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Abstract. Because of the various patterns of deep-water inrush and complicated mechanisms, accurately predicting mine water
inflows is always a difficult problem for coal mine geologists. In study presented in this paper, the water inrush channels were
divided into four basic water diversion structures: aquifer, rock fracture zone, fracture zone and goaf. The fluid flow
characteristics in each water-conducting structure were investigated by laboratory tests, and multistructure and multisystem
coupling flow analysis models of different water-conducting structures were established to describe the entire water inrush
process. Based on the research of the water inrush flow paths, the analysis model of different water inrush space structures was
established and applied to the prediction of mine water inrush inflow. The results prove that the conduction sequence of different
water-conducting structures and the changing rule of permeability caused by stress changes before and after the peak have
important influences on the characteristics of mine water-gushing. Influenced by the differences in geological structure and
combined with rock mass RQD and fault conductivity characteristics and other mine exploration data, the prediction of mine
water inflow can be realized accurately. Taking the water transmitting path in the multistructure as the research object of water
inrush, breaking through the limitation of traditional stratigraphic structure division, the prediction of water inflow and the
estimation of potentially flooded area was realized, and water bursting intensity was predicted. It is of great significance in
making reasonable emergency plans.
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1. Introduction

Mine inflow, a key component of for mining design and
mine water treatment, refers to the total amount of water
flowing into the tunnel from surface water, crevice water,
goaf water and karst errors between the predicted water
inflow made during the prospecting stage and the actual
water inflow after mining can exceed 50%, and some errors
even reach dozens of times (Zhang 2009, Adhikary 2012).

Accurate forecasting of mine inflow remains a thorny
puzzle for coal mine geologists. Numerical methods have
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been used to address complex mining situations (Li et al.
2011, Mengistu et al. 2015, Singh and Woolhiser 2002,
Voss 2011, Komurlu et al. 2016, Lawal et al. 2022,
Mahmoodzadeh ef al. 2022, Ma et al. 2023), and graphical
tools that facilitate the construction of complex models have
been developed as computers have become more powerful
and groundwater flow codes have become more
standardized  (Bredehoeft 2005, Kazemi 2012,
Vandenbohede et al. 2011, Ghyasvand et al. 2022, Vaziri et
al. 2022). In addition, mine water inrush will also lead to
water shortages and groundwater pollution, which will
cause great risks to the safe use of water resources (Huang
etal 2019, Ma et al. 2017, Liu et al. 2017).

However, it is still very difficult to reasonably and
accurately forecast the change in water inflow and pollution
during mine construction and production (Bouzourra ef al.
2015, Chen et al. 2021, Gu et al. 2020).

Most of the existing theories are qualitative analyses on
water inrush prevention from the perspective of the safety
factor, such as the effective aquifuge theory and water
bursting coefficient method (Shi 2009, Hasiniaina et al.
2010, Battumur 2009). Other theories offer explanations
and explorations based on the integrity of the bottom plate
space structure. For example, theories on three underlying
belts and four underlying belts subtract the destroyed rock
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stratum based on the existing aquiclude effect and thus
finally determine a relative safety factor. These theories are
still qualitative forecasts. The aforementioned methods can
determine the statistical probability significance of water
inrush. However, it is difficult for them to accurately
identify the location of water inrush, let alone to forecast
water inflow (Bouzourra ef al. 2015, Chen et al. 2021).
Mine inflow is featured by the flow mechanism of mine
water in the water diversion channel. Only by
understanding the flow rules and influencing factors of
mine water in various water diversion channels can
geologists carry out quantitative calculations of water
inflow and potential flooded areas. In regard to mine inflow
forecasting, the mine water content coefficient analogy
method, the hydrodynamic method in narrow horizontal
channels, and the large well method to determine the roof
water inflow were adopted (Hasiniaina et al. 2010, Wu
2014). The water inflow determined by using Dupuit’s
equation and detection of the water-rich zone in the roof of
the first mining working face by transient electromagnetic
mining exploration was calculated, and the mine inflow was
predicted by the fracture development law (Hou er al.
2016). The numerical simulation of roof water inflow by
Visual Modflow and the calculation of mine inflow under
natural mining conditions were conducted (Blum et al.
2009). Methods to forecast mine inflow can be mainly
divided into two categories according to comprehensive
analysis. One category encompasses deterministic
mathematical model methods, mainly including the water
balance method, the analytical method and the numerical
method. The other category encompasses statistical analysis
methods, mainly including the hydrogeological analogue
method, the correlational analysis method and the time
series analysis method (Hasiniaina et al. 2010, Wu 2014,
Battumur 2009, Ibishi ef al. 2022, Khorasani et al. 2019).
The current major problems in mine inflow forecasting

