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Abstract
To investigate the mechanism of water–sediment inrush during coal mining, the characteristics of water–sediment flow in 
rock fractures were quantitatively analyzed by computational fluid dynamics (CFD). Based on the two-phase flow theory, 
a resistance model of water–sediment flow in fractures was established and verified by a laboratory-scale test. The results 
showed that: (1) With increases sediment particle diameter, volume fraction, and initial water phase velocity, the resistance 
of sediment particles grows gradually. (2) The drag force of sediment particles is mainly generated from the collision of the 
water phase and fracture wall. The velocity distribution of sediment particles can be divided into three stages, i.e., continu-
ous increase, rapid decrease, and slow fluctuation. (3) The numerical model was shown to have high predictive accuracy 
by comparison with the test results. The model’s predictive accuracy decreases with increased water phase velocity and 
decreases of the sediment particle diameter and volume fraction. (4) The smaller the fracture width, the larger the inclination 
and bending angles, and the greater the resistance of the two-phase flow in the fracture. Collisions between the particles and 
fracture wall cause velocity attenuation of the sediment particles. We propose water–sediment inrush prevention and control 
technology based on the numerical analysis results.
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Introduction

Longwall mining is widely applied in western China (Ju 
et al. 2018; Zhang et al. 2015b). Thin overburden strata are 
prone to fracture after longwall mining, which can induce 
an water–sediment inrush disaster (Fan et al. 2018; Peng 
et al. 2019), during which sediment particles quickly flood 
into the mining face along with water, resulting in casualties 
and equipment damage (Elbaz et al. 2016). Water–sediment 
inrush events can waste large amounts of water and pol-
lute the groundwater (see supplemental Fig. S-1), aggravat-
ing regional water shortages (Huang et al. 2019b; Ma et al. 
2019b; Sun et al. 2012). In addition, soil erosion caused 
by disasters can cause other environmental problems, such 
as subsidence (Zhang et al. 2015a). Therefore, methods to 
prevent water–sediment inrush disasters and protect water 
resources are urgently needed in western China’s mining 
area.

Research has shown that mining under unfavorable geo-
logical conditions is one of the main causes of water inrush 
accidents (Ma et al. 2019a, d; Zhang et al. 2014). Gullies 
formed by historical water erosion are common in arid and 
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semi-arid regions of western China. These gullies are gener-
ally filled with aeolian sand, forming a deep buried channel 
(Poesen et al. 2003; Valentin et al. 2005). Longwall mining 
breaks the strata in the caved zone into irregular shapes of 
various size, while the strata in the fractured zone are broken 
into blocks by vertical and/or horizontal fractures due to bed 
separation (Gu et al. 2019; Huang and Yang 2019; Huang 
et al. 2019a; Tao et al. 2017). As shown in Fig. 1, when the 
top plate fracture connects with the bottom of one of these 
gullies, the groundwater and aeolian sand enters the work-
ing surface along the fracture, resulting in a water–sediment 
inrush disaster (Fan et al. 2018; Yang et al. 2019; Zhang 
et al. 2015a); the roof fissure acts as a water inrush pathway.

Previous researchers have highlighted the seepage process 
in fractured geological media (Liu et al. 2020; Yang et al. 
2019). Berkowitz (2002) regarded the fracture network as 
groundwater flow channels. In this research, one of the key 
difficulties was correlating geometrical and hydraulic prop-
erties of a fractured formation, particularly in light of the 
uncertainty in measurements. After this, a series of studies 
were conducted to investigate the influence of fracture incli-
nation angles (Liang et al. 2019), connectivity (Brouwers 
and Dippenaar 2019; Guihéneuf et al. 2014), water pressure 
(Guihéneuf et al. 2014; Huang et al. 2018; Qian et al. 2019) 
and mining-induced disturbance (Kristinof et al. 2010; Ma 
et al. 2019c) on the hydraulic characteristics of fractured 
geological media.

