and back z displacement, and the bottom y displacement. In
order to fully consider the influence of the structural size limitations on the calculation and analysis
of the structure, the geometric size of the model was selected as 40m>40m>=10m. At the same time,
the grid division should meet the requirements of calculation, and a total of 4055 grid units and 4788
nodes are divided. Fig. 1(b) shows the tunnel structure model after grid division.

2.2. Parameter Selection

In FEA, the surrounding rock meets the Moell-Coulomb constitutive relation and the lining is
isotropic elastomer. When modeling the tunnel structure with CBLT disease, the V level surrounding
rock is selected, surrounding rock arguments are selected by railway tunnel specifications. According
to the design specification of tunnel support, it is also similar to other similar projects [16, 17]. The
lining is set as a C20 concrete structure with a thickness of 40cm. The parameters of surrounding rock
and lining structural materials selected in this paper are shown in Table I.
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(b) Tunnel structure model diagram after grid division.
Figure 1. Tunnel structure and model diagram.
Table 1. Parameters Of Surrounding Rock And Lining Structure Materials

Type of material Surrounding rock Lining
Heavy gamma (KN/m?3) 20 25
Elastic module (Gpa) 1.5 20
Poisson's ratio 0.3 0.2
Cohesion (kPa) 150 /
Internal friction Angle (9 25 /

2.3. Cavity Size and Shape Instructions

Previous studies have shown that CBLT of different shapes have limited influence on the force
and deformation of tunnel structures. The mechanical characteristics and safety of lining structures
basically cannot change with the change of CBLT shapes. Therefore, in order to simplify the analysis,
in this chapter, CBLT are uniformly treated as rectangles when designing the model. The CBLT size
is designed to be 3m long, 1m wide and 0.4m high. The schematic diagram of the CBLT is shown in
Fig. 2.

Due to the different positions in which they appear, the CBLT are diverse. In order to simulate the
CBLT disease in different positions and compare its influence on the stress of tunnel, four different
numerical models of CBLT were established. The CBLT is located at the bottom of the arch, the top
and the spandrel. In addition, for comparison, a tunnel structure model without CBLT is established.
Therefore, there are four kinds of tunnel numerical models under different working conditions. The
models with four working conditions are shown in Fig. 3.

. o

Figure 2. Schematic diagram of the cavity.
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(c) Arch top cavty. (d) Spandrel cavity.
Figure 3. Four positions of CBLT.
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Figure 4. Initial geostress field.

2.4. Analysis Methods and Steps

Initial geostress balance: After the model is established, gravity is assigned to the model to
simulate the initial geostress balance. After the balance is over, this part of the displacement is cleared
to CBLT the impact on the calculation results. The initial geostress field is shown in Fig. 4

Rock mass excavation: In this calculation step, it is assumed that the tunnel is excavated by drilling
and blasting method, and the stress release coefficient a=0.70 is taken according to similar projects.
In this paper, the softening modulus method is used. The modulus of the rock mass in the excavation
area is partially reduced before the lining construction to simulate the stress release effect during the
excavation of the working face [18]. The ABAQUS model change function was used to activate the
lining unit and kill the rock mass unit in the excavation area in two analysis steps.

Lining construction: In this step, the lining construction needs to be carried out in the initial stress
ratio, that is, the original member is under a certain pressure, so the original structure has a certain
deformation in the initial stress state, so the tracking element method (elcopy) is used to capture the
deformation in the initial state.
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3. Results and Discussion

3.1. Analysis of Displacement and Deformation

The deformation in displacement has the potential to impact both the stress levels and structural
stability of the tunnel, potentially leading to significant secondary issues if the deformation becomes
excessive. To precisely assess the influence of CBLT on the deformation of the surrounding rock and
tunnel lining structure, it is imperative to examine the changes that occur in the cavity, surrounding
rock, and lining structure during the tunnel's operational phase. This requires a thorough analysis of
displacement and deformation. The numerical calculations related to displacement and deformation
must also be verified. Fig. 5 depicts the cloud images for the maximum horizontal deformation
displacement (MHDD) (left) and maximum vertical deformation displacement (MVDD) (right) of
the tunnel lining under four operational scenarios. Table Il summarizes the displacement and
deformation conditions observed under these various scenarios. Additionally, Fig. 6 illustrates the
maximum displacement curves for both horizontal and vertical displacements across the different
operational conditions.