and calculation are as follows. @ Mine inflow is

characterized by nonlinearity. The current quantitative
forecasting method is based on Darcy’s law. However, it
cannot be applied to the realistic characteristics of mine

inflow. Q) Research on the dynamic variation rule of water
inflow during mining should be deepened. The variations in
geological and hydrogeological conditions will cause
changes in mechanical equilibrium in underground rock
masses that will exert a direct influence upon the amount
and change process of water inflow. Therefore, research on
the influence of the mining process on seepage
characteristics in the water diversion channel serves as the
key to precisely forecasting mine inflow

With the development of geophysical exploration
technology, it is possible to solve the two major problems
(geological structure prospecting (concerning water source
and carrier characteristics) and water flow motion law) that
restrict mine inflow forecasting through using fine
exploration and comprehensive knowledge of underground
conditions. The most important tasks for coal miners are to
research the water diversion characteristics and dynamic
variation rule of water diversion channels during the
process of mining and then reveal both the mechanism and

process of sudden mine inflow. In view of the relationship
between the RQD rock mass categorization method and
permeability, the permeability difference before and after
the rock mass stress peak has been considered based on fine
fault exploration data to reveal the influence of fluid-
structure interaction, master the law of confined water
transport and movement at different mining time points and
in various types of water diversion channels, and forecast
mine inflow. Thus, mine inflow can be monitored to realize
the quantitative forecasting of mine inflow and water
inrush, which is of great significance in making reasonable
water inrush emergency management plans

2. Categorization of floor water diversion channel

In terms of the division of basic mine water diversion
structures, there are four types of dominant water inrush
surfaces: strong runoff zones of floor limestone, water
conduction zones, mining-induced faults and floor fracture
zones (Gao et al. 2009). The floor water inrush mode can be
divided into three types, namely, crack extension, fracture
structure extension and conduction, and the primary channel
(Guo et al. 2018, Yin et al. 2017, Hoek and bray et al. 2005,
Karatela and Taheri et al. 2018). The confined water flow-
through structure in those three types of water inrush
models can be further divided into three basic water
diversion channel types, namely, aquifer, fault fracture zone
and fracture zone. In different water inrush types, a water
inrush path may consist of one or more water diversion
channels. The floor stress state changes under the influence
of mining-induced stress. The differential distribution of
pore-water pressure in the floor is bound to occur (Huang et
al. 2014, Hu et al. 2014, Kim et al. 2018, KUMSAR et al.
2000, Lv et al. 2019) according to the characteristics of the
fluid-structure coupling material. The fault zone generates a
dynamic response process under the effect of mining-
induced stress. Shear sliding occurs on the fault surface and
has a great influence upon material failure in the upper and
bottom mass bodies. Changes in the flow characteristics of
the fracture zone and fault fracture zone under the effect of
mining-induced stress also exert an important influence on
the entire water inrush flow process (Yang et al. 2007, Wu
et al. 2003, Yin et al. 2011).

