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Water inrush of tunnel is one of the most common geological disasters in the karst strata in China. Aiming at the rock mass with a
quasi-masonry structure in the water-resistant strata between karst cavity with high pressure water and tunnel and the
shortcomings of theoretical analysis, traditional numerical simulation, and physics model test for describing and reflecting this
special structure of rock mass, a Discrete Element Method considering the fluid-solid coupling effect and structural
characteristics of rock mass is employed to study the disaster process of water inrush and the evolutionary characteristics of
catastrophe information like seepage pressure and displacement under condition of different karst water pressure, tunnel depth,
and lateral pressure coeflicient. Research results show the following: (1) the seepage pressure and displacement increase with the
increase of kart water pressure. The seepage pressure demonstrates a decreasing state from top to bottom in water-resistant
strata, and the time of arrival to a stable value for the seepage pressure shows the time effect. (2) The larger the tunnel depth,
the greater the coalescence and distribution scope of fracture and the more likely the water inrush to occur in a short time. The
stability of water-resistant strata decreases on the whole with the growth of tunnel depth. (3) The increase of lateral pressure
coefficient can restrain the fracture development and strengthen stability. The fracture state is significantly influenced by a
lateral pressure coefficient. The results of numerical simulation are consistent with those obtained by a model test. Research and

analysis based on energy are a promising train of thought for studying the disaster process of water inrush in a karst tunnel.

1. Introduction

Since the 21st century, with the rapid advancement of west
development strategy of Chinese national economy, the focus
of tunnel construction has gradually shifted to the Western
Mountain and karst area. However, complex karst geological
structures, especially various scale concealed karst cavities
and underground rivers, make the construction of tunnel
face the serious threat of water inrush in the abovementioned
areas. The karst cavities with high water pressure and high
concealment around a tunnel, inducing the suddenness and
unpredictable water inrush disaster, are more dangerous
than the karst structures exposed by tunnel excavation [1].
In the absence of presupport and prereinforcement, if the
water-resistant strata between the tunnel and the concealed

cavity with high water pressure cannot withstand the com-
bined effect of karst water pressure and excavation distur-
bance, fractures will generate, propagate, and then coalesce
with each other, eventually causing water inrush disaster
and serious economic losses and casualties [2-7]. During
the construction process, the Malujing Tunnel of the Yiwan
Railway encountered a series of large-scale karst cavities,
dissolved fissures, and sinkholes, and more than 10 large
scale water and mud inrush disasters occurred successively.
Among them, two weighty disasters occurred on January
21, 2006, and April 11, 2008, resulting in 15 deaths and a
delay of more than two years [8]. Qiyueshan tunnel encoun-
tered a total of 187 large-scale karst pipelines, karst cavities,
fault zones with high pressure water and other unfavourable
geologies. As a result, 18 times of water inrush disasters
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occurred, and the cumulative value of water discharge
reached to 6.3 x 10°m”, which led to a sharp increase in the
cost of construction [9, 10]. The study on the disaster process
of water inrush and evolutionary characteristics of accompa-
nying catastrophe information is of great significance for
control and preventing water inrushes in karst tunnel.

Lots of scholars have done many researches on disaster
mechanism of water inrush and catastrophe information
characteristics by theoretical analysis, numerical simulation,
and physical model tests up to now. In terms of theoretical
research, Xu et al. [11] proposed a semianalytical solution
to determine the minimum safe thickness of water-resistant
strata for resisting water inrush from filling-type karst cavi-
ties based on the principle of the slice method. Fu et al. [12]
derived the computational formula of the minimum safety
thickness for preventing the collapse of rock pillar when a
tunnel is excavated above a karst cave. Guo et al. [13] used
the Schwarz alternating method to identify the critical
water-resistant thickness and analysed the influence of karst
water pressure. Xin et al. [14] established an attribute recog-
nition model for safe thickness assessment between a
concealed karst cave and tunnel based on the attribute math-
ematic theory. Yang et al. [15] studied the minimum safe
thickness of rock plug and obtained its analytical expression.
In the field of numerical simulation, Qin et al. [16] analysed
the distribution law of releasable elastic strain energy and
failure zone under different widths of concealed karst cave
by FLAC3D. Shan et al. [17] proposed a comprehensive
numerical analysis method to determinate the safe thickness,
and its rationality and effectiveness have been proved by field
tests. Pan et al. [18] investigated the mechanism of lagging
water inrush in tunnel construction due to the proximity of
a karst cavern with confined water via numerical simulations.
Li [19] analysed the catastrophic process of water inrush in
the water-resistant strata induced by unloading damage
under strong seepage by RFPA flow. With respect to physical
model tests, Liang et al. [20] analysed the evolutionary laws of
stress, displacement, and water pressure by a physical model
test of water inrush in tunnel excavation. Yang et al. [21]
studied the disaster process and failure model of water-
resistant strata. Pan et al. [22] conducted a solid-fluid cou-
pling model tests on lagging water inrush of karst tunnel
and researched the evolutionary process of disaster informa-
tion under different karst water pressures.

The previous researches and achievements as above for
the stability and disaster process of the water-resistant strata
promoted the advancement in this field and provided a solid
foundation for further study in this paper. However, there are
some shortcomings about theoretical analysis and physical
model test. A theoretical analysis method can be only used
to assess the overall instability of water-resistant strata in
the end under some simplifications and assumptions. At
the meantime, theoretical analysis is difficult to analyse and
describe the disaster process of water inrush with highly
nonlinear characteristics. As for physical model tests, there
exist some disadvantages of expense, time, and acquisition
of information. Numerical simulation is an effective and con-
venient tool for the simulation of disaster process of the
water-resistant strata and water inrush with some unique
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advantages compared with theoretical analysis method and
physical model testing method. The water-resistant strata
are basically regarded as porous continuous medium in the
aforementioned studies by the use of numerical simulation,
which ignores the fracture condition in the water-resistant
strata and misestimates the fluid-solid coupling effect.
Therefore, for reflecting the real structure properties of
water-resistant strata, it is very necessary to employ a numer-
ical method that can consider the initial discontinuities
(shown in Figure 1) and accurately describe the initiation
and propagation of these discontinuities considering fluid-
solid coupling (shown in Figure 1).

In the limestone strata, discontinuities such as beddings
and cross joints intersect with each other and cut the rock
mass into numerous relatively discrete blocks, called quasi-
masonry structure seen in Figure 1. Figure 1 visually shows
the disaster process of water inrush in the water-resistant
strata with a quasi-masonry structure. The upper part of
Figure 1 illustrates the structure of limestone in the karst area
and the spatial relationship of cavity with high pressure water
and tunnel. The lower half of Figure 1 is the sketch to intui-
tively indicate the disaster process of water inrush from karst
cavity after tunnel excavation. As show in Figure 1, the disas-
ter process of water inrush is the macroresult of the initiation,
propagation, and coalescence of the initial discontinuities
under tunnel excavation disturbance and karst water pres-
sure. Therefore, the structure characteristics of the water-
resistant strata and water-rock interaction in the rock mass
with quasi-masonry structure play the important role in the
disaster process of water inrush and evolutionary characteris-
tics of catastrophe information like seepage pressure and
displacement. The new method based on the DEM (UDEC)
and fictitious joint technology is adopted to really simulate
the disaster process of water-resistant strata under the com-
bined effect of different karst water pressure, tunnel depth,
and lateral pressure coefficient [23, 24]. The evolutionary
characteristic of seepage pressure and displacement is
analysed under different conditions, and the influential mech-
anism of karst water pressure, tunnel depth, and lateral pres-
sure coeflicient is revealed. The achievements are of great
significance for early warning and prevention for water inrush
of karst tunnel.

