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Abstract Water inrush due to rock mass progres-
sive failure in karst tunnels is one of the disasters in
tunnel construction. The practical measures to ensure
the safety of tunnel construction are to clarify the
mechanism of water inrush and reserve the safety
thickness. In this paper, the geomechanical model
test and numerical simulation were carried out based
on the Xiema Tunnel in Chongging, China. The
results of the displacement and hydraulic pressure of
the monitoring points in the physical and numerical
models were analyzed. In view of the reserved safety
thickness between the tunnel face and the water-filled
karst cave, the orthogonal numerical simulation tests
were designed considering the influence of the tunnel
diameter, the cave diameter, the cave water pressure,
and the surrounding rock grade. The influence laws
and response sensitivity of each factor on the safety
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thickness were obtained. According to the numerical
simulation results and the multiple linear regression
method, the formula of safety thickness was derived.
Finally, some measures and suggestions for pre-
venting and controlling water inrush disasters were
obtained.
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thickness - Numerical simulation

1 Introduction

China is one of the countries with the enormous
scale and number of tunnel construction (Qian and
Lin 2016; Liu et al. 2021; Chen et al. 2020). In the
process of tunnel excavation, major geological disas-
ters such as large deformation, collapse, rock burst,
and water inrush are often encountered (Zhang et al.
2021; Chen et al. 2021; Hencher 2019; Ariani et al.
2017; Naji et al. 2019; Rehbock and Jesel 2018; Pan-
thi 2012; Li et al. 2020a; Vietthuc 2016). Accord-
ing to statistics, nearly 80% of the major disasters
that occurred in the past decade are caused by water
inrush. Water inrush causes not only serious casual-
ties and economic losses but also brings serious chal-
lenges to the ecological environment and the utiliza-
tion of groundwater resources (Wang et al. 2019; Li
and Yang 2018; Hao et al. 2018). Due to the com-
plexity and variability of geological conditions, water
inrush is a dynamic destruction process that changes
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with time, and it is affected by geological and engi-
neering factors such as stratum lithology, geological
structure, hydrogeological conditions, in-situ stress
conditions, and construction methods. The process of
water inrush can be briefly summarized as follows:
under the influence of tunnel excavation, the equilib-
rium state of the stress field of surrounding rock mass
and the seepage field of underground water changes
drastically, and the energy accumulated in the ground-
water is released instantaneously, which exceeds the
strength of the water-resistance rock mass. The water
flows to the excavation face at high speed, leading to
water inrush (Gao et al. 2021; Xue et al. 2021; Hao
et al. 2020; Zhou et al. 2021). Therefore, it is of great
significance to clarify the mechanism of water inrush
and reserve a certain thickness of water-resistance
rock mass to prevent water inrush.

The determination of the safety thickness of water-
resistance rock mass has attracted great attention,
and extensive research has been carried out. At first,
the empirical method, expert evaluation method, and
engineering analogy method were used to analyze
the safety thickness (Gan et al. 2007). A large num-
ber of mechanical models have been developed to
obtain the safety thickness based on the elastic theory,
elastic—plastic theory, limit analysis theory, fracture
theory, and catastrophe theory (Guo et al. 2011; Yang
and Zhang 2016; Li et al. 2014). At present, numeri-
cal simulations and physical model tests are used to
study the safety thickness. The study on the safety
thickness has gone through a process from qualitative
analysis to semi-quantitative calculation and then to
qualitative calculation. Jiang et al. (2017) carried out
a series of large-scale geomechanical model tests to
obtain minimum safety thickness. The results show
that minimum safety thickness decreased with the
increase of hydraulic pressure and increased with
the increase of strata pressure. Besides, the two main
destruction characteristics on the tunnel face for the
water inrush disaster were analyzed. Liu et al. (2020a)
obtained a critical safety thickness to prevent water
inrush. The results show that the evolution of water
inrush was significant and unstable when the safety
thickness was smaller than the critical value. Li et al.
(2020b) used the COMSOL Multiphysics software to
simulate the process of water inrush, and the safety
thickness was obtained by the multiple linear regres-
sion method. Xu et al. (2018) analyzed the mechani-
cal mechanism of water inrush by the theory of elastic
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mechanics. According to the bending strength and
shear strength of the rock mass, a semi-quantitative
analytical method for calculating the minimum safety
thickness of water-resistance rock mass was obtained.
Liu et al. (2020b) used a water and mud inrush model
for the nonlinear flow and mass transfer behavior to
evaluate the safety thickness. And field studies with
twenty-five grouting cycles and excavations were
conducted to investigate the adequate safety thick-
ness. Liu et al. (2020c) obtained the analytical solu-
tion of the critical safety thickness based on the
upper bound theorem of limit analysis. The effects
of rock mass parameters, karst cave parameters, and
geometric parameters on the critical safety thickness
were analyzed. Li et al. (2015a, b) proposed a sim-
plified analytical method to determine the minimum
safety thickness of water and mud inrush induced by
filled-type karst. The results calculated by the pro-
posed method are in good agreement with numerical
simulations. However, there are few studies on the
safety thickness of water-filled karst caves in front of
the tunnel face under the comprehensive influence of
multiple factors.

