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1. Introduction
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to prevent the occurrence of water inrush accidents, it is particularly important to predict the mine water inrush,
especially the accurate prediction of the mine water inflow in the coal mining process. Mine water inflow is caused by mining
disturbance, groundwater flows into mining panels along the mining-induced fissures, and a depression cone of water table is
formed in certain range around the mining sites. Mining panel is usually regarded as an irregular “virtual large diameter well”
so as to calculate mine water inflow in China. However, in the mining process, the area, shape, and cross section of goafs are
constantly changing, so is the water inflow. Therefore, the central position and influence radius of the “virtual large diameter
well” in the spatial and temporal distribution are in a dynamic process of continuous movement and expansion, rather than
being confined to a static position. This paper firstly analyzes the formation mechanism of coal mine roof water inflow and the
errors and defects in the calculation of mine water inflow by virtual large diameter well (VLDWM). Then, based on the theory
of steady flow and combined with the dynamic change process of goaf area and depression cone of water table during mining
activities, this paper proposes an improved method and puts forward a concept of dynamic virtual large diameter well
(DVLDWM) and establishes a theoretical model of the central position and influence radius of the “mining large diameter
well” moving forward. The first (periodic) caving step is taken as the calculation unit and generalized as the “dynamic large
diameter well,” which is used to calculate the dynamic water inflow in the process of mine advancing. Taking the No.7208
mining panel in Zhangshuanglou Coalmine in Xuzhou City, Jiangsu Province, as the study area, the mine water inflow was
calculated dynamically by using the DVLDWM. The results show that the mine water inflow calculated is similar to the actual
mine water inflow of the No.7208 mining panel observed, thus proving the reliability and credibility of the DVLDWM.

not only lead to heavy casualties and property losses, but
also the increasing cost of mine water treatment in coal

China is one of the world’s largest mining economies and
the number, scale, and difficulty of China’s mine water
problems are unique. Compared with those of other coun-
tries, the coal mining areas in China are characterized by
complex hydrogeological conditions and various mining
depths [1, 2], and the roof and floor rocks of coal seams
are greatly affected by the groundwater from the confined
sandstone aquifer, loose sandy and soil aquifer, limestone-
karst aquifer and goafs water [3, 4]. Water inrush accidents

mines [5-7]. According to the data released by the State Coal
Mine Safety Supervision Bureau, 1027 water inrush acci-
dents occurred in coal mines from 2000 to 2021, resulting
in 4390 deaths. In 2021, a total amount of 7.3 billion m’
mine water from aquifer and mining activities was formed,
and more than 10 billion CNY was used to prevent, control,
treat, and rehabilitate mine water [8]. In this case, it is par-
ticularly important to explore a method of predicting mine
water inflow so as to prevent the occurrence of mine water
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inrush accidents [9, 10], especially with regard to how to
enhance the accurate prediction of mine water inflow in
mining panel [11, 12].

Many researches have been carried out on the prediction
method of mine water inflow, including water balance
method, hydro-geological analogy method, correlation anal-
ysis method, numerical method, and conventional analytical
method [13-17]. Miladinovic et al. used a multiple linear
regression model to simulate the situation of mine water
flowing into the mine and conducted short-term prediction
of mine water inflow [18]. Wu et al. proposed the variable
weight model (VWM) to evaluate the hydrodynamic process
of groundwater inflow [19]. Yao et al. analysed the change of
mine water inrush by establishing a numerical model of the
roof fracture and seepage development law [20]. Sun et al.
used Visual Modflow software and numerical simulation
method to evaluate the flow field of karst water under
large-scale mining conditions [21]. Surinaidu et al. estab-
lished a numerical model of groundwater flow based on
finite difference and predicted ground-water inflow at differ-
ent stages of mine advancement [22].

Darcy’s Law [23], which was obtained through seepage
column experiments by Darcy in 1856, has led to the
transition of hydrogeology from qualitative descriptions to
quantitative calculations, and it is an important milestone
in the history of hydrogeology. Seven years later, Dupuit
established the Dupuit steady flow model based on Darcy’s
Law and derived the steady flow formula known as the
Dupuit formula [24]. Thiem [25] extended the Dupuit
model to a horizontal infinite aquifer using an approximate
hypothesis and thus established the Thiem model. Generally,
when the principle of the Dupuit model and the Thiem
model is used to calculate mine water inflow in China, it is
called the virtual large diameter well method (Figure 1).
After a long period of water gushing, relatively steady flow
field with goaf as the discharge point is formed in the
mining panel. At this time, the groundwater runoff basi-
cally meets the steady runoft condition, which can be
regarded as steady runoff flow field. On this basis, the
VLDWM regards the complex system as steady runoff
discharge system with the central large well, and the
irregular pit system as the area of the large well, and
summarizes a complex geological condition as homoge-
neous strata of the same medium. Then, the water inflow
of the large diameter well can be regarded as the water
inflow of the whole mining area [26, 27]. Accordingly,
the Dupuit steady flow equation can be used to predict
the water inflow of the mining area. In recent years,
some scholars have optimized the calculation parameters,
aquifer conditions, and influence radius of the VLDWM
[28] or revised the formula according to real water
inflow, but the theoretical equations for the evolution of
dynamic water inflow is not presented yet, for its chang-
ing process is fuzzy [29, 30].

On the ground of analyzing basic theories, assumptions
and calculation errors of the existing calculation methods
of mine water inflow and groundwater flow field, this paper
exploratorily puts forward the scientific concept and calcula-
tion principle of dynamic virtual large diameter well method

Geofluids

(DVLDWM). Then, the DVLDWM was utilized to calculate
water inflow at the No.7208 mining panel of Zhangshuan-
glou Coalmine and reveal the dynamic water inflow process
of the Quaternary bottom gravel aquifer of the coal mine
roof in the study area. The calculation results were also com-
pared with the traditional the VLDWM and the actual mine
water inflow observed in the No.7208 mining panel, which
could be applied to verify that the DVLDWM is reliable
for the calculation of dynamic water inflow during the
mining process.

2. Study Area

Zhangshuanglou Coalmine is located in Pei County, 79 km
away from Xuzhou City to the northwest, Jiangsu Province,
China. As is shown in Figure 2, it is located in the range
of the Yellow River alluvial plain, with the geomorphol-
ogy being relatively flat. The weather conditions of the
Zhangshuanglou Coalmine belong to the south temperate
Huanghuai region-monsoon continental climate, with the
annual average temperature and precipitation being 13.8°C
and 811.7mm, respectively. The maximum and minimum
of annual precipitation are 1178.9mm (1977) and 550 mm
(1968), respectively. The Dasha River passes through the
study area from north to south, with Xupei River in the east
and Fengpei River in the south. The frozen soil depth is
19 cm, with an average of 12 cm.

There are no faults, collapse columns, and other struc-
tures in the No.7208 mining panel, so mining activities has
no in situ stress effect. Moreover, the mining panel is located
in the shallow part of the mining area, and there is no impact
of rock burst.

3. Theories and Methods

3.1. Formation Mechanism of Mine Roof Water Inflow. The
example of water inflow from coal seam roof rocks is shown
in this paper. When the coal seam is to be mined out, the
roof rock collapse and fracture development would occur
consequently [31]. The rock collapse and fracture zones
can be divided into three stages in the mining panel, and
the phenomenon lasts through the whole mining period
from the formation of panel to the first weighting, periodic
pressure stage, and the end of mining [31].

The area of the goaf is small, and its surrounding rock
bears less but relatively concentrated stress from the upper
rock mass when the first weighting occurs above the roof
of mining panel [32]. At the beginning, the mining influence
of coal seam is weak, which is mainly manifested in concen-
trated stress and caving rock stratum; and the range of rock
movement, deformation, cracking, and collapse is small, so
the panel water inflow is relatively small. After entering the
periodic pressure stage, the roof rock mass collapses down-
ward, further developing fractures upward, and the upper
rock stratum bends and sinks until all the coal seams are
mined out. The water conducted fissure zone of stable roof
will be formed in the roof rock stratum of the stope and
the coal seam. When the fracture zone connects the roof
aquifer of coal seam with the mining panel, the groundwater
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in the aquifer flows into the goaf, roadway, and mining sys-
tem along the mining fissures to form mine water inflow, as
shown in Figure 3.

3.2. Theoretical Defects of VLDWM. The theoretical for-
mula of steady flow has strict assumptions, which makes
it unadaptable to the complex actual hydrogeological
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TaBLE 1: Generalization of large diameter wells with different sketches.

Plane figure of mine pit r, expression

Explanation

E Long strip ry =S8/4=10.258
b
Rectangle ro =n(a+Dbl4)
a
Square ro =0.59a
a

S is length, Only when width/length —0 is used

a and b are the rectangular side lengths; # can be seen in Table 2

a is the edge length of square

conditions. The generalized hydrogeological conditions of
the mining area are usually named as “hydrogeological con-
ceptual model” [33], which is the qualitative description of
the groundwater system movement in mining area. “Virtual
large diameter well” is in nature a hydrogeological conceptual
model. In order to apply the theoretical formula of steady
flow, it is necessary to reasonably summarize and simplify
the hydrogeological conditions of the mining area, without
distorting the original conditions in certain range.

A depression cone with a certain shape centered on the
goaf area is to be formed around the mine site when the
mine water drainage is conducted, which is similar to the
formation of a depression cone of water table around the
pumping well. Therefore, the distribution range of the panel
goaf area can be assumed to be an ideal large diameter well.

It is assumed that the circular section area of the large
diameter well is equivalent to the area of the goaf area distri-
bution. Therefore, the equation of groundwater dynamics
can be directly used to calculate the water inflow of mining
panel, and the calculation equation for confined aquifer is
used:

M
Q= 273k M8 (1)
lgR,-1gr,
R=10SVK, (2)
Ry=R+r1,, 3)

TaBLE 2: The relationship between b/a and #.

bla 0 0.20 0.40 0.60 0.80 1.00

" 1.00 1.12 1.14 1.16 1.18 1.18

where Q denotes the water inflow of the mining panel (m>/s);
K is the hydraulic conductivity (m/s); M refers to the thick-
ness of aquifer (m); S is the water table drawdown caused
by mine water drainage (m); R, stands for the reference influ-
ence radius (m); 7, is the reference radius (m); and R denotes
the influence radius (m).

It should be noted that the variable R is only related to
the water table drawdown and hydraulic conductivity. R
depends on the shape and sketch of the goaf area of mining
panel # [34]. The calculation methods of large diameter well
and reference radius with different profiles are shown in
Tables 1 and 2.

Based on the steady well flow theory, the VLDWM
generalizes the whole mining panel into a “large diameter
well,” and the predicted mine water inflow refers to the flow
formed when the water flow reaches an approximately
steady state at the end of the mining panel. This theory does
not consider the transition of large well flow from steady
flow to transient flow, and the way and time of releasing
water stored in the aquifer to the mining panel. In fact, the
mining process in the mining panel (or mining area) is a
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step-by-step process, which does not form the goaf at once.
In fact, at the beginning of mining activities, the affected
area by mining is small, the water flow section is limited,
and the water inrush quantity is relatively little. Therefore,
using conventional the VLDWM to calculate water inflow
often leads to larger results, even exceeding the warning
magnitude.

3.3. The Improved Method of VLDWM. Groundwater flow in
mine area is transient, because it is not only affected by sea-
sonal climate changes, but the mining activities. Groundwa-
ter often forms transient flow centered on the goaf when the
depression cone becomes larger during the mining process.
Transient flow theory displays better practicability because
it can describe the whole process of groundwater moving
to goaf. However, there still exists the steady flow condition
in the process of mining activities. For example, the aquifer
has abundant supply water, or the mine water inflow and
supply are approximately equal in the early stage of mining
activities.

In field experiments, the area and shape of the goaf are
constantly changing, and water flow section is also con-
stantly increasing with the continuous advancement of the
mining panel. Accordingly, depression cone is expanding,
and water inflow is also increasing. The central position
and influence radius of “large diameter well” in spatial and

temporal distribution is in a dynamic change process of
continuous movement and expansion, rather than being
confined to a static position. Besides, since steady flow
formula does not contain time variables, the transient flow
theory should be used so as to understand the dynamic
change process of mine water inrush.

Based on the theory of steady flow and combined with
the dynamic change process of goaf area and depression
cone in the mining process, the concept and method of the
DVLDWM are proposed. On this basis, the theoretical
model is established of the central position and influence
radius of “mining large diameter well” which moves forward
continuously. With this improved method, the initial (peri-
odic) collapse step is taken as the calculation unit, and the
“mining large diameter well” is generalized as “dynamic
large diameter well” so that the dynamic mine water inflow
advancing with the mining panel can be calculated more
accurately.

4. Discussion and Results

4.1. Calculation Principle and Method of the DVLDWM.
Assumption: The aquifer is an infinite boundary, and the
infinite distance is a constant head boundary. With the exca-
vation of the mining panel, the local water table in the goaf
will drop [35-38].
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In the first stage, the first collapse and the aquifer form
the first depression cone during the excavation of the mining
panel (as shown in Figure 4). The confined aquifer calcula-
tion formula is used to calculate the water inflow Q, of the
mining panel at the end of the first stage:

MS
Q=273K———1 | (4)
lgR, -lgn
R, =108, VK +71,, (5)

where Q; denotes the water inflow of the mining panel at
the end of the first stage (m%/s); H, means the initial
water table of the aquifer (m); Krefers to the hydraulic
conductivity (m/s); M is the thickness of aquifer (m); S,
stands for the water table drawdown caused by mine
drainage in the first stage (m); R, denotes the reference
influence radius of the first stage (m); and r; means the
reference radius of the first stage (m).

