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The karst collapse column composed of crushed rocks and fine argillaceous or clay particles is easy to form the fissure channels
between the coal seam working face and the confined limestone aquifer under mining and causes water inrush disasters with the
loss of underground water resource, economic losses, and casualties. It is of great necessity to understand the seepage properties of
crushed rock in karst collapse column for the prevention of water inrush and the protection of underground water resource. A
self-developed seepage test system is used in this paper to conduct laboratory experiments on seepage properties of crushed
mudstone specimens. The effects of the particle size distribution, the porosity (specimen height), and the hydraulic pressure on the
water flow velocity and the permeability of crushed specimen are analyzed. The results indicate that the permeability of specimen
increases with the particle size, porosity, and hydraulic pressure. It can be known from the comparative experiments of progressive
hydraulic pressure on one specimen and variable hydraulic pressure on different specimens with constant particle size and
porosity that more fine particles leak out from the specimen with repeated application of hydraulic pressure on one specimen.
Therefore, the permeability of one specimen is bigger than that of different specimens under the condition of same

hydraulic pressure.

1. Introduction

The karst collapse column is a special geological structure
widely distributed in North China, which is composed of
fillings such as crushed rocks and fine argillaceous or clay
particles. In the process of coal mining in these areas, it is
easy to form the fissure channels between the coal seam
working face and the confined limestone aquifer (Figure 1),
thereby causing water inrush disasters which results in the
loss of underground water resource, economic losses, and
casualties [1-3]. Therefore, it is of great significance to study
the seepage property of this special geological material [4-6].

At present, there are few experiments on this special
geological material. The collapse column is easy to disin-
tegrate under disturbance, which causes the difficulty to drill
an intact sample. Meanwhile, the sampling of collapse
column may result in the water inrush disasters on site.
Hence, most experimental researches were carried out on the
crushed rocks and fine clay particles to describe the seepage
property of collapse column [7]. Liu et al. [8] obtained the

relation between the axial stress and the permeability of
broken rock through the steady-state seepage experiment. In
fact, the external axial stress affected the seepage behavior of
broken rock by changing its structure such as fissure
channels. In addition to the effect of external stress, the role
of hydraulic pressure on the structure was also worthy of
attention. So Miao et al. constructed the nonlinear dynamic
flow theory for describing the non-Darcy flow within broken
rock [9, 10]. Based on this theory, the effects of porosity and
particle size on the non-Darcy flow parameters of crushed
rock were investigated [11, 12]. In addition, Ma et al.
considered that the lithology of rock was an important factor
to affect the non-Darcy flow property of crushed rock [13];
then the seepage properties of crushed mudstone, limestone,
and sandstone under different porosities and particles sizes
were studied [14]. The above studies focused on the non-
linear seepage behavior of crushed rocks; the erosion inside
the structure was not taking full account. During the mining
process, on the one hand, the fracture network of the rock
mass is fully developed under the action of disturbance. On
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FIGURE 1: Seepage channel of collapse column under mining.

the other hand, the fine particles absorb water and swell to
deteriorate the fracture structure of the rock mass. Under the
effect of underground confined water, these fine particles are
easily dissolved with water, and the two-phase fluid com-
posed of fine particles and water migrates and is lost in the
fracture network of collapse column to further expand its
channels. When the small particles with cohesive effect are
lost to a certain extent, the framework structure of the
collapse column is failed to cause the water inrush disaster
with sharp increase of seepage velocity. Garner and Fannin
[15] considered that the material susceptibility, hydraulic
load, and stress condition were the key factors of this
erosion. Marot et al. [16] indicated that the erosion of clay
and sand causes the failure of the structure under high
gradients. Ke and Takahashi [17] proved that the fine par-
ticles in structure gradually migrate through the voids
among the coarse particles, which results in the porous
framework with low strength. Obviously, the erosion inside
the structure should also be related to time; even under low
hydraulic pressure, the long-term effect of erosion can also
cause the seepage mutation [18]. It can be seen that the
research about the seepage behavior of collapse column
should consider both its nonlinearity and erosion.

