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Abstract
Conventional analytical solutions for estimating the external water pressure neglect some factors associated with the water-
proofing and drainage system (WDS), such as geotextile, circular drainage pipes, and waterproof membranes, which may 
lead to a gap between actual engineering observations and estimations. In this study, a reduced-scale model setup is designed 
to investigate the impact of the WDS on water pressure distributions. The model-test results indicate that the WDS dramati-
cally reduces the water pressure on the secondary lining, while the effect on the initial lining is not apparent. An analytical 
solution is derived to analyze the external water pressure acting on the initial and secondary linings, and it is compared with 
model-test results. The results imply that the errors between the analytical solution and model test results ranged from −2.3% 
to 10.9%, thus verifying the proposed solution. Finally, a parametric analysis is conducted to reveal the WDS effect on water 
pressure. The following observations were made: (1) the external water pressure distribution acting on the initial and sec-
ondary linings is related to the distance between two adjacent circular drainage pipes, the surrounding rock mass and initial 
lining permeability, and the geotextile thickness. A small distance between the drainage pipes could increase water pressure 
reduction. (2) When the permeability coefficient of the surrounding rock mass is in the range of 1 × 10–8 to 5 × 10–6 m/s, the 
secondary lining water pressure prediction of the proposed solution is more than 54.1% lower than Liu’s solution (Liu et al. 
2013). The outcomes indicate the importance of the WDS effect on the water pressure under such conditions. This study 
results are helpful for the optimal design of composite lining structures and WDS.

Highlights

•	 A model test is designed to investigate the waterproofing and drainage system (WDS) effect on water pressure.
•	  An analytical water pressure solution on the initial and secondary lining is derived and validated.
•	 The components of the waterproofing and drainage systems (waterproof membranes, geotextile, and blind pipes) are 

considered.
•	  The changes of the water pressure acting on the secondary lining are more significant than those on the initial lining, as 

the distance between two adjacent circular drainage pipes increases.

Keywords  Rock tunnel · Analytical solution · Water pressure · Waterproofing and drainage system · Model test

1  Introduction

External water pressure on the tunnel lining plays an essen-
tial role in the stability of tunnels (Zhou et al. 2015; Liu et al. 
2019, 2023; Yang et al. 2021), and affects the tunnel safety 
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during the operational stage (Jansson and Boström 2010; 
Preisig et al. 2014; Xu et al. 2019; Xie et al. 2019; Li et al. 
2021a). The prediction of external water pressure, acting on 
the lining of water-rich mountain tunnels, is a critical and 
challenging issue in tunnel engineering (Gao and Qiu 2004; 
Ding et al. 2007; Bagnoli et al. 2015; Fang et al. 2016; Wei 
et al. 2020). Lining with smaller permeability could increase 
the external water pressure (Wang 2008; Xu et al. 2019; 
Yoo 2016; Li et al. 2019), while the tunnel drainage system 
would decrease the water pressure (Ponlawich et al. 2009). 
Various methods, such as analytical solutions (Park et al. 
2008; Huangfu et al. 2010; Tang et al. 2018; Liu et al. 2020a; 
Fan et al. 2023), reduction coefficient methods (Zhang 2003; 
The Ministry of Water Resources of the People’s Republic 
of China 2016), and numerical methods (Shin et al. 2009; 
Bian et al. 2009; Nikvar-Hassani et al. 2016; Golian et al. 
2021; Zuo et al. 2022; Teng et al. 2023), have been proposed 
to predict the water pressure, acting on the lining. Compar-
ing with numerical methods, analytical solutions are more 
practical and rapid (Parker et al. 2014; Maleki 2018). Thus, 
analytical solutions have been extensively used to predict 
the water pressure, because of their simplifications on math-
ematical theories (Farhadian and Katibeh 2015, Farhadian 
and Nikvar-Hassani 2018). The analytical solutions will be 
reviewed gradually based on the assumption of the drainage 
simplification in following text, that is, assuming single-
layer lining drainage, two-layer lining drainage, and the 
WDS drainage respectively.

Early researchers have developed solutions based on the 
assumption that the groundwater uniformly penetrates the 
lining, and that the water pressure is exerted equally on the 
outer perimeter of the lining layer, neglecting the contribu-
tions of waterproof membranes and drainage pipes (Shin 
et al. 2007; Kolymbas and Wagner 2007; Ying et al. 2018; 
Wang et al. 2008; Zhou et al. 2014, Yang et al. 2014). Ying 
et al. (2018), Zhang (2006), and Yang et al. (2014) presented 
analytical solutions of water pressure with the assumption 
that a constant hydrostatic load is applied along the lining 
border. Wang et al. (2008) and Liu et al. (2023) investigated 
the distribution of water pressure on the lining using model 
tests and field measurements based on the assumption that 
the water pressure was equally applied at the lining’s circum-
ference. These solutions assumed that the composite lining 
was a single-layer lining. However, the composite tunnel 
lining contains an initial lining, a secondary lining, and a 
drainage system (Chen and liu 2023). Therefore, single-layer 
lining models cannot accurately predict the water pressure 
on the composite lining (He et al. 2015).

