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Abstract In underground coal mining, the presence
of high-permeability geological faults may cause a
large amount of groundwater to suddenly erupt from
the aquifer, resulting in undesirable casualties and
economic losses. In order to deeply understand the
mechanism of underground water inrush caused by
typical faults in eastern China, the Zhuxianzhuang
Coal Mine was selected as an engineering project
case study. The study was analyzed by means of
similar-physical experiments and numerical analysis.
Research shows the following: (1) Similar-physical
experiment results indicate that the evolution process
of fault seepage can be divided into five stages: seep-
age initiation, seepage development, seepage muta-
tion, seepage burst and seepage stability. Seepage
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types can be summarized as initial pore flow, middle
fracture flow, and late channel flow. It is clear that
the water pressure, the thickness of aquifuge and the
material gradation have an important influence on
the seepage characteristics of fault. The migration
and loss of particle fillings in fault are the main fac-
tors of seepage changes. Under the sustained action of
water pressure, the permeability of fault continuously
increases, and eventually the fracture flow converts
into the channel flow, resulting in the formation of
water inrush channels in fault. (2) Numerical simula-
tion results indicate that the failure zone in the floor
strata can be divided into mining-induced damage
zone, effective water-resisting zone, and fault activa-
tion zone, the effective water-resisting zone is the key
part of preventing water inrush. Cracks propagation,
stress distribution and seepage evolution in the floor
strata can be visualized during the formation of the
water inrush pathway. Once mining-induced cracks
intersect with cracks caused by fault activation, the
seepage increases rapidly, and groundwater will
flow into the mining face, resulting in water inrush.
(3) When mining coal mines with high-permeabil-
ity faults, the seepage in faults should be regularly
monitored, and sufficient attention should be paid to
the seepage mutation, which is crucial for accurately
assessing the risk of water inrush from fault.

Keywords Water inrush - Fault Seepage

characteristics - Similar-physical experiments -
Numerical simulation
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1 Introduction

In China, many underground coal mines are threat-
ened by groundwater (Lu et al. 2018; Yao et al. 2012;
Zeng et al. 2017; Zuo et al. 2009). When the strength
of the floor strata cannot withstand the high pressure
of groundwater, the groundwater will break through
the floor strata and rush into the mining face, causing
serious casualties and economic losses (Zhang and
Peng 2005). The three types of water hazards com-
monly encountered in coal mining in China include:
(1) Water inrush from fractured aquifers in bedrock;
(2) Water inrush from Cenozoic porous aquifers in
alluvial plain; (3) Water inrush from Ordovician lime-
stone aquifers (Jia 2012; Yin et al. 2015; Yang et al.
2004). The water inrush from Ordovician limestone
aquifers has the most serious impact on the safe min-
ing of the coal mine (Shi et al. 2017). The Ordovician
limestone is a closed karst aquifer with high water
pressure. Under the influence of the mining and inher-
ent geological structures (such as collapse columns,
faults and geological cracks), water inrush disasters
are more likely to occur (Ma et al. 2004; Li et al.
2011; Liu et al. 2004). More than 130 coal mines in
northeastern China have suffered water inrush disas-
ters from the Ordovician limestone aquifer (Shi et al.
2017). The most serious water inrush event reached
a maximum water inflow of 2065m>/min, resulting
in the adjacent four mines were simultaneously sub-
merged in a short time (Liu et al. 2017). Therefore, in
the coal mining project, it is crucial to precisely know
when, where, and how the groundwater inrushes can
happen.

Research shows that rock is a heterogeneous mate-
rial composed of various natural weakening points
(Li et al. 2014), under the action of external forces
(mining-induced and blasting vibration), the pre-
existing weakening points inside the rock may open,
close, spread, and form obvious fissures, these fis-
sures constitute a high-permeability damage area,
and create conditions for groundwater outburst (Yang
et al. 2004; Liu et al. 2017). The development of the
damage area is the result of the stress evolution under
the influence of mining. When the stress concentra-
tion intensity at the abutment exceeds the strength
that the rock itself can withstand, the floor strata will
be destroyed and its permeability will increase rap-
idly, then potential water inrush disaster will occur.
At the same time, it is worth noting that grouting and
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rock reinforcement methods are used to improve the
integrity of rock masses in coal mines(Chen and Li
2022; Chen and Liu et al. 2021; Chen and Zhao et al.
2021), which plays an important role in preventing
water inrush hazards.

