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,e present paper aims to study the mechanical mechanism and characteristics of water irruption from Karst cave. Combining the
nonlinear seepage-pipe coupling model with the strength reduction method, the linkage analysis of fluid solid coupling and
strength reduction method are constructed to study the whole process of confined Karst cave water inrush. Taking the water
inrush accident of Shibaijing of the Qiyi mine in south China as an example, the instability mechanism of the water-proof rock
pillar and evolution of water inrush are discussed. It is suggested that water discharge on the working face augments with the
increase in the reduction factor of the water-proof rock pillar before the rock pillar loses its stability. Once the rock pillar becomes
unstable, Karst water bursts from confined Karst cave in a pipe flow shape, and the water irruption quantity reaches the peak value
in a short time by adopting the pipe flow to simulate and then decreases slowly. ,e hydraulic rough flow at the initial stage
changes into pipe laminar flow finally in the process of Karst water inrush, due to the constraint of Karst cave water reserve. ,e
conception for the safety factor of the water-proof rock pillar introduced, the relation of the safety factor, Karst cave water
pressure, and thickness of the water-proof rock pillar are studied. It is proposed that thickness of the water-proof rock pillar whose
safety factor equals 1.5 is regarded as the calculating safety thickness of the water-proof rock pillar, and the safety thickness of the
water-proof rock pillar setting in mining engineering should be equal to the sum of the blasthole depth, blasting disturbance
depth, and the calculating safety thickness. ,e reason leading to Karst water inrush of Qiyi Mine is that without advanced
boreholes, the water-proof rock pillar is set so small that it could not possess safety margin, so the confined Karst cave water breaks
the water-proof rock pillar and bursts out. Combining the solid fluid coupling theory, pipe flow theory, and strength reduction
method, the nonlinear mechanical response of confined Karst cave water inrush is studied, which provides a new studymethod for
the whole process of confined Karst cave water inrush.

1. Introduction

China owns many types of coal-bearing basins and has large
amounts of coal resources. ,e stress and hydrogeological
conditions are extremely complex during deep mining, and
especially, one of the main challenges associated to deep
mining is the increased water pressure. ,e coal production
reached 3,700 million tons in 2012. Water inrush into coal
mines is regarded as a serious detriment to mining safety. In
China, there have been thousands of casualties in ground-
water-related coal mine accidents since 2000. Among un-
derground engineering accidents, including water rush

[1–4], gas explosion [5], rock burst [6–8], and time-de-
pendent large deformation [8–10], the groundwater inrush
in coal mines is second only to gas explosion in causing
catastrophic accidents according to government statistics
(State Administration of Coal Mine Safety 2008). Mining
depths and mining intensity have increased, causing the
encountered hydrogeological conditions to become more
complicated. Water inrush threatens mine safety and coal
mine productivity [11, 12]. Geological settings and hydro-
geological conditions of the coalfields in China are very
complicated. ,e coalfields in north China are typical
permian-Carboniferous coalfields. Many coal seams lie
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above the Ordovician limestone which is a highly permeable
confined aquifer. Because of the potential impacts of the
confined water in the Ordovician limestone on the mining
activities, the coal seams, accounting for 37% of the total
reserve, are listed as prospective reserves in north China
[11, 12].

,e coalfields in south China locally occurred in late
permian. Figure 1 shows the representative stratigraphic
column of the region [13]. ,e main minable coal layer lies
in the late permian Longtan Formation. ,e overall coal
products of this region account for a small part of the na-
tional total coal production. Hydrogeologically, south China
is in humid region and dominated by modern Karst terrains.
Coal excavation from late permian Longtan formation is
seriously threatened by lower Maokou Karst aquifer and
upper Changxing Karst aquifer. All the times, the key issue
in south China is to prevent late permian Karst water
bursting.

,e Karst groundwater is mainly of the dissolved-cavern
type and Karst-fissure type and usually forms the compli-
cated systems of Karst fissures, dissolved cavern pipes, and
Karst caves in south district [14]. ,e distribution and
structure of underground water system are obviously of
inhomogeneity, and this brings the anisotropism that the
underground hydrodynamic force is connected. Although
the Ordovician limestone in north and the Maokou lime-
stone in south are both aquifers, there exist great differences
between them. In north, its Karst underground is mainly of
the Karst-fissure water-bearing type. Its hydraulic slope is
rather soft, belonging to unified confined water-logged
strata, and once the water is exposed, serious water inrush
accidents happen, giving rise to the decline of water level of
aquifer [15]. As for the southern area, particularly in the
Songzao Mine Area in Chongqing city, Doulishan Mine
Area in Hunan province, and the north area of Guizhou
province, water filling Karst caves generally exist in the
Maokou limestone; moreover, the horizontal hydraulic re-
lation among Karst caves is weak and relative independence,
which cannot form unified aquifer system [16–19]. With
regard to the Maokou limestone of the basement in southern
coalfield, its inhomogeneity of karst development in space
distribution is found. When Karst is least developed,
Maokou limestone strata can be seen as a relative imper-
meable layer. So, Maokou limestone strata can be fully
utilized by adopting a scientific method. At present, de-
velopment roadways are arranged in Maokou limestone
strata in many southern coalfields, such as Xingwujing mine
of Nantong Company in Guizhou province, Shipingyi mine
of South Sichuan Coal Industry, Meitanba mine in Hunan
Province, Huayingshan mine of Chongqing city, and so on
[14, 18, 19]. While the Karst cave development area is the
major hidden trouble for mine water inrush, Karst cave
water inrush is seen as one of the coal mine flood accidents
in south China, which generated to a large amount of
economic loss, such as the “4·16” accident happened in the
Qiyi mine of Hunan Province in 2003 (17 people died),
“9.28” Karst cave water inrush accident happened in the
Xinmao mine of Hunan Province in 2010, and “12.12” Karst
cave water bursting in the Tianchi mine of Guizhou Province

in 2004 (21 deaths and 15 missing), which were typical Karst
cave water inrush accidents in late Permian Maokou
limestone.