(1) The drawdown in the first stage (S;): The traditional
VLDWM is used to predict the mine water inflow
[39, 40], and the depression cone is usually taken
from the roof to the floor of the aquifer. However,
the aquifer water table is difficult to drain to the

floor, and the maximum depression cone value
will change with the excavation of the mining
panel in field processing, especially in western
China. Therefore, it is assumed that the first stage
drops S, =AH, and A can be obtained by the fol-
lowing two methods:

(a) When the first stage of mining is completed, the

approximate theoretical formula of transient
flow (Jacob’s formula) is used to calculate the
flow at the center of the “generalized-well” of
the mining panel. To be specific, the drawdown
of the water table is observed through the long
observation hole in the aquifer adjacent to the
mining panel; and then the water inflow in the
center of “large diameter well” in the first stage
can be obtained by the following formula:

S, T

! j—
Q=583 Ig (2.25Tt,/r3u*)’

(6)

where Q denotes the water inflow in the center
of “large diameter well” in the first stage
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calculated from observation logging (m’/s); S,
means the drawdown of observation well (m);
T refers to transmissivity (m?/s); t, means the
time required for the first stage of mining (s);
r, is the distance from observation point to well
center (m); and pu* denotes coeflicient of storage
(dimensionless).

According to the flow rate at the center of the
“generalized-well” in mining panel, the water
table drawdown of the aquifer at the center of
the “generalized-well” can be reversely deduced
by using the confined aquifer formula of the
Dupuit’s law, and then A can be obtained:

) 2.73KMS,

Q = ,
lg (1031\/1?+ rl) -lgr )

A=S,/H,. 8)

(b) According to the existing mine water inflow
caused by the initial collapse of mining panel,
the drawdown of aquifer water table at the center
of “generalized-well” can be deduced by using

the Dupuit’s law confined aquifer formula, and
then A =S§,/H,, can be obtained

(2) Initial water table of aquifer (H,): The natural water
table elevation of confined aquifer within the water-
conducting fracture zone of coal seam roof is based
on coal seam floor

(3) Hydraulic conductivity (K): The hydraulic conduc-
tivity value is calculated according to the steady flow
Dupuit’s law formula based on the test data of
pumping (draining) water from boreholes in field
tests

(4) Aquifer thickness (M): It refers to the accumulated
thickness of aquifer within the water-conducting
fracture zone of coal roof

(5) Substitute influence radius of the first stage (R,): It is
obtained according to the “generalized-well” after
the first collapse of the mining panel

(6) Reference radius of the first stage (r,): It is obtained
by the generalization of “large diameter well” con-
tour after the first collapse of the mining panel

In the second stage, the depression cone expands, and
the drawdown decreases compared with that in the first



stage (Figure 5). The drawdown formed by the mine inflow
generated in the first stage is used to push back the “initial”
water table in the center of the “large diameter well” before
the end of the second stage and the periodic collapse. The
drawdown formed here by the mine water inflow in the first
stage can be calculated by Jacob’s formula of the approxi-
mate theory of transient flow:

0.183 2.25Tt
5= 2185Qu ), 225TH (9)
T iy

where S, means the actual drawdown of water table
caused by mine water inflow in the first stage (m); Q
denotes the water inflow in the first stage (m?/s); T means
transmissivity (m?/s); ¢, refers to the time required for the
first stage of mining (s); r; stands for the reference radius
of the first stage (m); and y* means coefficient of storage
(dimensionless).

The water table drawdown in the second stage (S,): The
water inflow Q, at the end of the second stage and after the
cycle collapse can be obtained by repeating the calculation of
mine water inflow with the following formulas:

S, = A(Ho-s;), (10)
MS
Q, :2.73Kﬁ, (11)
gR,-Igr,
R, =10S,VK +1,, (12)

where Q, means the water inflow of mining panel at the end
of the second stage and backward cycle collapse (m?/s); H,
denotes the initial water table of aquifer (m); S, means the
water table drawdown caused by mine drainage in the sec-
ond stage (m); R, refers to the reference influence radius of
the second stage (m); and r, means the reference radius of
the second stage (m).

With the continuous advance of the mining panel, when
the water table of the aquifer decreases below the roof
(Figure 6), the following equation shall be adopted to calcu-
late the water inflow of the mining panel:

(2H - M)M - h*

.=1.366K
R IgR;,-lgr,

(13)

where Q, means the water inflow of mining panel after the
first stage is over and the cycle collapses (m’/s); R; denotes
the substitute influence radius (m) in the i™ stage; and R,
means the reference radius (m) in the i stage.

The caving step is introduced as the calculation unit to
calculate the mine water inflow by stages during the min-
ing process. Then, repeat the similar calculations until the
end.

The mining scope and influence radius (“large diameter
well” radius) gradually expand during the mining process,
and a new depression cone and water table drawdown will
be formed in each mining stage. The DVLDWM for mine
water inflow calculation is based on the new initial water

Geofluids

TaBLE 3: Comparison between the DVLDWM calculation and
actual observed results.

. . 3
The excavated distance of the Mine water inflow (m’/h)

mining panel (m) Calculation  Actual observed
results results

15 5.19 3.1
30 5.41 3.5
45 591 34
60 6.43 4.0
75 6.92 4.8
90 7.42 6.9
105 8.50 8.4
120 8.28 7.0
135 8.78 8.5
150 9.16 8.7
165 10.43 8.4
180 10.79 7.0
195 11.17 10.1
210 11.62 11.1
225 12.07 10.4
390 18.65 16.2
405 19.11 24.8
420 19.58 19.1
435 19.88 19.3
450 20.36 19.1
465 20.83 19.0
480 21.29 21.0

table formed by the drainage of aquifer by previous mining
stage, which greatly corrects the error of mine water inflow
calculated by the traditional VLDWM. The key point of
the DVLDWM is that the water table and the influence
radius caused by coal mining, which are used to calculate
the mine water inflow, will both be affected by the previous
stage.

Generally, both the VLDWM and the DVLDWM are
based on the theory of steady flow to predict mine water
inflow. The difference is that the VLDWM can only calculate
the total mine water inflow when the mining-induced
aquifer reaches steady state at the end of the mining process
in a panel, and then, the changes of the water table and the
influence radius in each stage during the mining process
were not considered. However, the above defects are totally
considered in the DVLDWM, and a great improvement is
achieved.

4.2. Case Comparison and Superiority Analysis. Both
methods are employed to calculate the water inflow of the
target mining panel in the study area. The NO.7208 mining
panel is 105m in width and 480 m in length. The length for
periodic roof weighting is 15m. Moreover, M (aquifer
thickness) = 14 m, K (hydraulic conductivity) = 0.0033 m/s,
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p* (coefficient of storage) = 1.8 x 107*, T (transmissivity) =
0.0467 m?/s, and H, (initial water table) = 150 m.

(1) According to traditional VLDWM:

Q=273 M5 (14)
ST gR-1gr’
R=10SVK +r. (15)

The mining panel water inflow is Q=34.4m?/h (
0.00956 m?/s).

(2) In the light of DVLDWM, the dynamic change of
water inflow during the whole mining process of
the NO.7208 mining panel is confirmed. Besides,
the A values can be calculated as 1/10, 1/6, and 1/3,
respectively, by using the observed water inflow dur-
ing the real mining process of the mining panel. The
calculation results and their change trends are shown
in Table 3 and Figure 7

The observed water inflow during the mining process of
the panel is about 3-10 m*/h (0.000833-0.002778 m’/s) in the
initial stage, 15m’/h (0.004167 m’/s) in the middle stage,
and at most 21 m®/h (0.005833 m>/s) in the later stage. The
calculation results obtained by DVLDWM are consistent
with the actual mine water inflow, which proves that the
calculation theory, method, and results of the DVLDWM
are more reliable than before.

Summarily, the results obtained by the VLDWM are
obviously larger than the observed ones, and the DVLDWM
results are closer to the observed ones. Moreover, the
calculation accuracy of mine water inflow by using the
DVLDWM is greatly improved compared with that of the
traditional VLDWM. In this sense, the DVLDWM achieves

the goal of dynamically predicting the mine water inflow
finally. These are also the innovative aspects of this paper.

5. Conclusions

(1) It is particularly important to predict the mine water
inrush for preventing the occurrence of water inrush
accidents, especially the accurate prediction of the
mine water inflow in the coal mining process. In this
paper, the defects of the widely used VLDWM
were analyzed. We improved the VLDWM based
on the actual water inflow principles during min-
ing processes, and a calculation method of water
inflow quantity with higher accuracy was named
as DVLDWM

(2) The DVLDWM proposed in this paper for mine
water inflow calculation is based on the new initial
water table formed by the drainage of aquifer by pre-
vious mining stage, which greatly corrects the error
of mine water inflow calculated by the traditional
VLDWM. The key point of the DVLDWM is that
the water table and the influence radius caused by
coal mining, which are used to calculate the mine
water inflow, will both be affected by the previous
stage. Generally, the defects of the VLDWM are
totally considered in the DVLDWM and a great
improvement is achieved

(3) According to the principle and calculation of the
DVLDWM, and combined with the groundwater
inflow observed at the NO.7208 mining panel in
the study area, the A values in the first, middle, and
later stage are calculated, and the water inflow in
each stage of the mining panel advancement is
dynamically presented. Compared with the calcula-
tion results obtained by the traditional VLDWM,
the calculation results of DVLDWM greatly reduce
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the calculation error and are consistent with the
actual observation records of mine water inflow in
the mining panel. The quantitative comparison
result proves that the calculation principle of the
DVLDWM displays higher reliability than the tradi-
tional VLDWM
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Under the high intensity mining disturbance, coal bump is easily triggered by the sudden release of large amount of elastic energy
contained in the coal body, which seriously affects coal mine safety production. Triaxial experiments were used to study the
damage characteristics of coal samples subjected to loading at the 401103 working face of Hujiahe coal mine, and the critical
value of peak strength of coal samples was investigated. Based on the characteristics of the mechanical damage behavior of coal
samples obtained from the triaxial experiment, the statistics of the occurrence of coal bump events at the 401103 working face
were conducted through numerical simulation and field monitoring to study the areas that need to be focused on prevention
and control, with a view to providing basic research for deep coal mining. The results show the following: (1) the strength of
coal samples is “weakened” by stress loading, and the fracture penetrates the coal body interface leading to the formation of
tensile-shear damage of coal samples. The value of the damage variable for the coal sample in the initial damage stage is 0; at
the damage stabilization stage, the values of damage variables were derived to be located at 0.03~0.14. The bearing capacity of
the coal sample decreases rapidly during the accelerated development period. (2) According to the simulation and field
monitoring, it is known that 0~100 m in front of the coal mining face belongs to the key monitoring area. (3) With the
advancement of the working face, different coal pillar widths have obvious effects on the vertical stress, and stress increase and
decrease zones appear on both sides of the coal column, and the peak stress shows the characteristics of increasing first and
then decreasing with the advancement of the working face. The width of the working face has a great influence on the change
of vertical stress. When the sensitivity of the vertical stress to the width of the working face increases, the stress concentration
phenomenon will occur, and a large amount of elastic energy gathered in the coal body is suddenly released to induce coal bump.

characterized by the dynamic vibration and rock-mass spall-
ation, is directly correlated to the geological structure, in situ

With the rapid development of China’s economy, energy
demand has increased dramatically; in situ multistress envi-
ronment, a large amount of elastic energy is contained in the
coal body; and to a certain extent, the sudden release of elas-
tic energy aggravates the destruction of the coal body, which
leads to the instability of the coal-rock system-induced coal
bump events that gradually increased. Therefore, it is impor-
tant to study the mechanical damage mechanism of coal
damage and the prevention of key coal bump areas through
numerical simulation and field monitoring. Coal bump,

stress, and lithology. Due to the nonlinearity and mortal
threat of the coal bump, numerous efforts and research
interest have been focused on the mechanism and trigger
factors [1-6].

For the complex nonlinear and dynamic mechanic prop-
erties, coal bump is regarded as a discontinuous problem,
and a comprehensive method, including theoretical deriva-
tion, field measurement, and numerical simulation, was
employed [7, 8]. The mining geometry and surrounding
rock mass properties influence the concentration and
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FIGURE 1: Three-axis dynamic and static loading experimental system.
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instability of the elastic energy [9, 10]. The theoretical and
numerical models, including “strength theory,” “stiffness
theory,” and “energy theory” which are named “rock burst
basic theory,” were developed for the coal bump judgment
and prediction [11]. Considering the influence of the geol-
ogy and geomechanics, Thom [12] and Henley [13] devel-
oped a catastrophe theory for the prediction of the coal
bump. Regarding the roof and the coal pillar as a testing
machine and coal specimen system, Pan and Zhang [14]
established a cusp catastrophe model. Using the catastrophe
theory, Qin et al. [15] and Xu et al. [16] studied the instabil-
ity mechanisms of the coal-pillar-and-roof system.