In this paper, the model test and numerical simula-
tion research on the surrounding rock stability under
the effect of water-filled karst caves were carried
out. The mechanism of water inrush was analyzed.
Numerical models were established based on the
engineering background of the Xiema Tunnel. The
orthogonal numerical simulation tests were designed
considering the influence of the tunnel diameter, the
cave diameter, the cave water pressure, and the sur-
rounding rock grade on the safety thickness. Tak-
ing the penetration of the plastic zone as the failure
criterion, the influence laws of each factor on the
safety thickness were obtained, and the formula of
safety thickness was derived by the multiple linear
regression method. The research results play a guid-
ing role in the prevention and control of water inrush
disasters.

2 Engineering Background and Physical Model
Test

Xiema Tunnel is located in Chongging, China, with
a maximum buried depth of 392 m and a length of
4200 m. The rock mass is mostly limestone. The
physical and mechanical parameters were obtained in
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consideration of the results of the laboratory tests and
the related geological exploration data. The compres-
sion strength, elasticity modulus, friction angle, Pois-
son’s ratio, cohesion, hydraulic conductivity, and den-
sity are 29.8 MPa, 59.5 GPa, 37.5°, 0.28, 4.30 MPa,
2.16 x 107, and 2.65 g/cm?, respectively. There are
irregular karst caves and abundant groundwater in
the tunnel site. Water inrush disasters occurred dur-
ing the tunnel construction, and the water pressure
was 0.4-0.6 MPa. To study the stability of the sur-
rounding rock under the effect of a karst cave, a water
inrush model test was carried out (Li et al. 2019).
The size of the testing sample was 1.5 m in length,
1.0 m in width, and 1.0 m in height. The compres-
sion strength, elasticity modulus, friction angle, Pois-
son’s ratio, cohesion, hydraulic conductivity, and den-
sity of the similar materials was 0.41 MPa, 0.8 GPa,
36°, 0.30, 0.06 MPa, 2.45 x 10 cm/s, and 2.51 g/
cm?, respectively. According to the geological survey
report and the similarity ratio of the model test, the
in-situ stress was 0.11 MPa. The monitoring elements
were buried in essential locations to obtain the water
pressure and displacement information. The design
of the monitoring sections is as shown in Fig. 1. In
the initial excavation step, the excavation length
was 3 cm. When approaching the cave, the distance
became 1.5 cm (Yang et al. 2019).

Tunnel portal

|

Fig. 1 Design of the monitoring sections

3 Numerical Simulation

3.1 Boundary Conditions and Numerical Simulation
Procedure

The finite element method software COMSOL Mul-
tiphysics was used to simulate the geomechani-
cal model test and obtain variations of physical and
mechanical information such as the displacement,
stress, and seepage pressure of the surrounding rock
mass under the influence of high in situ stress and
water-rich karst cave. The solid mechanics mod-
ule and Darcy’s law module in the COMSOL Mul-
tiphysics software were used to perform fluid—solid
coupling analysis. As shown in Fig. 2, the size of the
numerical model was the same as that of the model
test. The longitudinal direction of the tunnel was
the X-axis, the vertical direction was the Z-axis, and
the direction perpendicular to the XZ plane was the
Y-axis. The origin was at the front perspective point
at the bottom of the model. The numerical model was
meshed by 17,106 tetrahedral elements.

The surrounding rock mass was assumed to be
homogeneous, isotropic, incompressible solid. It was
governed by an elastic—plastic constitutive model
based on the Mohr—Coulomb criterion. And the fluid
was assumed to be an isotropic steady seepage model.
Ignoring the deformation caused by temperature
changes, it is considered that the seepage field is in

Fig. 2 Numerical model
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an isothermal state. In the numerical simulation, the
bottom of the model was fixed in all directions. The
top and sidewalls of the numerical model were free
to move under the applied loading. The hydraulic
boundary condition at the top, bottom, and side sur-
faces were all free. Meanwhile, the tunnel face was
also free. The water pressure of the karst cave was
10 kPa. The physical and mechanical parameters of
the surrounding rock mass in the numerical simula-
tion were consistent with those in the model test. The
density and viscosity coefficient of the water was
1000 kg/m? and 1.005 x 107> Pa s, respectively.

