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Groundwater control in underwater tunnels by drilling and blasting method is generally carried out by grouting ring, shotcrete lining
(primary lining), and concrete lining.+e permeable grouting ring and shotcrete lining have an important impact on seepage field. However,
the currently published research models of related results are for homogeneous and isotropic single-layer unlined tunnels, ignoring the
important effects of tunnel grouting circles and primary lining. If the conclusions of the relevant literature are directly used to guide the tunnel
design, large errors may occur. +erefore, on the basis of previous studies, this article extends the tunnel seepage research model and
incorporates the tunnel grouting ring and primary lining into the research model. +e research model is more in line with actual working
conditions. Based on the principle of mirror method, the seepage field of a drainage tunnel in an infinite aquifer is superposed with that of a
water supply tunnel in an infinite aquifer, and the analytical solution to the seepage field of an grouted and shotcrete lined underwater tunnel
in a semi-infinite aquifer is obtained,which is further verifiedbynumerical analysis and experiment. In addition, the influence of grouting ring
and primary lining parameters on seepage field is discussed by using partial differential analysis. +e results show that the seepage flow of
tunnel can be significantly alleviated by either reducing the permeability coefficient of grouting ring and primary lining or increasing the
thickness of grouting ring and primary lining, but the water pressure of grouting ring and primary lining will increase.

1. Introduction

Underwater tunnels play an important role in modern traffic
engineering. +e well-known examples include Seikan Tunnel
(1988), English Channel Tunnel (1993), and Submarine Tunnel
of Hong Kong-Zhuhai-Macao Bridge (2018). However, a large
amount of water gushing in tunnels, on one hand, can cause
serious environmental problems; on the other hand, they will
cause huge drainage costs for V-shaped tunnels. +e water
pressure around the tunnel is related to the safety and durability
of the tunnel structure. +erefore, groundwater control tech-
nology is particularly critical among many key technical
problems thatmust be solved in underwater tunnel engineering.

Since the early 1960s, the study of tunnel seepage has
attractedmuch attention, and scholars have done a lot of work
on it. Harr [1] initially proposed an image method to obtain

the pore pressure and inflow into a unlined tunnel in a
homogeneous, isotropic, and semi-infinite aquifer, and this
method was employed by many other researchers Lei [2].
Goodman [3] further developed a simplified approximation
formula, which is widely used at present. Zhang and Franklin
[4] extended the solution which took into account the varying
hydraulic conductivity of medium. El Tani [5, 6] derived an
equation for exact gravity water inflow into a circular tunnel
based on Mobius-transformation and Fourier series.
Kolymbas and Wagner et al. [2, 7] presented an inflow
formula for both deep and shallow tunnels. Park et al. [8–10]
compared two existing analytical solutions based on con-
formal mapping with different boundary conditions along the
tunnel circumference (one with zero water pressure and the
other with a constant hydraulic head). Yang and Yeh [11]
provided a closed-form solution to estimate the flow rate of
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the groundwater into a tunnel during the progressive drilling
in a multilayer formation system. Fernandez and Moon [12]
provided an analytical method for estimating the ground-
water inflow into a tunnel in which the lowered groundwater
level after excavation is adopted. Jordi et al. (2011) imple-
mented a method for predicting groundwater inflows at
tunnel face scale. Marechal et al. [13] developed an analytical
solution for modeling discharge into a tunnel drilled in a
heterogeneous unconfined aquifer. Maréchal et al. [14] de-
veloped a semianalytical method to predict groundwater
tunnel inflow considering both the initial water level and the
lowered water level. Ying et al. Su [15] derived analytical
solutions for pore pressure, seepage force, and water ingress
into a subaqueous drained tunnel with a circular section in a
homogenous isotropic semi-infinite seabed considering the
effect of tide. Zareifard [16] presented an analytical solution
for analysis and design of pressure tunnels, based on a
generalized effective stress principle. In addition, some em-
pirical and numerical models were provided to evaluate
groundwater flow into tunnel, e.g., [12, 17–23]. Summarily,
existing approximation solutions of the groundwater inflow
are provided in Table 1 [24, 25].