The static stress, seismic activity, or acoustic emission
(AE) is the source of rock bursts and support damage [17].
Monitoring method, including EME, AE, electric charge,
and microseismic (MS) monitoring as well as seismic veloc-
ity tomography, is the most popular method for monitoring
and predicting the coal bump. Assuming the rock burst is
caused by static and dynamic load superposition, He et al.
[4] proposed the microseismic and electromagnetic coupling
method for coal bump assessment. According to Lu and Dou
[18], the relationship between the vertical stress gradient,
seismic, and EME signals at the Sanhejian mine was investi-
gated and a positive correlation was found between the
number of seismic events, the vertical stress concentration
factor, and the strength of the EME signal and the borehole
[19]; it was concluded that microseismic monitoring systems
were widely installed in deep mine, and the model calibra-
tion process, considering AE or microseismic source loca-
tion and source parameter, was a challenge.

Most of the above studies on the characteristics of damage
mechanical behavior of coal samples and the law of acoustic
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FIGURE 3: Loading and unloading 3D schematic (path 2).

emission signals are based on theoretical studies or numerical
simulations, which have a single research means and deviations
in the research results under the inversion of real geological
conditions, and the determination of coal rock dynamic haz-
ards and impact propensity is a macroscopic study based on
field monitoring, and there are fewer studies on the damage
mechanical characteristics of coal samples under different
unloading stress paths in the true triaxial. To address the above
problems, this paper designs experiments on the damage char-
acteristics of coal samples under three different unloading
stress paths using the true triaxial experimental system with
Hujiahe coal mine engineering geology as the research back-
ground and investigates the peak damage strength of coal
samples. Based on the experimental study, numerical simula-
tion and field monitoring methods were used to analyze the
key monitoring areas where coal bump occurred in Hujiahe
coal mine and the effects of dynamic and static loading stress
on the sensitivity of coal pillars and working face width.
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FIGURE 5: Deformation and damage characteristics of coal bodies in different paths.

2. Triaxial Experiment

2.1. Experimental Equipment. To study the mechanical dam-
age behaviour, acoustic emission characteristics and coal
bump mechanism of coal samples, the experiment uses the
“three-axis dynamic and static loading experimental sys-
tem.” The experimental device can realize independent load-
ing of three directions. The system consists of an acoustic
emission monitoring system, a high-speed camera, an axial
loading console, a pressure chamber, and a pressure pump,
as shown in Figure 1.

2.2. Experimental Steps. Three excavation scenarios are often
used in the mining process of Hujiahe coal mine: one is
excavation along one side of the coal body, another is exca-
vation along two symmetrical faces of the coal body, and
another is excavation along two adjacent faces of the coal
body. Therefore, the three stress paths in this paper corre-

spond to the above three scenarios, respectively. In the
three-dimensional diagram, ¢, (X) indicates the minimum
principal strain; 0,(Y) indicates the maximum principal
strain; 0;(Z) indicates the intermediate principal strain; the
red arrow indicates the loading direction, and the green
arrow indicates the unloading direction.

Path I: from Figure 2, first load the stress in three direc-
tions to the initial balance. Subsequently, the 0;(Z) direction
was loaded. The o,(X) direction was unloaded to 0 MPa
after stabilization for 2 minutes.

Path 2: from Figure 3, first load the stress in three direc-
tions to the initial balance. Subsequently, the 0(Z) direction
was loaded. After stabilizing for 2 minutes, o,(X) and o,(Y)
are simultaneously unloaded to 0 MPa.

Path 3: from Figure 4, first load the stress in three direc-
tions to the initial balance. Subsequently, the 0;(Z) direction
was loaded. After stabilizing for 2 minutes, the 0,(X) direc-
tion was unloaded to 0 MPa.
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FIGURE 6: Diagram of AE energy and damage variables of coal body loaded under different stress paths.

2.3. Analysis of Experimental Results

2.3.1. Analysis of Damage Characteristics of Coal Samples.
Analysis of coal body damage characteristics by 3 different
stress paths was conducted.

In path 1, there are two macroscopic cracks on each of
the front and back surfaces, less density of cracks on the left
and right surfaces, and four macroscopic cracks on the top
surface, as shown in Figure5(a).

In path 2, the fracture density of the front and back sur-
faces is larger relative to the fracture density of the path 1
test, with a total of 12 macroscopic fractures through the
specimen, a smaller fracture density on the left surface, an
annular fracture on the right surface, and a total of 12
macroscopic fractures through the specimen on the top
and bottom surfaces as well as misalignment friction of coal
powder particles inside the specimen, with the specimen in
tensile-shear damage, as in Figure 5(b).

In path 3, stress concentration occurs on the front
surface and three macroscopic fractures through the back
surface, two macroscopic fracture on the right surface, fewer
cracks on the top and bottom surfaces, as shown in
Figure 5(c).

2.3.2. Acoustic Emission Response Characteristics. From
Figure 6, it is concluded that in the three different stress paths,
looking at the whole process of coal sample damage by loading,
when the coal sample has a large rupture produced, the acoustic
emission will show a sudden increase [20, 21]. In path 2, the
increase of acoustic emission energy is not necessarily continu-
ous but may also be jumping, which indicates that the energy
release presents a scattered distribution when unloading two
directions, and the stress is carried by two directions separately;
the final energy release in each direction is smaller; in path 1
and path 3, the increase of acoustic emission energy basically
presents as intensive and continuous, which indicates that the
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TaBLE 1: Geometry and mechanical parameters of coal and rock.

Rock properties  Thickness (m) elell\;[t(i)jiglru(sG(iﬁfa) Poisson ratio Cohes(1 K;Ps:;‘ength Inte;ﬁ;}eflr(tc)tlon Tenstl;[;t;;sngth
Sand shale 60 6.10 0.12 4.5 27 1.76
Sandstone 60 6.36 0.14 3.23 25 3.90
Mud stone 60 1.86 0.13 5.67 32 1.54
Fine sandstone 12 6.34 0.11 6.21 29 2.79
Silt stone 5 2.32 0.10 5.13 25 1.92
Coal 23 0.81 0.02 5.43 20 2.13
Silt stone 100 2.46 0.11 245 31 1.63
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FIGURE 8: Evolution characteristics of the static stress and rock damage.

stress is borne by only one direction when unloading one direc-
tion; the final energy release is larger.

Damage to the coal body has gone through roughly 3
stages as follows.

During the initial damage stage, there is internal pore
compressing of the coal sample in the initial stress and no
fracture expansion; the internal structure of the coal sample
is in a stable state; thus, the value of damage variable in the
initial damage stage is 0.

In the damage stabilization stage, the pore space inside
the coal sample changes to form tiny fissures due to the con-
tinuous loading of stress, and the fissures in the coal sample
gradually stabilize and develop under the action of stress,
with damage variable values reaching 0.03~0.14.

During the accelerated development stage, the value of
the damage variable increases in 90° increments. As the frac-
tures develop rapidly and extend throughout the coal sample
during stress loading, the load bearing capacity of the sample
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FIGURE 9: Vertical stress evolution for different pillar widths: (a) 5m, (b) 25m, and (c) 70 m.

weakens, the damage variable increases sharply, and the
sample is completely destroyed.

3. Modeling of the Panel #401103

3.1. Geological Model. Hujiahe coal mine is located in
Changwu County District, Xianyang City, Shaanxi Province,
China, and is a typical coal bump coal mine. In order to
accurately probe the area to be focused on in engineering
applications, numerical simulation should be performed to
restore the geological structure of coal#4. Coal #4 is the main
coal seam with an average depth of 680 m, inclination of 5°,
and thickness of 23 m.

In order to accurately describe the change of surrounding
rock stress field and fracture field under the influence of mine
activity, the simulation was conducted. In detail, a real geolog-
ical model with a dimension of 1449 m x 606 m X 753 m
(length x width x high) was established based on the lithology
boreholes. The boundaries were constrained with a free roof,
as shown in Figure 7. The geometry and mechanical parame-
ters employed in the model are shown in Table 1.

3.2. Characteristic and Evolution of Static Stress of Surrounding
Rock Mass. In order to accurately probe the area to be focused
on in engineering applications, the mining process of the
401103 working face was first numerically simulated, as shown
in Figure 8.Within 190~1200m in front of the mining face,
due to the large deformation of the roadway and effect of shear
force, the stress is concentrated and the coal bump may occur.

The region behind the mining face was damaged by shear and
stretch under the effect of concentrated stress. The coal pillar-
side stress concentration significantly increased with the
advance of the mining face. The evolution characteristics of
stress field and fracture field of the panel #401103 indicate that
stress concentrations occur at the coal pillars and the gob in
the range of 0~100m in front of the working face, and there
is a higher risk of coal bump in the roadway near the 401102
working face.

3.3. Effect of Coal Pillar Width. The coal mining was con-
ducted under the condition of 5m, 25m, and 70 m coal pillar
in mining geology. Figure 9 indicates that the vertical stress
was characterized with increase and decrease in cloud picture,
with the advance of the working face. The maximum vertical
stress of the working face was 39.8 MPa and 35.8 MPa, respec-
tively, for the coal pillar of 5m and 25m. For coal pillar of
70m, the peak value of the mining face was 33.8 MPa to
35.1 MPa. As a result, the vertical stress decreased with the
increase of the coal pillar width.

After coal mining, the stress concentration zone was pre-
sented ahead of the mining face, and the release stress zone
was located in the gob. From Figure 10, it can be concluded
that during the advance of the working face from 190 m to
760m, the sensitivity of vertical stress to pillar width
increases; when the working face advances 1200m, the
sensitivity of vertical stress to pillar width decreases.

With the advance of the working face, different coal pillar
widths have a significant effect on the vertical stress and both
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sides of the pillar show stress increase and decrease zones, and
the peak stress shows that it increases first and then decreases
with the advance of the working face. Finally, with the increase
of the width of coal pillar from 5m to 70 m, the peak of the
vertical stress maintained stable and the morphology pre-
sented parallel distribution, as shown in Figure 10.

Figure 10 illustrates that the working face is advanced
from 190 m to 760 m, the vertical stress shows a rising trend,
and the stability was obtained after 760 m. The curve of
stress peak was opposite to that of the pillar width in trend,
with the increase of the pillar width from 5m to 70 m and
with the peak value decreasing from 39 MPa to 32 MPa.

3.4. Effect of Mining Face Width. In Figure 11, for the 250 m
width of the working face, the vertical stress reached 39 MPa
as the working face was advanced to 1200 m. The vertical stress
reached 40 MPa as the mining face was advanced to 760 m. The
vertical stress reaches 38 MPa and 37 MPa as the mining face
was advanced to 380 m and 190 m. By contrast, for the 300 m
width of the mining face, the vertical stress reaches 44 MPa as
the mining face was advanced to 1200 m. The vertical stress
reached 45MPa as the mining face was advanced to 760 m.
The vertical stress reached 39 MPa and 38 MPa as the mining
face was advanced to 380m and 190m. Meanwhile, at the
350m width of the mining face, the vertical stress reached
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15MPa as the working face advanced 1200m. The vertical
stress reached 42 MPa as the mining face was advanced to
760m. The vertical stress reached 39 MPa and 38 MPa as the
working face was advanced to 380 m and 190 m, respectively.
In Figure 11, with the advance of the working face, the
stress increase zone and the reduction zone appeared on
both sides of the coal pillar. The width of the working face
has a significant effect on the vertical stress evolution. When
the sensitivity of vertical stress to working face width increases,

stress concentration phenomenon occurs, and the sudden
release of a large amount of elastic energy accumulated in
the coal body will lead to coal bump.

4. Coal Bump Theory Analysis

4.1. Coal Bump Theory Analysis. In Figure 12, a model of coal
bump occurring at the coal pillar and working face caused by
dynamic and static coupled stresses has been established based
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FiGurg 12: The coal bump model is due to the superposition of dynamic and static loads (o4 and o represent the static and dynamic stress,
respectively, and o ; + o, represent the superposition of dynamic and static loads stress).

TaBLE 2: Summary of peak intensity of 3 sets of coal samples.

Group Paths Peak intensity . A\Terage Critical stress of
(MPa) intensity (MPa) coal bump (MPa)
1 17.26
1 2 13.21 15.26
3 15.32
1 12.45
2 2 17.39 14.02 15.7
3 12.24
1 19.20
3 2 15.10 17.77
3 19.00

on extensive research [22-24]. Classical coal bump mecha-
nisms can be divided into two categories, one characterized
by high static stress concentrations in the coal pillar and the
other caused by dynamic stresses or shock waves due to rock
movement at a considerable distance from the working face.
Different widths of coal pillars and working surfaces
have significant effects on the sensitivity to vertical stress.
The wider the coal pillar, the vertical stress decreases signif-
icantly. The wider the working face, the lower the vertical
stress tends to be as the working face advances. Coal seams
are subjected to certain static stresses due to gravity, tectonic
stresses, and stresses caused by mining activities, while many
factors cause shock waves during the mining process, such as
hard top breaking, coal seam rupture, and blasting [25, 26].
These shock waves are transmitted to the perimeter of the mine
or road and exert dynamic stresses on the coal or rock mass
[27]. The total stress is an integration of static and dynamic
stress, and the coal bump will certainly occur when the total
stress exceeds the minimum critical value of coal bump.

4.2. Coal Bump Mechanism. Peak intensity is the mechanism
of induced coal bump; different stress path is one of the fac-
tors affecting the occurrence of coal bump, both of which are
the discriminatory criteria for induced rock bursts. Due to
the influence of the internal structure of the coal samples,
the peak intensity of the stress paths is significantly different.
The mean value of peak intensity of the three groups lies
within the 15.7 MPa. It can be shown that the higher the

peak intensity, the greater the damage intensity, and when
the average intensity range is exceeded, it will trigger the coal
bump, as shown in Table 2.

