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Abstract
Tunnel excavation in mountainous region frequently encounters high local inflows as a consequence of hydraulic head and 
multiple faults geology, which may adversely affect the serviceability of tunnel structures. Previous researches, however, 
paid very little attention to the seepage field of rocks around deep buried tunnels adjacent to water-bearing faults under high 
hydraulic head. In this paper, a new close-form analytical method is proposed to investigate the combined effect of high 
far-field hydraulic head and head generated by water-bearing faults on mountain tunnel structures. First, the virtual image 
technique and conformal mapping theory are employed to evaluate the water discharge and the head variation at concerned 
locations of deep circular tunnel embedded in water-rich zone, such as the lining, grouting ring and surrounding rocks. 
Second, the head difference is introduced as a new parameter to predict the uneven distribution of hydraulic head on tunnel 
structures. Then this paper contrasts to the classical Harr analytical solution and implements numerical simulation on the 
fault geological conditions to examine the presented analytical method, receiving reasonable agreements. Furthermore, sen-
sitivity analyses are preformed to investigate the performance of concerned parameters on the distribution of hydraulic head 
on tunnel structure adjacent to water-bearing fault, including the magnitude of head induced by water-bearing fault, spacing 
between fault and tunnel, water discharge after drainage ditch installed and fault dip. The interesting point and ingenious 
approach are tracing the corresponding analytic functions for not only the influence of vertical fault adjacent to the tunnel 
but also the fault with an inclined angle, which enhances the engineering applicability of presented method. In general, this 
work contributes to the preliminary design of tunnels in water-rich fault zones and provides a theoretical basis on the tunnel 
excavation and operation in the mountainous area and other adverse geological environments with faults.

Keywords  Deep tunnel · Water-bearing fault · Tunnel–fault interaction with inclined angle · Seepage field · Conformal 
mapping · Virtual image technique
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Φsl , Φfl , Φg , Φr	� Modified potential function in second-
ary lining, primary lining, grouting 
ring and surrounding rock

�	� Potential function
�	� Mapping function
a , b , a′ , b′	� Coefficients
A(r)	� Cross-sectional area of the seepage
C1 , C2	� Integration constants
Cu	� Constant
d	� Distance between the tunnel centerline 

and water-bearing fault
h	� Water head
h1 , h2 , h3	� Water head at the boundary between 

secondary lining and primary lining, 
between primary lining and grouting 
ring, and between grouting ring and 
surrounding rock

hr	� Water head in the surrounding rock
hp	� Pressure head
h′
1
 , h′

2
 , h′

3
	� Water head at the boundary between 

secondary lining and primary lining, 
between primary lining and grouting 
ring, and between grouting ring and 
surrounding rock induced by fault head

h1w , h2w , h3w	� Water head at the boundary between 
secondary lining and primary lining, 
between primary lining and grouting 
ring, and between grouting ring and 
surrounding rock induced by far-field 
head

hsl , hfl , hg , hr	� Water head in the secondary lining, 
primary lining, grouting ring and sur-
rounding rock

hslw , hflw , hgw , hrw	� Water head in secondary lining, 
primary lining, grouting ring and 
surrounding rock induced by far-field 
head

Hf 	� Water-bearing fault head
Hw	� Far-field head
k	� Permeability coefficient
k1 , k2 , k3 , k4	� Permeability coefficient of secondary 

lining, primary lining, grouting ring 
and surrounding rock

k	� Equivalent permeability coefficient
L0 , L1 , L2 , L3 , L4	� Boundary of secondary lining, between 

secondary lining and primary lining, 
between primary lining and grouting 
ring, boundary between grouting ring 
and surrounding rock, and surrounding 
rock

m	� Constant
Q	� Total water discharge

Qf 	� Water discharge induced by water-
bearing fault

Qw	� Water discharge induced by far-field 
head

r	� Radius of radial seepage
r0	� Inner radius of tunnel
r1r2r3	� Radius of secondary lining, primary 

lining and grouting ring
R	� Radius of far field
v	� Seepage velocity
v1 , v2 , v3 , v4	� Seepage velocity in secondary lining, 

primary lining, grouting ring and sur-
rounding rock

V 	� Rradial seepage velocity
x,y	� Coordinates

Introduction

At present, the world has entered an accelerating period of 
the urbanization. Owing to the rapid growth of urban popu-
lation, the numerous operative infrastructures have sprung 
up extensively in rural and remote areas to relieve the traffic 
congestion in large cities. As an efficient means of transpor-
tation, mountain tunnels have been widely constructed to 
traverse natural obstacles and cut through rock mass with 
disparate properties and depths (Ye et al. 2012; Kargar 
et al. 2020). However, the mountain tunnel excavation is 
still a challenging task that requires full risk assessments 
in early stage. In spite of practical experiences in tunnel 
constructions (Ikuma 2005; Xie et al. 2013; Kargar et al. 
2019), yet the design of mountain tunnel is confronted with 
unforeseeable high risks (Miura 2003; Boultbee et al. 2018; 
Deng 2018; Lai et al. 2018; Zhu et al. 2019), which stem 
from geological uncertainties, e.g., fault, groundwater, high 
geo-stress and temperature, and earthquake (Nam and Bobet 
2006; Luo et al. 2008; Bian et al. 2009; Zhao et al. 2013; 
Lin et al. 2014; Shen et al. 2014; Liu et al. 2015; Dong et al. 
2018a; Wu et al. 2018; Zhang et al. 2018a, b; Lyh et al. 
2020), which have detrimental effects on tunnels if treated 
inappropriately. Therefore, more attention should be aroused 
for the sophisticated environments faced in the course of 
mountain tunnel construction. In addition, there are high 
chances that mountain tunnels encounter a high hydraulic 
head in water-rich mountainous region in the tunnel con-
struction and operation, causing problems, such as water 
leakage and lining collapse (Cheng et al. 2019). For tunnels 
buried in water-rich region, there is strong possibility that 
the tunnel lining is subjected to an enormous water pressure 
induced by the groundwater. Therefore, grouting circle is 
applied to tunnel construction as a geotechnical improve-
ment technique to ensure construction safety and reduce 
water inflow (Lee et al. 2004). Nevertheless, in practical 
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engineering, numerous mountain tunnels may traverse or 
be adjacent to faults, easily vulnerable to be destructed. 
Moreover, it may occur the fault in water-rich zone, which 
is filled with water, named water-bearing fault. The head of 
the fault will have effect on the initial seepage field gener-
ated by groundwater and may destroy the existing tunnel 
structure. Consequently, the urgent problem to be solved is 
how to accurately determine the head distribution on the key 
structure of the tunnel under the influences of water-bearing 
fault geology, which can evaluate the pressure on the tunnel 
structure to avoid the occurrence of earlier damage (Bobet 
2003; Moon and Jeong 2010).

With regard to the recent attempts to develop the solutions 
for external water pressure of lining under high hydraulic 
head, the methods are divided into four categories: namely, 
empirical methods (Vaughan 1956; Patterson et al. 1957; 
Young and Falkiner 1966; Zagars 1982), analytical solutions 
(Harr 1962; Snow 1969; Hwang and Lu 2007; Kolymabas 
and Wagner 2007; Park and Lee 2008; Arjoni et al. 2009; 
Fahimifar and Zareifard 2009; Li and Low 2010; Huang 
et al. 2015; Kargar et al. 2015; Wu et al. 2017; Tan et al. 
2018; Wu et al. 2019), numerical simulations (Lee and Nam 
2004; Yoo 2005; Shin et al. 2005, 2009; Lee et al. 2007; 
Fernandez and Moon 2010; Yu et al. 2013), and physical 
model tests (Wang et al. 2008; Fang et al. 2016). Gener-
ally speaking, the empirical method is closely tied to field 
observations and intuitive deductions, which lead to lack of 
theoretical basis and applicability. The seepage field needs 
to be analyzed in detail for tunnels with sophisticated sur-
rounding rock conditions. With respect to the complex soil 
behavior and geometric conditions, the numerical simulation 
provides effective support to approximate the seepage field. 
Shin et al. (2009) put forth the variation law of lining water 
pressure under different drainage patterns via numerical 
model. The numerical simulation can establish the engineer-
ing practice, considering the influence of various factors on 
the tunnel lining water pressure. However, even though the 
numerical simulation is extremely helpful, the surrounding 
rock is generally simplified as isotropic continuous medium, 
which is not consistent with the actual rock characteristics. 
In addition, the numerical simulation consumes high costs 
and lots of time in modeling and computing. Especially for 
different engineering cases of geometry and boundary, such 
as the thickness of tunnel lining, the distance between tunnel 
and fault, and so on, the simulation modelling has been built 
once more. However, the analytical closed-form method is 
consistently favored for its explicit theoretical derivations in 
determining external water pressure of lining on the basis 
of the seepage theory, by means of simplifying the sur-
rounding circumstances of the tunnel to establish a suitable 
calculation model. Harr (1962) employed the virtual image 
method and superposition principle for analytically predict-
ing the seepage field distribution of the deep buried tunnel 

