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To determine a reasonable value of parallel tunnel drainage, a steady-flow calculation model is
established. The differential equilibrium equation of seepage is established, and the equation
of the falling funnel curve in a steady state with drainage parameters is solved by using
boundary conditions. The maximum drawdown depth of the control point is used to calculate
the allowable discharge of the tunnel. Then, the curve equation of the falling funnel is
determined, the volume of the drainage funnel is calculated, and the total discharge in the
steady state is calculated according to the water storage coefficient. Finally, the theoretical
formula is verified based on an engineering case and numerical simulation. Considering the
actual engineering geology and hydrogeological conditions of the tunnel site, the total
drainage, allowable drainage, and initial support bearing head height calculated with the
proposed method are different from the actual measurements collected on site by 10%,
18.9% and 13.6%, respectively. Therefore, the calculation method can provide a reference for

similar engineering.

1. Introduction

For tunnels rich in groundwater, if the design or construction is
unreasonable, groundwater will continuously flow into the tunnel
during the whole construction process and operation period,
which which will worsen the ecological environment or cause
frequent water damage in tunnels, affect the traffic safety of
tunnels, and reduce the durability of the lining structures
(Gokdemir et al., 2019; Cheng et al., 2020). Comprehensively
considering the ecological environment and structural safety
factors, the design criteria of water control and drainage in the
high-water level area are mostly “plugging and limited discharge”,
i.e., “water plugging and limited discharge” (Sembenelli and
Sembenelli, 1999; Tao et al., 2015; Cheng et al., 2019a). However,
the research on water inrush disaster treatment and allowable
water inflow prediction has not established a relatively perfect
theoretical system, and the research methods are mostly based on
experience (Nilsen, 2014; Li and Mo, 2020; Fu et al., 2022). The
allowable seepage into the tunnel is mostly based on experience.

With the help of underground hydraulic theory and seepage
differential equation, Li et al. (2017), Zhang and Sun (2019),
Park et al. (2008) and Kolymbas and Wagner (2007) assumed
that no water pressure acts on the inner wall of a supporting
structure and analysed the seepage field near the tunnel and the
influencing factors of the seepage flow, providing theoretical
guidance for the design of the grouting reinforced region. Cheng
et al. (2019b) established a groundwater seepage model. Due to
the model and groundwater dynamics, the relationship between
the amount of water inflow and drawdown of the groundwater
table for a tunnel is derived under unsteady flow conditions.
Yang et al. (2009) used the Groundwater Modeling System (GMS),
which is a groundwater modelling software package that supports
the groundwater digital codes MODFLOW and FEMWATER, to
determine the impact of tunnel excavation on the hydrogeological
environment of the area around the tunnel. By using a laboratory
model test, Yang et al. (2017) and Zhao and Yang (2019) studied
the distribution characteristics of water seepage pressure in the
grout region. Hai et al. (2017) and Guo et al. (2019) reveals the
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influence of water seepage pressure by numerical simulation.
Jorge et al. (2021) analyzed the source of tunnel water inflow
through experiments. Xue et al. (2021) analyzed the reinforcement
measures under the condition of surrounding rock through
experiments. The purpose of structural safety and drainage
control is realized by setting drainage pressure device (He et al.,
2020).

Experts have conducted a deep analysis of prediction and
treatment measures in tunnel spring water. However, the theoretical
calculation assumes that the water head borne by the inner edge
of the support structure is 0, resulting in a certain gap between
the existing analysis formula and the actual situation (Qian and
Rong, 2008; Wang et al., 2011; He et al., 2015). In the actual
working condition, behind the secondary lining are the waterproof
board, blind pipe and initial support. The waterproof board
makes the secondary lining itself not seepage and drainage. The
head pressure at the contact between the secondary lining and the
initial support is extremely complex. At the same time, there is
little systematic research on the calculation of the allowable
drainage of parallel tunnels. Thus, first, we establish the differential
equation of seepage flow in parallel tunnels and obtain the steady
state funnel curve equation with seepage into the tunnel. Then,
we calculate the allowable flow based on the maximum allowable
decrease in groundwater at the control point and determine the
descending funnel curve equation to calculate the volume of the
descending funnel. In addition, the total water inflow at steady
state is calculated based on the water storage coefficient. Finally,
the theoretical equation is verified based on engineering examples
and numerical simulation.