The paper uses true triaxial experiments to study the
destabilization of the coal rock system caused by coal sample
damage, which is a high static load stress effect. Static energy
concentration is a key factor causing coal bump; the higher
the concentration of stress, the higher the probability of coal
bump. In order to accurately describe this phenomenon, the
study of the occurrence of coal bump mechanism can be
described as follows:

0, +0,>0p (1)

where o, represents the initial static stress of the coal body;
0, represents the dynamic stress caused by coal body dam-
age; and o, represents the critical stress of coal bump.

From the true triaxial experiments, it is known that the
critical stress o}, coal bump is located in the 15.7 MPa; when
the sum of the static stress and the dynamic stress caused by
coal body damage is greater than 15.7 MPa, the coal rock
system instability is triggered by coal bump.

5. On-Site Monitoring

5.1. Field Monitoring. Based on the characteristics of acous-
tic emission signals from the above experiments and the key
monitoring areas obtained from numerical simulation
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FiGURE 14: Time series of the tremors before the occurrence of rock bursts.

analysis, the electromagnetic emission (EME) method is
used to reveal the microseismic law of coal bump occurring
at the 401103 working face. The specific monitoring produce
is shown below: three field recorder scones were placed at
the mining face side along the ventilation roadway with an
interval of 30~50 m; one field recorder scone was placed at
the mining face side along the haulage roadway with an
interval of 30 m to display the vibration of the surrounding
rock of the mining face and roadway.

5.2. In-Site Energy Condition. During the mining process,
the dynamic energy characterized by “coal bump” sound,
local roadway caving and bottom drum, anchor (rope) off,
and belt frame and rib spalling was frequently presented in
the panel of #401103. Based on the electromagnetic emission
(EME) monitoring system, the relationship between vibra-
tion energy and rock bursts frequency is investigated [28].
A total of 8 times coal bump occurred during the excavation
of panel #401103, as shown in Figure 13 From May 12 to
June 17, the microvibration, midvibration, strong vibration,
damage scope, maximum energy, total energy, and the rela-

tionship between coal bump were observed. The maximum
energy of 250K]J ahead of the working face at 100m and
microvibration energy less than 50 K] were obtained. The
same phenomenon for midvibration and strong vibration
occurred. A smoothing trend of damage scope was obtained.
With the dynamic change of the damage scope, the location
of coal bump also changed. The distance between the coal
bump and the seismic source was approximately 50m, as
shown in Figure 13.

The coal bump mainly occurred at 100 m ahead of the min-
ing face in the ventilation roadway. Vertical stress was mainly
produced at the scope of 0~100m ahead of the mining face
associated with a 0~50 m damage region ahead of the mining
face. At the same time, the frequent microvibration and midvi-
bration can also lead to the occurrence of coal bump.

5.3. Response of the Mining Face. Figure 14 shows that the
time series of the energy, vibration, and frequency were
monitored by the EME system in the #401103 working face
from May 1 to June 30. The total frequency showed slight
fluctuation, indicating that the fracture did not get steady
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in the coal body. The midvibration was activated, and at the
same time, the accumulated energy was released inade-
quately, respectively; the energy concentration increased eas-
ily to the critical value and was released suddenly at one
time, resulting in a serious rock bursts. The vibration activi-
ties during May 1 to June 30 demonstrated basically similar
rules. From May 1 to June 30, the total energy almost
remained at more than 2 x 10°] or less than 2 x 10°J. The
coal bumps occurring on June 13 and 14 were characterized
by a higher energy release, compared to the coal bumps
occurring on Mayl2, May 19, May 28, May 31, and June 1.

The total energy exhibited a “rise trend” during the 3
days, and occurrence probability of coal bump was high.
After the coal bump, the EME and microvibration moni-
toring index remained at a relatively low level for several
days, as the accumulated energy almost released, as shown
in Figure 14.

In Figure 14, the frequency of tremors and total energy
presented similar pattern to each other; as a result, there
was no time for the energy to concentrate, and each impact
was not enough to cause a catastrophe in the rock burst
disaster. This provides a guide to the prevention of coal
bump in high stress areas, facilitating the dissipation of
energy in the control, and at the same time, this allows the
effect of stress to be assessed.

Figure 14 describes the time series of the tremors before
the occurrence of rock bursts. The microseismic signals were
weak, and precursors were not obvious before the occur-
rence of the rock burst because the breakage of roof strata
was prone to occur abruptly. The fracture of this stratum
will cause strong dynamic stresses. As a result, the dynamic
stresses generated by the fracture of the strata instantly feed
high stresses into the coal and rock in the vicinity of the
roadway, triggering rock bursts when the stresses reach the
critical strength of the coal and rock [29]. The laws obtained
from the field monitoring are well coupled with the basic
experiments and numerical simulations.

6. Conclusions

(1) The acoustic emission shows signs of a sudden
increase in stage when the coal sample appears to
rupture. The increase in acoustic emission energy is
not necessarily continuous

(2) Stress concentrations occur at the coal pillars and the
gob in the range of 0~100m in front of the working
face, and there is a higher risk of coal bump in the
roadway near the 401102 working face

(3) It is known that the critical stress o} coal bump is
located in the 15.7 MPa; when the sum of the static
stress and the dynamic stress caused by coal body
damage is greater than 15.7 MPa, the coal rock sys-
tem instability is triggered by coal bump

(4) The coal bump mainly occurred at 100 m ahead of
the mining face in the ventilation roadway, the max-
imum energy up to 250 KJ
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The change of permeability coefficient of ionic rare earth ore is one of the most important factors causing the uncontrollable flow
of leaching solution, and the variation of pore structure of the ore body has a great influence on the permeability coefficient. The
research on the evolution of the relationship between pore structure and permeability coefficient of ionic rare earths is of great
significance for controlling water and soil pollution and improving the leaching rate of rare earths. In this paper, the column
leaching test of ionic rare earth was carried out to study the evolution of the relationship between pore structure and
permeability coefficient. In the process of MgSO, solution and deionized water leaching, the T, spectrum and inversion image
at each time were obtained by nuclear magnetic resonance (NMR). Based on the fractal theory, the pore structure change of
the inversion image was quantitatively analysed, and the permeability coeflicient of samples at each time of different leaching
agents was calculated by using supercritical Dubinin-Redushckevich (SDR) model to analyse the nuclear magnetic resonance
T, spectrum. The results show that in MgSO, solution, the permeability coefficient of the sample changes significantly, and the
growth rate of pore fractal dimension remains large. By discussing the evolution law of pore fractal dimension and seepage
characteristics of ionic rare earth, the mathematical relationship between permeability coefficient and pore fractal dimension of
mineral soil samples at different depths is fitted by polynomial function.

leaching, a large amount of leaching solution is injected into
the ore body through the injection wells and the pore
distribution in the ore body changes in real time, leading to

Ionic rare earth ore in southern China mainly occurs in clay
minerals of the weathered granite layer in the form of hydrated
cations or hydroxyl hydrated cations [1], and the content of
medium and heavy rare earth elements is relatively high, so
it is of great value. At present, in situ leaching technology is
widely applied to extract effectively rare earth ions from soil.
Compared with pool leaching, heap leaching, and other
mining technologies [2], in situ leaching technology has the
advantages of higher efficiency, lower cost, and more
environmental friendly. However, in the process of in situ

the change of ore body permeability [3]. The result shows that
the shape of pore channels and the state of their
communication paths control the permeability of ore body.
With the increase of porosity in ore body, the more channels
and the better connectivity, the better the permeability of ore
soil, which is beneficial to the infiltration and diffusion of
leaching solution in the ore soil layer. Then, the larger the sur-
face area of the leaching reaction, the larger the leaching
reaction rate [4]. Hence, it is of great significance to study
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FIGURE 1: Sampling site of ore soil at different depths.

the relationship between ore body pore structure and
permeability coefficient in the process of ionic rare earth in
situ leaching [5].

According to the interaction between hydrogen protons in
the sample and the external magnetic field, the hydrogen
proton information is obtained by nuclear magnetic resonance
(NMR) technology. NMR is extensively used in porosity
measurement and microstructure studies of rock and soil for
its three-dimensional, accurate, and nondestructive advantages.
Some scholars have explored the relationship between the
microstructure of soil particle pores and seepage characteristics
by using NMR and electron microscope scanning technology
[6]. Under different water content, Dong et al. [7] studied the
change rule of soil pore water storage forms based on NMR,
and the influence of dry-wet cycle on soil permeability was
evaluated. The results showed that in the process of soil
wetting, pore water mainly exists in the form of gravity water,
and the permeability of soil is proportional to the 6th power
of cycle time within 4 cycles. Based on NMR analysis
technology, Yang et al. [8] explored the development law of soil
permeability of saturated clay in hydrochemical environment
and revealed the influence of salt solution concentration on
clay permeability by testing the soil pore structure in salt solu-
tions with different concentration. Altunbay et al. [9] studied
the relationship between saturation distribution and perme-
ability of rock mass in the longitudinal sections of samples
through analysing NMR data. Ausbrooks [10] and other
scholars applied the mercury injection method to explore
carbonate reservoirs by NMR and found that the pore distribu-
tion has a great impact on the permeability coefficient of rock
mass. Nakashima and Kikuchi [11] proposed to construct
NMR T, map to reflect the fracture porosity and permeability
coefficient by establishing one-dimensional model. Wu et al.
[12] applied NMR to detect the spatial structure and velocity
between ore body particles in agar deposits under saturated
water condition and obtained velocity field images at three dif-
ferent velocity rates, results showed that the fitting curve
diameter of the pore equivalent distribution follows Gaussian
distribution, and the velocity distribution in holes is parabolic.

The term fractal was first proposed and used by

Mandelbrot. In mathematics, fractal has a strict definition.
The so-called fractal refers to the set whose Hausdorff dimen-
sion D, is strictly greater than its topological dimension D,.

Nowadays, the application of fractal has penetrated various dis-
ciplines and developed continuously [13]. This is mainly
because fractal can express complex objects that cannot be
described quantitatively or is difficult to be described
quantitatively in a more convenient quantitative method. Rele-
vant studies include the relationship between the fractal dimen-
sion of metal fracture and material properties, the relationship
between the fractal dimension of rock joint or rock fracture and
rock mechanical properties, the relationship between the fractal
dimension of pore media and permeability characteristics, etc.
In addition, researches also involve the fractal dimension of
root form, chemical reaction interface, and soil pores [14]. In
practical research, the physical information of the research
object can be recorded through various ways, including various
graphic image results, for example, photos captured by camera
or scanner, micrographs taken by optical microscope or
scanning electron microscope, IR images taken by infrared
camera, and images obtained by CT technology, AFM technol-
ogy, and remote sensing technology, even including
measurement curves. As these obtained graphics and images
contain a lot of physical information of the research object, they
are important carriers for us to calculate the fractal dimension.
With the development of information processing technology
and computer technology, a large number of graphics and
images are obtained in the form of digital image, or can be
transformed into digital image, which is a two-dimensional
matrix represented by a series of binary numbers (0 and 1) after
sampling and quantization, has the characteristics of
quantization and discretization. Therefore, it has its own char-
acteristics in the calculation of fractal dimension.

Physical fractals in nature often show some randomness
and scale, that is, they only show fractal characteristics in a
specific scale range from the perspective of statistics [15].
Therefore, there are different ways to define fractal
dimension, including Hausdorff dimension D,, information
dimension D, similarity dimension D,, correlation dimen-
sion D, capacity dimension D,, spectral dimension D,,
and Lyapunov dimension D,. For different research objects,
different description methods can be used to calculate their
fractal dimension.

In general, it is very complicated to determine the
Hausdorft dimension D), of fractals, which restricts its appli-
cation in practical problems [16]. For fractals with strict self-
similarity, it can be proved that the Hausdorff dimension D),
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TaBLE 1: Density of ore samples.
. 3 Natural Mean natural Mean dry
Ore soil depth Sample number Volume/cm Mass/g density/(g/cm®) density/(g/cm®) density/(g/cm®)
1 50.0 68.51 1.37
3m 2 50.0 67.85 1.36 1.38 1.26
3 50.0 70.38 1.41
1 50.0 64.36 1.29
4m 2 50.0 65.47 1.31 1.29 1.13
3 50.0 63.65 1.27
1 50.0 78.31 1.56
5m 2 50.0 75.62 1.51 1.52 1.33
3 50.0 74.23 1.48
TaBLE 2: Particle size percentage content of ore samples at different depths.
. Particle diameter/mm
Ore soil depth >5 2.5~5 1~2.5 0.5~1 0.075~0.5 <0.075
3m 15.8% 32.2% 16.6% 16.2% 10.9% 8.3%
4m 12.4% 37.3% 18.4% 16.2% 10.8% 4.9%
5m 10.3% 31.6% 17.6% 18.2% 16.2% 6.1%

is equal to the similarity dimension D, and the similarity
dimension, which is easy to calculate normally, and can be
calculated according to the following formula, where N is
the number of similarity elements, and r is the similarity
ratio of similarity elements.

InN

Ds = .
s In (1/r)

(1)

For many fractals, both Hausdorff dimension and simi-
larity dimension are difficult to be calculated, so many equiv-
alent or approximate dimension definitions are proposed.
Considering that the image is a surface surrounded by vari-
ous curves, such as pores and sections, box-counting dimen-
sion Dy can be used [17]. Box-counting dimension is a better
method to calculate the fractal dimension of two-
dimensional image. There are a series of equivalent defini-
tions of boxed dimension, and the approximate calculation
method of boxed dimension is the following formula, where
N is the number of § net cubes intersecting F.

