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Abstract
Purpose – The cracking of a reinforced concrete lining has a significant influence on the safety and leakage
of pressure tunnels. This study aims to develop, validate and apply a numerical algorithm to simulate the
lining cracking process during the water-filling period of pressure tunnels.
Design/methodology/approach – Cracks are preset in all lining elements, and the Mohr�Coulomb
criterion with a tension cutoff is used in determining whether a preset crack becomes a real crack. The effects
of several important factors such as the water pressure on crack surfaces (WPCS) and the heterogeneity of the
lining tensile strength are also considered simultaneously.
Findings – The crack number and width increase gradually with the increase in internal water pressure.
However, when the pressure reaches a threshold value, the increase in crack width becomes ambiguous. After the
lining cracks, the lining displacement distribution is discontinuous and steel bar stress is not uniform. The
measured stress of the steel bar is greatly determined by the position of the stress gauge. The WPCS has a
significant influence on the lining crackingmechanism and should not be neglected.
Originality/value – A reliable algorithm for simulating the lining cracking process is presented by which the
crack number and width can be determined directly. The numerical results provide an insight into the
development law of lining cracks and show that theWPCS significantly affects the crackingmechanism.

Keywords Numerical simulation, Cracking, Lining, Pressure tunnel,
Water pressure on crack surfaces

Paper type Research paper

1. Introduction
The pressure tunnel is an important underground structure in the hydropower station and
generally lined by concrete. According to the present design principle, the cracks are
allowed to occur in the concrete lining during the operation period. However, the crack width
should be controlled to be an acceptable value (Hao et al., 2004; Panthi, 2014). Cracks with
large width may lead to unacceptable leakage in the pressure tunnel. Moreover, they may
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also endanger the safety of pressure tunnel structure and the seepage stability of the
surrounding rock. Therefore, the study of the lining cracking process in the pressure tunnel
is of great significance.

Previous studies have shown that as the pressure tunnel is an underground structure, the
mechanical properties and crack mechanism of the concrete lining of the pressure tunnel are
quite different from the structures above the ground. Considering the action of the surrounding
rock mass, several theoretical and analytical studies on the lining cracking problem have been
carried out (Simanjuntak et al., 2013; Amorim et al., 2014; Fernandez, 1994; Seeber, 1985a,
1985b). Many scholars have developed different analytical formulas to describe the cracks in
pressure tunnels (Darwin and Scanlon, 1986; Schleiss, 1997a, 1997b, 1998).

Compared with the analytical method, the numerical method reflects the various
complicated factors in actual engineering practice (Mang et al., 2015; Zhang and Bui, 2015).
Thus, in recent years, researchers mostly use numerical methods to study the pressure tunnels
(Lin et al., 2007; Feist et al., 2009; Olumide and Marence, 2012; Wang et al., 2013). Because of the
complexity of the engineering practice, the cracking behavior of the pressure tunnel lining has
been simulated in only a few studies (Bian et al., 2016). In these studies, the cracks were
simulated implicitly by an equivalent model (Zhou et al., 2015; Cividini et al., 2012) or a damage
model (Bian et al., 2009). One of the disadvantages of these models is that the actual crack
distribution cannot be described, and thus the crack number and the crack width cannot be
determined directly. As mentioned above, the crack width is an important parameter in
pressure tunnel design. Moreover, after the lining cracks, the internal water in the pressure
tunnel will penetrate into the cracks and generate the water pressure on crack surfaces (WPCS).
The WPCS may greatly influence the cracking mechanism of pressure tunnel concrete lining.
The presence of the WPCS is an important property of the pressure tunnels, in contrast with
the highway tunnels. Unfortunately, theWPCS has not yet been considered in these studies.

