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When building tunnels in karst areas, the hidden high-pressure water-bearing karst caves are prone to cause geological disasters
such as water inrush and mud gushing. In order to study the disaster process of water and mud resistant rock mass with the quasi-
masonry structure and the accompanying catastrophe information of water inrush in karst tunnels by the drilling and blasting
method, a new method based on the DEM and fctitious joint technology is adopted to simulate the evolution process of water
inrush and study the evolutionary characteristics of catastrophe information like seepage pressure and displacement under the
conditions of diferent joint inclination angles, tunnel depths, and thickness of the water and mud resistant rock mass. Te
research results show that (1) the seepage pressure and displacement in the water and mud resistant rock mass decrease and
increase respectively along the water and mud resistant rock mass from top to bottom in the process of water inrush. (2) Te
displacement and seepage pressure in the water and mud-resistant rock mass increases with the increase of the joint inclination
angle.Te greater the tunnel depth and thickness of the water andmud-resistant rockmass, the faster the propagation speed of the
fssure zone. (3) With the increase of the water and mud-resistant rock mass thickness, the failure mode of the tunnel outburst
layer structure gradually changes from the overall collapse to the partial collapse of the vault to form a relatively stable slump arch.
Te research results can provide some guidance for tunnel construction in the karst tunnel.

1. Introduction

Karst geomorphology accounts for about 15% of the global
area and is one of the most frequent adverse geological in the
construction of underground transportation, water con-
servancy tunnels, and mine roadways and it is also a thorny
problem faced by the world’s engineers [1, 2]. As an im-
portant part of the trafc road network, tunnel projects often
encounter various karst geological disasters during the
construction of karst areas due to complex engineering
geology and hydrogeology, development of karst disaster-
causing structures, and active groundwater. Te water in-
rush is one of the most common and extremely destructive
geological disasters [3, 4]. Hundreds of water inrush acci-
dents have occurred in China during the past few years,
which have caused serious economic loss, engineer

casualties, and environmental disruption [5–11] (see Fig-
ure 1). During the construction of the Maluqing tunnel of
the Yichang-Wanzhou railway, 19 serious water and mud
inrush disasters occurred one after another, and the in-
stantaneous water inrush reached the highest level of railway
construction in the world. Only two extraordinarily serious
disasters occurred on January 21, 2006, and April 11, 2008,
resulting in 15 deaths [12]. During the construction of the
Yesanguan Tunnel, there was a sudden infux of water and
mud, and the water infow was about 5×104m3/h. Te
disaster-caused 52 constructors to be trapped, many pieces
of equipment washed, and 10 people dead [12]. When the
construction mileage of the Telmo Tunnel for the Chengdu-
Kunming railway capacity expansion and reconstruction
project reached DK274 + 580, several water inrush disasters
occurred on the tunnel face, which caused project shutdown
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and delay [13]. Te main reason for the above disasters is
that the research on the water inrush mechanism in karst
tunnels drops behind the development of production
practice. Terefore, it is of great signifcance to carry out
relevant research about the evolution process and catas-
trophe evolution information characteristics of water inrush
for prevention and control of water inrush in karst tunnel.

Water inrush in karst tunnels is a destabilizing process of
outburst-proof rock mass under the coupled infuence of
multiple factors and is conditions and triggered by exca-
vation disturbance. At present, many scholars have done a
lot of research on the mechanism and the information
characteristics of water inrush through theoretical analysis,
model tests, and numerical simulation. In the feld of the-
oretical analysis, Li et al. [14] deduced the critical water
pressure of cracks that occurred through compression shear
expansion failure under the action of explosion stress waves.
Xu et al. [15] used slice synthetic and elastic mechanics
theory to analyze the mechanical properties of flled karst
caves located at the top, bottom, and sides of the tunnel and
deduced the minimum safe thickness formula of water and
mud resistant rock mass. Fu et al. [16] deduced the formula
for calculating the minimum safe thickness of the karst cave
below the excavation tunnel. Guo et al. [17] used a theo-
retical analysis method to study the stability of the outburst
prevention rock mass between the tunnel and the latent
cavity. Te above instability criterion based on theoretical
analysis can only be used to judge the rock stability in the
fnal stage of the water inrush of karst tunnels. Te water
inrush in a tunnel involves crack initiation, expansion, and
penetration, which is a highly nonlinear problem in
mathematics. Te model test can accurately simulate the

rupture and instability processes of the outburst-preventing
rockmass and truly reproduce the evolution process of water
inrush. In the feld of themodel test, Li et al. [18] conducted a
model test to discuss the infuence of in-situ stress, water
pressure, and the thickness of water and mud-resistant rock
mass on the water inrush in karst tunnels. Kirsch [19] and
Idinger et al. [20] studied the stability of tunnel faces through
physical model tests. Huang et al. [21] carried out a model
test to study the infuence of excavation disturbance and
aquifer thickness on the seepage failure of the intact water
and mud-resistant rock mass. Due to the limitation of
measuring elements number and their function, it is im-
possible to obtain enough macro information about the
water inrush and it is also unable to grasp the meson in-
formation such as crack initiation, crack propagation, and
the complex interaction process between water and rock.
While the numerical simulation method could solve the
above problems, and it has the function of visualizing the
rupture process of outburst-proof rock.