in high head region. Kolymabas and Wagner (2007) estab-
lished a mathematical model in the light of the conformal 
transformation theory to propose the calculation method of 
the external water pressure of the tunnel structure under the 
condition of stable hydrologic seepage. Fahimifar and Zarei-
fard (2009) presented the calculation formula of the external 
water pressure of the lining structure with consideration of 
fluid–structure interaction. Kargar et al. (2015) proposed a 
complex variable solution to investigate stress components 
around non-circular hydraulic tunnels considering the effects 
of groundwater and internal water pressure. Wu et al. (2017) 
studied the flow characteristics and escape-route optimiza-
tion after water inrush in a backward-excavated karst tunnel. 
Tan et al. (2018) extended the existing analysis model of 
tunnel lining water flow under steady and saturated condi-
tions. Wu et al. (2019) developed generalized models and 
computational techniques to estimate the required thick-
ness of supporting rock stratum to prevent water and mud 
inrush under earthquake action. Dong et al. (2019) obtained 
the stress distribution in deep lined tunnels under the water 
table using the complex variable method and the conformal 
mapping technique. Dong et al. (2020) extended their con-
tribution on the stress and energy redistribution in arbitrar-
ily shaped openings upon excavation by taking into account 
the effect of fluid flow (Dong et al. 2018b). For the actual 
project engineering is generally more complicated, the solu-
tions derived from theoretical analysis should be improved 
to satisfy the application of practical engineering to a certain 
extent, such as the influences of fault geology should be 
further considered.

Currently, multitudinous scholars have conducted a deep 
research on the seepage field of tunnel in high hydraulic head 
region. Nevertheless, the tunnel in the mountainous region 
with high hydraulic head will inevitably encounter the influ-
ence of faults. The existing study on the adjacent fault tun-
nels is mostly focused on the stability of surrounding rock, 
while there is a shortage of available researches that can 
adequately describe the seepage field of the water-bearing 
fault (Jeon et al. 2004; Childs et al. 2009; Zhang et al. 2017). 
Kim et al. (2011) proposed a case study to investigate the 
collapse and reinforcement for large span waterway tun-
nel at thrust fault zone. Zhao et al. (2014) employed a 3D 
numerical simulation based on site investigation to deal with 
these severe geotechnical problems encountered when tun-
nelling through a fault zone. Wang et al. (2016a, 2016b) 
established a three-dimensional numerical model to simu-
late the dynamic processes of tunnel excavation through the 
fault fracture zone. Zhang et al. (2018a, b) presented a case 
history of geological hazards and treatment measures dur-
ing the shield tunneling of Metro Line No. 7, in water-rich 
mylonitic faults in Guangzhou, China. Zhao et al. (2019) 
conducted the mechanical tests to prevent damage to tun-
nel lining caused by fault movement using the fibre plastic 
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concrete. Huang et al. (2020) investigated the failure mecha-
nism of a tunnel in the vicinity of a fault zone by physical 
model tests and the results show that the fault zone near the 
tunnel shoulder has a significant influence on the stability of 
the surrounding rock. The above achievements for analyti-
cal mechanical researches of tunnel-fault interaction have 
important implications (Kim et al. 2011; Zhao et al. 2014, 
2019; Wang et al. 2016a, b; Zhang et al. 2018a, b; Huang 
et al. 2020).

As a consequence for obtain the distinct mechanics and 
simplified design sketch, this paper concentrates on the 
problem stemming from actual tunnels in Niuheling tunnel 
in Zhejiang Province, China, and introduces an analytical 
method of deep buried circular tunnel for seepage field at 
concerned locations as the lining, grouting ring and sur-
rounding rock under a combined interaction of a far-field 
head and a water-bearing fault head. Unlike the existing 
researches, this work investigates not only the influence of 
vertical fault adjacent to the tunnel but also the fault with 
an inclined dip, which enhances the applicability of the 
presented method. In the first place, this paper acquires the 
tunnel water discharge under the action of seepage between 
far-field head and water-bearing fault head in the light of 
the seepage theory and complex variable method. Then, the 
pressure head at the tunnel structure is obtained by the vir-
tual image method after the superposition of the discharge. 
Besides, both the established related models and the exist-
ing Harr solutions (Harr 1962) are conducted to verify the 
reliability and accuracy of the analytical solutions. Finally, 
a number of concerned parameters are discussed, namely, 
magnitude of head on water-bearing fault, distance between 
fault and tunnel, water discharge, and fault dip, which may 
supply the references for practical engineering henceforth.

Water discharge of tunnel 
adjacent to water‑bearing faults

Basic assumptions of mechanical model

In an attempt to acquire the water discharge, this paper estab-
lishes the following assumptions according to the seepage 
characteristics of deep buried mountain tunnel under a high 
hydraulic head before the lining drainage ditch is installed: 
(1) the surrounding rock is isotropic and homogeneous and 
is considered as continuous medium; (2) the groundwater is 
incompressible and strictly follow the pattern of steady seep-
age; (3) the tunnel discharge is viewed as the superposition 
of discharge under the seepage action of far-field head water-
bearing fault head; and (4) the heads at the interface of the 
primary lining, secondary lining and surrounding rock are 
regarded equal in the single analysis of the far-field seepage 
or fault seepage.

The assumption (4) is based on research (Liu 2012) on 
solving the drainage of tunnel lining under the action of 
water head in the far field. The results show a high accuracy 
on comparison with the actual monitoring data. In this study, 
when calculating the tunnel drainage under the action of 
the far-field head and the water-bearing fault head in this 
project, however, there is a big error between the theoret-
ical data and the extracted actual monitoring data of the 
drainage. The values of drainage using analytical method is 
relatively small. Therefore, considering the influence of the 
water-bearing fault head, the seepage influence analysis of 
the water head of the water-bearing fault is introduced. The 
results show that the superposition of the drainage action of 
far-field water head and the fault head is close to the actual 
values of Niuheling tunnel. The comparative results are 
shown in Table 1. Five sections have been selected to cal-
culate the drainage of tunnel including sections A, B, C, D, 
and E as listed in Table 1.

As mentioned above, the tunnel discharge can be resolved 
by dividing the tunnel seepage into two parts: the far-field 
seepage and the fault seepage. The seepage model is revealed 
in Fig. 1, in which the far-field head and the head at the 
boundary of the water-bearing fault are defined as Hw and 
Hf  . Moreover, the circular rings inside the tunnel represent 
the secondary lining, primary lining and grouting ring from 
inside to outside.

The water discharges of the far-field head and the water-
bearing fault head are defined as Qw and Qf  , respectively. 
Therefore, the total seepage discharge can be written as

Water discharge induced by far‑field head

In reality, the water head in the surrounding rock will be 
remarkably decreased owing to the tunnel excavation. 
However, the influence of construction on surrounding rock 
seepage will only be reflected in a certain circular area, 

(1)Q = Qw + Qf .

