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Water and sand inrush is one of the most serious threats in some shallow coal mines in China. In order to understand the process
of sand inrush, experiments were performed to obtain the criterion for sand inrush. First, seepage tests were carried out to study
the hydraulic properties of granular sandstone. The results indicate that seepage velocity has a linear relation with the porosity and
particle-size distribution parameter. Then, sand inrush tests were conducted to investigate the critical conditions for sand inrush
occurrence. It is determined that the sand inrush zone can be clearly distinguished based on the values of porosity and particle-size
distribution parameter. Additionally, sand inrush tended to happen in the conditions of high porosity, high seepage velocity, and
large particle-size distribution parameter. Further, general principles for preventing the water and sand inrush were proposed, such
as reducing the porosity, improving the pore structure, and decreasing the seepage velocity. The proposed principles have been
successfully used in situ to control the water and sand inrush.

1. Introduction
The coal field in Shaanxi province is now one of the major
coal bases in China. The typical characteristics of the coal
mines in this area are the shallow mining depth, aeolian sand
bed near the ground surface, and thick coal seams. Compared
with the coal mines with deep mining depth, the overburden
strata movement and the distribution of the mining induced
fractures are quite different in the coal mines in Shaanxi coal
field (see Figure 1). When mining in deep depth (Figure 1(a)),
the overburden strata over the goaf can be stable due to the
effect of pressured arch, and the height of the mining induced
fractures is usually 15 to 20 times of the height of mined
coal seam [1]. However, when the mining depth is shallow
(Figure 1(b)), the mining induced fractures may go through
the rock layers to the sand bed, or even to the ground surface (Figure 2). In this situation, water and sand may move
through the fractures and granular rock mass to the goaf

and affect mining safety. The statistics shows that water and
sand movement significantly affects 285 coal mines (with estimated reserves exceeding 100 billion tons) in China during
extracting the coal seams which are covered by the unconsolidated Cenozoic alluvium [2]. For example, a water and
sand inrush accident happened in Halagou coal mine in 2010
[3]. The entire longwall mining face and part of the roadways
were filled with sand. Around the ground surface, a cone
with a height of 12 m and a maximum diameter of 47 m was
formed. The mining activity had to be stopped for days until
the sand was cleared.
There is another pathway for water and sand inrush in
this area, which is via the geological boreholes drilled from
the ground surface. As the boreholes were drilled through
the sand bed and aquifer, if the boreholes are not sealed
properly, water and sand inrush may occur. For example,
a mixture of water and sand rushed into the roadway in
Longde coal mine [4] when a borehole was drilled from
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Figure 1: Overburden strata movement above a longwall panel: (a) thin coal seam with deep mining depth [16]; (b) thick coal seam with
shallow mining depth.

Figure 2: Mining induced fractures around the ground surface.
Figure 3: Water and sand inrush in Longde coal mine.

the ground to the roadway (Figure 3). As a result, many
underground equipment and vehicles were buried, which led
to an economic loss of tens of millions of dollars.
In order to prevent water and sand inrush problems,
a number of researches were performed. These researches
mainly focused on the physical and mechanical properties of
water and sand mixture [5, 6] and the flow of the mixture
in fractures [7–9]. It is found that the gradient of water
pressure is the main factor for sand inrush. Some researchers
investigated the permeability of sedimentary basins for water
and sand movement and proposed some models to determine
the permeability based on the porosity [10, 11]. Since there are
always broken rock layers and granular rock mass around the
goaf, the permeability of this area plays an important role in
controlling the water and sand movement. In recent years, a
great deal of effort has been put to investigate the permeability
of the granular rock mass [12–15]. The main outcome is that
the permeability of granular rock mass is sensitive to the stress
condition and the granular composition, and its value varies
due to the loss of small particles during seepage.

