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In the western region of China, coal mining activities are prone to induce water and sand inrush disasters, which seriously threaten
the safe production of the coal resources. In this paper, an experimental device was designed to simulate the process of water and
sand inrush, and then, the control factors of the disasters in the broken rock mass in the goaf were investigated. Also, the seepage
fracture channels in the broken rock mass were simplified by using the 3D printing technology, and the effects of fracture aperture
and angle on the seepage characteristics of water-sand mixtures were analyzed. The experimental results showed that the porosity
and skeleton structure of the broken rock mass were the key factors to control the water and sand inrush disasters. The smaller the
initial porosity of the broken rock mass, the weaker its permeability, and the less probable to form a dominant channel for the water
and sand inrush disasters. Conversely, the broken rock mass structure with larger size gradation was more likely to form the
permeable channels, and the quality of the sand inrush was greater. In addition, it was also found that the angle of the fractures
within the broken rock mass affected the seepage characteristics of water-sand mixture, and the permeability showed an
exponential relationship with the fracture angle. Meanwhile, as the fracture aperture increased, the fracture angle generated
greater influence on the permeability. Finally, we proposed the water and sand inrush prevention and control technology based
on the experiment results. The results of this study can provide a reference for the control of water and sand inrush disasters in
western China.

1. Introduction

Abundant coal resources (36% of coal resources) are found in
the western region of China; however, it is prone to have
water and sand inrush disasters in the mining process due
to the fragile ecological environment in the western region
[1–3]. As presented in Figure 1 [4], the broken rock mass
(porous skeleton) in the caving zone connects the aquifer
and the goaf zone during the mining process, constituting
an effective channel for the transport of water-sand mixed
fluids [5, 6]. The sand-water mixed fluid is then transported
through the fractures in the broken rock mass and gushed
into the working area [7]. Subsequently, it flooded the mining
equipment in the working face, causing casualties and equip-
ment damage [8–10]. In addition, water and sand inrush

disasters also lead to environmental damage, such as surface
collapse, groundwater contamination, and other problems
[11, 12]. Therefore, to explore the factors affecting the
process of water and sand inrush has practical engineering
significance and economic values.

As for the generation of water and sand inrush disasters,
scholars at home and abroad have explored this issue in var-
ious aspects [13, 14]. Based on the engineering case studies,
Kesseru proposed and validated a new method to distinguish
the occurrence of water and sand inrush by the mine tests
and failure experience [15]; Zhang and Hou summarized
the four necessary influencing factors for water and sand
inrush hazard by analyzing the hydrological and engineering
geological conditions of shallow buried coal seam mining
[16]; Dash et al. concluded the prerequisites for the
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occurrence of sudden floods by analyzing coal mines in India
[17]; Zhang and Lin put forward a calculation method appli-
cable to the volume flux of quicksand disaster based on the
case of Longde coal mine project in China [18]; according
to the case study of Xiexin coal mine, Li et al. proposed a
water and sand control system for the mining of extrathick
coal seams under unconsolidated Cenozoic alluvium [6].
However, these methods are only regularity studies and not
why. Besides, based on the numerical simulation method,
Pu et al. combined it with the lattice Boltzmann method
(LBM) to explore the effect of fracture openings on the
amount of sand inrush [19]; Wang et al. adopted the discrete
element method (DEM) to develop a three-dimensional
model of the flow-solid two-phase to analyze the water-
sand transport process during the water and sand inrush
[20]; Ma et al. simulated the process of water and sand inrush
disaster on engineering scale by computational fluid dynam-
ics (CFD) method and proposed basic measures for disaster
prevention and control, that is, surface fracture backfill,
grouting reinforcement, dewatering, and depressurization
[4]. But these methods all simplify the process of water and
sand inrush, which is difficult to correspond with the actual
situation. Therefore, some scholars have attempted to study
the process and mechanism of the occurrence of water and
sand inrush disasters through the experimental methods:
Sui et al. discovered that the initial water pressure of the aqui-
fer and the aperture of the sand inrush fractures were the key
factors affecting the number of sand emergence from the coal
mine workings using indoor experiments [21]; owing to the
results of granular rock seepage tests, Zhang et al. conducted
a water and sand inrush test and proposed the critical condi-
tions for the occurrence of water and sand inrush disaster
[22]; Yang et al. systematically analyzed the fracture evolu-
tion characteristics of the overburden rock layers in shallow
thick coal seams by the physical simulation, theoretical anal-
ysis, and field observation [23]; Chen et al. explored the
mechanism of water and sand inrush disasters under differ-
ent clay content conditions in the loose layer [3]. Indeed,
the fractures in the broken rock mass play an important role
in controlling the water and sand transport [24–26]. At the
same time, the shape of fractures in overlying rocks shows
variations influenced by different forms of forces and loca-
tions [7, 27]. However, the relevant studies on the experi-
ments of water and sand inrush were not well studied,
especially considering the effect of fissures.