This phenomenon is particularly obvious when there is a CBLT in the spandrel. Since the position
of MHDD and MVDD in this model almost does not change with the position of the CBLT (the
MHDD appears in the side wall, and the MVVDD appears on the top), this chapter compares the
maximum displacement deformation value and the change of displacement and deformation at
different positions of the cavity openings to reflect the deterioration performance of CBLT at different
positions on the lining In Fig. 2 and Fig. 6, when there is a CBLT in the spandrel, the MHDD and
MVDD of the lining are the largest among the four working conditions, and the horizontal
displacement is 1.518mm respectively. The vertical displacement is 7.241mm, and the MHDD and
MVDD increase by 11.7% and 7.5% compared with the complete lining condition. Moreover, the
displacement and deformation increase at the spandrel cavity opening is much greater than that in
other conditions, indicating that the spandrel cavity has the greatest influence on the displacement
and deformation of the tunnel. In addition, it can be observed that except for spandrel CBLT, the
displacement and deformation cloud images of the other three working conditions are symmetrical.
In the case of spandrel CBLT, the maximum displacement and deformation of the side wall with
CBLT increases significantly, which can also provide evidence for the deterioration of spandrel
CBLT performance Finally, the vertical deformation displacement (VDD) is greater than the
horizontal deformation displacement (HDD) under the four working conditions, indicating that the
VDD has a stronger degradation effect on the lining structure performance than HDD.

Table 2. The Results of Maximum Displacement (mm)

o MHDD MVDD
CBLT position - -
Maximum Increment Maximum Increment
Complete lining 1.358 / 4.874 /
Arch bottom 1.375 0.048 5.001 0.128
Arch top 1.385 0.463 4.863 0.012
Spandrel 1.497 0.364 4,965 1.420

3.2. Analysis of Stress Variation

When the CBLT disease appears, it will change the mechanical characteristics of the tunnel and
surrounding rock, and break the original mechanical balance. In order to better grasp the mechanical
characteristics of tunnel structure and lining structure, and understand the influence of CBLT on the
force of tunnel structure and lining structure, it is necessary to extract the stress value in the model
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calculation result for analysis [19]. Fig. 7 shows the maximum principal stress (MaxPS) nephogram

(left) and minimum principal stress (Min PS) nephogram (right) of the tunnel lining under four
working conditions.
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Figure 5. Tunnel lining displacement nephogram.

142



Highlights in Science, Engineering and Technology MECEME 2025

Volume 137 (2025)

1.6
1.5
14 /_/
1.3

1.2
Intactlining Bottom cavity  Vault cavity Spandrel cavity

7.6
7.2
6.8 \/
6.4

Intactlining Bottom cavity  Vault cavity Spandrel cavity

(a) Horizontal displacement. (b) Vertical displacement.
Figure 6. Curve of maximum displacement.
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(a) Complete lining stress nephogram.
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(b) Stress nephogram of arch bottom cavity lining.
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(c) Stress nephogram of arch cavity lining.

143




Highlights in Science, Engineering and Technology
Volume 137 (2025)

MECEME 2025

S, Max. Principal

(Avg: 75%)
+1.207e+06
+3.522e+05
-5.030e+05

S, Min. Principal

(Avg: 75%)
+1.218e+05
-2.392e+06
-4.906e+06
-7.420e+06
-9.934e+06
-1.245e+07
-1.496e+07
-1.748e+07
-1.999e+07
-2.250e+07
-2.502e+07
-2.753e+07
-3.004e+07

-3.924e+06
-4.779e+06
-5.634e+06
-6.489e+06

28.2000+06
291055¢+08

(d) Stress nephgram of spandrel cavity lining.
Figure 7. Stress nephogram of tunnel lining.