Since water and sand inrush problems mostly occur
in the granular rock mass during coal mining and the
accidents were always controlled by improving the conditions
of granular rock mass, it is essential to investigate the
characteristic of water and sand movement in the granular
rock mass. Although the permeability characteristics of the
granular rock mass have been widely studied, there is still
some confusion whether the sand inrush will happen at
specific states of the granular rock mass. This study aims
to reveal the conditions for sand inrush occurrence in
granular rock mass by the laboratory experiments. We first
carried out the seepage tests to study the hydraulic properties
of the granular sandstone (without sand) under different
granular compositions and porosities. Based on the results,
an equation was proposed to calculate the seepage velocity.
Then, the sand inrush tests were performed, and a criterion
for sand inrush was established. Based on the experimental
results, the principles for preventing water and sand inrush
problems were therefore proposed.
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Figure 4: Rock particles with different size ranges: (a) 2.5 to 5.0 mm; (b) 5.0 to 8.0 mm; (c) 8.0 to 10.0 mm; (d) 10.0 to 12.0 mm; (e) 12.0 to
15.0 mm; (f) 15.0 to 20.0 mm.

2.1. Experimental Materials. Sandstone samples were chosen
in this study, which were taken from Longde coal mine in
Shaanxi Province of China. The rock samples were crushed
into particles with a hammer. The particles were separated
into six groups using separation screens according to their
sizes (ranging from 2.5 mm to 20 mm), as shown in Table 1
and Figure 4.
To simulate the broken rock mass induced by coal mining, we assemble the rock particles with specific particle-size
distributions. In order to express the particle-size distribution, Talbot formula [17] was adopted, which is a continuous
gradation theory developed from Fuller formula [18]. The
Talbot formula has been used as a simple and effective
method to describe the composition of granular rock mass
[15]. According to Talbot formula, the mass ratio of the
particles with a specific size range can be expressed as

size in range 𝑖, 𝑝𝑖 is the mass ratio of the particles in range 𝑖,
and 𝑛 is the Talbot power exponent, which is referred to as
size distribution parameter in the following.
To prepare different granular rock mass specimens, various size distribution parameters were selected (e.g., ranging
from 0.5 to 1.5). The details are given in Table 1, and the
corresponding particle-size distribution curves are shown in
Figure 5. The ratio of large particles increased as the size
distribution parameter 𝑛 increased. The mass of particles
with different sizes are shown in Figure 6. In the figure, the
horizontal axis is the average particle size in a particle-size
range. It can be determined that the composition of the rock
mass changed gradually with the variation of the parameter n.
The sand used in the experiment was aeolian sand (Figure 7), which was taken from Yulin in the north of Shaanxi
Province, China. The coring site is approximately 20 km from
the Longde coal mine. The particle-size distribution of the
sand is listed in Table 2. The density of the aeolian sand is
1174 kg/m3 , and the natural porosity is approximately 54%.

𝑑𝑖+1 𝑛
𝑑𝑖 𝑛
{
{
{[( 𝐷 ) − ( 𝐷 ) ] × 100%, 𝑖 > 1,
(1)
𝑝𝑖 = {
𝑛
{
{( 𝑑𝑖 ) × 100%,
𝑖 = 1,
{ 𝐷
where 𝑖 is the size range number of the rock particles (see
Table 1), 𝐷 is the largest particle size, 𝑑𝑖 is the largest particle

2.2. Testing System. To conduct the experiments, we developed a seepage testing apparatus for granular rock mass. The
detailed design of the seepage testing apparatus is shown in
Figure 8. In the tests, the premixed granular rock mass was
put into the cylinder cell, and the aeolian sand was put in
the tank over the granular rock mass. Then, the piston was

2. Experimental Materials and
Testing Methods
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Table 1: Mass ratio of rock particles with various size ranges under different size distribution parameters.