In view of the above problems, the nonlinear floor water
inrush process has been taken as the research object.
Theoretical analysis, laboratory experiments and numerical
simulations have been adopted to obtain the stress response
characteristics and the coupled flowing law of water flow
inside three basic confined water diversion channel types,
namely, the aquifer seepage zone, fault zone and fracture
zone (Fig. 1) (Yin et al. 2017, Zhao et al. 2019). The entire
process has been analysed, namely, the water flowing from
the outside into the aquifer, Darcy’s flow in the aquifer,
stress-seepage coupled flow in the fault, fracture and other
types of broken rock mass, as well as the water flow into
the working face (Richard ef al. 1985, Samanta ef al. 2018,
Varun et al. 2017, Wang et al. 2016, Wang et al. 2019).
Thus, the distribution characteristics of water pressure and
the time-varying flow velocity law at different stages and
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time points along the entire water inrush path have been
obtained, which offer a reference for corresponding water
inflow forecasting and its prevention before and treatment
after water inrush.

3. Characteristics of water diversion in aquifer
3.1 Seepage characteristics in aquifer

Floor aquifers, such as strong limestone runoff zones,
are one of the main sources of water inrush. Its distribution
location is of great significance for forecasting water inrush
and its amount (Gao et al. 2009, Liu et al 2015).
Generally, aquifers are formed in a manner closely related
to their geological structure. Faults, fault fracture zones and
fracture zones often develop inside an aquifer. It can be a
strong runoff zone within a certain area. Therefore, the laws
of water enrichment, transport and movement in aquifers
serve as a key to forecasting mine inflow. The flow velocity
in normal and intact limestone rock masses is small. This is
generally known as seepage flow. The hydraulic
characteristics of the fractured rock mass contained inside
an aquifer and the fluid flow form the fracture flow and
even the conduit flow, both of which work as main channels
for karst water transport and movement in the aquifer. Karst
water flows in a direction basically consistent with that of
the geological structure (Wang et al. 2018, Xing et al. 2007,
Xing et al. 2000; , Yossff et al. 2003, Zhou et al. 2020).

Under the influence of fluid-structure interaction, the
permeability characteristics of different sedimentary rocks
during the process of total stress and strain indicate that the
structural changes in internal pores and fissures due to rock
deformation are the fundamental reason for changes in rock
permeability. The crack-karst network inherently exists in
the aquifer, but the fissure network will occur in the floor
failure zone under the influence of coal mining disturbance.
Once both networks are connected, a complete water
diversion channel will be generated, thus increasing mine
inflow.

Fig. 2 Permeability Experiment System

3.2 Experimental research on

characteristics

permeability

Changes to stress in the stope will not only give rise to
new fissures but also result in expansion or closure of
existing fissures in the rock mass, which will change both
permeability and flow velocity and thus cause changes to
equivalent stress in the rock mass. The stress state and
lithologic characteristics of the rock mass will influence the
changing process of the seepage property of the rock mass.
As a result, coupling research on stress and pore water
pressure must be conducted in light of lithological changes
to conform to the actual situation. The total stress—strain-
permeability curve of the rock mass can directly exhibit the
hydraulic coupling change of the rock mass during the
mechanical loading process. Limestone has been adopted
for research on seepage characteristics, as shown in Fig. 2.
Testing materials were taken from the coalbed floor of the
No. 11601 working face in the Geting Colliery. Rock cores
were sealed in wax on site immediately after drilling to
guarantee the same humidity and moisture content as those
on site. After being carried to the laboratory, those rock
cores were processed into standard rock specimens (Yin et
al. 2011, Andric et al. 2019, Chen et al. 2019a, Chen et al.
2019b, Duan et al. 2019, Zhao et al. 2021). The processed
standard rock specimens are cylindrical as required by
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Fig. 3 Stress—strain permeability curves of mudstone and limestone

specific tests, whose flatness and perpendicularity met the
code requirements for testing. The permeability test of the
floor rock under high confining pressure was conducted on
an MTS815.03 rock servo testing machine, whose
sampling, processing and water filling methods are the
same as those for the permeability test under low confining
pressure. During the testing, the confining pressure was 15
MPa; the pore-water pressures were 4 MPa and 2.5 mPa;
and the osmotic pressure difference was 1.5 MPa.