,e rock strata between the working face and Karst cave
act as a geological barrier that prevents Karst cave water
from invading into the roadways. ,e effectiveness of the
geological barrier depends on its thickness, lithology, and
integrity [20, 21]. Water inrushes are likely to occur when
the geological barrier is too thin to withhold the pressure of
Karst cave water. In a Karst mine, the main technique for
controlling water inrush is to leave a sufficient thickness of
the water-proof rock pillar. While the calculating method
about safety thickness of rock pillar setting for confined
Karst cave is not given in regulations of mine water control
of China [22], a study on stability of the water-proof rock
pillar and its safety thickness is of great significance for
controlling Karst water inrush in a mine. In order to do so, it
is of vital importance to study strata failure characteristics
and hydraulic conductivity changes due to mining and
thereafter find a way to predict and prevent water inrushes.
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Figure 1: ,e representative stratigraphic column of the coalfields
in south China.
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Various research studies have been conducted in this area
[23–26]; however, the mechanism of water inrushes is still
not well-understood. In this paper, linkage analysis between
solid-fluid coupling and the strength reduction method
based on flow state conversion theory is adopted to discuss
the stability of the water-proof rock pillar. Meanwhile, the
concept of safety factor of the water-proof rock pillar in-
troduced, and the safety thickness of the water- proof rock
pillar setting in mining engineering is proposed.

2. Solid-FluidCouplingMechanismofConfined
Karst Water Inrush

When a confined Karst cave is concealed before a roadway,
disturbance stress evokes the sharp change of stress field and
seepage field of surrounding rocks. ,ere would be strong
coupling effect in the surrounding rock mass between the
Karst cave and working face. ,is kind of coupling effect is
shown as follows: (1) the action of a high hydraulic gradient
(high seepage stress) on the surrounding rocks results in the
change of stress field; (2) also, due to mining-induced fis-
sures in the surrounding rocks under high hydraulic pres-
sure and disturbance stress field, the hydraulic conductivity
of the surrounding rocks augments greatly. ,e schematic
diagram for a water-proof rock pillar is shown in Figure 2.
From the angle of rock mass fluid mechanics, under dis-
turbance stress and high hydraulic pressure, confined Karst
cave water inrush can be considered as a catastrophic in-
stability of the water-proof rock pillar between the Karst cave
and working face, accompanying with Karst cave water
inrush.

2.1. Elastic-Plastic Analysis for a Water-Proof Rock Pillar of a
Confined Karst Cave. Constitutive relation of elastic-plastic
mechanics for rock mass under coupling effect of stress field
and seepage field can be denoted as

σij,j + Fi +(αp),j � 0, (1)

where (αp),j is equivalent volumetric stress acting on the
water-proof rock pillar, which reflects the coupling effect of
seepage field on stress field.

Yield criterion is the Mohr–Coulomb Criterion, and the
shear failure criterion is represented as

f
s

� σ1 − σ3
1 + sinϕ
1 − sinϕ

+ 2c

�������
1 + sinϕ
1 − sinϕ



� 0. (2)

,e tensile failure criterion is that

f
t

� σt − σ3 � 0, (3)

where σ1 is the first effective principal stress, σ3 is the third
effective principal stress, ϕ is the internal friction angle of the
rock mass, c is the cohesion, and σt is the tensile strength.

2.2. Nonlinear Seepage-Pipe Flow Coupling Based on Flow
State Conversion 3eory. ,e essence of Karst cave water
inrush is the instability of the water-proof rock pillar. When
the rock pillar is unstable, the flow discharge of working face

is in the form of seepage and small-scale water flow. Once
the water-proof rock pillar becomes unstable, the water in
the confined Karst cave bursts in the form of pipe flow.

2.2.1. Water-Proof Rock Pillar Instability. When the elastic-
plastic calculation for the water-proof rock pillar is con-
vergence, the water inflow form is hydraulic seepage, and the
differential control equation for seepage analysis of the
surrounding rocks is represented as

zp

zt
� − us

z

zxi

k(Θ, p)
zp

zxj

 , (4)

where p is the seepage pressure, k(Θ, p) is the hydraulic
conductivity, and us is the storage coefficient.

,e influence of seepage pressure and stress field on the
hydraulic conductivity can be presented as [27, 28]

k(Θ, p) � ξ k0e
− (Θ/3− βp)

, (5)

where k0 is the initial value of the hydraulic conductivity,
k(Θ, p) is the hydraulic conductivity by means of coupling
analysis, Θ � σ1 + σ2 + σ3 is the volumetric stress, ξ is the
sudden jump coefficient of the hydraulic conductivity, and β
is the coefficient.

In coupling analysis, for elastic units, the hydraulic
conductivity is looked as the negative exponential function
of the volumetric stress. In equation (5), ξ is 1.0 and β is 0.5.

For plastic yielding units, the hydraulic conductivity
enhances greatly. ,e sudden jump coefficient of the hy-
draulic conductivity enhances obviously. In equation (5), ξ is
1000 and β is 1.0.