Therefore, in this paper, the tests of water and sand
inrush were carried out by self-designed relevant experimen-
tal devices. Moreover, the process of water-sand seepage
along the fracture channel during mining was simulated for
rock mass with different degrees of brokenness. Based on
the testing results, the effects of different initial porosity on
the seepage of water-sand and the quality of the sand
outbursts were analyzed. In addition, the influence of the
fracture angle and aperture on the migration characteristics
of sand-water mixture was also analyzed in combination with
3D printing technology. Finally, the research results contrib-
ute to further understanding of the water and sand inrush
disasters and provide guidance for the prevention of the
disasters caused by coal mining.

2. Laboratory Experiments on Water and
Sand Inrush

2.1. Experimental Materials. As shown in Figure 2, the sand
grains used in the test were aeolian sand harvested fromYulin,
northern Shaanxi, China. The sampling site of the sand was
only 20 km away from the Longde coal mine. The particle size
distribution of the test sand is shown in Figure 3, and its aver-
age particle size was 0.25mm. The aeolian sand density was
1174 kg/m3, and the natural porosity is about 54%. The mud-
stone samples selected for this study were also obtained from
the Longde coal mine, and the samples were then made into
different size particles using a crusher. Next, a sieve was used
to classify the samples into five ranges of particle size (see
Figure 2), namely, 5.0-8.0mm (size range 1), 8.0-10.0mm
(size range 2), 10.0-12.0mm (size range 3), 12.0-15.0mm (size
range 4), and 15.0-20.0mm (size range 5).

2.2. Design of Test Equipment

2.2.1. Experimental Device for Water and Sand Inrush. In
order to conduct the water and sand inrush experiment, an
experimental system was designed, including self-designed
seepage test device and MTS816 servo loading device. The
schematic and physical diagram of the water-sand mixture
seepage test device is presented in Figure 4, which mainly
consists of water pressure device, storage device for water-
sand mixture, broken rock storage device, orifice device for
water-sand influx, recording device, pressure sensor, etc. In
the tests, the screened broken rock mass was put into the
cylindrical chamber, and then, a seepage plate was placed
above the broken rock masses. Next, as shown in
Figure 4(a), the aeolian sand was placed into a pressure-
bearing ring. Additionally, an MTS816 servo-controlled test-
ing machine was used to apply load to the seepage experi-
mental device (Figure 4(c)). During the testing, the seepage
device was loaded axially by the lower piston (Figure 4(a),
7) to compress the granular rock mass under lateral restraint.

Furthermore, an advance verification test was conducted
to satisfy Darcy’s law for the experimental percolation pro-
cess. A pump was used to inject 0.5MPa pressure water flow
from the upper part of the apparatus, and the lower part was
at standard atmospheric pressure. The test results showed
that the pressure gradient of water through the broken rock
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Figure 1: The schematic diagram of the water and sand inrush
disasters as well as the images of the disaster on site (after [4]).
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sample was about 5 ∗ 10−3 MPa/mm, which is similar to the
results of previous studies [22]. Therefore, the seepage in
the broken rock samples under the above pressure gradient
follows Darcy’s law.

Besides, a viscometer was used to measure the apparent
viscosity of the water-sand mixture, as shown in Table 1,
which is a power law-type non-Newtonian fluid.

μa = 0:246 × γs
−0:8894, R2 = 0:995, ð1Þ

where μa is surface viscosity and γs refers to shearing rate.