Drilling and blasting tunnels are widely constructed
according to the concept of NATM. +ey are composed of
grouting ring, shotcrete lining (primary lining), and con-
crete lining. Groundwater control is generally designed
according to the principle of “prevention first, limited
discharge.” +at is to say, part of groundwater is allowed to
infiltrate into the tunnel through drainage system and then
discharged into the tunnel through drainage system such as
ditches. +erefore, there is a relatively stable seepage field in
the operation period.

Obviously, the permeable grouting ring and the primary
lining are important components of the tunnel seepage field
and have an important impact on the tunnel seepage field. It
can be seen from Table 1 that the related published research
results and models studied are for homogeneous and iso-
tropic single-layer unlined tunnels, ignoring the important
effects of tunnel grouting circles and primary lining. If the
conclusions of the relevant literature are directly used to
guide the tunnel design, large errors may occur. +erefore,
on the basis of previous studies, this article extends the
tunnel seepage research model and incorporates the tunnel
grouting ring and primary lining into the research model.
+e research model is more in line with actual working
conditions. In specific, based on the principle of mirror
method, the seepage field of a drainage tunnel in an infinite
aquifer stratum and a water supply tunnel in an infinite
aquifer stratum are superimposed to obtain the seepage field
of an underwater tunnel in accordance with the actual
working conditions. +e accuracy of the theoretical solution
further is verified by numerical analysis and experiments.
+e conclusions obtained by different methods are consis-
tent. +e influence of grouting ring and primary lining
parameters on seepage field is also discussed. +e conclu-
sions of this paper can be considered as a reference for the
design of underwater tunnels.

+e structure of this paper is as follows: the first section
of the text introduces the tunnel model and the principle of

mirror method, the second section details the process of
analytical analysis, the third section introduces the situation
of numerical simulation verification, the fourth section
describes the situation of experimental verification, the fifth
section further discusses some important issues, and the
sixth section briefly summarizes the conclusion.

2. Models and Methods

2.1. Tunnel SeepageModel. In order to simplify the problem
properly, the model studied in this paper is based on the four
assumptions as follows:

(i) +e underwater tunnel is circular and located in
homogeneous and isotropic surrounding rock.

(ii) +e tunnel structure is composed of shotcrete lining
and concrete lining, with surrounding rock grouting
ring outside the shotcrete lining.

(iii) Concrete lining is a nonpermeable structure and is
not included in seepage study. +e inner side of
shotcrete lining is fixed head boundary.

(iv) +e seepage field is stable and conforms to Darcy’s
law.

+e tunnel model is shown in Figure 1. +e inner radius
of shotcrete lining is r0, the outer radius of shotcrete lining
(equal to the inner radius of grouting ring) is rl, the outer
radius of grouting ring is rg, the water depth is d1, the burial
depth below the riverbed (or seabed) in the center of tunnel
is d2, and the permeability coefficients of shotcrete lining,
grouting ring, and stratum are kl, kg, and ks, respectively.
+e inner water head of shotcrete lining is H0, and the water
head at the ground surface in is HR.

2.2. 0e Principle of Mirror Method. +e semi-infinite
boundary seepage problem mentioned above is rather
complicated, and it can be simplified by using the principle
of mirror method. +e tunnel is regarded as a complete well
in a composite confined aquifer, and the riverbed (or seabed)
is taken as the symmetrical axis. On the opposite side of the
tunnel, it is assumed that there is a virtual tunnel with equal
recharge and tunnel drainage (the structure of the virtual
tunnel is exactly the same as that of the real tunnel). +e
seepage field of the virtual tunnel and the real tunnel in the
infinite aquifer is superimposed. +e actual tunnel seepage
field in the semi-infinite aquifer is obtained, as shown in
Figure 2.

3. Analysis and Deduction

According to the principle of mirror method mentioned
above, the tunnel is regarded as a complete well, and the
stable seepage field of a complete well in an infinite confined
aquifer is the basis for subsequent analysis. +e following is
the first analysis.

3.1. Stable Seepage Field of Complete Well without Lining in
Infinite Confined Aquifer. +e stable seepage field of a
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Figure 1: +e seepage model of underwater tunnel.