Table 1   Comparison of drainage results of Niuheling Tunnel (Per lin-
ear meter)

Monitoring 
drainage 
(m2/d)

Not consider the 
effect of fault head

Consider the effect 
of fault head

Drainge 
(m2/d)

Error Drainge 
(m2/d)

Error

Section A 1.76 1.03 41.5% 1.92 8.0%
Section B 3.53 2.66 24.6% 3.27 7.4%
Section C 3.44 2.46 28.5% 3.24 5.8%
Section D 1.60 1.12 30.0% 1.75 9.4%
Section E 2.37 1.92 19.0% 2.22 6.3%
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considering the tunnel in an infinite area. The radius of the 
circular area is defined as the far-field radius, and so as the 
head on the far-field radius named as far-field head. The 

analytical model of the far-field head seepage is shown in 
Fig. 2. When only the far-field water head seepage is taken 
into account, the tunnel area is divided into four parts from 
inside to outside: the secondary lining, primary lining, 
grouting ring and surrounding rock. The boundaries of the 
five circles are remarked by L0 , L1 , L2 , L3 , L4 from inside to 
outside, and the related radii are r0 , r1 , r2 , r3 , R , respectively. 
It is identical with the heads on each curve, which are 0, h1w , 
h2w , h3w , Hw , respectively. The far-field boundary curve L4 is 
the circular far-field boundary of surrounding rock, and the 
corresponding radius R and water head Hw can be acquired 
according to the project data.

In the analysis of the tunnel discharge induced by far-field 
head seepage, the influence of the tunnel excavation on the 
seepage is not taken into account. Therefore, the seepage dif-
ferential equation in the polar coordinates can be expressed 
as

where h is the hydraulic head and r is the radial seepage 
radius.

The general solution of Eq. (2) can be derived as

where C1 and C2 are constants of the integration.
The head distribution on the area can be calculated by 

substituting the boundary conditions of water pressure in 
each area in the plane, as follows:

(1)	 In the second lining 
(
r0 ≤ r ≤ r1

)
 , the pressure head at 

the boundary L0 is 0 and that at L1 is h1w . Therefore, 
the head distribution in the secondary lining can be 
obtained as

(2)	 In the primary lining 
(
r0 ≤ r ≤ r1

)
 , the pressure head 

at the boundary L1 and L2 are h1w and h2w , respectively. 
Then, the head distribution in the secondary lining can 
be written as

(3)	 Similarly, the distribution in the grouting ring (
r2 ≤ r ≤ r3

)
 and surrounding rock 

(
r3 ≤ r ≤ R

)
 are 

displayed in Eqs. (6) and (7):

(2)�2h

�r2
+

1

r

�h

�r
= 0,

(3)h = C1 + C2 ln r,

(4)hslw =

(
ln

r

r0
∕ ln

r1

r0

)
h1w.

(5)hflw =

(
h1w ln

r2

r
+ h2w ln

r

r1

)
∕ ln

r2

r1
.

(6)hgw =

(
h2w ln

r3

r
+ h3w ln

r

r2

)
∕ ln

r3

r2

(a) Far-field seepage

(b) Fault seepage

Grouting ring

Surrounding rock

Secondary lining

Primary lining
wH

wH

wH

Water-bearing fault

fH

fH

Fig. 1   Simplified model of seepage in tunnel engineering. (a) Far-
field seepage. (b) Fault seepage

3r
2r1r

0r
R

Surrounding rock

Grouting ring

Primary lining

Secondary lining

0L

3 3, wL h 2 2, wL h

1 1, wL h

4 , wL H

Fig. 2   Calculation model of far-field head
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In Eqs. (4–7), the value of far-field head Hw can be 
checked from related geological reports, and h1w , h2w , h3w 
are all unknown variables. Accordingly, it can be carried 
out to combine the continuous condition of seepage veloc-
ity at the boundary of two adjacent zones and the relation-
ship between seepage velocity and hydraulic head.

The continuous conditions of seepage are exhibited as 
follows:

where v1 , v2 , v3 , v4 are seepage velocities in the secondary 
lining, primary lining, grouting ring and surrounding rock, 
respectively.

In the light of the Darcy’s law and the derivation of 
Appendix A, the relationship between seepage velocity 
and hydraulic head is expressed as

in which k is the permeability coefficient, and the coefficients 
of the secondary lining, primary lining, grouting ring and 
surrounding rock are denoted by k1 , k2 , k3 , k4 , respectively.

Combining Eqs. (4–9), the head of each position indi-
cated by the far-field head can be obtained, and then 
substitute it in the expression of each head distribution. 
The distribution in the secondary lining 

(
r0 ≤ r ≤ r1

)
 , pri-

mary lining 
(
r1 ≤ r ≤ r2

)
 , grouting ring 

(
r2 ≤ r ≤ r3

)
 and 

surrounding rock 
(
r3 ≤ r ≤ R

)
 are obtained as follows, 

respectively:

(7)hrw =

(
h3w ln

R

r
+ Hw ln

r

r3

)
∕ ln

R

r3
.

(8)

⎧
⎪⎨⎪⎩

v1
��r=r1 = v2

��r=r1
v2
��r=r2 = v3

��r=r2
v3
��r=r3 = v4

��r=r3
,

(9)v = −k
�h

�r
,

(10)hslw = Hw ⋅

k2k3k4 ln
r1

r0
ln

r

r0

(a + b) ln
r1

r0

(
r0 ≤ r ≤ r1

)

(11)hflw = Hw ⋅

b ln
r

r1
+ k2k3k4 ln

r1

r0
ln

r2

r

(a + b) ln
r2

r1

(
r1 ≤ r ≤ r2

)

(12)hgw = Hw ⋅

b ln
r3

r2
+ k1k2k4 ln

r3

r2
ln

r

r2

(a + b) ln
r3

r2

(
r2 ≤ r ≤ r3

)

where the coefficients a and b are determined by Eqs. (14) 
and (15):

The relationship between the tunnel discharge Q and the 
hydraulic head h at each position of the tunnel is displayed as

where A(r) is the cross-sectional area of the seepage.
Consequently, combining Eqs. (10–13) with (16), the 

tunnel discharge at each position can be solved with the far-
field radius R and the far-field head Hw obtained by related 
geological reports. Moreover, the tunnel discharge per unit 
length Qw under the influence of the far-field water head after 
the tunnel completed can be resulted into

Water discharge induced by water‑bearing fault 
head

(1) Water discharge in surrounding rock.
This paper introduces the complex variable method to 

obtain the magnitude of the water discharge in the surround-
ing rock, as illustrated in Fig. 3. The physical domain is 
separated into two parts: the inside and the outside of the 
tunnel. In the z-plane:

Through conformal mapping, the boundary curves out-
side the grouting ring L3 and the fault boundary A − A� in 
z-plane are mapped into two concentric circular curves Γ1 
and Γ2 in ζ-plane, respectively. The radius of Γ1 and Γ2 are 
� and 1. The surrounding rock zone outside the grouting 
ring and the fault boundary in z-plane is mapped into the 
concentric ring area in ζ-plane. In the ζ-plane

(13)

hrw = Hw ⋅

a ln
r

r3
+ b ln

R

r3
+ k1k2k4 ln

r3

r2
ln

R

r

(a + b) ln
R

r3

(
r3 ≤ r ≤ R

)
,

(14)a = k1k2k3 ln
R

r3
+ k1k2k4 ln

r3

r2

(15)b = k2k3k4 ln
r1

r0
+ k1k3k4 ln

r2

r1
.

(16)Q = kA(r)
dh

dr
,

(17)Qw =
2�k1k2k3k4

a + b
Hw

(18)z = x + iy.

(19)� = � + i�.
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The mapping formula is as follows:

in which d is the distance between the tunnel centerline and 
water-bearing fault A − A� , and �(�) is an analytical function 
in ζ-plane. The coefficient � can be obtained from Eq. (21):

(20)z = �(�) = −id
1 − �2

1 + �2
⋅

1 + �

1 − �
,

where the � values between zero and one.
In the circular area of ζ-plane, supposing the den-

sity of groundwater is constant, the discharge per unit 
length through the circular tunnel with the radius � can 
be expressed as

where V  is the velocity of the radial seepage, and |V| is 
defined as

in which � is the potential function.
Substituting Eq. (23) into Eq. (22), it results into

Integrating about Eq.  (24), the head H at radius � is 
obtained as follows:

where the constant m is determined by the corresponding 
boundary conditions.

At the fault boundary A − A�(|� | = 1 ), the hydraulic head 
is H = Hf  , as embodied in Fig. 1b. Substituting the fault 
boundary condition into Eq. (25), it can be derived as

The head at the boundary between the grouting ring and 
the surrounding rock L3 is assumed as h′

3
 , the water discharge 

through the interface can be written as

(2) Water discharge in the grouting ring and lining
As noted in Fig. 2, the secondary lining, primary lin-

ing and grouting ring are annular zones with r0 ≤ r ≤ r1 , 
r1 ≤ r ≤ r2 , r2 ≤ r ≤ r3 , respectively. Similarly, the water 
head at L1 , L2 and L3 induced by the fault are assumed as h′

1
 , 

h′
2
 and h′

3
 , respectively.