Some researchers assumed two-layered composite lining 
with uniformly penetrating groundwater pressure on the ini-
tial and secondary linings (Liu et al. 2013; Du et al. 2011; 
He et al. 2015). Other researchers have used the experimen-
tal model method to investigate the distribution of water 

pressure, in which the drainage pipes are considered (Zhao 
2017, 2018; Zhang et al. 2022). For the sake of simplic-
ity, these methods simplify the actual groundwater seepage 
path, and ignore the partial factors of the waterproofing 
and drainage system (WDS) (i.e., waterproof membranes, 
geotextiles, and blind pipes) on the water pressure. In prac-
tice, the groundwater is drained via blind pipes, instead of 
uniform seepage along the lining perimeter (Wang 2006; 
Chen and liu 2023). The seepage behavior is determined 
by the hydraulic boundary conditions and hydraulic proper-
ties of the materials involved in the seepage routes, such as 
the ground, lining, and drainage system (Shin et al. 2009; 
Zhang et al. 2011, 2022). Thus, the simplification mentioned 
above usually induces a significant gap between the existing 
solutions and actual situations (He et al. 2015). However, 
to the best of the authors’ knowledge, no method has been 
published previously in the literature considering the entire 
WDS that follows the actual seepage path to calculate the 
water pressure. In addition, a few solutions exist that allow 
the exploration of the effect of the entire WDS on the water 
pressure.

In this study, a reduced-scale model test (Kadente et al. 
2021a; Kadente et al. 2021b; Kadente et al. 2023a; Kadente 
et al. 2023b) was designed to investigate the effect of the 
WDS on the water pressure of the initial and secondary lin-
ings, in which waterproof membranes, geotextiles, and blind 
pipes are considered. Based on the test observations, differ-
ent than the previous solutions, an analytical solution is pro-
posed that treats the initial and secondary lining separately 
and considers the effect of the entire WDS components to 
estimate the water pressure on each lining. The proposed 
analytical solution was then validated via model-test results. 
Parametric analysis and the WDS effect on water pressure 
were further investigated based on the proposed solution. 
The current research will be helpful to both practitioners and 
researchers involved in the design of composite linings and 
WDS of rock tunnels, and further provide theoretical support 
for the treatment of water leakage.

2 � Model‑Test Setup

2.1 � Prototype Tunnel Condition

A prototype tunnel at the depth of 100 m and a groundwa-
ter level at the depth of 70 m was adopted, to investigate 
the effect of WDS on the water pressure distributions. The 
structural design and WDS details of the prototype tunnel 
are shown in Fig. 1.

As shown in Fig. 1, the composite lining comprises the 
initial lining, secondary lining, waterproof membranes, geo-
textile, and drainage pipes. To facilitate the research, the 
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actual section of the prototype tunnel was assumed equiva-
lent to a circular tunnel for the experiment. The tunnel 
parameters are presented in Table 1.

2.2 � Similitude Law of the Model Test

A reduced-scale model test was designed to simulate the 
seepage around the composite lining of the tunnel. The 
model test focuses on simulating the groundwater seepage 
field, and the Euler similarity criterion is applicable to the 
simulation of seepage field, pressure field, and water-flow 
pattern (Huang and Xu 2008). Thus, the Euler similarity cri-
terion is adopted in the model test, where the Euler number 
is the ratio of hydrodynamic pressure to inertial force. Based 
on the similitude law (Baker et al. 1991; Tan et al. 2011; Liu 
et al. 2020b; Li and Liu 2021), the geometric (length) simi-
larity ratio of the model test (CL = Lp/Lm) was designed to be 
200. The inner radius of the secondary lining of 5.1 m was 
represented by the model with an inner radius of 0.025 m. 
The outer radius of the secondary lining of 5.5 m was repre-
sented by the model with an outer radius of 0.0275 m. Here, 

Lp is a characteristic length in the prototype, and Lm is the 
corresponding length in the model. The similarity ratio of 
the permeability coefficient Ck is designed to be equal to 
√

200 , where the permeability coefficient of the surrounding 
rock was represented with a permeability of 2.0 × 10–5 m/s, 
as shown in Table 2.

In Table 2, Lp and Lm are the characteristic lengths; kp 
and km are the permeability coefficients; �p and �m are the 
unit weights; Tp and Tm are the seepage times; pp and pm 
are the water pressures; and Qp and Qm are the amounts of 
groundwater inflow (“p” represents the prototype, and “m” 
represents the test model).

2.3 � Model‑Test Design

2.3.1 � Selection of Materials

The permeability coefficient of the surrounding rock 
of the tunnel prototype is large, reaching the range of 
10–5 m/s – 10–4 m/s in some sections with poor surrounding 
rock grade (Grade V sandstone) (Du et al. 2010). Therefore, 
based on the similitude law, a mixture of glass sand and 
kaolin, with a permeability coefficient of 2 × 10–5 m/s was 

Fig. 1   Structure design and 
WDS detail of the prototype 
tunnel

Table 1   Parameters of the prototype tunnel

Parameters Unit Value

Outer radius of initial lining, r2 m 5.8
Outer radius of secondary lining, r1 m 5.5
Inner radius of secondary lining, r0 m 5.1
Permeability coefficient of surrounding rock, kr m/s 2.0 × 10–5