According to incomplete statistics, more than 80%
of underground water inrush accidents in Chinese
coal mines are related to faults (Wang et al. 2006;
Zhang et al. 2014; Wu et al. 2004). As an important
water inrush channel, faults are an important fac-
tor in the safe mining of underground coal mines. It
has received extensive attentions in recent research.
As shown in Fig. 1, when a fault exists in the near-
mining area, the development of mining-induced
damage zone in the floor strata is quite different from
that without fault. Some studies have confirmed that
the mechanical strength of the fault structure is lower
than that of the intact rock mass under in-situ condi-
tions (Islam and Shinjo 2009; Cao et al. 2001; Zhu
and Wei 2011). When there is no fault (Fig. 1a), the
possible water inrush route needs to pass through
the complete floor, if the thickness and strength of
the floor aquifuge are large enough, it is difficult for
the occurrence of water inrush disaster; when a fault
exists (Fig. 1b), the fault is gradually activating and
the permeability is inevitably enhancing under the
effect of the mining and high water pressure, which
causes the groundwater to flow upward along the
fault. At the same time, the existence of the fault
causes the mining-induced damage area in the floor
to expand toward the fault. The comprehensive effect
greatly reduces the effective thickness of the aquifuge
and the mechanical strength of the floor strata, and
increases the risk of water inrush.

Although many scholars have studied the mecha-
nism of groundwater inrush from theoretical analysis,
in-situ geological measurements and numerical simu-
lations (Yin et al. 2015; Lu and Wang 2015; Li et al.
2017; Liu et al. 2017), the evolution law of the seep-
age in fault and the failure analysis of the key position
in the floor strata are not mentioned. In the mining
process, when, where, and in what way of the devel-
opment of water inrush remain unanswered, and the
mining-induced cracks propagation, stress evolution,
and the water inrush channel formation in the floor
strata have not be elucidated. This is the key issue to
be solved in this paper.

In this paper, an in-depth study was carried out
in the Zhuxianzhuang Coal Mine (Eastern China) as
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Fig. 1 The schematic diagram of possible water inrush pathway with and without fault

an engineering case. A Similar-physical model for
water inrush in fault was proposed. The evolution law
of seepage in fault was studied, and the influence of
water pressure, the thickness of the aquifuge and the
material gradation on the permeability characteris-
tics of the fault was clearly expressed. Subsequently,
combined with the coupled flow-stress-damage model
(Yang et al. 2007; Tang et al. 2002; Zhang et al.
2009), a numerical software for rock failure process
analysis (RFPA 2D) (Niu et al. 2017; Li et al. 2010)
was used to study the water inrush mechanism in the
Zhuxianzhuang Coal Mine. Important supplemen-
tary information that could not be directly observed
on-site, such as when, where and how the water
inrush may occur was captured. These are achieved
by explicitly simulating the evolution pathway of
underground water inrush caused by mining, so as to
effectively reduce the risk of water inrush disasters in
future mining.

2 Engineering Geology and Research Site

The Zhuxianzhuang Coal Mine is a gently inclined
thin seam and is located in Suzhou City, Anhui Prov-
ince, Eastern China (Fig. 2). The geographical coor-
dinates are 33°36'N latitude and 117°05'E longitude,
the mine area is about 26.3 square kilometers. The
surface elevation is between+ 110 and+ 130 m. This
area is a temperate continental monsoon climate with

an average annual rainfall of about 690 mm, and an
annual production of about 25 million tons. The geo-
logical exploration was completed by the Geological
Exploration Bureau of Anhui province in 2010.

According to the exploration results, the rock
stratum is mainly composed of the Quaternary, Per-
mian, Carboniferous and Ordovician systems. The
rock mass near the coal seam is mainly composed
of sandstone, mudstone, coal seam and Ordovician
limestone (Fig. 3). The F13 fault with an inclination
of 55° and the thickness of 4 ~8 m cut the intact rock
formation and forms a fault fracture zone. The coal
mining occurred in the 8# coal seam located in the
Carboniferous strata. According to the on-site meas-
urement results, the Ordovician limestone is located
40 m below the coal seam with an in-situ water flow
of 0.5~0.9 L/ (s.m) and an average water pressure of
3.8 MPa, which is the main aquifer that causes the
groundwater inrush. Comprehensive rock strata col-
umn diagram is shown in Fig. 4.

The mining face No.866 was the main produc-
tion area (Fig. 5), and a typical water inrush acci-
dent occurred during the mining on January 30,
2015. When the mining advances to a distance
of 60 m from the fault (F13), the water inflow of
roadway floor quickly increased from the previ-
ous 30m*/ h to 235m?/ h, and a salient appeared in
roadway floor. Unfortunately, this phenomenon did
not attract the attention of the operators. When the
distance reduced to 45 m, groundwater suddenly
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flowed into the mining face and the mining face
was inundated in a few hours, resulted in 34 work-
ers being trapped in underground. According to the
hydrogeological survey results, this serious water
inrush accident would be caused by high-pressure
water passing through the fault to penetrate the
floor strata. In order to elucidate the mechanism of
water inrush from the mining face No.866, the sim-
ilar-physical experiments and numerical analysis of
the water inrush were carried out.
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3 Similar-physical Experiment
3.1 Experimental Model and Program Design

