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Abstract
In the presence of heavy rainfall on the earth’s surface, a series of water-induced problems often appear in karst tunnels, such 
as lining cracks and invert uplift. An effective method of alleviating these problems is the adjustment of the tunnel drainage 
scheme. In this study, three waterproofing and drainage optimization schemes were studied using numerical simulation and 
model tests. Numerical results show that, when the conventional waterproofing and drainage scheme is adopted in water-rich 
karst tunnels, the water pressure at the tunnel invert cannot be effectively reduced by the drainage system. When the water 
head height of the tunnel crown is 50 m and the distance between circumferential drainage blind pipes is reduced from 5 to 
2 m, the rate of water pressure reduction at the invert from 21 to 27%. When a longitudinal drainage blind pipe is added at 
the bottom of the invert, the rate of reduction is increased to 84%; however, it is increased to 96% when the central drainage 
ditch is set at the bottom of the invert. Therefore, placing the central drainage ditch at the bottom of the invert has the most 
significant effect on reducing the water pressure. Model test results indicate that when the water head height of the tunnel 
crown is 12 m, the reduction rates of water pressure at the invert corresponding to the placement of a central drainage ditch 
at the bottom of the invert are 66%. The model test results were found to be consistent with numerical results.
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Introduction

By the end of 2018, there were 15,117 railway tunnels in 
operation in China, with a cumulative length of 16,331 km 
(Zhao and Tian 2019; Zhao et al. 2017), and the total num-
ber of tunnels in operation estimated to reach 17,000 by the 
end of 2020. In the field of tunnel engineering, China has 
already become a world leader. In terms of conventional 
mountain tunnels, China has accumulated rich experience 

in construction, whereas in terms of karst tunnels, there are 
still many technical problems to be further improved.

China has widest karst distribution area in the world 
(about 20% of the total karst area in the world)—the karst 
landforms cover many provinces, especially in Guangxi, 
Yunnan and Guizhou, and several railways cross the karst 
landforms. For example, the Chengdu-Guiyang Railway, 
the Chongqing-Lichuan Railway and the Shanghai-Kun-
ming Railway which are already in operation, as well as 
the Zhengzhou-Wanzhou Railway under construction, all 
pass through large-scale karst landscapes. Hence, there 
are numerous karst tunnel projects along the above-men-
tioned railway lines (Fig. 1). Whether during construction 
or operation, dealing with groundwater in tunnels is one of 
the most important issues related to their structural safety in 
karst regions (Casagrande et al. 2005; Fan et al. 2018). For 
water-rich karst tunnels, the permeability coefficient of the 
surrounding rock is relatively large and the water pressure 
on the tunnel lining is strongly affected by surface water 
recharge. In the case of continuous heavy rainfall, surface 
water seeps in rapidly, because the karst pipelines and 
cracks in the karst area are widely distributed, groundwater 
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recharge is far greater than the tunnel drainage capacity; 
therefore, even under drainage conditions, the tunnel lining 
will bear a large external water pressure, which will endan-
ger the tunnel structure safety (Fu et al. 2007; Yang et al. 
2016).

In recent years, there have been many accidents caused 
by water in karst tunnels that have been opened for opera-
tion. For example, the bed slab of the tunnel from Fengdu 
to Shizhu county in the Chongqing-Lichuan railway was 
broken by the high water pressure (Fig. 2a). The entire track 
slab of the Gaotian Tunnel in the Guiyang-Guangzhou rail-
way was separated from the tunnel invert and water pres-
sure indirectly caused deformation of the track in the tunnel 
(Fig. 2b). Owing to sudden heavy rain, the water pressure on 
the lining of the small mountain tunnel in the Shanghai-Kun-
ming railway increased rapidly in a short time, eventually 

leading to tunnel invert damage (Fig. 2c). Under the action 
of water pressure, the cracking of the Naji tunnel invert and 
water gushing occurred in the Kunming-Nanning railway 
(Fig. 2d).

In previous studies of karst tunnels, problems caused by 
water during construction have attracted widespread atten-
tion in the academic community. Li et al. (2013, 2017a, b, 
2019) and Wu et al. (2017) have conducted in-depth research 
on the problem of water inrush during the construction of 
karst tunnels, and revealed the mechanism of water inrush 
in karst tunnels. Jeon et al. (2004) used model tests and 
numerical simulation methods to study the effects of faults 
and weak fracture zones on tunnel stability. The influence 
of fault location and distance between fault and tunnel on 
lining deformation was obtained. Fang et al. (2016) per-
formed tunnel water pressure model tests and obtained the 

Fig. 1   Karst geomorphology distribution and railway lines crossing karst regions in China
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internal force and failure characteristics of the tunnel lining 
under undrained conditions; however, their proposed method 
cannot simulate drainage conditions, as it uses the vacuum 
method to simulate the water pressure. Tian et al. (2018) 
developed a test device to study the influence of the rela-
tive position relationship between the karst cave and tunnel 
on the internal forces caused by lining water pressure; the 
results show that the development of a karst cave affects the 
tunnel water flow. Nam and Bobet (2006) studied the influ-
ence of the water flow on the internal force of the tunnel 
lining in a water-rich deep-buried tunnel, and analysed the 
changes in the water pressure behind the lining when the 
drainage system was not smooth.