Equation (5) reflects the coupling effect of rock mass
stress field on seepage field. Particularly, the strong coupling
effect of plastic units on seepage field is reflected.

2.2.2. Water-Proof Rock Pillar Instability. When the elastic-
plastic calculation has no convergence, the water-proof rock
pillar is unstable, and Karst cave water bursts out to the
roadway; the governing law for water inrush was studied by
using the pipe flow model.

Nonlinear pipe flow is a complex problem educed from
the Darcy–Weisbach equation:

Face Rock
pillar

Strong fluid-solid
coupling effcct region

Karst
cave

region

Figure 2: ,e schematic diagram for a water-proof rock pillar.
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ΔH � f
l

d

u2

2g
, (6)

where ΔH is the head loss, f is the friction factor of head
loss, l is the length of the pipe, d is the inside diameter of the
pipe, u is the mean flow velocity in the pipe, and g is the
acceleration due to gravity.

,e Reynolds number, Re, in the process of water inrush
is represented as

Re �
ρvd

μ
, (7)

where ρ is the density of water, v is water velocity in the water
inrush channel, and μ is the dynamic viscosity of water.

Based on Nikuradse’s experimental curves, when
Re> 100000, f is related to relative roughness of the pipe
wall, but it is independent of Re; under this situation, head
loss ΔH has direct ratio relations with u2, namely, “the
hydraulic rough region”, and the following equation can be
attained by using the Von Karman equation:

f �
1

[1.74 + 2lg(2Δ/d)]2
, (8)

where Δ is the roughness of the roadway.
When Re< 2300, the friction factor of head loss can be

obtained by the Hagen–poiseuille equation:

f �
64
Re

. (9)

In this case, ΔH has a direct ratio relation with u, be-
longing to “the laminar region”.

When 2300≤Re≤ 100000, the friction factor of head loss
can be obtained by the Blasius equation:

f �
0.326
Re0.25. (10)

In this case, ΔH has a direct ratio relation with u1.75,
belonging to “the hydraulic smooth region”.

During the process of Karst water inrush, flow velocity is
fast at the initial water inrush, the diameter of water-burst
channel is big, and the Reynolds number, Re, is much more
than 100000 in the process of initial water inrush. So, the
initial water inrush belongs to the hydraulic rough region.
With the development of water inrush, the Karst cave water
pressure drops off due to the limit of aquifers reserve in the
Karst cave, and flow velocity in the roadway will become
slower, the water flow in the roadway will transform from
“the hydraulic rough region” into “the hydraulic smooth
region” or even “the laminar region” .

With regard to a noncircular roadway, the equivalent
diameter of the roadway is used which can be denoted as

d �
4S

U
, (11)

where S is water-carrying section areas and U is the wetted
perimeter.

If T � the porosity of pipe flow n � 1, then V � u

equation (6) can be expressed as follows [25, 26]:

V �
2g d

fV
J �

8gS

fVU
J. (12)

Comparing equation (12) with the Darcy law, the
equivalent hydraulic conductivity of pipe flow is defined as
follows:

KL �
8gS

fVU
. (13)

When the pipe flow is in the turbulent state, the flow law
of pipe flow can be expressed to the nonlinear Darcy’s law
by substituting the equivalent hydraulic conductivity KLfor
k(Θ, p) in equation (4).

If water flow is in the laminar state, the equivalent
hydraulic conductivity KL transforms into the true hydraulic
conductivity KL1 by submitting equations (9) into (13):

KL1 �
d2ρg

32μ
�

S2ρg

2U2μ
. (14)

,e conception of equivalent hydraulic conductivity KL

is introduced to equation.(4), and laminar region and tur-
bulent region in the roadway are expressed with a unified
law:

zp

zt
� − us

z

zxi

k
zp

zxj

 , (15)

where the hydraulic conductivity of water-proof rock pillar
instability is k � ξk0e

− (Θ/3− βp), while for an unstable water-
proof rock pillar, equivalent hydraulic conductivity KL

which is considered to the hydraulic conductivity k in
equation (15) is adopted to describe pipe flow in the
roadway.

2.3. Solid-Fluid Coupling ProgramDesigning. ,e solid-fluid
coupling analysis for confined Karst water inrush in a mine
is conducted by the indirect coupling method. Firstly, the
elastic-plastic stress field is calculated when time is ti, then
the hydraulic conductivity of surrounding rocks is obtained
by using equations (5)–(14), which is delivered to seepage
field calculation module, and then the coupling of stress field
to seepage field is implemented. Secondly, the seepage
volumetric stress obtained in seepage field acts on elastic-
plastic stress calculation units, and then the coupling of
seepage field to stress field can be implemented. ,e cal-
culation does not stop until reaching desired calculation
time.

If the calculation has no convergence, Karst cave water
inrush occurs and forms pipe flow, and the equivalent
hydraulic conductivity KL of pipe flow is gained by FISH in
FLAC3D based on equations (13) and (14).

Based on the thought of program development given
above, combining nonlinear seepage flow and pipe flow, the
solid-fluid coupling analysis program is successfully con-
ducted in FLAC3D.,is program is composed of three parts:
an elastic-plastic stress calculation module, seepage calcu-
lation module, and coupling analysis module. ,e program
flow chart is shown in Figure 2.
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,e indirect coupling analysis method developed by
FLAC3D, of which merits are the fact that the coupling
parameters (for example, the hydraulic conductivity and
seepage volumetric stress) evolve with the time steps, the
coupling message of every subcoupling system (subseepage
system and elastic-plastic stress system) can be delivered
accurately with time steps.