Table 1: Approximation solutions of groundwater inflow into unlined nongrouting tunnel.

Literature Formula Description

Harr [1] QHa � 2πk(h/ ln(rBl/rAl))
Initial water level, deep tunnels, homogeneous, isotropic,

and semi-infinite aquifer

Goodman [3] QGo � 2πk(h/ ln(2h/r))
Initial water level, deep tunnels, homogeneous, isotropic,

and semi-infinite aquifer
Zhang and Franklin
[4] QZF � 2πk(h/ ln

����������
1 + (4h2/r2)


)

Initial water level, varying hydraulic conductivity of
medium in jointed rock deep tunnels

Kolymbas and
Wagner [2, 7] QLK � 2πk(h/ ln((h/r) +

���������
(h2/r2) − 1


)) Initial water level, for both deep and shallow tunnels

El Tani [5] QEl � 2πkh(1 − 3(r/h)2)/[1 − (r/2h)2]ln(2h/r) − (r/2h)2
Initial water level, tunnels of circular, elliptical, or square

cross sections, nonhomogeneous aquifer

Karlsrud (2001) QKa � 2πk(h/ ln((2h/r) − 1))
Initial water level, tunnel, homogeneous, isotropic, and

semi-infinite aquifer
Fernandez and
Moon [12]

QMF1 � k(2Ryh − h2)/Rx − r (shallow tunnel) Lowered water level, using permeability reduction of
medium, for both deep and shallow tunnelsQMF2 � 2πk(h/ ln(2h/r)) (deep tunnel)
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Figure 2: +e principle of mirror method [12].
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complete well without lining in a homogeneous and iso-
tropic confined aquifer (as shown in Figure 3) has the
following two characteristics:

(1) Seepage is a horizontal radiation flow, i.e., stream-
lines are uniformly radioactive and converge in the
center of the well. +e isopotential surface of seepage
is a cylindrical surface centered on the well axis.

(2) +e seepage flow through each equipotential surface
is the same and equal to the water inflow of the well.

+e head potential function of the above seepage field
satisfies the Laplace equation and can be expressed in cy-
lindrical coordinates as follows [1]:

∇2ϕ �
1
r

z

zr
r

zϕ
zr

  +
1
r2

zϕ2

zθ2
� 0. (1)

Since the seepage field is axisymmetric and independent
of angle, it can be simplified as

1
r

z

zr
r

zϕ
zr

  � 0. (2)

Its general understanding is as follows:

ϕ �
q

2π
ln r + C,

ϕ � kH.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

3.2. StableSeepageFieldofMultilayerStructureWell in Infinite
Confined Aquifer. When the confined well is a multilayer
structure (as shown in Figure 4), i.e., centering on the well
axis, the multilayer structure is cylindrical from inside to
outside, and the medium of each layer is homogeneous and
isotropic, the distribution law of seepage field is the same as
that of the complete well without lining in the confined
aquifer described in the preceding section, but the potential
function in the medium of each layer is different, which can
be expressed as follows:

ϕi �
q

2π
ln r + Ci,

ϕi � kiH.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

3.3. Stable Seepage Field of Multilayer Structure Tunnel in
Infinite Aquifer. Compared with Figures 1 and 4, it can be
seen that a tunnel with shotcrete lining and grouting ring in
an infinite aquifer can be regarded as a complete well with
double-layer structure, and its potential function is rewritten
as follows:

ϕsin k �

ϕA1 �
− q

2π
ln rA + CA1 � − klH, rA ≤ rl( ,

ϕA2 �
− q

2π
ln rA + CA2 � − kgH, rl ≤ rA ≤ rg ,

ϕA3 �
− q

2π
ln rA + CA3 � − ksH, rg ≤ rA .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

+e virtual tunnel in the infinite aquifer is a recharge
tunnel, and its seepage is positive. Its potential function is as
follows:

Depression lineInitial water table

Ground surface

(a)

Flow line

Equipotential line

(b)

Figure 3: Stable seepage field of complete well without lining.