In§ )

Currently, a large amount of research on the relationship
between pore microstructure and seepage characteristics of
soil particles has been done by using NMR and SEM tech-
niques, yet the pore structure analysis and evolution of rare
earth ore in leaching process need to be further investigated.
Based on the above, the permeability coefficient of mineral
soil at different leaching time was calculated by SDR model.
In this paper, the pore fractal dimension was introduced
using fractal theory, the change of pore structure was

TaBLE 3: Porosity and pore ratio of ore samples at different depths.

Ore soil depth 3/m 4/m 5/m

Porosity (1) 0.47 0.52 0.45

Pore ratio (e) 1.05 1.25 1.01
Myl g

FIGURE 2: Rare earth samples at different depths.

described quantitatively, and the evolution of the relation-
ship between pore structure change and seepage characteris-
tics of ionic rare earth mineral soil was discussed.

2. Materials and Methods

2.1. Materials. To truly simulate the in situ leaching situation
of mines, Luoyang shovel with a diameter of 160 mm was
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F1GURE 3: Low field NMR.

used in this site soil borrowing, after planning the surface
humic layer, drilled with Luoyang shovel to 0.5m for
sampling. For every 1 m drilling, we took undisturbed soil
samples of fully weathered layers 3m, 4m, and 5m away
from the topsoil with a ring knife, took 3 samples at the same
depth, a total of 9 samples were taken, and took protective
measures to prevent excessive evaporation of water in the
subsequent transportation process of soil samples, which
would affect the determination of physical properties of
undisturbed soil. The excess loose soil of the same depth
was packed and brought back in woven bags and marked
on the outside of the bags, see Figure 1 for the sampling site
of mineral soil.

The mineral soil in this area is generally clayey soil. In
this test, the density of samples with different depths was
tested by ring knife method. The density measurement
results are shown in Table 1. Samples with different depths
were screened by sieving method, and the apertures of the
sieves were superimposed from large to small, which were
5mm, 2mm, lmm, 05mm, 025mm, 0.lmm, and
0.075 mm, respectively, see Tables 2 and 3 for particle size
distribution, porosity, and void ratio of samples with differ-
ent depths.

Based on the difference of physical and chemical proper-
ties of undisturbed soils, the soil samples were divided into
three groups: A, B, and C according to the height of soil
from the surface. Among them, groups A, B, and C represent
the ore soil 3m, 4m, and 5 m away from the surface, respec-
tively. During the column leaching experiment, to ensure
that the sample to be tested was located in the effective
detection area of the NMR instrument, mineral soil was
added into the acrylic tube in layers and tamped. In addition,
each layer of soil sample was treated by surface scratching to
prevent the stratification effect of ore soil due to the seepage
of leaching solution. A qualitative filter paper and a perme-
able stone were placed in turn at the bottom of the acrylic
tube so that the leaching solution could not only flow out
of the system but also prevented the loss of sample micro-

particles [18]. Finally, the remolded soil sample with
diameter-height ratio of 44 mm: 60 mm was obtained, as
shown in Figure 2. Furthermore, two samples were set up
in each group. One sample was leached with 2% MgSO4
solution (A1, Bl1, and Cl1), and the other was leached with
deionized water (A2, B2, and C2).

2.2. Experimental Apparatus and Scheme. In this experiment,
a MesoMR23-060H-I NMR [19] apparatus was applied. It is
mainly composed of magnet, magnet resonance spectrome-
ter, data processing, and image reconstruction (Figure 3).
And the relevant parameters are as shown in Table 4. After
the sample was put into the instrument for detection, the
nuclear magnetic resonance instrument would scan the
image of the sample profile, compare it with the preset
parameter model, and inversed the image inside the soil
column at this time.

To investigate the relationship between permeability
coeflicient and pore fractal dimension of ion-adsorbed rare
earth in MgSO, solution leaching, column leaching experi-
ments were carried out. The column leaching experiment
system consists of a beaker, liquid infusion pipe, and an
object stage (Figure 4). The whole leaching procedure is as
follows:

(1) After a large number of laboratory experiments and
production practices in mining enterprises, the 2%
MgSO, solution was used to leach ore, and the
recovery rate can reach 99.7%. In addition, the other
ions in the solution could be greatly reduced. Hence,
2% MgSO, solution was used for column leaching in
this experiment. The MgSO, solution used in the
experiment was purchased from local chemical
plants

(2) One end of the infusion pipe was inserted into the
beaker, and the other end was suspended above the
sample. The infusion rate was adjusted to 3 mL/min
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5
TaBLE 4: Technical parameters and test parameters of low field NMR.
Instrument parameters Test parameters
Resonant frequency 23.316/MHz  Pulse width P90 18/us RF delay D3 80/us  Repeated sampling times NS~ 4
Coil diameter 60/mm Pulse width P180  36/us Sam.phng 1000/ms Scan times 32
duration TR
Magnet strength 0.52/T Sampling point TD 266424  Analog gain RG1 20 Echo interval 0.2/ms
Magnet temperature 32/°C Sampling 200/kHz Numerical gain RG2 3 Echo count 4000
frequency SW
1.4
Constant current
peristaltic pump 1.2 A
£ 10
§
£ 08+
3
S 0.6 1
2
2 0.4
=]
5
0.2 A
0.0 +
0.01 0.1 1 10 100 1000

FIGURE 4: Indoor leaching device.

and turned on the switch of the infusion set. The
concentration of RE>* in the leaching solution was
analysed by sampling at intervals to judge the leach-
ing process

(3) The samples were put into NMR instrument every
one hour for pore structure detection and inversion
imaging. Then, the samples were put back into the
solution to continue leaching. When the concentra-
tion of RE®" in the leaching solution is very low or
almost undetectable, it is believed that all rare earth
in the samples have been leached and stopped during
the column leaching experiment

3. Results and Discussion

3.1. Calculation of Permeability Coefficient. In a pulse envi-
ronment with a certain frequency, the hydrogen nucleus in
the sample absorbs electromagnetic waves with a specific fre-
quency and transitions from low energy state to a high
energy state. Then, the magnetization vector deviates from
an equilibrium state, the process of the hydrogen nucleus
recovering from an unequilibrium state to an equilibrium
state is called a relaxation process, and the duration of the
process is the relaxation time [20]. Based on the principle,
two types of permeability coefficient calculation models are
proposed: (1) Coates model, which is suitable for laminar
flow of water or hydrocarbons; (2) average T, model, which
is suitable for water-bearing pore system. According to the

Relaxation time (ms)

— 0h —— 5h

—— 1h 6h

—— 2h —— 7h

— 3h — 8h
4h

FIGURE 5: T, curves of Al sample at different leaching times.
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FIGURE 6: T, curves of A2 sample at different leaching times.

relaxation mechanism of NMR, there are three kinds of
relaxation in the fluid of pores, namely, free relaxation, sur-
face relaxation, and diffusion relaxation [21]. The transverse



TaBLE 5: Permeability coeflicient of samples in each stage of leaching process.

Geofluids

Permeability coefficient K

Permeability coefficient K

Leaching time/h Leaching solution (10°m/s) Leaching solution (10°m/s)
Al Bl C1 A2 B2 C2
1 1.105 1.425 0.988 0.995 1.258 0.877
2 1.189 1.521 1.025 1.096 1.304 0.893
3 1.347 1.675 1.189 1.154 1.437 1.092
4 . . 1.641 1.984 1.504 L 1.232 1.492 1.114
Magnesium sulfate solution Deionized water

5 1.842 2.248 1.649 1.398 1.551 1.158
6 1.856 2.256 1.702 1.406 1.612 1.224
7 1.874 2.267 1.741 1.423 1.618 1.197
8 1.885 2.274 1.759 1.407 1.613 1.166

relaxation time T, can be expressed by the following
formula:

1 1

1
T2 T2 B T2 surface
where T,5 is the free relaxation time of the fluid, ms; since
the value of T, is much greater than T',, when the magnetic
field is uniform and T, is small enough, formula (3) can be

simplified as

ot (4)

2surface

Average T, (SDR) model is expressed as
K=aT,*®, (5)

a=F,-p, (6)

where @ is the effective porosity of NMR; T,, is the
geometric mean of T, distribution; a is the parameter related
to stratum type; F; is the pore shape factor and usually takes
3; p is the surface relaxation rate of soil samples.

In the leaching process, the samples are in an inorganic
hydro chemical environment, and the ions are mainly
RE’", Mg®", H*, etc. There are no hydrocarbons in the
solution [22]. Therefore, the SDR model can be used to cal-
culate the permeability coeflicient of rare earth ore. Xu et al.
[23] calculated the surface relaxation rate of rare earth by
random walk algorithm, and the surface relaxation rate
was 1.36. The obtained data have a good correlation with
the permeability measured by indoor simulated leaching.
According to the collected T, spectrum curves, as shown
in Figures 5 and 6, the permeability coefficients of the soil
column at each time are calculated and listed in Table 5.

According to the results detected by nuclear magnetic
resonance instrument, the porosity of each sample at
different times under the action of two leaching fluids over
time is summarized. It is shown in Figures 7 and 8 that the
fitting curves describe the variation characteristics of
permeability coefficient during the leaching process in the
two kinds of leaching solutions. In the process of MgSO,

solution leaching, the permeability of samples increases
greatly in 6h. After 6h, the permeability changes little and
tends to stability. In this process, magnesium ions interact
with rare earth ions in solution. In 5h of MgSO, leaching,
the permeability coeflicients of A1, B1, and C1 climb gently.
5h later, the permeability coefficient of each sample has no
obvious change. During the deionized water leaching, a
small number of microparticles in the ore body migrate,
and the permeability coefficient of the sample increases
rapidly in 3 h; after 3 h, the microparticles block in the pores
in the ore body move to the bottom of the sample with the
movement of deionized water, and the permeability
coefficient of the sample remains almost unchanged.

3.2. Calculation of Pore Fractal Dimension. With the NMR
reconstruction imaging technology, the pore image of ore
leaching at each time is inverted and reconstructed [24].
Variation law of the pore microstructure at the leaching
moment is analysed by inversion images of the middle
longitudinal section of the column [25]. The representative
images of 5 stages in the leaching process of group A,
Figure 9, are compared with the images of the same stages
of deionized water leaching, Figure 10. The whole leaching
stage is mainly divided into five stages: water saturation of
the sample, initial reaction, effective leaching, residual
reaction, and end of reaction.

As shown in Figure 9, the leaching process is completed
under the coupling action of seepage field and chemical field.
Due to the effect of exchange reaction erosion, the particle
shape changes from time to time, and the height of the sam-
ple will decrease, with the microparticles in the upper layer
migrate downward with the leaching solution and fill the
large pore diameter in the lower layer, resulting in the
dynamic change of pore micromorphology. The pore radius
also changes all the time. In the early stage of leaching, the
sample changes from unsaturated state to saturated state,
where the liquid buoyancy plays a leading role, and the
number of micropores and small holes decreases rapidly.
In the effective leaching stage, ion exchange reaction erosion
plays a leading role, which changes the particle structure of
the sample, decomposes some particles with larger particle
size into smaller particles, and increases the proportion of
pores below the middle pore, while decreases the proportion
of pores above the large pore. As the reaction approaches to
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FIGURE 7: Permeability coefficient of MgSO, leaching sample.
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FIGURE 8: Permeability coeflicient of deionized water leaching sample.

the end, the seepage of fluid plays a leading role. Under the
action of a certain head pressure, a stable seepage channel is
formed in the sample, and the distribution of pore sizes in
the sample tends to be stable.

In the process of ion exchange, the positive trivalent rare
earth ions are replaced by positive divalent magnesium ions
into the solution. According to the principle of charge

balance solution, the content of anions in the solution
should also increase accordingly, resulting in the dissolution
of anions in minerals into the solution, so that the solution
can reach the charge balance state again. Due to the anions
from the ore particles, the charge balance between the two
surfaces is changed. As a result, a large number of uncharged
microparticles are deposited on the surface of the ore body
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(a) 1h of leaching

(b) 2 h of leaching

(c) 3h of leaching

(d) 4 h of leaching

(e) 5h of leaching

(f) 6 h of leaching

(g) 5h of leaching

(h) 6h of leaching

FIGURE 9: Vertical axis profile of MgSO4 leaching inversion.

by Coulomb force, filling the pores with large aperture. With
the completion of ion exchange reaction, most of the rare
earth cations with positive trivalent have been separated
from ore, and the thickness of the electric double layer of
clay colloidal particles in the colloid will increases again,
which will make the repulsion force of the electric double
layer become the dominant force again, resulting in the
release of the particles adsorbed around the macropores,
and the macropores return to their original state, showing

a fine pore structure. This shows that the ion exchange
process in the leaching process of rare earth ore body will
lead to the change of particle morphology and the deposition
and release of fine particles in the ore body, resulting in the
evolution of dynamic pore structure. At the same time, rare
earth ions migrate downward through seepage, resulting in a
significant increase in the positive charge content at the
bottom of the sample, while the clay containing rare earth
usually has a negative charge. Under the action of electric
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(a) 1h of leaching

(b) 2h of leaching

(c) 3h of leaching

(g) 7 h of leaching

(h) 8h of leaching

FIGURE 10: Vertical axis profile of deionized water leaching inversion.

field force, these clays converge to the bottom of the sample,
block the pores at the bottom of the sample, and change the
pore structure.

