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/e karst collapse pillar (KCP) is a common geological structure in the coal mines of northern China. KCPs contain many
fractured coal rocks, which can easily migrate under the action of high-pressure water. /e destruction or instability of the
cementation structure between the rocks can directly induce coalmine water-inrush accidents. To study the seepage stability of
cemented and fractured coal rock under triaxial pressures, a self-designed triaxial seepage testing system was used and the
permeability k and non-Darcy factor β of the cemented and fractured coal rock were tested. Furthermore, the 1D non-Darcy
seepage equations were used to calculate the evolution criteria of the seepage loss stability. /e results show the following: (1) /e
cemented structure in the KCP under the triaxial pressures can be easily destroyed./e damaged coal and rock body mainly exists
in bulk form, and the permeability depends mainly on the effective stress of the particles. (2) /e seepage process in the KCP
structure is a combination of pore flow, fracture flow, and pipe flow, and the transition of the seepage state is closely related to the
change in the magnitude of β. (3) Under the long-term effect of confined underground water, the migration of small fractured
particles in the KCP will increase the structural porosity. If the parameter βk2 reaches the threshold value, the seepage system will
evolve into a pipeline flow state, eventually causing a water-inrush accident.

1. Introduction

/e karst collapse pillar (KCP) is a common geological
phenomenon in coal mining. It is a special geological
structure formed by sedimentation and cementation of
fractured coal rock [1, 2]. KCPs commonly occur above a
natural aquifer containing a large amount of groundwater
[3] and the advancement of the working face in the mine
causes the destruction of the bottom layer, which provides
conditions for the formation of the KCP water channel. /e
instability of the seepage state can directly lead to water-
inrush accidents [4–6] where groundwater inrush can cause
severe damage to the coal mining operation. /erefore, the
study of KCP permeability and its stability has attracted
worldwide attention [7].

In recent years, research on KCP water inrush focused
mainly on the formation cause, evolution mechanism, the
KCP mechanical model, and seepage characteristics.

Extensive statistical data indicate that KCP water inrush is
caused by karst sedimentation in the carbonate rock dis-
tribution area [1, 8, 9], and the destruction of the limestone
structure enables the formation of a channel for the inflow of
high-pressure groundwater from the aquifer into the mine
[10, 11]. Furthermore, as the fractured rock undergoes
dissolution and erosion, the resulting fine particles will
migrate and disperse under the action of high-pressure
water, and the pores and cracks in the rock around the KCP
will be under mining conditions. As the inflow channel
develops and expands, the seepage field and stress field
inside and outside the karst collapse column change [12].
Zhu and Wei [13] established a fluid and damage-based
model for simulating mining-induced water-inrush behav-
ior considering the influence of a fault and a KCP. Bai et al.
[3] established a plug model to describe the seepage flow
characteristics of the coal seam floor containing a KCP. Yao
et al. [14] established a fluid-solid coupling model of KCPs
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based on the seepage theory of porous media, using different
methods to study water-inrush behavior. Xiang [15] con-
ducted numerical experiments to simulate the groundwater
influx of KCP. However, theoretical and experimental
studies of KCP seepage characteristics are still lacking.
/erefore, we carried out triaxial seepage tests to investigate
the seepage state in KCPs, analyzed the seepage character-
istics, and developed a new method for estimating seepage
loss stability.

/e evolution of the KPC instability water-inrush system
is shown in Figure 1.When a KCP occurs, the fractured coal-
rock body will form a new cementation structure under the
long-term dissolution and erosion of the water flow. Con-
sidering the gradation structure, the influence of cementa-
tion on the seepage stability is not negligible. Based on the
above research, we used the Talbot theory to create cemented
and fractured coal samples with different grading structures,
and considering the influence of multilevel stress on the pore
structure of coal, we used a triaxial permeameter to conduct
steady-state tests of cemented fractured coal samples. /e
seepage test explores the effects of the cementation, gra-
dation structure, and effective stress on the seepage stability
of the fractured coal rock, and our analysis provides an
important theoretical basis for the prediction and early
warning of coalmine water-inrush accidents.