Thickness of geotextile, t m 0.004
Permeability coefficient of geotextile, kz m/s 9.0 × 10–4

Distance between two adjacent circular drainage 
pipes, L1

m 10 ~ 20

Diameter of the circular drainage pipe, D m 0.11

Table 2   Similarity ratio of the model test

Parameters of the similitude ratio Definition Relation

Length, CL CL = Lp/Lm CL = 200
Permeability, Ck Ck = kp/km Ck = 

√

200

Unit weight Cr Cγ = γp/γm Cγ = 1
Time-scale, CT CT = Tp/Tm CT = CL/Ck = 

√

200

Water pressure, Cp Cp = pp/pm Cp = CLCγ = 200
Groundwater inflow, CQ CQ = Qp/Qm CQ = CL

3/CT = 200
5

2
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used as the material of the surrounding rock to facilitate 
groundwater seepage path observations during the tests, as 
shown in Fig. 2. The detailed properties of the remaining 
materials are listed in Table 3.

Based on the geometric similarity ratio, the thickness of 
geotextile material should be 0.02 mm, and the diameter of 
the circular drainage pipes should be 0.55 mm. In the model 
test, the geotextile thickness is set to be 2 mm (0.002 m) 
and the diameter of the circular drainage pipes is set to be 
5.5 mm (0.0055 m) due to the limitation of the test mate-
rial. According to Liu and Li (2021) and Li et al. (2021b), 
the increase of geotextile thickness will cause a decrease 
of water pressure value. Still, it will not affect the decreas-
ing trend in water pressure, indicating that the seepage path 
and seepage gradient from initial lining to the circular pipes 
remain unchanged when the geotextile thickness increases, 
that is, the seepage mechanism of groundwater remain 
unchanged. Therefore, the thickness of the geotextile mate-
rial in this test is enlarged. The groundwater flowing into the 
circular drainage pipes will continue to be discharged into 
the longitudinal drainage pipes, and the water discharge is 
not a seepage process (Bosseler et al. 2024). So, the enlarge-
ment of the diameter of the model pipes did not change the 
seepage path and seepage resistance gradient from the sur-
rounding rock to the pipeline. The key to simulating the 

seepage field in model testing is to accurately simulate the 
groundwater seepage path and seepage gradient (Huang 
et al. 2023). Thus, enlarging the diameter of the drainage 
pipes and the thickness of the geotextile will not affect the 
seepage mechanism of the model test.

2.3.2 � Test Instrumentation and Procedures

The model test apparatus comprised an experimental box, 
a water-supply device (including water tank, bracket, and 
pipes), and water pressure measurement tubes, as shown in 
Fig. 3. The size of the experimental box is 1.0 × 1.0 × 1.0 m; 
the box is made of a steel frame and plexiglass plate 
(Fig.  3b). The water pressure measurement tubes were 
made of vertical tubes and a wooden board, to fix the tubes 
(Fig. 3c).

All tests were performed per standardized test procedure 
(Kamel et al. 2024), to achieve the required level of repeat-
ability. The preparation of each test is described below.

1)	 install the water supply device, experimental box, and 
pressure measurement tubes are installed as shown in 
Fig. 3;

2)	 the 35-cm thick surrounding rock material is paved 
evenly in the experimental box;

3)	 the measurement tubes are installed at the measuring 
points of composite lining model, as shown in Fig. 4.

4)	 The composite lining model was made of a circular 
drainage pipe, geotextile, waterproof membranes, and 
initial and secondary linings;

5)	 the composite lining in the experimental box is installed 
at the designed position (Fig. 4), and paved and the 
remaining surrounding rock material is filled evenly in 
the entire experimental box.

6)	 the water-supply pipes and pressure-measuring tubes are 
connected, and the water supply tank is filled with water.

Fig. 2   Material of the surrounding rock (mixture consists glass sand 
and kaolin)

Table 3   Materials of the experimental model

Model components Materials Permeability coefficient of the materials (m/s)

Surrounding rock Mixture comprises glass sand and kaolin, and the mass ratio is 
4:1

2.0 × 10–5

Initial lining Mixture comprises glass sand and kaolin, and the mass ratio is 
1:1

2.4 × 10–6

Secondary lining Plexiglass tube with a diameter of 5 cm, on which holes are 
drilled to reserve the outlet of the circular drainage pipe

Secondary lining is impermeable

Circular drainage pipes Springs wrapped in gauze, the spring diameter is 5.5 mm 
(0.0055 m), and the distance between two adjacent pipes is 
10 cm

Groundwater inflow is discharged by drainage pipes

Geotextile Geotextile with a specification of 400 kg/m2, which thickness is 
0.002 m

1.0 × 10–3
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(a) Water supply device            (b) Experimental box              (c) Pressure measurement tube

Fig. 3   Configuration of the model test

Fig. 4   Details of the model test
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The experimental conditions range from 0.325 m –0.275 m 
water table, respectively 0.325 m, 0.315 m, 0.305 m, 0.295 m, 
0.285 m, 0.275 m, a total of six test conditions. After the prep-
aration, the test procedures were as follows. (1) the valve of 
the water supply device is turned on, to control the amount of 
water that is required to reach the water table of the experimen-
tal case; (2) when the water table reaches the predetermined 
test condition, it takes approximately 35 s to reach the steady 
state of seepage, in which the water head in all measurement 
tubes keeps unchanged. (3) the water head is recorded, acting 
on the composite lining, via the pressure-measuring device 
after the water table is stabilized in the experimental box and 
measuring device.