A large amount of coal is distributed in North China
[19-21]. Most of the collapse columns in the areas with high
risk of water inrush are in the consolidation state. The fine
argillaceous or clay particles are an important factor
influencing the seepage characteristics of collapse column
[22-24]. However, the seepage properties of crushed
mudstone were rarely carried out in the above study. In
addition, previous study of collapse column focused on the
particle size mixture, and no study on fine particles of the
single range has been reported to fill this study gap. The
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seepage behavior of the collapse column is unclear.
Therefore, the crushed mudstone with different single
particle size ranges was sampled to obtain fine particles
material in this paper. The seepage test was carried out to
understand its seepage behavior. The laws of flow velocity
that varied with particle size range, specimen height (po-
rosity), hydraulic pressure, and time were analyzed during
the seepage. The relation between the permeability and
porosity was obtained.

2. Experimental Method

2.1. Experimental Material and System. The experimental
material is crushed mudstone (Figure 2).

The experimental system for testing the seepage property
of crushed rock was designed as shown in Figure 3, which
was comprised of four parts: (A) hydraulic pressure system,
(B) axial displacement system, (C) permeability system, and
(D) data acquisition and analysis system.

(A) Hydraulic pressure system was used to provide
hydraulic pressure for the specimens. This system
was composed of oil pump, water pump, dual-acting
hydraulic cylinder, connection pipeline, and globe
valve.

(B) Axial displacement system can load and control
axial displacement and provide axial pressure for the
specimens to control the porosity of the specimens.

(C) Permeability system was used to test the seepage
property of crushed rock. It was composed of a
permeameter, a pallet, and an overflow tube.

(D) Data acquisition and analysis system was used to
obtain the seepage and mechanical parameters in-
cluding hydraulic pressure, oil pressure, flow rate,
axial stress, and axial displacement, and it was
composed of a pressure sensor, a mass flowmeter, a
data acquisition system, and a computer.

2.2. Experimental Procedures. The experimental procedures
are as follows:

(1) Crushed mudstone specimen with fixed particle size
range (Table 1) and piston (Figure 3) were placed
into the permeameter successively, and then the
percolation cylinder was put into the base
(substructure).

(2) The permeability system was placed on the material
testing system (MTS) 816 experimental table, and the
piston was lowered by MTS 816 to compress the
specimen to a fixed height for controlling the po-
rosity of the specimen (Table 1).

(3) We added water into the dual-acting hydraulic
cylinder by the water pump (Figure 3), closed the
globe valve between dual-acting hydraulic cylinder
and water pump, and opened the globe valve be-
tween dual-acting hydraulic cylinder and the per-
meameter. The constant hydraulic pressure (Table 1)
in the dual-acting hydraulic cylinder was injected
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FIGURE 2: Experimental materials. (a) 5.0 mm ~7.5mm. (b) 7.5mm ~ 10.0 mm. (¢) 10.0 mm ~ 12.5mm. (d) 12.5mm ~ 15.0 mm.
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FiGURE 3: Experimental system [25].
TaBLE 1: Experimental program.
Specimen group Specimen no. Particle size (mm) Porosity Hydraulic pressure (MPa)
la 5.0~7.5 0.19 0.7
1 1b 7.5~10.0 0.19 0.7
lc 10.0~12.5 0.19 0.7
1d 12.5~15.0 0.19 0.7
2a 10.0~12.5 0.15 0.7
) 2b 10.0~12.5 0.19 0.7
2c 10.0~12.5 0.23 0.7
2d 10.0~12.5 0.27 0.7
3a 7.5~10.0 0.19 0.3
3 3b 7.5~10.0 0.19 0.7
3¢ 7.5~10.0 0.19 11
3d 7.5~10.0 0.19 1.5