After the construction of a pressure tunnel is completed, the tunnel has to be filled with
water before the operation of the hydropower station. During the water-filling period, the
internal water pressure increases gradually and this loading process leads to development of
cracks in the concrete linings. The safety and leakage of pressure tunnels are affected by the
final lining crack state. To study the mechanism underlying the lining cracking of pressure
tunnels, this paper focuses on the lining cracking process during the water-filling period. It is
assumed that the rock mass and intact concrete are impermeable, and thus the water pressure
can be treated as a surface force and the simulation of the hydro-mechanical behavior in rock
mass is not required. A numerical algorithm is presented to simulate the lining cracking
process, by which the lining crack number and width can be solved directly. In this algorithm,
the discrete crack model is used to simulate the cracks in the concrete lining. Cracks are
presented in all lining elements, and the Mohr�Coulomb criterion with a tension cutoff is used
to determine whether a preset crack becomes a real crack. The heterogeneity of the concrete
lining tensile strength was described by a statistical distribution function. To determine the
cracking sequence of the lining elements, the concept of load ratio is introduced. The load
incremental method is used for simulating the loading process during the tunnel water-filling
period and the iteration method for solving the non-linear problem. The developed algorithm
was validated by comparing the numerical results with the analytical solutions and laboratory
test results. Finally, the developed algorithm was used in simulating the lining cracking
process for an actual pressure tunnel and some substantial findings were obtained.

2. Numerical model of pressure tunnel lining cracking
The numerical model of pressure tunnel mainly involves the model of concrete lining
cracking, the model of the heterogeneity of concrete lining and the model of steel bar and
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surrounding rock. The overall numerical model is shown in Figure 1. A detailed description
about this model has been provided in the further sections.

2.1 Model of concrete lining cracking
The discrete crack model is used in simulating the lining cracks. In this model, the cracks
are simulated directly, and the influence of the lining cracks on the structure can be truly
described. The practice of pressure tunnel shows that the lining cracks under the internal
water pressure are generally in the longitudinal direction (Hao et al., 2004; Bian et al., 2016).
Thus, the cracks can be considered to be in radial direction for the plane strain problem.
Therefore, the zero-thickness crack elements are preset along the radial edges of all lining
elements, and the Mohr�Coulomb criterion with a tension cutoff is used in determining
whether a preset crack becomes a real crack. Thus, the progressive lining cracking can be
simulated. No hypotheses about the crack number and crack width are introduced
beforehand. Thus, the crack number and crack width can be solved directly using the
present model.

The four-node isoparametric element and four-node zero-thickness interface element are
used, respectively, to model the intact concrete and preset crack. The Mohr�Coulomb
criterion with a tension cutoff is used as the concrete cracking criterion. The tensile criterion
is used when tensile failure occurs, while the Mohr�Coulomb criterion is used when the
shear failure occurs. The tensile criterion is given by:

s ¼ s t; (1)

and theMohr�Coulomb criterion is:

t ¼ cþ s tanf ; (2)

where t and s are, respectively, the shear and normal stress of the interface element, s t is
the tensile strength, and c and f are, respectively, the cohesion force and frictional angle of

Figure 1.
Numerical model of

pressure tunnel
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the intact concrete. When s > s t, tensile failure occurs. When t > cþ s tanf , shear failure
occurs.

After the concrete lining cracks, internal water penetrates into the cracks and generates
WPCS. A conventional model of pressure tunnel and a model with WPCS are compared in
Figure 2.

The WPCS is directly applied on the crack, and thus, it significantly affects the lining
cracking. The load ofWPCS is given by:

ffg ¼
ð
C
NTpnTdC (3)

whereC denotes the edges of a crack element,N is the shape function of a crack element, p is
the internal water pressure and n is the unit external normal vector. As the crack element is
linear, one Gauss point is adopted for numerical integration. When the x-direction of the
local coordinate system is along the length of the crack element, the load of WPCS can be
derived as:

ffg ¼ l
2
0 � p 0 � p 0 p 0 p½ �T (4)

where l is the length of the crack element.

2.2 Model of the heterogeneity of concrete lining
Heterogeneity means spatial variation of mechanical parameters (such as elastic modulus,
Poisson’s ratio and strengths). In this paper, the heterogeneity of the concrete lining tensile
strength was described by a statistical distribution function. In fact, the elastic modulus,
cohesion strength, friction angle and other parameters of the concrete lining are all
heterogeneous. However, in terms of the pressure tunnel, lining cracking is generally a kind
of tensile failure, and the tensile strength of lining directly affects the lining cracking.
Therefore, only the heterogeneity of the concrete lining tensile strength is considered.

