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Abstract: In order to explore the fracture evolution characteristics of existing defect lining structures
under unsymmetrical loads, unsymmetrical failure model tests of three working conditions, namely,
intact lining, vault defect, and arch waist defect, were carried out. Acoustic emission (AE) technology
was used to detect the lining cracks from microscopic to macroscopic. The relationship between the
accumulated energy of AE and the relative load was established, and a fracture evolution model
of lining based on the cumulative energy of AE was proposed. The results show that the failure
process of the intact lining under unsymmetrical load has three stages: “initial crack cracking at the
unsymmetrical position→ development and formation of main crack→ specimen cracking failure”.
The load ratio of initial crack cracking is 16.5%, and the load ratio of main crack development
and formation is 52.2%. The initial cracking position of the lining under unsymmetrical loads has
nothing to do with the existing defect position, with defects occurring at the unsymmetrical position,
and the remaining cracks are mainly distributed in the vault, inverted arch and arch foot position.
Compared with the intact lining, the ultimate bearing capacity of the vault defect and arch waist
defect decreased by 14.2% and 21.3%, and the maximum deformation decreased by 44.6% and 50.6%,
respectively. The radial deformation degree in the unsymmetrical position at each stage is basically
the same under unsymmetrical load conditions, and it is not affected by the position of the existing
defects. The deformation proportion of each stage is concentrated in 5%, 40%, 53%, respectively. We
derived the facture evolution of lining based on the accumulated energy of AE, and the quantitative
relationship between the damage variable and deformation of the lining under unsymmetrical load
was established. When the fracture degree reaches 0.04 and 0.35, the deformation of vault defect
lining and the arch waist defect lining is 58.3%, 75.0%, 40.2% and 50.6% earlier than those of the
complete lining, respectively. When the fracture degree exceeds 0.6, the growth rate of damage degree
is no longer affected by the location of the existing defect.

Keywords: unsymmetrical load; existing defects; acoustic emission; fracture evolution characteristics

1. Introduction

Due to the limitations of geological topography and line direction, unsymmetrical
tunnels often appear at tunnel entrances and river valleys. This results in the cracking of
tunnel linings, the formation of crack diseases, and even in damage to tunnel structures,
endangering driving safety [1]. Meanwhile, as the main material of tunnel lining, concrete
has heterogeneous and irregular characteristics [2]. As a result, the damage evolution of the
lining is a complex and changeable process, while the force of the unsymmetrical tunnels
structure is more complex [3]. As a result, traditional detection methods and damage
analysis methods struggle to accurately determine the damage degree and evolution
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characteristics of unsymmetrical tunnels. Therefore, it is necessary to carry out studies of
the evolution characteristics of lining fractures under unsymmetrical load conditions.

At present, some research results have been obtained on the force characteristics and
the fracture evolution characteristics of tunnel lining under unsymmetrical loads. Zhao
Lianheng et al. [4–6] introduced the horizontal unsymmetrical load coefficient to optimize
the calculation method of surrounding rock pressure distribution in shallowly buried
unsymmetrical tunnels. The authors proved that the optimized calculation method has
significant asymmetric failures and that the overall deflection of the failure range to the side
with a larger buried depth is more in line with the actual engineering situation. She Jian,
He Chuan et al. [7,8] studied the deformation, disease and bearing capacity characteristics
of structures under conditions of vertical ground pressure caused by unsymmetrical and
surrounding rock relaxation. Liu Xuecheng et al. [9,10] analyzed the stiffness attenuation
law of the lining structure with numerical calculation inversion based on the model test
results, explored the force deformation characteristics, failure forms and damage processes
of the tunnel structure under unsymmetrical load, and proposed a mechanical evalua-
tion model for tunnel lining diseases. Lei Mingfeng et al. [11,12] systematically studied
the influence law of unsymmetrical surface angle on the surrounding rock pressure of
shallow-buried unsymmetrical tunnels by using indoor similar physical model tests. Zhang
Zhiguo et al. [13] modified the cohesion of rock and soil mass based via the comprehensive
action of horizontal and vertical seismic forces, and then obtained the analytical solution
of surrounding rock pressure in shallow-buried unsymmetrical tunnels. However, the
research on the evolution characteristics of lining cracks is more discussed through visual
detection results such as force, deformation, and stiffness change. While scholars have
ignored the detection and analysis of the whole process from initial microscopic damage to
macroscopic damage of the lining.