2. Calculation of the Allowable Tunnel Drainage

In the tunnel construction process, a large amount of groundwater
will be drained by the tunnel, which will decrease the phreatic
water level and damage the ecological environment. After water
is pumped at a constant flow rate for a long time, a relatively
stable drawdown cone is formed near the tunnel. Its shape
changes with the allowable drainage volume of the tunnel.

2.1 Establishment of the Parallel Tunnel Calculation
Model

When the amount of groundwater inflow into the tunnel is stable,

the phreatic flow can be considered a stable flow. The phreatic

flow can be considered a two-dimensional flow. A parallel tunnel

drainage calculation model is established, as shown in Fig. 1.

water level yt Descent funnel curve
L
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Fig. 1. Calculation Model of the Parallel Tunnel Drainage

In Fig. 1, the horizontal spacing of the parallel tunnels is 2b;
the initial water level is H; the inner and outer diameters of the
initial support are 7, and r,, respectively; the outer edge radius of
grouting reinforcement ring is a; the drainage of the parallel
tunnels is 2 g; k, k, and k, are the permeabilities of the surrounding
rock, grouting reinforced region and initial support, respectively;
the middle of the two tunnels is section O; sections A and F are
located at the outer edge of the grouting reinforced region; B and
E are located at the inner edge of the grouting reinforced region;
C and D are located at the inner edge of the supporting structure,
and G is located at the influence radius of water inrush.

2.2 Basic Assumptions
Considering the actual situation and simplified calculation, the
following assumptions are made:
1. The tunnel is located in a homogeneous and isotropic phreatic
aquifer with a horizontal relative aquiclude at the bottom.
2. The upper part of the aquifer has uniform infiltration.
3. The seepage satisfies Darcy's law.
4. Parallel tunnels have equal allowable seepage values into
the tunnel.
5. The source of water inflow is very sufficient.

2.3 Model Solving
When seepage is stable, the differential equation of seepage can
be expressed as (Bear, 1985; Xue and Wu, 2010)

d  dh
k—(h—)+W =0 1
S+ =0, M

where &k (m/d) is the medium permeability; W (m/d) is the
vertical infiltration (recharge) rate at the top of the tunnel; and h
(m) is the hydraulic head at the section.

2.3.1 Solution for the Tunnel to Affect the Boundary
Region

2.3.1.1 Between Regions F and G

In Fig. 1, the abscissa of sections F and G are b + a (m) and %

(m), respectively, and the water seepage from the surrounding
rock into the grouting reinforced region at section F is ¢ — W (a + b)

(m*/d/m). Then, the seepage differential equation of sections F
and G is as follows:

kLo w0
dr ' dx

@)
G- W@ By h S By =1
The integral calculation result is
2
hzz—Kx2+2ix—q—+H2_ ?3)
k, g kw
The expression of the water head in section F is
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2.3.1.2 Between Regions E and F

The seepage quantity of section £ from the grouting reinforced
region to the initial supportis ¢ — W (b + r,) (m*/d/m); then, the
seepage differential equation of sections E and F is

d . dh
ke ()W =0

q-W(b+rn)=k, hdh

®)
h

x—b+r, xoath hF

Equation (5) is integrated to obtain Eq. (6), Eq. (4) is substituted
into Eq. (6), and Eq. (7) is obtained. The hydraulic head at
section E is given by Eq. (8):

2
weWpa, Wathy —2Aatbyg .

k, k, I, e (6)
W =—Kx2+2ix+W(a+b)2—2(a+b)q
k, k, k,
\ﬁ ,
_kK(cH—b) +2+ (a+b)—7+H2 @)
p2 Wla+n+2b a—r)-2a-r)q
E
k” ®)
-—(a+b +2 +b _7+H2
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2.3.1.3 Between Regions D and E

The seepage quantity of section D from the initial support into
the tunnel is ¢ - W (b + ;) (m*/d/m); then, the seepage differential
equation of sections D and E is

k, i(h%) +W =0
dh )
q-W(ob+n)y=kh— h =h,

x—>b+n x—>b+r,

Equation (9) is integrated to obtain Eq. (10), Eq. (8) is substituted
into Eq. (10), and Eq. (11) is obtained. The hydraulic head at
section E is given by Eq. (12):

.