This chapter will focus on the seepage characteris-
tics of groundwater along the fault. According to the
composition and distribution of the in-situ fault near
the mining face No.866, the Similar-physical model
of water inrush in fault was designed according to the
geometric similarity scale. As shown in Fig. 6.
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Fig. 4 Comprehensive rock strata column diagram

The system was mainly composed of three parts:
water tank, pump and similar model. The size of the
similar model was 300x 300 x 800 mm, and the model
was set from bottom to top as flume, confined aquifers,
aquifuge and fault, surrounding rock and the apical
plate are constructed of wood and impervious cement
mortar. The ratio of the water—cement and cement—sand
was 0.3 and 0.4, respectively. The average uniaxial
compressive strength was about 37.5 Mpa. According
to the in-situ geological investigation and laboratory
testing, the fault is mainly composed of fractured rock
and particle fillings with the ratio of 1:1.5. In order to

Fig. 5 Plan view of mining

approximate the on-site fault condition, for the simu-
lated fault material, limestone with a particle size of
15~25 mm was selected as aggregate, and sandstone
with a particle size of 1~5 mm was selected as fillings.
This is the most important part of simulating water
inrush from fault above the confined aquifer. In this
study, water flow and particle fillings mass for analy-
sis were obtained from the top outlet of the model. The
experimental scheme is shown in Table 1.

3.2 Experimental Data Analysis

The seepage parameters needed to be obtained in the
experiment mainly include the water inflow ratio, the
particle fillings inflow ratio, the porosity and the per-
meability. The water inflow ratio (ml/s) is obtained by
the following formula:

AF
F ===
At M

where AF is the water inflow in different periods, and
At is the time of water inflow which is generally 10 s
in the experiment. The expression of particle fillings
inflow ratio (g/s) is as follows:

_AM

/
0= @
where AM is the mass of particle fillings collected in
the experiment. Fault porosity is calculated by the fol-

lowing formula:
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Table 1 The main experimental scheme

Program  Major influencing factor Value  Other conditions

1 Water pressure in aquifer P/ MPa 0.3 Material gradation in fault (fractured rock to particle fillings) R=1:1;

2 05 Thickness of aquifuge 7=40 mm

3 0.7

4 Material gradation in fault (frac- 1:1 Water pressure in aquifer P=0.5 MPa; Thickness of aquifuge 7=40 mm

5 tured rock to particle fillings) R 1:3

6 1:5

7 Thickness of aquifuge 7/ mm 40 Material gradation in fault (fractured rock to particle fillings) R=1:1;

8 60 Water pressure in aquifer P=0.5 MPa

9 80

/= AM where 7 is the permeability, y is the dynamic viscos-
T oV G ity of the water, and P is the water pressure. Assum-

where V =1-d - h, and [ is the length of the fault, d is
the width of the fault, /4 is the effective seepage height
of the fault, the increase in fault porosity in different
periods is as follows (Kong 2010):

1
A[’=]6+W(AM1+AM2+...+AMn) 4)

where I is the initial porosity. The fault seepage
velocity is expressed as follows:

p= . 0P _ AF
w9 1-d ®)
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ing that the seepage process of the pressure water
along fault conforms to Darcy’s law, there is:

oP P
% (6)

Then, the expression of the fault permeability is

determined as follows.

_p-P-AF  u-P-AF
T l-d-h 1%

(N
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3.3 The Seepage Evolution Process in Fault

According to the experimental parameters provided
in the scheme 1, similar experimental results show
that the process of the water inflow can divide into
five stages (Fig. 7a). “@” represents the initial stable
stage, “®@” represents the early slowly increase stage,
“®@” represents the suddenly decrease stage, “@” rep-
resents the middle rapid increase stage, “®” repre-
sents the late smooth fluctuation stage.

By observing the permeability curve, the seepage
process can also be divided into five stages (Fig. 7d).
"A" represents the seepage initiation stage, "B" rep-
resents the seepage development stage, and "C"
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represents the seepage mutation stage. “D” repre-
sents the seepage outburst stage, and “E” represents
the seepage stable stage. In the first stage, due to the
presence of the aquifuge, the high-pressure water did
not completely penetrate into the fault, so the water
inflow ratio, the permeability and the particle fill-
ings inflow ratio were kept constant, and the values
were basically zero. In the second stage, the water
inflow ratio in fault increased slowly, indicating that
the high-pressure water has passed through the aqui-
fuge and entered the fault. Under the influence of
water pressure, the fault is initially activated, part of
the particle fillings flow out from the outlet, and the
permeability increases. In the third stage, the water
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Fig. 7 Variation characteristics of seepage parameters obtained by experiments: a water inflow ratio; b particle fillings inflow ratio;