As a typical nondestructive testing technique, acoustic emission (AE) technology is
often applied to the damage detection of tunnel lining because it can describe the whole
process from microscopic damage to macroscopic damage. Li Junwei et al. [14] derived a
mathematical model of the evolution of lining cracking damage based on the relationship
between cumulative energy of AE and the relative load of lining, and the damage degree
of lining cracking can be inferred preliminarily by CMOD. Amedeo Manuello et al. [15],
by collecting acoustic emission signals during the damage evolution of a highway tunnel,
proved that the acoustic emission 3D positioning technique can effectively describe the
characteristics of crack growth. In the work of Triantis Dimos et al. [16], the dead load
stage of the three-point bending test was detected by acoustic emission technology. It
has been proved that the F function and p function can effectively describe the attenua-
tion phenomenon at the early stage of the dead load. At the same time, the attenuation
phenomenon is more obvious when the load exceeds 80% of the breaking load. In the
work of Efe Selman et al. [17], mechanical and acoustic information of reinforced concrete
members reinforced by carbon fiber-reinforced polymer (CFRP) was collected. A unitless
function “sentry” was proposed based on a logarithmic ratio of variable energy (ES) to
acoustic energy (EAC). It has been proved that the “sentry” function can effectively reflect
the failure mechanism and failure degree of reinforced concrete members reinforced by
carbon fiber-reinforced polymer (CFRP).

In view of this, this paper carries out a model test of existing defect tunnel lining for
unsymmetrical loads. The AE signals of the whole process of fracture evolution is analyzed
from the microscopic to the macroscopic, and the fracture evolution law of tunnel lining
under unsymmetrical load conditions is studied to provide some reference for lining crack
performance evaluation and lining maintenance.
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2. Model Test Design and Device
2.1. Model Test Device

The self-developed lining horizontal loading model test device was used in the test,
as shown in Figure 1. In this test, the influence of self-weight was ignored. The lining
was placed horizontally and the pulley plate was set at the bottom to reduce the friction
caused by the displacement of the lining in the loading process. The loading system
was composed of a ground stress spring, jack and oil pressure control system. A total of
10 independently controlled jacks were provided. By controlling the loading of each jack,
various load conditions of tunnel lining can be simulated.
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Figure 1. Lining horizontal loading model test device.

A self-developed lining horizontal loading model test device was used in the test, as
shown in Figure 1. In this test, the influence of self-weight was ignored. The lining was
placed horizontally, and the pulley plate was set at the bottom to reduce the friction caused
by the displacement of the lining in the loading process. The loading system was composed
of a ground stress spring, jack, and oil pressure control system. A total of 10 independently
controlled jacks were provided. Various load conditions of tunnel lining can be simulated
by controlling the loading of each jack.

2.2. Lining Model Preparation and Working Condition Design

In this paper, the Xiangsi Mountain unsymmetrical tunnel of the Guangzhou–Zhanjiang
railway was taken as the engineering prototype in the model test. The transverse span of
the prototype tunnel was 14.7 m, the height was 11.5 m and the thickness of the lining was
0.5 m. According to the content and purpose of the test, as well as the geometric size of the
existing test bench, the similarity ratio of 1:10 was adopted for the test design according to
the law of similarity. The transverse span of the model specimen was 1.47 m, the height
was 1.15 m, and the thickness of the lining was 0.05 m. Other parameters of the specimen
are similar, as shown in Table 1.
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Table 1. Relevant parameter similarity ratio.