Multilayer structure

Figure 4: Multilayer structure well.
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ϕsource �

ϕB1 �
q

2π
ln rB + CB1 � − klH, rB ≤ rl( ,

ϕB2 �
q

2π
ln rB + CB2 � − kgH, rl ≤ rB ≤ rg ,

ϕB3 �
q

2π
ln rB + CB3 � − ksH, rg ≤ rB .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

3.4. Stable Seepage Field of Multilayer Tunnel in Semi-Infinite
Aquifer. According to the principle of mirror method, the
potential function of multilayer structure tunnel in semi-
infinite aquifer is as follows:

ϕ � ϕsin k + ϕsource. (7)

+e formulas (5) and (6) are superimposed,

ϕ �

ϕ1 � ϕA1 + ϕB1 �
q

2π
ln

rB

rA

+ C1 � − klH, rA ≤ rl( ,

ϕ2 � ϕA2 + ϕB2 �
q

2π
ln

rB

rA

+ C2 � − kgH, rl ≤ rA ≤ rg ,

ϕ3 � ϕA3 + ϕB3 �
q

2π
ln

rB

rA

+ C3 � − ksH, rg ≤ rA .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

On the inner boundary of the tunnel shotcrete lining,
there are

ϕΩ0 �
q

2π
ln

rB0

rA0
+ C1 � − klH0. (9)

On the riverbed (or seabed), there are

ϕΩR
�

q

2π
ln

rBR

rAR

+ C3 � − ksHR. (10)

On the contact surface between shotcrete lining and
grouting ring, there are

ϕΩl �
q

2π
ln

rBl

rAl

+ C1 � − klHl,

ϕΩl �
q

2π
ln

rBl

rAl

+ C2 � − kgHl.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(11)

On the contact surface between grouting circle and
formation, there are

ϕΩg �
q

2π
ln

rBg

rAg

+ C2 � − kgHg,

ϕΩg �
q

2π
ln

rBg

rAg

+ C3 � − ksHg.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(12)

To solve (8)–(12) equations, there are

q �
2πklkgks HR − H0( 

kgks ln rB0rAl/rA0rBl(  + klks ln rBlrAg/rAlrBg  + klkg ln rBg/rAg 
,

C1 � − klH0 −
q

2π
ln

rB0

rA0
,

C2 �
q

2πkl

ln
rA0rBl

rB0rAl

+
q

2πkg

ln
rAl

rBl

− H0 kg,

C3 � − ksHR −
q

2π
ln

rBR

rAR

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

+e head distribution function of seepage field is ob-
tained by substituting (13) for (8),

H �

H1 � H0 +
q

2πkl

ln
rB0rA

rA0rB

, rA ≤ rl( ,

H2 � H0 +
q

2πkl

ln
rB0rAl

rA0rBl

+
q

2πkg

ln
rBlrA

rAlrB

, rl ≤ rA ≤ rg ,

H3 � HR −
q

2πks

ln
rBrAR

rArBR

, rg ≤ rA .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

According to the relationship between water head and
water pressure P � (H − y) × cw, water pressure in seepage
field can be obtained by substituting water head function,

P �

P1 � H0 +
q

2πkl

ln
rB0rA

rA0rB

− y  × cw, rA ≤ rl( ,

P2 � H0 +
q

2πkl

ln
rB0rAl

rA0rBl

+
q

2πkg

ln
rBlrA

rAlrB

− y  × cw, rl ≤ rA ≤ rg ,

P3 � HR −
q

2πks

ln
rBrAR

rArBR

− y  × cw, rg ≤ rA .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

Mathematical Problems in Engineering 5



4. Validation of Numerical Simulation

In order to verify the accuracy of the above analysis, the
seepage field of a typical underwater drilling and blasting
tunnel under various working conditions is analyzed by
numerical simulation.

4.1. Numerical Simulation Model. Assuming a typical un-
derwater tunnel, of which values of parameters used are
listed in Table 2, and four cases may exist as follows.

Case I: the tunnel with none of shotcrete lining and
grouting circle; Case II: the tunnel with a grouting circle;
Case III: the tunnel with a shotcrete lining; Case IV: the
tunnel with both the shotcrete lining and grouting circle.