As for pipe flow, the corresponding equation is selected
to calculate equivalent hydraulic conductivity KL, based on
the Reynolds number, Re. From the analysis mentioned
above, pipe flow of water inrush is not only considered to
have great “permeability” but also its equivalent hydraulic
conductivity varies with the Reynolds number, Re, and it is
not a constant. However, node flow rates are unknown
numbers in the first time step; thus, the solving has to be
carried out by an iterative method. Owing to the fact that
initial Karst cave water inrush belongs to the turbulent rough
region, KL is assumed to be the equivalent hydraulic con-
ductivity of the hydraulic rough region. ,rough the given
initial velocity of fluid flow Vin, roughness Δ of water inrush
channel (roadway), water-carrying section areas S, and
wetted perimeter U of the roadway, the equivalent hydraulic
conductivity KL is firstly gained. Water pressure p and flow
velocity Vof calculating elements are obtained by FLAC3D.
,en, the Reynolds number, Re, dependent of velocity
Vobtained by FLAC3D is used to judge the laminar region or
turbulent region. ,e friction factor of head loss f is cal-
culated based on Reynolds number, Re. ,en, the equivalent
hydraulic conductivity KL for the next step is determined by
using equation (13). By the method given above, the
equivalent hydraulic conductivity KL evolves with the cal-
culation time step as shown in Figure 3.

2.4. Linkage Analysis Between Solid-Fluid Coupling and the
Strength Reduction Method. ,e basic principle of the
strength reduction method is that shear parameters
c and tanφ are divided by reduction factor Fi, and a new
group of value c′,φ′ is obtained, which is served as new
calculation parameters [29, 30]:

c′ �
c

Fi

, (16)

φ′ � arctan (tanφ/F)i. (17)

In the strength reduction method for stability of a water-
proof rock pillar, the shear parameters candtanφ of the rock
pillar do not reduce continuously until critical state.

Combing the solid-fluid coupling model and strength
reduction method, the linkage analysis model between solid-
fluid coupling and strength reduction method for confined
Karst cave water inrush was established. ,e process of
realization is illustrated in Figure 4.

It is noted that although the instability of water-proof
rock pillar is also related with the time-dependent failure,
tensile failure, and crack coalescence process of water-proof
rock pillar [31–34], in this study, the plastic coalescence
failure of the water-proof rock pillar is considered based on
the strength reduction method.

3. Case Analysis

3.1. Water Inrush Accident. An example of the accident of
confined Karst cave water inrush in the Qiyi mine in Hunan
Province was studied in this paper. Karst cave water inrush
happened on the heading face in the Qiyi mine with − 160m
level, which was a typical example of water bursting from
confined Karst cave. ,e hydrological condition of the mine
is very complex. Maokou limestone strata which is a con-
fined aquifer under lies in coalseam 2. Karst caves inMaokou
limestone strata always exist in the shape of moniliform
structures, whose volumes are in state of half filling or full
filling. However, water flow in Maokou limestone strata is
less, and the Maokou limestone is a hard substance where
Karst structures are less developed. ,e heading face with
− 160m level is in No.23 mining area located in Maokou
limestone strata. On 16th April 2003, at 8 am∼19 pm, Karst
cave water poured into the heading face. On 16th April at
8 am, the water-proof rock pillar between the working face
and confined Karst cave could not withstand the water
pressure in the Karst cave, and so the water-proof rock pillar
was broken at the length. A loud sound that was heard when
the water inrush occurred indicated a sudden fracturing of
the rock pillar and a sudden releasing of deep groundwater
pressure with abundant of water burst from Karst cave all of
sudden. ,e inflow occurred at an estimated rate of
3,670m3/h at the very beginning. After about 2 hours, water
raised as much as 2.5m, and flooded about 2 km of the
roadway. ,e water flow was turbid along with small pieces
of limestone, rock flour, and Karst breccias. In an accident,
17 people died. About 22 500m3 water in total burst out
within nearly 11 h. A Karst cave with volume about

Assuming velocity of fluid flow Vin in very
large value in the 1st time step

Based on roughness ∆ of water inrush channel,
water-carrying section areas S, wetted perimeter U of
roadway and velocity of fluid flow Vin, the equivalent

hydraulic conductivity KL is first gained

Water pressure P and flow velocity V of every element
node are obtained by FLAC3D

Reynolds number Re is calculated

Re > 100000 Re < 23002300 < Re < 100000

KL = 8gS/fV KL = 8gS/fV KL = S2ρg/2U2µ

Figure 3: ,e equivalent hydraulic conductivity KL evolved with
calculation time step.
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Using Mohr–Columb model£¬gradully
increase reduction factor Fi£¬reduce

cohesion c and friction angle φ

Currenct reduction factor Fi is the safety
factor Fs of water-proof rock pillar

Begin

Stress field
calculation module

Trace addresses of
current yield units

Call Mohr–Columb model

Calculation module
of seepage field

Calculate hydraulic conductivity k(t)
of present time step

Call seepage calculation module of FLAC3D

Call program segment of seepage force

Coupling analysis
modulus

Calculate seepage force F(t) of every unit

Whether seepage
is stable or not

No Yes

Output seepage pressure p(t) of nodes

Fluid-solid
coupling
system

Strength
reduction
method
system

Whether calculation
is convergence or

not

Yes No

Trace reynolds number Re of calculation seepage units

Call seepage calculation model of FLAC3D

Calculate equivalent hydraulic conductivity KL

Obtain water-inrush laws based on pipe flow

Pipe flow
analysis for

rock pillar in
unstability

Over

ti = ti–1 + ∆t

Figure 4: Flow diagram of linkage analysis between solid-fluid coupling and the strength reduction method based on flow state conversion
theory.
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20m× 6m× 20m was exposed about 3∼4m before working
face after slag clearing. ,e geological survey indicated that
there were some major fractures and well-developed Karst
caves around the roadway where water inrush took place, the
deep confined Karst cave system exists in Maokou limestone
strata in synclinal shaft of Doulishan coal mine area. ,e
buried depth of roadway excavation is 450m more or less.
,e hydrostatic pressure head is about 400m, the water
pressure in the confined Karst cave in Maokou limestone
strata is about 4.0MPa.