Related Parameters Similarity Ratio

Geometric Dimensioning L (m) 1:10
Load N (N) 1:1820

Formation Resistance Coefficient K (MPa/m) 1:1.82
Stress σ (MPa) 1:18.2

Elasticity Modulus E (MPa) 1:18.2
Strain ε 1:1

Poisson Ratio µ 1:1
Displacement δ (cm) 1:10

In this test, similar materials of C35 concrete were used to cast lining specimens, and
the matching materials were ordinary Portland cement comprising PO32.5, fine river sand,
stone plaster and water. The specific matching of similar materials is shown in Table 2.

Table 2. Mix ratio of similar materials.

Required Materials Cement River Sand Limestone Water

Mix Ratio 1 7.7 0.6 1.75

According to existing research [18,19], the key failure locations of the lining structure
were vault and arch waist. The cracks occurred in the vault accounted for 79.31% of the
total number of cracks, the number of cracks in the arch waist accounted for 43.10% of
the total number of cracks, and the cracks in the side wall accounted for 21% of the total
number of cracks. It can be seen that the cracking probability of the vault was the largest,
followed by that of the arch waist.

Based on this, three kinds of test pieces were designed in this test. Among them, the
inner arch and arch waist of the lining were prefabricated. The depth is 1/3 of the lining
thickness, and the width is 5 mm. Details are shown in Table 3.

Table 3. Model conditions of damaged lining.

Test Conditions
Defects

Location Depth

Specimen 1 Intact Lining - -
Specimen 2 Defective Lining Vault h/3
Specimen 3 Arch Waist h/3

Schematic Diagram
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2.3. Test Loading and Sensor Arrangement

In order to meet the requirements of unsymmetrical load in this test, the joint operation
mode of P6 and P7 jacks is shown in Figure 2, and the other jacks bear the elastic resistance
caused by lining deformation. The test was performed by displacement-controlled loading,
with 0.5 mm loading at each level until the component was destroyed.
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Figure 2. Bias loading method.

In this test, displacement meters were used to detect the deformation of lining, and
9 displacement meters were arranged on the inner surface of corresponding lining. The
specific positions of displacement meters are shown in Figure 3. The AE was used to detect
lining damage. In order to accurately identify the fracture evolution of lining, AE time
parameters, sound velocity calibration and other detection parameters were set according
to existing research results [20]. Considering the principle of the AE sensor wrapping
test specimen, the AE sensors were arranged in a formation of dislocation and cross in a
position that was the same distance from the unsymmetrical position and the outer surface
boundary. The specific arrangement is shown in Figure 4.
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3. Analysis of Lining Cracking Characteristics under Unsymmetrical Load
3.1. Analysis of Cracking Characteristics of Intact Lining

There were 5 main cracks in intact lining under the unsymmetrical load. Among them,
there were 2 main through cracks on the inner surface of the lining in the unsymmetrical
position. These were distributed along the longitudinal lining. The other 3 cracks were
distributed on the outside of the left arch foot, the outside of the right spandrel and the
inside of the inverted arch. The final shape and location distribution of lining cracks are
shown in Figure 5.
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schematic diagram of intact lining cracking.