Rock testing can be divided into four stages from
loading to failure, namely, the compaction stage, elastic
stage, yield stage and postpeak failure stage (Zhang et al.
2016, Zhao et al. 2019). Rock mass permeability can be
divided into the prior and post stages according to the stress
peak location. During the initial stage of loading, the pores
and fissures inside the rock gradually close, and its
permeability decreases temporarily. With increasing axial
stress, the specimens are compressed further. The formation
of new fractures and the expansion of original fractures can
result in an increasing permeability in those specimens. As
the axial pressure continues to increase, the internal
damaged increases, and the fractures expand more. When
reaching the stress peak, the new fractures and the original
fractures begin to connect and form a fracture network, thus
causing a drastically increased permeability, as shown in
Fig. 3. (Yuan et al. 2019).

where parameter A = —0.46 , Ay = 23,K;; = 282,x, =

1.3; A; = —0.05, y5; =05, A, =32.16 , yo, = 1; ks is
the prepeak permeability coefficient of mudstone; and kg, is
the postpeak permeability coefficient.

During the late stage of the stress peak, the fractures in
the rock mass gradually change from isolated deformation
and slippage to joint slippage failure. The fissure tips begin
to crack and extend into the adjacent fissures. The rock
undergoes volumetric expansion and deformation, so its
permeability further increases. Although limestone
specimens do not enter the plastic flow state after the peak,
they demonstrate obvious plastic characteristics. Under the

effect of high confining pressure, the internal fractures are
closed to a certain extent, so their permeability undergoes a
certain degree of reduction. However, it remains at a high
level. A great number of microcracks expand and then form
a macroscopic fractured surface. The slope of the curve is
negative and changes gradually as the strain increases. The
holistic stress structure of the rock is lost. The volume of
the internal intact carrier is gradually segmented and
weakened as the fractures expand, presenting a
discontinuous state. The local permeability decreases and
this ultimately influences the change in permeability of the
water-diverting rock mass (such as limestone) after
different peaks.

According to Fig. 3, the permeability of the rock mass is
not fixed but changes gradually as the stress value
increases. Therefore, it is not accurate to generalize those
flowing movements in the aquifer using Darcy’s law.
Instead, the stress level of the rock mass should be
determined according to the actual mining situation to
precisely obtain the seepage flow characteristics inside the
rock mass. In the figure, exponential functions can be
adopted to represent the limestone status before and after
the peak, and both are increasing functions. However, there
is a short declining stage during the transition before and
after the peak. The differences in transition permeabilities
among rocks with different rock characteristics before and
after the peak are large. Therefore, water inflow forecasts
should be categorized according to the lithology and the
stress state.

4. Water diverting characteristics of the fracture zone

4.1 Geometric characteristics of joint fissures in
rock mass

Joint apertures are the most basic parameters used to
depict the geometrical characteristics of permeable joint
planes. They all have important influences on the seepage
characteristics and mechanical properties of permeable joint
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planes. According to different determination methods, joint
apertures can be defined as the geometrically measured
mechanical aperture, maximum mechanical aperture (E,;,qy)
and hydraulic equivalent aperture. According to the
research, the three aperture values are the same for smooth
and parallel plate fractures, but they are usually different for
realistic rough fractures. During the loading and unloading
process, due to the friction on the joint wall and the
zigzagging and bending of the joint surface, the mechanical
aperture E of a realistic irregular joint is larger than the
hydraulic aperture e of an ideal parallel plate. That is, a
smooth fracture has a smaller aperture than a rough fracture
under the condition of the same hydraulic diversion
capacity (Zhao et al. 2018a, Yang et al. 2019). During coal
mining, it is impossible to obtain the initial conditions for
fracture propagation and the propagation mechanism and
law under the effect of water flow on site. These data can
only be obtained through simulation experiments in the
laboratory based on the comprehensive consideration of the
physical and mechanical properties of rock, the fissure state
and the flow parameters. Therefore, the fissure inflow and
propagation law have been explored herein in terms of the
dynamic process of water inflow, variation characteristics of
water pressure and water inflow, and fracture propagation
degree.