into the permeameter by means of the oil pump. The  2.3. Calculation Theory

test began.
2.3.1. The Calculation Method of Velocity. The velocity is

(4) The seepage and mechanical parameters including caleulated as follows:

hydraulic pressure, oil pressure, flow rate, axial
stress, and axial displacement were recorded by the S M =M,y )
data acquisition system (Figure 3). M= pA, ’



where v, ,_; is the velocity of specimen no. j in Table 1, m/s,
M, is the water loss mass of specimen no. j, kg, p is the
density of water, which is assumed to be 1,000 kg/m’ as the
experiments are carried out at room temperature, and A; is
cross-section area of permeameter, which is 7.85x 107> m?.

2.3.2. The Calculation Method of Permeability. The per-
meability is calculated by Darcy equation as follows:

Apj __u
A—]’lj = —k—jVj, (2)

where Ap; is the hydraulic pressure difference between the
two ends of the specimen no. j, MPa, Ah; is the height of
specimen no. j, k ; is the permeability of specimen no. j, m?,
and p is the dynamic viscosity of water, which is assumed to
be 1.01 10~ Pa:s.

2.3.3. The Calculation Method of Porosity. The porosity is
calculated as follows:
AgAh; -V,
R WY @
s
where ¢; is the porosity of specimen no. k and V), is the
volume of crushed rock, which is 9.03 x10™* m”,

3. Experimental Results and Discussion

3.1. Particle Size. Specimen no. la was taken as an example
to illustrate the calculation process of flow velocity. We
measured the variation curve of water mass with time in the
experiment as shown in Figure 4 and calculated the variation
curve of water flow velocity with time (Figure 4) by (1). The
permeability of the specimen was calculated by (2). The
curves of hydraulic pressure and permeability of the first
group (Table 1) over time are shown in Figure 5. Figures 5(c)
and 5(d) are taken as examples to illustrate the seepage
experimental process. We recorded the hydraulic pressure
and water mass while opening the oil pump. In the first stage,
the hydraulic pressure gradually increased after the exper-
iment initiation. The water flowed rapidly into the seepage
cylinder, forming a water hammer effect to impact on the
specimen, and the water mass flowing out from outlet in-
creased rapidly. The water leaking out from the outlet
appeared black at the beginning of the experiment, gradually
turned gray, and finally turned clear. With the weakening of
water hammer, the flow rate and hydraulic pressure tended
to be stable (i.e., stable seepage stage). However, seepage
mutation often occurs in the overall experimental process. In
Figure 5(d), we can find that when the experiment started at
180 ~ 190, the flow rate rapidly increased and the hydraulic
pressure slightly decreased, with a small amount of fine
particles flowing out from the outlet. At this time, the water
leaking out from the outlet appeared black. Before the
seepage mutation occurred, the water pipe connected to the
inlet twitched slightly. When the experiment was carried out
to about 500, a rapid increase of the flow rate and a rapid
decrease of the hydraulic pressure occurred, accompanied by
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FIGURE 4: Water loss mass and velocity of specimen no. 1a variation
curves with time.

a large number of fine particles leaking from outlet, resulting
in a significant seepage mutation. In order to ensure the
safety of the experimenter, the test is usually terminated
quickly when the seepage mutation occurs.

For this experiment, the average permeability in the
stable seepage stage without seepage mutation stage was
taken as the permeability of the specimen. The variation
curve of permeability with particle size range number (1 for
particle size range 5.0 ~7.5mm, 2 for particle size range
7.5~10.0 mm, 3 for particle size range 10.0 ~12.5 mm, and 4
for particle size range 12.5 ~15.0 mm) is shown in Figure 6.
The permeability of the crushed mudstone was on the
magnitude of 107'*m*~10""m’ The permeability of
particle size range numbers 1, 2, 3, and 4 was 2.19 x 10~ * m?,
474x107m? 19.55x10"* m?, and 42.17x107"*m’ re-
spectively. Under the condition of constant porosity (0.19)
and hydraulic pressure (0.7 MPa), the permeability of the
specimen increased with particle size range number. It may
be due to two reasons: first, as the volume and porosity of
crushed specimen were the same, there were less pore and
bigger pore diameters in the specimen with big particle size
range number, which resulted in more effective seepage
channels in this specimen. So the specimen with big particle
size range number demonstrated higher permeability. Sec-
ond, the specimen with small particle size range number was
composed of more fine particles, which expanded with water
and blocked the seepage channels of crushed rock specimen.
Therefore, the specimen with small particle size range
number showed lower permeability.

