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+emechanical properties of the lining are directly affected by defects such as voids behind the lining and insufficient thickness of the
lining. In order to quantitatively evaluate this effect, the mechanical behavior of the lining under the influence of the void behind the
lining, the insufficient thickness of the lining, and the combination of the two kinds of defects are adopted by the 1/5 scale model test.
Based on the experimental research, numerical calculation models based on the CDPmodel for defect lining are established, with the
effects of load direction, stratum stiffness, defect location, defect type, and degree on the mechanical behavior of the lining analyzed
by the numerical simulation. +e experimental and numerical results show that the void weakens the stiffness of the lining. As the
void range increases, the lining becomes more deformable and its bearing capacity decreases with the “S” curve. +inning sig-
nificantly reduces the deformation properties of the lining and the bearing capacity and stiffness of the thinned section. +e lining
bearing capacity decreases linearly with the increase of the thinning ratio, when the load is applied at the thinning.With the influence
of combined defects on the load-displacement curve of the lining fluctuating drastically, the mechanical properties of the lining are
significantly reduced.+e bearing capacity of lining decreases with the increase of composite defects in a “S” shape.+e effect of void
and lining thinning on the lining bearing capacity increases with the increase of the stiffness of the formation.+e loss rate equation
of the concrete lining bearing capacity under the influence of existing defects is established by using the L-M nonlinear regression
analysis, a provision of scientific guidance for the safety evaluation of the defect lining.

1. Introduction

Because of the complex environment, unclear load char-
acteristics, and construction quality problems, lining
cracking, leakage, and other problems become common and
are difficult to prevent and treat [1–3]. Among them, voids
behind the lining and insufficient thickness of the lining are
two common tunnel quality defects caused by inappropriate
construction, which are one of the main causes of tunnel
damage [4, 5] and have a serious impact on the safety and
durability of the structure [6].

At present, some research work has been carried out on
the influence of existing defects, such as voids behind the
lining and insufficient thickness, by means of statistics,

theoretical analysis, numerical calculation, and laboratory
tests, from which a lot of achievements have been gained
[7–15]. It is found that voids behind the lining will cause
stress redistribution of surrounding rock and then change
the stress state of lining [7, 8]. +e influence of different
positions of voids on the stress state, failure mode, and safety
factor of the lining structure varies [9]. It is noteworthy that
the crown has the greatest influence on the structural safety
factor [10], and the crown is also the most prone part to form
voids [10]. +e test results show that with the increase of the
void range, the stress concentration of the lining becomes
more serious, the axial force of the lining structure decreases
as a whole, and the bending moment of the lining within the
void range and between the voids increases obviously, which
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leads to the deterioration of the stress state and the decrease
of the structural safety [11, 12]. Insufficient thickness of the
lining will directly reduce the bearing capacity and stiffness
of the lining section in this part; on the other hand, it may
reduce the contact stress between the supporting structure
and surrounding rock, reduce the bearing capacity and
stiffness of the lining, and deteriorate the stress state of the
structure [13]. Under different load conditions, the lining
with insufficient thickness will have different degrees of
deformation and failure modes, and the order of damage will
change accordingly [14]. In addition, the worse the sur-
rounding rock is, the higher the sensitivity to lining thinning
is and the greater the harm caused by lining thinning.
During practice in tunnels, it is found that the insufficient
thickness of the lining often occurs with the formation of
voids behind the lining, and the mechanical properties of the
lining under the defect combination are different from those
under the single defect [15].