𝑖

Size range (mm)

1
2
3
4
5
6

2.5∼5.0
5.0∼8.0
8.0∼10.0
10.0∼12.0
12.0∼15.0
15.0∼20.0

0.50
50.0%
13.2%
7.5%
6.7%
9.1%
13.4%

0.75
35.4%
14.9%
9.2%
8.7%
12.4%
19.4%

0.25

1.5
14.4%
13.4%
10.2%
11.0%
17.9%
33.2%

500

Average size (mm)
Mass (g)

Ratio (%)
5
45
45
5

1.25
17.7%
14.1%
10.2%
10.8%
17.0%
30.2%

600

Table 2: Particle-size distribution of the aeolian sand.
Particle diameter (mm)
<0.10
0.10∼0.25
0.25∼0.50
0.50∼1.00

Size distribution parameter 𝑛
1.00
25.0%
15.0%
10.0%
10.0%
15.0%
25.0%

400
300
200
100
0
2

Percentage smaller (%)

100
80

4

6

n = 0.50
n = 0.75
n = 1.00

60
40

8
10
12
14
Average particle size (mm)

16

18

n = 1.25
n = 1.50

Figure 6: Mass of particles with different sizes in 1 kg granular rock
mass.
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Figure 5: Particle-size distribution curves of the granular rock mass.

Figure 7: Aeolian sand sample.

installed in the cylinder cell on the sand tank. In the piston,
there was a pipeline for the water inlet.
As a preliminary attempt, we did not vary the water
pressure in the present experiments. Water was injected using
a pump from the upstream sample side (i.e., the top surface
of the sample), with 0.5 MPa of water pressure and a downstream pressure of zero. As a result, the water pressure gradient in the rock sample is approximately 3 × 10−3 MPa/mm.
According to the previous research [19], the seepage in the
rock mass followed Darcy’s law under this applied pressure
gradient.
MTS816 servo-control testing machine was used to apply
load to the seepage testing apparatus. The layout of the testing
system is shown in Figure 9. During the tests, the seepage
testing apparatus was loaded in the axial direction through
the piston, and the granular rock mass was compressed with
lateral constraint.

the granular rock mass, the outlet fluid would be a mixture of
water and sand. Then, the density of the outlet fluid may vary
constantly and make it difficult to determine the permeability
of the rock mass. So, in the seepage test, the sand is absent.

2.3. Testing Procedure. Two kinds of tests were designed, that
is, seepage test and sand inrush test. When sand was put over

2.3.1. Seepage Test of Granular Rock Mass without Sand. These
tests were conducted to investigate the water permeability
of the granular rock mass. 15 sets of tests were carried out
(Table 3). Each set of test was performed three times. In
Table 3, the parameter ℎ is the height of the specimen, with an
initial value of 150 mm. In order to simulate the various values
of the porosity of the in situ granular rock mass, the specimen
was compressed to a specific height. A typical compressive
curve of the specimen is shown in Figure 10. The stiffness
of the specimen increased with the increase in compressive
displacement, which was typical for granular rock mass.
During the compression, the particles would be broken
and the particle-size distribution changed. However, after
checking the compressed specimen, there were only a few
particles with sharp corners broken. The displacement was
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Table 4: Scheme for sand inrush tests in granular sandstone.

1
2

𝜑

7.9%

8.5%

9.2%

10.4%

𝑛 = 0.9
𝑛 = 1.0

3
4
5

√

𝑛 = 1.1
𝑛 = 1.2

√

√

√

√

√

√

√

√

𝑛 = 1.3

√

√

√

√

11.6%

12.8%

13.4%

√

√

√

√

√

6
7

where 𝜑 is the porosity, 𝑚 is the mass of the sample, 𝜌 is
density of the rock particle, and 𝑄 is the cross section area
of the cylinder cell. The calculated values of the porosity are
also listed in Table 3.
The procedure for the seepage test is as follows.

8
9
10
11
12

Figure 8: Detailed design of the seepage testing apparatus. Notes.
1-quick coupling for water inlet, 2-piston, 3,9-O-shaped rubber seal
rings, 4-Aeolian sand, 5-sand storage tank, 6-specimen of granular
rock mass, 7-cylinder cell, 8-felt filtration chest, 10-base plate, 11screw, and 12-water outlet.