At present, many scholars have used the numerical
simulation method to study water inrush. Liu et al. [22] used
the fnite diference numerical calculation program to an-
alyze the evolution law of the plastic zone, displacement
feld, and seepage feld of the rock mass when the tunnel
excavation approached the upper and lower lateral karst
pipes. Zhao et al. [23] used the fnite element numerical
calculation method to study the infuence of cavity sizes and
the distances between the cavity at the top and the tunnel on
the stability of surrounding rock. Qin et al. [24] used
FLAC3D to analyze the distribution of releasable elastic
strain energy and failure zone under diferent hidden cave
widths. Lei [25] used a three-dimensional fnite diference
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Figure 1: Te typical water inrush accidents of karst tunnels and their efects in China.
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program to simulate and analyze the infuence of a water-
flled hidden cave at the top on the stability of surrounding
rock and established a mathematical model for predicting
the minimum safe thickness between the cave and the tunnel
through multiple regression analysis. Most of the above
numerical simulations regard the outburst-proof rock as a
porous continuous medium and do not consider the impact
of tunnel blasting excavation. It also cannot simulate the
formation, expansion, and penetration process of the
seepage channel and the collapse process of surrounding
rock. Te discrete element method has obvious advantages
in simulating the fracture process of rock mass, and it has
been widely used in the feld of civil engineering.

In view of this, this paper uses a new method based on
the DEM considering the structural characteristics of water
and mud resistant rock mass and explosive load in drilling
and blasting method. Tis method is employed to simulate
the process of water inrush in karst tunnel and reveals the
infuence law of joint dip angle, tunnel depth, and the
thickness of water and mud resistant rock mass on the
catastrophe characteristics of water inrush in karst tunnel.
Moreover, the evolution characteristics of catastrophe in-
formation, including water pressure and displacement, were
analyzed.Te research results had great signifcance for early
warning and prevention of water inrush in karst tunnel.

2. The Fluid-Structure Interaction Theory and
Calculation Model Based on DEM

2.1. Numerical Solution Method

2.1.1. Motion Equation of Deformed Block. In the discrete
element, the rock mass is divided into multiple deformable
blocks by joints, and the deformable block is discretized into
multiple constant-strain triangular elements by the grid, and
the movement and deformation of the entire rock mass are
refected by the movement of the cell points [26].

(1) Te equation of motion at cell point i:

μi �
 fi + fp + fb
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where μi is the displacement of the cell point; m is the
concentrated mass assigned to the cell point; gi is the ac-
celeration of gravity;M is the number of elements connected
to node I; N is the number of element nodes; nk

j is the unit
normal vector of the k-th edge in the element; Δlk is the
length of the k-th edge in the element; d is the thickness of
the element; Δsk is the element area; σij is the element stress;
fc

i is the contact force between the blocks. fp is the water
pressure; fb is the blasting load; ρ is the medium density; vn

is the longitudinal wave velocity; Cp is the normal velocity of

the input particle; K is bulk modulus; and G is the shear
modulus.

2.1.2. Laws of Fluid Motion. Assuming that the joints and
fssures are smooth walls, the fuid fow in the joints and
fssures follows Darcy’s law [27]:

qi � −k p − ρfxfgi , (3)

where k is the rock mobility coefcient; ρf is the fuid
density; gi is the components of the gravity vector.

2.1.3. Simulation Principle of Fracture Seepage

(1) Infuence of Stress Field on Seepage Field. Discrete element
numerical analysis can analyze the fow of fuid in the fs-
sures of the impermeable block system. It is assumed that in
the process of fuid fowing in the fssures, the rockmass is an
impermeable material, and the fuid afects the displacement
of the rockmass and changes the normal displacement of the
block, thereby afecting the joint width afects the perme-
ability of the jointed rock mass, namely [27]:

a � a0 + μn. (4)

(2) Infuence of Seepage Field on Stress Field. Te change of
the pressure of the fuid in the joint on the joint wall causes
the change in the stress state of the rock mass, and fnally
afects the deformation of the fractured rock mass. Te
osmotic pressure increase caused by the confuence of the
fuid at a point is [27]:

Δq �
kw

V
(QΔt − ΔV), (5)

where kw is the bulk modulus of the fuid; Q is the total fow
of the fuid entering the node; ∆V is the volume change.
After deformation, the fuid penetration pressure and
penetration force (see Figure 2) are as follows:

p � p0 + kwQ
Δt
V

− kw

ΔV
Vm

, (6)

Fi � pniL, (7)

where Fi is the seepage force of the joint and fssure; L is the
length of the joint and fssure; and Vm is the mean volume.
Substitute formula (7) into the fi in formula (2), the dis-
placement of the grid point under the infuence of seepage
pressure can be calculated, and the efect of the seepage
pressure on the stress can be calculated.