Based on the researches presented above, it can be 
seen that, regarding the construction of water-rich karst 
tunnels, the existing research focuses on the detection of 
water bodies, the mechanism of water and mud inrush and 
on prevention measures during the construction of karst 
tunnels. In the case of water-rich karst tunnels already in 
operation, the existing research focuses on the influence 

of the smoothness of the tunnel waterproof and drainage 
system on the lining water pressure. There are only a few 
reports on water pressure distribution behind the lining 
of water-rich karst tunnels and improving the water pres-
sure resistance by optimizing the existing waterproof and 
drainage system.

Base on this, in this study, the water pressure distribu-
tion of water-rich karst tunnels was analysed, and optimi-
sation measures for water inrush prevention and drainage 
were studied. The distribution of water pressure on the 
lining of karst tunnels was revealed, under the condition 
that the surface recharge is much larger than the tunnel 
drainage. And the applicability of conventional mountain 
tunnel waterproofing and drainage systems in water-rich 
karst tunnels was investigated. According to the effect 
of water pressure reduction behind the lining, based on 
the conventional waterproofing and drainage systems, an 
improvement scheme was proposed. The research results 
can provide reference for the optimal design of waterproof-
ing and drainage in water-rich karst tunnels.

Fig. 2   Water hazards in existing 
karst tunnels: a invert broken 
by high pressure water; b track 
slab was separated from invert; 
c tunnel invert damage; d crack-
ing of tunnel invert and water 
gushing
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Water pressure distribution 
on linings of water‑rich karst tunnels 
with a conventional mountain tunnel 
drainage scheme

Conventional waterproofing and drainage schemes 
for mountain tunnels

For mountain tunnels without special requirements of envi-
ronmental protection, tunnel waterproofing and drainage are 
generally designed according to the general reference draw-
ing (Fang et al. 2016; Yuan et al. 2000), henceforth called 
the conventional scheme. The conventional waterproof-
ing and drainage system of a mountain tunnel comprises a 
waterproof board, non-woven fabric, circumferential drain-
age pipe, longitudinal drainage pipe, transverse connection 
pipe and central drainage ditch (Fig. 3). The details are as 
follows:

1.	 A waterproof layer is laid between the initial support and 
the secondary lining of the tunnel, which comprises a 
“geotextile + waterproof board.” In the area of the tunnel 
crown and wall, a layer of geotextile is laid first, fol-
lowed by an ethylene–vinyl acetate copolymer smooth 
waterproof board.

2.	 On the outer side of the lining of the left and right side 
walls of the tunnel, at a height of 30 cm above the bot-
tom of the lateral ditch of the tunnel, a longitudinal 

blind pipe with a diameter of 100 mm is set up. The 
pipe is made of double-walled high-density polyethylene 
(HDPE) perforated bellows with a diameter of 100 mm 
and a wall thickness of 4 mm. It is wrapped in non-
woven fabric and tied tightly at intervals with hemp rope 
or pervious cloth tape, with a spacing of no more than 
20 cm.

3.	 In the tunnel lining crown and side wall region, a circu-
lar blind pipe with a diameter of 100 mm is set. The pipe 
is made of HDPE with small holes, and the thickness is 
3 mm, wrapped in non-woven fabric. The circular blind 
pipes are tied in the same way as the longitudinal blind 
pipe with a longitudinal spacing of 5 m.

4.	 The tunnel lateral drainage ditch is connected by trans-
verse water conduits which are made of polyvinyl chlo-
ride pipes with a diameter of 100 mm.

For general mountain tunnels, the tunnel lining does not 
bear water pressure. Groundwater in the surrounding rock 
around the tunnel is concentrated in the central drain of the 
tunnel through the circumferential drain blind pipe and the 
longitudinal drain blind pipe behind the lining, and is finally 
discharged outside the tunnel (Hwang and Lu 2007; Li et al. 
2009). For tunnels in non-karst areas, the permeability coef-
ficient of the surrounding rock is small, the effect of surface 
rainfall on the tunnel is smaller, and the groundwater volume 
around the tunnel is also small. All groundwater flowing to 
the tunnels can be discharged (Wang et al. 2008). Therefore, 
the conventional waterproofing and drainage methods can 
meet the requirements of tunnel drainage and tunnel lining 
does not bear water pressure. However, for water-rich karst 
tunnels, the permeability coefficient of the surrounding rock 
is relatively large and the groundwater in the rock surround-
ing the tunnel is recharged by surface rainfall. The cases 
presented in Fig. 2 have also shown that the conventional 
waterproofing and drainage system needs further improve-
ment in water-rich karst tunnels.