2. Numerical Modeling

2.1. Model Generation. Figure 2 shows the numerical model
used in this simulation to analyse the catastrophic evolution
process of water inrush from a water-filled karst cavity above
the tunnel in the limestone strata with the quasi-masonry
structure. For this model to ensure the simulation effect
and computing efficiency, the range is 80m x 71 m; the
three-centred circular tunnel section with height of 9.5m,
span of 8.5 m, and buried depth of 500 m is adopted to simu-
late a more real tunnel cross section and tunnel depth. The
concealed karst cavity above tunnel with water pressure (p)
is generalized to an ellipse with a long axis of 20m and a
minor axis of 12m, which can be identified and positioned
by collaborative exploration method integrating geological
identification, geophysical inversion, and drilling; and the
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FIGURE 2: Simulation calculation model and measuring point arrangement.

water-resistant strata between cavity and tunnel are 3m in
thickness. Given the features of the quasi-masonry structure
in karst strata, the blocks are divided into many small rectan-
gles by the beddings and the crossed joints. A row of blocks
bounded by upper and lower beddings is one limestone layer
with the thickness of 1 m, and the number of the layer is 71.

So, according to the range of model, tunnel dimension, and
scale of karst cavity, the initial numerical model generates
with the help of the command of Generate; and then, karst
cavity generated in the model and the influence of karst cav-
ity generation are reset. Finally, the full model is intersected
by beddings and cross joints through Jset and crack, and the



numerical model has been built as shown in Figure 2, as
possibly similar to the actual structural features of the lime-
stone strata. To acquire the disaster information like seepage
pressure and displacement during the instability process of
water-resistant strata, the typical 9 measuring points n1~3,
n4~6, and n7~9 (shown in Figure 2) are, respectively, set
up on horizontal lines HL1, HL2, and HL3 with a horizontal
distance for 2m and a vertical distance of 1 m between the
adjacent points, which, respectively, are located on the three
beddings and at the intersection point of the bedding and
cross joint for easily and effectively reflecting the displace-
ment and seepage information of the sharp change points
in the disaster process.

2.2. Material Constitutive Models and Properties. The
mechanical properties of model are defined by the use of
the mechanical parameters of the blocks and those of the
joints between blocks. In this numerical simulation, the
material of rock block system is regarded as a large number
of deformable microblocks (cons = 3, Mohr-Coulomb plas-
ticity model adopted for the balance between computational
accuracy and easy acquisition of mechanical parameters),
bound together by contacts. The jcons = 5 (joint model resid-
ual), Coulomb slip with residual strength, is utilized to model
the mechanical behaviour of discontinuities. In this model,
an internal flag is set for each discontinuity segment when
the shear strength of discontinuities is exceeded. If a discon-
tinuity was fractured, the discontinuity friction angle and dis-
continuity cohesion are set to residual values. Therefore, the
microparameters of the block and the discontinuity are
required to input; they are shown in Table 1 based on the pre-
vious research of authors [25] and Table 2 [26], respectively.

2.3. Boundary Conditions. After finishing the cutting of all
the block (beddings and joints) and the defining of the
mechanical properties of model, the boundary and initial
conditions were added on the numerical model, as shown
in Figure 3. The concerned are defined as follows in
Figure 3: kq,, + yh is the stress value at bottom sides of the left
and right boundaries of the numerical model; g,(yH) is the
overburden pressure of the model; k is the lateral pressure
coefficient; y is the bulk density of rock mass; & is the height
of the model. According to the tunnel depth (H), the weight
of the overlying rock mass was converted into a vertical uni-
form load (g,) applied on the top boundary of the model. A
stress boundary was also exerted on the left and right sides
of the model with a lateral pressure coefficient (k). The bot-
tom side was bounded by displacement boundary. The karst
water pressure (p) in karst cavity is regarded as a constant
and acted vertically on the boundary of the cavity. Numerical
simulations for fully coupled fluid-solid interaction with
saturated flow and initiation and propagation of hydraulic
fracture are carried out in the following order: stress balance
and state reset, tunnel excavation, acquiring the disaster
information, and stop under the condition of combination.

2.4. Calculation Scheme. Karst water pressure, tunnel depth,
and lateral pressure coefficient are three important influential
factors that affect the stability condition and disaster process
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of the water-resistant strata. To figure out the disaster process
of water inrush in karst tunnel and the evolutionary charac-
teristics of catastrophe information like seepage pressure
and displacement under condition of different karst water
pressure, tunnel depth, and lateral pressure coeflicient, a
series of numerical simulations are conducted to the seepage
pressure, displacement of the kinetics and dissipated energy
of the water-resistant strata were simulated and analysed
based on the above modeling method in the condition of dif-
ferent conditions. Table 3 shows the influential factors and
their calculation scheme in this research. The cases 1~3,
4~6, and 7~9 are used to study the effect of water pressure
(p), tunnel depth (H), and lateral pressure coefficient (k) on
the disaster process and catastrophe information characteris-
tics of the water-resistant strata, respectively. During the
calculation, the fluid flow calculator is on for considering
the solid-fluid coupling, and the mechanical time duration ¢
for the increment of cycling lasts for 80 ms.

The seepage pressure characterizes the water pressure
value, water pressure distribution, and crack propagation in
the water-resistant strata, and vertical displacement to reflect
the stability of the water-resistant strata of the n1~n9 of nine
monitoring points on HL1, HL2, and HL3 is collected and
recorded. Energy is the essential dynamics of crack propaga-
tion and rock mass failure under any circumstances. The fail-
ure process of rock is accompanied by energy accumulation,
energy dissipation and energy release. In order to analyse the
stability of the water-resistant strata from the energy point of
view in stability analysis based on energy properties, the
kinetic energy as one kind of the released energy and the
dissipated energy of the model system are calculated and
recorded by use of UDEC program in the disaster process
of water inrush.

3. Influence of Karst Water Pressure (p)

3.1. Seepage Field Analysis of the Water-Resistant Strata
under Different p. Table 4 demonstrates the evolutionary pro-
cess of the seepage field in the water-resistant strata under the
three cases of tunnel depth of 500 m, lateral pressure coeffi-
cient of 1.2, and different karst water pressure (case 1: p=1
MPa, case 2: p=2MPa, and case 3: p=3MPa) at t = 10 ms,
40 ms, and 80 ms. Thus, this table is subdivided into 9 subfi-
gures; every 3 subfigures in one column show the evolution-
ary process of seepage field in the water-resistant strata,
which also illustrate the progressive failure process of the
water-resistant strata. And every 3 subfigures in one row
are a comparison of the 3 seepage fields under the different
karst water pressure at the same mechanical duration time.
The columns in Table 4 show that the karst water in the
cave splits the original closed bedding layers and cross joints
and makes the water-resistant strata failure to form many
cracks in the upper and middle part under the combined
effect of tunnel excavation and karst water pressure at the
beginning of the stress release of the surrounding rock mass
(t = 10ms). Then, with further stress release (f =40 ms and
t =80ms), the cracks furtherly propagate and the fracture
range continuously extends in the water-resistant strata,
and the failure degree of the water-resistant strata increases
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TaBLE 1: Block and joint mechanical parameters in numerical simulation.

Unit weight (y) Elastic bulk modulus (E)

Poisson’s ratio ()

Internal angle of friction (¢) Cohesion (c)

24kN/m’® 18 GPa

0.2

35 10 MPa

TABLE 2: Joint mechanical parameters in numerical simulation.

Joint normal stiffness  Joint shear stiffness  Joint cohesion

Joint friction angle Joint residual cohesion Joint residual friction angle

(jkn) (jks) (coh) (2] (resc) (resf)
222.2Pam™ 222.2 GPam™! 0.15MPa 25° 0 MPa 25°
9o

kqy kqq

kqy+yh kqy+yh

Displacement boundary

F1GURE 3: Boundary conditions of numerical simulation model.

with the increase of time in the meantime. At t = 80 ms, the
water-resistant strata have the tendency of instability and
the water inrush channel initially forms in the case of p=2
MPa and p = 3 MPa. In this disaster process, the propagation
feature of cracks and the distribution range of water pressure
significantly show the time effect and the structure influence
of the water-resistant strata.