2.2. Computation Model of Discrete Element Numerical

2.2.1. Water and Mud Resistant Rock Mass with the Quasi-
Masonry Structure. Te karst geological conditions are
extremely complex. However, most of the existing numerical
simulations assume that the karst strata are continuous
homogeneous materials, and the infuence of blasting,
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excavation disturbance, structural characteristics of rock
mass, and discontinuous surfaces such as bedding, joints,
and fssures are ignored [3, 4, 28, 29]. In fact, the rock in
karst strata has an obvious bedding structure such as foliated
rock, and there is a set of joints orthogonal to the bedding, as
shown in Figure 3. Te left side of Figure 3 shows the
structural characteristics of limestone in the karst area and
the spatial relationship between karst water cavities and
tunnels. Te right side of Figure 3 is a schematic diagram of
the water inrush disaster process of the karst tunnel under
the disturbance of blasting excavation. As shown in Figure 3,
the process of water inrush disaster is the result of the
initiation, expansion, and penetration of the initial dis-
continuity under the combined action of blasting excavation
and karst water pressure. Moreover, most of the existing
studies simplify the karst shape into circular (two-dimen-
sional) or spherical (three-dimensional) holes, which are far
from the actual karst shape. So, in order to better simulate
and analyze the dynamic evolution process of information
characteristics, this paper uses the discrete element software
that can consider the blasting excavation efect and crack
development, simplify the karst cavity into an ellipse, and
perform a series of numerical simulations about karst tunnel
water inrush implements.

2.2.2. Numerical Model and Boundary Conditions. Te
calculation size of the model is 80m× 80m, the cross-sec-
tion of the tunnel is a three-centered circle, the height of the
tunnel is 9.5m, the tunnel span is 8.5m, and the tunnel
depth is 500m. Te hidden cavity above the tunnel is
simplifed to an ellipse with a 20m long axis and a 12m short
axis, and the thickness of the outburst prevention layer
between the tunnel and the cavity is 3m.Te thickness of the
layered rock mass is 1m, with a total of 80 layers (as shown
in Figure 4).

According to the tunnel depth, the weight of the
overlying rock is converted into a vertical uniform load and
applied to the top boundary of the model. Te left, right, and
upper boundaries of themodel are stress boundaries, and the
values are kq0 + ch, kq0 + ch, and kq0, respectively. Te
bottom boundaries of the model are set as fxed boundaries.
Te karst water pressure is 1MPa and the lateral pressure
coefcient (k) is 1.2, as shown in Figure 5. Te mechanical
properties of the numerical model are determined by the
mechanical parameters of the blocks and the mechanical
properties of the joints between the blocks. Since the block
material is regarded as a large number of deformed
microblocks, in order to balance the accuracy of the cal-
culation. Terefore, the Mohr-Coulomb model (Te
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Figure 2: Efect of seepage pressure on stress feld. (a) Te efect of fuid on the block. (b) Increase in block seepage pressure.

Figure 3: Sketch of the quasi-masonry structure of water and mud-resistant rock mass and water inrush process. (a) Crack initiation is
induced by blasting excavation and hydraulic pressure. (b) Crack dilation in the surrounding rock. (c) Crack network and leakage. (d)Water
inrush.
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cons� 2) is used for the water and mud-resistant rock mass
in the tunnel face; the Coulomb sliding model (Te
jcons� 1) is used for the layered joints. Te mechanical
parameters of the blocks and joints in the model are shown
in Table 1. Nine measuring points were set up to obtain the
variation law of displacement and water pressure in the
water and mud-resistant rock mass under the action of
blasting excavation and high karst water pressure, as shown
in Figure 5. In the process of dynamic calculation, the model
boundary is a nonrefective boundary. According to the
research literature [30, 31], the blasting load curve is tri-
angular, and the peak value of the equivalent blasting load is
30MPa. Te load rise time is 0.009 s, and the positive
pressure action time is 0.04 s.

2.2.3. Numerical Simulation Scheme. According to the
existing research [33–35], the layered joints angle, the tunnel
depth, and the outburst prevention rock thickness have an
important impact on the stability of the surrounding rock in
karst tunnels. Terefore, this paper designs the simulation
scheme shown in Table 2 to study the infuence of these

infuencing factors on the catastrophic mechanism of water
inrush in karst tunnel.

3. Simulation Results and Discussion

3.1. Catastrophe Information ofWater Inrush in Karst Tunnel
under Diferent Joint Inclination Angles

3.1.1. Evolution Characteristics of Displacement under Dif-
ferent Joint Inclination Angles. Figure 6 is the evolution
process of the displacement values of the water and mud
resistant rock mass under the conditions that the tunnel
depth is 500m, the thickness of water andmud resistant rock
mass is 3m, and the joint inclination angles are 0°, 15°, and
30°, respectively.

Under the continuous action of blasting load, the water
and mud-resistant rock masses located at diferent joint
inclination angles have diferent degrees of displacement.
When the inclination angle of the joint is 0°, the surrounding
rock of the tunnel is in a stable state as a whole, and the
vertical displacement of the water and mud-resistant rock
mass is relatively small (At t� 7s, the displacement is
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Figure 4: Simulation calculation model. (a) θ� 0°. (b) θ� 15°. (c) θ� 30°.
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Table 1: Block and joint mechanical parameters in numerical simulation [32].