However, most of the existing studies have qualitatively
evaluated the influence of defects on tunnel lining structure
from internal force distribution of the lining and structural
safety analysis [16, 17], but the quantitative evaluation about
the decline of lining bearing capacity under the influence of
defects is insufficient. Moreover, the existing experimental
and computational studies mostly focus on the single defect,
and there is little research on the bearing capacity of lining
under the influence of the combination of two defects [14].
In addition, the small-scale model test [8, 15, 18] has been
used in the existing experimental studies, which makes it
difficult to solve the problem of material similarity. +ere-
fore, this paper uses the 1/5 scale lining model test and
numerical simulation method to study the mechanical be-
havior of lining under voids behind the lining, insufficient
thickness of the lining, and the combination of two kinds of
defects. On the basis of laboratory test and numerical cal-
culation, the mathematical equation of the influence of
existing defects on the bearing capacity of lining is estab-
lished, which provides scientific basis for quantitative
evaluation of the influence of defects on the mechanical
properties of lining and treatment design.

2. Experimental Plan

2.1. Layout of TestingDevice andSensor. In order to carry out
the model test of the stress performance of the lining under
the influence of defects, a horizontal loading test device for
lining is developed [19]. Figure 1 shows the loading device
and sensor arrangement under the vertical loading condi-
tion.+emodel device is 3,950mmwide and 2,610mm high,
including a reaction steel frame, electrohydraulic jack, and
formation restraint device. 9 loading positions are set
around the lining internally. +rough the installation of the
300 kN electrohydraulic jack at each loading position, the
loading at any position can be realized. Unloaded parts
simulate formation reaction through the combination of the
rubber plate and jack. Taking the vertical loading of crown as
an example, the layout of model test elements is shown in
Figure 1(b). 9 displacement measuring positions are
arranged inside the lining and measured by displacement

transducer; 30 strain gauges are symmetrically arranged
inside and outside the lining to measure the strain inside and
outside; and pressure sensors are arranged at the position of
the lining crown to measure the vertical load.

2.2. Test Materials and Specimens. In this paper, the geo-
metric similarity ratio of model test is 1/5, and the prototype
material is used for model test. +e model lining is made of
C25 concrete. +e compressive strength of concrete is
28.2MPa measured by the standard cube compressive
strength test. Taking the common two-lane highway tunnel
lining in China as the prototype, the model lining specimens
are made according to 1/5 scale. +e lining specimens are
2.3m wide, 1.56m high, 80mm thick, and 300mm long.
Based on the existing achievements [20, 21], eight 10 cm
thick elastic rubber plates are used to simulate the formation
constraints around the lining. +e size of a single rubber
cushion plate is 0.3m× 0.3m.+e side of the rubber plate in
contact with the lining is processed into an arc so that it can
be closely adhered to the lining. +e elastic coefficient of the
rubber plate is determined by the uniaxial compression test,
which is 3.38MN/m. +e equivalent formation resistance
coefficient is 27.9MPa/m. +e field test picture is shown in
Figure 2.

2.3. Test Condition. +e external loads causing lining
failure can be categorized into vertical relaxation ground
pressure, biased ground pressure, and horizontal plastic
ground pressure [20, 22]. For simplicity, this test only
considers vertical and oblique load directions to simulate
lining under vertical relaxation ground pressure and bi-
ased pressure. As shown in Figure 3, aiming at the defect at
crown and spandrel, the influence of voids behind the
lining and insufficient thickness of lining on the me-
chanical properties of lining is studied. Figure 3(a) de-
scribes the 45-degree oblique loading with crown voids of
the lining and insufficient thickness of the lining;
Figure 3(b) describes the vertical loading with vault voids
of the lining and insufficient thickness of the lining.
Among them, the void range is represented by α angle and
the insufficient thickness of the lining by the thinning ratio
δ. +e expression is as follows:

δ �
H0 − H1

H0
× 100%, (1)

where H0 andH1 represent the thickness of the lining before
and after thinning, respectively.