4.2 Experimental research on the seepage
characteristics of joint fractures in a rock mass

Fracture seepage experiments on two groups of rock
specimens with different rough surfaces were conducted
through the establishment of different water injection
pressures and crack widths, as shown in Fig. 4. (Sun ef al.
2016, Zhang et al. 2017) to obtain the variation rules of the
water pressure in the experimental aquifer and the water
inflow via the fracture channel. The influences of the water
injection pressure, crack width and roughness of the
fracture surface on the fracture propagation of weathered
mudstone are discussed. Then, the seepage laws in fractures
on the rough surface of the rock mass under the effect of
water flow are summarized.

According to the literature (Sun et al. 2016), the rough-

surface permeability in a fractured rock mass can be
expressed as

k. = Yo3 + 245 X (1 —exp (— til)) 3)
where
Cs4p4— T
Yos 1+ (O.IW) 2.95

As = —2.07 + 0.44 x (1 — exp (0]—9»

t; = 3.55—-0.0063 x (1 —exp (3]@»

where J is the absolute roughness of the fracture surface
and X is the normal load. When there are multiple fractures,
the total fracture aperture H can be calculated through the
superposition principle.

H =31 “4)

where n is the fracture number and J; is the roughness of
each fracture.

Therefore, the maximum seepage flow from the
multifractured rock mass can be expressed as

=Y ki Q)

kma.x

where k; is the permeability of each fracture.

Generally, it is difficult to directly measure the fracture
density of a rock mass. However, the density (frequency)
and the aperture of fractures can be calculated from the
RQD values obtained during drilling. The fracture
frequency in the rock mass can be obtained according to the
relationship between the RQD and structural plane
frequency as established by Priest and Hudson (Hudson and
Harrison 1997, Priest and Hudson 1976)

QD = 100(1 + 0.11)e %14 (6)

where A is the structural plane frequency.

RQD is actually a vector-like quantity with both
magnitude and direction. However, one can apply the RQD
obtained from vertical drilling to other directions to
approximate both the upper and lower limits of the total
permeability coefficient and to apply both to mine inflow
forecasting.

5. Water diverting characteristics of the fault fracture
zone

5.1 Experimental devices for determining the water
diverting characteristics of the fault fracture zone

The fault fracture zone is generally filled with gravel,
whose internal flow characteristics are critical to knowing
the flow process of water inrush from the fault (Li et al.
2019, Lu et al. 2015,; Mandal et al. 2019, Munoz et al.
2016). Therefore, the self-developed experimental system
for crushed rock deformation and seepage has been adopted
to conduct simulation research on stress and seepage. The
experimental machine and specimens are shown in Fig. 5
(Zhao et al. 2018).
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The experimental compaction head is made of a 20-mm
thick plate of bearing steel, with an internal load-bearing
frame to increase its resistance to deformation. The water
pressure of the experimental control system and the stress
loading system are independent from each other to realize
real-time monitoring and data acquisition concerning
displacement, load, water pressure and water volume. The
maximum water pressure is 2 MPa, and the precision is 0.01
MPa. The particle size of broken rock in natural state and
saturated state after test is re-screened and weighed. The
comparison of the quality changes of broken rocks with
different particle sizes before and after is shown in Table