On the basis of Eqs. (2) and (8), the expressions of the 
head in the lining on account of effect on the fault head h′

3
 

can be expressed as follows:

(21)
r

d
=

2�

1 + �2
,

(22)Q = 2��|V|,

(23)|V| = −
��

��
,

(24)
Q

2��
= −

��

��
.

(25)H = −
�

k
=

Q

2�k
ln � + m,

(26)m = Hf .

(27)Q =
2�k4

(
h�
3
− Hf

)
ln �

.

Fig. 3   Conformal mapping type. (a) z-plane. (b) � - plane
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where a� = k1k2

k3
ln

r3

r2
 , and b� = k1 ln

r2

r1
+ k2 ln

r1

r0
.

The water discharge at the interface between the grouting ring 
and surrounding rock L3 expressed by h′

3
 is written as follows:

Combining Eq. (27) with Eq. (29), it leads to

Then, by combining Eqs. (16), (28) with Eq.  (30), it 
results that the water discharge of the tunnel under the water-
bearing fault head is obtained as

Consequently, the magnitude of the tunnel discharge is 
attained by superposing the far-field head and the fault head, 
not taking the coupling effect of seepage field into account. 
The total discharge of tunnel Q in high head region and that 
adjacent to fault can be written into the following form:

(28)h� =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

k2 ln
r

r0

a� + b�
⋅ h�

3

�
r0 ≤ r ≤ r1

�

k2 ln
r1

r0
ln

r2

r
+ b� ln

r

r1

(a� + b�) ln
r2

r1

⋅ h�
3

�
r1 ≤ r ≤ r2

�

a� ln
r

r2
+ b� ln

r3

r2

(a� + b�) ln
r3

r2

⋅ h�
3

�
r2 ≤ r ≤ r3

�

,

(29)Q =
2�k3a

�

(a� + b�) ln
r3

r2

⋅ h�
3
.

(30)h�
3
= Hf ⋅

k4
(
a� + b�

)
ln

r3

r2

k4(a
� + b�) ln

r3

r2
− k3a

� ln �
.

(31)Qf =
2�k1k2

a� + b�
⋅ h�

3
=

2�k1k2k4Hf

k4(a
� + b�) ln

r3

r2
− k3a

� ln �
.

(32)

Q = Qw + Qf =
2�k1k2k3k4

a + b
Hw +

2�k1k2k4Hf

k4(a
� + b�) ln

r3

r2
−k3a

� ln �
,

in which Qw and Qf  are the tunnel discharge induced by the 
far-field head and water-bearing fault head, respectively.

Solution of seepage field in surrounding 
rock of tunnel adjacent to water‑bearing 
fault

Analytical model for virtual image method

This paper introduces the virtual image method to obtain the 
solution of the seepage field for tunnel surrounding rock adja-
cent to the water-bearing fault. For a tunnel near the fault, it 
is reasonably assumed that the tunnel is a pumping well in 
an infinite area, then it can be obtained the injection well by 
means of mirroring on the other side of the fault. The solution 
can be derived by taking the superimposed effect of the pump-
ing well and an image injection well into account to investi-
gate the potential of any observation point in surrounding rock 
region, as shown in Fig. 4.

The seepage potential function of a single well in an infinite 
area is expressed as

where Φ is the seepage potential function; � is the distance 
from the observation point at the surrounding rock to the 
pumping well centerline; Q is the flow rate of the pumping 
well; C is a constant determined by the related boundary 
conditions.

The pumping well and the image injection well have the 
same flow rate, as performed in Fig. 4. Therefore, the potential 
function of the pumping well and injection well are assumed 
as Φ1 and Φ2 , respectively. They can be written as

(33)Φ =
Q

2�
ln � + C,

(34)Φ1 =
Q

2�
ln �1 + C1

Fig. 4   Model of well flow 
theory

Equipotential line
Seepage path

Image injecting wellPumping well

+Q -Q
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in which �1 and �2 are the distance from the observation point 
to the pumping well and the injection well, respectively.

According to the superposition principle of potential, the 
expression of the potential function in surrounding rock can 
be written as

The potential Φ = C at the position �1 = �2(the central line 
of two wells) due to the interaction between the pumping well 
and the injection well, which indicates an equipotential line at 
the central line. Consequently, the line can be regarded as a 
water supply boundary with a constant hydraulic head, which 
is in line with the geological conditions of a continuous water 
supply fault herein. Therefore, the seepage of the geological 
conditions of the fault adjacent tunnel which is filled with 
water continuously can be analyzed by the model in this work.

Solution of potential function of seepage field

The geological conditions with faults on the side are simplified 
to obtain the seepage mechanics model, as plotted in Fig. 5. 
The rectangular coordinate system is established with the tun-
nel center as the origin, the vertical direction as the y axis and 
the horizontal direction as the x axis, respectively. The tunnel 
structure is divided into three parts: the primary lining, sec-
ondary lining and grouting ring from inside to outside. The 
distance between the center of the left circular tunnel and the 
boundary A − A� of the fault zone is defined as d; the coordi-
nate of the center of the tunnel image is O�(2d, 0) . The flow of 
both the solid tunnel and the image tunnel are denoted by Q , 
and the head at the fault boundary (y = d) is Hf  . Consequently, 
according to the principle of the virtual image method and 
the superposition method, the potential function of arbitrary 
observation point P(x, y) on the surrounding rock in an infinite 
area can be expressed as

Furthermore, Eqs. (37) and (38) can be written into polar 
coordinates as follows:

(35)Φ2 =
−Q

2�
ln �2 + C2,

(36)

Φ = Φ1 + Φ2 =
Q

2�
ln �1 −

Q

2�
ln �2 + C1 + C2 =

Q

2�
ln

�1

�2
+ C.

(37)Φ =
Q

2�
ln

�1

�2
+ Φc =

Q

2�
ln

√
x2 + y2�

(x − 2d)2 + y2

+ Φc

(38)Φ =
Q

2�
ln

�1

�2
+ Φc =

Q

2�
ln

√
x2 + y2√

x2 + y2 + 4d(d − x cos � − y sin �)
+ Φc.

where Eqs. (37) and (39) are related to the vertical fault, 

while Eqs. (38) and (40) are related to the inclined fault with 
a dip of � . �1 and �2 are the distances from the observation 
point at the surrounding rock or the lining to the center of 
tunnel and the image tunnel, respectively. Φc is the potential 

(39)Φ =
Q

2�
ln

r√
r2 − 4dr cos � + 4d2

+ Φc

(40)Φ =
Q

2�
ln

r√
r2 + 4d2 − 4dr cos(� − �)

+ Φc,

Fig. 5   Schematic diagram of virtual image method considering fault 
dip angle. (a) Vertical fault. (b) Inclined fault
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at the fault boundary (x = d) , Φc =
1

2
kH2

f
 , in which k is the 

equivalent permeability coefficient ( k = ∫ r

r0
kdr ), that is, the 

mean magnitude of the permeability coefficient from r0 to 
the water head position r.

Correction of potential function in seepage field

Compared with the surrounding rock, the tunnel cavity is 
relatively small so that the potential functions around the 
tunnel are obtained as Eqs. (37–40) based on the well flow 
theory of the virtual image method. The tunnel and the 
mapped image tunnel are regarded as a pumping well and 
an injection well, regardless of the circular cavity exca-
vated. However, the tunnel discharges water in a certain 
range in the authentic construction, which manifests Eqs. 
(37–40) are only applicable to far surrounding rock. The 
error of the potential function approaches to a larger value 
as the testing point is closer to the tunnel. For example, 
the actual value of the potential at the boundary curve of 
the secondary lining L0 is 0, but according to Eq. (39), the 
potential is

which is clearly not in line with the actual situation. There-
fore, it is necessary to modify the seepage function around 
the tunnel for higher accuracy. Therefore, this paper refers 
to Kim and Eisenstein (2006) for the correction of the pres-
sure on the lining to propose a correction method as follows.