In this model test, the void sizes are selected as α� 30°
and α� 60°, and the thinning ratios are chosen as δ � 25%
and δ � 50%, respectively. Among them, 6 working condi-
tions are designed for the vault crown defect and 3 working
conditions are designed for the spandrel defect. +e vault
crown void is represented by the symbol “V” and its cor-
responding angle, and the thinning is represented by the
symbol “T” and its corresponding thinning ratio. For ex-
ample, V30 indicates that the void size is 30°, T25 indicates
that the thinning ratio of lining is 25%, V30T25 indicates
that the void size of lining is 30°, and the lining is thinned by
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Figure 1: Diagram of layout of loading device and sensor (unit: mm), (a) model device, (b) layout of testing sensor.
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Figure 3: Diagram of set-up conditions for model test. (a) Crown void and insufficient thickness. (b) Spandrel void and insufficient
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25%.+e loading rate is 0.3–0.5mm/min. +e crack width is
measured, and the distribution of the cracks is recorded with
every 5mm increase in the displacement of the vault crown,
and the loading is stopped after the lining is damaged.

3. Analysis of Test Results

+e load-displacement curve of defective lining is shown in
Figure 4, and the main results of model test are shown in
Table 1. From Figure 4, it can be seen that the shape of load-
displacement curve of lining under different defects sig-
nificantly differs. When there are voids, the stiffness of the
lining decreases, and the larger the void range is, the more
easily the lining deforms. Under biased pressure, the thin-
ning of the vault crown lining has little effect on the overall
stiffness, but the lining shows obvious brittle failure. +e
influence of the combination of void and thinning defects is
the greatest. +e load-displacement curve of lining is not
smooth with sharp zigzag. +e transition of elastic, elastic-
plastic, and failure stages of lining under combined defects is
uneven, which indicates that the mechanical properties of
lining are obviously reduced.

When the vault crown void increases from 0° (no voids)
to 60° under oblique loading, the initial crack load and its
displacement decrease by 16.4% and 56.5%, respectively, and
the peak load and corresponding displacement decrease by
75% and 95.6%, respectively. It can be seen that with the
increase of the void range, the lining will crack easier, the
bearing capacity will be significantly reduced, the brittleness
of the lining will be increased, the deformation performance
will be reduced, and the fracture or crushing failure will be
more likely to occur. When the thinning ratio of vault crown
lining increases from 0 (no voids) to 50%, the initial crack
load decreases by 25.1%, and the peak load and corre-
sponding displacement decrease by 4.4% and 35.6%, re-
spectively. +e thinning of lining has great influence on the
initial cracking load and the corresponding displacement of
peak load, and the risk of lining cracking and the degree of
brittleness increase. Because of formation restraint, the in-
fluence on the overall bearing capacity of lining is not ob-
vious. When vault crown voids and lining thinning occur at
the same time, the peak load and corresponding displace-
ment of V60T50 are only 19.9% and 3.6% of those of intact
lining, respectively. Lining only has the similar bearing
capacity as ground arch structure, and its deformation ca-
pacity is basically lost.

Under vertical load, the load-displacement curve of
intact lining is similar to that under oblique loading, and
the bearing capacity of intact lining is about 12%. When
there are voids and thinning in the vault spandrel lining at
the same time, the shape of load-displacement curve, peak
load, and displacement variation law are similar to those of
the combined defects of vault crown lining under oblique
loading, but the influence is slight. Taking V60T50 as an
example, its peak load and corresponding displacement are
only 32% and 10.4% of those of the intact lining,
respectively.

Generally speaking, when the void size reaches 60°, the
restraint effect of surrounding rock is weak, and the bearing

capacity and deformation performance of lining decrease
significantly; the thinning of lining mainly affects the de-
formation performance of lining and the bearing capacity
and stiffness of thinned section but has little effect on the
overall bearing capacity of the lining; it is worth noting that,
whether at the crown or spandrel, the combined defects have
significant effects on the bearing capacity and deformation
performance of lining.

4. Numerical Calculation Model and
Its Verification

4.1. Material Model and Parameters. +e concrete damage
plasticity (CDP) model in ABAQUS is used to simulate
concrete in this paper. +e two main failure modes as-
sumed by the model are tensile cracking and compressive
collapse of concrete. +e model was proposed by Lubline in
1989 and revised by Lee and Fenves [23] in 1998, which is
that the plastic flow rule is noncorrelative flow rule and the
plastic potential surface follows the Drucker–Prager hy-
perbolic function. +e model is suitable for numerical
analysis of concrete under monotonic, cyclic, and dynamic
loads.