Figure 5 illustrates the picture of water discharge of the
roadway 8 h after water inrush. By means of spot investi-
gation after slag clearing, it was found that the Karst cave was
strongly dissolved, whose walls were smooth as shown in
Figure 6, the Karst water was supplied by Karst pipelines,
and the Karst cave was filled with a large amount of water
and yellow mud. Figure 7 is the vertical plane projection of
Karst cave development.

Maokou limestone specimens were sampled from the
water inrush Karst cave. It was discovered that abundant
Karst fissure and pores exist in the limestone near the
confined Karst cave. As the surrounding rocks near the Karst
cave were deeply dissolved, its integrity and continuity were
poor with high porosity and developed fissures, while the
mechanical properties of Maokou limestone far away from
Karst cave are good.

Laboratory tests were performed on rock samples
extracted from surrounding rocks near the Karst cave. ,e
tests included the compressive strength and permeability of
Maokou limestone. Combining the laboratory test results,
field investigation, and Hoek and Diederichs’s research
advances in deformation modulus of rock mass, Hoek-
Brown strength theory was applied to obtain the mechanical
parameters of rock mass by using Roclab software [35–37].
,e rock mass calculation parameters of the Maokou
limestone were obtained as shown in Table 1.

3.2. Calculation Model. ,e numerical model is established
based on the in situ condition at the Qiyi coal mine in the
south China. As shown in Figure 8, the simulation domain is
50m long, 20mwide, and 30m deep, in which an excavation
roadway in a semicircular arched shape is situated in the
middle of the model, and confined Karst cave on the right
edge of the model has a closely simplified ellipsoidal shape.

,e left and right boundaries in this model are allowed to
move along the vertical direction but are restrained in the
horizontal direction. ,e bottom of the model is fixed.
σ1 � 12.5MPa is applied on the upper surface of model to
simulate crustal stress.

,e boundary condition of seepage field is as follows:
Karst cave hydraulic pressure is assumed to 1MPa, 2MPa,
3MPa, 4MPa, and 5MPa, respectively, and the hydraulic
pressure of the heading face is 0.1MPa. No. 1∼5 marked in
Figure 5 simulates the driving by step. Footage by every step
in the numerical simulation is 5m. When the water-proof
rock pillar between the working face and Karst cave is less
than 10m, for the purpose of studying the stability of the
water-proof rock pillar with different thicknesses, footage by
every step is 1m in numerical simulation.

As for an unstable water-proof rock pillar, water inrush
from the Karst cave takes place. Considering that the supply
of Karst water is not inexhaustible, it is assumed that the
hydraulic pressure in the Karst cave attenuates dynamically
in the course of water inrush, and the hydraulic pressure can
be denoted as

p � p
0
1 −

t

T
 , (18)

where p0 is the initial cave hydraulic pressure, T is the whole
duration of Karst water inrush (it is assumed that T � 10 h in
this simulation), and t is the different water inrush time.

Figure 5: ,e picture of water discharge of the roadway in 8 h after
water inrush.

Figure 6: ,e scene photographs of the inside of the Karst cave.

Figure 7: Vertical plane projection of Karst cave development.
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,e roughness Δ of water inrush channel is assumed to
0.1m [26].Water-carrying section areas Sof the roadway is
10.6m2, and the wetted perimeter U is 10.4m. Suppose that
the initial velocity of fluid flow Vin is 0.1m/s, which is a large
value. It indicates that water flows in a hydraulic rough
region at the very beginning. Using linkage analysis between
solid-fluid coupling and the strength reduction method, the
paper analyzes the stability of the water-proof rock pillar.
Taking the hydraulic pressure p � 4MPa and the thickness
h � 8m of rock pillar as an example, the seepage properties
of rock pillar and the evolution from stability to instability of
the rock pillar are studied when the reduction factor
gradually increases.

4. Results

4.1. Water-Proof Rock Pillar Instability. With gradually in-
crease of the reduction factor, the strength parameters of the
water-proof rock pillar gradually decrease. ,e hydraulic
conductivity which is dependent of volumetric stress, hy-
draulic pressure, and plastic zones increases significantly
under the action of disturbance stress and high hydraulic
pressure.

,e strength parameters of the water-proof rock pillar
are c � 1.36MPa and tanφ � 0.52 when Fi � 1.10. Under the

strength, the plastic region of rock pillar is less; the hydraulic
conductivity of the rock pillar is influenced mostly by
volumetric stress and seepage pressure. ,e region which is
nearly 1.5m away from the working face is the enhanced
hydraulic conductivity zone, which is about
3.25 × 10− 10 ∼ 15.21 × 10− 10m/s.,e hydraulic conductivity
for an undisturbed region in the middle of the rock pillar is
about 0.70 × 10− 10 ∼ 1.79 × 10− 10m/s. ,e region near the
Karst cave is also an enhanced hydraulic conductivity zone
where the hydraulic conductivity is nearly
2.79 × 10− 10 ∼ 5.68 × 10− 10m/s. ,e hydraulic conductivity
distribution map when reduction factor Fi � 1.10 is shown in
Figure 9.

