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In this paper, a series of studies are carried out on the hidden karst encountered in the excavation of Baziling tunnel. In this paper,
the safe thickness of the water-resisting layer in a hidden karst cave and tunnel is studied by means of engineering geological
investigation, numerical simulation, and neural network. The numerical calculation model is established through the geological
survey. Innovate to use BP neural network and differentiation algorithm to inverse the rock mechanical parameters. By
analyzing the influence of different thicknesses of the water-resisting layer on the deformation and failure of surrounding rock,
the final thickness of the water-resisting layer is obtained. At the same time, the influence of water pressure on the thickness of
the water-resisting layer is studied, and the treatment scheme under different water pressure is finally determined.

1. Introduction

Karst water inrush does great harm to tunnel construction.
The development of the karst cave causes the instability of
tunnel surrounding rock and the disaster of water and
mud inrush, which is difficult to control. In the prediction
of karst water inflow, many scholars at home and abroad
have conducted extensive research, but there is little research
on the safe thickness in front of the tunnel [1]. Li et al. [2]
proposed an accurate and feasible systematic evaluation
method for water inrush risk of karst tunnel. The confidence
criterion is used to judge the risk level of water inrush. The
calculation results of this method are compared with an
example. The comparison results show that the evaluation
results of this method are basically consistent with the field
observation results. Li et al. [3] established a water inrush
risk assessment software system by comprehensively consid-
ering 8 risk factors, such as groundwater level, unfavorable
geology, formation lithology, terrain, formation dip angle,
excavation, advanced geological prediction, and monitoring.
Wang et al. [4] combined the weighting method with the
normal cloud model and proposed a new water inrush eval-

uation method. Specifically, the evaluation index system is
established, and each index is quantitatively divided into
four levels. A comprehensive weighting algorithm is pro-
posed, which combines the analytic hierarchy process,
entropy method, and the statistical method to reasonably
allocate index weight. Lin et al. [5] combined variable weight
theory with cloud model theory to construct a calculation
model for karst tunnel construction risk assessment.

Based on the extension evaluation method, Zhang et al.
[6] proposed an improved water inrush risk evaluation sys-
tem for carbonate karst tunnel. The system considers karst
geological conditions and selects 9 main factors affecting
tunnel water inrush as evaluation indexes. According to
the value of the evaluation index or expert judgment, the
evaluation index is quantitatively divided into four risk
levels. Wang et al. [7] proposed a risk assessment method
for water inrush and water inrush interval of karst tunnel.
On this basis, the concept and calculation form of the risk
assessment models are proposed, and the risk environment,
construction factors, and feedback information are analyzed.
Zhao et al. [8] classified the water and mud gushing of rail-
way tunnels according to a large number of examples of
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FIGURE 2: Numerical calculation model.

water and mud gushing of the railway tunnels, combined
with the surrounding rock conditions and meteorological
factors of tunnel excavation. Combined with the macro
and micro mechanisms, the causes of water inrush and
mud inrush are summarized, and the targeted treatment
methods are put forward. The treatment methods include
selecting the advanced geological prediction method accord-
ing to the risk degree of different sections of the tunnel,
determining the prediction items, and selecting the appro-
priate methods, namely, drainage guidance method, block-
age guidance method, or drainage blockage method. Li
et al. [9] analyzed the transformation mechanism of water
inrush and seepage caused by excavation disturbance and
analyzed the potential water-bearing area of the tunnel by
using the electromagnetic geophysical exploration method.
The constitutive model of rock mass and grouting parame-
ters is considered in the numerical simulation. The initiation
and propagation laws of tunnel cracks under different cur-
tain grouting parameters are put forward. The characteris-
tics of seepage and water inrush caused by tunnel

excavation are described. It is considered that the seepage
characteristics of tunnel can be divided into incubation
stage, sudden stage, and stable stage.