Supposing Φ represents the potential after correction, 
the potential at r = r0 and r = ∞ can be written as

(41)Φ =
Q

2�
ln

r0√
r2
0
− 4dr0 cos � + 4d2

+ Φc ≠ 0,

(42)

⎧⎪⎨⎪⎩

Φ
���r = r0

= 0

Φ
���r = ∞

= Φ�r = ∞

.

In this paper, a modified function � = f (r) is introduced, 
and the variable r varies from (r0,+∞) . The characteristic 
curve of � = f (r) is shown in Fig. 6.

According to the characteristic curve, a more reason-
able correction function is proposed as

Concerned on the vertical fault, the corrected potential 
function in rectangular and polar coordinates can be writ-
ten as

In addition, the functions considering the inclined fault 
are listed below:

Solution of head in tunnel structure and seepage 
field of surrounding rock

Considering the tunnel is in the phreatic aquifer, it is indis-
pensable to investigate the head distribution in the tunnel 
structure and surrounding rock. In the phreatic aquifer, the 
potential function Φ is (Girinskii 1946; Bear 1972; Chen 
et al. 2006):

where h is the total hydraulic head, and Cu is a constant usu-
ally taken as 0.

(1) The potential function Φsl in the secondary lining area (
r0 ≤ r ≤ r1

)
 can be written as

Consequently, the head of the second lining area hsl can 
be expressed as

(43)� = f (r) = 1 −
r0

r
.

(44)Φ =
�
1 −

r0

r

��
Q

2�
ln

√
x2 + y2√

(x − 2d)2 + y2
+ Φc

�
,

(45)Φ =
�
1 −

r0

r

��
Q

2�
ln

r√
r2 − 4dr cos � + 4d2

+ Φc

�
.

(46)

Φ =
�
1 −

r0

r

�
Q

2�
ln

√
x2 + y2√

x2 + y2 + 4d(d − x cos � − y sin �)
+ Φc

(47)

Φ =
�
1 −

r0

r

�
Q

2�
ln

r√
r2 + 4d2 − 4dr cos(� − �)

+ Φc.

(48)Φ =

h

∫
0

khdh + Cu =
1

2
kh2 + cu,

(49)Φsl = ∫
h

0

k1hdh.

Fig. 6   Corrected function characteristic curve
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Thus, the head h1 on curve L1 for the vertical fault can be 
derived as

while the head h1 on curve L1 for the inclined fault is

(2) In the primary lining area 
(
r1 ≤ r ≤ r2

)
 , the potential 

function Φfl is written from Eq. (44) as

where Φ1 denotes the potential at the interface curve L1 
between the secondary lining and the primary lining, and it 
can be obtained by Eqs. (54) and (55) as

in which Eqs. (54) and (55) are for the vertical fault and the 
inclined fault derived by Eqs. (45) and (47), respectively.

Thus, the head of the primary lining area hfl can be 
solved by Eq. (53) as

(50)hsl =

√
2Φsl

k1
=

√√√√√2

(
1 −

r0

r

)(
Q

2�
ln

r1

r2
+ Φc

)

k1
.

(51)

h1 =

⎡⎢⎢⎢⎣

Q
�
1 −

r0

r1

�

�k1
ln

r1�
r2
1
− 4r1d cos � + 4d2

+

�
1 −

r0

r1

�
k1H

2

f

k1

⎤⎥⎥⎥⎦

1

2

,

(52)

h1 =

⎡⎢⎢⎢⎣

Q
�
1 −

r0

r1

�

�k1
ln

r√
r2 + 4d2 − 4dr cos(� − �)

+

�
1 −

r0

r1

�
k1H

2

f

k1

⎤⎥⎥⎥⎦

1

2

.

(53)

Φfl = ∫
h1

0

k1hdh + ∫
h2

h1

k2hdh = Φ1 + k1h1
(
h − h1

)
+

1

2
k2
(
h − h1

)2
,

(54)

Φ1 =

�
1 −

r0

r1

�⎛
⎜⎜⎜⎝

Q

2�
ln

r1�
r2
1
− 4dr1 cos � + 4d2

+ Φc

⎞⎟⎟⎟⎠

(55)

Φ1 =

�
1 −

r0

r1

�⎛
⎜⎜⎜⎝

Q

2�
ln

r1�
r2
1
+ 4d2 − 4dr1 cos(� − �)

+ Φc

⎞
⎟⎟⎟⎠
,

h
fl
=h

1
−

k
1

k
2

h
1
+

1

k
2

[(
k
2
h
1
− k

1
h
1

)2

−2k
2
(
1

2
k
2
h
2

1
− k

1
h
2

1
− Φ

fl
+ Φ

1
)
] 1

2

(56)= h1 −
k1

k2
h1 +

√√√√k2
1

k2
2

h2
1
+

2

k2
(Φfl − Φ1).

The head h2 on curve L2 can be attained as

where

or

in which Eqs. (58) and (59) are for the vertical fault and the 
inclined fault, respectively.

(3) In the grouting ring area (r2 ≤ r ≤ r3) , the potential 
function Φg is written as follows:

Thus, the head of the grouting ring area hg can be solved 
by Eq. (60) as

The head h3 on curve L3 can be derived as

where

or

(57)h2 = h1 −
k1

k2
h1 +

√√√√k2
1

k2
2

h2
1
+

2

k2

(
Φ2 − Φ1

)
,

(58)

Φ2 =

�
1 −

r0

r2

�⎛
⎜⎜⎜⎝

Q

2�
ln

r2�
r2
2
− 4dr2 cos � + 4d2

+ Φc

⎞
⎟⎟⎟⎠

(59)

Φ2 =

�
1 −

r0

r2

�⎛
⎜⎜⎜⎝

Q

2�
ln

r2�
r2
2
+ 4d2 − 4dr2 cos(� − �)

+ Φc

⎞
⎟⎟⎟⎠
,

Φg = ∫
h1

0

k1hdh + ∫
h2

h1

k2hdh + ∫
h

h2

k3hdh

(60)
= Φ2 +

[
k1h1 + k2

(
h2 − h1

)]
⋅

(
h − h2

)
+

1

2
k3
(
h − h2

)2
.

(61)

hg =h2 +
1

k
3

{(
k
2
− k

1

)
h
1
− k

2
h
2
+
[(
k
1
h
1

+ k
2
h
2
− k

2
h
1

)2
− 2k

3

(
Φ

2
− Φg

)] 1

2

}
.

(62)

h
3
=h

2
+

1

k
3

{(
k
2
− k

1

)
h
1
− k

2
h
2
+
[(
k
1
h
1

+ k
2
h
2
− k

2
h
1

)2
− 2k

3

(
Φ

2
− Φ

3

)] 1

2

}
,

(63)

Φ3 =

�
1 −

r0

r3

�⎛
⎜⎜⎜⎝

Q

2�
ln

r3�
r2
3
− 4dr3 cos � + 4d2

+ Φc

⎞⎟⎟⎟⎠
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in which Eqs. (63) and (64) are for the vertical fault and the 
inclined fault, respectively.

(4) Likewise, the potential function of the surrounding 
rock (r ≥ r3) can be derived as

Thus, the head of the surrounding rock hr can be attained 
as

Consequently, the distribution of seepage field in the 
structure and surrounding rock of the tunnel in the phre-
atic aquifer can be obtained from Eqs. (50), (56), (61) 
and (66).

Superposing the seepage field and gravity field, the pres-
sure head is written as

where h sums up the hydraulic head of the secondary lining, 
primary lining, grouting ring and surrounding rock, and y is 
the vertical coordinate of the observation point.

In sum, the seepage field at arbitrary points in the sur-
rounding rock around the circular deep tunnel and the dis-
tribution of the total head on the tunnel structure are finally 
derived by employing the virtual image method and the 
seepage theory, considering the effects of the water-bearing 
fault in the water-rich mountain region.

Case verification

Very limited engineering project data were publicly avail-
able for head on tunnel structure due to the influence of 
water-bearing fault. In this paper, the degenerated analyti-
cal solutions are compared with the existing ones, while 
the numerical results established based on the geological 
condition of the deep buried tunnel are compared to exam-
ine the accuracy and reliability of the presented analytical 
solutions.