With the increase of time, it is clear to find that the seep-
age scope in the water-resistant strata extends obviously and
the fracture degree increases quickly with the increase of
karst water pressure from the three columns in Table 4. For
the first column (p = 1 MPa), relatively fewer cracks induced
by karst water pressure and tunnel excavation are generated
in the upper and middle parts of the water-resistant strata,
and the cracks does not propagate the vault of the tunnel.
Therefore, the macroscopic water inrush channel does not
form, and the water-resistant strata are in the stable condi-
tion. The seepage pressure of each measuring points illus-
trates a decreasing state from HL1 to HL3, but the seepage
pressure is the constant value because the cracks stop propa-
gating and seepage pressure develops fully. For the middle
column (p=2MPa), the larger fracture zone and seepage
scope generate, and the fracture degree is more serious and
the water inrush channel basically forms. For the third
column (p=3MPa), these above characteristics are more
prominent. Taking the seepage pressure of n7~n9 measuring
points on HL3 as example, the seepage pressure of n7~n9
measuring points at t=80ms is still increasing while the
water-resistant strata are in the fracture process by compar-

ing with the first column (p=1MPa). These phenomena
revel that the karst water pressure is the important reason
of the water-resistant strata.

Figure 4 shows the trend of seepage pressure at the 9
measuring points. It is found that the seepage pressure of
the 9 measuring points in the water-resistant strata increases
with the increase of kart water pressure p from Figure 4. The
time of arrival to a steady-state value for the seepage pressure
at different measuring point varies obviously, and even the
seepage pressure at some measuring points has been fluctuat-
ing in Figure 4. The reasons for the abovementioned
phenomenon are as follows: (1) after tunnel excavation,
under the action of excavation disturbance and karst water
pressure, the karst water gradually infiltrates into the origi-
nally closed fissures, and the seepage pressure increases grad-
ually. When the seepage pressure exceeds the critical pressure
of fracture, the cracks begin to initiate and propagate. No
matter whether the water-resistant strata are unstable or
not finally (It is related to karst water pressure), under the
action of three levels of karst water pressure in this paper,
the cracks in the water-resistant strata can always extend to
nl~n6 measuring points in the middle and upper parts of
the water-resistant strata. Therefore, the seepage pressure at
these measuring points can always reach a certain stable
value before the formation of macrowater inrush channel in
the water-resistant strata or when the fracture stops propa-
gating, as shown in Figures 4(a) and 4(b). Because the loca-
tion of n4~n6 is lower than that of n1~n3 in water-resistant
strata, the propagation time for the cracks channelling the
cave with high water pressure to reach n4~n6 is relatively
long, and therefore, it takes a long time for the seepage pres-
sure of n4~n6 to increase to a stable value. The stable values
of seepage pressure at nl~n3 measuring points are close to
the karst water pressure, but the stable value of seepage pres-
sure at n4~n6 is relatively smaller, as shown in Figures 4(a)
and 4(b); (2) when the karst water pressure is 1 MPa, the
cracks in the water-resistant strata can only propagate to a
certain position, and water inrush does not occur. Because
the water-resistant strata are stable, the seepage pressure of
n7~n9 measuring points set up at the bottom of the water-
resistant strata reaches a smaller stable value than that of
nl~n6 measuring points. When the karst water pressure is 2
MPa and 3 MPa, at t = 80 ms, the seepage pressure of n7~n9
is also increasing while the water-resistant strata are still frac-
turing, especially when p = 3 MPa, as shown in Figure 4(c).
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TaBLE 3: The calculation scheme for the three influential factors.
Study objectives Case number  Karst water pressure (p)  Tunnel depth (H)  Lateral pressure coefficient (k)
1 1 MPa 500 m 1.2
Effect of karst water pressure (p) 2 2 MPa 500 m 1.2
3 3 MPa 500 m 1.2
4 2 MPa 300 m 1.2
Effect of tunnel depth (H) 5 2 MPa 500 m 1.2
6 2 MPa 800 m 1.2
7 2 MPa 500 m 0.8
Effect of lateral pressure coeflicient (k) 8 2 MPa 500 m 1.2
9 2 MPa 500 m 1.6

TaBLE 4: The seepage pressure distribution in the water-resistant strata under the three cases of p =1, 2, and 3 MPa at ¢ = 10, 40, and 80 ms.

t p=1MPa p=2MPa p=3MPa
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.500E+05
Cavity with high 7.000E+05 Cavity with high 9.000E+05 Cavity with high 1.000E+05
pressure water pressure water L100E+05 pressure water 1.250E+05
10 9.000E+05 E 1.500E+05
m. . + 1.300E+05
S 1.750E+05
1.500E+05 2.000E+05
1.100E+05 1.700E+05 2250E+05
1.900E+05 2.500E+05
2.750E+05
2.100E+05
1.300E+05 3.000E+05
2.300E+05 3.250E+05
Domain Domain
- pore pore
Domain pressure pressure
~avity with hi pore 7.000E+05
Cay ]t} with h]gh pressure 7.000E+05 7.500E+05
pressure water “avity with hi Cavity with hi
. Cavity with high 9.000E+05 Cavity with high 1.000E+05
9.000E+05 pressure water 1.100E+05 pressure water 1.250E+05
40 1.500E+05
ms 1.300E+05 L750E+05
1.100E+05 1.500E+05 2.000E+05
1.700E+05 2.250E+05
2.500E+05
1.300E+05 | 900E+0> 2.750E+05
2.100E+05
3.000E+05
2.300E+05 3.250E+05
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.500E+05
Cavity with high 7.000E+05 Cavity with high 00005405 Cavity with high 1.000E+05
ssure water bressure water pressure water
pressure water 8 a L100E+05 P 1.250E+05
1.500E+05
80 ms 9.000E+05 1.300E+05

1.100E+05

1.300E+05

1.500E+05
1.700E+05
1.900E+05
2.100E+05

2.300E+05

1.750E+05
2.000E+05
2250E+05
2.500E+05
2.750E+05

3.000E+05
3.250E+05

3.2. Displacement Field Analysis of the Water-Resistant Strata
under Different p. Table 5 shows the displacement field under
the three cases of p =1, 2, and 3 MPa at t = 10, 40, and 80 ms.
Taking the second column in Table 5 (p=2MPa) as an

example, we analyse the displacement evolution characteris-
tics of the water-resistant strata in the disaster process of
water inrush. After the tunnel excavation, the water-
resistant strata have displaced to some extent due to
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FI1GURE 4: The trend of seepage pressure at the 9 measuring points in the conditions of p =1, 2, and 3 MPa: (a) n1~n3 on HL1; (b) n4~n6 on

HL2; (c) n7~n9 on HL3.

excavation effect in the early stage of stress release of the sur-
rounding rock mass (t = 10 ms), with significant deformation
towards the interior of tunnel and slight displacement near
the karst cave. As the stress continues to be released (¢ = 40
ms), the seepage scope in the water-resistant strata is getting
larger and larger, and the damage region extends rapidly. The
seepage crack and seepage pressure in the water-resistant
strata totally increase with various degrees, which causes
the displacement of the water-resistant strata near tunnel
vault continue to increase. And the fracture degree of the
water-resistant strata furtherly increases, but overall, the
water-resistant strata are still in a stable state. However, when
t =80ms, the overall displacement of the water-resistant
strata increases significantly, and meanwhile, the cracks
propagate quickly and coalesce with each other making the
water-resistant strata into fracture condition. The water-
resistant strata become unstable due to severe fragmentation.

Although the disaster process of water-resistant strata is
similar under the three cases of p = 1, 2, and 3 MPa, the influ-
ence difference of karst water pressure on the stability of
water-resistant strata cannot be ignored. When p =1MPa,
the vertical displacement of the water-resistant strata in the
condition of stability is relatively small. But as p increases
to 2 MPa and 3 MPa, the water-resistant strata have under-
gone the failure at t = 80ms, and it can be clearly observed
that the fracture degree and vertical displacement of the
water-resistant strata at the top of the tunnel increase contin-
uously with the increase of p. The number, width, and
connectivity degree of the hydraulic fractures increase at
the same time, and the speed of fracture and instability accel-
erates. The increase of the water pressure in the karst cave has
a greater impact on the collapse of the water-resistant strata.
The persistent fluid-solid coupling effect ultimately leads to
the failure and overall instability of the water-resistant strata.
From Table 5, we can also find that the fracture zone is grow-

ing greater and greater with the increase of p. The fracture
zone between the cave and the tunnel has a downward dis-
placement and is divided into many smaller fragments,
which released the stress acting on the rock mass below the
fracture zone, and hence, the rock mass shows a slightly
upward displacement.