According to the fracture energy criterion of concrete,
it can be seen that the stress-crushing (or cracking) strain
relationship of concrete is related to the mesh size of
concrete element. When the mesh size of concrete element
is different in the finite element model, the stress-crushing
(or cracking) strain relationship of concrete is also dif-
ferent. +erefore, this paper defines the plastic behavior of
concrete by controlling the compressive fracture energy
and tensile fracture energy of a single unit of concrete and
uses the stress-crushing strain curve and stress-cracking
displacement curve to define the compressive and tensile
behavior of concrete, respectively. +e compressive stress-
strain curve of concrete is calculated in accordance with
Code for Design of Concrete GB50010-2010, and the tensile
stress-cracking displacement curve of concrete is calculated
according to the suggested formula in reference [24]. +e
calculation of tensile fracture energy of concrete is based on
the suggestion in CEB-FIP2010.+e expression is as follows
[25]:

GF � 0.073 fcm( 
0.18

, (2)

where GF is the tensile fracture energy of concrete in units of
N/mm and fcm is the average value of the compressive
strength of concrete in units of MPa.

+e compressive fracture energy of concrete is calculated
according to the suggested formula given in reference [26]:

Gc �
fcm

fctm
 

2

GF, (3)

where Gc is the compressive fracture energy of concrete in
units of N/mm and fctm is the average tensile strength of
concrete in units of MPa.

+e calculated tensile fracture energy GF and com-
pressive fracture energy GF of concrete are 0.139N/mm and
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22.57N/mm, respectively. +e relationship between com-
pressive fracture energy and stress-strain of concrete can be
expressed as follows:

Gc � lc  σ dε, (4)

where lc is the characteristic length of the unit, lc �
���
2A

√

(unit: mm), and A is the unit area.
When the characteristic length of the element changes,

the stress-strain curve of the element will change accord-
ingly. In this paper, a four-node plane strain element with
mesh sizes of 20mm, 10mm, and 5mm is proposed. De-
structive strain curves under three grids are obtained as
shown in Figure 5(a) and the cracking displacement curves
as shown in Figure 5(b).

According to Sidiroff’s energy equivalence principle [27],
the damage factor of the CDP model can be expressed as

dt � 1 −
σtlc
E0w

 

0.5

,

dc � 1 −
σc

E0ε
 

0.5

,

dc � 1 −
σc

E0εc
 

0.5

,

dt � 1 −
σtlc
E0w

 

0.5

,

(5)

where dt and dc are the tensile and compressive damage
factors, respectively; σt and σc are tensile and compressive
stresses of concrete, respectively; w is the cracking dis-
placement of concrete; E0 is the initial elastic modulus of
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Figure 4: Load-displacement curve of lining defects. (a) Vault crown voids of the lining. (b) Insufficient vault crown thickness of the lining.
(c) Combined vault crown defects of the lining. (d) Combined spandrel defects of the lining.
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concrete; εc is compressive strain; and lc is characteristic
length of concrete integral element.

Values of the plastic parameters for the CDP model can
be seen in Table 1.

4.2. Structural Model. In this paper, ABAQUS is used to
establish the lining calculation model under the above 9 test
conditions. +e lining is simulated by plane strain element
CPE4, and the surrounding rock is simulated by spring
element only under pressure. +e loading and boundary
conditions consistent with the model test are set. +e
structural calculation model is shown in Figure 6.