There are many types of statistical distribution functions, such as exponential
distribution, Gauss distribution and Weibull distribution. Among them, the Weibull
distribution (Weibull, 1951) is based on the weakest link model and thus can better reflect
the effect of material defects and stress concentration. Therefore, in this paper, the Weibull

Figure 2.
Numerical model of
pressure tunnel

kcoRkcoR
Internal

water pressure kcoRkcoR
Internal

WPCS
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Lining

water pressure

Crack

Lining
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Notes: (a) Traditional model; (b) model with WPCS
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distribution is selected to describe the tensile strength heterogeneity of the concrete lining.
The probability density function can be expressed as follows:

f sð Þ ¼ m
s 0

s

s 0

� �m�1

exp � s

s 0

� �m
 !

(5)

where s is the probability variable value of the Weibull distribution, s 0 the scale parameter
and m the shape parameter. The parameter m defines the degree of material homogeneity
and is also called the homogeneity index. The larger the parameter m is, the more
homogeneous the material is. The parameter s 0 is related to the average of the tensile
strength and can be derived as:

s 0 ¼ s t=C 1þ 1=mð Þ (6)

where s t is the average of the tensile strength andC() theC function.

2.3 Model of steel Bar and surrounding rock
The bond slip model is adopted to model the steel reinforced concrete lining. A two-node bar
element is used to model the steel bar and a 4-node contact element to model the bond slip
between steel bar and concrete lining. This model is more consistent with the actual
mechanical behavior of steel-reinforced concrete and can take into account the effect of the
bond slip behavior after the lining cracks.

The stiffness matrix of the four-node contact element can be calculated as:

K½ �econt¼
ð l=2
l=2

M½ �T l½ � M½ �dx (7)

where l is the length of the contact element, and [M] and [l ] are expressed as:

M½ � ¼ 1
2

�z1 0 �z2 0 z2 0 z1 0
0 �z1 0 �z2 0 z2 0 z1

� �
(8)

l½ � ¼ l s 0
0 l n

� �
(9)

where l s and l n are, respectively, the shear and normal stiffness of the contact element, and
z1 and z2 are given as:

z1 ¼ 1� 2x=l (10)

z2 ¼ 1þ 2x=l: (11)

The stress of the contact element can be derived as:

t
s

� �
¼ l½ � Du

Dv

� �
(12)

where t and s are, respectively, the shear and normal stress of the contact element, and Du
andDv are, respectively, the shear and normal displacement difference.
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For the bar element, the ideal elastic�plastic constitutive relation is used. When the steel
bar stress s b > [s b], the steel bar element yields. [s b] is the steel bar yield stress. For the
contact element, the elastic�brittle constitutive relation is used. When the shear stress of
contact element t > [t ], the slip occurs. [t ] is the maximum bond stress obtained through
laboratory testing.

The quadrilateral element is used to model the surrounding rock. As this study
focuses on the lining cracking process, the elastic constitutive model is adopted for
simplicity. Nevertheless, considering that the interaction force between lining and
surrounding rock is generally in radial direction for circular tunnels, the normal rigid
spring elements are used to model the interaction between the reinforced concrete lining
and the surrounding rock.

3. Numerical implementation
The corresponding finite element mesh for the pressure tunnel is shown in Figure 1. This
figure depicts the way in which all the aforementioned models can be combined. Note that
all the preset crack elements, contact elements between the steel bar and the concrete lining
and the spring elements between the surrounding rock and concrete in the mesh are zero-
thickness/length elements. In other words, the corresponding nodes in the elements are
coincident. To understand the association between the nodes, these elements are shown to
possess a certain thickness/length in this figure.

To simulate the cracking process during the tunnel water-filling process, the load
incremental method is applied. The internal water pressure is applied through several load
steps. In each load step, the iteration method is used in solving the complicated non-linear
problem, wherein concrete cracking, steel bar yielding and the bond slip between steel bar
and concrete are considered. The detailed process is described below. The problem is firstly
solved without considering the aforementioned non-linearity. Then, all types of elements are
examined to see whether the failure occurs. If failure occurs, the element stiffness matrices
are modified and the initial stress loading matrices of the failed elements are calculated. The
initial stress loading matrices are then applied to calculate the structure response. The
aforementioned procedure is repeated until no new failure element appears.

In terms of the contact element and the rigid spring, the stiffness factor values are
considered to be high (e.g. 109 MPa/m) before failure. This is equivalent to the penalty
method and ensures equal displacements of the related nodes. After failure, the stiffness
factor values are considered to be low and positive (e.g. 10– 5 MPa/m), to avoid numerical
problem.