Figure 5 shows the variation process of vertical displace-
ment at the 9 measuring points in the water-resistant strata
with p =1, 2, and 3 MPa. Comparing the vertical displacement
of the same measuring points, it is obvious that the vertical
displacement increases significantly with the increase of p,
which illustrates that the karst water pressure has an obvious
influence on the displacement of the water-resistant strata.
In detail, when p = 1 MPa, the displacement increases almost
linearly and steadily with increase of the time. But when p is
2MPa or 3MPa, the displacement of the same measuring
point parabolically and quickly grows with the growth speed
accelerating and the growth rate increasing. This is because
the higher karst water pressure makes it easier to generate
cracks in the water-resistant strata and furtherly forms the
water inrush channel. Meantime, the higher karst water pres-
sure can also exert a downward load on the water-resistant
strata. Both of these factors contribute to the displacement of
the water-resistant strata. The displacement of n2 on HL1 is
greater than that of nl or n3 under the effect of the same p.
The same thing as above, the vertical displacement of n5 and
n8 on HL2 and HL3 is larger that indicates the displacement
of arch crown is greater than that of both sides of arch shoul-
ders. In another words, the arch crown of tunnel is fractured
severely compared with other locations.

4. Influence of Tunnel Depth (H)

4.1. Seepage Field Analysis of the Water-Resistant Strata
under Different H. Table 6 shows the evolution processes of
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TaBLE 5: The vertical displacement contour under the three cases of p =1, 2, and 3 MPa at ¢ = 10, 40, and 80 ms.
t p=1MPa p=2MPa p=3MPa
The vertical The vertical ‘The vertical
displacement displacement displacement
contour contour contour
Cavity with high ~2.000E-02 Cavity with high -2.000E-02 Cavity with high ~2.000E-02
pressure water pressure water 50002 pressure water
-1.500E-02 . -1.500E-02
~1.000E-02 .'.', ',_4
-1.000E-02
ms 5000503 -5.000E-03
-5.000E-03
0.000E+00
0.000E+00
A " " 0.000E+00
Tunnel t 5.000E-00 u
. T ‘ 5.000E-00 . Tunnel ‘ . Tunnel ‘
Contour Contour Contour
interval= interval= interval=
-2.000E-02 -2.000E-02 -2.000E-02
to to to
5.000E-03 5.000E-03 0.000E+00
The vertical The vertical ‘The vertical
displacement displacement displacement
contour contour contour
-6.000E-02
Cavity with high 5 000E-02 Cavity with high ~1.000E-01 Cavity with high -2.000E-01
pressure water 4000502 pressure water -8.000E-02 pressure water _1.500E-01
. N J— ~3.000E-02 ~6.000E-02 T <t ~1.000E-01
—-2.000E-02 -4.000E-02 \
40 ms ~5.000E-02
-1.000E-02 -2.000E-02
0.000E+00 0.000E+02 ' 0.000E+02
1.000E+02
5.000E-02
Tunnel 2.000E-+02 2.000E-02 Tunnel
Contour Contour Contour
interval= interval= interval=
—6.000E-02 -1.000E-01 —2.000E-01
to to to
2.000E-03 2.000E-02 5.000E-02
The vertical The vertical The vertical
displacement displacement displacement
contour contour contour
L200E-01 -6.000E-01
Cavity with high s Cavity with high _5.000E-01 Cavity with high -6.000E-01
pressure water _8.000E-02 pressure water _4.000E-01 pressure water ~5.000E-01
& 4 —4.000E-02 ~3.000E-01 ~4.000E-01
- -2.000E-01
80 ms - 0.000E+00 _1.000E-01 ~3.000E-01
4.000E-02 0.000E+00 0.000E+00
1.000E+01
8.000E-02 2.000E-02
Tunnel Tunnel 2.000E+01 Tunnel
Contour Contour Contour
interval= interval= interval=
-1.200E-01 ~6.000E-01 v8.000E-01
to to to
8.000E-02 2.000E-01 2.000E-01

the seepage field in the water-resistant strata under the three
cases of karst water pressure of 2 MPa, lateral pressure coeffi-
cient of 1.2, and tunnel depth (case 4: H =300m, case 5: H
=500m, and case 6: H = 800 m) at ¢ = 10 ms, 40 ms, and 80
ms. The column is the mechanical duration time, and the
row is the different tunnel depth. Similar to the evolutionary
process of seepage field in Section 3.1, for each tunnel depth,
the karst water also infiltrates downward in the water-
resistant strata to the vault, spandrel, and hance of the tunnel
gradually. But the velocity of water seepage and crack propa-
gation varies greatly with tunnel depth, and the formation

time of water inrush channel is different in the condition of
three kinds of tunnel depth. In the initial stage (t = 10 ms),
the karst water ingresses into the water-resistant strata for a
short distance, far from the tunnel vault for the situation of
H =300m. But when H increases to 500m or 800m, the
water is about to penetrate the water-resistant strata. There-
fore, it can be concluded that the deeper the tunnel is buried,
the more likely it is that water inrush happens in the initial
stage. What is more, by comparing the distribution area of
water with the same ¢, but varied H, it is clear that the distri-
bution area of water and hydraulic fractures in the water-



Geofluids

t (ms)

t (ms)

t (ms)

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

7 50 ‘E 507 E -100 |

E -100 | £ -100 £ 200

S ~150 4 g -150 1 z

E 200 ] £ ~2007 g 70

§ 250 ] E -250 1 § —-400 A

= B -300 1 2 =500 A

2 300 B -350 1 S 600 |

§ -350 1 g -400 1 g -700 A

5 -400 1 T -450 1 £

= 450 > -500 - = -800 -
—=— p=1MPa;nl —<— p=2MPa;n3 —=— p=1MPa;n4 —<— p=2MPa;n6 —=— p=1MPa;n7 —<— p=2MPa;n9
—e— p=1MPa;n2 —— p=3MPa;nl —e— p=1MPa;n5 —— p=3MPan4 —e— p=1MPa;n8 —— p=3MPa;n7
—+— p=1MPa;n3 —e— p=3MPa;n2 —4— p=1MPa;n6 —e— p=3MPa;n5 —— p=1MPa;n9 —e— p=3MPa;n8
—v— p=2MPa;nl —+— p=3MPa;n3 —v— p=2MPa;n4 —+— p=3MPa;n6 —v— p=2MPa;n7 —+— p=3MPa;n9
—— p=2MPa;n2 —— p=2MPa;n5 —— p=2MPa;n5

()

(®)

(0

F1GURE 5: The trend of vertical displacement at the 9 measuring points in the conditions of p = 1, 2, and 3 MPa: (a) n1~n3 on HL1; (b) n4~n6

on HL2; (¢) n7~n9 on HL3 with p =1, 2 and 3 MPa.

resistant strata obviously increase with the increase of tunnel
depth. At t =80 ms, water inrush basically occurs under all
three cases, but the fracture and water inrush scale in the con-
dition of H =500m is larger than those in H =300m and
reaches the maximum in H = 800 m, which reveals that the
scale of fracture and water inrush increases with the growth
of tunnel depth. This phenomenon shows that under the
effect of water pressure and tunnel excavation disturbance,
the larger the tunnel depth, the greater the scale and coales-
cence of fractures formed in the water-resistant strata, which
can speed up the formation of channel and the occurrence of
water inrush disaster.