1 and Figs. 6 and 7 (Kong 2017). The comparison results
pre and post the test show that with the stress loading, the
rock mass particles decrease, and the proportion of rock
mass particles with particle size less than 40 mm increases
from 45.23% to 63.58%. However, with the loading of
water pressure, the particle loss of rock medium increases,
and the final particle loss reaches 2.98 KG. The maximum
axial loading force is 600 kN, and the accuracy is 0.01 kN.
The stress seepage coupling process of gravel with different
particle sizes has been researched herein under different
stresses. The findings show that the particle size plays a
major role in permeability under the same stress state when
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Table 1 Quality changes of broken rock with different particle sizes
Particle size / mm 0~10 10~20 20~30 30~40 40~50 50~60 Total mass / kg
Pre-test 12.80 15.32 16.78 17.54 17.46 23.32 103.22
Post-test 25.82 12.66 12.42 14.72 14.52 20.80 100.94

the stress is small; the permeability of the rock mass
increases with particle size; the gravel body is compacted
and the fracture space is reduced when the stress increases,
and the influence of particle size on permeability is
reduced; when the stress is above 400 kN, the stress plays a
dominant role in the permeability of gravel while the effect
of particle size on permeability decreased.

5.2 Experiment on the water diverting characteristics
of the fault fracture zone

The relationship between particle size-stress and
permeability is shown in Fig. 8. Rock blocks with particle
sizes ranging from 5 to 10 cm were selected for
experimental research. The axial force was loaded by the
graded loading method from 100 kN to 500 kN, using five
loading stages with a loading rate of 0.5 kN/s. After the set
pressure has been met, the load was kept unchanged, and
the duration of each dead load stage lasted 2500 s to
conduct the seepage experiments under the same stress
conditions and different water pressure conditions.

Under the effect of the same load, the water pressure is
loaded up to the set value, and the axial load and the end
water pressure remained unchanged. Then, the drainage
valve was opened for the seepage test. Since the feed water
flow rate of the experimental machine was small, the water
discharge time was set at 5 s herein to eliminate the
influence of discontinuous water flow inside the gravel
body on the experimental results. The drainage valve was
closed after the monitoring task was completed. Water
pressure was then continued and water was loaded int
preparation for another water pressure stage. The above
steps were repeated for the experiment. The monitoring
results were cross-verified by manual and software
recording. To ensure the accuracy of the experimental
results, no water flow interruption occurred during the
experiment. The relationship between the hydraulic gradient
and flow velocity is nonlinear.

The Forchheimer equation was adopted to fit the
formula of water pressure and seepage velocity monitored
at the outlet (Fig. 9 and Table 2). The seepage law in a
gravel body is (Zhao et al. 2018b, Sweetenham et al. 2017)
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Table 2 Fitting Parameters of the Forchheimer Equation

Equation J = av + bv?
A 5.46x105

200 kN
B 1.57x106
A 3.32x106

400 kN
B 3.60x106

] = av + bv? QD = 100(1 + 0.11)e~ ¥  (7)

where the coefficient is expressed as: ]/ =dp/dx, a =
—u/pK and b = —fp. The fitting parameters herein are
A=6.33 and b=4.78. The physical meanings of each
parameter in the formula are p is the fluid viscosity
coefficient (kg/(mxs)), p is the fluid density, B is the non-
Darcy influence coefficient, and g is the gravitational
acceleration. According to the experimental results, the flow
process meets the realistic experimental law. Under the
condition of laminar flow, the second term bv? in Eq. (7)
can be ignored, in which case the Forchheimer equation is
actually Darcy’s law.

6. Coupling flow characteristics among different
water diversion channels

Before the formation of the water inrush channel, the
flow velocities of the fluid in the aquifer, the fault and the
broken rock mass are low, and their resistance is mainly the
linear friction force. Therefore, Darcy’s law can be adopted
to determine an approximate solution. After entering the
stope or channel, the liquid flow obeys the free Navier—
Stokes equation. The fluid density in saturated porous
media in the aquifer can be considered to be constant. When
there is sufficient water supply in the aquifer, the floor
interface of the aquifer can be treated as the constant water
pressure boundary. When the flow in the aquifer is constant,
the floor interface of the aquifer can be regarded as the
boundary with constant velocity (Yang et al. 2017, Gao et
al. 2009, Tatone et al. 2015).