The initial crustal stress includes the horizontal
crustal stress caused by the model deformation and
the vertical crustal stress caused by the self-weight
of the model. In the calculation process, the stress of
the rock before the tunnel excavation was calculated
firstly, then the elastic—plastic characteristics of the
model after removing the rock mass inside the tunnel
were calculated. The influence of lining was not con-
sidered during the excavation, and it was beneficial
to analyze the evolution laws of the surrounding rock
mass. Because of computational efficiency, the exca-
vation length was 6 cm in the initial excavation step.
When approaching the cave, the distance became
3cm.

3.2 Numerical Analysis of the Excavation Process

Multiple calculation steps were set, each of which
included a set of physical fields. At the beginning
of each calculation step, the selection of the compu-
tational zone and parameters were carried out. The
numerical simulation steps are as follows:

x10"

Step 1  Ground stress balance before tunnel excava-
tion. The computational zone was the whole
model.

Step 2 Simulation of the first excavation step. The
calculation result of Step 1 was used as the
initial value of Step 2, and the fluid—structure
coupling physical field one was calculated.
The length of excavation step 1 was 3 cm.
The computational zone should delete the
area where excavation step 1 was located.
Step 3 Simulation of the second excavation step.
The calculation result of Step 2 was used
as the initial value of Step 3, and the fluid-
structure coupling physical field two was
calculated. The computational zone should
delete the area where excavation step 1 and
step 2 were located.

Step 4 By analogy, the simulation of tunnel excava-
tion was completed until all computational
zone were deleted.

Figure 3 shows the displacement variations of sur-
rounding rock mass during excavation. Owing to the
impossibility of publishing the numerical example in
the whole length and the difference of the programs,
only the displacement programs of some excavation
steps were listed. The displacement of the tunnel vault
was downward, whereas the displacement of the tun-
nel floor was upward because of the combined action
of ground stress and water pressure. As shown in

x107° x10"®

)
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Step 1 Step 3

Step 6

Fig. 3 Vertical displacement of tunnel face in numerical simulation (unit: m)
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Fig. 4, the hydraulic pressure of the surrounding rock
mass was symmetrically distributed. The hydraulic
pressure value first increased and then decreased from
the tunnel to the model boundary.

4 Analysis of the Results

Based on the results of the model test and numerical
simulation, the vertical displacement variations at the
monitoring points D;,, D,; of the monitoring section
IIT and the seepage pressure variations at monitoring
points H,, H, of the monitoring sections I, III were
analyzed. The monitoring points H, and H, were
located in the center of the monitoring section. The
monitoring point D, was 200 mm above the section
center, and the monitoring point D;; was 200 mm to
the left of the section center.

4.1 Analysis of Displacement

Figure 5 shows the vertical and horizontal displace-
ment of monitoring points D, and D,; in numeri-
cal simulation and model test. It can be seen that
the variation trend of vertical and horizontal dis-
placement of the surrounding rock was consistent
between the numerical simulation and model test.
However, the displacement value of the numeri-
cal simulation was smaller than that of the model
test. In the initial stage of tunnel excavation, the
displacement increased slightly. The magnitude of
the vertical and horizontal displacement increased
sharply at the excavation step 6. This may be due

x10°

Step 1 Step 3
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Fig. 5 Displacement of key monitoring points D,, and D,

to that the monitoring section was exposed (Li et al.
2019). As the distance between the tunnel face and
the karst cave decreased, the displacement contin-
ued to increase under the influence of the water-
filled cave. Meanwhile, it can be seen from Fig. 5
that the horizontal displacement was less than the
vertical displacement. The excavation disturbed
zone in the vertical direction was larger than that in
the horizontal direction. When the section was exca-
vated, timely support should be carried out. When
the tunnel face was close to the karst cave, the sur-
rounding rock monitoring should be strengthened,
and reasonable and effective measures should be
taken to prevent the surrounding rock from large
deformation and water inrush.

x10* x10°

Step 6

Fig. 4 Seepage pressure of tunnel face in numerical simulation (unit: Pa)
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4.2 Analysis of Seepage Pressure