As can be seen from Figure 5, with the increase in load, cracks appeared in specimen
1 in the order of arch inside the left arch waist→ the outside of the vault→ the outside
of the left arch foot and the inside of the inverted arch. Among them, the inner crack of
the left arch waist gradually developed along the axial direction of the lining, and the
concentration area of short micro-cracks appeared around the main crack, which eventually
led to the failure of the lining structure as a whole.
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Combined with the changes in cracks, deformation and force shown in Figure 5b,
it can be seen that the force process of the intact lining under unsymmetrical load was
divided into three stages. Stage 1: elastic deformation occurred in the specimen, with the
increase in load. The internal pores and micro-damages of the specimen were compacted,
and no cracks appeared on the surface of the specimen. Stage 2: when the load reached
16.5% of the ultimate load, crack 1 appeared inside of the unsymmetrical position. After
the crack appeared, the stiffness of the specimen decreased, and the deformation rate
of the lining increased rapidly. With the increase in load, the stress of the steel bar at
crack 1 increased compared with that before cracking, which restrained the propagation of
crack 1, causing a new crack to appear in the unsymmetrical position. Stage 3: when the
load reached 52.2% of the ultimate load, short and shallow micro-cracks appeared inside
the unsymmetrical position. With the increase in load, the stress of reinforcement in the
unsymmetrical position continued to increase, which inhibited the crack propagation and
decreased the deformation rate. Cracks 3, 4, 5 began to appear in the vault both outside
the left arch foot and inside the inverted arch. As the load continued to increase, the stress
of the reinforcement in the in the unsymmetrical position reached the limit value, the
inhibition ability to cracks and deformation was reduced. The deformation rate of the
specimen began to rise, the opening amount of the main crack 1 exceeded 1.5 mm, and the
specimen underwent accelerated failure and eventually lost its bearing capacity.

3.2. Influence of Different Positions of Existing Defects on Bearing Capacity and Deformation
of Lining

Specimens 2 and 3 were analyzed to study the influence of different defect locations
on the bearing capacity, deformation and cracking characteristics of lining structures with
defect depth of h/3.

Specimen 2 (vault defect) produced a total of 6 main cracks when an unsymmetrical
load was applied. Among them, there were 2 main through cracks on the inner surface of the
lining in the unsymmetrical position, which were distributed along the lining lengthwise.
The other 4 cracks were distributed on the outside of right spandrel, the outside of the left
arch foot, the inside of the inverted arch and the inside of the right arch foot. The final
morphology and location distribution of lining cracks are shown in Figure 6a.
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Specimen 3 (arch waist defect) produced the main crack group under the unsymmetri-
cal position and one crack outside the right spandrel. The final morphology and location
distribution of lining cracks are shown in Figure 6b.
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It can be seen from Figure 7a that with the increase in load, the order of cracks in
specimen 2 was inside of the left arch waist→ outside of the right spandrel and inside of
the inverted arch→ inside of the right arch foot. Since the existing defect in the vault, after
the main crack occurred inside of the left arch waist, cracks began to occur near the existing
defect area, but there was no short micro-cracks concentration area in the main crack
area. The main cracks continued to spread, eventually leading to the overall failure of the
lining structure.
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It can be seen from Figure 7b that with the increase in load, the order of cracks in
specimen 3 was the defect location of the left arch waist→ the micro-cracks area in the left
arch waist→ outside of the right spandrel→ outside of the left arch foot and the inside
of the inverted arch. Since the existing defect at the unsymmetrical position, the lining
cracks were mainly concentrated in the left arch waist. With the increase in load, crack
concentration areas appeared around the main crack, which eventually led to the overall
failure of the lining structure.

It can be seen from Figure 7 and Table 4 that under unsymmetrical load conditions,
the initial cracking position of the lining occurred at the unsymmetrical position, regardless
of the unknown existing defects. Except for the unsymmetrical position, the cracks mainly
occurred in the vault, inverted arch and arch foot. Compared with intact lining, the ultimate
bearing capacity of the vault defect and arch waist defect decreased by 14.2% and 21.3%,
respectively, and the maximum deformation decreased by 44.6% and 50.6%, respectively.
At the same time, compared with the intact lining, the initial cracking load of the vault
defect and arch waist defect decreased by 33.1% and 73.0%, respectively. This indicates that
the closer the existing defect is to the unsymmetrical position, the faster the initial cracking
at the unsymmetrical position and the faster the lining instability will be. Although the
radial deformation in unsymmetrical position of vault defect and arch waist defect were
smaller than those of the intact lining, the radial deformation ratios in unsymmetrical
position of each stage were basically the same, being concentrated in about 5%, 40% and
53%, respectively. This indicated that the radial deformation degree of lining cracking at
each stage was basically the same under unsymmetrical load, and was not affected by the
position of the existing defects.
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Table 4. Deformation and load characteristics of different defective lining cracking at different stages
under unsymmetrical load.