4.3. Validation of Numerical Simulation. +e experimental
and computational results of the load-displacement curve of
lining under typical defects are shown in Figure 7. In the
figure, “E” represents the experimental curve and “S” rep-
resents the computational curve. +e figure shows that the
shape of load-displacement curve is similar, and the nu-
merical calculation curve is smoother and gentler compared
with the experimental curve. +e variation of bearing ca-
pacity of lining with defects is basically the same. For ex-
ample, the difference between numerical results and
experimental values is 9.9%, 4.5%, and 22.6% when the void
range of vault is 0°, 30°, and 60°, respectively; for the vault
combination defect V60T25 and V60T50, the difference
between numerical value and experimental value is 15.3%
and 10.4%, respectively; for the vault spandrel combination
defect V30T25 and V60T50, the difference between

numerical value and experimental value is 6.8% and 6.5%,
respectively. +is is because the boundary conditions of the
numerical simulation are idealized and the materials are
homogeneous. In addition, the numerical simulation does
not consider these influence factors, which can affect the
calculation results, such as the friction between lining and
the ground, the constitutive model selected by the numerical
simulation and the size of the mesh, etc. But, the load-
displacement curves under the two conditions are similar in
shape. It can be seen that the results of numerical calculation
are close to the experimental results, and the numerical
model has good reliability, which can reflect the mechanical
behavior of plain concrete lining under the influence of
defects.
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Table 1: Values of the plastic parameters for the CDP model.
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5. Parameter Sensitivity Analysis

Based on the numerical model of defective lining, this paper
calculates the crown and spandrel position of main lining and
mainly discusses the influence of void range, lining thinning
ratio, combined defects, load direction, and stratum stiffness
on the mechanical behavior of the lining. +e calculation
conditions are shown in Table 2. In the table, load directions
of 90°, 45°, and 0° represent vertical, oblique, and horizontal
directions, respectively. +e stratum stiffness is measured by
the model test value and the recommended stratum resistance
coefficient of grade III–V surrounding rock in tunnel code.

5.1. Voids. In terms of the calculation of vault crown voids
and spandrel voids, 2 load directions and 4 kinds of stratum
stiffness are considered. +e void sizes are 0°, 15°, 30°, 45°, 60°,
and 75°, respectively. Taking class III surrounding rock

(k� 850MPa/m) as an example, the load-displacement curves
of lining under different dimensions of vault crown voids and
spandrel voids are shown in Figures 8 and 9, respectively. It
can be seen from Figure 8 that the voids have little effect on
the load-displacement response of lining when the size of
vault is small (α≤15°). When the size of voids reaches 30° or
more, the curvature of the rising section of the load-dis-
placement curve of lining decreases obviously, the peak load
decreases obviously, the curve drops suddenly after the peak
load, and the lining shows obvious brittle failure character-
istics. It can be seen that when the size of the void is larger
(α> 15°), the voids obviously change the stiffness, bearing
capacity, and deformation performance of the lining. +e
load-displacement curves of lining are similar under
45°oblique and horizontal loads. Because the loading position
is far away from the void position under horizontal loading,
the bearing capacity of the lining under horizontal loading is
obviously larger than that under 45° oblique loading and is
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Figure 7: Comparative analysis of load-displacement curve of the lining. (a) Vault crown voids of the lining. (b) Combined vault crown
voids of the lining. (c) Combined spandrel voids of the lining.
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influenced less by the void size of the vault. Figure 9 shows
that the law of load-displacement response and the influence
of load direction on the bearing capacity of lining under the
spandrel void are consistent with that of the vault crown void.

From the relationship curve between peak load and void
size of lining (Figures 10 and 11), it can be seen that the

bearing capacity of lining varies in three stages with the
increase of void size under different stratum stiffness and
loading modes. When the void range is less than 15°, the
bearing capacity of lining decreases slowly; when the void
range is between 15° and 45°, the bearing capacity decreases
rapidly; when the void range is greater than 45°, it decreases

Table 2: Calculation conditions.