In the MaxPS nephogram, when there is no CBLT, the arch bottom tensile stress is the largest.
When there is a CBLT at the bottom of the arch, the CBLT has a small influence on the lining, and
the stress concentration at the CBLT is not obvious, but it has a great influence on the numerical
value. When the CBLT appears on the top, the CBLT has a large influence on the lining, which mainly
changes the stress state of the CBLT and the top lining. The stress concentration in the CBLT is more
obvious, but the influence on the numerical value is small. When there is a CBLT in the spandrel, the
CBLT has a large influence on the lining, mainly changing the stress state at the CBLT, the top and
the bottom of the arch. The stress concentration at the CBLT is obvious, but the numerical influence
is also small. It can be seen from the nephogram of minimum principal stress that when there is no
CBLT, the maximum compressive stress appears at the arch bottom. When there is CBLT at the
bottom of the arch, the change of lining stress is more obvious. Other changes are not obvious. When
there is a CBLT on the top, the stress magnitude of the lining changes obviously. The stress
distribution around the CBLT changes slightly, and the stress concentration in the CBLT is obvious.
When there is a CBLT on the spandrel, the stress of the lining changes obviously, the stress
distribution of the arch bottom, the top and the side wall changes obviously. The arch bottom changes
from compressive stress to tensile stress. The stress concentration is obvious in the CBLT.

The MaxPS and MinPS of the lining and their positions are shown in Table III and Table IV when
there are no CBLT and CBLT appear at each position. It can be seen from Table IIT and Table IV that
the MaxPS occurs at the bottom of the arch, while the MinPS occurs near the bottom of the arch and
the CBLT. The change of stress values is shown in Fig. 8. It can be seen from Fig. 8 that the MaxPS
value is the largest when the CBLT is located at the arch bottom. When the CBLT is located at the
arch top, the MinPS value is the largest.

Table 3. Variation of Maximum Principal Stress

CBLT position MaxPS (Pa) Position of the MaxPS | Stress change (Pa)
Complete lining 111200 Arch bottom 0
Arch bottom 124600 Arch bottom 13400
Arch top 109000 Arch bottom -2200
Spandrel 120700 Arch bottom 9500

Table 4. Variation of Minimum Principal Stress

CBLT position MinPS (Pa) Position of the MinPS Stress change (Pa)
Complete lining -19460 Arch bottom 0
Arch bottom -23060 Arch bottom -3600
Arch top -24570 Arch top, Spandrel -5110
Spandrel 12180 Arch top, Spandrel 31640
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Figure 8. Maximum stress curve of tunnel lining.

3.3. Characteristics of lining compression damage

When CBLT appears, the mechanical properties of the lining will deteriorate. Moreover, deep-
buried tunnels are under relatively high pressure. Therefore, exploring the influence of CBLT at
different positions on the compression damage characteristics of the lining is the focus of this chapter.
Through the study of the compression damage characteristics of different areas of the lining, the areas
with greater lining damage can be identified, and these areas are regarded as dangerous areas. The
above research can play a certain guiding role in tunnel construction and the reinforcement of tunnel
operation in the future. The Concrete Damage Plasticity (CDP) model can take into account both the
plastic deformation and damage effect of materials in the process of calculation. For the monotonic
load analysis under the environment of low confining pressure and low strain rate, the compressive
damage factor dc (the value range of which is from 0 to 1, and the larger the value is, the greater the
damage degree of the concrete material is. That is, when dc= 0, indicates that the concrete is not
damaged. When dc = 1, it means the concrete material is completely damaged) is introduced to
characterize the stiffness degradation degree of materials under tension and compression. Meanwhile,
combined with the viscoelastic characteristics, the convergence of material calculation can be greatly
improved [20]. In this chapter, the ABAQUS FEA software is adopted. Based on the CDP model, the
compression damage characteristics of CBLT at different positions are analyzed. As shown in Fig. 9-
12, they are the compression damage characteristics of the complete lining, the CBLT at the arch
bottom, the CBLT at the arch top and the CBLT at the spandrel.
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Figure 9. Characteristics of compressive damage of complete lining.
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Figure 10. Characteristics of compressive damage of arch bottom cavity.
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Figure 11. Characteristics of compressive damage of top cavity.
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Figure 12. Characteristics of compression damage of spandrel cavity.
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Figure 13. Maximum change curve of compression damage factor at the side wall.