Step 1. The rock particles of different sizes were assembled
according to the size distribution parameter 𝑛. Then, we
mixed them as homogeneously as possible and put them
in the cylinder cell of seepage testing apparatus until the
height of the specimen was 150 mm. The actual height of the
specimen might have a slight deviation from 150 mm due to
the uneven surface.
Step 2. We compressed the specimen to the specific height ℎ
using the MTS816 via displacement control mode.
Step 3. The pump was connected to the seepage testing
apparatus, with an inlet water pressure of 0.5 MPa.

Table 3: Scheme for seepage tests without sand.
Test number
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

Size distribution parameter 𝑛
0.50
0.75
1.00
1.25
1.50
1.00
1.00
1.00
1.00
1.00
1.50
1.50
1.50
1.50
1.50

ℎ/mm
147
147
147
147
147
142
137
132
127
125
142
137
132
127
125

𝜑
21.7%
21.7%
21.7%
21.7%
21.7%
19.0%
16.0%
12.9%
9.4%
8.2%
19.0%
16.0%
12.9%
9.4%
8.2%

mainly due to the rearrangement of the pore structure. For
simplification, the particle breaking during the compression
was not considered in present study.
Based on the height ℎ, the porosity of each specimen can
be calculated as follows:
𝜑=1−

𝑚
,
𝜌𝑄ℎ

(2)

Step 4. The water from the outlet was collected and weighted
during the test.
2.3.2. Sand Inrush Test in Granular Rock Mass. In this test, the
aeolian sand was put in the storage tank over the specimen
of granular rock mass (Figure 8). According to the seepage
test mentioned above, we can analyze the permeability of the
granular rock mass under different conditions. However, we
are still not sure whether sand will move through the granular
rock mass under certain conditions. Thus, we first started the
sand inrush tests with high values of the porosity and size
distribution parameter (𝑛). Then, we decreased their values
gradually. When the amount of the sand from the outlet
changes greatly in a specific condition, it means that the sand
inrush occurs. The whole experimental scheme is presented
in Table 4. The experimental conditions include two factors,
that is, the porosity 𝜑 and particle-size distribution parameter
𝑛. The tests under conditions with tick in Table 4 were
performed. Specifically, we first carried out the test with
the porosity 𝜑 of 13.4% when the particle-size distribution
parameter 𝑛 was 0.9. We found that a lot of sand moved out
from the outlet. Then, the tests with porosity of 12.8% and
11.6% were conducted, and only a small amount of sand was
collected from the outlet. Thus, it is inferred that the sand
inrush starts to happen when 𝑛 is 0.9 and 𝜑 is 13.4%. For
the cases with the porosity 𝜑 smaller than 11.6%, sand inrush
will not happen when 𝑛 is 0.9. Therefore, these cases were not
performed.
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Figure 9: Layout of the testing system: an MTS816 servo-control testing machine and a seepage testing apparatus.
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Figure 10: Compressive curve of the specimen with 𝑛 of 1.5 and 𝜑 of
8.2%.
Figure 11: Collection of the aeolian sand using a 200-mesh strainer.

The procedure for the sand inrush test is as follows.
Step 1. Assemble the rock particles of different sizes according to the size distribution parameter 𝑛, and put them in the
cylinder cell of seepage testing apparatus until the height of
the specimen is 150 mm.
Step 2. Compress the specimen to the specific height ℎ using
the MTS816 via the displacement control mode.
Step 3. Put the aeolian sand in the storage tank. In each
sample, the amount of sand was constant, that is, 500 g.
Step 4. Compress the piston of the seepage testing apparatus
again to make the height of the specimen equal to the specific
value in Step 2.

Step 5. Connect the pump to the seepage testing apparatus
and keep the inlet water pressure at 0.5 MPa.
Step 6. Collect the aeolian sand using a 200-mesh strainer
(Figure 11). Then, the collected sand was dried and the mass
of the sand was weighed.