c fault porosity; d fault permeability
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inflow and permeability decreased in a short time, the
reason was that particle fillings are consolidated dur-
ing the migration, and the formed seepage holes were
partially blocked. In the fourth stage, the water inflow
and permeability increased rapidly, indicating that
under the continuous action of pressurized water, the
blocked parts were washed away, resulting in a rapid
increase of fault porosity (Fig. 7c), with the migration
of large amounts of particle fillings, a water inrush
channel gradually formed. In the fifth stage, the water
inflow in fault kept stable, the particle fillings inflow
ratio decreased rapidly and approached zero(Fig. 7b),
and the porosity and permeability were close to con-
stant, indicating the water inrush channel was com-
pletely formed at this time.

3.4 Analysis of the Influence Factors of Seepage
3.4.1 Water Pressure

For the selection of water pressure in the experiment,
it is mainly obtained based on field measurement.
The distribution range of water pressure measured
at different water seepage positions in the working
face is about 0.3 ~0.7 MPa. For this reason, in physi-
cal experiments, in order to clarify the influence of
different water pressure distribution conditions on
fault penetration, the water pressure is determined
to be 0.3 MPa, 0.5 MPa and 0.7 MPa. The variation
of seepage under different water pressures is shown
in Fig. 7. When the water pressure was 0.3 MPa, the
inflow ratios of the water and particle fillings, the ini-
tial growth rate of porosity and permeability were rel-
atively small. With the increasing of water pressure,
the barrier effect of the aquifuge reduced, resulting in
faster seepage, the water inflow ratio and permeability
were also greatly accelerated, and the stable seepage
stage was achieved earlier (when the water pressures
were 0.3, 0.5 and 0.7 MPa and the times for stable
seepage were 190 s, 180 s and 160 s, respectively)
(Fig. 8a). As shown in Fig. 8b, as the water pressure
increased, the peak of the particle fillings inflow ratio
also increased significantly. The larger water pres-
sure took away more particle fillings and the time to
reach the peak was also advanced. After the peak,
there was no significant difference in the decrease rate
of the fillings inflow ratio. It can be concluded from
Fig. 8d that the higher water pressure can make the
permeability reach the peak quickly. It is worth noting

@ Springer

that the consolidation of particle fillings is more pro-
nounced at low water pressure, which may disappear
as the water pressure increases. Therefore, it can be
concluded that water pressure is an important fac-
tor in the evolution of seepage channels in fault. The
ability of the water to erode the particle fillings will
be inevitably raised with water pressure increasing,
resulting in more particle fillings being carried away
at a faster rate.

3.4.2 The Thickness of Aquifuge

The variation of seepage under different thicknesses
of aquifuge is shown in Fig. 9. With the change of the
thickness, the delayed growth of the water and fillings
inflow ratio and the permeability was obvious (Fig. 9a
and d), indicating that the thicker aquifuge increased
the time that the water flowed through the aquifuge,
and it had less effect on the consolidation during the
migration of the particle fillings, but only changed
the time of the occurrence of the seepage mutation.
As the thickness of the aquifuge increased, the maxi-
mum value of the fillings inflow ratio decreased grad-
ually, and the time for the peak was delayed (when
the thickness of aquifuge were 40, 60 and 80 mm
and the times for the peak were 130, 140 and 150 s,
respectively) (Fig. 9b), and the time to form a stable
water inrush channel had increased. As the greater
thickness of the aquifuge, the greater barrier of water
flow through the aquifuge, which caused the migra-
tion mass and migration speed of particle fillings
were restricted under the water erosion (Fig. 9d). Fig-
ure 8c showed the curves of porosity-time for differ-
ent aquifuge thicknesses, the initial porosity increased
gradually under the influence of water pressure within
0~80 s. After 80 s, the porosity increased rapidly. It
is worth noting that the greater thickness of the aqui-
fuge is, the smaller growth of the fault porosity and
the later stable seepage is.

3.4.3 Material Gradation in Fault

As shown in Fig. 10, as the ratios of fractured rock
to particle fillings increased, the water inflow ratio
and the fault permeability increased gradually, with
the smallest increasing relative to the water pres-
sure and the thickness of aquifuge. For the seepage
change process, when the ratios of fractured rock to
particle fillings were 1:3, 1:5 and 1:7, the times to
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Fig. 8 Variation characteristics of seepage parameters under different water pressures

reach stable seepage were 190, 170 and 150 s, respec-
tively (Fig. 10d), the proportion of higher particle
fillings increased the time that the seepage reached
a stable period. At the same time, the particle fill-
ings inflow ratio increased, and the time to reach
the peak advanced gradually (Fig. 10b). As a result,
the porosity in fault changed greatly, and a signifi-
cant porosity inflection point appeared (Fig. 10c).
This phenomenon can be explained as follows: the
higher proportion of the particle fillings is, the higher
degree to which the particle fillings may be washed
and migrated. Subsequently, the sustained action of
the water pressure removes more particle fillings in a
short time, and the migration of more particle fillings
leads to greater porosity changes. It is worth noting
that with the increase of particle fillings, the seep-
age mutation stage is gradually weakened. It can be

speculated that this stage will disappear as the pro-
portion of particle fillings continues to increase. It is
because the increase of the particle fillings results in a
larger potential pore between the fractured rocks, and
the rapidly increasing porosity reduces the probability
of consolidation of the fillings during the migration
process.