2.2.2. Fracture Seepage Experimental Device. The geometry of
the fracture in the broken rock mass was a significant factor
affecting the water and sand inrush [7, 28]. In order to further
analyze the seepage characteristics of water and sand mixture
in the fractures, the fracture channel in broken rock mass was
simplified. However, rock is a hard and brittle material, and it
is difficult to create cracks of specific apertures and angles in
the rock in a laboratory setting. As shown in Figure 5, we
employed a 3D printer to produce single fracture samples

of different shapes. Each fracture test piece was height h
(100mm). The fracture aperture l was 2, 3, 4, 5, or 6mm;
and the fracture angle α was 45°, 55°, 65°, 75°, or 90°. For
the five fracture apertures and five angles, 25 test pieces were
made. Further, the screw threads were machined at the two
ends of each test piece so that they could be easily installed
into the test piece sleeve. Moreover, the screw threads were
wrapped with thread seal tape to prevent the seepage of water
along them.

2.3. Experimental Method. In this test, since a constant axial
pressure was applied by the MTS816 system, it was difficult
to determine the deformation behavior of the broken rock
mass samples with different grain sizes directly. So to deter-
mine the deformation of the broken rock mass under the
load, the uniaxial creep tests were conducted. From
Figure 6, there are obvious differences in the deformation
of the samples under the same loading conditions, and the
greater the gradation of the fractured rock samples, the
greater the degree of deformation. Consequently, according
to the deformation law, the samples with specified height
can be obtained by loading. The detailed experimental steps
are as follows. (It should be noted that for the fracture seep-
age test, no load needs to be applied.)

Step 1. Put the broken rock samples with different particle
size distribution into the cylindrical chamber of the perme-
ation test device (see Figure 4(a), 10).

Step 2. Place a seepage plate and an annular pressure-bearing
ring above the broken rock sample; then, put the selected
aeolian sand (total 500 g) into the pressure-bearing ring. Note
that the mass of sand is the same for each sample.

Step 3. Load samples to a specified height of 150mm via
MTS816.

Step 4. Connect the pump to the water penetration test device
and keep the inlet pressure at 0.5MPa.

5-8mm 8-10mm

10-12mm 15-20mm12-15mm

Aeolian sand

Figure 2: Experimental materials.
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Figure 3: Grain size distribution curve of the aeolian sand.
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Step 5. Collect the inrush sand using a filter, as well as the
remaining sand in the pressure-bearing ring; subsequently,
air-dry the sand and measure its mass.

3. Experimental Results and Analysis

3.1. Determine Porosity of the Broken RockMass. The size dis-
tribution of the broken rock mass is an important parameter
that affects the seepage characteristics of water and sand in
the broken rock mass. To avoid further fragmentation of
broken rock mass under axial compression, which would
obviously change the size distribution, we controlled the axial
compression level within a certain range following the
sample deformation law. After a certain amount of axial
compression that was applied to the broken rock mass for a
period of time, the deformation of the broken rock mass
tended to be stable, and the final porosity and other parame-
ters of the samples can be obtained.

The porosity ϕ of the broken rock mass that can be calcu-
lated by the volume of fractured rock mass in the permea-
meter can be obtained by the following formula:

ϕ = 1 − m
ρπr2h 1 − εð Þ , ð2Þ

where m is the quality of the broken rock mass, ρ is the
density of the broken rock mass (2.42 g/cm3), r is the internal
radius of the main cylinder of the permeameter, h is the
height of the fractured rock mass accumulated naturally,
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Figure 4: Schematic and physical diagram of the experimental system. (a) Schematic diagram andmodule physical diagram of the system; (b)
physical penetrometer; (c) MTS816 system. Note: 1: base; 2: base inlet; 3: seepage plate; 4: pressure-bearing ring; 5: layered bulkheads; 6: main
cylinder; 7: piston; 8: water and sand collection tray; 9: sand area; 10: broken rock mass; 11: water and sand outlet.

Table 1: The relationship between shear rate and surface viscosity.

Size distribution Shearing rate Surface viscosity

0.074-1mm

25.1327 0.0135

62.8318 0.0065

125.664 0.0032

h/2

h/2

l

Schematic diagram 𝛼=45°

𝛼=65° 𝛼=75° 𝛼=90°

𝛼=55°

𝛼

𝛼

Figure 5: Schematic diagram and actual fracture test pieces. l, h, and
α are the fracture aperture, height, and fracture angle of the sample,
respectively.
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and ε is the strain of the broken rock mass under axial
compression.