3 � Analytical Solution

3.1 � Water Drainage Seepage Model (WDSee)

Based on the test observations and practical engineering, a 
water drainage seepage (WDSee) model was established to 
derive the analytical solution of water pressure. The WDSee 
model, as the authors’ previous research results, has been pub-
lished (Liu and Li (2021)), as shown in Appendix A.

3.2 � Derivation of the Analytical Solution

The governing equation of the steady-state groundwater flow 
in the surrounding rock can be expressed using the Laplace 
equation (Xiao et al. 2009; Liu 2017; Bear 1972).

where r is the radius, θ is the angle, z is the variable in the 
Z-axis, and h is the water head.

For deep tunnels with high-water table conditions, it can be 
assumed that the water head acting on the entire tunnel is equal 
(Zhang 2006; Wang et al. 2008). According to Bear (1972), 
Zhang (2006), and Wang et al. (2008), �

2h

�z2
= 0,

�2h

��2
= 0 , and 

thus, Eq. (1) can be simplified as

After integrating Eq.  (2), the following expression is 
obtained.

where J is the hydraulic gradient, and C is a constant.
According to Darcy’s law and Eq. (3),

(1)�2h

�r2
+

1

r

�h

�r
+

1

r2
�2h

��2
+

�2h

�z2
= 0

(2)d2h

dr2
+

1

r

dh

dr
= 0

(3)J=
dh

dr
=

C

r

where Q is the amount of groundwater inflow per meter, 
and v0 is the seepage velocity.

According to Eq.  (4), the following equation can be 
obtained for the surrounding rock considering 
h
|

|

|

(r=r3)
= H,h

|

|

|

(r=r2)
= h2,

The water-head difference between the initial and second-
ary l inings can be obtained by consider ing 
h
|

|

|

(r=r
2
) = h2,h

|

|

|

(r=r1)
= h(z) in the case of the initial lining.

where Qdz is the amount of groundwater flowing into the 
geotextile per element, and dz is the unit length in the lon-
gitudinal direction.

Based on assumption (3) and the results reported by Murillo 
et al. (2014) and Liu (2017), the governing equation of the 
geotextile can be simplified as

Assuming that the water head in the middle of the two 
drainage pipes is hm, the boundary conditions of the geotextile 
can be expressed as h||

|

(z=0) = 0,h
|

|

|

(z=L1∕2)
= hm , as shown in 

Fig. 5.
The water-head distribution on the geotextile can be 

obtained by integrating Eq. (7).

(4)J =
v0

k
=

Q

2�rk
, C =

Q

2�k

(5)H − h2 =
Q

2�kr
ln

r3

r2

(6)h2 − h(z) =
Qdz

2�k1
ln

r2

r1

(7)�2h

�z2
= 0

Fig. 5   Water-head distribution in the geotextile
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where L1 is the distance between two adjacent circular drain-
age pipes.

According to Eq.  (6) and Eq.  (8), the groundwater 
inflow per meter that flows into the geotextile from the 
initial lining Q can be obtained as

The velocity of groundwater flowing into the circular 
drainage pipe from the geotextile can be obtained as

In Fig. 5, the groundwater seeps into the circular drain-
age pipe at a constant rate of v1. Accordingly, the ground-
water inflow from the geotextile per meter into the circular 
drainage pipe can be expressed as

where dθ is the unit circumferential length of the geotextile.
By combining Eqs. (5), (10), and (13), the water pres-

sure on the initial lining, p2, and maximal water pressure 
on the secondary lining, pm, can be expressed as

(8)h(z) =
2zhm

L1
,
(

0 < z < L1∕2
)

(9)Q =
∫

L1

2

0
Qdzdz

L1

2

=
2�k1(h2 −

hm

2
)

ln
r2

r1

(10)h2 −
hm

2
=

Q ln
r2

r1

2�k1

(11)v1 =
kz(hm−h

|

|

|

(r=r0)
)

L1∕2
=

2kz(hm−h
|

|

|

(r=r0)
)

L1

(12)Q =
∫ 2�

0
v1tr1d�

L1∕2
=

8�r1kzt(hm−h
|
(r=r0)

)

L2
1

(13)hm−h
|
(r=r0)

=
QL2

1

8�r1kzt

(14)
p2 = �h2 =

�H

1 +
ln

r3

r2

�

(15)pm = �hm =
�H

1

2
+

4r1tkz

L2
1
kr

ln
r3

r2
+

4r1tkz

L2
1
k1

ln
r2

r1

(16)�=
L2
1
kr

8r1tkz
+

kr

k1
ln

r2

r1

where β is defined as the drainage coefficient of the water 
pressure.

3.3 � Comparison with the Existing Analytical Model

3.3.1 � Zero Distance Between Two Adjacent Circular 
Drainage Pipes

The zero-distance condition is equivalent to a single-lining 
tunnel without a geotextile, waterproof membrane, or sec-
ondary lining. When subject to these conditions, Eqs. (14) 
and (15) can be simplified to

where paver = pm/2 is the average water pressure on the sec-
ondary lining.