3.4.4 The Seepage Evolution Mechanism

According to the experimental results that were
described above, the research indicate that the parti-
cle fillings in fault is not eroded due to the presence
of the aquifuge in the initial stage, and the seepage
parameters are basically unchanged. Under the influ-
ence of continuous high-pressure water, the aquifuge
is gradually damaged, the particle fillings in fault are
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Fig. 9 Variation characteristics of seepage parameters under different thickness of aquifuge

eroded and slowly migrated, and gradually flows out
from the water outlet, causing the changes of porosity
and permeability, the seepage at this time is mainly
pore flow. The particle fillings will be continuously
washed and flowed out, if the water inflow ratio and/
or permeability suddenly decrease, it indicates that
the seepage will mutate, and the seepage will con-
vert into fracture flow after the mutation, resulting
in a rapid increase of water inflow ratio, porosity
and permeability. In addition, the increase of poros-
ity and permeability will bring greater permeability,
resulting in rapid migration of large amounts of par-
ticle fillings under water erosion. The porosity and
permeability in fault then continue to increase until it
remains substantially stable, the seepage is converted
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from fracture flow to channel flow, and the water
inrush channel is formed. The seepage process can
be divided into three types, pore flow, fracture flow
and channel flow. During the process of pore flow to
fracture flow conversion, special attention should be
paid to the seepage mutation stage, it is crucial for
the accurate assessment of water inrush risk. In addi-
tion, for different water pressures, the thickness of the
aquifuge and the material gradation show a signifi-
cant difference. It is indicated that the seepage char-
acteristics in fault are affected not only with time but
also with different geological structural conditions.
The in-situ stress is a natural stress before the occur-
rence of mining activity. Compared with rock excava-
tion, it can be seen as a constant stress field (Zhao et al.
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Fig. 10 Variation characteristics of seepage parameters under different material combinations

2007). When the coal seam is mined, the stress balance
will be destroyed. Under the influence of water pressure,
the generated fissures create conditions for groundwater
to pass through the fault. At the same time, the particle
fillings in fault are continuously washed and migrated
under the high water pressure, resulting in the type of
seepage gradually changing from the pore flow and the
fracture flow to the channel flow. Eventually, the high-
pressure groundwater passes through the fault and con-
tinuously impacts the aquifuge between the fault and
floor strata, once the aquifuge is damaged, a potential
pathway for groundwater inrush is formed. It can be
considered that the mining fissures, the high pressure
aquifer and the migration of the particle fillings are the

main factors for the formation of the water inrush chan-
nel in fault. Therefore, the groundwater inrush affected
by faults has a complex nonlinear relationship and is a
typical fluid—solid coupling problem. In order to further
explain the water inrush mechanism of the mining face
No.866 in the Zhuxianzhuang Coal Mine, the numeri-
cal simulation will be used for analysis.
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4 A Case Study Based on Numerical Simulation
from Zhuxianzhuang Coal Mine

4.1 Principles of Numerical Methods

In this study, the rock failure process analy-
sis (RFPA 2D) code is used to simulate the water
inrush in the Zhangxianzhuang Coal Mine. This
code introduced the homogeneity of the rock mate-
rial properties, and was originally developed by
Dalian Mechanics Software Co. Ltd. in China
(RFPA User Manual 2005). RFPA 2D can simulate
nonlinear deformation of a quasi-brittle rock with
an ideal elastic-brittle constitutive law for local
material (Tang 1997). The software can more intui-
tively display the seepage development and the pro-
cess of rock formation failure. It can clearly deter-
mine the temporal and spatial relationship of water
inrush, and has obvious advantages in the study of
water inrush mechanism in mines. On account of
the heterogeneity of rock-like materials, the local
mechanical parameters of the elements are assumed
to follow Weibull’s distribution, which is defined as
follows(Fang and Harrison 2002; Ma et al. 2011;
Weibull 1951):

m—1 m
() )]
0 0 0

where c is the parameter of the element (Young’s
modulus, Poisson’s ratio or strength), ¢, is the average
of the element parameter, m is a homogeneity index,
which can be defined by the shape of the distribution
function. A larger m is a more homogeneous mate-
rial. This numerical method, based on discontinuum
mechanics, seepage hydraulics, and damage mechan-
ics, can be used to perform stress analysis, seepage
analysis, failure analysis, and fluid-stress-damage
(FSD) coupling analysis.