2. Materials and Methods

2.1. Sample Preparation. In order to study the seepage
stability of the cemented structure between the fractured
coal and rock, a series of cemented samples were prepared to
test the seepage stability of the structure. /e sample
preparation process was as follows: First, to produce the
specimens, fractured coal rock with different particle sizes
was screened, and four particle sizes were selected for
gradation. /e particle sizes were 0–2.5mm, 2.5–5.0mm,
5.0–7.5mm, and 7.5–10mm. According to the rock test
requirements [16, 17], D of the sample to the maximum
particle diameter d should satisfy D/d≥ 5; therefore, the
maximum particle size in the test was 10mm. /en, con-
sidering the long-term effect of KCP evolution, Wang et al.
[18] carried out the experiment by preparing a weak ce-
mentation structure; according to the cement content re-
quirements for the fracture testing of the fractured
mudstone, the cementing material was selected as standard
425 cement, and the optimum amount of cement per
specimen was selected as 50 g. /e selection of the particle
size is based on the Talbot index theory [18] and the con-
tinuous grading theory [19], which defines the Talbot index n
to range from 0-1, so this test takesn � 0.1, 0.2, . . . , 1.0in
order, corresponding to the sample number M-1 and M-2 to
M-10. /e coal particles were mixed with the cementing
materials and an appropriate amount of water was added
and the mixture stirred until evenly distributed. /e ratio of
the sample is shown in Table 1.

Finally, applying the initial pressure of 2 kN and
maintaining, each sample of φ 50 mm× 50 mm was pre-
pared in the mold and stored in the mold in a cool place for
15 days and then dried in room air for 15 days, until the

cement had completely solidified. /e sample was then
removed from the mold, sanded, and dried. A DDL600 rock
mechanics test system was combined with a triaxial per-
meameter to carry out the seepage test on the cemented and
fractured coal and coal rock. /e triaxial seepage test system
of the cemented coal rock is shown in Figure 2.

2.2. Test Equipment. From the perspective of rock me-
chanics, the KCP belongs to a special geological structure,
which is mainly due to the dissolution of underground high-
pressure water. /e fractured coal rock is dissolved in the
long term and then cemented. /e stability of the KCP
depends on the integrity of the cemented structure. In order
to further understand the seepage failure mechanism of the
cemented structure in the KCP, a set of cemented coal-rock
seepage test device was independently developed to carry out
the triaxial seepage test on the cemented and fractured coal
rock. /e main structure of the device includes DDL600
electronic universal testing machine, three-axis percolation
test cylinder, lateral pressure pump, and seepage pressure
pump, with a computer, data acquisition device, voltage
regulator, and so on. /e three-axis seepage system of
cemented coal rock is shown in Figure 3.

Considering the influence of the gradation structure on
the seepage characteristics of the fractured coal-rock mass,
the sample aggregate prepared in this paper includes four
size ranges, and the distribution in the particle size range of
each level obeys the Talbot theory [14, 20, 21]; namely,

Md

Mt

�
d

D
 

n

× 100%, (1)

where Md is the particle mass with particle size less than or
equal to D in the sample, kg; Mt is the total mass of the
fractured coal rock in the sample, mm; d is the particle size of
the fractured coal rock, mm;D is the maximum particle size in
the ratio, mm; and n is the Talbot index; the higher the value of
n, the higher the content of large particles in the aggregate.

2.3. Test Methods. Structural coal-rock specimens of four
different grades were subjected to seepage tests under
gradual loading by applying five-stage loading (1, 5, 10, 20,
and 30 kN) in the axial direction. /e specimens were tested
at five levels of seepage pressure (0.5, 1.0, 1.5, 2.0, and
2.5MPa) under each axial load (Figure 4). /e axial load F,
the axial displacement Δh, and the loading time t were
recorded by the computer system. /en, the steady-state
seepage method is used to carry out the test and record the
data [22–24]. Previous research on the characteristics of
cemented fractured rock showed that when the seepage time
reached 3000 s, the decrease in the permeability was about
73%–96% of the total reduction at 6000 s, with the per-
meability decrease slowing in the later stages of penetration
[19]. /erefore, in this test, to eliminate the test error caused
by the creep effect of coal rock, the stress holding time at
each stage was set at 3000 s.