4.2. Numerical Simulation Results. +e water inflow into
tunnel in various cases is given in Table 3. +e results show
that the solution derived in this paper is very close to the
ABAQUS numerical solution.

+e water head distribution in cases is given in
Figures 5–8.

+e comparison of water pressure between the solution
presented in this paper and ABAQUS numerical solution are
shown in Figures 9–12. Obviously, they show good
agreement.

5. Test Verification

5.1. Testing Device. As shown in Figure 13, according to the
ratio of 1 :100, a test box is made with the size of
0.55m× 0.60m× 0.60m, the diameter of the simulated
tunnel is 5.5 cm, and the thickness of the grouting ring is
4.5 cm. Fixed water head boundary is applied in the flume on
both sides of the box, and white geotextile is used to prevent
soil particles from losing; 12 pressure measuring tubes are
arranged above the box to observe the water head at each
point, of which 0 points are used to observe the water
pressure at the boundary of the tunnel, 6, 7, 8, and 9 points
are used to observe the water pressure behind the grouting
ring, and the rest points are used to observe the surrounding
rock medium water pressure.

5.2. Test Setting. As shown in Figure 14, the first step is to
place the sleeve of the simulated tunnel in the center and fix
it well.

+e second step is to layered fill coarse sand outside the
sleeve to simulate the surrounding rock. +e measured
permeability coefficient is 8.5×10− 5m/s.

+e third step is to fill the sleeve with fine sand and
simulate the grouting ring. +e measured permeability
coefficient is 5×10− 5m/s.

In the fourth part, the cover plate is sealed and the box
body is positioned.

5.3.TestProcess. +e head of 1.13m was applied to the flume
on both sides of the tank and remained unchanged during
the test. When the whole box has been saturated, keep the

tunnel outlet closed and observe the distribution of water
head of each piezometric pipe. If the water head equals the
total water head applied on both sides, it shows that the
piezometric pipe is smooth and effective, and the test can be
started, as shown in Figure 15.

Experiments and observations under four working
conditions have been carried out successively, as follows:

Working condition 1: Keep the pore pressure of mea-
suring point 6 at 6.6 kpa, measure the steady flow rate of
outlet and pore pressure of other measuring points.

Working condition 2: Keep the pore pressure of mea-
suring point 6 at 5.5 kpa, measure the steady flow rate of the
outlet and pore pressure of other measuring points.

Table 3: Comparison of water inflow into tunnel.

Water inflow Cases +is proposed method ABAQUS

Q(m3/d)

I 15.30 15.10
II 2.44 2.36
III 2.70 2.62
IV 1.46 1.41

Table 2: Parameters value of a typical underwater tunnel.

Variable Value (m)
r0 5
rl 5.3
rg 10
d1 5
d2 30
HR 5
H0 − 30
Variable Value (m/s)
Kl 1× 10− 8

Kg 1× 10− 7

Ks 2×10− 6
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Figure 5: +e water head distribution in case I.
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Working condition 3: Keep the pore pressure of mea-
suring point 6 at 4.5 kpa, measure the steady flow rate of the
outlet and pore pressure of other measuring points.

Working condition 4: Keep the pore pressure of mea-
suring point 6 at 2.5 kpa, measure the steady flow rate of the
outlet and pore pressure of other measuring points.

5.4. Test Results. As shown in Table 4, the results show that
the two trends are consistent. +e numerical errors are
between − 2% and 16%, which may be due to the inadequate
accuracy of the test.

+e water pressures at all points measured under various
working conditions are shown in Figure 16. Compared with
the theoretical calculation results in this paper, the results
show that except for the slightly larger deviation of pore
water pressures at 6 observation points, the consistency of
the two points is good.

6. Comparison with Other Analytical Solution

Harr obtained an analytical solution in 1962, which is widely
accepted to predict the water inflow of tunnels without
lining in homogeneous, isotropic semi-infinite aquifers.
When the permeability coefficient of grouting ring and
shotcrete lining is exactly the same as that of the original
stratum, the model in this paper can be degenerated into
Harr model. +at is to say, in formula (13), when
kl � kg � ks � k, it can be simplified as

q �
2πklkgks HR − H0( 

kgks ln rB0rAl/rA0rBl(  + klks ln rBlrAg/rAlrBg  + klkg ln rBg/rAg 
,

�
2πk HR − H0( 

ln rB0/rA0( 
.