It can be found that Eq. (17) is identical to Wang’s solu-
tion (Wang et al. 2008), where the average water pressure 
acting on the secondary lining, paver, was zero. Therefore, 
Wang’s solution represents a particular case of the pro-
posed analytical solution.

3.3.2 � Infinite Distance Between Two Adjacent Circular 
Drainage Pipes

When the distance between two adjacent circular drainage 
pipes, L1, approaches infinity, Eqs. (14) and (15) can be 
written as

In this situation, the entire water pressure, γH, is applied 
to the lining, where in the composite lining serves as an 
impermeable layer (Wang 2006).

(17)
lim
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p2 = lim
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1 +
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1
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4 � Results

4.1 � Model test results

The water pressure acting on the initial and secondary lin-
ings was measured at four locations (A1-A4, B1-B4), and 
the test results are shown in Table 5 of Appendix B. and 
the averages of the measurements are shown in Fig. 6.

As shown in Fig. 6, the water pressure on the initial lin-
ing increases from 0.224 to 0.263 m. The water pressure 
on the secondary lining increases from 0.064 to 0.084 m as 
the water table increases from 0.275 to 0.325 m. The water 
pressure acting on the initial lining was more significant than 
that on the secondary lining. For example, when the water 
table was 0.285 m, the water pressures on the initial and 
secondary linings were 0.232 and 0.068 m, respectively. Fur-
thermore, the water pressure ratio on the initial lining to the 
water table, h2/H, was approximately 81.5%, and the water 
pressure ratio on the secondary lining to the water head, 
hm/H, was approximately 23.3% as the water table increased 
from 0.275 to 0.325 m. The model test readings showed that 
the ratios of h2/H and hm/H remained constant as the water 
table increased. This trend indicates that the water table has 
a weak effect on the distribution of the water pressure on the 
composite lining.

Figure 7 shows the results for the water pressure obtained 
using Liu’s solution (Liu et al. 2013) and the model test, 
the water pressure date are listed in Table 6 of Appendix B. 
As shown in Fig. 7a, the water pressure on the initial lining 
of Liu’s solution increases from 0.252 to 0.296 m, as the 
water table increases from 0.275 to 0.325 m. The difference 
between the model test and Liu’s solution is approximately 
13%, which is not apparent. However, the water pressure 

Fig. 6   Water pressure on the initial and secondary linings for differ-
ent water tables

Fig. 7   Comparison of water pressure between model test and analytical solutions
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on the secondary lining of Liu’s solution increases from 
0.208 to 0.244 m, as the water table increases from 0.275 to 
0.325 m, and the difference between the two methods is in 
the range of 191.0–225.0%, as shown in Fig. 7b. The differ-
ence between the model test (for the lined tunnel, consider-
ing all WDS components) and Liu’s solution (for the lined 
tunnel, without considering the waterproof membranes, geo-
textile, and circular drainage pipes of the WDS) indicates 
that the effect of the WDS on the water pressure cannot 
be ignored. It can be concluded that the WDS reduces the 
water pressure on the secondary lining dramatically, while 
the effect on the initial lining is not evident when these 
experimental conditions are used.

4.2 � Validation of the Analytical Solution

The proposed analytical solution of the water pressure on the 
composite lining was validated using the model test results. 
As shown in Fig. 7a, the water pressure on the initial lining 
of the proposed solution increases from 0.201 to 0.234 m. 
The model-test results increase from 0.224 to 0.263 m, as 
the water table increases from 0.275 to 0.325 m. The error 
between the proposed solution and model test results ranged 
from 9.9% to 10.9%. As shown in Fig. 7b, the water pressure 
on the secondary lining of the proposed solution increases 
from 0.065 to 0.076 m. The model-test results increase from 
0.064 to 0.084 m, as the water table increases from 0.275 
to 0.325 m. The errors between the proposed solution and 
model-test results ranged from –2.3% to 9.6%. Therefore, 
the proposed analytical solution is in good agreement with 
the model-test results.

4.3 � Parametric Analysis

In this section, the permeability coefficient of the surround-
ing rock was set to 3 × 10–7 m/s. The remaining parameters 
are presented in Table 1. Two cases with different initial 
lining-permeability values (3 × 10–8 and 1 × 10–8 m/s) were 
considered. The water pressure ratio on the secondary lining 
to the initial lining, hm/h2, was used to investigate the water 
pressure distribution trend on the composite lining in the 
tunnel axis direction. The results of which are presented in 
the following sections.

4.3.1 � Permeability Coefficient of Initial Lining

The relationship between the water pressure and the per-
meability coefficient of the initial lining, k1, is shown 
in Fig. 8. The figure shows that an increase in the per-
meability coefficient of the initial lining, k1, gradually 
reduces the water pressure acting on the initial lining to 
less than 10 m; meanwhile, the water pressure acting on 

the secondary lining increases from approximately 0.1 to 
10 m. This tendency indicates that the water pressure act-
ing on the initial lining decreases, while the water pressure 
acting on the secondary lining increases, as the perme-
ability of the initial lining increases. The ideal condition 
in practical engineering is that both the water pressure on 
the initial lining and the secondary lining can be reduced. 
Thus, these findings will help design practitioners select a 
water pressure balance point between the two for design-
ing the WDS.