Calculation conditions Defect position Load direction Void range +inning ratio Stratum stiffness (MPa/m)
1∼48 (48) Crown 45°, 0° 0°, 15°, 30°, 45°, 60°, 75° — 27.9, 150, 400, 850
49∼92 (44) Spandrel 90°, 0° 0°, 15°, 30°, 45°, 60°, 75° — 27.9, 150, 400, 850
93∼116 (24) Crown 90°, 45°, 0° — 0.25%, 50% 27.9, 150, 400, 850
117∼140 (24) Spandrel 90°, 45°, 0° — 0.25%, 50% 27.9, 150, 400, 850
141∼220 (80) Crown 45°, 0° 15°, 30°, 45°, 60°, 75° 25%, 50% 27.9, 150, 400, 850
221∼300 (80) Spandrel 90°, 0° 15°, 30°, 45°, 60°, 75° 25%, 50% 27.9, 150, 400, 850
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Figure 8: Load-displacement cure of the lining under crown voids. (a) 45° oblique loading. (b) Horizontal loading.
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Figure 9: Load-displacement curve of the lining under spandrel voids. (a) Vertical loading. (b) Horizontal loading.
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slower. For example, when the stratum stiffness
k� 850MPa/m, the bearing capacity of the three stages
under oblique loading decreases by 7.19 kN, 112.68 kN, and
7.07 kN, respectively, which decreases by 4.9%, 81.5%, and
27.7%. For the same stratum stiffness, the bearing capacity of
the three stages under vertical loading decreases by 7.11 kN,
159.30 kN, and 21.23 kN, respectively, which decreases by
3.5%, 80.3%, and 54.4%. It can also be seen from the graph
that the greater the stratum stiffness, the higher the bearing
capacity of lining and the more obvious the three-stage
characteristics of the bearing capacity and the void size
curve. +is shows that the better the surrounding rock, the
greater the influence of voids on bearing capacity.

5.2. Insufficient =ickness of the Lining. In terms of the
calculation of insufficient thickness of the lining at the vault

crown and spandrel, vertical, oblique, and horizontal load
directions are considered with the thinning ratio as 0%, 25%,
and 50%, respectively. Similarly, the load-displacement
curves of lining under different thinning ratios are shown in
Figure 12, exemplified by class III surrounding rock
(k� 850MPa/m). It can be seen from the figure that the
effect of thinning on the load-displacement response of
lining varies under different loadmodes. Generally speaking,
the load exerted on the thinning part of the lining has a
significant impact on its bearing capacity, on which the load
exerted on other locations has a relatively small impact.With
the increase of the thinning, the lining stiffness decreases,
and the curve declines quicker after the lining reaches the
peak load under the three load modes, which makes the
lining more vulnerable to brittle failure.

+e curve on the relationship of peak load-thinning ratio
of lining (Figures 13(a) and 14(b)) shows that the bearing
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Figure 10: Peak load-crown void size relationship curve of the lining. (a) 45° oblique loading. (b) Horizontal loading.
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Figure 11: Peak load-spandrel void size relationship curve of the lining. (a) Vertical loading. (b) Horizontal loading.
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capacity of lining decreases linearly with the increase of
thinning ratio at different stratum stiffness when the loading
position falls in the thinning part of the lining. Taking
stratum stiffness k� 150MPa/m as an example, as the
thinning ratio of the lining at vault crown increases from 0 to
50%, the bearing capacity of lining decreases by 97.92 kN,
namely, by 70.6% while as the thinning ratio of the lining at
vault spandrel increases from 0 to 50%, the bearing capacity
of lining decreases by 62.48 kN, namely, by 64.2%. Taking
stratum stiffness k� 850MPa/m as an example, as the
thinning ratio of the lining at vault crown increases from 0 to
50%, the bearing capacity of lining decreases by 138.87 kN,
namely, by 67.6%, while as the thinning ratio of the lining at
vault spandrel increases from 0 to 50%, the bearing capacity
of lining decreases by 98.4 kN, namely, by 67.7%. It can be
seen that the greater the stratum stiffness, the faster the
linear decrease of the bearing capacity of lining with thin-
ning ratio, which indicates that the better the surrounding
rock, the greater the influence of lining thinning on bearing
capacity. From Figures 13(b), 13(c), 14(a), and 14(c), it can
be concluded that the influence of other loading positions on
the bearing capacity of lining is subtle except at the thinning
point, and the farther away from the thinning point, the
smaller the influence on the bearing capacity.