As shown in Fig. 6, the seepage pressure at moni-
toring points H, and H, decreased with the exca-
vation step. There was generally a good agreement
between the variation trend of the seepage pressure
at the same point in the model test and the numeri-
cal simulation. The seepage pressure at the monitor-
ing point H, gradually decreased with the excava-
tion in the model test and the numerical simulation.
For the monitoring point H,, the seepage pressure
increased slightly in the model test. Because the
excavation disturbance of the tunnel caused stress
redistribution in the surrounding rock mass. The
rock mass began to deform under the redistribution
stress, the water can be supplied by the karst cave in
the initial stage, so the seepage pressure increased
(Li et al. 2019). The seepage pressure at the moni-
toring point H, kept decreasing in the numerical
simulation. Numerical simulations regard the water
pressure as the boundary force acting on the ele-
ment networks rather than the actual water. The
decrease in seepage pressure led to the increase in
seepage velocity. It was easier for groundwater to
penetrate into the rock mass, resulting in a decrease
of mechanical properties. Therefore, it is essential
to strengthen the support measures to improve the
stability of the surrounding rock mass.

9 T T T T T T T

8+ —a—H, in model test |
. —e— H, in simulation
7 '\ —A—H, in model test |

6 _\ \‘\ —&— H, in simulation ]|
®.
5+ \ i

Seepage pressure(kPa)

Steps

Fig. 6 Seepage pressure of monitoring points H, and H,
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5 Safety Thickness of Water Inrush

Water inrush is a dynamic damage phenomenon due
to the rapid transformation of the rock conditions.
Water flows from water-filled karst caves along the
seepage channel, the water-resisting rock mass is
broken, and water flows into the tunnel, resulting in
water inrush. When the thickness between the tun-
nel face and the karst cave is less than the minimum
safety thickness, water inrush will occur. Therefore,
the safety thickness of water-resisting rock mass is an
important guarantee to avoid water inrush disasters.
This paper studies the influence of different factors
on the minimum safety thickness based on the Xiema
Tunnel. The model of the model test was enlarged
according to the geometric similarity ratio. The safety
thickness is the horizontal distance from the center
point of the tunnel face to the karst cave when the
plastic zone is connected.

5.1 Scheme of Numerical Simulation

To comprehensively study the influence of tun-
nel diameter, cave water pressure, surrounding rock
grade, and cave diameter on the safety thickness
of water-resisting rock mass, orthogonal tests were
carried out. The orthogonal test plan was shown in
Table 1. Each experimental factor had five levels. The
tunnel diameter ranged from 4 to 12 m, increasing
by 2 m at each level. The cave diameter was from 3
to 7 m, with an increase of 1 m per lever. The karst
water pressure ranged from 2.0 to 4.0 MPa, with an
increase of 0.5 MPa per lever. The surrounding rock
grade was divided into five levels.

5.2 Analysis of Numerical Simulation

It can be seen from the simulation results that as the
tunnel face gradually approached the karst cave, the
plastic zone increased. At the same time, the plastic
zone around the cave also expanded and finally con-
nected with the plastic zone of the tunnel face. If the
tunnel face continued to approach the water-filled
karst cave, the plastic zone would further increase,
resulting in water and mud disasters. The results of
the safe thickness are shown in Table 2. Accord-
ing to the results, the range analysis was carried out
to obtain the influence degree of each factor on the
safety thickness, as shown in Table 3. It can be seen
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Table 1 Orthogonal test plan

Table 2 Results of the safe thickness

Number Tunnel Cave Cave water Surrounding Number Safety thickness Number Safety
diameter ~ diameter pressure rock grade (m) thickness
(m) (m) (MPa) (m)
1 4 4 4 4 1 8.00 14 8.30
2 6 4 35 3 2 4.50 15 4.50
3 8 3 35 5 3 11.70 16 3.30
4 10 3 3 4 4 9.50 17 5.60
5 12 3 2.5 3 5 8.70 18 7.50
6 6 5 3 5 6 11.90 19 7.00
7 10 4 2.5 1 7 6.20 20 7.80
8 12 4 2 5 8 14.30 21 7.60
9 12 6 35 4 9 11.50 22 8.90
10 10 6 4 5 10 14.60 23 7.50
11 8 6 2 1 11 5.50 24 12.50
12 6 2.5 2 12 5.00 25 6.90
13 6 3 4 1 13 4.30
14 10 5 2 3
15 4 5 35 1
16 3 2 2
17 3 4 3 2 Table 3 Range analysis
18 12 7 3 1 Item  Tunnel Cave Cave water Surrounding
19 6 3 3 diameter diameter  pressure rock grade
20 - 4 3 (m) (m) (MPa)
21 7 2 4 K, 353 375 39.0 28
22 10 7 35 2 K, 333 38.6 393 30.3
23 12 5 4 2 K, 37.5 39.1 41.5 36.3
24 7 25 5 K, 475 43.6 41.1 435
25 8 5 25 4 K; 49.5 443 422 65.0
k, 7.06 7.50 7.80 5.60
k, 6.66 7.72 7.86 6.06
. ks 7.50 7.82 8.30 7.26
from the table'the'lt the s'urroundmg rock mass gr'ade K, 9.50 872 892 870
had the most 51gn1'ﬁ(?ant influence on the safety thick- K 9.90 8.86 8.44 13.00
ness of water-resisting rock mass, followed by the R 162 6.8 10 37