The basic assumptions of this numerical method
are: (1) the rock is fully saturated; (2) The flow of
the groundwater conforms to the Biot consolidation
theory; (3) The change of permeability is determined
by the state of stress during the elastic deformation
phase, and the permeability is significantly increased
when the elements are damaged (Yang et al. 2004).
The mechanical and flow equations based on stabiliz-
ing behavior are expressed as follows:

Balance equation:
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ao,.j o
$+Yj=0 (i,j=1,2,3) 9)

q

where o, is the total stress in the ij-plane and Y; is the
body force in the jth direction.

Geometrical equation:
—_— 1 —_—
g; = E(Ti,j"'fj,i) €, =€ &y teEsy (10

where € is the strain and ; is the displacement in the
ith direction.
Constitutive equation:

o-l.'j = 0 — wpd;=95;¢, +2Ge; (11)

where o-lfj is the effective stress in the ij-plane, p is the
pore pressure, y is the coefficient of pore-fluid pres-
sure, 9 is the Lame” coefficient, G is the shear modu-
lus, and éij is the Kronecker constant.
Seepage equation:
_10p de,

kVp=—-—=—
P=2% "V

12)

where k is the coefficient of permeability, £ is the
Biot constant.
Coupling equation:

k(o,p) = &k exp [-p(c;:/3 — wp)) (13)

where k; is the initial coefficient of permeability, &
and f are material constants.

In the elastic damage stage, the permeabil-
ity of rock materials will inevitably increase with
the generation, propagation and agglomeration of
cracks. The internal reason for the rapid increase in
rock permeability is that the seepage channels are
formed by the passage of a large number of microc-
racks (Yuan and Harrison 2005; Souley et al. 2001;
Minkoff et al. 2003). When using RFPA 2D for sim-
ulation, the permeability coefficient of the damaged
rock is expressed as:

b8V V2pu8 >

= - 14
©” 12u, 108y, " (19

where V is the change of volume of the element, y,
is the viscosity coefficient of the fluid, and g is the
acceleration of gravity.
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When performing numerical experiments, the
model is loaded in a quasi-static manner. During each
loading process, the seepage and stress equations are
solved and coupled analysis is performed. The stress
field is then automatically checked, and the stiffness
and strength of the elements in the model that exceed
the given threshold are reduced, and the permeability
is increased. The next load increment is added only
when there are no more elements strained beyond
the strength-threshold corresponding to the equilib-
rium stress and compatible strain field. Throughout
the simulation, the main state variables (stress, dis-
placement) and material properties (elastic modulus,
permeability) are nested in the initial heterogeneous
field, and the damage development and water inrush
process of the rock mass are tracked in an intuitive
way.

4.2 Numerical Modeling

In this study, based on the specific geological and
geometric conditions, the geological profile of
the mining face (No. 866) is selected and mod-

eled for the numerical simulation. The numerical
model is shown in Fig. 11, the analysis domain is

Fig. 11 Numerical model /(m)
for groundwater inrush in 300
Zhuxianzhuang coal mine

240

180

120

60

F

300% 240 m, and the model is divided into a mesh
with 450x360=162,000 elements. A compressive
vertical stress (c,) of 4.0 MPa is imposed on the
top boundary to represent the stress induced by the
overburden strata. A water pressure of 3.8 MPa is
applied to the external boundary of the Ordovician
limestone, and used to simulate confined aquifers.

Normal displacements are constrained on the
right, left and bottom boundaries; the model is
affected by its own gravity. The draw is simulated
by gradually removing the coal seam with a depth
ranging of —220 m bsl, and for each step, the exca-
vation size is 5 m in height and 10 m in length.
The model is calculated in a quasi-static manner to
achieve a balanced state, and the calculation pro-
cess is assumed to be a plane strain problem. The
mechanical parameters of the rock mass are mainly
obtained through laboratory tests (Mohamma
et al. 1997; Nicholson et al. 1990), and calibrated
in accordance with the RMR classification system
(Bieniawaki et al. 1973, 1987). Rock mechanical
parameters are obtained through experiments, as
shown in Table 2. In the mine design, a 40 m long
coal pillar was used as a safety pillar to prevent
water inrush from the fault.