Initial
Cracking

Fracture
Development Late Fracture Ultimate Load

(N)

Ultimate
Deformation

(cm)

Specimen 1

Location Inside of the the
left arch waist

Inside of the
left arch waist
and outside of

the vault

Outside of the
left arch foot,
inside of the
inverted arch

6093 24.9

Load (N) 1008 3182 3746
Load Ratio 16.5% 52.2% 61.4%

Deformation
(cm) 1.21 9.96 13.08

Deformation
Ratio 4.8% 40.0% 52.5%

Specimen 2

Location Inside of the the
left arch waist

Outside of the
vault, inside of

the inverted
arch and

outside of the
the left arch

foot

Inside of the
right arch foot 5230 13.8

Load (N) 674 2698 3079
Load Ratio 12.9% 51.6% 58.9%

Deformation
(cm) 0.62 5.54 7.23

Deformation
Ratio 4.5% 40.1% 52.4%

Specimen 3

Location Inside of the the
left arch waist

Inside of the the
left arch waist,
outside of the

the right
spandrel

Outside of the
the left arch

foot, inside of
the inverted

arch

4797 12.3

Load (N) 272 1471 2267
Load Ratio 5.6% 30.7% 47.3%

Deformation
(cm) 0.58 4.95 6.62

Deformation
Ratio 4.7% 40.2% 53.8%

4. Analysis of Fracture Evolution Characteristics of Unsymmetrical Lining Based
on AE
4.1. AE Test Results

The AE signal waveform of a damage event is shown in Figure 8, and it can be seen
from the figure that the energy is the area under the envelope of the damage waveform,
indicating the size of the damage. Amplitude is the peak value of the damage waveform,
indicating the degree of damage. The ringing count is the number of times the damage
waveform crosses the threshold value, indicating the active degree of damage inflicted.
Therefore, the cumulative energy of AE, amplitude and cumulative ringing count were
used to reflect the fracture evolution characteristics of the lining under unsymmetrical load.
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It can be seen from Figures 9 and 10 that the cumulative energy of AE is basically
consistent with the change in lining load over time. The whole process of lining failure
under unsymmetrical load can also be divided into three stages. Additionally, the time
nodes of curve fluctuations in each stage are consistent, which further proves that the AE
test results can effectively reflect the whole process of structural failure.
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Stage 1: At this stage, the duration of specimen 1 lasted for 270 s, while specimens 2
and 3 were comparatively shortened by 14.8% and 44.4%, respectively. Compared with
specimen 1, the amplitude of specimen 2 and specimen 3 decreased by 40.3% and 51.4%,
the cumulative energy of AE decreased by 16.7% and 55.6%, and the cumulative ringing
count decreased by 20.0% and 45.1%, respectively. The results show that the closer an
existing defect is to the unsymmetrical position and the faster the initial cracking at the
unsymmetrical position is, the smaller and less active the initial cracking damage of the
crack will be.

Stage 2: This stage is the most important stage of the whole process of lining fail-
ure. The AE test results of three kinds of specimens accounted for 57.4%, 54.1% and
26.2% of the whole process of lining fracture, respectively. At this stage, the cracks of
specimen 2 began to transfer to the existing defects of the vault, and the amplitude de-
creased by 26.7% compared with specimen 1. However, the growth rate of the cumulative
energy of AE and cumulative ringing count increased by basically the same amount, in-
dicating that the damage of specimen 2 decreased at this time, but the active degree of
damage that occurred did not decrease and the crack expanded steadily. The cracks in
specimen 3 continued to develop at the existing defect, the amplitude was 75.0% higher
than that of specimen 1. However, the cumulative energy of AE and the cumulative ringing
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count were much smaller than that of specimen 1, indicating that the damage of the arch
waist defect increased rapidly, the active degree of damage that occurred was not high, and
the crack expansion was instantaneous. The closer the existing defect is to the unsymmetri-
cal position, the faster the crack development and the shorter the main crack forming time
will be.