Then, Equation (2) can be expressed as

ϕ = 1 − m
ρπr2ht

, ð3Þ

where ht is the compressed height of the broken rock
mass at t moment.

An axial force of 6 kN, 8.3 kN, 11.3 kN, 15.2 kN, 20.4 kN,
and 26 kN was applied to the broken rock mass, respectively,
and the inner diameter of the permeameter is 100mm, so the
corresponding axial pressure is 0.76MPa, 1.06MPa,
1.44MPa, 1.94MPa, 2.60MPa, and 3.31MPa, respectively.
Due to the different size gradations of the broken rock mass,
the porosity obtained under the same axial pressure is also
different. From Equation (3), the specific experimental data
is shown in Table 2 and Figure 7. From that, the porosity of
the samples decreases with increasing gradation, while the
variability is more obvious under the loading.

3.2. Analysis of Seepage Results of the Broken Rock Mass. In
the process of water and sand seepage, part of the sand would
remain in the skeleton of the broken rock mass, so it would
certainly change the quality and porosity of the rock mass,

while the other part of the sand would flow out of the broken
rock mass with the water. The sand that flow out to the min-
ing face will threaten the safety of the coal mining. There is
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Figure 6: Rheological law of broken mudstone with different particle sizes: (a) 5-8mm; (b) 12-15mm.
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Table 2: Relationships between porosity and axial pressure of broken rock mass with different size gradations.

Axial pressure (MPa)
Porosity (ϕ)

5~8mm 8~10mm 10~12mm 12~15mm 15~20mm

0.76 0.464 0.453 0.442 0.429 0.419

1.06 0.444 0.433 0.421 0.405 0.393

1.44 0.426 0.414 0.399 0.383 0.367

1.94 0.408 0.395 0.380 0.362 0.343

2.60 0.390 0.377 0.360 0.340 0.319

3.31 0.375 0.362 0.344 0.323 0.299
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also part of the sand that would be isolated above the broken
rock mass. The entire sample in the experiment was in a
closed environment, and it was difficult to observe the inter-
nal conditions dynamically. Therefore, the changes of poros-
ity and skeleton structure of the broken rock samples would
cause the changes of permeability characteristics. The focus
of this paper is to analyze the characteristics of the permeabil-
ity, porosity, water and sand seepage, and quality of sand
inrush under different deformation processes of the broken
rock mass. Assume that the seepage process conforms to
Darcy’s law [29], the following can be obtained.

−
∂p
∂z

= vμ
k
, ð4Þ

where k is the permeability and μ is the hydrodynamic
viscosity.

From Equation (4), the permeability coefficient K can be
obtained by using

K = k
γ

μ
, ð5Þ

where γ is the gravity density of the fluid.
In the process of water and sand seepage, the size grada-

tion and the initial porosity of different broken rock mass
have great influence on the motion characteristics of water
and sand mixture. Figure 8 shows the quality of sand inrush
when loaded with different size gradations.

The quality of the sand inrush with the initial porosity
changes is shown in Figure 8. The quality of the sand inrush
is a visual representation of the water and sand inrush disas-
ter in coal mines, due to the fact that sand often submerges
and damages equipment. From Figure 8, the quality of the
sand inrush is obviously influenced by the structure of the
fractured rock, the larger the gradation the more sand col-
lapse quality of the sample, implying that the broken rock
samples with the large gradation are more likely to form
dominant sand collapse channels. Also, this indicates that
the greater the hazard level of the water and sand inrush.
For example, when the porosity of the broken rock sample
is about 0.45, the mass of the broken sand increases from
52.3 g to 118.9 g as the gradation of the sample changes from
10-12mm to 15-20mm. The broken rock mass is a loose
granular material, and the particles are easily moved under
the action of the external forces. The particles would slide rel-
atively until the new equilibrium state is reached. The broken
rock mass with small size gradation was more likely to reach
a denser structure. Contrarily, the broken rock mass with a
larger size gradation was more likely to form a permeable
structure, and the quality of the sand inrush was greater.
Therefore, even in the case of the same initial porosity, the
water and sand seepage characteristics in the broken rock
mass with the different size gradations were distinct. Besides,
to better describe the sand inrush situation of the broken rock
mass under different size gradations, Equation (6) for the rela-
tionship between the amount of sand inrush and the initial
porosity with the different size gradations was fitted, where
the lower corners of m which are 1, 2, 3, 4, and 5 indicate the

gradation of 5-8mm, 8-10mm, 10-12mm, 12-15mm, and
15-20mm of the broken rock sample, respectively.