Overburden rock strata pressure 4MPa

[ | |

&

L L
240 300

360 420

180
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Table 2 Rock mass mechanics parameters used in the simulations

Rock type Young’s Compressive  Tensile Internal cohe- Poisson’s Weight p Hydraulic ~ Pore water
modulus E;,  strength f, strength f; sive angle @  ratio v (kg/m®)  conductiv-  pressure
(GPa) (MPa) (MPa) (deg) ity coefficient o

T (m/d)

Sandstone 32 7 0.35 38 0.22 2500 0.15 0.1

Mudstone 2.7 4.2 0.21 30 0.27 2350 0.15 0.1

Coal seam 1.8 24 0.12 30 0.30 2100 0.1 0.05

Ordovician 6.5 8.4 0.42 33 0.25 2650 86.5 0.95

limestone
Fault 1.2 2.0 0.1 28 0.35 2200 80.5 0.95

4.3 Numerical Results

Figure 12 and Fig. 13 show the stress field evolution
process and the maximum principal stress distribu-
tion in the seam floor, respectively. The gray scale in
the model indicates the relative size of the shear stress
of the elements, the brighter the gray scale, the larger
the shear stress. The black elements indicate the dam-
age unit, and the crack is formed by the connection of
a large number of damage units.

The numerical simulation results show that when
the advancing distance of the 8# coal seam reaches
20 m, the stress concentration mainly appears on
both sides of the opening (Fig. 12a), the seam floor
is slightly damaged, and the maximum compres-
sive stress of the right coal rib is 5.15 MPa (Fig. 13).
When the advancing distance reaches 30 m, the stress
is released at the middle of the seam floor where the
maximum compressive stress is 2.28 MPa, and the
stress concentration area extends downwards about
2 times the mining height along the right coal rib
(Fig. 12b). When the advancing distance reaches
40 m, the stress concentration of the aquifuge
between the fault and the seam floor is more serious
(Fig. 12c¢), and the maximum compressive stress is
5.28 MPa. The continuous influence of water pres-
sure and mining-induced stress further reduces the
effective thickness of the aquifuge, and the potential
water inrush channel will appear between the seam
floor and fault (Fig. 12d), the maximum compres-
sive stress of the right coal rib is 4.63 MPa. Once the
water inrush channel is completely formed (Fig. 12e),
the stress concentration develops upward along the
fault, and the stress shadow area appears near the
water inrush channel, and the maximum compressive
stress of the right coal rib decreases to 4.12 MPa. It
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is worth noting that during the whole mining pro-
cess, the stress of the excavation floor is continuously
redistributed, and the maximum compressive stress of
the left coal rib is gradually increased, and the maxi-
mum compressive stress of the right coal rub firstly
increased and then gradually decreased (Fig. 13). The
stress evolution characteristics before and after the
formation of the water inrush channel are further clar-
ified. In practice, since weak structures such as pores
and micro-cracks are distributed in the rock mass, the
stratum and fault are heterogeneous, and resulting in
the inter-penetration and development of the cracks in
an irregular manner. Therefore, the water inrush path-
way is flexural. When mining coal mines with faults
and high-pressure aquifers, if the stress of the coal rib
firstly increases and then decreases, we should pay
special attention to prevent the occurrence of water
inrush disasters.

Figure 14 and Fig. 15 show the damage develop-
ment process and the vertical displacement in the
seam floor, respectively. The red points in the model
represent tensile damage, the white points represent
shear damage, and the black points represent accumu-
lative damage.

In the initial stage of mining, the tensile dam-
age mainly occurred in the seam floor. The maxi-
mum vertical displacement of the seam floor reached
6.6 mm, and the effective aquifuge remained basically
intact. At this time, the fault was initially activated by
the influence of the high water pressure, and the floor
strata could be divided into three influenced zone,
mining-induced damage zone, effective water-resist-
ing zone, and fault activation zone (Fig. 14a). As the
mining progresses, the tensile damage continued to
develop along the seam floor, and a small amount of
shear failures occurred in the effective water-resisting
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zone (Fig. 14b). At this time, the fault is further acti-
vated, and the maximum vertical displacement of the
seam floor reached 11.9 mm. When the mining dis-
tance reached 40 m, due to the existence of fault, the
development of the damage zone in the right floor
was significantly higher than that in the left floor, the
activation of the fault was intensified, and the effec-
tive thickness of the aquifuge was reduced from the
initial 60 m to 28 m. Since the cracks generated by

the fault activation and the mining did not penetrate,
the aquifuge in the effective water-resisting zone
remained basically stable (Fig. l4c), although the
maximum vertical displacement of the seam floor
reached 48.7 mm (Fig. 15). As the strength of the
aquifuge decreased, the tensile damage continued to
extend to the fault, the effective thickness of the aqui-
fuge was reduced to 13 m (Fig. 14d), and the maxi-
mum vertical displacement of the seam floor reached
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147.6 mm (Fig. 15), indicating that a potential water
inrush channel was being bred. Under the influence
of the water pressure and mining, a large amount of
shear failures occurred in the residual aquifuge, and
continued to expand to the fault activation zone.
Finally, the mining-induced damage zone was con-
nected to the fault activation zone, the water inrush
channel was formed with the effective water-resisting

zone completely failed (Fig. 14e), and the maxi-
mum vertical displacement of the seam floor reached
354.9 mm.