Material Unit weight Elastic bulk modulus Poisson’s ratio Friction angle Cohesion (MPa) Normal stifness Tangential stifness
Block 24 kN/m3 30GPa 0.25 35° 0.8 — —
Joint — — — 33° 0.5 180GPa/m 144GPa/m
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Table 2: Numerical calculation scheme.

Number
Infuencing factors

Joint inclination (°) Tunnel depth (m) Te thickness of water and mud-resistant rock mass (m)
1 0 500 3
2 15 500 3
3 30 500 3
4 15 200 3
5 15 500 3
6 15 800 3
7 15 500 2
8 15 500 3
9 15 500 4
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−0.34m; the negative sign indicates that the displacement is
vertically downward in the y-direction). However, as the
inclination angle of the joints increased to 15° and 30°, the
fracture degree and vertical displacement in the water and
mud-resistant rock mass increased signifcantly (At t� 7 s,
the displacements are −0.56m and −0.64m, an increase of
64.7% and 88.2%, respectively). Te reason is that the in-
crease of the inclination angle of the joints reduces the
stability of the surrounding rock. Under the combined ac-
tion of blasting and excavation disturbance and joint in-
clination, the stress stored in the surrounding rock is further
released, and the cracks in the rock stratum rapidly sprout
and expand, resulting in further expansion of the damaged
area. Especially when the inclination angle of the joint is 30°,
there are obvious blocks falling of, and the number and
connectivity of the cracks in the water and mud-resistant
rockmass increase rapidly, whichmakes the instability of the
water and mud-resistant rock mass rapidly increase.
Terefore, the higher the inclination angle of the joints, the
more unstable the water and mud resistant rock mass is, and
the more signifcant the efects of blasting load are, the more
serious the fracture of the water and mud resistant rock mass
is, the weaker the antioutburst ability, and the more prone to
water inrush in the tunnel.

Figure 7 shows the evolution process of the vertical
displacement of eachmeasuring point in the water andmud-
resistant rock mass. Comparing the vertical displacement of
each measuring point at the same joint inclination angle, it
can be seen that the displacement change values increase
signifcantly with the increase of blasting action time, and
the displacement change values of the measuring points that
are close to the tunnel excavation surface are signifcantly
higher those that of other measuring points. Taking the joint
inclination angle θ� 15° and selecting the measuring points
n7-n9 on HL3 as an example, when the blasting load action
time t� 1 s, the y-direction displacement values are
−0.025m, −0.223m, −0.179m (the negative sign indicates
that the displacement is vertically downward in the y-di-
rection); when the blasting load action time t� 5 s, the y-
direction displacements values are −0.284m, −0.489m,
−0.463m. With the continuous action of the blast stress
wave, the cracks in the water and mud-resistant rock mass

quickly initiate, expand, and penetrate each other, which
makes the displacement of the measuring point on the side
close to the tunnel profle increase signifcantly. At the same
time, the displacement of n8 on the measuring surface HL3 is
higher than that of n7 or n9, and correspondingly, the vertical
displacement growth of n3 and n5 on HL1 and HL2 is higher.
Tis shows that the degree of fragmentation at the vault of
the tunnel is relatively serious during the blasting excavation
process.

3.1.2. Evolution Characteristics of Seepage Pressure under
Diferent Joint Inclination Angles. Figure 8 shows the evo-
lution characteristics of seepage pressure value of the water
and mud resistant rock mass under diferent joint inclina-
tion angles when the tunnel depth is 500m, the thickness of
water and mud resistant rock mass is 3m. Te joint incli-
nation angles of the three columns in Figure 8 are 0°, 15°, and
30°, respectively.

It can be seen from Figure 8 that with the continuous
increase of the inclination angle of the joints, the seepage
area and the expansion degree of the cracks in the water and
mud-resistant rock mass increase signifcantly under the
continuous action of the blasting load. Before the tunnel is
excavated, a stable seepage feld has been formed near the
cavity. Te blasting and unloading of the surrounding rock
induce signifcant changes in the seepage feld, especially in
the water and mud-resistant rock mass between the cavern
and the tunnel. When the inclination angle of the joint is 0°,
under the dual action of karst water pressure and blasting
excavation disturbance, relatively few cracks are generated in
the upper and middle parts of the water and mud-resistant
rock mass, and the cracks do not extend to the tunnel vault,
and the macro water inrush channel is not formed (t� 7 s).
With the continuous increase of the inclination angle of the
joints, under the infuence of the explosion stress wave, the
seepage damage of the rockmass is gradually intensifed, and
the surrounding rock continues to have crack initiation and
expansion (θ�15°, t� 7 s). When the inclination angle of the
joint increases to 30°, the stability of the water and mud-
resistant rock mass is further reduced. Under the continuous
action of the blasting load, its internal cracks rapidly expand
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Figure 6: Evolution characteristics of displacement under diferent joint inclination angles. (a) t� 1 s, θ� 0°. (b) t� 1 s, θ� 15°. (c) t� 1 s,
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Figure 7: Evolution characteristics of displacement in the measuring points. (a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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Figure 8: Continued.
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and penetrate to form a macroscopic water inrush channel;
the rapid infow of karst water into the tunnel further de-
stabilizes the water and mud-resistant rock mass; and the
water inrush disaster occurs in the karst tunnel (t� 7 s).
Terefore, the higher the inclination angle of the rock joints
is, under the combined action of the continuous disturbance
of blasting excavation and the karst water pressure, the
primary fssures in the water and mud-resistant rock mass
are easy to develop and penetrate, thus forming the water
inrush channel.

