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ABSTRACT: As a typical geological structure, the fault often threatens the
safe mining of coal mines. In order to investigate the permeability evolution
of the significant normal fault under the mining disturbance of the thick
coal seam of the fault footwall and to propose a scientific and reasonable
coal (rock) pillar retention plan, this paper took the YinJiaWa Fault (YJW
Fa), a large normal fault, in Fucun Coal Mine, Shandong Province, China,
as a research object, conducted a coupled fluid and solid simulation study
on permeability evolution of the fault using COMSOL Multiphysics, based
on the revealed geological data and rock mechanical parameters, and
combined the theoretical calculation results to determine the width of the
waterproof coal (rock) pillar. The results show that the width of the
waterproof coal (rock) pillar of YJW Fa is negatively correlated with the
porosity, permeability, and flow velocity of each monitoring point. With the
width of 60 m as the dividing point, as the width left less than 60 m and gradually reduced to 30 m, its water-blocking capacity is
destroyed, increasing the seepage velocity in the water-flowing fractured zone, forming a water channel, causing water inrush
accidents. The formula and numerical simulation results are used to determine the width of the waterproof coal (rock) pillar of the
YJW Fa to be 74.44−84.08 m, to ensure the safe mining of the fault footwall. This paper provides a theoretical basis for further
understanding of the fault permeability development rules and safety guidance for coal seam mining of the fault footwall.

1. INTRODUCTION
Coal is the leading energy source in China and an important
industrial raw material.1,2 Many coal mines in China have
complex geological conditions; the depth of mining has been
increasing in recent years, and mine water disaster seriously
restricts the safe and efficient production of coal mines,3−5

among which fault water disaster occurs in high frequencies, is
highly invisible, and causes particularly severe harm.6−9

According to statistics, more than 80% of coal floor water
inrush is caused by fracture structures such as faults.10−16 As a
typical geological structure during mine production, the fault,
with crack development in the coal and rock near them and
damage to the native rock structure and its integrity, is very
likely to become water channels between the aquifer and the
coal seam under mining disturbance conditions, posing the
threat of water disaster to mine production and even causing
water inrush accidents, leading to economic losses and
casualties.17 It can be seen that the fault water disaster is a
severe threat to the safety of coal mine production, and it is
necessary to conduct a series of studies on the fault
permeability evolution and the retention of fault waterproof
coal (rock) pillars.

Seepage in fractured rock is a typical two-way coupled fluid
and solid process, where seepage can scour and carry away the
tiny particles inside the fractured rock, causing the porosity and
permeability of the fractured rock to increase continuously and
the seepage velocity to increase. The increase in seepage
velocity, in turn, accelerates the increase in porosity and
permeability of the rock.18 Chilingar et al.19,20 summarized and
optimized the equation for the relationship between
permeability and porosity. Yao et al.21,22 also simulated the
formation process of seepage channels inside the collapse
columns using COMSOL Multiphysics and summarized the
time-varying rules of porosity, permeability, and flow velocity.
Yang et al.23,24 studied the seepage characteristics and
evolution laws of broken rock mass. Hou et al.25,26 studied
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the evolution law, variation characteristics, and internal
relations of coal porosity and permeability. On the other
hand, the study of fault activation mechanisms and waterproof
coal (rock) pillar retention is the basis for ensuring safe
production in mines near faults, conducted by many domestic
and foreign scholars.27 Islam et al.28−30 carried out boundary
element method analysis of fault activation law under the
condition of roadway excavation disturbance and analyzed the
activation rules of faults. Li et al.31 explored the influence rules
of the width of fault fracture zone on the critical value of coal
pillars. Kun et al.32−34 conducted a field and simulation
research on the reasonable pillar width of extra thick coal seam.
Yin et al.35,36 summarized the current status of research on
fault waterproof coal (rock) pillars and concluded that the
research on fault coal pillars should be developed in the
direction of multifield coupling, refinement, intelligence, and
multimethod comprehensive research.
It can be seen from the above that scholars have mostly