2
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2.3.2 Interregional Solution for the Parallel Tunnel

2.3.2.1 Between Regions O and A

Since the water inflow of the parallel tunnel is assumed to be
equal when the seepage is stable, there is no horizontal seepage
at section O, and the derivative of the hydraulic head is 0; the
seepage volume of section A from the surrounding rock into the
grouting reinforced region is ¢-W(b-a) (m*/d/m), and the
areas of sections O and A satisfy the following expression:

k,i(h%nwzo

Wb -ay=—kh
dx

W . (13)
x—=b a Oza x—0

The integral is calculated as follows:

w
W =-—x"+C, (14)
k"
where C is a constant.
The head height at section A is
hAz:—kK(a—b)2+C, (15)

»

2.3.2.2 Between Regions A and B

The amount of water infiltrated into the primary support from the
grouting reinforced region at section B is W (b - r,) (m), and the
following expression is satisfied between section A and section B:

d  dh
L Lnyiw=o
fdedr " . (16)
W(b-r,)=k,h " A, =h

x—>b n x—b a A

The integral is calculated as follows:

_ 2
p=We @by o (17)
kg kg
Equation (15) is substituted into Eq. (17) to obtain
N AY
h2:—Kx2+M—K(a—b)2+C, (18)
k k k
g g r
The hydraulic head at section B is expressed as
- -2
hBZZW(a r2)5€a+r2 b)_Z(a_b)Z_"_C. (19)
g r

2.3.2.3 Between Regions B and C
The water inflow from section Cis W (b - ) (m*/d/m), and areas
B and C satisfy the following expressions:

ksi(h%pwzo
dr dr

dh
W(b—n)=-kh
(b=r) dx|

(20)
h
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By integral calculation, we obtain

_ 2
n :—kzx2 +W(bkir2)+h32.

s s

@n

Equation (19) is substituted into Eq. (21) and Eq. (19) is substituted
into Eq. (21) and Eq. (19) is substituted into Eq. (21) and Eq. (22)
is obtained. The hydraulic head at a given position is expressed as
follows:

O-n) Wa-r)a+rn-20) W

n :—sz (a—b) +C,
ks ks kg kr
(22)
hcz _ W2b—n—n)-n) " W(a—r)a+r,—2b) _Z(a_b)z L C.
k, kg k,
(23)

Ignore the discretity of the tunnel seepage pressure along the
support structure, assuming that #.=4, and simultaneously
solving Egs. (12) and (23), we can determine the parameters;
then, the drawdown curve with allowable tunnel discharge is
obtained.

2.4 Calculation of the Total Tunnel Drainage

2.4.1 Volume Calculation of the Drawdown Funnel
Integrate the phreatic water level line to obtain

oy 4
V=2t [ ) (24)

2.4.2 Calculation of the Drainage Volume .

The water storage coefficient of the tunnel site area is x# , and
the relationship between the total volume of the funnel and the
total water release is

0=V . (25)
3. Result Verification

Numerical simulation is used to test the effectiveness of the
proposed method.

3.1 Parameter Determination
To validate the analytical solutions, the program FLAC was

Va ground

6.5 —e— Theoretical value
6.01 —s— Numerical simulation value
5.5

5.04
4.51
4.0
3.5
3.04
2.5
2.0
1.5

10.72% 14.01%

Tunnel water inflow (m?*/d/m)

I 3 5 7 9 11 13 15
Drawdown of phreatic water level (m)

Fig. 2. Comparison of Results

used to establish a three-dimensional model. At present, conformal
transformation is generally used to map noncircular tunnel sections
to circles (Simha, 1998). The radius of the circumscribed circle of
the tunnel section is taken as the equivalent circle radius (Yan et al.,
2005).

R

Toi = RE (26)
4 i
2h.)

costan '(

i

where r; is the tunnel radius; ; is the tunnel span; #4; is the tunnel
height.

3.2 Element Simulation and Boundary Conditions
Each structure is a solid unit. The normal displacement at the
bottom and around is 0. Surface water can flow freely.

3.3 Analysis of Calculation Results

The calculated values of the two methods are shown in Fig. 2.
Figure 2 shows that the calculation results of the two methods

are similar. The difference between them increases with the

increase of phreatic water level drawdown. It shows that the

formula derived in this paper is more suitable for the condition of

small phreatic water level drawdown.

4. Case Study

4.1 Engineering Background
Hongtu Tunnel is located in Guangdong Province. The left and

groundwater level H

395

Fig. 3. Reservoir Location

reservoir

F is fault
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right tunnels are 6,336 m and 6,337 m long, respectively, and the
maximum overburden is 739 m. Through the Lianhuashan mountain
range, Tongziyang syncline, Lianhuashan fault zone and Rongjiang
fault zone, the outcrop rock mass on the tunnel surface is broken,
the rock joints and cracks are relatively developed.