It can be seen from Fig. 9-12, the compression damage characteristics of the lining that when
cavities appear behind the tunnel lining, the compression damage characteristics of the lining will
change. Although compared with the complete lining, the positions where the maximum damage
factor values occur in the other three working conditions of CBLT remain unchanged, except for the
situation where CBLT is located at the arch bottom, the characteristic positions of the lining's
compression damage in the other two working conditions have changed significantly. In the working
condition where CBLT is located at the arch bottom, the compression damage degree of the left and
right side walls of the lining increases significantly, the compression damage degree at the spandrel
increases slightly, and the maximum value of the damage factor decreases slightly. In the working
condition where CBLT is located at the spandrel, the compression damage degree at the opening of
the spandrel increases significantly, and the increasing characteristic generally reflects that the closer
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to the opening, the higher the damage degree of the lining. Combined with the stress distribution
characteristics in Section 3.2 of this chapter, it can be speculated that the increase in the compression
damage degree at the opening is caused by the stress concentration at the opening. Moreover, in this
working condition, the maximum value of the compression damage factor also changes greatly,
increasing by 15.9% compared with the working condition of the complete lining.

In addition, by observing the four working conditions, it can be found that the lining with high
compressive damage is mostly on the left and right side walls and both sides of the arch bottom. Since
the volume of the areas with a high compression damage degree at the left and right side walls is
relatively large, the maximum values of the compression damage factors at the left and right side
walls under the four working conditions are compared to reflect the deterioration performance of the
lining caused by CBLT at different positions. Among them, the curve of the change in the maximum
value of the compression damage factor at the side wall under the four working conditions is shown
in Fig. 13. It can be seen that when CBLT is located at the spandrel, it has the greatest impact on the
safety of the lining. During the construction, maintenance and reinforcement processes, appropriate
reinforcement should be carried out according to the actual situation to improve the overall stability
of the surrounding rock mass.

4. Conclusion

Based on ABAQUS FEA software, numerical models of CBLT under different working conditions
were established in this paper. By comparing the changes of deformation displacement, stress
distribution, maximum and minimum principal stress and compression damage characteristics of
tunnel models under different positions of lining cavities, the influence of CBLT on the tunnel safety
was studied.

(1) In the four working conditions of complete lining, arch bottom cavity, top cavity and spandrel
cavity, the horizontal displacement and vertical displacement of the lining are the largest when
spandrel cavity appears, which indicates that spandrel cavity has the greatest influence on the
displacement and deformation of the tunnel. Moreover, the VDD is greater than the HDD in all four
working conditions, indicating that the vertical displacement has a greater impact on the structural
performance of surrounding rock, while the HDD has a lesser impact on the structural performance
of surrounding rock. When CBLT appears, in addition to the vertical displacement of the arch bottom
cavity, the displacement and deformation around the hole will increase, indicating that CBLT at any
position will have a certain deterioration effect on the lining performance

(2) Under the four working conditions, the positions where the MaxPS and MinPS of the lining
occur remain almost unchanged, and they are all located at the arch bottom. When the CBLT appears
at the arch top and spandrel, the stress concentration at the opening is obvious, and the stress
distribution state undergoes relatively large changes. When the CBLT is located at the spandrel, not
only is the stress concentration evident, the stress distribution state changes significantly, and the
change in the stress value is also relatively large. It can be seen that when the CBLT is located at the
spandrel, its effect on the stress characteristics of the lining is obvious. However, the CBLT at arch
bottom has a relatively small impact on the stress distribution state. No obvious stress concentration
is found at the opening either, and the change in stress is mainly reflected in relatively large numerical
variations.

(3) Under the four working conditions, the linings with a high degree of compression damage are
mostly located at the left and right side walls and on both sides of the bottom slab. When the Tunnel
Backing Lining Cavity (CBLT) is located at the arch bottom, the volume of the lining suffering
relatively large compression damage increases significantly, but the change in the compression
damage factor is not obvious. When the CBLT is located at the arch top, neither the volume of the
lining's compression damage nor the change in the compression damage factor is obvious. When the
CBLT is located at the spandrel, the degree of compression damage at the opening increases
significantly, and the compression damage factor at this position increases substantially, with an
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increase rate of 54.5%. It can be seen that when the CBLT is located at the spandrel, the deterioration
of the lining's safety performance is quite evident.

To sum up, whether comparing the displacement and deformation characteristics, stress
characteristics or compression damage characteristics under the four working conditions, the Tunnel
Backing Lining Cavity (CBLT) located at the spandrel will have a relatively large impact on the lining.
It can be seen that compared with the CBLT at other positions, when the CBLT appears at the spandrel,
the effect of deteriorating the safety of the lining is the most obvious. Therefore, special attention
should be paid to this situation during the tunnel operation period.
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