3. Theory Basis
Darcy’s law is adopted here to analyze the permeability and
seepage velocity. The seepage velocity can be expressed as
V=

𝑘
∇𝑝,
𝜇

(3)
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Figure 12: Seepage velocity versus particle-size distribution parameter (𝜑 = 21.7%).

where V is the seepage velocity, m/s; 𝑘 is the permeability of
the specimen, m2 ; 𝜇 is the dynamic viscosity of the fluid, Pa⋅s;
and ∇𝑝 is the pressure gradient, Pa/m.
In the experiments, the pressure gradient ∇𝑝 and
dynamic viscosity of the fluid 𝜇 are both constant. Then,
the seepage velocity V is linear to the permeability 𝑘. As
the permeability 𝑘 is an intrinsic property of the specimen,
which is related to the pore structure of granular rock mass,
the seepage velocity V should be the function of particle-size
distribution parameter 𝑛 and the porosity 𝜑:
V = 𝑓 (𝑛, 𝜑) .
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4. Results and Discussion
4.1. Seepage Property of Granular Rock Mass. According to
the experimental scheme in Table 3, we obtain the seepage
velocity under different conditions with various particle-size
distribution parameters and porosity values. The relationship
between the seepage velocity and parameter 𝑛 is shown
in Figure 12. It is clear that there is a linear proportional
relationship between the velocity V and the parameter 𝑛.
In Figure 12, the error is also exhibited based on the three
testing results in each test. It is found that the seepage in the
granular rock mass has a high deviation; however, a general
relationship between the seepage velocity and the parameter
𝑛 is still demonstrated.
The relation between the seepage velocity and porosity is
shown in Figure 13. When the porosities increase from 8% to
22%, the relationship between the seepage velocity and the
porosity was almost linear.
From the above analysis, we may conclude that the
seepage velocity can be predicted based on linear relationship
between 𝑛 and 𝜑 in the present range of 𝑛 and 𝜑. From Figure 12, the relation between the seepage velocity of parameter
𝑛 can be proposed based on the fitted equation (𝜑 = 21.7%):

𝑛

,
V = (0.56 + 0.90)
(5)
𝜑=21.7%
𝑛0
where V is the predicted seepage velocity; 𝑛0 is the reference
value (𝑛0 = 1.5) for the particle-size distribution parameter.

15
 (%)

20

25

Figure 13: Seepage velocity versus porosity (𝑛 = 1.5).

From Figure 13, the relation between the seepage velocity
of porosity 𝜑 can be proposed based on the fitted equation
(𝑛 = 1.5):
V = (1.56


𝜑

− 0.17)
,
𝑛=1.5
𝜑0

(6)

where 𝜑0 is the reference value for the porosity, which is 21.7%
for granular rock mass.
Then, the linear relationship between seepage velocity
and 𝑛 and 𝜑 can be proposed as follows:

(4)

Based on the results of the seepage test, the function in
(4) can be determined.

10

V=

(0.56 (𝑛/𝑛0 ) + 0.90) ⋅ (1.56 (𝜑/𝜑0 ) − 0.17)
,
V0

(7)

where V0 is the seepage velocity for the case 𝑛 = 𝑛0 and 𝜑 = 𝜑0 ,
which is 0.0142 m/s.
Based on (7), the seepage velocity can be calculated for
other cases. Figure 14 shows the comparison between the
calculated and experimental seepage velocities for the case of
𝑛 = 1.0. In the figure, the experimental results are from the
tests numbers (3) and (6) to (10) in Table 3. It can be seen that
the proposed (7) can accurately predict the seepage velocity
according to the corresponding porosity. However, it should
be pointed out that (7) is only valid in the ranges of parameter
𝑛 and porosity 𝜑 in the present experiment.
Based on (3) and (7), the permeability of the granular
sandstone can be evaluated. The results show that the permeability ranges from 1.5𝑒−12 to 4.3𝑒−12 m2 , which are consistent
with the results of other researchers [15]. In Feng et al.’s work
[15], the granular rock mass is made of red sandstone, and the
parameter 𝑛 is from 0.3 to 0.9.
4.2. Sand Inrush Criterion for Granular Rock Mass. An
important characteristic of seepage in granular rock mass is
that the permeability may vary with time due to the loss of
small particles [15]. The structure of the rock mass changes
gradually if the seepage time is too long, which makes it
difficult to describe the conditions of the rock mass. After
some trial of the sand inrush tests, it is found that sand inrush
usually happens during the first minute of the test. Therefore,
the seepage time in each test was limited to 1 min. The mass
of the collected sand in the sand inrush testing is listed in
Table 5. We can see that the amount of the collected sand arise
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4.3. Prediction and Prevention of Sand Inrush during Coal
Mining. Water and sand inrush is one of the most serious
threats in some shallow coal mines in China. In the field, there
are mainly two kinds of water and sand inrush problems.
The first one is water and sand inrush through the boreholes
drilled from the ground due to sealing problem. The other