Water pressure distribution on the lining 
of water‑rich karst tunnels

Numerical model and boundary conditions

Three-dimensional numerical models of shallow and deep 
tunnels were established using the New experience of Geo-
Technical analysis System (MIDAS GTS/NX), developed by 
MIDAS IT. The overburden of the shallow and deep tunnels 
is 12 and 49.7 m, respectively. The size of shallow tunnel 
model is: L × W × H = 115 m × 14 m × 74 m, and the size of 
deep tunnel model is: L × W × H = 115 m × 14 m × 112 m, the 
distance between the lower boundary and the bottom of the 
tunnel is 49.7 m. The surrounding rock, waterproof board, 
non-woven fabric, drainage pipe, and central drainage ditch 

Fig. 3   Conventional waterproofing and drainage system of mountain 
tunnels
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are all simulated by solid elements. The Mohr–Coulomb 
constitutive model is used for the surrounding rock, and the 
elastic constitutive model is used for the lining, drainage 
pipe, waterproof board, and non-woven fabric (Akbarian 
et al. 2018; Chau and Jiang 2002). The mesh of the numeri-
cal models is shown in Fig. 4.

There are five model seepage boundary conditions. First, 
the top surface of the model is a horizontal plane, and the 
initial water head does not decrease with the drainage of the 
tunnel (the supply is much larger than the tunnel drainage 
capacity). Second, the initial water head height on the lining 
crown of the shallow tunnel is 12 m, and that of the deep 
tunnel is 50 m. Third, the left and right sides of the model 
and the front and rear boundaries are stable boundaries, 
and the water heads of each point are equal, namely, H = h. 
Fourth, the bottom of the model is an impervious boundary, 
and the normal velocity and flow rate are both 0. Fifth, the 
water head of the central drainage ditch section at Y = 0 m 
and Y = 14 m is set to 0.

Calculation parameters

Class C25 shotcrete is used for the primary support of the 
tunnel and class C35 moulded reinforced concrete is used 
for the secondary lining of the tunnel. The thicknesses of the 

waterproof board and non-woven fabric are 3 mm each, the 
diameter of the drainage blind pipe is 10 cm and the size of 
the central drainage ditch is length × width = 84.4 cm × 60 c
m. The parameters of various materials are selected accord-
ing to previous studies (Ma et al. 2016; Hu et al. 2019), as 
shown in Table 1.

Water pressure distribution

Under the stable drainage conditions of the tunnel, the distri-
bution of pore water pressure in the surrounding rock along 
the buried depth of the tunnel is shown in Fig. 5.

It can be seen from Fig. 5a that when the conventional 
waterproofing and drainage system is used in shallow water-
rich karst tunnels, the pore water pressure in the tunnel sur-
rounding rock is almost unchanged along the direction of 
tunnel depth, owing to the shallow burial depth. When the 
depth of the tunnel increases, the rate of reduction in water 
pressure in the stratum increases gradually and the water 
pressure acting on the tunnel lining also decreases to a cer-
tain extent, as shown in Fig. 5b. It also can be seen from 
Fig. 5 that the water pressure at the foot of the side wall 
is reduced significantly. It revealed that the water pressure 
around the lining can be greatly reduced by setting drainage 
blind pipes.

Fig. 4   Mesh of numerical model. a Mesh of numerical model; b tunnel support system; c waterproofing and drainage system
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To analyse the distribution of water pressure behind the 
tunnel lining along the horizontal and vertical directions, 
water pressure observation lines were arranged along the 
longitudinal direction of the tunnel in the tunnel crown, 
waist, side wall, side wall foot and invert centre; and a typi-
cal cross section was selected at Y = 9.5 m in the middle of 
the model (to eliminate the boundary effect). The results of 
water pressure distribution along the longitudinal and trans-
verse directions of the shallow and deep tunnel lining are 
shown in Figs. 6 and 7, respectively.

It can be seen from Fig. 6 that, for the shallow tunnel, the 
water pressure on the tunnel lining is close to the hydrostatic 
pressure and the water pressure at the foot of the invert and 
the side wall is reduced. The water pressure along the longi-
tudinal direction of the tunnel lining varies a little, the water 
pressure at the circumferential drainage blind pipe (2, 7 and 
12 m) is reduced slightly, whereas the water pressure at the 
centre of the invert is reduced significantly. The results of 
the water pressure for a typical cross section of the tunnel 
(Y = 9.5 m) show that the water pressure of the crown was 
112 kPa when the water head on the top of tunnel is 12 m, 
which is 5.1% less than the static water pressure of 118 kPa. 
The water pressure at the foot of the side wall was 80 kPa, 
which is reduced by 62.6% compared with the static water 
pressure of 214 kPa. It is related to the existence of longi-
tudinal drainage pipes in this section. The water pressure in 
the centre of the invert was 174 kPa, which is 26.3% lower 
than the hydrostatic pressure 236 kPa.