Although the hydraulic characteristics of the fractured 
rock mass were comprehensively studied in the above 
studies, the influences of solid particles inside the fluid 
were not considered. These solid particles both change 
the hydraulic properties of fractured media and damage 
the internal structure of the rock mass (Liu et al. 2017, 
2018; Wang and Kong 2018). Ma et al. (2017) explored 

the migration of fine rock particles by two-phase flow 
experiments in broken sandstone. Their results showed 
that the sandstone’s hydraulic properties were changed 
by the particles. Wang et al. (2019) established a particle 
migration model in fractured sandstone during the ground-
water inrush process. A series of indoor experiments were 
conducted on water–sediment two-phase flow in fractured 
geological media. Liu and Li (2016) analyzed the influence 
of particle size on non‑Darcian seepage of water and sand 
in fractured rock. Yang et al. (2019) designed and manu-
factured a test system to simulate the startup, transfer, and 
inrush of the mixed water and sediment in an overburden 
fracture channel.

However, due to the scale gap between laboratory tests 
and the field, indoor experiments cannot fully simulate the 
issue of fracture seepage at the engineering scale (Hamm 
et al. 2007; Huang et al. 2016). At the same time, due to the 
high risk of water–sediment inrush, it is difficult to conduct 
in-situ simulation tests at the engineering site. Numerical 
simulation overcomes the scale limitation of indoor experi-
ments and has the advantages of high efficiency, low cost, 
and predictable results, thus it has been widely used in 
the research of seepage process in rock and soil (Li et al. 
2019; Liu et al. 2019; Zhang et al. 2008; Zhou et al. 2018). 
Although numerical simulation has been used to simulate 
the seepage process in fractured media (Fan and Zheng 
2013; Javadi et al. 2010; Kristinof et al. 2010; Li et al. 
2012; Ren et al. 2017; Xu et al. 2013), numerical simula-
tion of water–sediment two-phase flow in rock fractures has 
not been reported. Flow resistance characteristics are more 
complicated in water–sediment two-phase flow; therefore, 
accurate simulation of this flow in rock fractures is important 
for the prevention and control of water and sediment inrush 
disasters.

Fig. 1   Schematic diagram of the 
hydrogeological structure model 
of water–sediment inrush
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In this study, we investigated the potential hazard of 
mining-induced water–sediment inrush in the Buliangou 
coal mine. First, based on the geological background, a 
water–sediment two-phase flow resistance model was estab-
lished. Then, the influences of fluid and fracture character-
istics on water–sediment flow were analyzed. Finally, based 
on the numerical results, a water–sediment inrush prevention 
and treatment plan was proposed.

Geological Background

The Buliangou coal mine, located east of Ordos, Inner Mon-
golia, China (see supplemental Fig. S-2), has typical geo-
morphic characteristics of the Loess Plateau. The terrain 
is high in the southwest and low in the northeast, with an 
elevation of 1127–1346 m. The ground surface is covered 
by loess and aeolian sand, and bedrock is only exposed in 
large gullies. Soil erosion in this area is serious, forming 
a complex terrain with vertical and horizontal gullies and 
steep deep walls.

Due to the thick coal seam and the thin amount of overly-
ing bedrock at the Buliangou coal mine, the mining-induced 
water-conducting fracture zone directly reaches the surface, 
and serious surface subsidence occurs above the goaf (sup-
plemental Fig. S-3). Obvious surface collapses and wide 
surface fracture occur and in the steep slope area above the 
goaf, the loess collapses and slips, completely damaging the 
original loess structure. Since the groundwater level in this 
area is usually above the elevation of the coal seam roof, 
groundwater mixed with aeolian sand frequently flows into 
the rock fracture and underground space during mining. As 
a result, there is a high risk of water–sediment inrush.

Water–Sediment Two‑Phase Flow Resistance Model

Model Hypothesis

For simplicity, water–sediment two-phase flow models 
require some assumptions (Peker and Helvaci 2008):

1.	 It was assumed that water acts as a Newtonian fluid and 
obeys the constitutive relationship of the incompress-
ible viscous flow, and that the sediment phase can be 
regarded as discrete particles. The pore volume fraction 
between sediment particles is relatively low and there is 
no phase transition.

2.	 Sediment particles are smooth rigid spheres with uni-
form size, and the probability of collision between the 
particles is low.