carried out research on the seepage characteristics of fractured
rock using similar material tests and numerical simulations, but
further research is needed on the influence of the width of the
fault waterproof coal (rock) pillars on the porosity,
permeability, and seepage field of the coal seam surrounding
rock and the faulted rock. Therefore, this paper takes the
YinJiaWa Fault (YJW Fa), a large normal fault, in Fucun Coal
Mine, Shandong Province, China, as a research object. Based
on the systematic collection of geological, hydrogeological, and
mining data of the study area, a numerical model of the
permeability of the mining coal seam surrounding rocks and
the faulted rocks is established. The change in regularities of
porosity, permeability, and flow velocity fields of the YJW Fa
and coal seam surrounding rocks under different conditions of
the width of the waterproof coal (rock) pillars of the fault are
investigated. Also, the reasonable width of coal pillars under
the combined influence of plastic collapse and deformation of
coal seams under mining conditions still needs to be studied in
depth, under the comprehensive consideration of the coal seam
attitude and the influence arising from the spatial relationship
of the tendency of the section and the coal seam. Therefore,
this paper improves the formula for leaving the fault
waterproof coal (rock) pillar in the “Water Control Rules for
Coal Mines”37 and selects a reasonable calculation result of the
width of the coal (rock) pillar based on the safety, geological
conditions, and the rules of influence of the width of the fault
waterproof coal (rock) pillar on YJW Fa and coal seam
surrounding rocks’ internal porosity, permeability, and velocity
field changes, which provide support for the practical design of
the working face, the prevention and control of the fault water,
and the protection of the coal mining.

2. PROJECT OVERVIEW
Fucun Coal Mine is located approximately 6 km northwest of
Weishan County, Jining City, Shandong Province, China
(Figure 1), and its geographical coordinates are the following:
east longitude: 117°02′00″−117°04′19″; north latitude:
34°48′24″−34°53′34″.
The mine is mining the Shanxi Formation third upper and

third lower coal seams, with a current production level of −480
m. The formation belongs to the North China stratigraphy.
This paper takes the YJW Fa in the north of the east 12th
working area of Fucun Coal Mine as the research object. The
location of the research area is shown in the brown part of
Figure 1. The east 12th working area is bound by the Fucun

Reverse Fault to the south, the YJW Fa to the west, the
Yaoqiao Fault to the north, and the branch fault of YJW Fa to
the east, with a north−south tendency of 0−2.7 km long and
an east−west tendency of 0−1.6 km wide, and the working
area of about 2.39 km2, mainly mining the third upper coal
seam. The coal thickness in the northern area ranges from 2.08
to 3.0 m. The elevation of the third upper coal seam floor
ranges from −296.34 to −412.1 m. The depth as a whole
shows a trend of gradual increase from east to west and from
north to south. As can be seen from Figure 2, the YJW Fa at

the profile has a large fault throw of 276 m. YJW Fa is a normal
fault, with the formations of upper wall relatively falling and
the footwall relatively rising. On the section, the third upper
coal seam of the footwall is all directly buttressed with the
upper wall Jurassic conglomerate. The specific buttressed strata
are as follows: the Jurassic aquifer in the upper wall of the fault
is all buttressed with the footwall Jurassic conglomerate,
sandstone of the lower stone box group, sandstone of the third
coal roof, third upper coal seam, third lower coal seam, and so
forth on the section. The water abundance of the Jurassic
conglomerate aquifer is strong. According to the information
of the Jurassic conglomerate hydrological exploration hole in
the return tunnel of the east 12th working area, the borehole

Figure 1. Location diagram of Fucun Coal Mine.