The pore size distribution of soil is described by fractal the-
ory, the microstructure characteristics of particle size can
quantitatively describe the pore structure characteristics at
each time in the leaching process, and the relationship
between pore structure and seepage rule is revealed, to explore

the influence of fractal dimension of soil pore on seepage char-
acteristics of soil [26-28].

Pore fractal dimension D; is a significant parameter
to present the microscale change of soil pores [29], which
is usually described by the distribution characteristics of
pore accumulation number less than the specific pore,
as shown in formula (2). In the logarithmic coordinate
system, the corresponding relationship between different
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pore sizes and their corresponding pore numbers was
fitted [30].

MATLAB software was used to automatically remove
miscellaneous points [31], divided and identified particles and
pores, and calculated the fractal dimension of pores in the pro-
cess of leaching, and the results are given by Table 6. It is clear
that the fractal dimension of sample pores increases in the first
6 hours; from this moment onwards, it tends to enter into the
comparatively stable period. In MgSO, solution, the growth
rate of fractal dimension keeps at a large value in the effective
leaching stage (2h~6h), and the change trend is positively
correlated. In deionized water, the fractal dimension increases,
while the change trend of fractal dimension growth rate is neg-
atively correlated within 2h ~6h. During the leaching process
of MgS0, solution, Mg®" and RE** in the solution react, which
changes the grain structure of ore soil, resulting in the
difference of fractal dimension between MgSO, solution and
deionized water.

3.3. Relationship between Pore Structure and Permeability
Coefficient. The characteristic parameters of meso structure
of soil particles were described by fractal theory, to quantita-
tively analyse the variation of pore structure during leaching
and calculate the permeability coefficient in each leaching
stage according to the SDR model [32, 33]. The relationship
between the permeability coefficient and fractal dimension
was indicated, and the fitting curve was obtained, as shown
in Figure 11. In the process of the two solutions of leaching,
the permeability coeflicient of samples is positively correlated
with the fractal dimension of the pores. However, in MgSO,
solution, the internal pore structure changed rapidly resulting
from the coupling effect of seepage and ion exchange reaction,

leading to the fluid flowing more easily in the pores. The poly-
nomial function is used to fit the relationship between K and
Dy. The fitting result shows that in the 95% confidence interval,

R? is larger than 0.9143.

4. Conclusion

Based on SDR model and classification theory, the permeability
coefficient and fractal dimension at different leaching time
were calculated. And the evolution of the relationship between
pore structure variation and seepage characteristics of ore-soil
particles was established. The main conclusions are as follows:

(1) In the leaching process of deionized water, the
permeability coeflicient rises slightly due to the
migration of ore-soil particles, but the growth rate
is small; in the leaching process of MgSO,, the per-
meability coefficient changes significantly, indicating
that the change of permeability coefficient is closely
related to the internal ion exchange reaction

In the leaching process of deionized water, the fractal
dimension increases, while the change trend of frac-
tal dimension growth rate is negatively correlated
with time in 2h~6h. In the leaching process of
MgSO,, the growth rate of fractal dimension keeps
at a large value in the effective leaching stage
(2h~6h), and the change trend is positively corre-
lated with time

(3) The relationship between permeability coefficient
and fractal dimension shows strong correlation, so
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the mathematical relationship between permeability
coefficient and fractal dimension can be fitted by
polynomial function, and a method for estimating
permeability coeflicient based on fractal dimension
of soil sample is obtained
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The discharge of acidic water has become an environmental issue of great concern worldwide. In order to investigate the
characteristics and mechanism of acidic water induced by pyrite in sulfur-rich mines, indoor static precipitation and dynamic
leaching simulation experiments were carried out under the conditions of pyrite content, rock particle size, media combination,
and ambient temperature. At the same time, this paper used the gray correlation method to quantitatively analyze the
influencing factors. The results showed that the degree of groundwater acidification was negatively correlated with the rock
particle size and temperature and positively correlated with the pyrite content. The quantitative analysis of the effect of each
factor on acid mine drainage pH was pyrite content > temperature > rock size. When considering different media conditions,
the combined effect of the three media on reducing the acidification degree of mine water was limestone > gangue > coal. In
addition, dynamic leaching and static soaking have different effects on the acidification of the mine water, with the latter
acidifying more rapidly. It is also concluded that although pyrite enrichment was the main controlling factor affecting the
acidification of mine water in nature, complexation of trivalent iron ions adsorbed in the formation was more likely to be the

main causal mechanism for the rapid acidification of mine water in coal mining areas.

1. Introduction

Pyrite, which is the most common metal sulfide mineral
on earth, occurs in huge volumes in sedimentary strata
[1]. During the coal mining process, disturbances in the
originally stable fields of groundwater flow, ground tem-
perature, and hydrochemistry facilitate acid mine drainage
(pH <5.5) in the coalfield area. This drainage leads to
deterioration of the surface water quality in the mining
area and affects the regional ecological environment and
the mining of high-quality coal. Previous studies on pyrite
and acid drainage mainly focused on the genetic character-
istics of pyrite [2-5], the genetic mechanism of acid mine
drainage [6, 7], the treatment of acid mine drainage
[8-11], and the temporal effect of mine water on aquatic

environments [12-15]. However, the main controlling fac-
tors of the formation process of acid mine drainage and its
influence threshold remain unclear. Thus, it is difficult to
effectively prevent acidification of mine water in sulfur-
rich mines.

Numerous studies have been conducted on the acidic
components of pyrite and the law of heavy metal leaching
under normal temperature conditions. For example, Zhao
et al. [16] solved the problem of water source identifica-
tion in Xinzhi coal mine through free drainage column
leaching experiments and revealed the water-rock interac-
tion mechanism of the four main aquifers present in the
mine. Jiang et al. [1] explored the surface oxidation law
of pyrite under the coupling of multiple factors and estab-
lished a model for predicting the oxidation rate of pyrite
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under the coupling of multiple factors in a natural envi-
ronment. Deng et al. [3] found that the leaching activity
of sedimentary pyrite under an acid culture medium sys-
tem is higher than that of medium-temperature hydrother-
mal pyrite. They also determined that the mineralogical
origin of pyrite does not change its electrochemical disso-
lution mechanism. Tabelin et al. [17] performed batch
leaching experiments and developed a thermodynamic/
kinetic model to determine that hematite inhibits the oxi-
dation of pyrite, whereas alumina enhances the overall
oxidation and dissolution of pyrite. Hong et al. [18] simu-
lated dynamic leaching and static soaking of leachates with
various pH values into soil and concluded that the pH
value of the leachate, leaching time, and occurrence form
of fluorine in soil has a significant impact on fluorine
leaching. Ran et al. [19] established an automatic temper-
ature control spray system. Through dynamic leaching
experiments on coal gangue at various temperatures, they
found that the evolution of acid pollution caused by coal
gangue self-heating oxidation was caused by alkaline com-
ponents, nitrogen-containing substances, and oxidation.
The acidic components produced were jointly determined.
Li et al. [20] identified the optimal conditions for mineral-
ization of quartz diabase, commonly known as maifanite
or medical stone, by changing the pH value, ionic
strength, and flow rate of the leaching solution as well as
the size of the leached particles. Kuslu et al. [21] studied
the optimal leaching conditions for the dissolution of
pyrite in chlorine-saturated water and identified the effec-
tive degrees of experimental variables, from high to low, as
rock particle size, reaction temperature, solid-liquid ratio,
and leaching time. Under the optimal leaching conditions,
the dissolution rate of iron in pyrite was found to be
98.4%.

The above laboratory experiments focus on the study
of the leaching law of chemical components in pyrite
water. However, the main controlling factors and their
influence thresholds in the formation of acidic mine water
under multifactor coupling conditions remain unclear.
Xinggong coalfield is located in the hilly area of the north-
ern foothills of Mount Songshan in the middle reaches of
the Yellow River Basin. With an area of about 488 km?
this coalfield crosses the counties and cities of Zhengzhou,
including Xingyang, Mixian, Gongyi, and Xinzheng and
contains flaky, scattered, lenticular, nodular, and clumpy
pyrite. The monitoring results showed that the pH value
of the mine water in a mine in the Xinggong coalfield area
was 5.11 in the wet season. According to the definition of
acid mine water with pH value less than 5.5, acidification
of the mine water appeared in the wet season. To explore
the characteristics and mechanism of pyrite-induced acid
water, this study conducts indoor experimental simulations
under a combination of multiple factors such as pyrite
content, medium composition, environmental temperature,
and rock particle size based on samples obtained from
Xinggong coalfield. The controlling factors as well as their
degree of influence and thresholds are examined to pro-
vide technical support for the prevention and treatment
of mine water acidification.
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2. Sample Collection and Experiment

2.1. Sample Collection and Processing. The rock samples used
in this study were taken from a mine in Xinggong coalfield.
Pyrite samples were obtained about 200m below the coal
mine, and coal gangue rock and limestone were obtained
from the surface. The samples were placed in snakeskin bags
and were transported to the laboratory, where they were
packaged in zipper-type plastic bags to prevent oxidation.
After entering the laboratory, the rock samples were
removed, and those with abundant pyrite were separated.
All samples were crushed using a jaw crusher and selectively
sorted using 5-mesh (4-mm aperture), 10-mesh (2 mm), and
20-mesh (0.825 mm) sieves for crushing. After sieving, rock
particles of the same size were placed on respective water-
proof polyvinyl chloride (PVC) tape segments for uniform
mixing. The mixed rock samples were packaged in 20 x 25
— cm bags that were then sealed for later use.

2.2. The Experimental Setup

2.2.1. Experimental Factors and Condition Control. In the
experimental design, the results of existing research and
the actual hydrogeological conditions of the mine were con-
sidered. Factors such as the pyrite content, rock particle size,
temperature, and occurrence medium were preliminarily set
as the potential main controlling factors of pyrite oxidation.
Then, this paper examined the influence of pyrite oxidation
on acid mine water under the actions of these factors.

The coal seam mined was the Yi-; coal seam, the roof of
which is composed of limestone containing pyrite. Coal
gangue is the waste rock produced in the coal mining pro-
cess; therefore, limestone, coal gangue, and coal were
selected as media for the experiment. A related study showed
that rock particle size affects the migration release of con-
taminants in water [22], so three different particle sizes of
2-4 mm, 2-0.825 mm, and<0.825 mm were selected. Accord-
ing to the literature, most of the ions were precipitated dur-
ing the early stage of soaking [23]; hence, this paper used 20
days as the period of static soaking. In the dynamic water
experiment, the leaching cycle was shorter than that of the
static water experiment, and the release of elements was rep-
resentative because the groundwater flow was slow [24].
However, the leaching process of elements mainly occurs
at the early stage of leaching [25, 26], so the dynamic exper-
imental period was set to 17 d. The average annual develop-
ment temperature of tailings in the Gongyi mine area was
16°C to 20°C; and because it was mine water, at a depth of
200 m underground, the temperature above the surface was
chosen for the experiment, so the static temperature was
set at 25°C and 35°C as the study interval. In order to better
explore the influence of temperature on the acid mine water
produced by the oxidation of pyrite; therefore, 55°C was
used as an auxiliary factor in the dynamic leaching
experiment.

Regarding the solid-liquid ratio, the literature indicates
that a smaller solid-liquid ratio involved in the reaction is
related to higher concentrations of pollutants released by
the dissolution of coal gangue per unit mass. Thus, a low
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solid-liquid ratio is conducive to the dissolution and release
of pollutants in coal gangue [27]. Because the liquid-solid
ratio was 1:10 (L/kg) in previous static immersion experi-
ments, the same value was adopted in the present study.

2.2.2. Experimental Methods and Procedures

(1) Static Immersion Experiment. A 5200-mL beaker was
soaked in distilled water for 24h. Afterward, the beaker
was removed, allowed to dry naturally, and then rinsed with
deionized water three or four times. Then, 500 g of the rock
sample weighed using an analytical balance was added to the
beaker along with 5000 mL of distilled water, and the mix-
ture was stirred using a glass stirring rod. After the sample
was fully soaked, a 25 x 25 — cm glass lid beaker was placed
on top of the beaker to protect the contents from outside
debris.

A thermostat was employed for the static water immer-
sion experiment. In the early stage of the soaking process,
the sampling interval was relatively short, at about one day
during the first week of the experiment. To determine the
water chemistry, 100 mL of the soaking liquid was filtered
using a vacuum pump with a 0.45-um filter membrane.
The same volume of distilled water was added to the beaker
to maintain the original solid-liquid ratio during the
experiment.

(2) Dynamic Leaching Experiment. A schematic diagram of
the experimental device is shown in Figure 1. The device
included two customized plexiglass columns each with an
inner diameter of 70 mm and a length of 500 mm. A plexi-
glass cover containing a hole at the upper end was attached,
through which a rubber hose ran that was connected to an
inlet tank composed of polyethylene. A valve and a peristal-
tic pump were connected to the rubber hose to control the
leaching speed and volume. At the bottom of the device,
the rubber hose ran through another opening and was con-
nected to an eluent collector.