tunnel diameter, and cave water pressure had less
effect on it.

5.2.1 Influence of Surrounding Rock Grade on Safety
Thickness

Figure 7 shows the change curve of the safety thickness
of the tunnel with the surrounding rock grade. It can be
seen from the figure that the safety thickness increases
with the improvement of the surrounding rock grade.
The surrounding rock grade reflects the comprehen-
sive physical and mechanical parameters of the sur-
rounding rock mass. The lower the surrounding rock
grade is, the lower the strength is, and the worse the

Kj is the sum of indicators, kj is the average value, R is the
range

self-stabilization ability. During the excavation, loos-
ening, collapse, and penetration of the plastic zone are
likely to occur. There is a linear relationship between
the safety thickness (S) and the surrounding rock grade
(G). The relationship can be expressed by Eq. (1), and
the correlation coefficient is 0.993.

S =5.746 + 0.0233G>° ()
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S
T

Safety thickness(m)

Surrounding rock grade

Fig. 7 The relationship between the safety thickness and the
surrounding rock grade

5.2.2 Influence of Cave Water Pressure on Safety
Thickness

It can be seen from Fig. 8 that when other factors
remain unchanged, increasing the cave water pres-
sure will increase the safety thickness. The increase
rate is low. However, when the water pressure of the
karst cave is more ten 10 MPa, it will have a great
influence on the safety of tunnel construction. The
relationship between the safety thickness (S) and the

10.0 T T T T T

95 B

9.0 B

75

Safety thickness(m)

7.0 B

6.5 1 1 1 1 1
1.5 2.0 2.5 3.0 35 4.0 45

Cave water pressure(MPa)

Fig. 8 The relationship between the safety thickness and the
cave water pressure
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water pressure (P) can be expressed by Eq. (2), and
the correlation coefficient reaches 0.859.

S = 3.455 In(P+7.524) )

5.2.3 Influence of Cave Diameter on Safety Thickness

Figure 9 shows the change curve of the safety thick-
ness with the cave diameter. The safety thickness of
the water-resisting rock mass increases as the cave
diameter increases. The increase in the cave diam-
eter makes the total water pressure borne by the
rock mass between the tunnel face and the karst cave
increase, which is more unfavorable to the stability of
the rock mass. Therefore, the safety thickness of the
water-resisting rock mass increases. The relationship
between the safety thickness (S) and the cave diam-
eter (C,) can be expressed by Eq. (3), and the correla-
tion coefficient reaches 0.90.

S =6.264 +0.372C, 3)

5.2.4 Influence of Tunnel Diameter on Safety
Thickness

With the increase of tunnel diameter, the safety thick-
ness of the water-resisting rock mass increases, and

10.0 T T T T T

9.0 -

8.0 -

Safety thickness(m)

7.0 - E

6.5 | E

6.0 I L 1 I L
3 4 5 6 7

Cave diameter(m)

Fig. 9 The relationship between the safety thickness and the
cave diameter
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there is an exponential function relationship between
them, as shown in Fig. 10. The effect of tunnel diam-
eter on safety thickness is inferior to that of surrounding
rock grade. After fitting, the relationship between the
safety thickness (S) and the tunnel diameter (7)) can
be expressed by Eq. (4), and the correlation coefficient
reaches 0.888.