Figure 6 shows diachronic evolution characteristics of the
seepage pressure at the 9 measuring points in the condition
of H =300, 500, and 800 m under tunnel excavation distur-
bance and karst water pressure (p =2 MPa). It is found that
the seepage pressure of nl~n3 measuring points on HLI
quickly reaches a certain stable value close to karst water
pressure in a short time from Figure 6(a), and the seepage
pressure of nl1~n3 is little different in the condition of H =
300, 500, and 800 m finally. The growth of seepage pressure
of n4~n9 measuring points is relatively slow by comparison
with that of n1~n3 measuring points, and the deeper the tun-
nel depth, the greater the seepage pressure of measuring
points on HL2 and HL3 in Figures 6(b) and 6(c). These indi-
cate that as the tunnel depth increases, the number and con-
nectivity of hydraulic fractures formed in the water-resistant
strata become larger, and the smoother hydraulic fractures
can be formed in the water-resistant strata in a relatively
short time, resulting in water inrush disaster, which is in
accordance with the above analysis.

4.2. Displacement Field Analysis of the Water-Resistant Strata
under Different H. Table 7 shows the displacement contour
under the three cases of H =300, 500, and 800m at ¢t =10,
40, and 80ms. In Table 7, the evolutionary process of the
water-resistant strata base on the displacement is similar to
that demonstrated in Table 6, but it still varies considerably
between each other due to the different tunnel depth. At

the initial stage (# = 10 ms), the water-resistant strata have a
small upward displacement in the upper part (near the cavity
side) and a larger displacement on the lower part (near the
tunnel side); the magnitude and distribution of these two
kinds of displacement widen with increasing of tunnel depth.
The reasons for these can be analysed as follows: the water-
resistant strata can be simplified as a rock column under
loads at the top, left, and right sides after tunnel excavation.
The top side is subjected to 2 MPa of water pressure from
the cavity, and the lower side is unstressed, while the left
and right sides are subject to higher stress, approximately
8.6 MPa in H =300m, 14 MPa at 500 m, and 23 MPa at 800
m (these values are calculated by o = kyH, taking H =800
m for example, 0 = kyH = 1.2 x 24 x 800 = 23 MPa). It can
be seen that the left and right sides are subject to much
greater compressive stress than the top and bottom sides.
Due to the lower stress on the top and bottom sides in the
unconstrained or weak constraint state, the beddings are
prone to splitting failure taking into account that the direc-
tion of the beddings is parallel to the direction of stress acting
on the left and right sides. According to the Poisson effect, a
simplified rock column will deform laterally and some
cracks, nearly paralleling to the upper and lower boundaries,
generate in the water-resistant strata. Because of the loading
difference on the top and bottom sides as mentioned earlier,
the upward displacement on the upper side near the karst
cavity is less than downward displacement on the lower side
near the tunnel. Moreover, the greater the tunnel depth, then
the greater the stress on the left and right sides of the water-
resistant strata and, subsequently, the larger the lateral
deformation, assuming lateral pressure coefficient was kept
constant in the increase process of tunnel depth.

Therefore, in the initial stage (f = 10 ms) for Table 7, as
the tunnel depth increases, the larger the area of upward
displacement in the upper part of the water-resistant strata
and the larger the area of downward displacement in the
lower part, the larger the magnitude of the upward and
downward displacements. However, because the downward
displacement is always greater than the upward
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TaBLE 6: The seepage pressure distribution in the water-resistant strata under the three cases of H = 300, 500, and 800 m at ¢ = 10, 40, and 80 ms.

t H=300m H=500m H =800m
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.000E+05 7.000E+05
Cavity with high 9.000E+05 Cavity with high 9.000E+05 Cavity with high 9.000E+05
pressure water 1.100E+05 pressure water 1.100E+05 pressure water L.100E+05
10 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 1.700E+05 1.700E+05
1.900E+05 1.900E+05 1.900E+05
2.100E+05 2.100E+05 2.100E+05
2.300E+05 2.300E+05 2.300E+05
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.000E+05 7.000E+05
Cavity with high 9.000E+05 Cavity with high 9.000E+05 Cavity with high 9.000E+05
pressure water L100E+05 pressure water L.100E+05 pressure water 1.100E+05
40 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 1.700E+05 1.700E+05
1.900E+05 1.900E+05 1.900E+05
2.100E+05 2.100E+05 2.100E+05
2.300E+05 2.300E+05 2.300E+05
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.000E+05 7.000E+05
Cavity with high 9.000E+05 Cavity with high 9.000E+05 Cavity with high 9.000E+05
pressure water 1.100E+05 pressure water 1.100E+05 pressure water 1.100E+05
80 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 1.700E+05 1.700E+05
1.900E+05 1.900E+05 1.900E+05
2.100E+05 2.100E+05 2.100E+05
2.300E+05 2.300E+05 2.300E+05

displacement, the area of downward displacement in the
upper part of the water-resistant strata furtherly expands,
resulting in the tendency of upward displacement in the
upper part being weakened and offset and the deformation
of water-resistant strata being mainly based on the upward
displacement as shown in the second and third rows from
Table 7. These analyses for the influence of tunnel depth on
the displacement evolution characteristics in the water-
resistant stability at the different times can be used to reveal
the influence mechanism on the vertical displacement of
karst water pressure in Table 5.

Figure 7 shows diachronic evolution characteristics of the
vertical displacement at the 9 measuring points on HL1, HL2,
and HL3 in the condition of H = 300, 500, and 800 m. For the
varied properties of any measuring point in this figure, it is
easy to find that the vertical displacement and its growth
speed or growth rate have a small difference between the
two cases of H=300m and H =500 m, but far greater than
those of H=800m. For the former two cases, the change

trend of the vertical displacement at each point is relatively
uniform, and the water-resistant strata shows a clear
tendency of instability failure. But for the later, the vertical
displacement of each measuring point is significantly
reduced, which indicates that the larger horizontal tectonic
stress is beneficial for the stability of water-resistant strata
between karst cavity and tunnel. Besides, the vertical
displacement of arch crown greater than that of both sides
of arch shoulders is verified again.

5. Influence of Lateral Pressure Coefficient (k)

5.1. Seepage Field Analysis of the Water-Resistant Strata
under Different k. Table 8 shows the evolutionary processes
of the seepage field in the water-resistant strata under the
three cases of karst water pressure of 2 MPa, tunnel depth
of 500 m, and lateral pressure coefficient (case 7: k = 0.8, case
8:k=1.2,and case 9: k=1.6) at t = 10 ms, 40 ms, and 80 ms.
The column is the mechanical duration time, and the row is
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F1GURE 6: The trend of seepage pressure at the 9 measuring points in the conditions of H = 300, 500, and 800 m: (a) n1~n3 on HLI; (b) n4~n6

on HL2; (¢) n7~n9 on HL3.

the different lateral pressure coeflicient. The karst water also
infiltrates downward from the upper part to the bottom part
in the water-resistant strata. The lateral pressure coefficient
has some influences on the seepage pressure and seepage dis-
tribution scope by comparison with the results of three cases.
It is found that the fracture at t = 80 ms under the condition
of k=0.8 is more serious than that of another two cases of
k=1.2 and k=1.6. It is indicated that the smaller the lateral
pressure coefficient, the more serious the fracture of the
water-resistant strata.

Figure 8 shows the trend of seepage pressure at the 9
measuring points under the three cases of k=0.8, 1.2, and
1.6, respectively. No matter what the value of lateral pressure
coeflicient is, the cracks in the water-resistant strata always
easily propagate to the n1~n3 measuring points in the upper
part of the water-resistant strata, and the dissipated energy is
less because the above measuring points are closer to the
boundary of karst cavity. As a result, the seepage pressure
of nl~n3 measuring points always reaches a stable value
which is close to the karst water pressure in karst cavity, as
shown in Figure 8(a). Because the n4~n6 measuring points
have a relatively long distance with karst cavity, the process
of cracks channelling the cavity with high water pressure to
reach the n4~n6 measuring points on HL2 will dissipate
more energy. Therefore, the seepage pressure of n4~n6 mea-
suring points reaches a relatively stable low value, approxi-
mately 1.5 MPa~1.8 MPa as shown in Figure 8(b). At t =80
ms, the water-resistant strata are still in the process of the
seepage pressure accumulating-crack initiation and propaga-
tion, reaccumulating-crack initiation and propagation again
under the three cases of k=0.8, 1.2, and 1.6. As shown in
Figure 8(c), the larger lateral pressure coefficient causes the
increase of normal stress in crack in the water-resistant strata
and then raises the critical water pressure as the threshold for
hydraulic fracturing failure of cracks. Therefore, the fracture

degree is higher and the fracture scope is larger under the
low lateral pressure coefficient of k=0.8, and the seepage
pressure of the n7~n9 measuring points in the lower part
of the water-resistant strata develops fully and is higher
correspondingly under the circumstance of this lateral
pressure coeflicient.