1.2

1.3

1.4

1.4
 (10−2 m/s)

1.2

Sand inrush zone

1
No sand inrush zone

0.8
0.6
0.9

with the increase in the porosity 𝜑 and parameter 𝑛. In some
cases, little sand could be collected from the outlet and sand
inrush did not happen (e.g., 𝑛 = 0.9 and 𝜑 < 11.6%).
To propose a criterion for sand inrush in granular
sandstone, we assume that sand inrush occurred when the
mass of the collected sand was more than 50 g (ten percent of
the initial amount of the sand). Then, the critical conditions
for sand inrush are achieved (see Table 6 and Figure 15). From
Figure 15, it is found that the sand inrush zone could be clearly
distinguished according to the values of porosity and particlesize distribution parameter. As the parameter 𝑛 increases,
sand inrush will occur at lower porosity. It can be explained
that the pore size becomes more inhomogeneous when the
parameter 𝑛 and the ratio of large particles increase. Then,
sand can move easily through the large and connected pores.
Based on (7) and Table 6, we can calculate the critical
seepage velocity for sand inrush. As shown in Figure 16, it
can be seen that the critical seepage velocity decreases quickly
when the value of 𝑛 increases. When 𝑛 is higher than 1.1,
the critical seepage velocity seems to vary slightly around
0.008 m/s. In situ, the rock particles may be very large (e.g.,
the rock blocks around the longwall mining face), which
corresponds to a large value of the particle-size distribution
parameter. Thus, sand inrush inevitably occurs even though
the flow rate is very low if no prevention measures are
adopted.

1.1
n

1.6

Table 5: Mass of collected sand from the outlet.
7.9% 8.5%
9.2% 10.4% 11.6% 12.8% 13.4%
/
/
/
/
27.1 g 42.5 g 262.7 g
/
/
/
1.9 g 91.7 g 226.5 g
/
28.1 g 28.5 g 148.1 g 172.5 g
/
/
/
26.9 g 242.9 g 175.8 g 270.8 g
/
/
/
56.2 g 139.0 348.0 g 327.1 g
/
/
/

1

Figure 15: Criterion for sand inrush.

Figure 14: Comparison between the calculated and experimental
seepage velocities (𝑛 = 1.0).

𝜑
𝑛 = 0.9
𝑛 = 1.0
𝑛 = 1.1
𝑛 = 1.2
𝑛 = 1.3

Sand inrush zone

 = 29n2 − 78n + 60
R2 = 0.98

10

1

1.1
n

1.2

1.3

Figure 16: Critical seepage velocity for sand inrush under different
particle-size distributions.
Table 6: Critical conditions for sand inrush.
𝑛
𝜑