In order to ensure the reliability of the test data during the
test, the percolation test under the same test conditions was
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repeated 3 times, and the average value was taken as the final
test result. /e specific test procedures mainly include (1)
assembling the coal-rock three-axis seepage test system and
measuring the initial height h0 of the sample; (2) starting the
press, setting the initial pressure to 0.2 kN, and recording the

initial displacement of the test machine as zero; (3) starting
lateral pressure pump, injecting liquid saturation, loading
axial pressure 10 kN, and maintaining; (4) keeping the lateral
pressure constant, opening the seepage pressure pump, and
starting the seepage test; (5) changing the lateral pressure
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Figure 1: Illustration of KCP instability water-inrush system evolution.

Table 1: /e mass ratio of the sample.

Particle sizes (mm)
Talbot index n

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0∼2.5 87.1 75.8 66.0 57.4 50.0 43.5 37.9 33.0 28.7 25.0
2.5∼5 6.2 11.3 15.3 18.4 20.7 22.5 23.7 24.4 24.9 25.0
5∼7.5 3.9 7.4 10.5 13.3 15.9 18.2 20.2 20.0 23.6 25.0
7.5∼10 2.8 5.5 8.2 10.9 13.4 15.8 18.2 22.6 22.8 25.0

Talbot n

n = 0.1 n = 0.2 n = 0.3 n = 0.4 n = 0.5 n = 0.6 n = 0.7 n = 0.8 n = 0.9 n = 1.0

Grading match

Particles screening Cement mixing
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Figure 2: Cemented samples made at different values of n.
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through the hydraulic pump overflow valve, completing
different seepage pressure tests, and recording data; (6)
changing the value of lateral pressure, completing pressure
tests of different lateral pressures, and recording data; (7)
pressure relief, unloading, and end of the test.

In the triaxial seepage test, the schematic diagram of
loading at each stage is shown in Figure 5. It includes (1)
applying axial load, that is, providing axial stress σ1 by
loading of the press; (2) applying lateral pressure; that is, the
circumferential pressure σ2 � σ3 is provided by the hydraulic
pump; (3) the seepage pressure applied; that is, the seepage
pressure p of the stable pressure is supplied through another
hydraulic oil pump. Subsequently, the line pressure is ad-
justed by opening the overflow valve to complete the pen-
etration test under different axial pressures, different lateral
pressures, and different seepage pressures.

3. Results and Discussion

3.1. Basic Parameter Test. Each group of coal samples with
different cracks is set to 5 levels of lateral pressure, and each

stage of lateral pressure is set to 4 levels of seepage pressure.
/e lateral pressure is selected from the range of
0.5–2.0MPa. In the test, it is usually ensured that the lateral
pressure is 0.2–0.5MPa larger than the pore pressure
[25–27]. If the pore pressure is higher than the lateral
pressure, the plastic insulating tape and the heat-shrinkable
plastic sleeve will be fractured. /erefore, the pressure of the
lateral pressure during the test was set to a total of five grades
of 3.0–5.0MPa, and the seepage flow at each stage of the test
was recorded. /rough analysis, the results of the percola-
tion parameters are shown in Table 2.

3.2. Seepage Parameter Analysis. Effective stress is the fun-
damental factor leading to particle deformation of fractured
coal rock. /e principle is to simplify the macroscopic three-
dimensional force of coal rock, which is equivalent to the
effective stress of coal-rock matrix, so as to simplify the
complex stress conditions. /erefore, the effective stress can
better reflect the stress of the cemented and fractured coal rock
under the triaxial stress./e effective stress reflects the stress of
the cemented fractured coal rock under triaxial stress.
According to the effective stress principle of Terzaghi [28, 29],
the effective stress can be written as