3.	 Saffman force and other external forces are ignored; only 
gravity, pressure gradients, buoyancy, resistance, and the 

Magnus lift of the particles in the flow field are consid-
ered.

4.	 Besides the interaction of the time-averaged motion with 
the liquid, sediment particles are also subjected to the 
liquid’s turbulent diffusion.

5.	 Regardless of multi-component and non-isothermal con-
ditions in liquids, the effects of molecular diffusion and 
Brownian motion on solid-phase particles are ignored.

6.	 Due to the small length of the fracture channel and the 
low osmotic pressure, the change in fluid volume along 
the length of a pore is ignored due to fluid compress-
ibility in the pores.

7.	 The fracture is assumed to be a circular tube that does 
not change with the fluid flow; fracture closure is 
neglected.

8.	 The permeation of the water phase is not considered.
9.	 Due to the low volume concentration of the sediment 

particles, the energy loss caused by the collision of sedi-
ment particles is neglected.

Governing Equations

Based on the above assumptions and research by Sahimi 
(2011), governing equations for the water–sediment two-
phase flow model of the fracture include mass and momen-
tum conservation for both the water and sediment phases. 
The coupling equations of water–sediment phase are sum-
marized as follows:

1.	 Governing equation of water phase:

where, �f  is the density of water phase; vf  is the velocity 
vector of water phase, cs is the volume fraction of sedi-
ment particles, p is the pore pressure, � is the dynamic 
viscosity of the water, and Fsf  is the force of sediment 
particles on the water.

2.	 Governing equation of the sediment phase:

where �s is the density of the sediment phase; vs is the 
velocity vector of the sediment phase, Ffs is the force of 
the water on sediment particles, and Fws is the equivalent 
wall resistance in the pores of the dx segment.

3.	 Water–sediment two-phase coupling equation:
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Auxiliary Equations

Auxiliary equations are presented as follows.

1.	 Equivalent resistance of pore wall:

where fws is the average collision frequency between 
sediment particles within the two-phase flow per unit 
volume and wall surface, which is related to the rough-
ness of the wall surface, and A is the cross-sectional area 
of the pores.

2.	 Interactive force of the water–sediment:

where � is the rotation velocity of particles and CD is the 
flow parameter and also has:

where Res is the Reynolds number of sediment particles.

Numerical Simulation of the Water–Sediment 
Mixture’s Flow Resistance Characteristics

Solution Conditions

The water–sediment two-phase flow resistance model is 
shown in Fig. 2.

1.	 Boundary conditions of the water phase
	   Since the movement of fluid particles in turbulent 

motion is complicated, the inlet boundary of the water 
phase is approximated by empirical formulas using pre-
vious experimental data, named the “1/7 law”:

(3)Ffs = −Fsf
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where v0 is the initial water phase velocity, ds is the size 
of particle sediment, DF is the fracture width.

	   Assuming that the boundary of the pore surface is 
non-penetrating and non-slip, then:

	   The outlet boundary is set as:

2.	 Boundary conditions of the sediment phase
	   The inlet boundary of the sediment phase is the same 

as the water phase:

	   Based on the assumption that the impact of rough 
boundary on sediment particles is equivalent to the 
boundary layer resistance, so the boundary of the pore 
surface is considered to be non-penetrating and non-slip:

	   The outlet boundary is set as:

3.	 Initial conditions
	   The velocity of the water–sediment two-phase fluid is 

consistent, and can be expressed as:

	   At time t = 0, sediment particles are injected from the 
inlet, and cs||t=0 = 0 within the fracture.

Numerical Model Scheme

Based on the above assumptions, the fracture channel is 
regarded as a round, elongated pipe. Computational fluid 
dynamics software was used to study the influence of fac-
tors such as sediment particle diameter, volume fraction, 
initial water phase velocity, fracture width, inclination angle, 
and bending angle on the resistance characteristics of the 
water–sediment two-phase flow. The various parameters and 
properties of the numerical model were set as: the water 
phase in the fluid zone is a continuous fluid, with a den-
sity of 103 kg/m3; the solid phase is regarded as suspended 
aeolian sediment particles, with a density of 1420 kg/m3; 
the water–sediment fluid enters in a direction perpendicular 
to the entrance of the fracture. The initial conditions and 
boundary conditions were stated above, and the pressure at 
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Fig. 2   Resistance model of water–sediment mixed flow
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the outlet boundary is 0 Pa. A non-slip boundary condition 
was adopted for the wall surface and the standard wall func-
tion was used for conditions near the wall.