0.9
13.4%

1.0
11.6%

1.1
9.2%

1.2
8.5%

1.3
7.9%

one happens due to the mining induced fractures. According
to the above conclusion, some principles should be adopted,
such as reduction of the porosity, optimization of the pore
structure of the granular rock mass, and reduction of the flow
rate. More details and discussions are as follows.
4.3.1. Water and Sand Inrush through Boreholes. As the
water can flow freely through the boreholes, it is difficult to
predict the water and sand inrush in this case. The accident
usually occurs quickly. For example, the rate of sand inrush
was approximately 3270 m3 /h in the water and sand inrush
accident occurred at Longde coal mine through a borehole.
Before the accident, the borehole had not been drilled
through the rock layers over the mining face, and no sign was
found at the drill site or underground.
In order to stop the sand inrush through the borehole,
we should reduce the flow rate by filling the borehole with
granular rock mass. Take the accident in Longde coal mine
for an example. First, large rock blocks were threw into the
borehole. Following that, small rock particles were pushed
into the borehole, which reduced the particle-size distribution parameter of the granular rock mass in the borehole.
After a period, the flow rate of water and sand decreased a
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lot. Then, cement paste was pumped into the granular rock
mass in order to reduce the porosity of the granular rock mass
in the borehole. After taking these measures, the flow rate of
water reduced greatly and sand inrush stopped.
4.3.2. Water and Sand Inrush through Mining Induced Fractures. When mining in shallow coal mines, the mining
induced fractures may go through the rock layers and connect
the aquifer and sand bed. When water flow transports
through the mining induced fracture and permeates into the
granular rock mass over the mined coal, the properties of the
fractures and granular rock mass have a certain influence on
the sand movement. The sand inrush can be predicted by
monitoring water flow rate. As shown in the experiments,
the possibility of sand inrush is low if the water flow rate
is low and little sand is found in the flow. However, if the
monitored water flow rate increases gradually during the
mining, measures should be taken to prevent water and sand
inrush accident.
There are several methods to control the water and
sand inrush from the roof during the mining. The first
is to decrease the water level in the aquifer via boreholes
before mining. Meanwhile, we can reduce the porosity of the
fractured zone over the mining face by filling the fractures
with pressured cement paste. These measures can decrease
the flow rate and reduce the risk of sand inrush. This method
has been used in Halagou coal mine, which is located at the
border of Shaanxi province [3]. Finally, the risk of sand inrush
was eliminated successfully.
The second method is to control the failure of the rock
mass in the roof by using backfilling mining method [20].
The goaf is filled with granular rock mass or paste, and the
height of the fractures in the roof is under control. However,
the water in the aquifer may still seep into the goaf around
the faults or collapse columns, so does the sand. Therefore,
the granular composition of the backfilling rock mass should
be well designed, and the granular rock mass should be compressed to reduce the porosity to be as small as possible [21].
It should be pointed out that the present study is only a
primary attempt to understand the water and sand inrush
through the rock mass. The results are more or less a
phenomenological description of the problem in granular
rock mass, rather than a precisely quantitative comparison
with the in situ measurements. Moreover, the characteristic
of seepage through the granular rock mass in the field may be
different from what we get in the laboratory due to the size
effect.

5. Conclusions
(1) Talbot formula can be utilized to express the granular
composition. The particle-size distribution parameter
and the porosity are the two key properties of the
granular rock mass.
(2) In current study, the seepage velocity has a linear relationship with the particle-size distribution parameter
and porosity. The proposed equation can predict the
seepage velocity very well when the parameters are
within the specific range used in the tests.
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(3) Based on the values of porosity and particle-size
distribution parameter, the sand inrush zone can be
clearly distinguished. As the parameter 𝑛 increases,
the sand inrush will occur at lower porosity. At the
same time, the sand inrush can also be estimated
using the seepage velocity. When the parameter 𝑛
increases, the critical seepage velocity for sand inrush
decreases quickly.
(4) According to the findings from the experiments, the
principles for preventing water and sand inrush are
reducing the porosity, optimizing the pore structure
of the granular rock mass, and lowering the flow
rate. In practice, the porosity can be reduced by compressing the granular rock mass or by grouting using
cement paste. The pore structure can be improved by
increasing the ratio of small rock particles. Additionally, the flow rate can be decreased by predraining
water in the aquifer before mining. The proposed
principles have been successfully used in-site to control the water and sand inrush.
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