σ⇀xx
′ � σ⇀xx − p

σ⇀yy
′ � σ⇀yy − p

σ⇀zz
′ � σ⇀zz − p

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

, (2)

where σ⇀xx
′ � σ⇀yy is the hoop stress, equal to the confining

pressure σ3 applied in the test, σ⇀zz is the axial stress, equal to σ1
loaded by the testmachine, p1 is the inlet pressure, p2 is the outlet
pressure (approximately 0 here), the average fracture pressure is
p � (p1 + p2)/2, and δ is the Kronecker delta. One has
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Figure 3: Triaxial seepage test system for cemented fractured coal rock.
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Figure 4: Schematic diagram of seepage pressure loading.
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δij �
1, i � j,

0, i≠ j.
 (3)

/e effective stress in the test is described by the mean
effective stress:

σ⇀e �
σ⇀xx
′ + σ⇀yy
′ + σ⇀zz
′ 

3
, (4)

When p2 � 0, the average effective stress under the tri-
axial stress condition of the fractured sample is

σ⇀e �
1
3

2σ⇀xx + σ⇀zz  −
1
2

p1 + p2(  �
1
3

2σ3 + σ1(  −
1
2
p1,

(5)

where σ3 is the test lateral pressure, in MPa, and σ1 is the
axial stress, in MPa.

/e relationship between effective stress and permeability
is shown in Figure 6. For all the tested grading structures, the
permeability of the coal decreased with increasing effective
stress as the permeate seeped into the cemented coal. A
negative exponential curve can be fitted to the permeability
results corresponding to the following regression equation:

k � ae
bσc , (6)

where k represents the permeability, in kg/m3, and σc is the
effective stress, in MPa. /e curve correlation coefficient R2

is greater than 0.9.
/e results can be explained as follows: when the lateral

pressure is constant, the permeability of the fractured coal rock
will decrease with increasing axial pressure. At this stage,

σc� 0.26–2.05MPa and the cemented fractured rock is quickly
compacted and enters the fast compaction stage. /e maxi-
mum decrease of k occurs when n� 0.9. When the axial
pressure is further increased, σc> 2.05MPa, and the decrease
of k with increasing axial pressure is less sharp because the
cementation between the particles is substantially destroyed,
the particles of the coal rock are fractured, and fine particles are
generated. With the migration, the pressure-bearing skeleton
structure changes and enters the skeleton readjustment stage.

3.3. Non-Darcy Effect Analysis. For porous media, pore
channels refer to microchannels that penetrate each other in
porous media and are also the main parameters for fluid
transport properties of porous media [30]. /e void ratio is
related to the porous medium skeleton structure and is also
susceptible to external loads. For the pore structure of cemented
and fractured coal rock, the change of porosity is an indispensable
part of studying the permeability characteristics./eporosityφ of
the specimen at any stage of the test can be calculated as

ϕ � 1 −
m

ρ1A(h − Δh)
, (7)

where m is the quality of the cemented fractured sample, in
kg; h is the initial height of the rock sample, in m; ρ1 is the
density of the fractured coal particles, in kg/m3; Δh is the
axial displacement, in m; and A is the cross-sectional area of
the sample, in m2.

When liquid seeps through the rock sample, p1 and p2
are the pore pressures of the inlet and outlet ends of the
seepage with respect to the atmosphere. p2 is the outlet

Step 1: axial
pressure loading

Step 2: lateral
pressure loading

Step 3: seepage
pressure loading Seepage pressure

oil output

Lateral pressure
oil output

Lateral pressure
oil input

Seepage pressure
oil input

The piston
pushes down

Figure 5: Schematic diagram of different stages of triaxial seepage.

Table 2: Coal sample test parameters.

Sample M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8 M-9 M-10
Talbot n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
h0 (mm) 51.2 49.3 51.8 49.8 52.0 52.1 51.9 51.2 50.9 50.3
σb
(MPa) 2.043 1.086 1.042 1.069 2.951 3.113 3.447 2.694 3.662 2.017

Critical
value −15.0 −14.9 −13.1 −13.4 −15.1 −15.3 −14.1 −13.2 −13.8 −15.4

h0 represents the initial height of the sample and σb represents the uniaxial peak compressive strength of the sample.
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pressure(approximate 0 here), and the pressure gradient
after each stage of compression is

zp

zx
�

p2 − p1

H
� −

p1

H
. (8)