The upper and lower ends of the plexiglass tube were
lined with a quartz sand layer 3 cm in thickness. Pyrite sam-
ples of different particle sizes, temperature, and percentage
were selected for the dynamic leaching experiments. The
total leaching height was 50 cm. The samples were loaded
into the plexiglass column in several batches, whereby the
sample was added until reaching the 5-cm mark on the col-
umn and was then pounded lightly using a wooden pestle to
maintain uniform force and a flat and uniform surface.
Then, quartz sand was added to reach an additional 3 cm.
The sandstone and tailings samples were separated by a seg-
ment of nylon mesh to prevent the fine-particle ore from
leaking and causing uneven water flow distribution [28].
Finally, the plexiglass cylinder was sealed by applying the
plexiglass cover including the rubber hose. The flow rate
was set to 100mLh™" to simulate the flow of water into the
ground. After the leaching experiment using rock samples,
samples of the leaching water were collected daily for a fixed
period of time, and the samples were tested after filtration.
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FIGURE 1: Diagram of dynamic leaching apparatus.

The design parameters of the dynamic leaching experiment
are shown in Table 1.

2.3. Analytical Method. In order to semiquantitatively ana-
lyze the mineral chemical composition of the rock, the DF-
4 electromagnetic ore crusher was used to crush the rock,
and the mineral chemical composition was measured by
the D8 ADVANCE X-ray diffractometer. Moreover, in addi-
tion, the chemical composition was analyzed using a
QUANTX Energy-Dispersive X-ray fluorescence spectrome-
ter, and a DHP-350 incubator was used for indoor
simulation.

In order to determine the pH value of water samples, the
collected water samples were filtered with 0.45-pum polyester
fiber membrane immediately after collection, and then the
pH value of each water sample was determined by PHB-3
pen pH meter.

3. Theoretical Basis

3.1. Composition Analysis of Rock Samples. Quantitative
analysis of the core samples was performed on the basis of
X-ray powder diffraction (XRD), the results of which are
shown in Table 2. The pyrite samples were composed of
for 66% pyrite and 34% kaolinite. Among the limestone
samples, calcite and dolomite accounted for 94% and 6%,
respectively, and the coal gangue samples contained pyrite,
anorthite, and quartz. The inclusion of quartz in the coal
gangue could be attributed to accuracy error of the current
whole-rock XRD quantitative analysis method, which is
not accurate for minerals of low content [18]. The results
of XRD analysis showed that the mineral content differed
substantially among the rock samples. Therefore, related
experiments were performed to further clarify the results.
In the rock samples, the main elements were sulfur and
iron followed by silicon and aluminum. The contents of
other metal elements were low. The chemical composition
analysis revealed that sulfur and iron together accounted
for about 40% of the entire element content (Tables 3 and 4).
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TaBLE 1: Design of the dynamic leaching experiment including experimental conditions of 2-4-mm particle size and 50% pyrite content as

examples.

Medium composition Filling order

Fill height

Leaching water sample Leaching speed

Quartz sand 3cm
. . Limestone 22cm
Limestone + pyrite .
Pyrite 22 cm
Quartz sand 3cm
Quartz sand 3cm
Coal gangue 22 cm
Coal gangue + pyrite g. 5 Distilled water 100 ml/h
Pyrite 22 cm
Quartz sand 3cm
Quartz sand 3cm
. Coal 22 cm
Coal + pyrite .
Pyrite 22 cm
Quartz sand 3cm
TABLE 2: Mineral compositions of the rock samples.
Pyrite Kaolinite Dolomite Calcite Quartz Anorthite
Pyrite 66 34
Limestone 6 94
Coal gangue 40 30 30

TasLE 3: Contents of main compounds in the pyrite rock samples

4FeS, (s) + 30, — 2Fe, 05 (s) + 8S (). (3)

Pyrite is oxidized directly to produce acid in the presence

(m/m%).

Compound SO, SiO, ALO,; Fe,0; TiO, K,O
Content 53.07 1316 793 23927 0.5566 0.5346
CaO V,0, 7r0, Cr,0, SO  NiO Nb,O.
0.2001 0.0168 0.0114 0.001 0.0029 0.004 0.0017

of water as

(4)

2FeS, + 70, + 2H,0 — 2Fe?” + 4H" + 4807,

TasBLE 4: Contents of main elements in the pyrite rock samples (m/
m%).

Compound N Si Al Fe Ti K
Content 21.51 6.156 4.16 16.63  0.332  0.429
Ca \% Zr Cr Sr Ni Nb
0.083 0.0304 0.0254 0.0122 0.0074 0.0046 0.0036

3.2. Acid Produced through Pyrite Oxidation. Existing studies
show that the main acid component of pyrite is S* state sul-
fur and that the neutralizing acid component is mainly car-
bonate. The neutralizing acid component that inhibits the
discharge of acidic water is effective carbonate, and the acid
production component that continues after the start of acid
discharge is effective S*'state sulfur [29]. Under anhydrous
conditions, the surface of pyrite reacts directly with air as

FeS, (s) + 110,(g) — 2Fe,05(s) + 850, (g), (1)

280,(8) + O,(g) — 2505 (g), (2)

(5)

4Fe*” + 0, +4H' — 4Fe*" + 2H,0,

FeS, + 14Fe*" + 8H,0 — 15Fe?" + 2807, + 16H".
(6)

The total reaction is given as
FeS, + 15/40, + 7/2H,0 = Fe(OH), + 250; +4H*. (7)

The acid potential of coal gangue stacked for three to five
months is two to three times higher than that of fresh coal
gangue, which has the potential to produce strong acid
[30]. Correlation analysis showed that the maximum acid-
producing potential of coal gangue is not significantly corre-
lated with the pyrite content, whereas the neutralization
potential is significantly correlated with calcite. In the lime-
stone samples, calcite and dolomite accounted for 94% and
6%, respectively. The main mineral components are the neu-
tralizing acid components of carbonates such as CaCO, and
CaMg (CO;),. Therefore, adding limestone samples can
cause the following reaction under an acidic environment:

CaCO, + 2H* = Ca?" + H,0 + CO,, (8)
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CaMg(CO3), +4H" = Ca®" +2H,0 +2CO, + Mg*".
)

The calcium carbonate in limestone reacts with the
acidic water, which raises the pH of the water and inhibits
its acidification.

4. Results and Discussion
4.1. Static Soaking Experiment

4.1.1. Effect of Pyrite Content on pH Value. To study the
changes in the pH value of the liquid phase with changes
in the pyrite content, a static immersion experiment was
conducted at 25°C using limestone as the medium with
pyrite percentages of 25%, 50%, 75%, and 100%. As shown
in Figure 2, higher percentages of pyrite in the reaction sam-
ple related to stronger acidity in the water sample and a
lower pH value. For samples with the same particle size
and the same pyrite percentage, as the immersion time
increased, the pH of the water sample also increased. When
the pyrite content was 100%, the pH of the water sample
reached its minimum, between 3.2 and 4.1. When the pyrite
content was 75% to 100%, the pH of the water sample rises
rapidly, changing from weak acid to neutral and weak acid
to weak alkaline. The pH of the water sample with particle
sizes of 2-4mm rises from weak acid to neutral, and the
pH of the water sample with a particle size of 0.825-2 mm
and <0.825mm rises from weak acid to weak alkaline.
When the pyrite content was between 50% and 75%, the
change in pH was relatively smooth and decreased with
the increase of pyrite content, which was negatively corre-
lated. This result might be related to the limestone medium.
It is inferred that the limestone will produce alkaline water
during the soaking process, which neutralizes the acidic
water produced by the hydrolysis of iron ions during the
soaking process of the pyrite in the water sample and
increases the pH value of the water.

4.1.2. Influence of Rock Sample Particle Size on pH Value. To
ensure that the rock sample was in full contact with the dis-
tilled water to realize the rapid acidification of the mine
water under the action of pyrite, the rock samples were bro-
ken into smaller sizes [31]. A static immersion experiment
was conducted on rock samples of three particle sizes, and
particle size analysis was conducted orthogonally with that
of other experimental factors. The relationship between the
particle size at different percentages and the pH value of
the immersion water sample at 35°C is shown in Figure 3.
Figures 3(a) and 3(b) show pH changes occurring on day
1 and day 20 of the experiment, respectively.
Figure 3(a)shows that a decrease in the particle size at the
beginning of the experiment resulted in an increasing trend
in the pH value. On the first day, the differences between
particle sizes 0.825mm-2mm and <0.825mm were 0.12,
1.6, 1.01, and 0.7. The differences on day 20 were —0.31,
-0.07, —0.18, and—-0.1. At the beginning of the experiment,
a correlation was noted between such that as the particle size
decreased, the pH value increased. This could be explained

7.5+

6.0 H

pH

4.5 4

3.0

T
25 50 75 100
Percentage content of pyrite (%)

—— Particle size one on the first day
—@— Particle size two on the first day
—A— Particle size three on the first day
—w— Twentieth day particle size 1
—&— Twentieth day particle size 2
—«¢ Twentieth day particle size 3

FIGURE 2: Static experiment results
corresponding to various pyrite contents.

showing pH change

by the relationship in which a smaller particle size has a
larger specific surface area and stronger water-rock interac-
tion strength. In the particle size range, the pH difference on
the first day of the experiment was larger, indicating that the
particle size had a greater impact on the pH value at the
beginning of the experiment. Twenty days after the experi-
ment, the pH difference between the particle sizes was small,
and the particle size has little effect on the pH value at that
time. Negative values were obtained for particle sizes of
0.825mm-2mm and <0.825mm, which means that the
pH value of the reaction group with small particle sizes
was smaller than that of the large particle sizes. The soluble
matter reacted completely, and the large and small particle
sizes reacted more slowly. Therefore, in the later stage of
the experiment, the soluble matter of the large particle sizes
was released to a greater extent than that of the small particle
sizes, which created a negative difference.

4.1.3. Influence of Temperature on pH Value. The reaction
temperature was set to 25°C and 35°C; the medium was
limestone; the pyrite content was set to 50%; and the pH
value of the static soaking solution changed with the soaking
time.

As shown in Figure 4, the pH value under different con-
ditions increased with an increase in temperature. The pH at
35°C was greater than that at 25°C; therefore, the pH value
was positively correlated with temperature. The absolute
values of pH differences under the same conditions and dif-
ferent temperatures were 0.25, 0.2, 0.48, 0.16, 0.24, and 0.42,
respectively. Therefore, it can be concluded that although
temperature has a certain influence on the acidification of
distilled water, the influence degree is not obvious. On day
20, the pH values of the three particle sizes were 7.44, 7.44,
and 7.43, respectively. The reason may be that the added
limestone had a significant effect on raising the pH of the



6
8
7 -
6 -
jan)
o,
5 -
4 -
. —"
3 T T T
2-4 0.825-2 <0.825
Particle size (mm)
—=— 100% —a— 50%
—o— 75% —v— 25%

()

Geofluids

9.0
v_/"\v
L
7.5 - A . 3
T 6.0 4
=%
4.5 4
3.0 4 ./D\-
T T T
2-4 0.825-2 <0.825
Particle size (mm)
—=— 100% —a— 50%
o— 75% —v— 25%

(®)

FIGURE 3: Results of static immersion experiment performed at 35°C showing pH change relative to particle size: (a) day 1; (b) day 20.
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FIGURE 4: Influence of different temperatures on pH value.

acidic mine water, while the particle size had little effect on
the pH value.

4.1.4. Influence of Medium on pH Value. In coal mines, the
lithology differs among coal seams and affects the acidifica-
tion of mine water to varying degrees. Figure 5 shows the
pH values of coal, coal gangue, limestone, and coal gangue
+ limestone, all with 50% pyrite, against time.

The figure shows that as the immersion time increased,
the pH values of the coal and the limestone soaking solu-
tions first increased and then gradually stabilized, whereas
those of the coal gangue and the coal gangue + limestone
experimental groups increased with time, showing a trend
of increasing, then decreasing, and increasing again before
gradually stabilizing. The pH value of the coal experiment

group was between 2.5 and 4.2, and the water samples
showed strong acidity. Compared with the pH values of
the other three groups of experiments (between 6 and 7.5),
these values are significantly lower than those of the experi-
mental groups including coal gangue, limestone, and coal
gangue + limestone. In particular, the coal, coal gangue,
limestone, and coal gangue + limestone had a significant
influence on the acidic water produced by 50% pyrite under
different media. The coal gangue and limestone had the
same effect, which effectively reduced the production of
acidic water. The combined effect of the four substrates
was limestone > coal gangue + limestone > coal gangue >
coal.

4.2. Dynamic Leaching Experiment

4.2.1. Influence of Pyrite Content on pH Value. To simulate
the influence of different pyrite contents in the dissolution
process of groundwater, a dynamic leaching experiment
was conducted under the condition of 25°C, and the pH
value changed with time.

As shown in Figure 6, the pH change trend for different
pyrite contents under the same leaching conditions was con-
sistent with that shown in the static immersion test. In par-
ticular, a larger pyrite percentage was related to stronger
acidity in the water sample, with lower pH values showing
greater degrees of influence. In the long-term leaching and
soaking experiments using 100% pyrite, the water samples
were always acidic. It is inferred that the acid production
rate of pyrite is greater than the neutralization rate of its
alkaline components. The other three groups of experiments
showed neutral to weakly alkaline pH after the experiments
ended. In addition, the pH values of water samples with
varying pyrite contents showed an upward trend over time.
Specifically, the pH increase was rapid at the early stages
and slower at the later stages before finally stabilizing.