WhenFi � 1.54, the strength parameters of the rock
pillar are c � 0.97MPa, tanφ � 0.39. Under the strength,
about 85% of units in the water-proof rock pillar are in the
plastic state, and the hydraulic conductivity of rock pillar
increases at the speed of magnitude in comparison with
when Fi � 1.54 and it fluctuates between
1.47 × 10− 6 ∼ 2.80 × 10− 6m/s. ,e hydraulic conductivity
distribution map when the reduction factor Fi � 1.54 is
shown in Figure 10.

When the reduction factor Fi � 1.10, the seepage field
distribution is calculated as shown in Figure 11. ,e seepage
field of the surrounding rocks was disturbed because of

Table 1: ,e rock mass calculation parameters of the Maokou limestone.

Density
(Kg/m3)

Water
absorption

Saturated
coefficient

Softening
coefficient

Uniaxial
compression

(MPa)

Tensile
strength
(MPa)

Young
modulus
(GPa)

Poisson
ratio Porosity Cohesion

(MPa)

Internal
frictionangle

(°)

Hydraulic
conductivity
10− 10 m · s− 1

26.2 0.22 0.56 0.68 12.7 0.82 12.6 0.35 0.25 1.5 29.7 0.85

x

y
z

1 2 3
54 P

σ1

Figure 8: Numerical calculation model.
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excavation. ,e seepage field adjusts continuously for the
purpose of eliminating the high potential water pressure in
the Karst cave. As Karst cave water discharges to the working
face, seepage pressure progressively decreases from the Karst
cave to working face. ,e mean seepage pressure gradient of
the water-proof rock pillar is 0.5MPa/m, which brings the
horizontal volumetric stress with the direction from Karst
cave to working face, which is a driving force of instability of
the water-proof rock pillar.

Based on linkage analysis on solid-fluid coupling and the
strength reduction method, water discharges on the working
face are achieved in the different reduction factors by
FLAC3D. Figure 12 illustrates that water discharge on the
working face evolves from a low flow rate to a massive flow
rate with the increase of the reduction factor. When
Fi � 1.10 ∼ 1.53, the flow rate of the working face fluctuates
from 2.05×10− 5m/s (when Fi � 1.1) to 7.47×10− 3m/s (when
Fi � 1.53). ,is implies that when the reduction factor
Fi � 1.10 ∼ 1.53, the water-proof rock pillar is stable, and
water discharge on the working face is more seepage than
water inrush. While the reduction factor Fi � 1.54 ∼ 1.58,
water discharge on the working face increases abruptly and
fluctuates from 0.025m3/s (when Fi � 1.54) to 0.027m3/s
(when Fi � 1.58), due to nonlinear extension of the plastic

zone of rock pillar. Under the action of disturbance stress
and high seepage volumetric stress, the displacement of the
working face is about 15 cm by coupling calculation, when
the reduction factor Fi � 1.54, which is shown in Figure 13.

4.2.Water-Proof Rock Pillar Instability. ,e evolution of the
percentage of plastic units in the water-proof rock pillar with
the reduction factor is visualized in Figure 14. ,e plastic
units in the water-proof rock pillar nonlinearly increase with
the increment of reduction factor. When Fi ≥ 1.54, the
percentage of plastic units in the rock pillar mutates. ,e
percentage of plastic units in the rock pillar is about 85%∼
87% when Fi � 1.54 ∼ 1.58. When Fi � 1.59, the whole rock
pillar is in the plastic state, the calculation has no conver-
gence, rock pillar is in the instability stage, and water inrush
from the confined Karst cave in a pipe flow form happens. It
indicates that when the Karst cave internal pressure p �

4MPa and water-proof rock pillar thickness h � 8m, the
safety factor of the water-proof rock pillar is 1.59.

Karst cave water inbursts into the roadway in a pipe flow
form, when the water-proof rock pillar is in the instability
stage. Water irruption quantity increases rapidly in the
initial phase of water inrush. ,ereafter, with the passage of

Hydraulic
conductivity

2.2E – 09
2.0E – 09
1.8E – 09
1.6E – 09
1.4E – 09
1.2E – 09
1.0E – 09
8.0E – 10
6.0E – 10
4.0E – 10
2.0E – 10

unit: m/s

Figure 9: ,e hydraulic conductivity distribution map when thr
reduction factor Fi � 1.10.

Hydraulic
conductivity

2.80E – 06
2.65E – 06
2.50E – 06
2.35E – 06
2.20E – 06
2.05E – 06
1.90E – 06
1.75E – 06
1.60E – 06

unit: (m/s)

Figure 10: ,e hydraulic conductivity distribution map when the
reduction factor Fi � 1.54.
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Figure 12: Water discharge of the working face evolves with the
increase of reduction factor.

Waterpressure
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3.5
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2
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1.1
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0.2

Water-proof
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Figure 11: Distribution of seepage field of the surrounding rocks
when the reduction factor Fi � 1.10.
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time, the water irruption quantity attenuates unceasingly
due to decrease of the supply of Karst water. In the calcu-
lation program, the evolution law of flow rate in the roadway
during the process of water inrush is gained by pipe flow
analysis illustrated in Figure 15. Water irruption quantity
reaches the peak (Qmax � 1.27m3/s) in short time
(t � 2.64 h). ,ereafter, water irruption quantity decreases
rapidly. ,e results of numerical simulation agree well with
practical flow law of confined Karst cave water inrush
[38–40].