Stage 3: Compared with the intact lining, the amplitude of the vault defect and arch
waist defect lining increased significantly, the cumulative energy of AE was 35.7% and
42.9% higher, respectively, and the cumulative ringing count was basically the same. The
results showed that the closer the existing defect is to the unsymmetrical position, the
higher the degree of damage will be. However, the active degree of damage that occurred
was not high.

4.2. Fracture Evolution Model of Lining

It has been proved above that AE test results can effectively reflect the whole process
of lining cracking from the microscale to the macroscale under unsymmetrical load. In
addition, the energy of AE refers to the area under the envelope of the damage waveform,
which is not the fracture energy in an intuitive sense. However, a larger energy of AE
indicates that the waveform area above the threshold value is larger, which indirectly
reflects the degree of structural damage. Therefore, this paper proposes the probability
density function based on the cumulative energy of AE:

f (V)dV = dG/G0 (1)

where V is the relative load borne by the lining, that is, the ratio of load borne by compo-
nents and ultimate load; G is the sum of energy of AE from the beginning of damage to the
current moment, that is, the cumulative energy of AE at the current moment; G0 is the sum
of all energy of AE occurring when the lining reaches the peak load, that is, the cumulative
energy of AE at the peak load.

The new probability density function can be obtained by dividing Equation (1) by dV:

f (V) =
1

G0

dG
dV

(2)

Integrating Equation (2) from the relative stress level 0 to 1:∫ 1

0
f (V)dV =

∫ G0

0
dG/G0 = 1 (3)

Then, the damage variable expression of the lining is:

D =
∫ V

0
f (V)dV =

∫ V

0

1
G0

dG
dV

(4)

According to Formula (4), in order to establish the damage variable model with
cumulative energy of AE as the variable, the functional relationship between the cumulative
energy of AE and relative load should be found first.

The Weibull function is commonly used to describe the distribution of failure data
of brittle materials. Therefore, the “S” Weibull function was used to fit the variation of
cumulative energy of AE of the lining under unsymmetrical load. The fitting function was
expressed as:

y = a− (a− b) exp(−(kx)∧d) (5)

where a is the maximum value of cumulative energy of AE; b is the instantaneous energy
value of lining cracking; k is the energy accumulation factor, the higher the value of k, the
faster the accumulation of energy; and d is the comprehensive influence factor of energy.

It can be seen from Figure 11 and Table 5 that the curve has a high degree of fitting,
and that the curves fitted to R2 were all greater than 0.95. This indicates that this function
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can effectively describe the relationship between cumulative energy of AE and relative
load, namely:

G = X(V) = a− (a− b) exp(−(kV)∧d) (6)
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Table 5. Curve fitting results.

Specimen a b d k R2

1 1.59 × 107 2.06 × 106 3.18 1.37 0.99
2 2.62 × 107 0.76 × 106 1.67 1.14 0.99
3 1.02 × 107 0.55 × 106 0.95 0.22 0.99

Meanwhile, it can be seen from the fitting results in Table 5 that, compared with
specimen 1, the maximum cumulative energy of specimen 2 and 3 increased by 66.7% and
541.5%, the instantaneous energy value of lining cracking decreased by 61.7% and 73.3%,
and the energy accumulation factor decreased by 47.5% and 70.15%, respectively. This is
further proof that the closer the closer the existing defect is to the unsymmetrical position,
the faster the initial cracking, the lower the degree of initial cracking damage, the shorter
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the main crack forming time, and the higher the degree of damage during lining failure will
be, but that a less active degree of damage will occur during the whole cracking process.