Figure 2. YJW Fa profile.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07325
ACS Omega 2023, 8, 4187−4195

4188

https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07325?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inflows are 49.5−98 m3/h, which is very large. At present, the
water level of the Jurassic conglomerate aquifer in the upper
wall of the fault is −134.79 m, and the Jurassic water pressure
in the third upper coal seam of the study area is 1.62−2.65
MPa. There is a possibility that the Jurassic conglomerate
aquifer in the upper wall of the fault laterally recharges the
sandstone aquifer in the third coal seam roof of the footwall,
and the fault is very likely to become a water channel between
the aquifer and the coal seam under mining disturbance
conditions, which pose water disaster threat to mine
production.

3. EVOLUTION LAW OF FAULT PERMEABILITY
3.1. Model Construction. Based on the data of the YJW

Fa and two rock formations in the study area, the stratigraphic
simplified model was constructed. The model length was 368
m, the height was 69 m, and the parameters of the geological
force layer are shown in Table 1; the rock movement angle is
68°10′, as shown in Figure 3. Fixed constraints are applied at
the bottom of the model, roller supports are applied on both
sides of the boundary, and 8.73 MPa uniform load is applied at

the upper boundary to simulate the self-gravity stress of the
overlying stratum.
The regional seepage of YJW Fa, the water diversion fissure

zone, and the bottom plate failure zone are controlled by the
Brinkman equation, the groundwater seepage in the top
bottom slate layer of the coal seam is controlled by the Darcy
equation, and the seepage is controlled by gravity. A total of 10
monitoring points are set in the model to monitor the pressure,
porosity, permeability, and flow rate changes of the coal seam
roof, floor, and fault rock mass. The width of the coal (rock)
pillar is continuously reduced during simulation and the
evolution laws of porosity, permeability, and seepage field of
coal seam roof, floor strata, and YJW Fa were explored at
different widths of coal (rock) pillar of 90, 80, 70, 60, 50, 40,
and 30 m.

3.2. Analysis of Numerical Simulation Results. The
model calculation takes 150 days as the calculation time limit.
It explores the changes in porosity, permeability, and velocity
field of coal seam roof, floor, and fault under the conditions of
different widths of waterproof coal (rock) pillar in 150 days.

Table 1. Physical Mechanics and Seepage Parameters of Rock Strata

rock stratum
density
(kg/m3)

elastic modulus
(GPa)

Poisson’s
ratio

porosity
(%)

permeability
(m2)

viscosity of water
(Pa·s)

unit weight of water
(kN/m3)

siltstone 2645 11.68 0.31 4.5 3.54 × 10−15 0.001 9.8
fine sandstone 2730 10.05 0.32 6.2 5.41 × 10−14

conglomerate 2791 10.13 0.30 7.1 2.89 × 10−13

fault 2510 2.01 0.24 8.0 6.21 × 10−13

third upper coal
seam

1564 2.35 0.30 4.3 2.83 × 10−15

fissure zone 2700 2.53 0.23 10.1 8.72 × 10−13

Figure 3. Numerical model of the surrounding rock and YJW Fa variable permeability in the coal seam near the fault mining.

Figure 4. Relationship curve between the porosity of monitoring points and the setting width of coal (rock) pillar.
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3.2.1. Evolution Law of Porosity under Different Widths of
Coal (Rock) Pillar. From the relationship curve between the
porosity of each monitoring point, the reserved width of the
coal (rock) column (Figure 4), and the porosity distribution
when the width of the coal (rock) column is 30, 40, 50, and 70

m (Figure 5), it can be seen that the porosity of the fault
fractured rock mass in the layer connected with the fine
sandstone changes significantly, which indicates that the water
inrush channel is easier to occur in the fine sandstone than in
the coal seam and siltstone. The reserved width of the coal

Figure 5. Porosity distribution at 50 m (left) and 70 m (right) width of coal (rock) pillar.