m1 = 167:42 − 201:19 exp −0:51ϕð Þ, R2 = 0:898,
m2 = −1:70 + 1:08 exp 45:57ϕð Þ, R2 = 0:985,
m3 = −38:49 + 0:10 exp 17:69ϕð Þ, R2 = 0:997,
m4 = −160:72 + 7:16 exp 9:63ϕð Þ, R2 = 0:987,
m5 = −321:91 + 86:33 exp 4:76ϕð Þ, R2 = 0:996:

8
>>>>>>>><

>>>>>>>>:

ð6Þ

3.3. Effect of Fracture Shape on Water and Sand Inrush.
Permeability is an important parameter that reflects the
seepage characteristics of the medium. For each sample,
water-sand mixture fluid was tested. The data collected by
the pressure transducer was denoted by p1, the seepage out-
let was directly connected to the atmosphere, and the pres-
sure at the outlet was denoted as p0. The hydraulic slope was
calculated as follows:

J = −
∂p
∂x

= p1 − p0
h

, ð7Þ

where J is the hydraulic slope along the seepage direction
and h is the distance at the seepage direction. The unit
time flow measured by the electromagnetic flow meter
was denoted by Q, and the flow velocity v was calculated
as follows:

v = Q
A
, ð8Þ

where A is the sectional area of the fracture.
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Figure 8: The curve of relationship between the quality of sand
inrush and initial porosity of broken rock mass.
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The permeability was calculated based on Darcy’s law.
The power-law non-Newtonian fluid equation can be
expressed by the following equation [30]:

k = −
vmμ
J

, ð9Þ

where k is the effective permeability.
For each fracture sample, the permeability calculated at

the fluid concentration of μi was denoted by ki, and the
permeability of a sample was calculated as follows:

k = 1
n
〠
n

i=1
ki, n = 4: ð10Þ

Based on the pressure and flow rate data obtained in the
experiments, Equations (7) and (8) were used to calculate the
permeability of each fracture sample, and the permeability
was influenced by its fracture aperture and angle. Figure 9
plots the influence of fracture angle on permeability in
curves. As seen in Figure 9, at a fixed fracture aperture, the
permeability increased at a decreasing speed along with
increases of the fracture angle. When the fracture angle α
was relatively small, the five curves were more densely
distributed; as α increased, the five curves became farther
apart. For example, when the angle of the fracture is 45°,
the permeability k increases by a factor of about 7 as the aper-
ture increases from 2mm to 6mm, and by the time the angle
increases to 75°, k increases by a factor of about 8.5. Also, it
can be found that the aperture increase of the same angular
sample leads to more significant variability in permeability.
As the aperture increased, the curves exhibited more appar-
ent increases, indicating greater influence of fracture angle
on the permeability. In addition, the curves followed the

characteristics of logarithm functions. Therefore, Equation
(11) was used to fit the curves in Figure 9.

k = b ln α − cð Þ + a, ð11Þ

where a, b, and c are fitting coefficients, as detailed in
Table 3.

Furthermore, the relationship between the parameters a,
b, and c with the fracture aperture was fitted, and the results
are shown in Equation (12). At the same time, the high deter-
mination coefficient R2 indicates the reasonableness of the
fitting results.

a = −7:8 × 10−8e−0:42l + 4:13 × 10−8, R2 = 0:986,
b = 1:09 × 10−11l3:98, R2 = 0:974,
c = −2:25e0:32l + 46:7, R2 = 0:995:

8
>><

>>:

ð12Þ

It should be noted that the research in this paper is only a
preliminary exploration of the water and sand inrush in bro-
ken rock mass. The results are more of a phenomenological
description of the problem of sand breakout occurring in
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Figure 9: Influence of fracture angle on fracture permeability: (a) fracture angle; (b) fracture aperture.