Figure 7 presents that, the distribution of water pressure 
behind the lining in the deep tunnel is markedly different 
from that of the shallow tunnel. For the deep karst tunnel, 
the water pressure at the crown and wall changes markedly 
along the longitudinal direction. The water pressure at the 
section of the circular drainage pipe (2, 7 and 12 m) tends 
to zero, whereas the water pressure at the middle of the two 
circular drainage pipes reaches its peak. Owing to the drain-
age effect of the longitudinal drainage blind pipe, the water 
pressure along the foot of the longitudinal side wall of the 
tunnel maintained a low value (about 30 kPa), whereas the 

invert centre maintained a high water pressure because of the 
lack of a drainage system. The water pressure of the crown 
was 302 kPa, which is 38.4% less than the hydrostatic pres-
sure (490 kPa). The water pressure at the centre of the invert 
was 481 kPa, which is reduced by 21.0% compared with the 
hydrostatic pressure (609 kPa). The above results show that 
when the conventional waterproofing and drainage scheme 
is applied to the water-rich karst tunnel, in the case of a 
large amount of rainfall replenishment, the tunnel’s drainage 
system cannot discharge the groundwater in time. And then, 
high water pressure will be generated at the invert which will 
cause safety hazards for the tunnel structure.

In the case of the water-rich shallow tunnel, owing to the 
small depth of the tunnel, the water pressure will not affect 
the safety of the tunnel structure. As for the water-rich deep 
karst tunnel, the drainage system has a better water pressure 
reduction effect at the crown and wall of the tunnel lining, 
but there is almost no reduction at the invert. The tunnel 
invert is the weak part of the structure; under the action of 
water pressure, invert uplift, cracking and other disorders 
easily appear during operation (see Fig. 2 for examples). 
Therefore, it is necessary to optimise the waterproofing and 
drainage schemes for water-rich karst tunnels, so that their 
structure can withstand higher water pressure and reduce 
structural damage caused by water.

Optimisation of waterproofing and drainage 
for water‑rich karst tunnels

Optimised drainage scheme for karst tunnels

When optimising the waterproofing and drainage system of 
tunnels, to facilitate design and construction, major changes 
in conventional schemes should be avoided. The analysis in 
Sect. 2.2 demonstrated that the reduction rate of water pres-
sure at the invert area was very small, when the conventional 
waterproofing and drainage scheme was adopted, as there 
was no drainage pipe at the centre of the tunnel invert, the 

Table 1   Calculation parameters of various materials

Materials Elastic Modulus
/Gpa

Bulk density
/kN/m3

Poisson’s ratio Cohesion
/MPa

Internal fric-
tion angle/°

Perme-
ability 
coefficient
/m/s

Surrounding rock of tunnel 1.8 21.5 0.3 0.45 55 2e − 6
Primary support 23 22 0.20 – – 2e − 8
Secondary lining 32.5 25 0.20 – – 2e − 10
Circumferential drainage blind pipe 0.65 9.32 0.20 – – 4e − 2
Central drainage ditch 21 22 0.20 – – 4e − 2
Waterproof board 0.065 9.8 0.25 – – 4e − 11
Non-woven fabric 0.065 6 0.25 – – 8e − 6
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structure has a low resistance to water pressure. Therefore, 
the optimisation scheme should aim at effectively reducing 
the water pressure of the invert. Based on this consideration, 
three waterproofing and drainage optimisation schemes were 
proposed, labelled optimised scheme A, B and C.

Optimised scheme A: circular drainage blind pipes of 
the lining crown and wall are encrypted (Fig. 8a). The 
main purpose of this scheme is to increase the overall 
drainage capacity of the tunnel by encrypting the circum-
ferential drainage blind pipe, so as to reduce the water 
pressure of the tunnel invert. In this study, three cases 

of reducing the spacing of circumferential drainage pipes 
from 5 to 4, 3 and 2 m were analysed.

Optimised scheme B: a longitudinal drainage blind 
pipe with the same diameter as the circumferential drain-
age blind pipe is added to the bottom of the tunnel. At 
the same time, the circumferential drainage blind pipe is 
extended to the bottom of the invert to connect with the 
longitudinal drainage blind pipe. The longitudinal drain-
age blind pipe at the bottom of the invert is connected 
with the central drainage ditch through the vertical drain-
age blind pipe (Fig. 8b). The purpose of the scheme is to 

Fig. 5   Law of pore water pres-
sure distribution along the depth 
direction. a The shallow tunnel; 
b the deep tunnel
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reduce the water pressure of the invert by improving the 
drainage capacity of the invert area.