(64)

Φ3 =

�
1 −

r0

r3

�⎛
⎜⎜⎜⎝

Q

2�
ln

r3�
r2
3
+ 4d2 − 4dr3 cos(� − �)

+ Φc

⎞
⎟⎟⎟⎠
,

(65)

Φr = ∫
h1

0

k1hdh + ∫
h2

h1

k2hdh + ∫
h3

h2

k3hdh + ∫
h4

h3

k4hdh.

h
r
= h

3
+

1

k
4

{(
k
2
h
1
+ k

3
h
2
− k

1
h
1
− k

2
h
2
− k

3
h
3

)

(66)

+
[(
k
2
h
1
+ k

3
h
2
− k

1
h
1
− k

2
h
2
− k

3
h
3

)2
−2k

4

(
Φ

3
− Φ

r

)] 1

2

}
.

(67)hp = h − y,

Comparison with Harr analytical solution

The seepage of tunnel is derived in this paper, considering 
the effects of the grouting ring and the lining. Meanwhile, 
the solutions could be degenerated to compare with the 
hydraulic Harr solutions (Harr 1962), not taking the influ-
ence of the grouting ring and the tunnel lining into account. 
The value of permeability coefficient is considered as the 
same as that of surrounding rock. The water-bearing fault in 
this study is equivalent to the groundwater level in the Harr 
solution (Harr 1962), which is regarded as the water-bearing 
source line, leaving out the influence of far-field head. Fig-
ure 7 plots the seepage field of surrounding rock consider-
ing the water-bearing fault on the left side of the tunnel. 
The pressure hydraulic head on some concerned locations 
are compared between the analytical solution in this paper 
and the Harr solution to have insight into the distribution of 
seepage field. The results are exhibited in Fig. 8, where lines 
AB, CD, JF and DE are in the vertical direction, while lines 
BI and GH are in the horizontal direction.

Good agreements are shown in Figs. 7 and 8 on between 
the Harr solution (Harr 1962) and the degenerated analytic 
solution in this paper on the seepage field of the surround-
ing rock of deep buried tunnel, considering the influence of 
water-bearing fault. In the vertical centerline of tunnel (lines 
AB and JF), the pressure head increases and then decreases 
between the water source line and the tunnel due to the con-
stant water supply above the tunnel cavity. The pressure head 
increases in steady under the tunnel centerline. The pres-
sure hydraulic head on the tunnel sideline (lines CD and 
DE) is consistent with the trend of the head in the vertical 
tunnel centerline, while the pressure head on the sideline is 

Fig. 7   Comparison of seepage field between analytical solution and 
Harr solution
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larger in the same level. The seepage field on the both sides 
of the tunnel is symmetrically distributed in the horizontal 
direction (lines BI and GH). Moreover, the pressure head 
increases rapidly around the cavity, while the rate of head 
growth gradually levels off far away from the tunnel.

In summary, it indicates that the degenerated analytical 
solution proposed in this paper has a relative accuracy on 
seepage filed of surrounding rock. In addition, the Harr solu-
tion (Harr 1962) could be used to solve the seepage field of 
surrounding rock below the groundwater level, no consider-
ing the influence of lining and grouting ring. Consequently, 
the analytical solution in this paper will be more accurate 
when taking the effect of fault, lining and grouting ring into 
account.

Comparison with numerical simulation solution

The numerical model is established based on the deep buried 
Niuheling tunnel in China to investigate the seepage filed, as 
demonstrated in Fig. 9. The Niuheling tunnel is planned to 
be built in Lishui, Zhejiang Province. The tunnel undergoes 
a great deal of low hills with large topographic relief and 
V-shaped gullies developed. The altitude varies from 235 m 
to 522.4 m, and the relative height difference is from 10 m 
to 287.4 m with a slope from 25° to 60°. The stratum lithol-
ogy is mainly the siltstone and tuff of the upper Cretaceous 
formation. Large amount of water stays in gullies all the year 
round, and the level in the reservoir are greatly affected by 
the seasons. What’s more, there are many faults in the deep 
buried section, and most of the faults are filled with water, 
supplied from the reservoir or valley.

Based upon the existing practical engineering, the model 
sets 100 m both in height and width. The radius of tunnel 
is 5 m, and the head sets up zero at the cavity. The distance 
from the edge of the fault to the tunnel centerline d is 20 m. 
The tunnel model is separated into three parts from inside 
to outside: the secondary lining, primary lining and grout-
ing ring, and the corresponding permeability coefficients 
and thicknesses are indicated in Table 2. To facilitate the 
calculation and comparison with the analytical solution, 
this paper simplifies the numerical model and sets the thick-
ness of secondary lining and primary lining as 0.5 m. In 
this model, the natural head of water-bearing fault is 100 m. 
The tunnel center and the level of the groundwater are 105 m 
and 5 m below the surface, respectively. The far field stable 
head can be expressed by the original head of the tunnel 
centerline before the tunnel excavation without considering 
the groundwater flow. In the simulation, the far-field stable 
pressure head is adopted as 55 m. Based on the actual pro-
jects and Bobet (2003), the magnitude of far-field radius is 
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approximately 6–10 times of the tunnel radius, while the 
far-field radius is set as 45 m in this numerical model.

According to the simplified assumptions above, it is pre-
sumed that the surrounding rock is an isotropic homoge-
neous continuous medium, and the groundwater is incom-
pressible and conforms to the law of the stable seepage in 
the numerical model. The grid size of the surrounding rock 
is taken as 2.5 m or 5 m, and it sets 0.1 m at the lining and 
grouting ring. The model has a total of 15,493 nodes and 
15,419 elements after discretization.

In this paper, the contour map of the seepage field on the 
right side of the fault is extracted and plotted compared with 
the analytical solution, as demonstrated in Fig. 10. It can be 
derived from Fig. 10 that the distribution of the seepage field 
of the surrounding rock under the influence of water-bearing 
fault obtained by the numerical simulation and theoretical 
analysis is in good agreement with the shape and trend of 
its equal hydraulic head line. What’s more, the analytical 
solution is better fitted with numerical solution at the region 
closer to the tunnel cavity.

It is observed that the contour lines of the hydraulic 
head are very dense on the tunnel structure and too small 
compared with the head on the surrounding rock in Fig. 10. 
Consequently, this paper adopts the data contrast to verify 
the accuracy of the theoretical solution of the hydraulic 

Fig. 9   Mesh modelling in finite 
element simulation method

Water-bearing fault

Surrounding rock

d

Secondary lining
Grouting ring

Primary lining

Table 2   Related tunnel parameters

Permeability coefficient 
(m/s)

Thickness (m)

Secondary lining 2 × 10−10 0.5
Primary lining 4 × 10−10 0.5
Grouting circle 2 × 10−8 3.5
Surrounding rock 6 × 10−6 /

Fig. 10   Water head line diagram on right side of fault
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head on the tunnel structure in the hope that it can better 
reflect the influence of the head on the hydraulic head of 
the tunnel structure. This work establishes the rectangular 

coordinate system, which takes the coordinate center as the 
origin, the horizontal and vertical direction as X-axis and 
Y-axis, respectively. The numerical and analytical solutions 
of the hydraulic head are compared on the intersection of 
X-axis, Y-axis and quadrant bisector with tunnel structure 
L1 , L2 and L3 under the case of different heads of the water-
bearing fault. The locations of the contrast points are plotted 
in Fig. 11.

X+Y+ represents the bisector of the first quadrant as well 
as the other quadrants. The comparison results between the 
numerical solution and analytical solution of hydraulic head 
on tunnel structure are exhibited in Tables 3, 4, 5. The rela-
tive error is the ratio of the difference between the numerical 
results and the analytical results.