Liu et al. [10] selected a specific project and introduced
the geological conditions, water inrush, mud inrush disas-
ters, and subsequent prevention and control countermea-
sures. Then, the original grouting design and process as
well as 25 grouting cycles and field operation of excavation
are introduced to evaluate the grouting effect and sugges-
tions for future grouting work. Based on the field investiga-
tion, the values of main grouting parameters are put
forward. The grouting thickness is 5~8m, the grouting
length is 15~18 m (3~3.6 times the thickness), and the grout-
ing amount per meter is 34.2 m>. Wang et al. [11] proposed a
new method of real-time monitoring and fusion early warn-
ing of tunnel water inrush. Zhu et al. [12] proposed a fuzzy
comprehensive evaluation method for water inrush risk of
tunnel water rich fault based on grey theory. The grey fuzzy
method consists of two parts: one is the single factor evalu-
ation matrix established by the evaluation index and the risk
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grade membership function, and the other is to determine
the weight of each evaluation index by using the norm grey
correlation degree. From the aspects of formation lithology,
geological structure, and hydrogeological conditions, five
influencing factors such as fault dip angle, groundwater
level, RMR, permeability, and formation dip angle are
selected as evaluation indexes. Huang et al. [13] proposed a
numerical method to study the influence of fractures on
fluid flow, considering different types of discontinuities.
The conceptual model of fractured water inrush focusing
on the evolution of fracture connectivity is established, the
seepage process of fluid in fractured rock mass is studied,
and then, the water inrush mechanism is studied.

In tunnel engineering in karst area, when there are large
karst caves in tunnel excavation, the checking calculation of
tunnel safety thickness will be a key problem in engineering
practice. The selection of its safe thickness is directly related
to the project cost and project quality. Selecting an appropri-
ate safe thickness will produce huge economic and social
benefits for the whole project. However, due to many factors
involved, there is no reliable analysis method for checking
the safe thickness of the tunnel. In this paper, the influence
of different isolation safety thickness on seepage is discussed
by using the methods of engineering geological investiga-
tion, theoretical analysis, and numerical calculation. The
reasonable safe thickness is determined, and the relevant
advance grouting scheme is designed.

2. Engineering Geological Characteristics

2.1. Project Overview. Baziling tunnel of Yichang Wanzhou
railway is located in Yesanguan Town, Changyang County,

Yichang City, Hubei Province, China, with a design speed
of 160 km/h, as shown in Figure 1. The total length of the
tunnel is 5867 m, one side uphill, and the maximum buried
depth is 695m. The tunnel is located at the junction of the
Yangtze River system, with dalupo syncline, jianshanling
anticline, and chuanxinping syncline developed. The tunnel
consists of Silurian, Devonian, Triassic, and Quaternary.
The length of limestone stratum is 4464 m. The length of
Silurian and Devonian fragments is 1550 m. Tunnel layer,
two underground river systems around the tunnel. The area
where most strata of the tunnel pass through is densely cov-
ered with karst and underground rivers are developed. The
normal water inflow of the tunnel is 73000 m*/d. The maxi-
mum water inflow is 302000 m’/d.

2.2. Typical Karst Cave Characteristics. The revealed karst
direction of DK 0+104 is NE80°, and the karst cavity gradu-
ally shrinks to both ends to form a fault structure. It is devel-
oped vertically, almost upright, and large-scale eroded
stalactite suspension is developed upward and downward,
with a small amount of dripping water. DK108+835.5 karst
cave is 3m long, 3.5m wide, and 6 m high along the strike,
filled with mud and stone, and collapsed during excavation.
DK108+831 karst cave is 4.5m wide, which is limestone,
with relatively developed joint fissures, nearly horizontal
karst cavity, vertical fissures, and relatively broken. The
width of DK108+955 karst cavity is 6.2 m, and the karst cave
is 4.5m away from the top excavation contour line. The
occurrence of some rocks in the karst cave is nearly horizon-
tal, with vertical cracks and relatively broken. Dk108+698
dissolution fissure, 3m in the transverse direction, 1.5m in
the longitudinal direction, and about 2.0 m high, gradually
decreases upward, and the filling of the karst cave collapses.
The filling is soil mixed with stone without water. Dk108
+683 crevice karst cave runs through the tunnel face, with
a width of about 2.0 m. The filler is mud mixed with stone.
The vertical joints around the karst cave are developed, with
a joint spacing of about 2m. The surrounding rock at the
tunnel arch is relatively broken. DK109+039 reveals a fis-
sured karst cave, which runs through more than 80% of
the tunnel face from the left side of the line, is 1.0 m wide,
soil mixed with stone, there is no water, and the fissures in
the surrounding rock around the karst cave are developed.
DK109+089 karst is about 1 m wide and 2.5 m deep. It runs
along the tunnel line and is about 3 m long. The filling is clay
with slight water seepage. The surrounding rock around the
karst cave is broken, and there is a huge dangerous rock at
the arch.