Figure 9 shows the evolution process of seepage water
pressure at each measuring point in the water and mud-
resistant rock mass under diferent joint dip angles. Under
the dual action of blasting and excavation disturbance and
karst water pressure, the seepage pressure for each mea-
suring point in the water and mud resistant rock mass
gradually increased and showed a decreasing trend from top
to bottom along the water and mud resistant rock mass.
Since the measuring surface HL1 is close to the karst cavity,
the seepage pressures of the n1-n3 measuring points quickly
reach the karst water pressure of 1MPa (θ� 0°, 15°, and 30°).
Under the continuous action of the blasting load, the fssures
in the water and mud-resistant rock mass gradually expand
and penetrate, and the karst water gradually penetrates the
fssures under the action of hydraulic pressure. When the
seepage pressure exceeds the critical fracture pressure of the
fracture, the fracture begins to initiate and expand, and these
fractures can extend to the n1∼ n6 measuring points.
Terefore, nomatter whether the joint inclination angle is 0°,
15°, or 30°, it can be seen from Figure 8 that the seepage

pressure values of the measuring points n1∼ n6 are much
higher than the seepage pressure values of n7∼ n9 at the
bottom of the water and mud-resistant rock mass. When the
inclination of the joint is 0°, the water pressure of n4-n6 is
0.12MPa, 0.10MPa, and 0.19MPa, respectively (at t� 3 s);
When the inclination of the joint is 0°, the water pressure of
n4-n6 is 0.64MPa, 0.45MPa, 0.52MPa (at t� 3 s), respec-
tively. It shows that due to the infuence of the joint dip
angle, the surrounding rock structure is unstable and prone
to cracks, and the karst water easily penetrates into the
aquifer, which increases the seepage pressure value and
forms a wider range of seepage.

3.2. Catastrophe Information ofWater Inrush in Karst Tunnel
under Diferent Tunnel Depths

3.2.1. Evolution Characteristics of Displacement under Dif-
ferent Tunnel Depths. Figure 10 is the evolution process of
the displacement value of the water and mud resistant rock
mass under the conditions of joint inclination angle θ� 15°,
the water and mud resistant rock mass are 3m, the pressure
of karst water is 2MPa, and the depth of tunnel is 200m,
500m, and 800m, respectively.

It can be seen from Figure 10 that the water and mud-
resistant rock masses of karst tunnels in diferent burial
depths are damaged to varying degrees and have obvious
blocks falling under the disturbance of blasting excavation.
When the buried depth of the tunnel is 200m, with the
increase of blasting load action time, the stability of the water
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Figure 8: Evolution characteristics of seepage pressure under diferent joint inclination angles.(a) t� 1 s, θ� 0°. (b) t� 1 s, θ� 15°. (c) t� 1 s,
θ� 30°. (d) t� 3 s, θ� 0°. (e) t� 3 s, θ� 15°. (f ) t� 3 s, θ� 30°. (g) t� 5 s, θ� 0°. (h) t� 5 s, θ� 15°. (i) t� 5 s, θ� 30°. (j) t� 7 s, θ� 0°. (k) t�

7 s, θ� 15°. (l) t� 7 s, θ� 30°.
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and mud resistant rock mass gradually decreases, and the
rock mass at the lower part of the water and mud resistant
rock mass gradually collapses in a high area. When the
blasting time t� 7 s, the entire water and mud-resistant rock
mass is almost destroyed and some blocks fall to the bottom
of the tunnel. When the buried depth of the tunnel is 500m,
the vertical displacement of the water and mud-resistant
rock mass is relatively reduced, and the stability of the
structure is enhanced. Although some blocks fell, the scale of
the rock mass was reduced, and the water and mud-resistant
rock mass did not completely collapse. When the depth of
the tunnel was 800m, the structural stability of the aquifer
was the best. Although some of the blocks fell, the size of the
blocks and the degree of fragmentation for the water and
mud-resistant rock mass were relatively reduced. When the
blasting time t� 7 s, the remaining complete thickness of the
water and mud-resistant rock mass is the largest, and no
obvious crack channel is formed in the rock layer. Te
numerical calculation results fully show that under the
continuous action of blasting load, with the increase of
tunnel burial depth, the stability of the water and mud-
resistant rock mass and the ability to resist water inrush are
gradually enhanced.