Numerical Results

Influence of Fluid Characteristics on the Water–
Sediment Flow

To investigate the influence of fluid characteristics on the 
water–sediment flow, sediment particle diameter, volume 
fraction, and initial water phase velocity were considered. 
The simulation scheme is shown in Table 1.

Sediment Particle Diameter

Figure 3 shows the trajectories of sediment particles with 
different diameters. It can be seen that the diameter of sedi-
ment particles directly affects its gravity, buoyancy, and the 
resistance of water. The larger the diameter of sediment 
particles, the greater the fluid resistance, the sooner the 
sediment particles strike the fracture surface, and the more 
rapidly movement is transformed from translation motion 
to rolling motion.

From the sediment velocity curves (see Fig. 4), the distri-
bution of particle velocity can be divided into three stages: 
(1) continuous increase: during this stage, the velocity 
increases and approaches the peak value, due to the flow of 
the water phase; (2) rapid decrease: the velocity decreases 

Table 1   Numerical schemes of 
fluid characteristics of water–
sediment flow for a fracture 
width of 10 mm, a fracture 
inclination and bending angles 
of 0°

Schemes Sediment par-
ticle diameter 
(mm)

Sediment particle 
concentration (%)

Initial water 
phase velocity 
(m s−1)

Scheme 1 Sediment particle diameter 0.08, 0.12, 
0.16, 0.20

4 0.2

Scheme 2 Sediment particle concentration 0.12 2, 4, 6, 8 0.2
Scheme 3 Initial water phase velocity 0.12 4 0.1, 0.2, 0.3

Fig. 3   Particle trajectories of sediment for variable particle diameter. a d
s
 = 0.08 mm; b d

s
 = 0.12 mm; c d

s
 = 0.16 mm; d d

s
 = 0.20 mm
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rapidly from the maximum because the gravity, resistance, 
and thrust of the water reaches equilibrium; the velocity of 
the water no longer increases, and then the particle velocity 
begins to decrease due to the significant influence of gravity 
and thrust. (3) Slow fluctuation: in this stage, the velocity 
stops decreasing and begins to slightly fluctuate, which is 
caused by the particles striking and rolling forward to the 
fracture surface.

In the first stage, the increase in particle velocity is 
affected by particle size. The larger diameter particles have a 
greater maximum velocity and reach the maximum velocity 
in a shorter distance. Based on the above analysis, it appears 
that the larger the diameter of the particles in the first stage, 
the greater its buoyancy and water resistance.

Sediment Volume Fraction

When the water–sediment mixture flows through the frac-
tures, the sediment volume fraction is used to reflect the 
transporting ability of unit mass water carrying the mass of 
solid particles. As shown in Fig. 5a, as the sediment volume 
fraction increases, the maximum pressure within the frac-
ture increases exponentially, and the pressure drop of the 
unit length increases (for fractures with the same length). 
As shown in Fig. 5b, the higher the sediment volume frac-
tion, the smaller the maximum sediment velocity. The main 
reasons are that: the high sediment volume fraction leads to 
more frequent contact and collisions between the particles, 
resulting in more kinetic energy loss; then the average veloc-
ity of the solid particles is smaller. Figure 5c shows the evo-
lution of turbulent dissipation energy in the tube. It indicates 
that the larger the sediment volume fraction, the greater 
the disturbance of the acceleration effect of the sediment 
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particles to the surrounding liquid in the previous period. 
Therefore, the turbulent kinetic energy is also greater.

Initial Water Phase Velocity

The simulation results show that with increased initial 
water phase velocity, the pressure drop in the fracture 
gradually increases (see supplemental Fig. S-4), while the 
particle velocity fluctuation is relatively flat (Fig. 6). With 
increased distance to the inlet, the sediment velocity is 
slowly increased to a value slightly greater than the water 
velocity, and then this value slows down to slightly less than 
the water velocity.