Combining Fig. 10 and Tables 3, 4, 5, it can be concluded 
that the seepage field obtained by the theoretical method 
in this paper is relatively consistent with the seepage field 
acquired by the numerical simulation, which indicates the 
value of hydraulic head on the tunnel structure is nearly 
identical. However, it can be observed from the compari-
son with the data listed in Tables 3, 4, 5 that the numerical 
results are larger in the Y− direction below the tunnel. Mean-
while, the results of the numerical simulation are smaller 

Fig. 11   Schematic diagram of contrast point position

Table 3   Comparison of numerical solution and analytical solution of water head on tunnel structure ( H
f
= 100 m)

L1 L2 L3

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative error

X+ 20.34 m 20.51 m − 0.8% 30.25 m 30.89 m − 2.1% 90.38 m 91.66 m − 1.4%
X+Y+ 20.54 m 20.21 m 1.6% 30.44 m 29.62 m 2.7% 90.47 m 88.77 m 1.8%
Y+ 20.71 m 19.53 m 4.8% 30.71 m 29.03 m 5.5% 90.85 m 89.01 m 2.0%
X − Y+ 21.66 m 20.76 m 4.2% 31.54 m 30.26 m 4.1% 91.63 m 89.42 m 2.4%
X− 22.12 m 21.87 m 1.1% 32.26 m 33.05 m − 2.4% 92.41 m 93.60 m − 1.3%
X−Y− 21.66 m 22.47 m − 3.7% 31.54 m 32.67 m − 3.6% 91.63 m 93.17 m − 1.7%
Y− 20.71 m 21.34 m − 3.0% 30.71 m 32.09 m − 4.5% 90.85 m 93.47 m − 2.9%
X+Y− 20.54 m 21.19 m − 3.2% 30.44 m 31.36 m − 3.0% 90.47 m 91.89 m − 1.6%

Table 4   Comparison of numerical solution and analytical solution of water head on tunnel structure ( H
f
= 150 m)

L1 L2 L3

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative error

X+ 39.05 m 38.82 m 0.6% 53.76 m 54.41 m − 1.2% 143.94 m 144.95 m − 0.7%
X+Y+ 39.19 m 38.37 m 2.1% 53.93 m 53.23 m 1.8% 144.12 m 141.96 m 1.5%
Y+ 39.57 m 37.43 m 5.4% 54.42 m 52.62 m 3.3% 144.62 m 141.15 m 2.4%
X − Y+ 40.02 m 38.58 m 3.6% 55.07 m 53.91 m 2.1% 145.30 m 143.41 m 1.3%
X− 40.24 m 39.88 m 0.9% 55.43 m 55.76 m − 0.6% 145.68 m 147.28 m − 1.1%
X−Y− 40.02 m 40.98 m − 2.4% 55.07 m 56.12 m − 1.9% 145.30 m 147.77 m − 1.7%
Y− 39.57 m 41.27 m − 4.3% 54.42 m 56.27 m − 3.4% 144.62 m 148.67 m − 2.8%
X+Y− 39.19 m 39.70 m − 1.3% 53.93 m 55.17 m − 2.3% 144.12 m 146.13 m − 1.4%
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in the Y+ direction than the analytical solution. Combined 
with practical experience, the authors deem these devia-
tions are generated owing to taking the gravity of water into 
account in the course of simulation and can be neglected. 
It notes that the numerical simulation generally consumes 
high costs and lots of time in modeling and computing and 
completes with the help of professional software. Especially 
for different engineering cases of geometry and boundary, 
such as the thickness of tunnel lining, the distance between 
tunnel and fault, and so on, the simulation modelling has 
been built once more. To sum up, the analytical method of 
hydraulic head on tunnel structure acquired by the virtual 
image technique in this paper can serve as a reasonable way 
in preliminary design, which clearly expresses the mechani-
cal influence process and can satisfy the actual engineering 
accuracy required.

Parametric analysis

An extensive parametric analysis is conducted to investigate 
the performance on the hydraulic head at the key positions 
of the tunnel structure, including the primary lining, sec-
ondary lining and grouting ring on tunnel structure. The 
influencing factors include the magnitude of the hydraulic 
head, the distance between the fault and the tunnel center-
line, the variation of water discharge after the lining drain-
age ditch installed and the fault dip. The proposed analysis 
may be useful for engineers to conduct a related preliminary 
assessment.

In the practical project, the far-field head and the head 
of water-bearing fault generally positively correlated with 
the varying supply of the groundwater or surface water. 
Hence, the parametric analysis of the magnitude of the 
water-bearing fault head is carried out by considering the 
ratio of the far-field head and water-bearing fault head 
being in steady.

Influence of fault head on tunnel structure head

To investigate the performance of the head of the water-bear-
ing fault on the tunnel structure before the drainage ditch 
installed, the distance from the fault to the tunnel centerline 
d is set 10 m, while the fault head Hf  employs 100 m, 150 m, 
200 m, 250 m and 300 m.

Figure 12 is plotted to analyze the influence of the water-
bearing fault head on L1 , L2 and L3 of tunnel structure. As dem-
onstrated in Fig. 12, the hydraulic head on the tunnel structure 
increases approximately linearly with the increase of the head 
of the water-bearing fault. Compared with the water head on 
L3 , the head on L1 and L2 increases much more slowly as the 
fault head rises owing to the larger permeability coefficient of 
the grouting ring. In addition, the trend between the head on 
the tunnel structure and the fault head remains consistent with 
that described in Fig. 12, as the spacing between the tunnel 
centerline and the fault d varies.

Table 5   Comparison of numerical solution and analytical solution of water head on tunnel structure ( H
f
= 200 m)

L1 L2 L3

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative 
error

Analytical 
solution

Numerical 
solution

Relative error

X+ 54.24 m 51.53 m 0.5% 73.89 m 73.29 m 0.8% 194.14 m 192.00 m 1.1%
X+Y+ 54.37 m 53.66 m 1.3% 73.93 m 72.97 m 1.3% 194.18 m 194.46 m 1.4%
Y+ 54.74 m 53.32 m 2.6% 74.06 m 72.21 m 2.5% 194.31 m 188.86 m 2.9%
X − Y+ 55.18 m 54.08 m 2.0% 74.26 m 73.07 m 1.6% 194.52 m 192..19 m 1.2%
X− 55.39 m 54.95 m 0.8% 75.52 m 74.76 m 1.0% 194.84 m 196.01 m − 0.6%
X−Y− 55.18 m 55.21 m − 0.7% 74.26 m 75.00 m − 1.0% 194.52 m 196.46 m − 1.0%
Y− 54.74 m 56.21 m − 2.7% 74.06 m 75.31 m 1.7% 194.31 m 197.81 m − 1.8%
X+Y− 54.37 m 55.02 m − 1.5% 73.93 m 75.11 m 1.6% 194.18 m 196.51 m 1.2%
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Fig. 12   Influence of water-bearing fault head on tunnel structure head
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To investigate the influence of the head of water-bearing 
fault on the uneven distribution of the head on the tunnel struc-
ture, the magnitude of hydraulic head at any locations on the 
tunnel structure is obtained through combining Eqs. (50), (56), 
(61) and (66), as H = f (r, �) . When the fault dip reaches to 0◦ , 
the farthest water head from the fault ( � = � ), becomes the 
smallest under the condition that the distance from the tun-
nel centerline r is certain. Therefore, this paper presents the 
coefficient of head difference between each point on the same 
radius and the minimum head to explore the performance of 
fault head on the uneven distribution of hydraulic head on the 
tunnel structure. The head difference can be expressed as

Figure 13 plots the radar charts derived by analyzing the 
position head difference Hd of four cases, in which the heads 
of the water-bearing fault are set as 50 m, 75 m, 100 m and 
200 m, respectively; and the distances between the fault and 
the tunnel center are d = 10 m . Results in Fig. 13 illustrate 
that the hydraulic head difference on the tunnel presents a 
transverse apple-shape form, in which the minimum value 
exists at the axis of 180◦ , while the maximum locates at the 
axis of 0◦ . Through comparisons of the water head difference 

(68)Hd = f (r, �) − f (r,�).

on the same circumference in Fig. 13, it is demonstrated 
that the hydraulic head difference will decrease as the head 
of water-bearing fault increases. Meanwhile, the uneven 

Fig. 13   Influence of fault head on uneven distribution of tunnel structure head. (a) Case 1 ( L1 ), (b) Case 2 ( L2 ), (c) Case 3 ( L3)
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distribution of head on the structure is evidently weakened 
with the increase of head of water-bearing fault.

Influence of distance between fault and tunnel 
centerline on tunnel structure head

Figure 14 shows the plots for the performance of the distance 
between fault and tunnel on the magnitude of the tunnel 
structure head, in which the distances are set as 10 m, 15 m, 
20 m, 25 m, 30 m, 35 m, 40 m, 45 m and 50 m, respectively, 
while the head of water-bearing fault Hf  remains 100 m. 
Figure 14 is plotted for the average hydraulic head on L1 , L2 
and L3 . It can be observed that the head on tunnel structure 
decreases slightly along with the increase of the distance 
between the fault and the tunnel centerline. In addition, the 
heads on structure share a resembling decreasing trend. As 
the spacing increases from 10 to 50 m, the heads at different 
locations decrease roughly 7 m.