Figure 6. Relationship curve between the permeability of monitoring points and the setting width of fault coal (rock) pillar.
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(rock) pillar for water prevention and water isolation in YJW
Fa has a negative correlation with the porosity of each
monitoring point. The width of the coal (rock) pillar is 60 m as
the dividing point. When the width is less than 60 m, the
influence of the width of the coal (rock) pillar on the porosity
is significantly enhanced. Moreover, under the influence of the
water guide fracture zone, the fine sandstone at the top
gradually forms a water guide channel through which Jurassic
water can quickly enter the water guide fracture zone and then
enter the working face, resulting in a water inrush accident.
The threat of water damage to the production of the working
face has further increased.
3.2.2. Evolution Law of Permeability under Different

Widths of Coal (Rock) Pillar. The relationship curve between
the porosity of each monitoring point and the width of the coal
(rock) pillar is shown in Figure 6, and the distribution of
porosity when the width of the coal (rock) pillar is 30, 40, 50,
and 70 m is shown in Figure 7.

It can be seen from Figure 7 that the permeability evolution
law and porosity are basically the same under the conditions of
different widths of waterproof coal (rock) columns. The
permeability of fault fractured rock mass at the seam butt joint
with fine sandstone changes significantly, and the permeability
of fine sandstone at the top and bottom of the coal seam
changes more obviously than that of the coal seam and the
siltstone; the reserved width of waterproof coal (rock) pillar in
YJW Fa has a negative correlation with the permeability of
each monitoring point. The evolution of the permeability with
the width of the coal (rock) pillar can also be divided into two
stages: slow growth and rapid growth. Taking the width of the
coal (rock) pillar of 60 m as the dividing point, due to the
influence of the water-conducting fracture zone, the perme-
ability of the top fine sandstone increases significantly more
than that of other formations, making it easier to generate
water-conducting channels. As the width of the coal (rock)
column decreases, the permeability of the top fine sandstone

Figure 7. Permeability distribution at different widths of coal (rock) pillar: (left) (a) 30 m and (c) 50 m; (right) (b) 40 m and (d) 70 m.
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gradually increases, and the water resistance of the coal (rock)
column dramatically decreases.
3.2.3. Evolution Law of Flow Velocity Field under

Different Widths of Coal (Rock) Pillar. According to the
relationship curve between the flow velocity at each
monitoring point, the reserved width of coal (rock) column
(Figure 8), and the flow velocity distribution when the widths
of the coal (rock) column are 30, 40, 50, and 70 m (Figure 9,
the red arrow in the figure is the seepage direction), it can be
found that the reserved width of waterproof coal (rock)
column at YJW Fa has a negative correlation with the flow

velocity at each monitoring point and in the absence of a
seepage channel. The flow velocity of the water-conducting
fracture zone (Brinkman seepage area) is higher than that of
the coal seam roof and floor rock mass (Darcy seepage area);
the internal seepage velocity and growth of fine sandstone are
large, which is prone to roof water inrush. With the reserved
width of waterproof coal (rock) pillar of YJW Fa being less
than 60 m and gradually reduced to 30 m, its water blocking
capacity is damaged, the porosity and permeability of the top
fine sandstone are sharply increased, and the water
permeability is greatly improved, resulting in an increase in

Figure 8. (a−c) Relationship curve between the flow velocity of monitoring points and the setting width of coal (rock) pillar.

Figure 9. Flow velocity distribution at different widths of coal (rock) pillar: (left) (a) 30 m and (c) 50 m; (right) (b) 40 m and (d) 70 m.
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the seepage flow rate in the water guide fracture zone, forming
a water guide channel, resulting in a water inrush accident.
According to the abovementioned change rules of porosity,