5.3. Combined Defects. Similarly, the load-displacement
curves of the lining under typical defect combination are
shown in Figure 15, exemplified by class III surrounding rock
(k� 850MPa/m). +e figure shows that the combined defects
seriously weaken the bearing capacity and deformation
performance of the lining and will accelerate the damage
process of the lining. When the vault lining has a 30° void and
a 25% thinning, the bearing capacity of the lining under 45°
oblique load and horizontal load decreases by 54.8% and
32.9%, respectively, and the corresponding displacement
under peak load decreases by 33.3% and 44.3%, respectively.
When the crown void and the thinning ratio increase to 60°

and 50%, respectively, the bearing capacity of the lining under
the two loads decreases by 91.9% and 80.8%, respectively, and
the corresponding displacement decreases by 84.4% and
90.1% with basically lost bearing capacity and deformation
capacity. Similarly, the effect of combined defects at vault
spandrel on the mechanical properties of lining is similar to
that of vault crown. When the spandrel lining has a 30° void
and a 25% thinning, the bearing capacity of the lining under
vertical and horizontal loads decreases by 66.4% and 51.5%,
respectively, and the corresponding displacement under peak
load decreases by 62.6% and 61.9%, respectively. When the
void and the thinning ratio increase to 60°and 50%, the
bearing capacity of the lining under the two loads decreases by
92.2% and 80.8%, respectively, and the corresponding dis-
placement decreases by 88.7% and 90.8%.

+e three-dimensional curved surfaces of peak load of
lining varying with combined defects under two kinds of
stratum stiffness (k� 150MPa/m and 850MPa/m) are shown
in Figures 16 and 17. +e figures show that under different
defect locations and load directions, the influence of com-
bined defects on the bearing capacity of lining is consistent,
but the influence level is different.+e peak load decreases in a
“S” shape with the increase of the combined defect level, and
the larger the stratum stiffness, the larger the decrease of the
bearing capacity of the lining caused by the combined defect.

5.4. Analysis of the Loss Rate of Bearing Capacity of Lining
Affected by Defects. +e void behind the lining and the
insufficient thickness of the lining seriously affect the bearing
capacity of the lining. In order to quantitatively evaluate
such an effect, the loss rate of bearing capacity ξ is defined as

ξ � 1 −
P

P0
, (6)

where P is the bearing capacity of the lining in the presence
of defects and P0 is the bearing capacity of the lining in the
absence of defects.
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Figure 12: Load-displacement curve of thinned lining. (a) +inning of lining at vault crown. (b) +inning of lining at vault spandrel.
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For simplicity, the void size is dimensionless and η is
defined to represent the void size:

η �
LV

π D
, (7)

where LV represents the vault length corresponding to the
void range and D represents the diameter of the lining vault.

From Figures 10 to 11 and the calculation results of
bearing capacity loss rate under corresponding conditions, it
is found that the bearing capacity loss rate of the lining has a
good correlation with the logistic model with the increase of
the void behind the lining. S-shaped growth curve (logistic
model) can be used to describe the loss rate of bearing
capacity of plain concrete lining under the influence of voids.
+e expression is as follows [28]:

ξ � a −
a

1 +(η/b)p, (8)

where a, b, and p are the fitting parameters and p is the
power (p> 0).

From Figures 13 to 14 and the calculation results of
bearing capacity loss rate under corresponding working
conditions, it can be seen that the influence of thinning ratio
on the bearing capacity loss rate of the lining shows a linearly
declining relationship, which can be described by a linear
equation:

ξ � cδ, (9)

where δ is the thinning ratio and c is the fitting parameter.
In addition, the influence of stratum stiffness on the loss

rate of bearing capacity of defective lining is well correlated
with the power function model. It can be described by the
following expressions:

α � mk
n
, (10)

where k represents stratum stiffness and m and n are fitting
parameters.