S = 6.456+0.0087 5% @)

5.3 Safety Thickness Prediction Model

A multiple linear regression equation is a linear com-
bination based on the basic regression equations of
different independent and dependent variables. The
regression equation with the largest correlation coef-
ficient of each variable and the dependent variable is
selected as the basic regression equation. The formula
parameters are estimated by the ordinary least squares.
Based on the analysis, its multiple regression equation
is as follows:

S = —0.011G**~14.554In(P+7.524)—0.358C,
+0.0257*%+40.117

Safety thickness(m)

Tunnel diameter(m)

Fig. 10 The relationship between the safety thickness and the
tunnel diameter

6 Prevention and Control Measures of Water
Inrush in Karst Tunnels

The prevention and control of water inrush disasters
is the key to the safe construction of karst tunnels.

Scientific, effective, safe, and economic preven-
tion and control measures should be made according
to the size and occurrence characteristics of the karst
cave. Based on the results of model tests and numeri-
cal simulations, the prevention and control measures
of water inrush disasters in karst tunnels are ana-
lyzed comprehensively, which can be summarized as
follows:

(1) Route selection to avoid karst caves. Accord-
ing to the numerical simulations, when the distance
between the karst cave and the tunnel exceeds the
safety thickness, the risk of water inrush disasters
during tunnel construction is extremely low. There-
fore, when the karst caves are identified in advance by
geological prediction, especially for large karst caves
with complex conditions, the excavation route should
avoid karst caves. The typical water inrush case cor-
responding to prevention and control measure of the
route selection is Yesanguan Tunnel, China (Li et al.
2020a, b, ¢).

(2) Drainage and pressure relief. This measure is
mainly aimed at high-pressure karst caves. Drain-
age flumes and pumps are used to divert water from
the karst caves to the outside of the tunnel, thereby
reducing the water pressure in the cave. Although the
numerical simulation results show that the effect of
water pressure on the safety thickness is not appar-
ent, for high-pressure caves, this measure has a sig-
nificant impact on reducing the risk of water inrush.
Moreover, for a single cave that is not connected to
other water-bearing structures, draining the water in
the karst cave is an effective measure to avoid human
casualties caused by water inrush. The typical water
inrush case corresponding to prevention and control
measure of the drainage and pressure relief is Malu-
qing Tunnel, China (Huang et al. 2011).

(3) Grouting reinforcement. Grouting is one of
the most widely used measures in the prevention and
control of water inrush. Pre-grouting can improve
the mechanical properties of surrounding rock and
reduce the permeability coefficient to prevent water
inrush. The typical water inrush case corresponding
to prevention and control measure of the grouting
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reinforcement is Yuanliangshan Tunnel, China (Li
et al. 2015a, b).

In addition, water inrush disaster prevention and
control should be combined with tunnel construction
advanced geological prediction, monitoring and early
warning. Various measures are implemented together
to ensure the safety of tunnel construction.

7 Conclusions

In this paper, the mechanism of water inrush due to
rock mass progressive failure in karst tunnels was
studied by model tests and numerical simulations.
And the safety thickness between the tunnel face and
the water-filled karst cave was analyzed. The follow-
ing conclusions are summarized.

(1) As the distance between the tunnel face and the
karst cave decreases, the displacement contin-
ues to increase under the influence of the water-
filled cave. The excavation disturbed zone in the
vertical direction is more significant than that in
the horizontal direction. The seepage pressure
decreases with the excavation step. The displace-
ment deformation changes the porosity of the
surrounding rock mass, and the seepage pressure
changes accordingly. The change rule of the seep-
age pressure and displacement can give an under-
standing of the mechanism of water inrush.

(2) To obtain the influence laws and response sen-
sitivity of tunnel diameter, cave diameter, cave
water pressure, and surrounding rock grade
on the safety thickness, orthogonal numerical
simulation tests are designed. The results show
that the surrounding rock mass grade has the
greatest influence on the safety thickness, fol-
lowed by the tunnel diameter, and cave water
pressure has less effect on it. According to the
multiple linear regression analysis, the formula
of the reserved safety thickness is obtained:
S =—0.011G>% — 14.5541n(P+7.524) — 0.358C,
+0.0257%4%84+40.117. This formula can be used to
guide the tunnel construction in karst areas.

(3) The prevention and control of water inrush dis-
asters is the key to the safe construction of karst
tunnels. According to the results of numeri-
cal simulation and model test, the prevention
and control measures of water inrush disasters

@ Springer

are comprehensively analyzed, which mainly
include: route selection to avoid karst caves,
drainage and pressure relief, and grouting rein-
forcement. In the actual project, reasonable,
economical, safe, and efficient water inrush pre-
vention and control measures should be selected
according to actual conditions. The results can
provide guidance for tunnel projects with similar
engineering conditions. The safe construction of
the tunnel can be guaranteed.
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