Figure 11 shows the evolution process of the vertical
displacement of each measuring point located in the water and
mud-resistant rock mass under the condition that the tunnel
depth is 200m, 500m, and 800m, respectively. It can be seen
from Figure 11 that the vertical displacement change value and
growth rate of each measuring point are diferent at diferent
tunnel depths. When the depth of the tunnel is 200m, the
blasting action time is t� 1 s, 3 s, and 5 s, respectively, and the
maximum displacement of each measuring point is −0.26m,
−1.08m, −1.85m (the negative sign indicates that the dis-
placement is vertically downward in the y-direction), the
displacement change value is signifcantly higher than the
buried depth of 500m and 800m. Tis shows that the greater
the buried depth of the tunnel, the stronger the overall stability
of thewater andmud-resistant rockmass, which can reduce the
negative efect of blasting load on it. With the increase of
blasting action time (at t� 5 s), the vertical displacement
growth value of each measuring point on the measuring
surfaces HL1 and HL2 decreases relatively, and the changing
trend of eachmeasuring point is relatively uniform.Te vertical
displacement growth value of each measuring point on HL3 is
relatively signifcant, indicating that the blasting excavation
disturbance has a limited impact on the surrounding rock of
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Figure 9: Evolution characteristics of seepage pressure in the measuring points.(a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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Figure 10: Continued.
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the tunnel and has a greater impact on the surrounding rock
structure of the adjacent tunnel.

3.2.2. Evolution Characteristics of Seepage Pressure under
Diferent Tunnel Depths. Figure 12 shows the evolution
process of the seepage feld of the water and mud resistant

rockmass under the conditions of the karst water pressure of
2MPa, the thickness of water and mud resistant rock mass is
3m, the joint inclination angle is 15°, and the tunnel depth is
200m, 500m, and 800m, respectively.

Similar to the evolution process of the seepage feld of the
water and mud-resistant rock mass in Section 3.1.2, the karst
water gradually infltrated the vault and spandrel of the
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Figure 10: Evolution characteristics of displacement under diferent tunnel depths. (a) t� 1 s, h� 200m. (b) t� 1 s, h� 500m. (c) t� 1 s,
h� 800m. (d) t� 3 s, h� 200m. (e) t� 3 s, h� 500m. (f ) t� 3 s, h� 800m. (g) t� 5 s, h� 200m. (h) t� 5 s, h� 500m. (i) t� 5 s, h� 800m. (j)
t� 7 s, h� 200m. (k) t� 7 s, h� 500m. (l) t� 7 s, h� 800m.
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Figure 11: Evolution characteristics of displacement in the measuring points.(a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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Figure 12: Continued.
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Figure 12: Continued.
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tunnel through the fssures in the water and mud-resistant
rock mass. Due to the diference in tunnel depth, the seepage
velocity of karst fssure water and the propagation velocity of
fssures are diferent. When the buried depth of the tunnel is
200m, under the continuous action of the blasting load, the
water and mud-resistant rock mass rapidly develop and
penetrate to form an obvious water inrush channel (at
t� 1∼ 7 s). When the buried depth of the tunnel is 500m, the
development speed of cracks in the water and mud-resistant
rock mass decreases somewhat (at t� 1∼ 7 s). When the
buried depth of the tunnel is 800m, no obvious crack water
inrush channel is formed in the water and mud-resistant
rock mass (at t� 1∼ 7 s). In addition, it can be seen that the
distribution area of the seepage area for the tunnel’s sur-
rounding rock in the water and mud-resistant rock mass
decreases signifcantly with the increase of the tunnel depth.
When the blasting time t� 7 s, the degree of fracture and the
scale of water inrush in the water and mud-resistant rock
mass of the tunnel surrounding rock with a buried depth of
200m reach their maximum in the above three cases. Tis
phenomenon shows that under the combined action of
hydraulic pressure and blasting excavation disturbance, the
smaller the tunnel depth, the greater the disturbance of the
water and mud-resistant rock mass by blasting load, and the
easier it is to form higher cracks, which will speed up the
formation of water inrush channels and the occurrence of
water inrush disasters.

Figure 13 shows the evolution process of the seepage
pressure value at each measuring point of the water and
mud-resistant rock mass of karst tunnels with diferent
burial depths under blasting excavation. It can be seen from
Figure 13 that the seepage pressure values of the n1∼ n3
measuring points on the horizontal plane HL1 can reach the
karst water pressure of 2MPa in a very short time under the
conditions of diferent burial depths (h� 200m, 500m, and
800m). When the buried depth of the tunnel is 200m, the
seepage pressure values of n4-n9 measuring points in the
water and mud-resistant rock mass decrease with the in-
crease of blasting time (At t� 1 s, the measuring points of n4-
n6 are 0.74MPa, 0.58MPa, and 0.18MPa; At t� 3 s, the
measuring points of n4-n6 are 0.440MPa, 0.06MPa, and

0.05MPa; At t� 5 s, the measuring points of n4-n6 are
0.62MPa, 0.37MPa, and 0.03MPa). Te reason for this
phenomenon is that the continuous disturbance of blasting
excavation accelerates the formation of water inrush
channels in the cracks. Terefore, the water pressure at each
measuring point in the water and mud-resistant rock mass
has decreased. When the buried depth of the tunnel is 500m
and 800m respectively, the seepage pressure value at each
measuring point of HL2 and HL3 increases to varying de-
grees. Tis is because the stability of the aquifer structure
gradually increases with the increase in the buried depth of
the tunnel, and the efect of blasting excavation disturbance
is weakened. Tere is no obvious crack channel in the
aquifer, and the energy loss of karst water in the fow process
is less. Terefore, the seepage pressure values of the n4-n6
measuring points have increased.