Optimised scheme C: the central drainage ditch of the tun-
nel is moved from the inside of the invert to its outside. Mean-
while, the circumferential drainage blind pipe is extended to 
the central drainage ditch (Fig. 8c). Schemes C and B both 
reduce the water pressure of the invert by increasing the drain-
age capacity of the invert area; however, the drainage path of 
karst water is different. The karst water at the bottom of the 
invert in scheme B should flow upward into the drainage ditch 
through the vertical connecting pipe. However, the karst water 
at the bottom of the invert in scheme C can be drained down 
into the drainage ditch, which is more conducive to the drain-
age of the tunnel karst water.

Water pressure distribution in the optimized 
schemes

Numerical models and calculation parameters

Three-dimensional numerical models were established 
to simulate the optimised schemes. The calculation 

models were improved based on the model of the deep tun-
nel described in Fig. 4. The conventional half-pack and 
half-drain schemes were replaced by the schemes shown in 
Fig. 8. The water pressure distribution on the lining under 
different schemes was analysed and compared with that of 
the conventional scheme. The boundary conditions and cal-
culation parameters of the model were same as in Fig. 4 and 
Table 1.

Water pressure distribution behind the lining

For the optimised scheme A, the water pressure distribution 
of the lining under different spacing of the circumferential 
drainage blind pipes was similar. Here, taking the circumfer-
ential drainage blind pipe spacing of 3 m as an example, the 
water pressure distribution behind the lining along the longi-
tudinal and transverse direction of the tunnel was analysed. 
The water pressure distribution behind the tunnel lining 
under drainage conditions, when the water head of the tun-
nel crown was 50 m, is shown in Fig. 9. The water pressure 
distribution on the lining relative to changes in the spacing 
of the circumferential drainage pipes is shown in Fig. 10.

Fig. 6   Law of water pressure distribution at the lining of shallow karst tunnel. a Nephogram of water pressure distribution; b water pressure 
along longitudinal direction of tunnel; c water pressure along circumferential direction of tunnel
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As can be seen from Fig. 9, the water pressure distribu-
tion in the tunnel cross section when the circumferential 
drainage blind pipe is encrypted was basically the same as 
that in the non-encrypted condition. The water pressure was 
close to 0 at the locations of the circumferential and lon-
gitudinal drainage blind pipes and the water pressure was 
higher at the bottom of the invert. After the circumferential 
drainage pipe was encrypted, the water pressure at the crown 
of the tunnel decreased significantly; however, it decreased 
only slightly at the invert. When the water head was 50 m 
above the tunnel crown, the water pressure of the crown was 
165 kPa, which is 66.3% less than the hydrostatic pressure 
(490 kPa). The water pressure at the centre of invert was 
458 kPa, which is 24.8% less than the hydrostatic pressure 
(609 kPa). Comparing with Fig. 7, it can be seen that when 
the circumferential drainage pipe was encrypted (from 5 to 
3 m), the water pressure at the crown area decreased consid-
erably. However, the decrease in water pressure at the invert 
area was not clear, increasing only from 21.0 to 24.8%.

It can be seen from Fig. 10 that the water pressure at 
each part of the tunnel decreased approximately linearly, 

when the spacing of the circumferential drainage blind pipes 
was gradually reduced from 5 to 2 m. The rate of decrease 
in water pressure at the crown area was higher than that at 
the invert area. Furthermore, the invert area always bore a 
large water pressure. It was found that the optimised scheme 
A could improve the drainage capacity of the arch area of 
the lining, but the effect was limited in the invert area, as 
the invert has weak water pressure resistance because of its 
small curvature and it easily fails under high water pressure.

For optimised schemes B and C, the distribution of water 
pressure behind the tunnel lining are shown in Figs. 11 and 
12, respectively, when the total water head at the crown of 
the tunnel was 50 m.

It can be seen from Fig. 11 that the reduction in water 
pressure under the tunnel invert decreased markedly when 
the optimised scheme B was adopted for drainage. The rate 
of decrease in water pressure of the invert increased consid-
erably, because of the influence of the circumferential and 
longitudinal drainage blind pipes at the bottom of the invert. 
When the water head was 50 m above the tunnel crown, 
the water pressure at the tunnel crown was 233 kPa, which 

Fig. 7   Law of water pressure distribution at the lining of deep karst tunnel. a Nephogram of water pressure distribution; b water pressure along 
longitudinal direction of tunnel; c water pressure along circumferential direction of tunnel
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is 52.5% less than the hydrostatic pressure (490 kPa); the 
water pressure at the centre of the invert was 100 kPa, which 
is 83.6% less than the hydrostatic pressure (609 kPa). The 

reduction in water pressure in scheme B was more signifi-
cant compared with that in conventional schemes.