It should be mentioned that in each step, there may be more than one crack
satisfying the cracking criteria. However, during the progressive loading process of the
pressure tunnel, the stress re-distribution occurs immediately after one crack occurs.
Therefore, to simulate the cracking process more concisely, we propose the rule that at
the most a single crack occurs in each solving step. To consider the cracking
subsequence of the elements, we define the load ratio to be the ratio between the
calculated element stress and the allowable element stress according to the cracking
criteria. According to the linear relationship between the element stress and the internal
water pressure, the element with the minimum load ratio cracks first and is then taken
to be the cracking element in the current solving step. The flow chart of the present
algorithm is shown in Figure 3. On the basis of the algorithm, a corresponding
calculation program has been developed.
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4. Verification examples
4.1 Pressure tunnel with intact lining
This example considers a circular pressure tunnel lined by a reinforced concrete. The internal
diameter of the lining is 6.2 m, and the thickness 0.6 m. The diameter of the steel bar is 16 mm,
and the spacing 200 mm. The elastic modulus of the concrete lining is Ec = 28 GPa and the
Poisson’s ratio m c = 0.167. The elastic modulus of the surrounding rock is Er= 20 GPa and the
Poisson’s ratio m c = 0.25. The internal water pressure of the pressure tunnel is P = 1 MPa.
Assuming that the lining is intact, this problem can be analytically solved according to elastic
mechanics. The derivation procedure is as follows:

Under the internal and external pressure, the radial displacement at the external surface
of the thick cylinder can be calculated as (Schleiss, 1986):

u1 ¼ r2 1þ m cð Þ
Ec

2 1� 2m cð Þ
t2 � 1

P � 1þ 1� 2m cð Þt2
t2 � 1

Q

� �
(13)

where P and Q are, respectively, the pressure applied on the internal and the external
surfaces of the lining; t = r2=r1, where r1 and r2 are, respectively, the radii of the internal and
external surfaces of the lining. The radial displacement of the infinite rock with the radial
pressureQ can be calculated as:

Figure 3.
Flow chart of the
present algorithm
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u2 ¼ Qr2
1þ m r

Er
(14)

According to the displacement consistency at the interface between the concrete lining and
the surrounding rock, u1 = u2; the pressure applied on the external surface of the lining can
be calculated as:

Q ¼ A=B (15)

where:

A ¼ 2r2 1þ m cð Þ 1� 2m cð ÞP
Ec t2 � 1ð Þ (16)

B ¼ r2
1þ m r

Er
þ r2 1þ m cð Þð1þ 1� 2m cð Þt2

Ec t2 � 1ð Þ (17)

Thus, the radial displacement at the lining internal surface is:

ui ¼ r1 1þ m cð Þ
Ec

1� 2mð Þ þ t2

t2 � 1
P � 2t2 1� mð Þ

t2 � 1
Q

� �
(18)

The circumferential stresses at the internal and external surfaces are, respectively, as
follows:

s i ¼ r21 þ r22
r22 � r21

P � 2r22
r22 � r21

Q

s o ¼ 2r21
r22 � r21

P � r21 þ r22
r22 � r21

Q

(19)

According to the displacement consistency conditions, the steel bar stress can be
approximately calculated as:

s s ¼ Esui=r1 (20)

where Es is the elastic modulus of the steel bar and considered to be 2.1 � 105 MPa in this
study.

The present algorithm was used for analyzing this problem. For the computational mesh,
the number of nodes is 5,605, the number of quadrilateral elements 3,905, the number of
preset crack elements 1,920, the number of steel bar elements 160, the number of contact
elements between the steel bar and the concrete is 160 and the number of spring elements
between the concrete and the surrounding rock is 320.

Because all the preset crack elements did not meet the cracking criteria, no crack
appeared in the lining, and the slip between steel bar and concrete did not appear either. The
numerical results were compared with the analytical solutions, as shown in Table I. It can be
observed that the displacement at the internal and external surfaces of the lining, the lining
stresses and the steel bar stress are all in good agreement with the analytical solutions.
Thus, the correctness of the present algorithm is verified preliminarily.
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4.2 Laboratory test of pressure tunnel
In this example, a laboratory test of pressure tunnel was simulated by the present algorithm.
Shen (2010) carried out a pressure tunnel laboratory test on a large scale with real internal
water pressure, to study the mechanical properties of the pressure tunnel. The load of
internal water pressure was simulated by the real water instead of a battery of hydraulic
jacks; the test results have taken into account the effect of theWPCS.