H � (h − Δh) is the height of the compressed rock
sample, in m. /e theoretical and experimental studies on
the non-Darcy seepage characteristics of a fractured coal
body are based on the Forchheimer empirical formula J �

av + bv2 [31–33], which takes into account the inertia and
turbulence effects of the permeate and is a method that
accurately reflects the non-Darcy seepage state; the following
relationship is satisfied between the pressure gradient zp/zx

and the percolation velocity v:

−
zp

zx
�
μ
k

v + ρβv
2
, (9)

where zp/zx is the pressure gradient across the sample; μ is
the dynamic viscosity of water, in Pa·s; k is the permeability
of broken rock under a certain pressure, in m2; v is the
percolation velocity, in m/s; ρ is the density of water, in kg/
m3; and β is a non-Darcy factor, indicating the degree of
deviation from the linear law, in m−1. When β= 0, the
seepage obeys Darcy's law.

/e distribution of β in non-Darcy flow in the tested
specimens is shown in Figure 7. /e data show that β may be
either positive or negative. In the initial stage of the test, the axial
pressure and seepage pressure were small and the porosity was
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large; β is positive and appears in zone II (the stable zone). As
the pressure on the sample increases, the deformation and
fracturing of the skeleton particles lead to a decrease in per-
meability.When k≤ 10−12m2, β is most likely to have a negative
value and to appear in region I (the instability zone); when
β≥ 1013m−1, it is also likely to become negative and shift to zone
III (the easy mutation zone). In both conditions, the fractured
rock sample will have a stable seepage loss. For n� 0.3, 0.4 or
0.5, the β distribution of the skeleton structure is the most
dispersed, the stability of the seepage state is poor, and the
deviation from the stable zone is the most obvious, indicating
that seepage loss is most likely to occur.

3.4. Estimate of Seepage Loss Stability. A large number of
experiments have shown that water-inrush or coal and gas
outburst accidents caused by seepage loss in mining projects
are often caused by sudden changes in the seepage pa-
rameters. /erefore, a dynamic method should be used to
study the non-Darcy seepage differential dynamic system of
fractured coal rock [34–36]. For one-dimensional (1D)
passive flow, the 1D non-Darcy seepage dynamics equations
of fractured coal rock can be expressed as

ρ0ϕ0ct

zp

zt
+

z(ρv)

zx
� 0,

ρca

zv

zt
� −

zp

zx
−
μ
k

v + ρβv
2

+ F.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(10)

For an incompressible fluid and ignoring the accelera-
tion ρcazv/zx and the volume force F, (10) can be simplified
as

zp

zt
� −

1
ϕ0ct

zv

zx
,

zp

zx
� −

μ
k

v + ρβv
2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(11)

/e first and second formulas of (11) are separately
biased to x and t and then added to obtain

−
μ
k

+ 2ρβv 
zv

zt
+

1
ϕ0ct

z2v

zx2 � 0. (12)

We define the variable Z as

Z � −
μ
k

+ 2ρβv  · ϕ0ct. (13)

/en, (12) can be simplified as

Z
zZ

zt
+

z2Z

zx2 � 0. (14)

Among them, the traveling wave method is an important
way to solve this kind of nonlinear wave equation. Zakharov
equation [37] and the analytical solution of the Kadomtsev-
Petviashvili equation [38] (such as the solitary wave solu-
tion) are obtained by this method. So, we can set

Z � f(ξ) � f(x − ct). (15)

Substituting (15) into (14),

−cff′ + f″ � 0. (16)

/e stability criterion is then

−
1
2

cf
2
(ξ) + f′(ξ) � C1. (17)

When C1 � −cf2(0) + f′(0) � 0, the solution to (17) is

f(ξ) � −
c

2 ξ − ξ0( 
. (18)

When C1 � −cf2(0) + f′(0)> 0, the solution to (17) is

f(ξ) �

����
2C1

c



tg
���
C1c

2



ξ − ξ0(  . (19)

When C1 � −cf2(0) + f′(0)< 0, the solution to (17) is

f(ξ) �

�����

2 C1




2



th

�����������

C1


c

2
ξ − ξ0( 



⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦. (20)

Zone III
β > 1 × 1013

Zone II

Zone I
β < 0

0.05 0.10 0.15 0.20 0.25 0.30 0.350.00
Porosity ϕ (% )

–10

0

10

N
on

-D
ar

cy
 β

 ×
 1

012
 (m

–1
)

n = 0.2 n = 0.5 n = 0.6
n = 0.7

x = 0.089
y = –1.682 x = 0.270

y = –8.958

x = 0.258
y = 11.899n = 0.8 n = 1.0

Figure 7: Distribution of β-factors in non-Darcy flow in the tested specimens.