5.2. Displacement Field Analysis of the Water-Resistant Strata
under Different k. Table 9 shows the evolution processes of
the displacement field in the water-resistant strata under
the three cases of k=0.8, 1.2, and 1.6 at t =10ms, 40ms,
and 80ms. The disaster process of water-resistant strata
based on displacement evolution is generally similar to
Table 5 and Table 7. But the vertical displacement signifi-
cantly differs from each other because of the different lateral
pressure coefficient. In the different condition of k=0.8, 1.2,
and 1.6, the extension of the upward displacement area in the
upper part of the water-resistant strata and the magnitude of
the displacement increase with the increase of k. The under-
lying reason for this phenomenon is due to an increase of
normal stress on the hydraulic cracks and its consequence
of the critical water pressure for crack initiation arising from
the horizontal load increase exerted on the left and right side
of the water-resistant strata. It is very clear that the fracture
zone and the vertical displacement decrease with the increase
of k at t =40ms and 80 ms mainly due to the increase of
horizontal load realized by the lateral pressure coeficient.
The fracture state is different in the water-resistant strata
under the different lateral pressure coefficient. When the
lateral pressure coeflicient is relatively large (k=1.2 or 1.6),
the development trend of fracture is restrained by a larger
lateral pressure coefficient and the fracture state is in the
underdeveloped condition. However, the water-resistant
strata are in the fractured state due to propagation and coa-
lesce of hydraulic cracks for the smaller lateral pressure
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TaBLE 7: The vertical displacement contour under the three cases of H =300, 500, and 800 m at ¢ = 10, 40, and 80 ms.

t h=300m h=500m h=2800m
The vertical 'The vertical The vertical
displacement displacement displacement
contour contour contour
Cavity with high ~1.500E-02 Cavity with high ~2.000E-02 Cavity with high _;'ggg?gi
pressure water pressure water pressure water o )
-1.200E-02 -1.500E-02 -2.000E-02
» . -
e -5.000E-03 W LO00E-02 0 . "_‘A‘ ~1.500E-02
10 ms -1.000E-02
—4.000E-
H 000E-03 ~5:000E-03 ~5.000E-03
0.000E+00 0.000E+00 0.000E-00
5.000E-03
Tunnel 4.000E-03 /:
‘ Tunnel 5.000E-03 1.000E-02
Contour Contour Contour
interval= interval= interval=
-1.600E-02 -2.000E-02 -3.000E-02
to to to
4.000E-03 5.000E-03 1.000E-02
The vertical The vertical The vertical
displacement displacement displacement
contour contour contour
Cavity with high _1.200E-01 Cavity with high ~1.000E-01 Cavity with high 1.200E-01
pressure water pressure water pressure water ’
F G000E.02 pressure water _8.500E-02 F
-8.000E-02
-6.000E-02
-4.000E-02
-4.000E-02 -4.000E-02
40 ms 0.000E+00 i
-2.000E-02
4.000E-02 0.000E+00
0.000E-00
8.000E-02 Tunnel 2.000E-02 Tunnel 4.000E-02
Contour Contour Contour
interval= interval= interval=
-1.200E-01 -1.000E-01 -1.200E-01
to to to
8.000E-02 2.000E-02 4.000E-02
The vertical The vertical The vertical
displacement displacement displacement
contour contour contour
Cavity with high 2.000E-01 Cavity with high -6.000E-01 Cavity with high -3.000E-01
pressure water pressure water -5.500E-01 pressure water -2.500E-01
-2.000E-01 . o
4.000E-01 -2.000E-01
~1.000E-01 ~3-500E-01 l ~1.500E-01
-2.000E-01
80 ms 0.000E+00 _1.000E-01 b ~1.000E-01
-5.000E-01
1.000E-01 0.000E-00
1.000E-01 0.000E-00
Tunnel 2.000E-01 Tunnel 2.000E-01 Tunnel 5.000E-02
Contour Contour Contour
interval= interval= interval=
-2.000E-02 -2.000E-02 -3.000E-01
to to to
5.000E-03 5.000E-03 5.000E-02

coeflicient (k=0.8), and the water inrush channel has fully
formed at ¢ = 80 ms. It is concluded that the increase of lateral
pressure coefficient can restrain the fracture development of
the water-resistant strata and strengthen its stability from
Table 9 and its systemic analysis.

Figure 9 shows the trend of the vertical displacement
development of the 9 measuring points under the three cases
of k=0.8, 1.2, and 1.6, respectively. Obviously, the vertical
displacement of the same measuring points decreases signif-

icantly with the increase of k. Under the condition that the
lateral pressure coeflicient is same, the closer to the tunnel
vault and the deformation of the water-resistant strata are
greater. For k=1.2 or 1.6, the vertical displacement of the
water-resistant strata is obviously smaller, but for k=0.8,
the vertical displacement of the water-resistant strata
increases rapidly and the final value of the vertical displace-
ment at t = 80 ms is much larger than that for k=1.2 or 1.6.
The vertical displacement in the lower part of the water-
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FiGure 7: The vertical displacement at the 9 measuring points in the conditions of H = 300, 500, and 800 m: (a) n1~n3 on HL1; (b) n4~n6 on

HL2; (c) n7~n9 on HL3.

resistant strata increases continuously with the decrease of k.
It indicates that the smaller value of k is unfavourable to the
stability of the water-resistant strata.

6. Discussion

6.1. Comparative Analysis with Results of Previous Model
Test. The main methods to study water inrush of karst tunnel
are theoretical analysis, model test, field test, and numerical
simulation. In the theoretical analysis method, it is difficult
to analyse and describe the water inrush disaster process with
highly nonlinear problems in mathematics. A field test is not
used to carry out batch tests with multiple factors and vari-
able conditions as desired and seriously threatens the tester’s
safety. Therefore, theoretical analysis and field test are suit-
able to be used as the main research method for water inrush
of karst tunnel. According to schedule, the model test and
numerical simulation can be used as the effective ways to
carry out water inrush research and really simulate the disas-
ter process of the water-resistant strata considering the
coupling of various influential factors. The model test has
many disadvantages of great expense, time-consuming, and
lacking of ability to obtain the information in full field and
microdynamic process. Numerical simulation can solve the
above problems, and it has the function of visualizing the
dynamic disaster process of water inrush and can rupture the
microinformation. Therefore, numerical simulation is a prom-
ising, effective, and convenient method for studying water
inrush of karst tunnel, but the validity of the results using this
method needs to be verified by a model test and other methods.

In the published literature about water inrush of karst
tunnel, researches on the influence of tunnel depth and lat-
eral pressure coefficient on the stability of water-resistant
strata by means of model test have not yet been found. A
few scholars have done some researches on the influence of

karst water pressure on the water-resistant strata stability,
which provides the possibility to compare the research results
in this paper through numerical simulation with previous
results utilizing model test. Yang et al. conducted some phys-
ics model tests to study the disaster process of water-resistant
strata and analysed the evolutionary properties of seepage
pressure in the water-resistant strata with the increase of
karst water pressure [21]. Zhu used a self-developed testing
system to study the influence of the karst water pressure on
the deformation and deterioration of the water-resistant
strata and found that the vertical displacement of the
water-resistant strata gradually increased with the growth
of karst water pressure [27]. The research results of this
article are highly consistent with the abovementioned
achievements obtained by the use of model tests, which
proves the reliability of the numerical simulation method
and the effectiveness of conclusions in this paper.