In the laboratory test, the internal diameter of the tunnel was 0.8 m and the lining
thickness 60 mm. The maximum water head in the test was 175 m. The tunnel lining
was made of C20 concrete. The steel bar diameter was 8 mm, the spacing 100 mm and
the thickness of the protective layer 7 mm. The grouted surrounding rock was
simulated by a rectangular C10 concrete of dimensions 1.92 � 1.92 m. The class IV
surrounding rock was simulated by a C10 concrete with air bubbles. The material
parameters are shown in Table II.

For the computational mesh, the number of nodes is 4,949, the number of quadrilateral
elements 2,891, the number of preset crack elements 1,440, the number of steel bar elements
160, the number of contact elements between the steel bar and the concrete 160 and the
number of spring elements between the concrete and the surrounding rock 320. In the
laboratory test, three cracks occurred in the 45°, 180° and 270° directions of the lining (0° for
the top and positive for the clockwise direction). This suggests that the initial lining tensile
strength at these positions was relatively low. This has been considered in the numerical
simulation. To analyze the effect of theWPCS, numerical simulation without considering the
WPCS was also carried out.

The displacement distribution of the concrete lining obtained by numerical
simulation is shown in Figure 4. The maximum lining displacement is approximately
0.05 mm, and the displacement distribution is discontinuous along the cracks. The steel
bar stress is shown in Figure 4(c). After the cracking of the lining, the stress of the steel
bar near the crack increases significantly, and the maximum stress is about 78 MPa.
Note that the stress distribution of the steel bar is not uniform, and the stress of the
steel bar near the crack is much greater than that in the intact concrete. The concrete
lining crack distribution is shown in Figure 4(d). Three cracks occurred successively

Table II.
Material parameters
of pressure tunnel

laboratory test

Material Elastic modulus (103 MPa) Poisson’s ratio

Lining 28 0.168
Steel bar 210 0.3
Grouted surrounding rock 20 0.168
Class IV surrounding rock 0.5 0.35

Table I.
Comparison between

the numerical and
analytical results

Numerical result
Item Maximum Minimum Analytical result Maximum error (%)

ui (mm) 0.168 0.169 0.171 1.57
uo (mm) 0.146 0.147 0.149 1.85
s i (MPa) 1.350 1.360 1.385 2.53
so (MPa) 1.017 1.025 1.030 1.21
s s (MPa) 11.012 11.224 11.579 4.90
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during the numerical computation. The maximum crack width is 0.0367 mm, and the
average crack width 0.0363 mm.

The numerical results of the crack width and steel bar stress were compared with
the laboratory results, as shown in Table III. In terms of the three cracks, the numerical
results of the crack width and steel bar stress are similar, while the laboratory results
obtained in the 180° direction are lower than those in other directions. The numerical
results of the average crack width increase by 55 per cent when the WPCS is
considered. It shows that the WPCS has a significant effect on the crack width and
should not be neglected. Another evidence is that the numerical results with WPCS
correspond well with the laboratory results, in comparison with the numerical results
without WPCS. The numerical results show that the average steel bar stress increases
by 12 per cent when WPCS is considered. The difference in steel bar stresses between

Figure 4.
Numerical results of
the laboratory test
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Notes: (a) x displacement distributions of concrete lining (unit: mm);
(b) y displacement distributions of concrete lining (unit: mm);
(c) stress of steel bar (unit: MPa); (d) crack distribution of
concrete lining (unit: mm)

Table III.
Comparison of
numerical results and
laboratory results

Position
(°)

Laboratory result
Numerical result without

WPCS
Numerical result with

WPCS
Crack width

(mm)
Steel bar stress

(MPa)
Crack width

(mm)
Steel bar stress

(MPa)
Crack width

(mm)
Steel bar stress

(MPa)

45 0.0357 41.66 0.0243 78.23 0.0367 87.66
180 0.0241 28.24 0.0228 75.70 0.0358 84.92
270 0.0332 99.59 0.0232 77.53 0.0363 86.83
Average 0.0310 56.50 0.0234 77.15 0.0363 86.47
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the numerical and laboratory results is relatively large. The reason may be that the
maximum steel bar stress is taken as the numerical result and the measured value in the
laboratory test cannot be exactly the same as the maximum value. Because of the non-
uniformity of the actual steel bar stress, the measured steel bar stress in the laboratory
test is greatly influenced by the position of the stress gauge, and thus the measured
values possess a certain randomness. It is impossible to install the stress gauge exactly
at the crack beforehand because of the stochastic heterogeneity of lining. In general, the
results of the numerical simulation agree with the laboratory results. The present
algorithm is reliable to simulate the lining cracking process in the pressure tunnel. The
WPCS has a significant effect on the cracking behavior and can be considered in the
present algorithm.