3.3. Catastrophe Information ofWater Inrush in Karst Tunnel
under Diferent Tickness

3.3.1. Evolution Characteristics of Displacement under Dif-
ferent Tickness. Figure 14 shows the evolution process of
the displacement values of the water and mud-resistant rock
mass under the conditions of the karst water pressure is
1MPa, the inclination of the joint is 15°, the tunnel depth is
500m, and the thicknesses of water and mud-resistant rock
mass are 2m, 3m, and 4m, respectively.

Te process of water inrush disaster in the water and
mud-resistant rock mass based on the displacement values
evolution in Figure 14 is roughly similar to that in Figures 6
and 10, but due to the diferent thickness of the water and
mud-resistant rock mass, the evolution characteristics of
each displacement value are signifcantly diferent (the
negative sign indicates that the displacement is vertically
downward in the y-direction). With the increase in the
calculation time, the broken area in the water and mud-
resistant rock mass gradually expands to the upper part in
diferent thicknesses of water and mud-resistant rock mass.
When the thickness of the water and mud resistant rock
mass is 2m, the structure of the water and mud resistant
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Figure 12: Evolution characteristics of seepage pressure under diferent tunnel depths. (a) t� 1 s, h� 200m. (b) t� 1 s, h� 500m. (c) t� 1 s,
h� 800m. (d) t� 3 s, h� 200m. (e) t� 3 s, h� 500m. (f ) t� 3 s, h� 800m. (g) t� 5 s, h� 200m. (h) t� 5 s, h� 500m. (i) t� 5 s, h� 800m. (j)
t� 7 s, h� 200m. (k) t� 7 s, h� 500m. (l) t� 7 s, h� 800m.
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Figure 13: Evolution characteristics of seepage pressure in the measuring points. (a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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Figure 14: Continued.
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rockmass shows an overall layer-wise failure trend under the
action of excavation disturbance. With the continuous in-
crease of the thickness of water andmud-resistant rockmass,
the surrounding rock located within 1.5m of the tunnel vault
sufered severe damage along the way, resulting in the
formation of obvious slump arches. It can also be seen from
the calculation results in Figure 13 that when the thickness of
the water and mud-resistant rock mass is 2m, the structure
of the antioutburst rock mass undergoes signifcant dis-
placement, the entire structure is severely broken, and ob-
vious crack channels have been formed inside. When the
thickness of the water and mud resistant rock mass increases
to 3m and 4m, although some blocks fall of, the remaining
structure of the water and mud resistant rock mass is rel-
atively complete, and no obvious crack channel is formed. It
can be seen that with the continuous increase of the safety
thickness of the water and mud resistant rock mass, the
stronger the stability of the water and mud resistant rock
mass, the higher the critical water pressure when water
inrush occurs.

Figure 15 shows the evolution process of the vertical
displacement of each measuring point in diferent water and
mud-resistant rock mass thicknesses. It can be seen from the
results in Figure 15 that in the case of any thickness of the
water and mud resistant rock mass (2m, 3m, and 4m), the
y-direction displacement of the water and mud resistant
rock mass gradually increases with the increase of the
blasting load action time. And it can be seen from Figure 15
that the y-direction displacement of the antioutburst layer
gradually increases from top to bottom along its thickness.

Te thickness of the antiburst layer is 3m as an example, and
the measuring points n7, n8, and n9 are selected. When the
blasting action time t� 3.0 s, the y-direction displacements
are −0.412m, −0.557m, and −0.464m, respectively (Te
negative sign indicates that the displacement is vertically
downward in the y-direction).When the blasting action time
t� 5.0 s, the y-direction displacement is 0.896m, 1.359m,
and 0.996m, and the displacement increases downward by
117.4%, 143.9%, and 114.6%. When the thickness of the
water and mud resistant rock mass is 4m, although some
blocks at the bottom of the water and mud resistant rock
mass appear to be peeling and slipping, the vertical dis-
placement of the water and mud resistant rock mass is
relatively weakened from the perspective of the overall
structure of the water and mud resistant rock mass. No
matter how high the safety thickness is, each measuring point
on the measuring section at the bottom of the water and
mud-resistant rock mass has a high vertical displacement,
and the damage degree at the dome is relatively serious.

3.3.2. Evolution Characteristics of Seepage Pressure under
Diferent Tickness. Figure 16 shows the evolution process
of the seepage feld in the water andmud-resistant rock mass
under the diferent safety thicknesses (d� 2m, 3m, and 4m),
the karst water pressure is 1MPa, the tunnel depth is 500m,
and the inclination of the joint is 15°.