As can be seen from Fig. 12, the reduction in water 
pressure under the invert was very large, when the 

Fig. 8   Optimization schemes of tunnel waterproof and drainage. a Optimised scheme A; b optimised scheme B; c optimised scheme C
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optimised scheme C was adopted. The water pressure 
at the tunnel crown decreased from 490 to 172 kPa (a 
decrease of 64.9%), when the water head was 50 m above 
the tunnel crown. The water pressure at the centre of the 
invert decreased from 609 to 22 kPa (96.4%). This result 

demonstrated that the elevation of the drainage point was 
reduced when the drainage ditch was set at the bottom of 
the invert. Under the action of gravity, karst water tended 
to converge downward to the drainage ditch and the reduc-
tion in water pressure at the invert was very significant.

Fig. 9   Law of water pressure distribution in optimised scheme A. a Nephogram of water pressure distribution; b water pressure along longitudi-
nal direction of tunnel; c water pressure along circumferential direction of tunnel

Fig. 10   Relationship between 
the distance between circular 
drainage blind pipes and the 
water pressure behind the lining 
in scheme A
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Analysis of different waterproofing and drainage 
schemes

To analyse the advantages and disadvantages of different 
waterproofing and drainage schemes, the rate of reduction 
in water pressure at the tunnel lining crown and the invert, 
the convenience and durability of waterproofing and smooth-
ness of drainage pipe during operation were investigated for 
the different proposed schemes and the optimal one was put 
identified. The comparison results of different waterproofing 
and drainage schemes are shown in Table 2.

The reduction effect of water pressure behind the lining

When the conventional waterproofing and drainage scheme 
was adopted, the tunnel lining vault and the invert arch 
would accumulate large water pressure in the case of sud-
den rainstorm. When optimised scheme A was adopted, the 
water pressure of the crown can be greatly reduced, but the 
invert area still bears large water pressure and the optimisa-
tion effect is poor. When the optimised schemes B and C 
are adopted, the water pressure at the crown and invert area 
of the tunnel can be greatly reduced and the waterproof and 

drainage capacity of the karst tunnel can be significantly 
improved.

The convenience of construction

The waterproofing and drainage system of optimised 
schemes A and B was more complex, and there were many 
connection joints of drainage pipes. The construction pro-
cess was also complicated, and the drainage pipe was easily 
damaged. However, optimisation scheme C had fewer con-
struction procedures and the construction quality could be 
easily guaranteed.

The smoothness of drainage pipe during operation

When optimised scheme B was adopted, the karst water 
in the invert area needed to flow upward from the vertical 
connecting pipe into the central drainage ditch. This was 
not conducive to drainage and the drainage pipe was easily 
blocked during long-term operation. In optimised scheme C, 
the central drainage ditch was set at the bottom of the invert 
to reduce the elevation of the drainage point. It was more 

Fig. 11   Law of water pressure distribution in optimised scheme B. a Nephogram of water pressure distribution; b water pressure along longitu-
dinal direction of tunnel; c water pressure along circumferential direction of tunnel
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conducive to the discharge of water and drainage pipe is not 
easy to be blocked during operation.

From the above analysis, it can be seen that the optimised 
scheme C could reduce the water pressure at the crown and 
invert of the tunnel substantially. The waterproofing and 
drainage capacity of the karst tunnel and the safety reserve 
of the lining structure were also improved considerably, and 
the scheme was easy to construct. Moreover, only minor 
changes to the conventional scheme are required. There-
fore, for water-rich karst tunnels with abundant rainfall, it is 

suggested that drainage ditches should be set at the bottom 
of the tunnels.

Model test of waterproofing and drainage 
optimisation for water‑rich karst tunnels

To test the waterproofing and drainage effect of optimised 
scheme C, model tests similar to those conducted for water 
pressure were performed for karst tunnel drainage. The 

Fig. 12   Law of water pressure distribution in optimised scheme C. a Nephogram of water pressure distribution; b water pressure along longitu-
dinal direction of tunnel; c water pressure along circumferential direction of tunnel

Table 2   Comparison of different waterproofing and drainage schemes

Schemes Water pressure at crown (kPa) Water pressure at invert (kPa) Convenience Smoothness

Hydrostatic
Pressure

Drainage Reduction 
rate (%)

Hydrostatic
Pressure

Drainage Reduction 
rate (%)

Conventional scheme 490 302 38.4 609 481 21.0 Common Common
Scheme A 490 165 66.3 609 458 24.8 Complex Common
Scheme B 490 233 52.4 609 100 83.6 More complex Poor
Scheme C 490 172 64.9 609 22 96.4 Simple Better



	 Environmental Earth Sciences (2021) 80:150

1 3

150  Page 14 of 18

distribution of water pressure on the lining was analysed 
when the drainage ditch was set at the bottom of the invert.