6.2. Comprehensive Effect of Three Kinds of Influential
Factors. The instability and then water inrush of the water-
resistant strata between tunnel and karst cavity with high
pressure water are essentially a manifestation of local failure
in surrounding rock mass of karst tunnel under the com-
bined action of karst water pressure and disturbance of
tunnel excavation. Karst water pressure is one kind of load
directly acting on the water-resistant strata and causes
fluid-solid coupling effect in the disaster process of the
water-resistant strata. We can see that the seepage and failure
scope extend obviously and the fracture degree increases
quickly with the increase of karst water pressure from
Table 4. Therefore, the water pressure of karst cavity is the
effective factor affecting the stability analysis of water-
resistant strata based on the research of this paper and many
published papers by theoretical analysis, numerical simula-
tion, model tests, and field tests [28].
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TaBLE 8: The seepage pressure distribution in the water-resistant strata under the three cases of k=0.8, 1.2, and 1.6 at ¢ = 10, 40, and 80 ms.

t k=0.8 k=1.2 k=1.6
Domain Domain Domain
pore pore pore
pressure PI‘ESSUIE pressure
7.000E+05 7.000E+05 7.000E+05
9.000E+05 9.000E+05 9.000E+05
1.100E+05 1.100E+05 1.100E+05
10 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 1.700E+05 1.700E+05
1.900E+05 1.900E+05 1.900E+05
Tunnel 2.100E+05 Tunnel 2.100E+05 Tunnel 2.100E+05
2.300E+05 2.300E+05 2.300E+05
Domain Domain Domain
pore pore pore
pressure pressure pressure
7.000E+05 7.000E+05 7.000E+05
9.000E+05 9.000E+05 9.000E+05
1.100E+05 1.100E+05 1.100E+05
40 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 1.700E+05 1.700E+05
1.900E+05 1.900E+05 1.900E+05
Tunnel 2.100E+05 Tunnel 2.100E+05 Tunnel 2.100E+05
2.300E+05 2.300E+05 2.300E+05
Domain Domain Domain
pore pore pore
PI‘ESS\]IE pressure pressure
7.000E+05 7.000E+05 7.000E+05
9.000E+05 9.000E+05 9.000E+05
1.100E+05 1.100E+05 1.100E+05
80 ms 1.300E+05 1.300E+05 1.300E+05
1.500E+05 1.500E+05 1.500E+05
1.700E+05 ot 1.700E+05 1.700E+05
h 1.900E+05 | H1.900E+05 1.900E+05
Tunnel 2.100E+05 g Tunnel 2.100E+05 Tunnel 2.100E+05
2.300E+05 2.300E+05 2.300E+05

If tunnel is not constructed in strata, the water-resistant
strata do not exist and the problems of the water-resistant
strata stability will not exist. Tunnel excavation disturbance
makes the water-resistant strata lose the lower support from
the rock mass, and therefore, the water-resistant strata are in
the unloading and stress adjustment condition and the criti-
cal water pressure of the water-resistant strata failure will
decrease, eventually causing the water-resistant strata insta-
bility and water inrush. The degree of the unloading and
stress adjustment is directly related to the geostress environ-
ment of the tunnel-karst system that is mainly determined by
the tunnel depth and lateral pressure coefficient, and in con-
sequence, tunnel depth and lateral pressure coeflicient are the
influential parameters for the water-resistant strata stability.
Tables 6-9 and Figures 6-9 illustrate that the stability of
water-resistant strata between karst cavity and tunnel

decreases on the whole with the growth of tunnel depth,
but with the decline of lateral pressure coefficient.

At present, there are few researches on the comprehen-
sive effect of karst water pressure, tunnel depth, and lateral
pressure coefficient on the stability of water-resistant strata.
Zhang et al. established the theoretical relationship between
stress intensity factor of crack tip in surrounding rock mass
and tunnel depth under excavation unloading disturbance
[29]. Guo and Qiao analysed the tendency of critical water
pressure for the water-resistant strata failure with the normal
stress on the crack in the water-resistant strata [30]. Accord-
ing to these above achievements, it is concluded that tunnel
depth can strengthen the stress intensity factor, decreasing
the water-resistant strata stability, and the lateral pressure
coeflicient is able to heighten the critical water pressure, for
the stability. These conclusions are consistent with the
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F1GURE 8: The trend of seepage pressure at the 9 measuring points in the conditions of k = 0.8, 1.2, and 1.6: (a) n1~n3 on HL1; (b) n4~n6 on

HL2; (c) n7~n9 on HL3.

obtained results in Sections 4 and 5. These mean that tunnel
depth amplifies the effect of karst water pressure p and the
lateral pressure coefficient weakens the influence of p.

6.3. Stability Analysis Based on Energy Evolutionary
Properties. As mentioned before, the water-resistant strata
with quasi-masonry structure composed of discrete small
rock blocks, bedding, and cross joints are heterogeneous,
discontinuous, nonlinear, and highly discrete. Therefore, it
is difficult to accurately and quantitatively describe the
mechanical behaviour of all discrete blocks, joints, and cracks
in the analysis of the instability process of water-resistant
strata and evolution characteristics of water inrush under
the condition that laboratory tests to investigate the behav-
iour of small-scale rock samples and structure planes are
unlikely to accurately reflect the real state. However, this
complicated phenomenon can be dealt with and grasped
from the whole utilizing the theories of system science. As a
whole, karst cavity, tunnel, and the water-resistant strata
(surrounding rock mass) are regarded as an open system
[19]. There exists always the energy exchange between this
system and environment, and the process of water inrush
in karst tunnel is seen as the energy release process of
the above system. In this process, energy dissipation is
caused by crack initiation-propagation-coalesce and plastic
deformation in the water-resistant strata. The rock frag-
ments separated from the water-resistant strata move at
a certain speed, and these blocks release the system energy
[31]. Therefore, the dissipated and kinetic energy can be
used as an index to characterize the disaster condition of
water-resistant strata [32].

Taking three cases under different karst water pressure of
p=1,2,and 3 MPa in Section 3 as examples, the evolutionary
characteristics of the dissipated and kinetic energy (U, and
U,) in the disaster process of water inrush, calculated by
the energy calculation module of UDEC program, is shown

in Figures 10 and 11. In the period of 0~20 ms, the evolution-
ary processes of U, and U are almost identical. During this
period, a few cracks develop steadily and obvious displace-
ment appears in the water-resistant strata. But after 20 ms,
U, gradually tends to one constant value and U, fast reduces
a lower value for p = 1 MPa, which indicates that the hydrau-
lic cracks gradually stop propagating and the water-resistant
strata are in the condition of stability for avoiding water
inrush. These phenomena are well consistent with those
revealed in Table 4 and Figure 4. But in the cases of p=2
or 3MPa, U, and U, increase rapidly with the increase of p
, and their growth rates also increase. These indicate that
the cracks continue to propagate and the propagation speed
is accelerated. The number of hydraulic cracks continues to
increase, and displacement continues to accelerate. Then,
the water-resistant strata become unstable and water inrush
occurs, although the U, and U, in conditions of p =2 MPa
and p=3MPa have the same evolutionary trend in
Figures 10 and 11. But after 20 ms, by comparing the two
cases of p =2 MPa and p = 3 MPa, not only the kinetic energy
and dissipated energy of the system are significantly different,
but also the growth rate of U, and U, is also the same situa-
tion. It demonstrates that the greater the karst water pressure,
the more likely to be failure and water inrush. These results
are good agreement with the displacement and cracks in
Tables 4 and 5.