,e evolution law of water pressure on roadway
transverse sections where is 3m, 8m, 13m, and 18m away
from the karst cave is visualized in Figure 16. With the
increase in water inrush time, the water pressure in the
roadway quickly increases and then attenuates after reaching
the peak. Owing to hydraulic losses in the roadway, the water
pressure in the roadway becomes smaller and smaller, when
the distance from the Karst cave is longer and longer.

,e water pressure distribution in the roadway is ob-
tained by pipe analysis as shown in Figure 17. Due to the
instability of the water-proof rock pillar, Karst water pours
into the roadway with an dramatic increase in the water
pressure in the roadway. With the development of water
inrush time, hydraulic gradient in the roadway declines
continuously, for example, when t � 3.53 h, the mean hy-
draulic gradient in the roadway is 5.6 much as that when

t � 9.44 h. Owing to the hydraulic gradient decaying rapidly
with the passage of time, resulting in the slowing down of
water flow in the roadway, the hydraulic rough flow at the
initial water inrush process changes into pipe laminar low
finally.

4.3. Safety Factor of the Water-Proof Rock Pillar. By the
linkage analysis of solid-fluid coupling theory and the
strength reduction method adopted, the safety factor of the
water-proof rock pillar is gained when karst cave hydraulic
pressure p in the Karst cave and calculation thickness h of the
water-proof rock pillar are different. In Figure 14, when the
Karst cave hydraulic pressures are 1MPa, 2MPa, 3MPa,
4MPa, and 5MPa, respectively, and the calculation thick-
ness of the rock pillar is 3m, 4m, 5m, 6m, 7m, 8m, 9m, and
10m separately, and the relationship curves of safety factor
FS and karst cave hydraulic pressure p and calculation
thickness h of the rock pillar are achieved.

P 
(M

Pa
)

1 2 3 4 5 6 7 8 9 10 110
Inrush time (h)

0.0

0.4

0.8

1.2
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2.8

3.2

3.6

3m from 
8m from Karst cave

13m from Karst cave
18m from Karst cave

Figure 16: ,e evolution law of water pressure on roadway
transverse sections which are 3m, 8m, 13m, and 18m away from
karst cave.
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Figure 18 displays that the safety factor FS increases
gradually with the increase of calculation safety thickness h
of the rock pillar, which is fitted by the exponential function:

FS � a + b exp(ch), (19)

where FS is the safety factor of the water-proof rock pillar; h
is the calculation safety thickness of the water-proof rock
pillar; and a, b, and c are undetermined coefficients.

,e relation between safety factor FS of the water-proof
rock pillar and calculation safety thickness h of the water-
proof rock pillar under different Karst cave water pressures p
is obtained by using equation (19), which is demonstrated in
Table 2. If FS � 1.5 is considered as the yardstick of stability of
the water-proof rock pillar, some yardsticks are educed:

When FS≥ 1.5, the water-proof rock pillar is stable.
When FS< 1.5, the water-proof rock pillar is unstable.
Conclusions can be drawn from Table 2 that the cal-

culation safety thickness of the water-proof rock pillar
should be thickened with the increment of Karst hydraulic
pressure, such as when the Karst cave hydraulic pressures are
1MPa and 5MPa, respectively, and the calculation safety
thickness of the water-proof rock pillar is 5.18m and 9.32m,
respectively. ,e calculation safety thickness of the water-
proof rock pillar is 4.14m more when the hydraulic pressure
p� 5MPa than when the hydraulic pressure p� 1MPa. ,is
is because with the increase of Karst hydraulic pressure, the
seepage volumetric stress in the water-proof rock pillar
increases, which directly leads to the enhancement of lateral
thrust along the direction of the working face, and the
calculation thickness should be thickened.

4.4. Safety 3ickness of Water-Proof Rock Pillar Setting.
Drilling and blasting is mostly applied in mines in southern
China, and the coupling analysis model is used without

considering the disturbance of blasting to the surrounding
rocks before the working face. Based on the experimental
research and numerical analysis results [41–43], the dis-
turbance depth of ordinary blasting, smooth blasting, and
presplitting blasting to the surrounding rocks is about 1.5m;
meanwhile, disturbance depth increases with the increment
of a single segment explosive dosage. So, safety thickness of
water-proof rock pillar setting in mining engineering is the
sum of the blasthole depth h1, blasting disturbance depth h2,
and safety caculation thickness h3 of the water-proof rock
pillar, which can be denoted as follows:

Waterpressure
(MPa)
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2.4
2
1.6
1.2
0.8
0.4
0

(a)

Waterpressure
(MPa)
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1.68
1.61
1.54
1.47
1.4

(b)
Waterpressure

(MPa)
0.2
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0.18
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0.16
0.15
0.14
0.13
0.12
0.11
0.1

(c)

Figure 17: ,e water pressure distributions in the roadway by pipe analysis analysis in different times. (a) t� 0.14 h. (b) t� 3.53 h. (c)
t� 9.44 h.
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5MPa Fs = 0.171exp(0.23h) + 0.043
4MPa Fs = 0.025exp(0.41h) + 0.84
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2MPa Fs = 0.261exp(0.26h) + 0.34
1MPa Fs = 0.428exp(0.23h) + 0.09

Figure 18: Variation relation curves between safe factor and
calculation safety thickness of the water-proof rock pillar.
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H � h1 + h2 + h3, (20)

where H is the safety thickness of water-proof rock pillar
setting in mining engineering; h1 is the blasthole depth; h2 is
the blasting disturbance depth; and h3 is the calculation
safety thickness h of water-proof rock pillar based on
equation (19).