3. Numerical Calculation Model

3.1. Establish Numerical Calculation Model. The discrete ele-
ment numerical calculation software is used for modeling,
and the influence of model boundary is fully considered
[14-16]. The model size is 60 m * 60 m * 120 m. The tunnel
excavation contour span is 7.2 m, the height is 8.5m, and the
thickness of the secondary lining is 50 cm, as shown in
Figure 2. The karst cave is simplified as an ellipsoid, with a
long axis of 24m and a short axis of 14m. The karst cave
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FiGure 4: Comparison between numerical simulation and
measured settlement of tunnel vault.

is located in front of the tunnel. The buried depth of the sim-
ulated tunnel is 600 m; the vertical stress only considers the
unit weight of rock mass. The geological survey report shows
that the study area lateral pressure coefficient is 1.4 under
the influence of fault. The x-direction boundary, y-direc-
tion boundary, and z-direction boundary of the model are
constrained by normal displacement. The water pressure
inside the karst cavity acts directly on the interface.

3.2. Constitutive Model. The block element adopts a unified
strength constitutive model, which considers the different
effects of all stress components acting on the double shear
element on the yield or failure of materials [17-21]. It is suit-
able for all kinds of tensile and compressive materials and is
a collection of a series of linear strength criteria. The expres-
sion of principal stress of unified strength theory is the most
widely used, which can directly reflect the influence of each
principal stress on material strength. The expression of the
principal stress form of unified strength theory is

o tao; o o

ifO'ZSW, :Gl_m(b"zJ“US) :ft’ (1)

. o, +ao ' 1
ifo,> LT %% g

— — = 2
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T. =-TA, (5)

max [

Fi o =CA.+ F" tan . (6)
In the formula, F" is the normal force; T is tensile
strength; ¢ is cohesion; ¢ is the internal friction angle.
The joint seepage in numerical calculation obeys the law
of legislation. The expression is shown in

q=>]. (7)

In the formula, g is the unit area seepage flow per unit
time; J is hydraulic gradient; e is the crack opening; g is
gravitational acceleration; v is the viscosity coefficient of
water flow; when the water temperature is 15°, v=1.14 *
107 m?/s.

3.3. Calculation Parameter Value. The field test and labora-
tory test cannot effectively determine the mechanical param-
eters of complex geotechnical media. Due to its
nonuniformity, cracks, and other factors, the results of
mechanical parameters have great randomness and limita-
tions, and there is a large error with the field measured
values. In order to make up for the shortcomings of the
above methods, this paper uses the geotechnical back analy-
sis method to obtain the parameter value in the numerical
calculation [24, 25].

In this paper, the combination of BP neural network and
differential evolution algorithm is used for inverse analysis
to establish the nonlinear relationship between surrounding
rock displacement and mechanical parameters as shown in
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Figure 3. BP neural network is a complex and nonlinear
dynamic analysis system, including input layer, hidden layer,
and output layer. The network response corresponding to
the input mode is transmitted from the input layer to the
output layer through the middle layer. According to the
error between the actual tunnel displacement value and the
numerical simulation value, the connection weight is cor-
rected from the output layer to the input layer through the
hidden layer so that the difference between the actual value
and the expected value is gradually reduced. However, BP
neural network has some problems, such as slow conver-
gence speed, poor network performance, uncertain learning