Formula (6) is substituted into Formula (4) to obtain the expression of the damage
variable based on the cumulative energy of AE:

D =
[

a− (a− b) exp(−(kV)∧d)
]
/G0 (7)

The relationship between the lining damage variable and the deformation calculated
by Equation (7) is shown in Figure 12.
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It can be seen from Figure 12 that the damage velocity of specimen 2 and 3 is signifi-
cantly faster than that of specimen 1. The evolution stage of lining damage was delineated
based on the initial crack damage range of specimen 1, which was 0.04. As the benchmarks,
the deformation was 1.21 cm, the main crack development damage was 0.35, and the defor-
mation was 9.96 cm. When the damage of specimen 2 and specimen 3 reached 0.04 and
0.35, the deformation was advanced by 58.3%, 75.0%, 40.2% and 50.6%, respectively. This
indicated the following: the closer the existing defects are to the unsymmetrical position,
the faster the cracking at the unsymmetrical position will be. The faster the lining is, the
more it becomes unstable. When the damage exceeds 0.6, the damage variable curves
of specimen 2 and specimen 3 basically coincide, indicating that the existing defects in
different positions only affect the speed of damage evolution during crack cracking and
development, and do not affect the damage rate of the structure after crack expansion
and forming.

5. Conclusions

Through similar model tests, the deformation characteristics and crack development
characteristics of different existing defect linings under unsymmetrical load were inves-
tigated. Based on AE technology, the fracture evolution characteristics of lining under
unsymmetrical load was analyzed. Th results showed that:

(1) The failure process of the intact lining under unsymmetrical load has three stages:
“initial crack cracking at the unsymmetrical position→ development and formation
of main crack→ specimen cracking failure”. The sequence of crack development is
as follows: inside of the arch waist at the unsymmetrical load→ the outside of the
vault→ the outside of the arch foot on the unsymmetrical side and the inside of the
inverted arch. The load ratio of initial crack cracking is 16.5%, and the load ratio of
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main crack development and formation is 52.2%. Once the main crack is formed, the
specimen enters a stage of rapid failure.

(2) The initial cracking location of the lining under unsymmetrical load is independent
of the location of existing defects, and all cracks occur at the unsymmetrical position.
Other cracks are mainly distributed at the vault, inverted arch and arch foot.

(3) The closer the existing defects are to the unsymmetrical position, the faster the initial
cracking at the unsymmetrical position and faster the lining instability will be. Com-
pared with intact lining, the ultimate bearing capacity of vault defect and arch waist
defect decreased by 14.2% and 21.3%, respectively, and the maximum deformation
decreased by 44.6% and 50.6%, respectively. The radial deformation degree in an
unsymmetrical position at each stage is basically the same under unsymmetrical
load and is not affected by the location of existing defects. The proportion of radial
deformation in each stage is concentrated in 5%, 40% and 53%, respectively.

(4) The AE technology can effectively reflect the three stage characteristics of lining
fracture evolution under unsymmetrical load. The closer the existing defect is to the
unsymmetrical position, the faster the initial cracking, the lower the degree of initial
cracking damage, the shorter the main crack forming time, the higher the degree of
damage during lining failure will be, but the less active a degree of damage occurs
during the whole cracking process.

(5) The fracture evolution model of unsymmetrical lining was derived based on the
cumulative energy of AE, and the quantitative relationship between the damage
variables of unsymmetrical lining and the deformation of lining was established.
Compared with the intact lining, the location of existing defects only affects the
damage evolution rate during crack cracking and development but does not affect the
damage rate of the structure after crack propagation.

(6) Under the unsymmetrical load, when the radial deformation in unsymmetrical po-
sition of the complete lining reaches 1.21 cm and 9.96 cm, the fracture degree of the
lining reaches 0.04 and 0.35. At this time, the tunnel lining should be reinforced in
time to ensure the normal use of the tunnel. However, when the vault defect lining
and arch waist defect lining reach the fracture degree, the deformation is 58.3%, 75.0%
40.2%, and 50.6% earlier than that of the complete lining. The results provide guidance
for determining the damage degree of a biased tunnel with existing defects in real
engineering and when to adopt reinforcement.
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