(16)
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Figure 6: +e water head distribution in case II.
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−2
0

0

0

3

3

3

4

4

4

4

4.5

4.5

4. 5

4.5

4.9 4.9
4.9

X

Y

0 10 20 30 40 50 60
−60

−50

−40

−30

−20

−10

0

Shotcrete lining
Grouting circle

Figure 8: +e water head distribution in case IV.
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Formula (16) turns out to be the Harr solution. It can be
seen that the solution in this paper is the expansion of Harr
solution while it has a wider scope of application.

7. Parametric Analysis

7.1. Influences of Grouting Ring Parameters. Grouting is one
of the main methods of groundwater control in tunnel by
drilling and blasting method. How to select the parameters
of grouting ring is very important for design work. Exploring

its influence law can provide guidance for design. Next, the
influence of grouting circle permeability coefficient
(reflecting grouting quality) and grouting circle thickness on
tunnel water inflow and water pressure are analyzed.

7.1.1. Permeability Coefficient of Grouting Ring.
According to formulas (13) and (15), the partial differential
of tunnel water inflow and water pressure on the perme-
ability coefficient of grouting ring is obtained, respectively.
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Figure 9: Comparison of water pressure distribution between the solution presented in this paper (on the right) and ABAQUS numerical
solution (on the left) in case I.
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Figure 10: Comparison of water pressure distribution between the solution presented in this paper (on the right) and ABAQUS numerical
solution (on the left) in case II.
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100

100

200

200

300

400

500

600

X

Y

0 10 20 30 40 50 60
−60

−50

−40

−30

−20

−10

0

X

Y

–60 –50 –40 –30 –20 –10 0
–60

–50

–40

–30

–20

–10

0

100 100

200 200

300
300

400 400

500 500

600 600

Figure 11: Comparison of water pressure distribution between the solution presented in this paper (on the right) and ABAQUS numerical
solution (on the left) in case III.

100

10
0

200

20
0

300

400

500

600

Y

0 10 20 30 40 50 60
−60

−50

−40

−30

−20

−10

0

X

100 100

10
0

200 200

200
300 300

400 400

500

600 600

X

–60

Y

–60 –50 –40 –30 –20 –10 0

–50

–40

–30

–20

–10

 0

Figure 12: Comparison of water pressure distribution between the solution presented in this paper (on the right) and ABAQUS numerical
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Figure 13: Layout of laboratory test box and water pressure measuring points.
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Figure 14: Sand filling.

Figure 15: Test process.
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It can be seen that the tunnel water inflow is an in-
creasing function of the permeability coefficient of
grouting ring, and the water pressure on grouting ring is a
decreasing function of the permeability coefficient of
grouting ring. From engineering understanding, the
larger the permeability coefficient of grouting ring (the
worse the grouting quality) is, the larger the tunnel water
inflow will be and the smaller the water pressure the

grouting ring needs to bear. Meanwhile, the smaller the
permeability coefficient of grouting ring (the better the
grouting quality), the smaller the water inflow of tunnel.
At the same time, the greater the water pressure, the
grouting ring needs to bear.

To further verify, the permeability coefficient of grouting
ring is adjusted for the working condition IV in Section 4.1,
while other parameters remain unchanged. +e effect of

Table 4: Contrast table of tunnel water inflow (m3/d).

Working condition 1 Working condition 2 Working condition 3 Working condition 4
Test 2.76 4.68 5.40 9.22
+is paper 2.37 4.05 5.50 8.60
Errors 16% 16% − 2% 7%
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Figure 16: Water pressure comparison diagram at the observation points.
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permeability coefficient on tunnel water inflow and water
pressure on grouting ring is shown in Figure 17. It can be
seen that the trend of change in the diagram is consistent
with the analysis mentioned above.