The top and bottom elevations of the reservoir dam are 720 m
and 686 m, respectively, and the maximum storage capacity is
approximately 25 x 10*m?®, as shown in Fig. 3. The designed
elevation of this section of the tunnel is approximately 272 — 280 m.
The precipitation infiltration intensity is 0.0035 m/d, and the
water storage coefficient is 0.056. To avoid irreparable damage
to the local ecological environment, the water level of the reservoir is
limited to 1 m after comprehensive consider the power generation
conditions and historical data of surface vegetation.

4.2 Parameter Determination
The radius of the tunnel section after the equal circle treatment is
approximately 6.2 m; the thickness of primary support and
secondary support is 30 cm and 50 cm respectively. The distance
between the centres of the parallel tunnels is 49 m, and the stable
water depth at the tunnel is 410 m.

4.3 Calculation of the Allowable Tunnel Drainage
Substitute Eq. (19) into Eq. (21) to obtain Eq. (22). The hydraulic
head at a given position is expressed as follows:

q=Wx+Jk WAHQ2H — AH) .

The results show that when the reservoir drawdown is 1 m,
the allowable discharge of the tunnel is 2.1 m*/m/d.

When there is no grouting a=r, =7 m ; according to Eq. (4),
the hydraulic head of the initial support is 346.43 m, which is
much greater than the maximum bearable pressure of the initial
support; therefore, curtain grouting is required.

@7

4.4 Determination of the Grouting Reinforced Region
Parameters

4.4.1 Permeability of the Grouting Reinforced Region
Assuming that the head height acting on the initial support
through the grouting reinforcement ring is 4z, a = %E , we obtain
the relationship between the groundwater inflow into the tunnel
and the permeability of the grouting reinforced region as follows:
q=W(a+b)+m+ v
k,/k kg lkr

Hkg*(1=a®)+ W (k, —k a-r)
kW

(28)

Assuming that the thickness of the grouting reinforced region
is 6 m, the relationship curve between water seepage and
permeability of the grouting reinforced region is shown in Fig. 4.

Figure 4 shows that when the initial support bears different
seepage pressures, the water inflow of the tunnel decreases with
the decrease in permeability of the grouting reinforced region.

3.4 4
T 32138 Water head/static head of the initial support
£ 3.0
£ 30 —e— (.1
=] 2.8 4 :
= 261 —e—0.2
E 241 ——0.3
=2 29
c = —r—0.4
o 201 05
=h 1.8 4 ’
]
& 1.6
2 144
2 1.2
T 109
g L
2 08
Z 06

|].4 T T T T T T T T T T

0 60 120 180 240 300 360 420 480 540 600

Permeability of ordinary surrounding rock/
permeability of grouting reinforcement area

Fig. 4. Relationship between the Permeability of the Grouting
Reinforced Region and the Water Inflow of the Tunnel

The g grouting reinforced region in the water-rich section can
limit the drainage and ensure the stability of the tunnel during
construction. However, when the permeability of the grouting
reinforced region is reduced to 1/400 permeability of the surrounding
rock, the grouting reinforced region has very little sensitivity to
water entering the tunnel.

In addition, the head pressure of the initial support is greatly
related to the amount of groundwater inflow into the tunnel.
During the grouting reinforced region, the working state of the
amount of groundwater inflow into the tunnel system is very
important. After the drainage system has been blocked, the head
pressure of the initial support will sharply increase. During the
construction and operation period, the annular blind pipe should
be regularly inspected to prevent damage to the tunnel structure
caused by the plugging and fracturing of the initial support and
secondary lining.

4.4.2 Thickness of the Grouting Reinforced Region
Considering the test section data, the permeability of surrounding

Water seepage of the tunnel (m*/d/m)

012345678 9101112131415

Thickness of the grouting ring (m)

Fig. 5. Relationship between Grouting Reinforced Region and Tunnel
Water Seepage
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rock is 100 times that of grouting reinforcement area. Fig. 5 is a
graph of influence of thickness in the grouting reinforcement
region.

Figure 5 shows that the water seepage decreases with increasing
grouting reinforced region, and the sensitivity decreases when
the radius exceeds 10 m. Figs. 4 — 5 show that the curtain grouting
reinforced region in actual working conditions is 6.0 m thick, and
the reservoir depth drop and initial support head satisfy the
design requirements.