Test platform and similarity relation

To carry out the experimental study on waterproofing and 
drainage of water-rich karst tunnels, a special water pressure 
test platform for karst tunnels was developed, as shown in 
Fig. 13. The size of the box was 1.00 m × 2.25 m × 2.25 m. 
The geometry and volume-weight similarity ratios were 20:1 
and 2:1, respectively, i.e., c

L
 = 20 and c

�
 = 2. Based on the 

three basic theorems of similarity theory and the results of 
similar model tests (Lei et al. 2015, 2016; Ye et al. 2014), the 
other similarity parameters can be determined. The similar-
ity parameters of the model test are shown in Table 3.

Similarity materials and test model

The fine sand and quartz sand was used to simulate the sur-
rounding rock of the tunnel. The permeability coefficient of 
the surrounding rock was 2 × 10–6 m/s (Xiao et al. 2018) and 
the ratio of quartz sand to fine sand was 1:3. The secondary 
lining was simulated by 2.5 cm of gypsum, according to geo-
metrical similarity (Lei et al. 2015). The strength and ratio of 
gypsum were determined by strength similarity. The ratio of 
gypsum to water was 1:3, after comparing several groups of 
tests. Waterproof board and circumferential drainage blind 

pipe were wrapped on the outside of the tunnel lining. The 
different drainage conditions were controlled by the drainage 
pipe set on the front of the model box; valves 1#, 2# and 3# 
should be opened in the optimised scheme C. The test model 
and waterproof and drainage system were shown in Fig. 14.

Layout of monitoring points

High sensitivity static strain gauge UT7110Y, produced by 
Youtai Electronic Technology Co., Ltd., Wuhan city, China, 
and strain gauge micro osmometer LY-350, produced by 
Huacheng Civil Engineering Instrument Factory, Danyang 
city, China, were used to measure water pressure. The meas-
urement points were laid out in the middle section of the 

Fig. 13   Water pressure test 
platform for the karst tunnel

Table 3   Similarity parameters of the model test

Physical indexes Similarity relation Simi-
larity 
ratio

Geometry L CL = 20 20
Volume-weight r Cr = 2 2
Elastic modulus E CE = CLCr 40
Poison’s ratio μ Cμ = 1 1
Stress σ Cσ = CLCr 40
Strain ε Cε = 1 1
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circumferential drainage pipe and the water pressure moni-
toring points were set at the crown, waist, side wall, foot of 
the side wall, middle of the invert and centre of the invert. 
The layout of water pressure measurement points is shown 
in Fig. 15.

Water pressure distribution on the tunnel lining

In this test, the maximum water head height at the crown 
of the lining was 60 cm, which corresponds to the situa-
tion when the water head height at the crown is 12 m under 
practical engineering conditions, considering the bearing 
capacity of gypsum materials. The distribution of water 
pressure on the lining with the conventional scheme and 
the optimised scheme C was tested as shown in Fig. 16; the 
water pressure in the figures was converted using the simi-
larity relation.

As can be seen from Fig. 16a, the water pressure at each 
measurement point was equal to the hydrostatic pressure, 

when the tunnel was not being drained. For the conventional 
scheme, the water pressure at the tunnel crown decreased 
from 116 to 114 kPa (decrease of 1.7%), when the tunnel 
was drained. The water pressure near the longitudinal drain-
age pipe decreased from 222 to 34 kPa (decrease of 84.7%) 
and the water pressure at the tunnel invert decreased from 
242 to 190 kPa (decrease of 21.5%). Under the same condi-
tions, the rates of reduction in water pressure at the crown 
and invert calculated using the numerical method were 5.1% 
and 26.3%, respectively. The model test results were in good 
agreement with the numerical results.

As can be seen from Fig. 16b, for the optimised scheme 
C, the water pressure near the longitudinal drainage 
blind pipe decreased from 222 to 30 kPa (decrease of 
86.5%), when the tunnel was drained. Furthermore, the 
water pressure at the tunnel invert decreased from 242 
to 82 kPa (decrease of 66%). It was shown that the water 
pressure at the bottom of the invert could be effectively 
reduced, when the drainage ditch was set at the bottom 

Fig. 14   The test model and 
waterproof and drainage system. 
a Cross-sectional view of tun-
nel; b thickness of materials; c 
waterproof and drainage system
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of the invert. The overall water pressure bearing capacity 
of the tunnel structure was also improved. Comparing 
the results of the numerical simulation in Sect. 3.2, it can 
be seen that water pressure at the centre of the invert of 
the tunnel will be reduced greatly, when the optimised 
scheme C was adopted. Both experimental and numerical 
simulation results showed that the effect of water pressure 
reduction is greater when optimised drainage scheme C 
was adopted.