5. Application to an actual pressure tunnel project
5.1 Project overview
The Huizhou pumped storage power station project is located near the Boluo county in
the northeastern part of the Pearl River Delta, China. The total installed capacity is
2400 MW (8 � 300 MW), and the total cost is about US$ 1.2bn. The power station
consists of two separate plants: Plant A and Plant B, with an installed capacity of
1200 MW (4 � 300 MW) for each plant. The layout of the tunnel and plant systems for
each plant is similar, as shown in Figure 5. The reinforced concrete lining scheme is
adopted for the high-pressure tunnel. The maximum static water head of the pressure
tunnel is 627 m, one of the highest in the world. The pressure tunnel lining section is of
annular shape. The internal diameter of the lining is 8.5 m and the thickness 0.6 m. The
surrounding rock is slightly weathered or fresh granite, with a few small faults. Thus,
the surrounding rock quality is generally good. Using the present algorithm, the
pressure tunnel section with class III surrounding rock was analyzed, as shown in
Figure 5. An image of the computation section is shown in Plate 1.

Figure 5.
Huizhou pumped

storage power station
project
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5.2 Numerical simulation and result analysis
For the computational mesh, the number of nodes is 10,309, the number of quadrilateral
elements 5,634, the number of preset crack elements 3,840, the number of steel bar elements
320, the number of contact elements between the steel bar and concrete 320 and the number
of spring elements between the concrete and the surrounding rock 640. The elastic modulus
of the C25 lining is Ec = 28 GPa and the Poisson’s ratio is m c = 0.167. The elastic modulus of
the surrounding rock is Er = 20 GPa and the Poisson’s ratio m c = 0.25. The steel bar
diameter is 25 mm, the spacing between the steel bars 125 mm and the thickness of the
protective layer is 50 mm.

To consider the heterogeneity of the tensile strength of the concrete lining, the Monte
Carlo method was used for creating random numbers. The Weibull distribution parameters
were s t = 1.78 MPa andm = 3. The distribution of the tensile strength of the concrete lining
is shown in Figure 8(a). The maximum internal water pressure and the WPCS were both
6.27 MPa. The total load was divided into eight equal parts and applied successively to
simulate the pressure tunnel water-filling process.

The variation in the crack number and maximum crack width with the water head is
shown in Figure 6. With the increasing water pressure, the crack number increases
progressively, which indicates that the lining cracks appear successively. The
maximum crack width also increases with the increasing water pressure. However,
when the water head is greater than a certain value (about 200 m), the increase in the
maximum crack width is not evident. It is because with the strength of the concrete
lining being limited, when the water pressure reaches a certain value and further
increases, new cracks appear progressively, which prevents further increase in the
width of the existing cracks.

Plate 1.
Photo of pressure
tunnel computational
section
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The radial displacement and crack distributions during the pressure tunnel water-
filling process are shown in Figure 7. The variation process of the displacement and
cracks can be observed clearly in this figure. It is found that the maximum
displacement and crack number increase gradually with the increasing water pressure.
Using the present algorithm, the lining cracking process with the increase in water
pressure can be well simulated.

The final radial displacement distribution of concrete lining is shown in Figure 8(b).
The maximum radial displacement is about 1.47 mm. The displacement distribution is
discontinuous along the cracks as the lining cracks. The final stress of steel bar is
shown in Figure 8(c). After the lining cracks, the stress of the steel bar near the crack
increases significantly, and the maximum stress is about 190 MPa. Note that the steel
bar stress distribution is not uniform, and the stress of the steel bar near the crack is
much greater than that in the intact concrete. The actual measured steel bar stresses of
this pressure tunnel also showed that the steel bar stress distribution was not uniform.