For a low-concentration water–sediment mixture flowing 
through fractures of the rock mass, the resistance mainly 
comes from the surface friction generated by the relative 
slip of the sediment and water phases. As the initial water 
phase velocity increases, the friction and collision among the 
particles and between the particles and the fracture surface 
are more violent, so the relative slip velocity between the 
two phases of water and sediment decreases. In return, the 
friction between them is reduced, resulting in greater kinetic 
energy loss. Finally, some of the particles settle into the bot-
tom of the fracture to form a sliding bed (Fig. 7), which in 
turn produces more flow resistance. If the water phase veloc-
ity is small (Fig. 7a), the energy loss caused by the friction 
between the sliding bed and the fracture surface is less than 
the pressure loss. In summary, the pressure loss decreases 
with decreased water velocity; if the water phase velocity is 
large (Fig. 7c), then the solid particles are accelerated by the 
water phase, and most of them do not settle to the bottom 
of the fracture, but flow out of the fracture with the water 

phase. Therefore, particle deposition along the fracture is 
minimal, and velocity fluctuations are minimal.

Related Experimental Verification

A laboratory-scale test was conducted to validate the 
numerical model. The test system consisted of a straight 
glass tube, a water pump with a flow meter, a water–sedi-
ment mixer, and a sediment collection device (supplemen-
tal Fig. S-5). The straight glass tube was 200 mm in length 
and 10 mm in inner diameter and placed horizontally. 
Under the action of the water pump, the water flowed into 
the mixer, forming a water–sediment mixture. Then, this 
water–sediment mixture flowed through the glass tube and 
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eventually flowed into the collection device. To obtain the 
sediment mass, the mixture was filtered and weighed there.

The sediment volume fraction and water phase veloc-
ity were adjusted by the water–sediment mixing device 
and water pump, respectively. The particle sizes were 
set as: 0.06–0.10 mm (Group 0.08 mm), 0.10–0.14 mm 
(Group 0.12 mm), 0.14–0.18 mm (Group 0.1 6 mm), and 
0.18–0.22 mm (Group 0.20 mm) (Table 2).

The testing value (TV) of the mean particle velocity vs 
was calculated by Eq. 14:

where M is the mass of sediment particles collected; T is the 
collection time; and S is the cross-sectional area of the glass 
tube. For the model solution, the calculated value (CV) of 
the mean particle velocity vsc is obtained by:

The difference between the TV and the CV is described 
by the absolute percentage error (APE):

Supplemental Fig. S-6 compares the TV and the CV. 
It is obvious that the CV and TV curves have the same 
trend. In addition, the APE of the model increases with 
increased water phase velocity and decreases in the sedi-
ment volume fraction and particle diameter. Meanwhile, 
the mean values of APEs for variable particle diameter, 
volume fraction, and water phase velocity is 5.0, 5.1, and 

(14)vs =
M

�sST

(15)vsc =
∫ l

0
vs(x)dx

l

(16)APE =

|||||
vs − vsc

vs

|||||
× 100%

5.2%, respectively, which indicates that the model was 
highly accurate.

Influence of Fracture Characteristics on the Water–
Sediment Flow

The influence of fracture characteristics, such as the frac-
ture width, inclination angle, and bending angle, on the 
water–sediment flow should be considered. However, given 
the limited experimental conditions, it was not possible to 
simulate these fracture characteristics. Nevertheless, the 
numerical model was verified as being highly precise, so 
the two-phase flow resistance model was used to investigate 
the effect of fracture characteristics (Table 3).

Fracture Width

Supplemental Fig. S-7 shows the pressure distribution of 
fractures with variable fracture widths. It can be seen that 
the water–sediment two-phase flow conditions varies as the 
fracture width changes. The pressure distribution in the frac-
ture with a width of 5 mm presents a gradient distribution 
that is basically perpendicular to the fracture direction, while 
a fracture with a width of 20 mm presents a pressure gradi-
ent distribution with a certain inclination angle. Figure 8a 
shows the variable maximum pressure for different fracture 
widths. It is obvious that the maximum pressure decreases 
exponentially with as the fracture width increases.