rate, and easy to fall into local minimum. Different evolution
can make up for the shortcomings of BP neural network.
Differential evolution algorithm simulates the evolution of
biological population and iterates repeatedly, so as to retain
the individuals who meet the adaptation conditions. It
retains the global search ability of genetic algorithm and
has the robustness and strong global optimization ability.
Taking the surrounding rock parameters as the input
layer vector and the displacement value as the output layer
vector, the rock elastic modulus E, cohesion ¢, and internal
friction angle ¢ are selected; joint shear stiffness k_, joint nor-
mal stiffness k,, joint internal friction angle k,, and joint
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cohesion k, are the input parameters, and the numerical
simulation displacement value is the output parameter.
The parameters shown in Table 1 are used to compare the
measured value with the simulation value, as shown in
Figure 4. The numerical calculation and analysis show that
the calculation step is balanced at 9500 steps, and the maxi-
mum settlement of the arch crown is 59.39 m. The measured
results show that the maximum settlement of arch crown is
55.3 mm, and the stability time is about 31 days after excava-
tion. The numerical simulation can fully reflect the deforma-
tion characteristics of the surrounding rock, and the
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parameters obtained from inversion can be used for subse-
quent research.

4. Analysis of Numerical Results

4.1. Deformation Characteristics. Figures 5 and 6 show the
influence of different water-resisting layer thicknesses on
surrounding rock deformation and seepage when the water
pressure in the karst cave is 2.3 MPa. The calculation shows
that with the continuous advancement of the tunnel, the
deformation and failure of surrounding rock are mainly
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divided into two parts: radial development and advanced
influence, and the radial deformation increases with the
extension of the distance from the secondary lining. When
9m away from the secondary lining, the thickness of the
water-resisting layer is 23 m, the maximum radial deforma-
tion is 0.08 m, the tunnel face deformation is 0.06 m, and
the advanced influence distance is 10 m. When 19m away
from the secondary lining, the thickness of the water-
resisting layer is 13 m, the maximum radial deformation is
0.11m, the tunnel face deformation remains 0.06 m, and
the advance influence distance is 10m. When 29 m away
from the second lining, the thickness of the water-resisting
layer is 3m, the maximum radial deformation is 0.14m,
the maximum deformation of the tunnel face surges to
0.1 m, and a seepage channel is generated with the karst
cave. The water in the solution cavity flows into the tunnel
through the seepage channel, resulting in disasters. With
the decrease of the safe thickness of the water-resisting layer,
the advance stress caused by tunnel excavation is superim-
posed and coupled with the stress concentration around
the karst cave, resulting in damage. Therefore, in order to
ensure safe production, it is necessary to control the distance
between the secondary lining and the tunnel face, analyze
the minimum water-resisting layer thickness under different
water pressure conditions, and advance grouting before
reaching the minimum water-resisting layer thickness.

As shown in Figure 7, it shows the variation law of vol-
ume stress with the decrease of the thickness of the water-
resisting layer during tunnel excavation. Volume stress can
fully show the three-dimensional stress state of the unit
body. With the decrease of the thickness of the water-
resisting layer, the low stress area caused by tunnel excava-
tion is fused with the low stress area caused by karst cave,
which is easy to form a seepage channel.

4.2. Influence of Water Pressure in Karst Cave on Safe
Thickness. When the water pressure of the karst cave is
1.3MPa, 2.3 MPa, and 3.3 MPa, respectively, the displace-
ment of excavation surface is shown in Figure 8. When the
thickness of the water-resisting layer is more than 10m,

the change of water pressure in the karst cave has no impact
on the tunnel face, and the deformation is 0.06 m. When the
thickness of the water-resisting layer is 7 m, the water pres-
sure is 2.3 MPa to 3.3 MPa, and the deformation increases
by 25% compared with 1 MPa. When the thickness of the
water-resisting layer is 5m, it can be seen that the deforma-
tion increases sharply with the increase of water pressure.
When the water pressure is 3.3 MPa, the deformation
reaches 0.125m. When the thickness of the water-resisting
layer is 4 m and the water pressure is 3.3 MPa, the maximum
deformation reaches 0.3m. When the water pressure is
2.3 MPa, the deformation reaches 0.17m. When the water
pressure is 1.3 MPa, the deformation reaches 0.1 m. Accord-
ing to the above research, in order to ensure the safety of the
tunnel during tunneling, the thickness of the water-resisting
layer should be kept above 10 m, and then, the construction
should be carried out by grouting in advance.