Figure 6.
Variation of the crack
number and average
crack width with the

water head
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Figure 7.
Radial displacement
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distribution during
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The maximum steel bar stress was about 180 MPa, while the minimum value was
negative, indicating compression stress. Thus, the steel bar stress is not uniform and
the measured stress is greatly influenced by the position of the stress gauge. The
measured value is large when the stress gauge is located near a crack, and it is small
when the stress gauge is located near the middle of two nearby cracks. The final
concrete lining crack distribution is shown in Figure 8(d). From this figure, we can
observe that 19 cracks occurred successively during the water-filling process. The
maximum crack width is 0.447 mm and the average crack width 0.406 mm. The spacing
of cracks in a circumferential direction is roughly uniform.

5.3 Influence of the WPCS on the lining cracking process
To study the influence of the WPCS on the lining cracking process, numerical simulation
was carried out without considering the WPCS. The other parameters are the same as those
in Section 5.2. A comparison of the lining cracking process is made as shown in Figure 6.
The final results of lining cracking are compared as shown in Table IV.

When considering theWPCS, the final crack number reduces from 65 to 19, and the crack
width increases obviously. According to the inspection after the emptying of the pressure
tunnel, the actual crack number in a cross section is generally not greater than 20. It can be
deduced that it is more rational to consider the WPCS. The reason accounting for the less
crack number is that after the lining cracks, the circumferential tensile stress of the lining
reduces due to the presence of WPCS, and thus the concrete lining is not easy to crack. The
reasons of greater crack width might be:

Figure 8.
Final results of the
computational section
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� the crack width is increased under the direct action of the WPCS; and
� under a constant total circumferential deformation, the crack width increases when

the crack number reduces.

Therefore, it can be concluded that the WPCS has a significant influence on the lining
crackingmechanism and should not be neglected.

It would be interesting to analyze the equivalent hydraulic conductivity of the lining after
cracking, which has a significant influence on the leakage flow rate of pressure tunnels. The
hydraulic conductivity along a crack can be calculated according to the cubic law
(Witherspoon et al., 1980; Zhang et al., 2017a, 2017b):

k ¼ rge2

12m
(21)

where r is the density of water, g the gravity acceleration, e the crack width and m the
dynamic viscosity of water. In this study, the density is r = 103 kg=m3, the gravitational
acceleration g = 9.8 m/s2 and the viscosity m = 10�3Pa · s. According to the number of
cracks and assuming that the intact concrete is impermeable compared with the cracks, the
equivalent hydraulic conductivity of the lining can then be obtained as follows:

~k ¼ nrge3

12mpD
(22)

where n is the number of cracks and D the lining diameter. According to equation (22), the
equivalent hydraulic conductivity of the lining is 1.60� 10�6 m/s when WPCS is neglected,
while it is 4.21 � 10�5 m/s when WPCS is considered. It is clear that the equivalent
hydraulic conductivity and the flow rate would be underestimated if theWPCS is neglected.

6. Conclusions
This study, while aiming to provide a direct solution of the number and width of the lining
cracks, presents a numerical algorithm to simulate the cracking process of reinforced
concrete lining for pressure tunnels. In contrast with the previous research, the discrete
crack model is applied. The number and width of the lining cracks can be directly solved, by
simultaneously considering the effect of several important factors, such as the WPCS and
the heterogeneity of the lining tensile strength. The present algorithm can better capture the
mechanical properties of the pressure tunnel and help provide a better insight into its
working mechanism.

The numerical results show that with the increase in water pressure, the lining cracks
appear progressively and the crack width gradually increases. However, when the water
head reaches a certain value, the increase in crack width is not evident, while the crack

Table IV.
Comparison of the

final results of lining
cracking

Without WPCS With WPCS

Maximum crack width (mm) 0.12 0.473
Average crack width (mm) 0.093 0.417
Crack number 65 19
Total width of cracks (mm) 6.405 7.92
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number increases further. After the lining cracks, the lining displacement distribution is
discontinuous and the steel bar stresses are not uniform. The steel bar stress near a crack is
much greater than that in the intact concrete, due to which the steel bar stress is not uniform
and the measured value is to a great extent determined by the position of the stress gauge.
Moreover, the WPCS has a significant influence on the lining cracking mechanism and
should not be neglected. When the WPCS is considered, the final crack number reduces
considerably and the crack width evidently increases.
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