The distribution of turbulent dissipation energy is 
depicted in Fig.  8b. The turbulent dissipation energy 
increases significantly near the inlet (x < 50 mm) in a frac-
ture with a width of 5 mm, while in a wider fracture, this 
growth becomes flatter; there is no obvious growth stage 
in a 20 mm wide fracture. In addition, at all positions, the 
turbulent dissipation energy increases gradually with the 
decrease of the width. This phenomenon indicates that the 
interaction between sediment particles and the fracture sur-
face is stronger in a narrower fracture, and the loss of parti-
cle kinetic energy is more intense there.

Fracture Inclination Angle

Supplemental fig. S-8 and Fig. 9 show simulation results 
for various inclination angles. As shown in Fig. S-8, the 

Table 2   Details of verification test

Sample Sediment par-
ticle diameter 
(mm)

Sediment particle 
concentration (%)

Initial water 
phase velocity 
(m s−1)

1–4 0.08, 0.12, 
0.16, 0.20

4 0.2

5–8 0.12 2, 4, 6, 8 0.2
9–11 0.12 4 0.1, 0.2, 0.3

Table 3   Numerical schemes 
of fracture characteristics 
on water–sediment flow 
for sediment particle 
diameter 0.12 mm, a sediment 
particle concentration of 4%, 
and an initial water phase 
velocity of 0.2 m s−1

Schemes Fracture width (mm) Fracture inclination 
angle (°)

Fracture 
bending 
angle (°)

Scheme 4 Fracture width 5, 10, 15, 20 0 0
Scheme 5 Fracture inclination angle 10 0, 15, 30, 45 0
Scheme 6 Fracture bending angle 10 0 15, 30, 60, 90
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maximum pressure occurs at the inlet of the fracture. As 
the inclination angle is increased, the maximum pressure 
increases exponentially (Fig. 9a). In fractures with a larger 
inclination angle, water and sediment flow to a higher place 
under the action of water pressure. More energy is required 
in this process, resulting in greater water pressure at the 
inlet.

Figure  9b shows the distribution of sediment veloc-
ity with varied fracture inclination angles. Near the water 
inlet, the sediment velocity increases as the distance to the 
water inlet increases. Then, for most samples ( � < 45°), the 
sediment velocity decreases and then fluctuates around a 
certain value near the outlet, while sediment velocity does 
not decrease for samples with the highest inclination. The 
larger the inclination angle, the higher the peak value and 

the longer sediment velocity increases. It was therefore con-
cluded that smaller fracture inclination angles decrease the 
resistance, and increase the distance required for sediment 
particles to change from translation to a rolling motion.

Fracture Bending Angle

The fracture bending angle largely determines the move-
ment of the water–sediment flow, and fracture boundaries 
are a great obstacle to two-phase fluids. Our investigation 
of water–sediment two-phase flow in fractures with dif-
ferent bending angles indicates that: (1) as the bending 
angle increases, pressure accumulation at the entrance of 
the fracture becomes increasingly obvious. This means that 
the larger the bending angle, the greater the resistance of 
the fracture surface to the two-phase fluid, and the easier 
it is to form a blockage (supplemental Fig. S-9). (2) In 
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a curved fracture, the flow of sediment particles is more 
strongly affected by resistance from the fracture boundary 
than from the middle of the fracture. The velocity of par-
ticles near the fracture boundary begins to decrease, while 
inner particles are less affected (supplemental Fig. S-10). 
(3) Figure 10 illustrates that the greater the fracture bending 
angle, the more pronounced the velocity decay of the solid 
particles. For example, in a fracture with a bending angle of 
15°, the velocity of solid particles in the first 100 mm does 
not change substantially. However, if the bending angles 
of the fractures are 30°, 60°, and 90°, respectively, a sig-
nificant decline occurs. Moreover, the greater the bending 
angle, the more obvious the decline. If the bending angle of 
the fracture is 60°, the velocity sharply fluctuates, which is 
mainly due to violent collisions of particles with the fracture 
surface.