Discussion

The results of this study presented above show that, when 
the conventional waterproofing and drainage scheme was 
applied to the water-rich karst tunnel, the system could 
not discharge the groundwater in time under a large rain-
fall supply. High water pressure accumulated in the invert 
area, threating the safety of the tunnel structure (as shown 

Fig. 15   Layout of water pressure measuring points

Fig. 16   Measured water pres-
sure of model test (kPa). a The 
conventional scheme; b the 
optimised scheme C
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in Figs. 6 and 7). By comparing the advantages and disad-
vantages of different drainage schemes, it was found that, 
when the central drainage ditch was placed at the bottom 
of the invert, the water pressure at the invert area could be 
greatly reduced and the water pressure resistance of tunnel 
lining greatly improved. Nam and Bobet (2006) studied the 
water pressure distribution of lining of water-rich and deep 
circular tunnel, and also analyzed the scheme of setting the 
central drainage ditch at the bottom of the tunnel, and their 
results were in good agreement with those of this paper, 
as shown in Fig. 17. It could be seen that the optimization 
scheme C proposed in this paper effectively reduced the 
water pressure in the invert of the tunnel. The application 
of this scheme in the water-rich karst tunnel could largely 
avoid the occurrence of water pressure disease. However, 
the optimization scheme C proposed in this paper was not 
suitable for all karst tunnels. In some areas, the develop-
ment of karst caves were very complex, and there might be 
large-scale water filled karst caves and underground rivers 
around the tunnel. The supply of water in this kind of karst 
caves was usually very large, and it was also obviously 
supplied by rainfall. It may not be effective to discharge 
karst water only by optimization scheme C. For this kind 
of karst caves with large water supply, it was usually nec-
essary to set a water drain hole around the tunnel to ensure 
the safety of the tunnel.

Following this, numerical simulations and model tests 
were used to study the distribution of water pressure behind 
the lining of water-rich karst tunnels. The tunnel lining 
selected during the study was a common form for grade V 
surrounding rock and the permeability coefficients of the 
lining were empirical parameters selected from relevant lit-
erature. The changes of lining structure and permeability 
coefficients impacted the magnitude of the research results. 

However, the distribution of water pressure behind the lining 
remained constant.

Further, the karst stratum in this study was equivalent 
to the homogeneous stratum. The characteristics of water 
pressure changes caused by pipeline karst were not consid-
ered. In view of the complexity of karst strata, Karst pas-
sageways might be distributed in the crown, waist and side 
walls of the tunnel, and it might produce local high water 
pressure around the lining and cause damage to the lining. 
The water pressure distribution of this situation was also a 
very complex problem, which would be further studied in 
the future. In addition, the scale of this model test was 1:20, 
due to the limitation of the size of the model box, the height 
from the crown of the tunnel to the top of the model box 
was 60 cm, which corresponded to 12 m (tunnel depth) of 
the actual project. This working condition corresponded to 
the situation of shallow tunnel in the numerical simulation. 
Therefore, for the conventional waterproofing and drainage 
scheme, the test results (Fig. 16a) can be compared with 
the numerical simulation results (Fig. 6c) and the results 
of the model test were found to be in good agreement with 
those obtained in the numerical simulation. In future work, 
it is planned to improve the model scale and model box in a 
follow-up study and study the effects of optimised scheme 
C under deep tunnel conditions.

Conclusions

Considering the results obtained in the study, the following 
conclusions are drawn:

1.	 When the conventional waterproofing and drainage 
scheme is adopted and groundwater supply is far greater 
than the tunnel drainage, the water pressure behind the 
tunnel lining is in the shape of a “gourd.”

2.	 For the water-rich karst tunnel with a conventional 
waterproofing and drainage scheme, the water pressure 
at the invert of the tunnel lining has a small reduction. 
And water diseases such as cracking, leakage and invert 
uplift can easily occur.

3.	 The water pressure of the lining at the arch area can 
be effectively reduced by reducing the spacing of the 
circumferential drainage blind pipes, but the effect of 
water pressure reduction of lining at the invert area is 
not clear. Adding a longitudinal drainage blind pipe at 
the bottom of the invert or placing the central drainage 
ditch at the bottom of the invert can effectively reduce 
the water pressure of the lining at the arch and invert 
area. Therefore, in the case of water-rich karst tunnels, 
it is recommended to place the central drainage ditch at 
the bottom of the invert.

Fig. 17   Pore pressures behind secondary support (Nam and Bobet 
2006)
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