Figure 16 and Fig. 17 show the computed seepage
velocity field and the water flow volume in the seam
floor, respectively. The arrows in the model represent
the velocity vector before and after the water inrush.
The longer the arrow is, the higher the flow velocity
is.

It can be seen from the seepage velocity field that
the fluid flow rate is basically consistent with the per-
meability of the rock formation. In the initial mining
stage, under the influence of the high water pressure,
the particle fillings in the fault were continuously
washed and migrated, causing groundwater to pen-
etrate to a certain height along the fault. Influenced
by the obstruction of the aquifuge, the groundwater
slowly penetrated into the aquifuge and the veloc-
ity vector was very small (Fig. 16a). The maximum
water flow rate in the seam floor was 5.2 m3 /min
(Fig. 17). When the mining distance reached 30 m,
the high-pressure water continued to impact the floor
aquifuge, and the permeability increased accord-
ingly (Fig. 16b), the water flow rate reached 9.3m?/
min. When the mining-induced damage zone was
connected to the fault activation zone, the seepage

Fig. 14 The critical pathway for water inrush by the development of damage

@ Springer



Geotech Geol Eng (2022) 40:3531-3550

3547

350
——step 2
300+ ——step 3
—— step 4-3
2501 —— step 4-5
—— step 4-7

200

150 +

100

Vertical displacement (mm)

504

0 e , e
0 20 40 60 80 100

Distance along the mining floor (m)

Fig. 15 The distribution of vertical displacement in the mine
floor

velocity in the mining floor quickly increased from
21.7m*/min to 95.4m*/min (Fig. 17), resulting in a
large amount of groundwater pouring into the No.866
mining face, and causing a serious water inrush acci-
dent (Fig. 16e).

The numerical results clearly illustrate the intrinsic
reasons for the underground water inrush in the Zhux-
ianzhuang coal mine (when, where, and how). In the
numerical simulation, cracks propagation, stress dis-
tribution and seepage development in the floor strata
can be visually represented during the evolution of
the water inrush. Some explanations for strata dam-
age and fluid flow associated with faults are further
confirmed (Babiker and Gudmundsson, 2004; Kara-
can et al., 2008). The RFPA numerical software pro-
vides a more convenient and applicable method for
studying the failure mechanism of rock mass and the
evolution law of seepage field related to underground
water inrush. When the working face advances for

Fig. 16 The critical pathway for water inrush by the water flow velocity
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a certain distance, if there is an abnormal seepage
phenomenon, preventive measures should be taken
immediately to avoid water inrush hazards.

5 Conclusions

A similar physics experiment was carried out on the
mechanism of fault seepage in the Zhuxianzhuang
coal mine, and the underground water inrush mecha-
nism caused by fault was numerically analyzed. The
main conclusions were:

1. The evolution process of seepage in fault can be
divided into five stages, i.e., the seepage initiation
stage, the seepage development stage, the seep-
age mutation stage, the seepage outburst stage,
and the seepage stable stage. The seepage types
can be divided into pore flow, fracture flow and
channel flow. During the process of pore flow to
fracture flow conversion, special attention should
be paid to the seepage mutation stage, it is crucial
for the accurate assessment of water inrush risk.
In addition, the seepage characteristics in the
fault are affected not only with time but also with
different geological structural conditions.

2. Mining activities and high water pressure will
lead to fault activation, and the migration and
loss of particle fillings in fault are the main fac-
tors for the change of seepage. With the migra-
tion and loss of particle fillings, fault porosity
and permeability are increasing. Eventually, the
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seepage mutation appears, leading to the forma-
tion of water inrush channels in fault.

3. When mining coal mines with faults and high-
pressure aquifers (such as Zhuxianzhuang Coal
Mine), according to the failure conditions of the
floor strata, it can be divided into three main
influenced zone, mining-induced damage zone,
effective water-resisting zone and fault activation
zone. Among them, the effective water-resisting
zone is a key area that causes water inrush acci-
dents, which directly determines the effective
thickness of the aquifuge. The smaller the thick-
ness is, the greater the risk of water inrush is.

4. Mining-induced fracture development and fault

activation caused by high water pressure are the
main factors leading to the stress distribution and
mechanical strength reduction of the floor strata,
and change the conventional damage mode of the
floor strata, which resulting in the development
of damage mainly concentrated in the aquifuge
between the seam floor and fault. Once the min-
ing-induced damage zone is completely hydrauli-
cally connected with the fault activation zone, a
complete water inrush channel will be formed,
and a large amount of groundwater will flood into
the mining face, resulting in a water inrush disas-
ter.
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