Figure 15 is plotted for the head difference Hd on the 
tunnel structure with the spacing between the fault and the 
tunnel centerline. The distances d are set as 10 m, 20 m, 

30 m, and 40 m, respectively, while the head of fault Hf  
is 100 m. As revealed in Fig. 15, it demonstrates that the 
uneven distribution of hydraulic head on the structure is 
weakened as the distance between the fault and the tunnel 
centerline increases.

Influence of lining drainage ditch on tunnel 
structure head

In practical engineering, drainage ditches are usually 
installed on the tunnel lining to reduce the external water 
pressure on the lining. The water discharge of the tunnel will 
obviously increase by a wide margin after drainage ditches 
are installed. The distribution of the hydraulic head on the 
tunnel structure can be performed by the analytical solution 
in this paper when the tunnel discharge changes due to the 
setting of drainage ditches, under the condition of certain 
fault head and far-field head.

Figure 16 illustrates the performance of tunnel discharge 
on hydraulic head on L1 , L2 and L3 . The head of fault Hd is 

Fig. 15   Influence of distance between fault and tunnel on uneven distribution of tunnel structure head. (a) Case 1 ( L1 ), (b) Case 2 ( L2 ), (c) Case 
3 ( L3)
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taken as 100 m and the distance d is set 10 m. The water 
discharge of linear meter of tunnel is 1.47 m2/d through the 
analytical solution in this paper taking no drainage ditches 
into account. However, the discharge of tunnel will change 
after the drainage ditches are set. Hence, this section sets 
five cases of discharge per linear meter to conduct the per-
formance on the magnitude of head on the tunnel structure 
and uneven distribution. The cases are 1.47 m2/d , 2 m2/d , 
2.5 m2/d , 3 m2/d and 3.5 m2/d , respectively. From Fig. 16, 
it shows that the tunnel discharge remarkably enlarges 
owing to the lining drainage ditch installed, resulting into 
the hydraulic head on the tunnel structure significantly 
weakened.

Figure 17 displays the influence of the uneven distribu-
tion on the tunnel structure due to tunnel discharge, which 
plots the head difference Hd on the tunnel structure under 
different conditions of discharge. As the water discharge 
increases, the hydraulic head on tunnel structure gradu-
ally decreases, while the uneven distribution of the head 
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Fig. 16   Influence of tunnel discharge per linear meter on tunnel struc-
ture head

Fig. 17   Influence of discharge per linear meter on uneven distribution of tunnel structure head. (a) Case 1 ( L1 ), (b) Case 2 ( L2 ), (c) Case 3 ( L3)
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tends to rise up. When the discharge per linear meter of 
the tunnel is 3.5 m2/d , the maximum head difference Hd at 
the same distance from the tunnel centerline will expand to 
approximately 7 m. In addition, the results of Figs.16 and 17 
demonstrate the location of the tunnel structure has limited 
influence on the head difference.

Influence of fault dip on tunnel structure head

To investigate the influence of the fault dip on the uneven 
distribution of the tunnel head, the concerned parameters are 
set as, the head of fault Hd 100 m, and the distance d 10 m, 
before the lining drainage ditch is installed. The performance 

Fig. 18   Influence of fault dip angle on uneven distribution of tunnel structure head. (a) Case 1 (60°). (b) Case 2 (30°). (c) Case 3 (0°). (d) Case 4 
(− 30°). (e) Case 5 (− 60°)
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on the uneven distribution of the hydraulic head is inves-
tigated through different dip angles of the fault, which is 
set on the right side of the tunnel. The angle of the vertical 
fault is assumed 0◦ , and the dip angle is stipulated positive 
in the clockwise direction and is negative in the anticlock-
wise direction. This section presents four cases, in which 
the dips are set as 30◦ , 60◦ , −30◦ and −60◦ . Figure 18 is 
plotted to investigate the influence of fault angle on uneven 
distribution of head, and the results show that the fault dip 
places significant influence on the uneven distribution of the 
hydraulic head on the tunnel structure. The distribution of 
apple-shape head difference is rotated a certain angle as the 
fault dip varies. Moreover, the line between the maximum 
and minimum values of head on the tunnel structure at the 
same circumference will always be vertical to the fault.

Conclusions

In this paper, the tunnel discharge induced by a far-field 
head and a fault head is investigated based on an actual 
mountain tunnel adjacent to a water-bearing fault in water-
rich region. This paper presents an efficient and reliable 
way to evaluate the hydraulic head on tunnel structure due 
to the influence of fault head through the virtual image 
method and the complex variable method. The close-form 
analytical solution is then checked with the classical Harr 
solution and numerical solution implemented in this work, 
and fine alignments are obtained. Moreover, the paper pro-
poses the influence of sensitive parameters on the value 
of hydraulic head and uneven distribution. The major out-
comings are as follows:

The size of the fault head and the distance between the 
fault and the tunnel centerline have significant influence on 
the size and uneven distribution of the hydraulic head on the 
tunnel structure owing to the water-bearing fault adjacent 
to the tunnel. The head on the tunnel structure maintains a 
positive correlation with the water-bearing fault head; mean-
while, the uneven distribution weakens. The hydraulic head 
and the uneven distribution decrease with the increase of the 
distance between the fault and the tunnel centerline.

The interesting point in this study is achieving the rele-
vant analytical solutions for not only the influence of vertical 
fault adjacent to the tunnel but also the fault with an inclined 
dip angle, which improves the engineering applicability of 
the presented method. The uneven distribution presents an 
apple-shape form, while the distribution of the hydraulic 
head may be affected by the fault dip. The shape will rotate 
a little with different fault dips. However, the line between 
the maximum and minimum values of the head on the tunnel 
structure is always vertical to the fault under diverse cases. 
The tunnel discharge significantly increases by installing lin-
ing drainage ditches. The increase of water discharge may 

effectively reduce the head on the tunnel structure as the 
uneven distribution of hydraulic head on the tunnel structure 
increases.

The core work of this paper is to obtain the water head 
and head distribution on the tunnel structure by analyzing 
the magnitude of head considering the influences of fault 
geology so as to introduce the theoretical basis for the 
response of the lining in the course of tunnel excavation 
and put forward reasonable reinforcement measures. Fur-
thermore, the above-mentioned aim is accomplished by the 
complex variable analytical method and the virtual image 
method. It is interesting achievement in developing the 
analytical methods to simulate the tunnel–fault interaction 
mechanisms. However, the major limitations of the method 
presented in this paper stem from the existing assumptions 
of isotropic and homogeneous behavior of surrounding 
rock and tunnel, which is in contradiction with the actual 
engineering. Furthermore, the coupling between the fault 
head and the far-field head is not taken into account in this 
paper. With the improvement of analytical methods and the 
increase of measured data, further research will be adopted 
more realistic hypothesis. Consequently, the relevant studies 
on this subject are still required to evaluate the head distri-
bution on tunnel structure adjacent to water-bearing fault 
more effectively.

Appendix A: Derivations related to Darcy’s 
law

Darcy did a lot of seepage experiments and obtained the 
seepage law, known as Darcy’s law, whose form is as 
follows:

where Q is the seepage discharge; k is the permeability coef-
ficient (hydraulic conductivity coefficient); H1–H2 is the 
Water head difference; L is the distance of sections; J is the 
hydraulic gradient.

The relationship between seepage discharge and seepage 
velocity is as follows:

where v is the seepage velocity (Darcy seepage).
Combine Eq. (A-1) with Eq. (A-2), it is derived as

If the Darcy’s law is applied to two-dimensional or three-
dimensional groundwater movement, the hydraulic gradient 

(A-1)Q = kA
H1 − H2

L
= kAJ,

(A-2)v =
Q

A
,

(A-3)v = kJ.
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J is not a constant and should be expressed in differential 
form as follows:

where − dH

ds
 is the hydraulic gradient at any point along 

the streamline. In rectangular coordinates, Eq. (4) can be 
expressed as
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