After the formation of the water inrush channel, the

permeability coefficient in the fault fracture zone increases
sharply. When the water volume in the aquifer is sufficient
and when the medium in the aquifer is subjected to a
smaller influence from changes in stress, the fluid flow in
the aquifer still meets Darcy’s law. However, the
Forchheimer equation, dominated by the momentum
equation, should be adopted as the main controlling
equation when the flow velocity increases significantly in
the fault and fractured rock mass. The fluid meets the
boundary conditions of equal water pressure and equal
velocity (Yang et al. 2017, Yao et al. 2018, Wu et al. 2019,
Zhang et al. 2015) at the aquifer-fault, fault—fractured rock
mass, and fractured rock mass-channel interfaces.

7. Case analysis

Numerical simulation analysis and verification were
conducted against the backdrop of water inflow changes in
a mine in Shandong province to verify the rationality of
mine inflow forecasting by RQD parameters. The working
face in this mine is 240 m in length and 140 m in dip length,
with a mining depth of 70 m (Zhao et al. 2022). The
working face is located in a water enrichment area with
karst fissure development. The direct aquifer is
Xujiazhuang limestone (Limestone 5) of the Benxi
Formation, with a thickness of 12.24 m and a water level of
20 m. It is only approximately 12.5 m away from the
Ordovician Limestone and has a close hydraulic connection
to the Ordovician limestone. The Ordovician limestone
aquifer is approximately 800 m thick and rich in water. It is
the main replenishment water source of the Ordovician
limestone. The numerical model established upon
geological conditions is displayed in Fig. 8. The aquifuge
from the coal floor to Limestone 5 (Aquifer) mainly
consists of clay rock and siltstone and has a thickness of
approximately 16.5 m. The working face is located in the
strong limestone runoff zone. Influenced by the destruction
of the coal floor induced by coal mining, the risk of water
inrush from the coal floor is high, with a water inrush
probability greater than 95%.

The numerical simulation of solid mechanics-Darcy 's
law-Brinkman fluid-solid coupling field is adopted. The
thickness of the coal seam is 6 m. The bottom of the model
is fixed to restrict the movement up and down. Rod support
is applied on both sides to restrict the movement left and
right, and the overlying strata load is applied on the top 25
MPa. The aquifer water pressure is 10 MPa, and the goaf is
atmospheric pressure. The fracture of the floor rock mass is
developed, and the collapse column is located in the
footwall of the fault(Fig. 10). The parameters of each rock
layer are shown in Table 3.

Fig. 11 show the distribution characteristics of the pore-
water pressure on the stope when the RQD values of the
floor rock mass are 93,76,44 and21, respectively. According
to these figures, the stress distribution of the original rock
has been destroyed due to the influence induced by mining.
Therefore, the permeability in the rock mass changed
greatly and thus it impacts the changes in the flow path and
flow state in the aquifer. As a result, a pressure relief zone is
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Table 3 Mechanical properties of rock stratums

Rock formation p(kg/m3) E(GPa) v (0] p(Pa . s) K(m?)
sandy mudstone 2700 20 0.25 0.05 0.001 1x1013
Coal 1400 10 0.28 0.1 0.001 3x10713
mudstone 2600 20 0.25 0.08 0.001 1x104
Aquifer 2700 18 0.26 0.2 0.001 1x10712
Fault 2000 5 0.3 0.2 0.001 1x107
Collapse column 2200 0.5 0.3 0.3 0.001 1x108
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Fig. 10 Diagram of Calculation Model

(a) Water Pressure Distribution with an QD value of 93(Pa)

(c) Water Pressure Distribution with an RQD value of 44 (d) Water Pressure Distribution with an RQD value of 21
Fig. 11 Characteristics of the pore water pressure distribution in the mining floor with different RQD values
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Fig. 13 Seepage velocity of mining floor with different RQD values

formed near the mining face, It can be shown from the
change curve of pore water pressure corresponding to
different RQD values on Monitoring Line 1 in Fig. 12 that
with the decrease of RQD values, the pore water pressure in
front of the coal working face decreases.