permeability, and flow field, when the reserved width of
waterproof coal (rock) pillar in YJW Fa is greater than or equal
to 60 m, the width of coal (rock) pillar has little impact on the
porosity, permeability, and flow field of coal seam roof, floor,
and fault rock mass, and the water resistance capacity of coal
(rock) pillar has not changed significantly; when the width of
the coal (rock) pillar is less than 60 m, the influence of its
width on the porosity, permeability, and flow velocity field of
the coal seam roof, floor, and fault rock mass increases sharply.
With the decrease of the width of the coal (rock) pillar, the
porosity and permeability of the fine sandstone at the coal
seam roof and floor increase rapidly, and the water
permeability of the coal (rock) pillar increases rapidly, resulting
in a rapid increase of the flow velocity. The increase of flow
velocity further improves the scouring and migration of
seepage on microparticles in the rock mass, which in turn
increases the rate of porosity and permeability and is well
reflected in the curve diagram of the relationship between
porosity, permeability, and flow velocity at monitoring points
and the reserved width of coal (rock) columns. Therefore,
considering the influence of the width of coal (rock) pillar on
the permeability, the reserved width of waterproof coal (rock)
pillar in YJW Fa should be greater than or equal to 60 m.

4. SETTING OF WATER RESISTING COAL (ROCK)
PILLAR IN FAULT
4.1. Reservation of Coal (Rock) Pillar for Water

Prevention and Isolation of Fault When the Fault
Contains Water or Conducts Water. According to the
geological and hydrogeological conditions of the study area,
the method of reservation of water-resisting coal (rock) pillar
for water-bearing or water-conducting fault in Appendix 6-2 of
the Detailed Rules for Water Prevention and Control in Coal
Mines37 is selected to calculate the water-resisting coal (rock)
pillar for the footwall of YJW Fa in the study area, see Figure
10 for its schematic diagram and Formula 1:

=L Km
p

K
0.5

3
20 m

p (1)

where L is the reserved width of coal (rock) pillar, m; K is the
safety factor, dimensionless, generally 2−5; m is the coal seam
thickness or mining height, m; p is the actual head value, MPa;
and Kp is the tensile strength of coal, MPa.
The values and sources of the calculation parameters are as

follows: K, the safety factor, is taken as 5; M, the thickness or
mining height of third upper coal seam in the study area is
2.08−3.0 m, and the value is 3.0 m; p, the actual water head of
the Jurassic conglomerate aquifer at the floor elevation of third

upper coal seam in the study area is 1.62−2.65 MPa (the water
level of the Jurassic aquifer is −134.79 m, and the floor
elevation of third upper coal seam in the study area is −296.34
to −399.9 m); and Kp, the tensile strength of coal is 0.51 MPa
(according to the results of uniaxial tensile strength test of coal
samples from third upper coal seam in Dongshi mining area of
Fucun Coal Mine). According to calculation, the reserved
width of waterproof coal (rock) pillar at each section is 25.09,
25.67, 26.25, 27.90, 28.60, and 30.29 m, respectively.

4.2. Improved Method for Setting Waterproof Coal
(Rock) Pillar When the Coal Seam Contacts with a
Strong Aquifer or Water Conducting Fault. The third
upper coal seam in the study area is in contact with the Jurassic
aquifer in the hanging wall of the YJW Fa. The top surface of
the Jurassic conglomerate aquifer on the hanging wall of the
fault is much higher than the maximum height of the water
flowing fracture zone generated by the mining of the third
upper coal seam in the study area. Moreover, the study area is
located in the footwall of the fault, and the stratum and the
fault are in the same direction. Therefore, the formula specified
in the detailed rules for water prevention and control in
coalmines is optimized in spatial geometry in this paper.
The schematic diagram of the waterproof coal (rock)

column reserved in the contact between the improved coal
seam and the strong aquifer or water-conducting fault is shown

in Figure 11, and the improved calculation formula is shown in
Formula 2:

= + +

= + +

+

L L L L

H H Hcsc( ) cot( )

cot( )

1 2 3

s f f

v (2)

where L is the width of the waterproof coal (rock) column, m;
Hf is the maximum height of the water-conducting fracture
zone, m; θ is the fault dip angle (deg); ω is the apparent dip
angle of coal seam on the vertical fault section (deg); αv is the
apparent movement angle of rock stratum on the vertical fault
section (deg); and Hs is the width of the coal (rock) pillar for
fault safety water prevention, (m). Among them, the width Hs
of the coal (rock) pillar for fault safety and water prevention
can be calculated by t Formula 3:

= +H
p

T
10s

s (3)

where p is the actual water head value, MPa and Ts is the
critical water inrush coefficient, 0.1 MPa/m.