By combining the above models properly and
according to the results of Figures 16 and 17 and
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Figure 13: Variation curve of peak load-crown thinning ratio. (a) Vertical load. (b) 45° oblique load. (c) Horizontal load.
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Figure 14: Variation curve of peak load-crown thinning ratio. (a) Vertical load. (b) 45° oblique load. (c) Horizontal load.
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Figure 15: Load-displacement curve of lining under combined defects. (a) Defects at vault crown. (b) Defects at vault spandrel.
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corresponding conditions, the equation of loss rate of
bearing capacity of the plain concrete lining varying with
void size, thinning ratio, and stratum stiffness can be
established:

ξ � a −
a

1 +(η/b)p  +(cδ) mk
n
. (11)

In order to verify the validity of the model, taking the
combined defects at vault crown under oblique and hori-
zontal loads and the combined defects at vault spandrel under

vertical and horizontal loads as examples, the calculated loss
rate of bearing capacity under the influence of combined
defects is brought into equation (11). +e Levenberg–
Marquardt method is used to carry out nonlinear regression,
and the fitting parameters are obtained as shown in Table 3.

For the four cases in Table 3, the correlation coefficient
obtained by fitting is between 0.974 and 0.986, which shows
high correlation of fitting results. It can be seen that the
bearing capacity loss rate equation proposed in this paper
can be used to evaluate the effect of voids and thinning on
the bearing capacity of lining.
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Figure 17: +ree-dimensional curved surfaces of peak load and combined defects at vault spandrel. (a) Vertical load. (b) Horizontal load.
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6. Conclusion

In this paper, a 1/5 scale lining model test and numerical
calculation are carried out to study the mechanical behavior
of plain concrete lining with voids, lining thinning, and
combined defects. +e main conclusions are as follows:

(1) Model test results show that the stiffness of lining
decreases when there is a void behind the lining; the
larger the void range is, the more easily the lining
deforms. When a certain void size is reached, the
surrounding rock has weak restraint function, and
the bearing capacity and deformation performance
of lining decrease significantly. +e thinning of
lining mainly affects its deformation performance,
bearing capacity, and stiffness of thinned section.+e
load-displacement curve of the lining is sharp zigzag
under the combined defect of void and thinning.+e
transition of elastic, elastic-plastic, and failure phases
of the lining is no longer smooth, and the mechanical
properties of the lining are obviously reduced.

(2) +e numerical results show that under different
stratum stiffness and loading modes, the bearing
capacity of lining decreases from slow, rapid, to flat
S-shaped curve with the increase of void range. +e
better the surrounding rock is, the greater the in-
fluence of voids on bearing capacity is.

(3) +e bearing capacity of lining decreases linearly with
the thinning ratio when the load is applied at the
thinning point. +e farther the distance from the
thinning point, the smaller the influence on the
bearing capacity. With the increase of thinning level,
the decline speed of the curve increases when the
lining reaches the peak load, and the lining is more
vulnerable to brittle failure. Similarly, the better the
quality of surrounding rock, the greater the influence
of lining thinning on bearing capacity.

(4) Under different defect locations and load directions,
the influence of combined defects on the bearing
capacity of lining is consistent. +e peak load of the
lining decreases with the increase of the combined
defect level, and the larger the stratum stiffness is, the
larger the decrease of the bearing capacity of the
lining caused by the combined defect.

(5) On the basis of model test and numerical calculation
results, the bearing capacity loss rate equation of
plain concrete lining considering the conditions of
lining vault, lining thinning, and surrounding rock is
established, which provides a theoretical basis for
quantitative evaluation of the influence of existing
defects on the bearing capacity of lining.
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