According to Fig. 13, with the decrease of RQD value of
rock mass, the fragmentation of rock mass increases, and
the fracture develops and penetrates, forming a seepage
channel between collapse column-floor-fault, resulting in a
sharp increase in water inflow in goaf.

As the RQD value of the rock mass decreases, the
frequency of the fracture surface in the rock mass increases,
the rock mass breaks even more, and the water inflow into

the goaf increases. Therefore, the pore-water pressure value
in the stope also decreases. Such a change process is the
same as that of water pressure monitoring during the
realistic mining process. As the overall RQD index of the
rock mass in the mine increases, the mine inflow also
increases rapidly. This indicates that the more broken the
rock mass is, the greater the daily water inflow value of the
coal mine is. As the RQD value tends to be 100, the mine
inflow tends to be 0. According to Figs. 14 and 15, when
affected by a fault, the confined water is mainly subject to
water diversion in the fault. However, changes in the RQD
value of the rock mass have a smaller influence on mine
inrush. At this moment, the calculation of fault inflow
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(b) Water Pressure Distribution with an RQD value of 76

(c) Water Pressure Distribution with an RQD value of 44(Pa)  (d) Water Pressure Distribution with an RQD value of 21
Fig. 14 Characteristics of the pore water pressure distribution in the mining floor with different RQD values
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should be considered the critical aspect that conforms to the
realities. According to Fig. 16, with the decrease of RQD
value of rock mass, the fragmentation of rock mass
increases, and the fracture develops and penetrates, forming
a seepage channel between collapse column-floor-fault,
resulting in a sharp increase in water inflow in goaf. At the
same time, when the coal seam passes through the fault, the
seepage channel of the floor increases and the high seepage
area increases.

8. Conclusions
e According to the traditional qualitative analysis

method that determines the probability of water inrush
based on stratum structure, the water inrush types have

been divided into aquifer, fracture zone and fault
fracture zone according to the characteristics of the
water diversion channel. The flow laws of the water in
those three water diverting bodies have been obtained
experimentally. The coupling flow effect of the fluid
between water diversion channels has been analysed in
a quantitative manner. It has been noted that the water-
diverting path and law can be summarized by those
three types of water diversion channels.

The relationship equation between the RQD index and
permeability in a multifractured rock mass has been
established by virtue of the relationship between RQD
and fracture frequency and in light of the
characteristics of seepage flow in the fractures on the
rough surface. The equation has been verified by
numerical simulation. The equation establishes the
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(a) seepage velocity with an RQD value of 93 (Pa)

(c) seepage velocity Distribution with an RQD value of 44(Pa)
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Fig. 16 Seepage velocity of mining floor with different RQD values

correlation between the theoretical analysis and
practical engineering application. Therefore, it is of
great significance to water inflow forecasting during
practical engineering.

e The results of this study provide a new theoretical
basis and technical method for the mechanism and
prevention of mine water inrush, which has important
scientific significance. In the future, based on this
research method, we can further deepen the detailed
study of mine water inrush path, improve the accuracy
of water inrush prediction, and promote the
development of mine water disaster prevention and
control technology. At the same time, the multi-
structure coupling flow model and the concept of
water inrush intensity proposed in this study also
provide a reference for disaster prediction and
prevention in other similar fields, and have broad
application prospects. In general, this study not only
enriches the theoretical system of mine water inrush,
but also provides important technical support for
practical engineering applications and promotes the
development of mine safety production.
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