4.3.2 � Distance Between two Adjacent Circular Drainage 
Pipes

The relationship between the water pressure and the distance 
between two adjacent circular drainage pipes, L1, is shown 
in Fig. 9. The figure shows that the curve for the water pres-
sure acting on the secondary lining is steeper than that for 
the initial lining as L1 increases, thus demonstrating that 
the water pressure acting on the secondary lining is more 
sensitive to L1 than that on the initial lining. When k1 is 
1 × 10–8 m/s, hm/h2 increases by approximately 55%, as L1 
increases from 2 to 20 m. This behavior demonstrates that 
the distance between two adjacent circular drainage pipes 
affects the water pressure distribution. A smaller distance 
leads to a higher reduction in the water pressure. Therefore, 
reducing the distance between two adjacent circular drainage 
pipes is a significant measure to reduce the water pressure on 
the secondary lining in practical engineering.
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Fig. 8   Relationships between the water pressure and permeability 
coefficient of the initial lining
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4.3.3 � Geotextile Hydraulic Conductivity

Figure  10 shows the relationship between the water 
pressure and the geotextile hydraulic conductivity, kzt. 
Figure 10a shows that, when k1 is 3 × 10–8 m/s, with kzt 
increasing from 2 × 10–6 to 1 × 10–5 m2/s, the decrease in 
water pressures acting on the initial and secondary lin-
ings are 20% and 58%, respectively. When kzt was in the 
range of 5 × 10–6 – 1 × 10–5 m2/s, each water pressure curve 
tended to be flat. This tendency suggests that kzt has a 

weak effect on the water pressure variation when kzt is 
higher than 5 × 10–6 m2/s. As shown in Fig. 10b, when k1 
is 3 × 10–8 m/s, the ratio, hm/h2, decreases by 70% as kzt 
increases from 2 × 10–6 to 1 × 10–5 m2/s, thus indicating 
that kzt has a significant effect on the water pressure dis-
tribution as kzt increases. Thus, increasing the geotextile 
hydraulic conductivity, such as laying a multi-layer geo-
textile, is an effective measure to reduce the water pressure 
on the secondary lining in practical engineering.

4.3.4 � Permeability Coefficient Ratio of Surrounding Rock 
to Initial Lining

The relationship between the water pressure acting on the 
composite lining and kr/k1 is shown in Fig. 11. The results 
show that the water pressure acting on the initial lining, h2, 
and secondary lining, hm, increase more than ten times, as 
kr/k1 increases from 1 to 100, thus indicating that kr/k1 sig-
nificantly affects the value of the water pressure. However, 
the ratio between the water pressure acting on the secondary 
and initial linings, hm/h2, remains constant as kr/k1 increases, 
implying that kr/k1 has a weak influence on the distribution 
of the water pressure on the composite lining.

4.4 � The Effect of WDS

The permeability coefficient of the surrounding rock is a 
critical parameter for tunnel design in water-rich regions 
(Farhadian and Katibeh 2015). Therefore, it is used as the 
reference index to analyze the effects of the WDS on the 
water pressure. Figure 12 shows a comparison between the 
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Fig. 9   Relationships between the water pressure and distance between 
two adjacent circular drainage pipes

Fig. 10   Relationship between the water pressure and geotextile hydraulic conductivity
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outcomes of Liu’s solution (Liu et al. 2013) (lined tunnel 
without considering the waterproof membranes, geotextile, 
and circular drainage pipes) and the proposed analytical 
solution (lined tunnel considering all WDS components) 
for the water pressure acting on the initial lining, p2, and 
secondary lining, pm. The results of the water pressure are 
expressed as ratio η = p/rH in Fig. 12; here, the initial lining 
permeability of the results is 1 × 10–8 m/s.

As shown in Fig. 12, all curves exhibit an “S”-shape 
behavior, where the slope is flat at first, which is followed 
by a steep rise, and then, gradually becomes flat. The ini-
tial lining ratio curve of the proposed solution, η, increased 

from 0.017 to 0.897, as the surrounding rock permeability 
increased from 1 × 10–8 to 5 × 10–6 m/s.

5 � Discussion

5.1 � Model Test

There is a 13% difference in water pressure on the initial 
lining between the model test and Liu’s solution. As shown 
in Fig. 7, the difference ranges from 191.0 to 225.0% for the 
water pressure on the secondary lining. Liu’s model assumes 
that the groundwater infiltrates the secondary lining into the 
tunnel instead of being discharged into the tunnel through 
drainage pipes. This assumption will overestimate the seep-
age resistance of groundwater entering the tunnel, that is, 
the waterproof performance of the secondary lining in Liu’s 
model is much greater than that of the geotextile and drain-
age system in the actual tunnel. Therefore, the smaller per-
meability of the secondary lining leads to an overestimation 
of water pressure. Meanwhile, a smaller permeability coeffi-
cient of the secondary lining will cause a significant increase 
in the water pressure loaded on the secondary lining.