3.2. Porosity. Figure 7 is hydraulic pressure and permeability
(calculated by (2)) variation curves of second group speci-
mens (Table 1) with time. As can be seen from Figure 7(d),
when the water was injected into permeameter about 340s,
the flow rate and hydraulic pressure decreased rapidly. This
is because of the closing of the experimental instrument. The
maximum range of the electronic balance used in the ex-
periment was 5.2kg. Considering the mass of the water
container, the experiment will be stopped when the mass of
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Figure 5: Hydraulic pressure and permeability variation curves of first group specimens with time. (a) 5.0-7.5mm. (b) 7.5-10.0 mm.
(c) 10.0-12.5mm. (d) 12.5-15.0 mm.
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F1GURE 7: Hydraulic pressure and permeability variation curves of second group specimens with time. (a) 0.15. (b) 0.19. (c) 0.23. (d) 0.27.

the water flowing from outlet (in Figure 3) reached about
4.5kg. In contrast, the permeability of specimen no. 2d (Ta-
ble 1) is higher and the flow rate is faster in Figure 7(d), and the
experiment only lasted for 340 s. However, the experiment of
other specimens can usually last more than 500s.

The porosities of the specimens were calculated by (3).
Figure 8 is permeability variation curve with porosity (the
permeability was obtained from the average value of the
stable stage in Figure 7). The porosities of specimens 2a, 2b,
2¢, and 2d (Table 1) were 0.15, 0.19, 0.23, and 0.27, re-
spectively. The corresponding permeability of specimens
was 9.97x107" m? 19.92x10™*m?, 39.31 x 107 m? and
79.89 x 10™"* m?, respectively. Under the condition of con-
stant hydraulic pressure (0.7 MPa) and particle size
(10.0 ~ 12.5 mm), permeability increased with the increase of
porosity. A number of models have been developed for
finding out the relationship of permeability and porosity
[26-29]. The proportional coefficient of permeability k;/k,
was defined as ratio of permeability and minimum per-
meability in the following three models:

ki :(1 - ‘Po>2(ﬁ)3, (4)
ko \1-9;) \¢

ki _ { (1-0)(1.275 - 1'5%)]2(&)3 (5)
ko [(1- 9;)(1.275 - 1.5¢,)| \ 9o/’

ki _<&)(ﬂ>2 6
ky \@o/\1-9;)’ “

where k;, is the minimum permeability of second specimen
group (which is 9.97x107'*m?) and ¢, is the minimum
porosity of second specimen group (which is 0.15).

The three models of (4)-(6) were fitted for indicating the
relationship of permeability and porosity (Figure 9). The
fitting correlation index R? [29] of (4)-(6) was 0.997, 0.919,
and 0.579, respectively. Therefore, it can be seen that the
experimental materials of crushed mudstone adopted (4) in
this paper.
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3.3. Hydraulic Pressure. Figure 10 is hydraulic pressure and
permeability (calculated by (2)) variation curves of third
group specimens (Table 1) with time. The particle size of the
third group was 7.5 ~10.0 mm and the porosity was 0.19. The
initial hydraulic pressure was set to 0.3 MPa, 0.7 MPa,
1.1 MPa, and 1.5 MPa, respectively. During the experiment,
the head of the oil pump was kept unchanged, but the
hydraulic pressure decayed gradually. The hydraulic pres-
sure of specimens Nos. 3a, 3b, 3¢, and 3d in the experiment
decayed 9.6%, 8.6%, 5.8%, and 4.3%, respectively.