6.4. Engineering Measures to Control and Prevent Water
Inrush. The global karst distribution area is 22 million square
kilometres, which accounts for 15% of the global land area.
Among them, mainly concentrated distribution was in
Yunnan-Guizhou Plateau and Hunan-Guangxi Hilly Basin
in China; Massif Central, Ural Mountains in Russia; and
Indiana State and Kentucky State in the Middle East of the
United States. It is inevitable that the tunnel will expose karst
structure or closely pass through the affected area when some
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TaBLE 9: The vertical displacement contour under the three cases of k=0.8, 1.2, and 1.6 at ¢ = 10, 40, and 80 ms.
t k=0.8 k=12 k=16
'The vertical 'The vertical 'The vertical
displacement displacement displacement
contour contour contour
Cavity with high -1.500E-02 Cavity with high ~2.000E-02 Cavity with high ~2.500E-02
pressure water L200E.02 pressure water _1.500E-02 pressure water ~2.500E-02
-1.500E-02
‘\ ‘4 ~5.000E-03 ~1.000E-02
-1.000E-02
10 ms ~4.000E-03 ~5.000E-03
-5.000E-03
0.000E+00 0.000E+00
T ) 0.000E-00
unne! )

I Al Il 4000E-03 . Tunnel W§ ' 5.000E-03 5.000E-03
Contour Contour Contour
interval= interval= interval=
-1.600E-02 —-2.000E-02 -2.500E-02
to to to
4.000E-03 5.000E-03 5.000E-03

The vertical The vertical The vertical
displacement displacement displacement
contour contour contour
-1.200E-01
Cavity wi i Naxrity Wi H -1.000E-01 L . .
Cavity with high _1.200E-01 Cavity with high Cavity with high LOVOEO1
pressure water pressure water _8.000E-02 pressure water
-8.000E-02 -8.000E-02
-6.000E-02
' -6.000E-02
-4.000E-02 -4.000E-02
40 ms 3 ~4.000E-02
0.000E+00 ~2.000E-02 ~2.000E-00
0.000E+00 0.000E+00
4.000E-02 Tunnel
2.000E-02 Tunnel 2.000E-02
Contour Contour Contour
interval= interval= interval=
-1.200E-01 -1.000E-01 -1.200E-01
to to to
4.000E-02 2.000E-02 2.000E-02
‘The vertical The vertical The vertical
displacement displacement displacement
contour contour contour
~avity Wi i _ _ Cavity Wi i -2.000E-01 . . . ~2.500E-01
Cavity with high 5.000E-01 Cavity with high eonol Cavity with high 500E-0
pressure water A000E01 pressure water -1.500E- pressure water 2 000E.01
-1.000E-01
-3.000E-01 -1.500E-01
-5.000E-02
-2.000E-01 -1.000E-01
80 ms 0.000E+00
-1.000E-01 5.000E-02 -5.000E-02
0.000E+00 LO00E-01 0.000E+00
Tunnel : Tunnel
1.000E-01 1.500E-01 5.000E-02
Contour Contour Contour
interval= interval= interval=
-5.000E-01 -2.000E-01 -2.500E-01
to to to
1.000E-01 1.500E-01 5.000E-02

tunnels are planned to be constructed in the karst area. Water
inrush disaster is often caused by the instability of water-
resistant strata [33]. The results of this paper show that karst
water pressure, tunnel depth, and lateral pressure coeflicient
have obvious effects on the water-resistant strata stability.
Tunnel depth and lateral pressure coefficient are important
consideration factors in tunnel design stage (route selection).
But these are the immutable geological environment in the
construction stage of tunnel. This part mainly discusses the

control and prevention measures of water inrush disaster in
karst tunnel from the perspective of influential law of karst
water pressure. Figure 12 shows the variation characteristics
of seepage pressure and vertical displacement of n2, n5, and
n8 under three cases of H=500m, k=1.2, and p=1MPa,
2MPa, and 3 MPa at t = 10 ms, 40 ms, and 80 ms. According
to Figure 12, the seepage pressure and vertical displacement
of the three measuring points increase obviously with the
increase of karst water pressure. Therefore, karst water
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F1GURrE 9: The vertical displacement at the 9 measuring points in the conditions of k = 0.8, 1.2, and 1.6: (a) n1~n3 on HL1; (b) n4~n6 on HL2;

(¢) n7~n9 on HL3.
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F1GURE 10: The evolution process of U, of the system with p=1, 2,
and 3 MPa.

pressure in the cavity is an extremely important factor affect-
ing the water-resistant strata stability, and additionally, the
water-resistant performance and impermeability are also
critical to control and prevent water inrush.

According to the above analysis, the pros and cons
aspects of karst water pressure and water-resistant perfor-
mance of the rock mass between cavity with high water pres-
sure and tunnel, mainly considered during the process of the
game process of the instability of water-resistant strata and
water inrush, are the key to control and prevent water inrush
disaster of karst tunnel. The water inrush disaster of karst
tunnel is caused by reducing the critical water pressure of
water-resistant strata failure due to tunnel excavation distur-
bance, and hence, reducing karst water pressure and increas-
ing the critical water pressure of rock mass are the main

10 q
8.
= 6
-l
=
=
D 44
2 4
0 10 20 30 40 50 60 70 80 90
t (ms)
—a— p=1MPa
—e— p=2MPa

—— p=3MPa

F1GURE 11: The evolution process of U, of the system with p=1, 2,
and 3 MPa.

measures to contain water inrush of karst tunnel. Some
draining holes or tunnels are usually set up to release the
stored energy in karst cavity and reduce karst water pressure
in the engineering practice. Finally, the above method makes
karst water pressure in karst tunnel smaller than the critical
water pressure of water-resistant strata failure, and then the
water inrush disaster in karst is avoided successfully. Another
method of increasing the critical water pressure of the water-
resistant strata is mainly achieved by improving the water-
resistant performance of rock mass itself. In engineering
practices, on the one hand, the partial excavation of small
section and short progress is adopted to avoid excessive exca-
vation disturbance and protect the water-resistant perfor-
mance of the rock mass. On another hand, grouting and
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FIGURE 12: Relationship between seepage pressure and vertical displacement of three measuring points and karst water pressure at

different time.

other prereinforcement method are implemented to rein-
force the water-resistant strata and improve the water-
resistant performance and impermeability [34-36].

7. Conclusions

Water inrush is one of the main geological disasters in the
karst tunnel excavation. To investigate the evolutionary char-
acteristics of seepage pressure and displacement in the disas-
ter process of water inrush under different combined
conditions of karst water pressure, tunnel depth, and lateral
pressure coeflicient, a series of numerical simulation analyses
based on DEM were conducted utilizing the numerical
models considering the quasi-masonry structure properties
of water-resistant strata. Some conclusions can be drawn in
the following:

(1) The seepage pressure of measuring points increases
with the increase of kart water pressure. The seepage
pressure illustrates a decreasing state from HL1 to
HL3 and the time of arrival to a stable value for the
seepage pressure at different measuring point varies
obviously, and it shows the time effect. The displace-
ment increases almost linearly with time under lower
karst pressure, and the corresponding relationship
curve demonstrates parabolical properties in condi-
tion of higher karst water pressure. The fracture area,
fracture degree, and seepage pressure level increase
quickly with the increase of karst water pressure

(2) The velocity of water seepage and crack propagation
varies greatly with tunnel depth. The area and magni-
tude of displacement in the water-resistant strata
increase with tunnel depth. The distribution area of
water and hydraulic fractures obviously increase with
the increase of tunnel depth. The larger the tunnel
depth, the greater the scale and coalescence of frac-
tures formed and the more likely the water inrush
to occur in a short time. The stability of water-

resistant strata decreases on the whole with the
growth of tunnel depth

(3) No matter what the value of lateral pressure coeffi-
cient is, the seepage pressure of nl~n3 measuring
points always reach a stable value which is close to
the karst water pressure and those of n4~n9 reaches
a relatively stable lower value. The vertical displace-
ment decrease with the increase of lateral pressure
coefficient. The larger lateral pressure coefficient
raises the critical water pressure. The increase of
lateral pressure coefficient can restrain the fracture
development and strengthen stability. The fracture
state is different under the different lateral pressure
coefficients

(4) The research results of this article by numerical
simulation are highly consistent with the achieve-
ments obtained utilizing model tests. Tunnel depth
amplifies the effect of karst water pressure p, and
lateral pressure coefficient weakens the influence of
p. Stability analysis based on energy properties can
be the important method to analyse and characterize
the disaster process and condition of the water-
resistant strata. In view of the important influence
on the stability of water-resistant strata, the pros
and cons aspects of karst water pressure and water-
resistant performance are the key to control and
prevent water inrush in karst tunnel
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