5.2 � Inclusion of WDS

The analysis results in Fig. 8 indicate that the initial lining-
permeability coefficient notably influences the water pres-
sure. When the permeability coefficient increases, water 
pressure on the secondary and initial lining exhibits two 
distinct trends, that is, the water pressure of the secondary 
lining increases while the water pressure of the initial lin-
ing decreases. The reason for this trend is that the increase 
of the permeability coefficient of the initial lining reduces 
the waterproof effect of the initial lining and the water-head 
gradient acting on the initial lining. This decreases the water 
pressure acting on the initial lining and increases the internal 
pressure acting on the secondary lining.

The analysis results in Fig. 12 indicates that the surround-
ing rock permeability coefficient has a notable influence on 
the water pressure. Furthermore, when the rock permeability 
is higher than 5 × 10–7 m/s, the difference (δ = (pproposed—
pLiu)/pLiu × 100%) of the water pressure on the initial lining 
remains in the range of −5.0%–−25.8%, while the corre-
sponding difference of the secondary lining in the range of 
−54.1%–−64.1%, as shown in Table 4. When the rock per-
meability is less than 5 × 10–7 m/s, the water pressure differ-
ences on the initial and secondary linings are in the ranges 
of −25.8%–−47.4% and −64.1%–−74.6%, respectively. The 
trends indicate a significant effect of the WDS on the water 
pressure of the secondary lining.

The proposed solution used for the prediction of the water 
pressure was derived based on the assumption that the tunnel 
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cross-section was circular. Although this is often untrue in 
practical engineering, an equivalent circular shape may be 
used in most cases. In addition, the surrounding rock is 
assumed to be a continuous porous medium, considering that 
the tunnel size is larger than the representative elementary 
volume (Li 2018). In practice, the fractured rock mass has 
a discontinuous nature (Katende 2022; Zhang et al. 2024); 
however, the effect of the discontinuities is negligible in 
densely distributed fissures (Wang et al. 2008; Fatehi et al. 
2024). Therefore, the proposed analytical solution can also 
be applied to tunnels in rock masses with densely distributed 
fractures. When the tunnel is a shallow tunnel, significant 
errors may occur. Therefore, the proposed solution can be 
used for deep rock tunnels.

5.3 � Application Discussion

In practical engineering, tunnel engineers need to calculate 
the water pressure acting on the linings to design the lining 
structure when designing the support system of a tunnel. 
This proposed solution can predict the water pressure on the 
linings considering the entire WDS. In addition, through this 
study, we found that the WDS will significantly affect the 
magnitude of the water pressure acting on the linings. Prac-
titioners can use the proposed analytical solution to optimize 
the layout of the WDS to reduce the water pressure load on 
the lining. For example, laying multi-layer geotextile and 
reducing the distance between two adjacent circular drainage 
pipes are significant measures to reduce the water pressure 
on the secondary lining in practical engineering. Thus, the 
current research will be helpful to both practitioners and 
researchers involved in the design of composite linings and 
WDS of rock tunnels, and further provide theoretical sup-
port for the treatment of tunnel groundwater leakage. In the 
following research, we will apply the proposed solution to 

practical engineering, and further explore systematic opti-
mization methods for WDS based on the proposed solution.

6 � Conclusions

A reduced-scale model test was designed to investigate the 
effect of WDS on water pressure, and to explore the water 
pressure distribution on a composite lining. Based on the 
test results, an analytical solution was derived for estimating 
the water pressure acting on the composite lining (including 
the initial and secondary linings), which fully considered 
the WDS effect. The proposed analytical solution was in 
good agreement with the model-test results. Consequently, 
the following conclusions were drawn:

1)	 The WDS dramatically reduced the water pressure on 
the secondary lining, while the effect of the WDS on the 
water pressure of the initial lining was not significant. 
As the initial lining permeability increased, the water 
pressure acting on the initial lining decreased, and the 
water pressure acting on the secondary lining increased. 
When the permeability coefficient of the surrounding 
rock was in the range of 1 × 10–8 to 5 × 10–6 m/s, the 
difference in water pressure on the secondary lining 
between the proposed solution and Liu’s solution was 
greater than 54.1%. Therefore, the WDS effect on the 
water pressure of the secondary lining cannot be ignored 
in these conditions.

2)	 The proposed analytical solution can be used to pre-
dict the water pressure acting on the initial and second-
ary linings, when the tunnel is at a large depth with a 
high-water table. The proposed analytical solution can 
be reduced to Wang’s solution (Wang et al. 2008) for 
an infinitesimal distance between two adjacent circular 

Table 4   The water-pressure difference of the two analytical solutions

Surrounding rock perme-
ability coefficient, kr(m/s)