Figure 11 is permeability (calculated according to the
average value of the stable seepage stage) and velocity
(calculated by (1)) variation curves with hydraulic pressure.
As can be seen from Figure 11, the velocity changed ap-
proximately linearly with the hydraulic pressure. It can be
known from (2) that the hydraulic pressure and permeability
of the specimen will remain the uniform growth proportion,
as the specimen was under the condition of constant particle
size range, porosity, dynamic viscosity, and specimen height.
However, the hydraulic pressure in the experiment increased
from about 0.3 MPa to about 1.5 MPa by a factor of 5.0, and

the velocity in the experiment increased from 0.72 x 10~ m/s
to 9.12x 10 *m/s, increasing by a factor of about 12.8.
Therefore, the permeability increased with hydraulic pres-
sure in Figure 11. The reason may be that the water with
different hydraulic pressure was repeatedly injected into the
same specimen (i.e., this is only one specimen in the third
specimen group). The fine particles were migrated to the
bottom of the specimen and then leaked from the specimen
into the outlet with water in each hydraulic pressure level. It
resulted in the increase of the porosity in the specimen, and
the permeability obviously increased. In order to find out the
actual pressure-permeability law, further experiments were
carried out with the specimen changed in every hydraulic
pressure level. Figure 12 is permeability and velocity of
different specimens with same particle size variation curves
with hydraulic pressure. It can be seen from Figure 12 that
permeability and velocity of variable specimen also increased
with hydraulic pressure, which indicated that fine particles
will be migrated and leak out from the specimen in each
seepage experiments, and more fine particles will leak out
resulting in bigger porosity with high hydraulic pressure.
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However, the permeability increase amplitude of variable
specimen was less than that of single specimen. It indicated
that the porosity of specimen will further increase with
application of repeated hydraulic pressure.

4. Conclusion

A self-developed seepage test system is used to study the
seepage property of crushed mudstone specimens in this
paper. The following conclusions can be drawn from the
experimental results:

(1) In the initial stage of seepage experiments of crushed
rock mass, water hammer effect exists, and hydraulic
pressure increases rapidly. After that, the seepage
tends to be stable, and the hydraulic pressure and
flow rate remain basically unchanged. In some stages
of individual experiments, seepage mutation phe-
nomena such as rapid decrease of hydraulic pressure
and increase of flow rate will occur.

(2) The permeability of crushed mudstone is on the
order of 107'*m” ~ 107> m”. Under the condition of
constant porosity and hydraulic pressure, fine par-
ticles expanding with water and less effective seepage
pore in the small particle size range number result in
the permeability of the specimen increasing with
particle size range number.

(3) Under the condition of constant particle size and
hydraulic pressure, permeability increases with po-
rosity. In order to find out the criterion of perme-
ability and porosity, the experimental results are
fitted to three models developed by predecessors, and
the fitting results show (4) is applicable to the ex-
perimental results in this paper.

(4) Permeability increases with hydraulic pressure
whether one crushed mudstone specimen with
progressive hydraulic pressure or different speci-
mens with variable hydraulic pressure. More fine
particles leak out from the specimen with repeated
application of hydraulic pressure on one specimen,
so the permeability of one specimen is bigger than
that of different specimens under the condition of
same hydraulic pressure.

Symbols

A,: Cross-section area of permeameter, m”
The height of the crushed rock specimen, m
The time series, 1
The crushed rock specimen number, 1
The permeability of crushed rock, m*
The minimum permeability of second specimen group,
m2
: The gushed water mass, kg
The hydraulic pressure, MPa
Time, s
: Crushed rock volume, m’
The flow velocity of the water, m/s
Water density, kg/m’

o N
EQls S

IRz

y:  The dynamic viscosity of water, Pa-s
¢: The porosity of crushed rock, 1
¢o: The minimum porosity of second specimen group, 1.
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