Figure 10. Water-bearing or water-conducting fault waterproof coal
(rock) pillar retention.

Figure 11. Fault waterproof coal (rock) column retaining when coal
seam and fault are a synchronized combination.
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Through calculation, the slant lengths of waterproof coal
(rock) columns in YJW Fa at each section are 74.89, 75.89,
76.90, 79.91, 81.25, and 84.59 m, respectively, and their
horizontal projections (horizontal distance to the intersection
of coal fault) are 74.44, 75.43, 76.44, 79.43, 80.76, and 84.08
m, respectively. When the improved coal seam contacts with
the strong aquifer or the water-conducting fault, the retention
of the waterproof coal (rock) pillar is more in line with the
actual geological situation of the study area than before the
improvement, and the calculated value is more conservative
and safer.
Due to the influence of YJW Fa third upper coal seam in the

footwall of the fault is in contact with the Jurassic aquifer in the
hanging wall, the water in the Jurassic conglomerate aquifer has
a certain impact on the mining of third upper coal seam in the
study area. Combined with the research results of numerical
simulation of the seepage change law of thick coal seam mining
in the footwall of YJW Fa in Section 4, under the current
geological conditions in the study area, the influence of water-
conducting fracture zone on the evolution of coal (rock)
column porosity, permeability, and flow velocity is more
significant, and the possibility of roof water inrush in the
working face is greater; when the width of waterproof coal
(rock) pillar of YJW Fa is less than 60 m, with the decrease of
the width of the coal (rock) pillar, the changes in porosity,
permeability, and flow field in the coal seam roof, floor, and
fault rock mass increase sharply, and the water resistance
capacity of the waterproof coal (rock) pillar of the fault
decreases greatly. When the width of the coal (rock) pillar is
greater than or equal to 60 m, the width of the coal (rock)
pillar has little impact on the porosity, permeability, and flow
field of the coal seam roof and floor and the fault rock mass,
and the water resistance ability of the fault waterproof coal
(rock) pillar will not be damaged. Therefore, when the
improved coal seam contacts with the strong aquifer or the
water-conducting fault, the waterproof coal (rock) pillar
retaining method is more in line with the geological and
hydrogeological conditions of the study area than the other
coal (rock) pillar retaining methods and is more safe and
reasonable. It is comprehensively determined that the reserved
width of waterproof coal (rock) column in YJW Fa is 74.44−
84.08 m.

5. CONCLUSIONS

(1) COMSOL Multiphysics software is used to conduct
numerical simulation research on the permeability
evolution law of fault and coal seam top and bottom
slate. The results show that the reserved width of
waterproof coal (rock) pillar in YJW Fa has a negative
correlation with the porosity, permeability, and flow
velocity of each monitoring point. The width of the coal
(rock) pillar is 60 m at the boundary point, and when
the width is less than 60 m, the influence of the width of
the coal (rock) pillar on it is obviously strengthened.

(2) The method of setting waterproof coal (rock) column
when the coal seam contacts with the vital aquifer or
water-conducting fault is improved, and the formula of
setting waterproof coal (rock) column for fault
considering the effect of water pressure is proposed.
The width of setting waterproof coal (rock) column for
YJW Fa is 74.44−84.08 m based on the formula and
numerical simulation results to ensure the safe mining of

the footwall of the fault. It provides safety guidance for
the mining of other working faces affected by faults and
is of great significance to the safety production of the
mine.
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