7.1.2. 0ickness of Grouting Ring. According to formulas
(13) and (15), the partial differential of tunnel water inflow
and water pressure on grouting ring thickness is obtained,
respectively.

zq

zrg

� −
2πkl

2kgks HR − H0(  ks − kg 

kgks ln rB0rAl/rA0rBl(  + klks ln rBlrAg/rAlrBg  + klkg ln rBg/rAg  
2
rAg

< 0,

zpg

zrg

� cw

q

2πkgrAg

> 0.

(18)

It can be seen that the water inflow of tunnel is a de-
creasing function of the thickness of grouting ring, and the
water pressure on grouting ring is an increasing function of
the thickness of grouting ring. From engineering under-
standing, the greater the thickness of grouting ring, the
smaller the water inflow of tunnel. At the same time, the
greater the water pressure the grouting ring needs to bear;
Conversely, the smaller the thickness of the grouting ring in
the tunnel, the greater the amount of water flowing in the
tunnel, and the smaller the water pressure that the grouting
ring needs to bear.

In order to further verify, the thickness of grouting ring
is adjusted for the working condition IV in Section 4.1, while

other parameters remain unchanged. +e influence of
grouting ring thickness on tunnel water inflow and water
pressure on grouting ring is shown in Figure 18. It can be
seen that the trend of change in the diagram is consistent
with the analysis mentioned above.

7.2. Influences of Primary Lining Parameters

7.2.1. Permeability Coefficient of Primary Lining.
According to formulas (13) and (15), the partial differential
of tunnel water inflow and water pressure on the perme-
ability coefficient of primary lining is obtained, respectively.

zq

zkl

�
2πkg

2ks
2 HR − H0( ln rB0rAl/rA0rBl

kgks ln rB0rAl/rA0rBl(  + klks ln rBlrAg/rAlrBg  + klkg ln rBg/rAg  
2 > 0,

zpl

zkl

� − cw

q

2πkl
2 ln

rB0rAl

rA0rBl

< 0.

(19)

It can be seen that the tunnel water inflow is an in-
creasing function of the permeability coefficient of primary
lining, and the water pressure on primary lining is a de-
creasing function of the permeability coefficient of primary
lining. From engineering understanding, the larger the
permeability coefficient of primary lining is, the larger the
tunnel water inflow will be. At the same time, the smaller the
water pressure the primary lining needs to bear. Meanwhile,
the smaller the permeability coefficient of primary lining, the
smaller the water inflow of tunnel. At the same time, the
greater the water pressure the primary lining needs to bear.

To further verify, the permeability coefficient of primary
lining is adjusted for the working condition IV in Section 4.1,

while other parameters remain unchanged. +e effect of
permeability coefficient on tunnel water inflow and water
pressure on primary lining is shown in Figure 19. It can be
seen that the trend of change in the diagram is consistent
with the analysis mentioned above.

7.2.2. 0ickness of Primary Lining. According to formulas
(13) and (15), the partial differential of tunnel water inflow
and water pressure on primary lining thickness is obtained,
respectively.

zq

zrl

� −
2πklkgk2

s HR − H0(  kg − kl 

kgks ln rB0rAl/rA0rBl(  + klks ln rBlrAg/rAlrBg  + klkg ln rBg/rAg  
2
rAl

< 0,

zpl

zrl

� cw

q

2πklrAl

> 0.

(20)
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It can be seen that the water inflow of tunnel is a de-
creasing function of the thickness of primary lining, and the
water pressure on primary lining is an increasing function of
the thickness of primary lining. From engineering under-
standing, the greater the thickness of primary lining, the
smaller the water inflow of tunnel. At the same time, the
greater the water pressure the primary lining needs to bear;
Conversely, the smaller the thickness of the primary lining in
the tunnel, the greater the amount of water flowing in the
tunnel, and the smaller the water pressure that the primary
lining needs to bear.

In order to further verify, the thickness of primary lining
is adjusted for the working condition IV in Section 4.1, while
other parameters remain unchanged. +e influence of pri-
mary lining thickness on tunnel water inflow and water
pressure on primary lining is shown in Figure 20. It can be
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seen that the trend of change in the diagram is consistent
with the analysis mentioned above.