,e schematic diagram of safety thickness of water-proof
rock pillar setting of a confined Karst cave before a roadway
is visualized in Figure 19. ,e calculation safety thickness h3
of the rock pillar is gained by the way proposed in this paper.
Table 3 illustrates safety thickness of water-proof rock pillar
setting for confined the Karst cave in the Qiyi mine based on
equation (20). Based on Table 3, when hydraulic pressures of
the Karst cave are from 1.0MPa to 5.0MPa, the safety
thickness of water-proof rock pillar setting is from 9.2m to
13.4m. According to regulations of mine water control,
when the hydraulic pressure is less than 1.0MPa, the ad-
vanced horizontal distance of the pilot hole for detecting
water should not be less than 10m, and the length of water
stop casing is more than 5m for a rock roadway; with the

increase of hydraulic pressure, the advanced horizontal
distance and the length of water stop casing must increase
correspondingly; when the hydraulic pressure is more than
3.0MPa, the advanced horizontal distance is more than 25m
and the length of water stop casing is more than 20m. Base
on the research results of this paper, if regulations of mine
water control are strictly executed, especially regulations
about exploring water and drilling advanced distance and
the length of water stop casing, the chance for occurrence of
water inrush would be extremely small because the advanced
distance of pilot hole for detecting water and the length of
water stop casing regulated in regulations of mine water
control are more than the safety thickness of the water-proof
rock pillar setting proposed in this paper. In a Karst coal
mine, when hydrogeology condition is complicated or even
extremely complicated, the rule of exploring before mining
should be obeyed.

Water inrush accident induced by confined water
breaking rock pillar happened on the heading face with
− 160m level of the Qiyi mine. ,e investigation suggested
that the Karst cave with a volume of 20m× 6 m× 20m was

Table 2: ,e relation between safety factor FS and thickness h of the water-proof rock pillar under different karst cave water pressures.

Karst cave water
pressure (MPa)

,e relation between safety factor FS and thickness of
water-proof rock pillar h

,e calculation safety thickness of water-proof rock
pillar when safety factor FS � 1.5 (m)

1 Fs � 0.428 exp(0.23 h) + 0.09 5.18
2 Fs � 0.261 exp(0.26 h) + 0.34 5.73
3 Fs � 0.069 exp(0.35 h) + 0.73 6.89
4 Fs � 0.025 exp(0.41 h) + 0.84 7.98
5 Fs � 0.171 exp(0.23 h) + 0.043 9.32

Working
face

Karst caves
region

h1 h2 h3

Figure 19: Schematic diagram of safety thickness of water-proof rock pillar setting in mining engineering.

Table 3: Safety thickness of water-proof rock pillar setting in the Maokou limestone for the Qiyi coal mine.

Kars water
pressure (MPa)

Blasthole depth
h1 (m)

Blasting disturbance
depth h2 (m)

Calculation safety thickness of
rock pillar h3 (m)

Safety thickness of water-proof rock
pillar setting (H/m)

1.0 2.5 1.5 5.18 9.18
2.0 2.5 1.5 5.73 9.73
3.0 2.5 1.5 6.89 10.89
4.0 2.5 1.5 7.98 11.98
5.0 2.5 1.5 7.98 13.32
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some 3∼4m away from the face. ,at is to say, the water-
proof rock pillar between the Karst cave and working face
was about 3∼4m. Even worse, as the surface water connected
well with the Karst cave water, the hydraulic pressure in the
Karst cave was about 3.5∼4.0MPa. Based on Table 3, the
safety thickness of water-proof rock pillar setting should be
11∼12m. ,e water-proof rock pillar with a thickness of
3∼4m did not have the ability of preventing water inrush,
let alone safety margins.

5. Conclusions

(1) ,e linkage analysis of solid-fluid coupling and the
strength reduction method to study the Karst cave
water inrush is proposed. ,e interaction of dis-
turbance stress and high seepage volumetric stress to
the water-proof rock pillar gives rise to instability of
the water-proof rock pillar. Accompanying with
mechanical instability of water-proof rock, Karst
cave water inrush is deemed a conversion process of
the “seepage to pipe flow.”

(2) Equivalent hydraulic conductivity of pipe flow for
confined Karst cave water inrush is introduced, and a
nonlinear seepage-pipe coupling model of confined
Karst cave water inrush is established. Combining
the nonlinear seepage-pipe coupling model with the
strength reduction method, the linkage analysis of
fluid solid coupling and the strength reduction
method is constructed to study the whole process of
water inrush

(3) Taking the water inrush accident of Shibaijing of the
Qiyi mine as an example, it is proposed that the
thickness of the water-proof rock pillar whose safety
factor equals 1.5 is regarded as the calculating safety
thickness of the water-proof rock pillar, and safety
thickness of water-proof rock pillar setting in mining
engineering is equal to the sum of the blasthole
depth, blasting disturbance depth, and the calcu-
lating safety thickness of the water-proof rock pillar.

(4) ,e reason leading to Karst water inrush of the Qiyi
mine is that due to the absence of advanced bore-
holes, the water-proof rock pillar is set so small that it
cannot possess a safety margin, and the confined
Karst cave water breaks the water-proof rock pillar
and bursts out.
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