Comparison of initial lining comparison of secondary lining

Proposed solu-
tion, η2 = p2/rH

Liu’s solution, 
η2 = p2/rH

The difference,δ Proposed solu-
tion, ηm = pm/rH

Liu’s solution, 
ηm = pm/rH

The difference,δ

5 × 10–6 0.897 0.944 −5.0% 0.240 0.522 −54.1%
3 × 10–6 0.839 0.910 −7.8% 0.224 0.503 −55.4%
1 × 10–6 0.635 0.770 −17.6% 0.170 0.426 −60.2%
8 × 10–7 0.582 0.729 −20.2% 0.156 0.403 −61.4%
5 × 10–7 0.465 0.627 −25.8% 0.124 0.347 −64.1%
3 × 10–7 0.343 0.502 −31.7% 0.092 0.278 −67.0%
1 × 10–7 0.148 0.251 −41.1% 0.040 0.139 −71.5%
8 × 10–8 0.122 0.212 −42.3% 0.033 0.117 −72.1%
5 × 10–8 0.080 0.144 −44.4% 0.021 0.080 −73.1%
3 × 10–8 0.050 0.092 −45.8% 0.013 0.051 −73.8%
1 × 10–8 0.017 0.032 −47.4% 0.005 0.018 −74.6%
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drainage pipes (or a single-layer lining). In this case, 
the entire water pressure is applied to the lining without 
circular drainage pipes, and the composite lining serves 
as an impermeable layer.

3)	 The water–pressure distribution on the composite lining 
was affected by the distance between two adjacent circu-
lar drainage pipes, permeability coefficients and geotex-
tile thickness, and the initial lining permeability. These 
findings can provide theoretical base for tunnel design 
with controlled drainage. For example, laying multi-
layer geotextile and reducing the distance between two 
adjacent circular drainage pipes are significant measures 
to reduce the water pressure on the secondary lining in 
practical engineering.

This study has several limitations. First, the analytical 
solution only considered Darcy flow, but non-Darcy flow 
may occur under high hydraulic gradients (Zhang et al. 
2019). Second, the solution is only applicable to circular 
tunnels. Finally, the analytical solution cannot explicitly 
characterize the influence of fracture flow (Shahbazi et al. 
2021). In future work, we will focus on addressing these 
three limitations and exploring systematic optimization 
methods for WDS.

Appendix A

This appendix explains the design and assumptions of the 
water drainage seepage (WDSee) model in Sect. 3.1.

The configuration of the WDSee model is shown in 
Fig. 13. In the model, the groundwater flows from the sur-
rounding rock into the initial lining, which is followed by 
the geotextile, and finally, reaches the circular drainage 
pipes. Such groundwater seepage processes obey Darcy’s 
law (Murillo et al. 2014; Ying et al. 2016; Farhadian and 
Katibeh 2017). When the groundwater flows into the circular 

drainage pipes, it is discharged through the longitudinal and 
lateral drainage pipes. Because the water discharge is not a 
seepage process, the longitudinal and lateral drainage pipes 
were excluded from the proposed model.

As shown in Fig. 13, parameters r0 and r1 are the inner 
and outer radii of the secondary linings, respectively; r2 is 
the outer radius of the initial lining; and r3 is the radius of 
the drainage-affected zone. Moreover, h2 is the water head 
around the initial lining, and h(z) is the water head at the 
geotextile. H is the water head around the drainage-affected 
zone in the surrounding rock. In addition, k1 is the perme-
ability coefficient of the initial lining, and kr is the perme-
ability coefficient of the surrounding rock. The distance 
between two adjacent circular drainage pipes was defined 
as L1. The thickness of the geotextile is expressed as t, and 
its permeability coefficient is denoted as kz.

The basic assumptions of the WDSee model are listed 
as follows.

1)	 Groundwater seepage follows the law of conservation of 
mass (Wu and Xue 2009; Hassani et al. 2018), meaning 
that the amount of groundwater flowing into the sur-
rounding rock, initial lining, and geotextile is equal. 
Groundwater is finally discharged through the circular 
drainage pipes (Wang 2006).

2)	 The aquifer is homogeneous and isotropic (Kolymbas 
and Wagner 2007), and the water table is assumed to be 
high and steady in the horizontal direction (Park et al. 
2008; Tan et al. 2017). The seepage in the surrounding 
rock, initial lining, and geotextile follows Darcy’s law 
(Murillo et al. 2014; Ying et al. 2016; Farhadian and 
Katibeh 2017).

3)	 The groundwater flows along the radial direction in the 
surrounding rock and initial lining (Zhang 2006; Wang 
et al. 2008; Li et al. 2018), and penetrates uniformly 
into the circular drainage pipes from the geotextile at 
a constant rate (Wang et al. 2004), as shown in Fig. 13. 

Fig. 13   WDSee model
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The groundwater flows along the tunnel axis direction 
within the geotextile (Murillo et al. 2014; Wang 2006; 
Liu 2017), as shown in section B-B in Fig. 13.

According to the above assumptions, the boundary con-
ditions of the WDSee model can be expressed as presented 
below:

1.	 the boundary condition at the radius of the affected 
drainage zone is h||

|

(r=r3)
= H;

2.	 the boundary condition at the outer radius of the initial 
lining is h||

|

(r=r2)
= h2;

3.	 the boundary condition at the outer radius of the second-
ary lining is h||

|

(r=r1)
= h(z);

4.	 the boundary condition at the inner radius of the second-
ary lining is h||

|

(r=r0)
= 0.

Appendix B

This appendix lists all the test data used in this paper, as 
shown in Tables 5 and 6. The sections that use the data 
include Sects. 4.1, 4.2, and 5.1.
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