Table 3: Fitting parameters for Equation (11).

Fracture aperture
(l)

Fitting coefficients Correlation
coefficient R2a/10−10 b/10−10 c

2mm 81 3.62 42.2 0.9565

3mm 174 9.45 41.0 0.7895

4mm 282 26.63 38.2 0.9822

5mm 323 65.69 35.85 0.9518

6mm 342 136.16 31.55 0.9320
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broken rock mass instead of a quantitative comparison of
field measurement results. In addition, the indoor test results
may have some deviation from the field monitoring results
due to the size effect.

4. Discussions

When mining in a coal seam, the mining-induced fractures
may pass through the overlying rock layer and then connect
to the aquifer and sand layer over the coal seam [31]. Subse-
quently, the water-sand mixed fluid transports along the
mining-induced fractures and penetrates into the broken
rock mass above the mined coal, resulting in the occurrence
of water and sand inrush disasters. Zhang et al. concluded
that the nature of the fractures and broken rock masses has
an influence on the transport of water and sand [22]. The
results of this experiment also indicated that the porosity
and grain size distribution of the broken rock mass have a
significant effect on the quality of sand inrush. The porosity
of the broken rock mass is about larger, the more sand inrush
quality, which also suggested that controlling the porosity of
the broken rock mass helps to reduce the impact of sand
inrush hazard. In addition, the shape of the fracture is also
an important factor affecting the water and sand inrush
disasters [7]. As shown in Figure 9, when the water-sand
mixed fluid passed through the fractures, the angle and the
aperture of the fracture have a clear influence on the perme-
ability. At a certain angle, the sample permeability increases
significantly with the increase of the fracture aperture. There-
fore, the prevention and control of water and sand inrush
disasters can be addressed from the following aspects. (1)
Reduce the aperture and angle of the fracture. For this, the
mining-induced fractures should be controlled by rapid back-
filling of the goaf [32]; at the same time, the surface cracks
caused by the mining are backfilled quickly to close the water
and sand inrush channels [4]. (2) Grouting and reinforce-
ment: reinforcing the broken rock above the coal seam and
reducing the porosity can prevent the water-sand mixed fluid
from entering into the working face. (3) Reduce water flow
rate. The water flow rate is an important factor in determining
the possibility of water and sand inrush [33]. The water level
in the aquifer can be lowered by drilling before mining to
reduce the water flow rate and pressure. (4) Increase the vol-
ume fraction of sand. An increase in the volume fraction of
sand increases the resistance to the flow of water-sand fluids,
thereby reducing the possibility of disasters.

5. Conclusions

Based on the self-developed water and sand inrush experi-
mental system, the influences of the porosity and size grada-
tion of the broken rock mass on the water and sand seepage
were analyzed. In addition, we also investigated the effects
of the angle and aperture of the sample fracture on the seep-
age process of the water-sand mixture. The main conclusions
are as follows:

(1) The changes in porosity and skeleton structure of the
broken rock mass would cause the changes of the per-

meability characteristics. With the increase of initial
porosity, the permeability characteristics of the bro-
ken rock mass will be significantly enhanced. The
broken rock mass with small size gradation was more
likely to reach a denser structure. Contrarily, the bro-
ken rock mass with larger size gradation was more
likely to form a permeable structure and the more
easily the mixture of water and sand would break
out of the broken rock mass

(2) Both fracture aperture and fracture angle had influ-
ences on the permeability of fractures. At a constant
fracture aperture, the permeability increased at a
decreasing speed as the fracture angle increased,
which showed an exponential relationship between
permeability and fracture angle. As the fracture aper-
ture increased, the fracture angle generated greater
influence on the permeability

(3) According to the experimental results, the prelimi-
nary prevention and control techniques for water
and sand inrush were proposed. The main idea of
these measures is to reduce the porosity, control the
fissure development, reduce the flow rate, and opti-
mize the structure of the broken rock mass. Practical
engineering can control the fracture development
and reduce the porosity by the grouting reinforce-
ment technology. Meanwhile, the rapid backfilling
of the surface fractures can also hinder the develop-
ment of the fractures. In addition, reducing the
height of the aquifer by drilling before the mining
can reduce the flow rate and pressure
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