Advances in Civil Engineering 7



n = 0.1 lgβ + 2lgk < –15.0
n = 0.2 lgβ + 2lgk < –14.9

Stable area

Instable area

9.0

10.5

12.0

13.5

15.0
lg

|β
|

–13.3 –12.6 –11.9–14.0
lg|k|

(a)

Stable area

n = 0.3 lgβ + 2lgk < –13.1
n = 0.4 lgβ + 2lgk < –13.4

12.0

13.2

14.4

15.6

lg
|β

|

–13.3 –12.6 –11.9–14.0
lg|k|

Instable area

(b)

Stable area

n = 0.5 lgβ + 2lgk < –15.1
n = 0.6 lgβ + 2lgk < –15.3

9.0

10.5

12.0

13.5

15.0

lg
|β

|

–13.2 –12.1 –11.0–14.3
lg|k|

Instable area

(c)

Stable area

n = 0.5 lgβ + 2lgk < –14.1
n = 0.6 lgβ + 2lgk < –13.2

Instable area

9.0

10.8

12.6

14.4

lg
|β

|

–12.6 –11.9 –11.2–13.3
lg|k|

(d)

Instable area

Stable area

n = 0.9 lgβ + 2lgk < –13.8
n = 1.0 lgβ + 2lgk < –15.4

–12.6 –11.7 –10.8–13.5
lg|k|

9.0

10.5

12.0

13.5

lg
|β

|

(e)

Figure 8: /e seepage states of stability of fractured coal. (a) n� 0.1; n� 0.2. (b) n� 0.3; n� 0.4. (c) n� 0.5; n� 0.6. (d) n� 0.7; n� 0.8.
(e) n� 0.9; n� 1.0.
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So, the dynamics of the system depend on the initial
conditions; the stability conditions of the non-Darcy seepage
differential dynamic system are as follows:

If C1 � −cf2(0) + f′(0)< 0, the system has two flat
steady states f1 �

������
−2C1/c


and f2 � −

������
−2C1/c


, and the

equilibrium state is stable.
If C1 � −cf2(0) + f′(0)≥ 0, the system is unstable and it

is impossible to reach a steady state regardless of the con-
ditions of the percolation system./e meaning of the for-
mula involved in the above-mentioned formula derivation is
shown in Table 3.

In this test, the skeleton structure is cemented and
fractured coal rock, and seepage stability was tested under
triaxial pressure. /e boundary conditions of the equation
are (zp/zt)|t�0 � 0; (zv/zx)|t�0 � 0, and the initial moment
velocity distribution can be solved:

v(0, x) �
(μ/k)

���������������

(μ/k)24ρβ p1/H( 



2ρβ
. (21)

/en, Z(0, x) � −

���������������

(μ/k)24ρβ(p1/H)



, Z′(0, x) � 0, and
the conditions for instability are

C1 � −cf
2
(0) + f′(0) � −cZ

2
(0, 0)≥ 0. (22)

/us, the system instability conditions with the per-
meability, hydrodynamics, and pressure boundary condi-
tions are obtained:

μ
k

 
2

− 4ρβ
(Δp)t�0

H
< 0. (23)

Here, μ is the kinematic viscosity of the permeate, in Pa·s;
ρ is the permeate density, in kg/m3; Δp is the pressure
difference across the sample, in MPa; and H is the height of
the coal sample, in m.