7.3. Physical Significance and Calculation of Parameters.
For application purpose, the following is a further expla-
nation of the calculation of the parameters in the formulas
mentioned above.

As shown in Figure 21, the physical meaning of rA0 is the
distance between the center of tunnel A and the boundary
Ω0 of tunnel A. It is a fixed value, i.e., the radius of tunnel A.

+e physical meaning of rB0 is the distance between the
center of tunnel B and the boundaryΩ0 of tunnel A. Because
Ω0 is a circle, not a point, the value of rB0 needs to be
determined according to the specific location of the calcu-
lated point. As shown in Figure 17, the water head of a point
P(x, y) is calculated according to equation (14), and rB0
equals the distance of segment |BU|. Point U is the inter-
section of line AP and the boundaryΩ0 of tunnel A. Point B

is the center of tunnel B.
Similarly, point V is the intersection of line AP and the

outer boundary of tunnel shotcrete lining; point W is the
intersection of line AP and the outer boundary of tunnel
grouting ring. +e calculation of relevant parameters is
shown in Table 5.

8. Conclusions

In this paper, theoretical analysis and experimental study on
seepage in underwater tunnel by drilling and blasting
method are carried out. +e conclusions and suggestions are
as follows:

(1) +e water inflow of an underwater tunnel can be
calculated according to equation (13), and the total
head of each point in the seepage field can be cal-
culated according to equation (14). +is conclusion
can be used as a reference for the prediction of water
inflow and the calculation of water load in tunnel
structure.

(2) +e better the grouting effect of grouting ring and
primary lining (the smaller the permeability coeffi-
cient of grouting ring and primary lining) or the
bigger the thickness of grouting ring and primary
lining, the less water inflow of tunnel can be effec-
tively reduced. At the same time, the water load on

grouting ring and primary lining will increase. +e
relationship between them should be properly bal-
anced in design.

List of Symbols

ϕ: +e potential function of water head
ϕA, ϕB: +e potential function of water head of

tunnel A and tunnel B, respectively
ϕ1, ϕA1,ϕB1: +e potential function of water head in

primary lining area
ϕ2, ϕA2,ϕB2: +e potential function of water head in

grouting circle area
ϕ3, ϕA3,ϕB3: +e potential function of water head in

surrounding ground area
ϕΩ0: +e potential function of water head along

the inner boundary of primary lining
ϕΩl: +e potential function of water head on the

contact surface between the primary lining
and the grouting circle

ϕΩg: +e potential function of water head on the
contact surface between the grouting circle
and the surrounding ground

ϕΩR: +e potential function of water head at the
ground surface

r, θ: Polar coordinates
x, y: Rectangular coordinates
rA, rB: +e distance from the center of tunnel A

and tunnel B to the calculation point
rA0, rB0: +e distance between the center of tunnel A

(tunnel B) and the boundaryΩ0 of tunnel A
rAl, rBl: +e distance between the center of tunnel A

(tunnel B) and the boundary Ωl of tunnel A
rAg, rBg: +e distance between the center of tunnel A

(tunnel B) and the boundaryΩg of tunnel A
rAR, rBR: +e distance between the center of tunnel A

(tunnel B) and the boundaryΩR of tunnel A
k, kl, kg, ks: Permeability
H, Hl, Hg, Hs: +e water head on the boundary
H, H1, H2, H3: +e water head in different areas
P, P1, P2, P3: +e water pressure in different areas
q, Q: +e water inflow and the quantity of

seepage
cw: Unit weight of water
C, C1, C2, C3: Parameters determined by boundary

conditions.
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Table 5: Parameters calculating table.

Points Coordinate Parameter values
P (x, y) rA0 � |AU|

A (0, − d2) rB0 � |BU|

B (0, d2) rAl � |AV|

U (r0 cos θ, − d2 + r0 sin θ) rBl � |BV|

V (rl cos θ, − d2 + rl sin θ) rAg � |AW|

W (rg cos θ, − d2 + rg sin θ) rBg � |BW|

rA � |AP|

rB � |BP|

θ � arctan(y + d2/x)
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