The grouting reinforcing ring is a drainage structure that can
be used to achieve economic and safety of its permeability and
thickness. Reasonably increase its thickness and reduce its
permeability, protect the support structure.

4.5 Calculation of the Total Water Inflow
The permeability of surrounding rock is 100 times and 2000
times that of grouting ring grouting and initial support respectively.
Considering the complexity of the actual working conditions, the
maximum water inflow is 1.5 m*/m/d.

The calculation equation of the hydraulic head and falling
funnel volume in each area is shown in Egs. (29) — (30):

—0.1522x" +130.4348x + 140149.6894 37.5<x<428
—15.2174x> +13043.4783x —322903.979 31.5<x<375
—304.3478x” +260869.5652x — 7842536.044 31.2<x<3L.5

K =1330.0678 17.8<x<31.2
~304.3478x" +96759.6331 17.5<x <178
~15.2174x% +8213.4374 11.5<x<17.5
~0.1522%% +6221.0624 0<x<I15

29)

s LA s

V:Z(H%—Q"Shdx S el — [7 hax — P12 hx

315 375 428 1.5

hdx — hdx — hdx)= 2 x (410 x —
31.2 31.5 37.5 ) 00035
911-422—13—244 —54-2000 —160000)=24140.57m’m "

(30)

When the seepage is stable, the falling curve is shown in Fig. 6.
The calculation results of the total water inflow are as follows:

450 1
400 4 _\ /__
3504 g g
E 3001 —B.C
o Tunnel location
Eﬂ 250 1 —D.E
o — E, F
= 200+ = Qutside the grouting circle
-_-tu 1504 water level .T . ¥| Descert funnel curve
100 - o
50 RGN e
Parallel tunne ¢ G
N

-500-400-300-200-100 0 100 200 300 400 500
Diatance (m)

Fig. 6. Steady State Drawdown Curve

(@ (b)

Fig. 7. Curtain Grouting Effect and Water Inflow: (a) Tunnel Face Condition
after Grouting, (b) Water Inflow Measurement
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Fig. 8. Water Inflow
o=w =24140.57x0.056 =1351.87m’m ' 31

During the construction, advance curtain grouting was
performed in this area with a total of two cycles and a length of
80 m. The total water inflow was calculated to be 1.08x10°m”.
During nearly 9 months of the construction of the curtain
grouting section, the water inflow was measured through the
drainage ditch, as shown in Fig. 7, and the results are shown in
Fig. 8.

The daily water inflow is basically stable after 270 days: it is
148 m*/d, which is 18.9% different from the calculated value (1.5
x 80 = 120 m*/d); the actual monitoring total water inflow is up
to 1.2 x 10° m®, which is 10% different from the theoretical
calculation. The water level of the reservoir is greatly affected
by weather, but the maximum drawdown is within 1 m.

To further test the effect of curtain grouting, sensor elements
are embedded at the construction site, as shown in Fig. 10.

Figure 10 shows that the head head is 16 m in the initial
support structure, the head height calculated by Eq. (12) is 18.17 m,
and the error is 13.6%.

Based on this analysis, the calculated allowable discharge,
total water inflow and height of the initial support water head are
consistent with the actual conditions. The difference may be
caused by the discreteness of the permeability and storage coefficient
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Fig. 9. Embedding and Measurement of the Seepage Pressure
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Fig. 10. Water Pressure Monitoring

and the substitution of the equivalent circle approximation. In
addition, the actual water inflow values of parallel tunnels are not
completely equal, which affects the calculation accuracy.

5. Conclusions

To determine the reasonable allowable drainage of parallel tunnels,
a steady-flow calculation model of tunnel drainage is established.
the calculation equations of the allowable drainage and total
drainage when seepage reaches a steady state are derived. The
main conclusions are as follows

1. The allowable drainage of the tunnel is related to the rainfall
infiltration intensity, permeability of the surrounding rock,
distance between the control point and the tunnel and
allowable drawdown, but it is not related to the setting of
the grouting reinforced region.

2. The application of a grouting reinforced region can reduce
the water head pressure of the initial support and make its
design more reasonable and economic.

3. The head pressure borne by the initial support has a
substantial relationship with the amount of groundwater
inflow into the tunnel. The circumferential blind pipe should
be regularly inspected to prevent plugging and fracturing of
the initial support and secondary lining, which will damage
the tunnel structure.

4. Compared with the numerical simulation results, the

calculation method in this paper has high accuracy when
the phreatic water level drops relatively small.
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