DTE22 hydraulic oil was used as the permeate in the
tests, with a density of ρ� 874 kg/m3 and dynamic viscosity
μ� 1.96×10−2 Pa·s. Taking the first set of samples as an
example, H� 51.2mm, the permeability k0 obtained by the
test is 7.5×10−11, β0 � 2.17×1011, and △p� 0.5×106 Pa. /e
threshold of instability is then

β0k
2
0 � 1.05 × 10−15

. (24)

Taking the logarithm on both sides of (24) yields the
critical curve expression:

lg β + 2lg k< −15.0. (25)
Similarly, using the above calculation method, the

threshold value of the seepage loss for n � 0.1, 0.2, . . . , 1.0 can
be calculated. With lgβ and lgk being the coordinate axes, a
straight line can be drawn on the direct coordinate system.
/is line is the dividing line between the stable zone and the
unstable zone. /e seepage states of the fractured coal body
under different gradation structures are shown in Figure 8.

For the stability analysis in Figure 8, the specimens were
subjected to triaxial stress, axial pressure of 1–30 kN was
applied to the fractured cemented coal specimens, and the
seepage pressure was adjusted within 0.5–2.5MPa. It was
estimated that seepage occurred through 24% of the sample.
/ere were some stages of instability. To ensure the stability
of the seepage flow through the fractured coal-rock body, the
seepage pressure and lateral pressure need to be maintained
within certain ranges to satisfy the relationship:

lg β + 2lg k<L, (26)

where L � min L0.1L0.2 · · · L1.0 , when n � 0.1, 0.2, . . . , 1.0,

and Li is the sample that reached the critical value of the
instability at the initial state.

/e instability curve of the test is

lg β + 2lg k< −15.4. (27)

At this point, the threshold of instability is
βk2 � 3.90×10−16m3.

/e analysis results can be explained as follows: (1) In
cemented fractured coal rock with different grading struc-
tures, when there is a high content of small particles or the
rock is finely fractured, blockage of the seepage channel is
likely to cause the seepage state to change. (2) Under external
loading, the pressure increases and damage to the skeletal
structure can lead to the collapse of the pore channels,
resulting in a sudden change in gas permeability, which
ultimately leads to a stable runoff.

4. Conclusions

To study the evolution mechanism of KCP-induced mine
water-inrush events, a triaxial seepage test of fractured coal
rock with different grading structures was carried out. /e
important factors affecting the permeability of fractured coal
rock were obtained, and the formulation for estimating the
seepage flow was developed. Two criteria were found for

Table 3: Symbol comment list.

Symbol Physical meaning and interpretation Symbol Physical meaning and interpretation
ρ, ρ0 Density and initial density, kg/m3 Z New functions defined, Z � f(ξ)
ϕ, ϕ0 Porosity and initial porosity, % f, f′, f″ Representation function and its various derivatives
ct Comprehensive compression factor ξ, ξ0 New variables defined, ξ � x − ct

ca Acceleration coefficient k, k0 Permeability and initial permeability, m2

p Seepage pressure, MPa β, β0 Non-Darcy factor and initial factor, m−1

t Time, s F Facial strength, N
v Seepage velocity, m/s C1 Integral constant
x Seepage displacement, m c Constant
μ Dynamic viscosity, Pa·s H Height, m
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instability assessment. /e following conclusions were
drawn:

(1) /e effective stress is a key factor in determining the
permeability of fractured coal rock. /e permeability
of coal with different grades of rock will decrease
exponentially as the effective stress increases. When
the effective stress is less than 2.05MPa, the skeleton
structure of the coal rock is in the rapid compaction
stage which increases the pressure in the skeleton
structure; then, the skeleton pressure damage enters
the structural readjustment stage.

(2) /e change in the order of magnitude of the non-
Darcy flow factor β is the first criterion for estimating
whether the seepage loss is stable. /us, in the
process of particle compaction in the skeleton
structure, if the permeability k decreases by an order
of 10 or the magnitude of β increases to 6 or more,
the percolation system will lose its stability.

(3) /e value of the seepage parameter βk2 of the
fractured coal body is the second criterion for
judging the stability of the system. Based on our
analysis of the mechanism of seepage loss of frac-
tured coal rock, steady flow occurs when βk2 is less
than the critical value of 3.9×10−16 under the initial
pressure gradient.
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