Discussions

Technology to Prevent Water–Sediment Inrush

Since weakening the effect of water and sediment flow can 
prevent water–sediment inrush, the following measures can 
be theoretically be taken to prevent such disasters: (1) reduce 
the fracture width; (2) increase the tilt angle and the frac-
ture bending; (3) increase the sediment particle diameter; (4) 
reduce the volume fraction; and (5) decrease the flow rate. 
In practice, the following measures can be taken to prevent 
water–sediment disasters:

1.	 Backfilling of surface fractures: surface fractures caused 
by mining should be quickly backfilled to shut off water 
and sediment inrush channels.

2.	 Grouting and reinforcement: in addition, the reinforce-
ment of rock layers above a water-conducting fracture 
can prevent the mixture of water and sediment from 
entering the fracture channels.

3.	 Dewatering and depressurization: reducing the aquifer 
water level will reduce the probability of aeolian sedi-
ment being liquefied; reducing the water pressure will 
reduce the water’s power and velocity; and increasing 
the sediment volume fraction will promote the flow 
resistance of the water–sediment fluid.

Water–Sediment Inrush Mitigation Technology

Traditional abatement efforts involve draining the water and 
sediment after a disaster, which can cause the water and 
sediment to continue to flow from the surface into the mines. 
Instead, the focus should be changed to quickly blocking the 
water–sediment inrush fracture channel), reducing fracture 
channels in the rock mass, minimizing the ability of water 
and sediment to flow, and carrying out grouting reinforce-
ment. In other words, countermeasures should be align with 
reducing pipe flow to fracture flow, reducing fracture flow 
to pore flow, grouting and sealing conductive channels, and 
weakening the fluid’s sediment-carrying capacity.

Conclusions

Based on the theory of two-phase flow, we established a 
water–sediment two-phase flow resistance model. First, gov-
erning equations of water and sediment phases were built, 
and then, the effect of equivalent resistance and the interac-
tive force of the water–sediment were considered. Based 
on the solution conditions, the pressure and velocity distri-
bution of the water–sediment mixed flow in fractures were 
analysed. The main conclusions are:

1.	 Based on the proposed model, the influence of fluid 
characteristics (sediment particle diameter, sediment 
volume fraction, initial water phase velocity) on flow 
resistance were defined. We concluded that an increased 
sediment diameter results in the rise of resistance and 
less distance required to convert particle flow into a roll-
ing motion. The evolution of sediment velocity can be 
divided into three stages, i.e., continuous increase, rapid 
decrease, and slow fluctuations.

2.	 With an increased sediment volume fraction, the maxi-
mum pressure increases exponentially, the mean velocity 
of the sediment particles decreases, and the turbulent 
kinetic energy increases. With an increase of the initial 
velocity of the water phase, the unit pressure drop loss 
in the fracture increases gradually, and particle velocity 
fluctuations becomes gentle. Relatively few particles are 
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deposited in the fracture channel; instead, most of the 
sediment particles flow out with the fluid.

3.	 This model was verified by a laboratory-scale test, which 
showed that the absolute percentage error (APE) of the 
model increases as the flow velocity increases and the 
sediment volume fraction and average particle diameter 
decrease. In addition, the low APEs revealed in all sam-
ples suggest that the numerical model is highly precise.

4.	 Based on the verified model, the influence of the fracture 
characteristics (fracture width, inclination angle, bend-
ing angle) on the flow resistance was analyzed. The 
results showed that these fracture characteristics have 
a great influence on water–sediment two-phase flow. 
With a decreased fracture width, or an increase in either 
the inclination angle or the bending angle, the fracture’s 
resistance to the two-phase flow increases. The veloc-
ity attenuation of sediment particles is obvious, which 
is mainly caused by the collision of particles with the 
fracture surface.

5.	 Preliminary prevention techniques for water–sediment 
inrush (surface fracture backfilling, grouting reinforce-
ment, dewatering, and depressurization) were proposed. 
The main idea of these countermeasures is to reduce 
pipe flow to fracture flow, reduce fracture flow to pore 
flow, grout and seal the conductive channel, and weaken 
the fluid’s sediment carrying capacity.
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