It can be seen from Figure 16 that in diferent thicknesses
of the water and mud-resistant rock mass, the process of
progressive seepage failure in the entire water and mud-
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Figure 14: Evolution characteristics of displacement under diferent thicknesses.(a) t� 1 s, d� 2m. (b) t� 1 s, d� 3m. (c) t� 1 s, d� 4m. (d)
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resistant rock mass is similar. Tat is to say, the combined
efect of karst water pressure and blasting excavation dis-
turbance causes the continuous initiation of fssures in the
water and mud-resistant rock mass, and the efect of seepage
erosion is gradually prominent, and the seepage path is
continuously adjusted with the initiation of cracks. Te
expansion and penetration of the cracks in the water and
mud-resistant rock mass will eventually lead to the failure of
seepage instability. Trough the comparative analysis of the
numerical results in Figure 16, it can be seen that the dif-
ferent thicknesses of the water and mud-resistant rock mass
have a signifcant efect on the seepage pressure and seepage
area of karst water.When the thickness of the water andmud
resistant rock mass is 2m, the fracture and fragmentation
degree of the entire water and mud resistant rock mass and
the infuence range of the seepage area are more extensive
than those when the thickness is 3m and 4m.Te numerical
calculation results show that the smaller the thickness of the
water and mud-resistant rock mass in the karst tunnel, the
weaker the stability of the water and mud-resistant rock
mass structure under the infuence of external factors, the
more serious the degree of rupture and fracture, the wider
the infuence of the seepage area, and the more likely the
tunnel will occur.

Figure 17 shows the evolution process of the seepage
pressure at diferent measuring points in diferent thick-
nesses of the water and mud-resistant rock mass. Regardless
of the thickness of the water and mud-resistant rock mass,
the fssure water in the water and mud-resistant rock mass
can always penetrate to the n1∼ n3 measuring points under
the action of karst water pressure, and the seepage pressure
value is stable at about 1MPa. When the thickness of the
water and mud-resistant rock mass is 2m, the seepage
pressure values of measuring points are signifcantly higher
than those of other thicknesses. Tis is because when the
thickness is 2m, with the increase in calculation time, the
rock mass structure in the water and mud-resistant rock
mass is cracked under the action of karst water pressure, and
the karst water gradually seeps and migrates along the crack
channel. At t� 5 s, the karst water has covered the entire
water and mud-resistant rock mass, and the karst water
inrush channel is completely connected.Terefore, the water
pressure value of each measuring point is relatively high
when the thickness of the water andmud-resistant rockmass
is 2m. When the thickness is 3m or 4m, due to the increase
in the safety thickness of the water and mud-resistant rock
mass, the stability of the entire structure is signifcantly
enhanced. During the numerical calculation process, the

1 2 3 4 5 6 7 8 9

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

V
er

tic
al

 d
isp

la
ce

m
en

t v
al

ue
s (

m
)

Measuring points number

d = 2 m
d = 3 m
d = 4 m

(a)

1 2 3 4 5 6 7 8 9

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Measuring points number

V
er

tic
al

 d
isp

la
ce

m
en

t v
al

ue
s (

m
)

d = 2 m
d = 3 m
d = 4 m

(b)

1 2 3 4 5 6 7 8 9

-2.00

-1.75

-1.50

-1.25

-1.00

-0.75

-0.50

-0.25

0.00

Measuring points number

V
er

tic
al

 d
isp

la
ce

m
en

t v
al

ue
s (

m
)

d = 2 m
d = 3 m
d = 4 m

(c)

Figure 15: Evolution characteristics of displacement in the measuring points. (a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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Figure 16: Continued.
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Figure 16: Evolution characteristics of seepage pressure under diferent thicknesses. (a) t� 1 s, d� 2m. (b) t� 1 s, d� 3m. (c) t� 1 s, d� 4m.
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water inrush channel is not completely formed, the water
and mud resistant rock masses are relatively complete, and
the water inrush resistance is stronger.

4. Conclusions

To investigate the evolution characteristics of catastrophe
information in the water inrush under diferent conditions
of joint dip angle, tunnel depth, and thickness of water and
mud-resistant rock mass, a series of numerical simulation
analyses based on DEM were conducted. Some conclusions
can be drawn from the following:

(1) As the inclination angle of the joint increases, the
vertical displacement value of each measuring point
increases signifcantly, and the fracture area, fracture
degree, and seepage pressure of the aquifer also
increase rapidly. Te seepage pressure of measuring
points in the water and mud-resistant rock mass
increases with the increase in the inclination angle of
the joint. Te seepage pressure values of diferent
measuring points showed a decreasing trend from
HL1 to HL3.

(2) Te area and magnitude of the water and mud-re-
sistant rock mass displacement decrease with in-
creasing tunnel depth. Te seepage velocity and
fracture propagation velocity of karst water vary
greatly with the tunnel burial depth. As the depth of
the tunnel increases, the distribution area of water
cracks and hydraulic cracks decreases signifcantly,
and water inrush is less likely to occur.

(3) With the increase of the water and mud-resistant
rock mass thickness, the failure mode of the
tunnel outburst layer structure gradually changes
from the overall collapse to the partial collapse of
the vault to form a relatively stable slump arch.
Te greater the thickness of the water and mud-
resistant rock mass, the higher the critical water
pressure for failure and instability, and the
stronger the antioutburst ability.

Data Availability

Te data used to support the fndings of this study are
available from the corresponding author upon request.
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Figure 17: Evolution characteristics of seepage pressure in the measuring points. (a) t� 1 s. (b) t� 3 s. (c) t� 5 s.
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