5. Control Measures and Effects

Advance drainage and curtain grouting are adopted for karst
cave treatment to reduce water pressure and prevent out-
burst. Determine the water pressure in the karst cave accord-
ing to the advanced geophysical exploration. When the
water pressure is greater than 3.3 MPa, drainage and curtain
grouting shall be carried out 10m in advance. When the
water pressure is greater than 2.3 MPa, drainage and curtain
grouting shall be carried out 8 m in advance. When the water
pressure is greater than 1.3 MPa, drainage and curtain grout-
ing shall be carried out 6 m in advance. The treatment pro-
cess flow is shown in Figure 9. Firstly, the solution cavity
position and water pressure are determined by advanced
geophysical exploration, so as to analyze the advanced con-
trol distance. Advance drilling shall be carried out to remove
water pressure and curtain grouting shall be carried out.
The mixture of cement and water glass is used as grout-
ing material. The water cement ratio of cement slurry is
1:1~1:1.5, the water glass concentration is 30~40 Baume
degree, the cement water glass volume ratio is 1:0.3~1:1,
and an appropriate amount of retarder is added as required.



The dosage is determined by test, generally 1%~3% of the
dosage of cement. Through the analysis of the revealed geo-
logical conditions, after the advance curtain grouting con-
struction is completed, the slurry fills the cracks more
densely, reduces the formation permeability coefficient, and
plays an effective role in water plugging.

Figure 10 shows the design of advance grouting, in
which the advance reinforcement section is 25 m long. The
thickness of grout stop wall is 2 m. The lateral reinforcement
range is 5m outside the contour line of the tunnel face. The
slurry diffusion radius is 2.0m. The spacing of final holes
shall not exceed 3.0 m.

6. Conclusion

The stability of rock stratum between tunnel and karst cave
is one of the main problems endangering safety in tunnel
construction in karst area. During the construction of the
tunnel through the karst area, the existing karst cave often
leads to local collapse, block falling and rock falling during
the tunnel excavation, especially the hidden karst cave that
is not exposed during the excavation. Because the safety
measures cannot be taken in advance, it is easy to be dam-
aged out of guard, causing great potential safety hazards
and great harm to the tunnel construction and operation.
At present, there is a lack of systematic research on the
impact of karst cave on tunnel construction in karst area.
Therefore, it is necessary to systematically study the impact
of karst cave on tunnel construction and explore its regular-
ity, so as to carry out targeted treatment or pretreatment of
karst cave in construction, ensuring the safety of tunnel con-
struction in karst area. This paper studies the reasonable
thickness of tunnel excavation surface and karst tunnel aqui-
fuge and discusses the basic control methods. The specific
conclusions are as follows:

(1) Through geological investigation and analysis, it is
considered that the karst caves in the tunnel are
densely distributed and the water content is huge.
Therefore, the discrete element numerical calcula-
tion model is established, the unified constitutive
model is adopted for the block, and the Coulomb slip
model is adopted for the joint

(2) The method of back analysis of surrounding rock
mechanical parameters through displacement is real-
ized through neural network. It is considered that
the combination of BP neural network and differen-
tial evolution algorithm can effectively reduce the
simulation error

(3) When the water pressure is 1.3 MPa, the thickness of
the water-resisting layer is too small, the deforma-
tion of the tunnel face increases sharply, and a seep-
age channel is generated with the karst cave. The
advance stress caused by tunnel excavation is super-
imposed and coupled with the stress concentration
around the karst cave, resulting in damage

Geofluids

(4) The increase of water pressure makes the thickness
of the safety water-resisting layer increase accord-
ingly. It is more reasonable to carry out advance
grouting design according to different water pressure
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