4.2.2. Influence of Rock Sample Particle Size on pH Value.
Figure 7 shows that with the same particle size, the pH value
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FIGURE 6: Changes in pH under varying contents of pyrite in a
dynamic experiment.

of the leaching solution first increased and then decreased
with an increase in the leaching time. During the middle of
the leaching, the pH value reached its maximum value. At
the beginning of the experiment, the pH value increased as
the particle size decreased. The reason for this is inferred
to be that the smaller the particle size, the larger the specific
surface area, and the content of water-soluble acidic compo-
nents is less than the sum of alkaline components and the
mineral neutralization of rock samples, so the pH value
increases. In addition, the low degree of weathering within
the large particle size, the slow release of elements, and pre-
cipitates such as calcium sulfate and iron produced by pyrite
and calcite adhere to the calcite surface, hindering the con-
tinuation of the reaction, thereby increasing the pH value.
As the leaching experiment continued, the substances in
the sample continued to participate in the reaction of oxida-

pH

Time (d)
—a— 2-4mm

—o— 0.825-2 mm

—A— <0.825 mm

FIGURE 7: Dynamic experiment of pH values under different
particle sizes.

tion acid production, and the content of the water-soluble
acidic components was greater than that of alkaline compo-
nents. This gradually increased the acidity of the leaching
solution and decreased the pH value. In general, the experi-
mental groups of the three particle sizes showed that even in
the process of leaching, the difference in particle size within
the experimental group had a certain impact on the pH
value of the leaching solution. However, the influence of
the pyrite content on the pH value of the liquid phase was
not obvious.

4.2.3. Influence of Temperature on pH Value. The separate
reaction temperatures were set as 25°C, 35°C, and 55°C, with
pyrite and limestone each accounting for 50%. The changes
in pH value of the leachate with soaking time are shown in
Figure 8. On the first day of the leaching experiment, the
mean pH of the leachate was 4.11, which is acidic. However,
the value increased with the progress of the experiment and
tended to stabilize about eight days later to neutral or nearly
neutral values. However, an increase in the experimental
temperature led the pH of the leachate to increase more rap-
idly. When the reaction was complete, the pH value of the
leachate tended to be neutral. This was because pyrite and
limestone account for 50%, respectively, and CaO + H,SO,
= CaSO,|+H,0 neutralization reaction will occur, so as to
increase the pH value and inhibit the acidification degree
of water and make its pH gradually tend to neutral.

4.2.4. Influence of Medium on pH Value. To study the influ-
ence of different media on the acid produced by pyrite, the
pH values of the leaching liquid over time were noted after
mixing different media with 50% pyrite at 25°C, as shown
in Figure 9. With an increase in time, the change trends of
the pH values of the different media were essentially the
same, all showing increases followed by decreases and then
gradually stabilization. This trend is obviously different from
the static soaking law. In the middle of leaching, the pH
value of the leaching solution reached its maximum. Similar
to the static soaking result, the coal gangue and limestone
slowed the acidification of the mine water, which effectively
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reduced the production of acidic water. The combined effect
of the three substrates was limestone > gangue > coal.

4.3. Correlation Analysis between pH of Pyrite Acidification
and Influencing Factors. Based on the grey system theory
[32], pH value of pyrite acidification was taken as a reference
sequence, and all influencing factors were taken as a com-
parison sequence. The normalization method was adopted
to conduct dimensionless processing of the original data to
eliminate the errors brought by different data levels and
increase the comparability of each index. The correlation
coeflicient between the comparison sequence and the refer-
ence sequence was calculated. Because the composition of
the rock samples was the key factor in determining and inhi-
biting the production of acid water by pyrite, which could
not be quantified, so it was not involved in the gray correla-
tion analysis. The resulting correlations of pyrite content,
rock size, and temperature were obtained and ranked. The
results were shown in Table 5.
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TaBLE 5: Correlation degree of each index.

Static soaking Dynamic leaching

Index Correlation Ranking Correlation Ranking
degree degree

Pyrite content 0.74 1 0.65 1

Rock particle 0.52 3 0.59 3

size.

Temperature 0.58 2 0.60 2

From the above table, it can be seen that the relationship
between the pH dependence of each factor in the soaking
and drenching experiments was pyrite content > tempera-
ture > particle size. The results showed that the pyrite con-
tent was the main controlling factor for mine water
acidification compared with other factors. It is consistent
with the experimental findings.

According to previous research progress [33], in the
static leaching experiment, the correlation coefficient
between pyrite content and pH was 0.74, which was a strong
correlation, and the correlation coefficients between rock
particle size and temperature and pH were 0.52 and 0.58,
respectively, which were moderate correlations; in the
dynamic leaching experiment, the correlations between all
three factors on pH were moderate correlations.

5. Discussion and Analysis

The results of the static immersion and dynamic leaching
experiments indicate that in the sulfur-rich sedimentary
strata, the lithology, background temperature, percentage
of pyrite, or characteristics of pore development can cause
acidification of groundwater with varying degrees of influ-
ence. Generally, the content of pyrite was the most impor-
tant factor influencing the acidification of mine water. The
degree of acidification of acid mine water was determined
mainly by the initial percentage of pyrite in the formation
and occurred more rapidly in pyrite-rich areas of coalfields.
That is, water with greater acidity was easily produced.
Although the temperature of the formation had a strong role
in the rapidly acidification of mine water, no significant tem-
perature difference was noted in the overlying sedimentary
strata at the same level in nongeothermal anomaly areas of
the coalfield and the mining area. Therefore, in areas with
little temperature change, temperature is not a main factor
in the acidification of mine water. The effect of pore size
on the acidification of mine water was relatively low; there-
fore, it is not necessary to consider pore development in
the water-conducting stratum when formulating actual engi-
neering measures. In addition, when pyrite coexists with coal
gangue and limestone, it has a significant buffering effect on
the acidity of the mine water.

Although the pyrite content of the coal gangue samples
accounted for 40%, however, studies have found that the
correlation between the pyrite content and the maximum
acid production potential of the coal gangue was not signif-
icant. In addition, the acid production potential of the coal
gangue stacked for 3~5 months was 2~3 times higher than
the fresh coal gangue, but its acid production potential was
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also not high, and most of the pH value was about 6.5 after
stabilization [34]. Mineral analysis of coal gangue did not
detect the relevant minerals that can neutralize acid mine
water, but coal gangue often exists containing Ca, Mg, K,
Na, and other carbonate compounds; these carbonates were
easy to neutralization reaction in water, thereby buffering
the degree of acidification in the mine water. Li et al. [35]
discussed the effect of dispersive alkaline matrix system
composed of limestone and wood chips on the treatment
of acid mine water in closed coal mine, and the research
results showed that the dispersive alkaline matrix method
was effective in raising the pH of acid mine water. And the
calcite content in the limestone samples reaches 94%, and
its components were mainly CaCO;, CaMg (CO;),, etc.,
which will certainly affect the acidification process of the
mine water. The experimental results of adding coal showed
that the addition of coal had little effect on acid water or
might aggravate the acidification of mine water. The reason
may be that after the coal was mined and stockpiled to the
surface, the physical and chemical conditions of the coal
changed, and those sulfides formed in the reduction envi-
ronment encountered surface water or were exposed to air
and began to decompose while generating large amounts of
acidic wastewater.

During the dynamic leaching experiment, the trend of
the pH value of the leaching liquid in each experimental
group was essentially the same. All showed the characteris-
tics of rapid decline in the pH, reaching the minimum value
at the first sampling and increasing with time. Specifically,
the pH value gradually increased and finally stabilized. If it
is assumed that the continuous oxidation of pyrite during
the experiment caused the pH value to decrease, before the
pyrite is completely oxidized, the pH value of the leachate
will increase. The oxidation of pyrite was continuously
reduced or remained essentially unchanged. Therefore, on
the basis of the immersion and leaching experiment results,
it is inferred that the pyrite was oxidized, and the iron
formed after oxidation was quickly leached into the water,
which enabled the complexation reaction and the subse-
quent rapid acidification of the distilled water. As the exper-
iment progressed, the iron adsorbed onto the surface of the
pyrite decreased, which caused the acidification degree of
the distilled water to gradually decrease. The complexation
reaction equation is

Fe*” + 3H,0 = Fe(OH), + 3H". (10)

The acidification process of coal mine water is not
caused by the process of pyrite oxidation; rather, it occurs
through the process of iron conversion to the Fe(OH); com-
plex after the pyrite oxidation. Therefore, to prevent the for-
mation of acidic mine water, the geological and
hydrogeological conditions of the site can be combined to
delineate the enrichment area of pyrite, and corresponding
engineering measures can be formulated to prevent the for-
mation of complexes to reduce the amount of acidic water
produced.

6. Conclusions

(1) In the immersion and leaching experiments, the pH
value of distilled water changed with the rock parti-
cle size, medium, pyrite content, and temperature.
Among them, the pyrite content was the most
important factor affecting the acidification of mine
water. In the experimental groups with different par-
ticle sizes, the pH value of the distilled water
increased with a decrease in particle size. In the
experimental groups with different pyrite content, a
greater pyrite content related to greater acidity of
the water. When using different media, the additions
of limestone and the coal gangue reduced the acidifi-
cation degree of the leaching and the soaking water
samples. In the different temperature experimental
group, higher temperatures related to higher pH
values in the distilled water. The gray correlation
method was used to quantitatively analyze the corre-
lation degree of various factors to pH: pyrite content
> temperature > rock particle size

(2) The acidification process of the mine water in the
coalfield area is based on the conversion process of
iron to Fe(OH), complexes after the oxidation of
pyrite. Therefore, this factor can be combined with
the geological and hydrogeological conditions of
the site to delimit the enrichment area of the pyrite
when formulating corresponding engineering mea-
sures to prevent the formation of such complexes.
In addition, compared with open and flowing water
bodies, a closed environment with added limestone
can effectively reduce the production of acid mine
water
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Capillarity influences the long-term stability of the dam greatly and affects the sustainable development of tailings dam. The
online monitoring capillary water rise test system was independently developed by SM3001B temperature and humidity sensor,
SU9101B RS485 converter, SV3010 data acquisition system, and other equipment to carry out the whole process test of water
absorption and water release of tailings with different particle sizes. The results show that the capillary rising trend of tailings
with different particle sizes is basically consistent, the relationship between the rising height and the diameter are negatively
correlated, and the logarithm function can better fit the height of capillary rising over time well enough. The water content of
tailing capillary zone decreases with the height, and the smaller the size of tailings, the greater the change of water content.
The water release process of tailings is an unsaturated permeability process, which largely depends on the saturation before
water release. The larger the particle size of tailings is, the smaller the water content after water release. Based on the above
results, the relationship between capillary diameter and tailings particle size was discussed, and the relationship formula
between water content change and particle size was deduced. The research results systematically show the water migration law
under the tailing capillaries. It is suggested that the unsaturated tailings water content index should be added in the

monitoring of the saturated surface of tailings dam.

1. Introduction

The discharge of tailings in our country is very large. The
accumulated tailings not only occupy land resources but
also cause environmental pollution. The resource utiliza-
tion of tailings has become a major concern. Tailing pond
is a special hydraulic structure produced by the combina-
tion of two technologies of “tailing utilization” and “tailing
storage” [1]. Its hydraulic phenomena are complex and
changeable (see Figure 1), and it has the characteristics
of service and construction at the same time. A large
number of studies have shown that the most important
factor affecting the stability of a dam is water [2-4]. Rain-

fall, tailing discharging, surface runoff, seepage [5], evapo-
ration, etc. will all affect the water content of the dam.
Generally, the water content of the dam body is in a
dynamic equilibrium state. Once the equilibrium is bro-
ken, there will be safety hazards.

The relationship between gravity water and the stability
of tailings dams is the research object of most existing tail-
ings dam stability research methods and models, such as
the mechanical properties of tailings [6, 7], liquefaction of
the dam body [8], and seepage safety hazards [9-11], the
mechanism and mode of dam failure caused by floodplain
[12], and the mechanism of dam instability caused by rain-
fall [13], while the influence of stagnant water in the unsat-
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FiGgure 1: Complex hydraulic phenomena in tailing dam.

urated zone in the tailings dam on its stability is often
ignored [14], until Maria et al. [15] first proposed in 2009
that the capillary action of water may greatly reduce the
safety reserve of tailings dams. Prior to this, the research
on capillary action at home and abroad was mainly carried
out around the prevention of roadbed diseases. The research
objects included the comprehensive test method of capillary
water rise [16] and the rising law of capillary water in other
media, such as sandy soil [17], clay [18, 19], and loess [20].
And the study of the effect of capillary water on the stability
of tailings dams is rarely reported.

With the capillary water rising to the slope of the dam,
after the water evaporates, the salt in it remains and crystal-
lizes, which is the result of capillary action. Capillary ascent
is a slow and continuous process that is often overlooked,
which results in a large amount of capillary water in the
pores between the tailing particles. Yin et al. [21] studied
the characteristics of pore water migration and its mecha-
nism of action on the mesostructure of tailings. They pro-
posed that the calculated height of the infiltration line can
be determined by the height of the capillary water above it
and analyzed the dam stability accordingly. Liu et al. [22]
studied the maximum rising height of tailings capillary
water. Zhang et al. [23] systematically studied the impact
of the difference in particle gradation on the rising process
of capillary water and the physical and mechanical proper-
ties of the dam material in the capillary water belt. The
results showed that the moisture content of the tailings in
the capillary water belt and the physical and mechanical
indexes such as severity, cohesion, and internal friction angle
change with the change of capillary water height. Zhang
et al. [24] studied the rise of capillary water in a tailing
dam by temperature and air pressure through indoor exper-
iments. However, none of the above studies dealt with the
change of water content of the dam body caused by capillary
absorption and release of water.

Tailings are a mixture of sand-powder-clay particles
[25]. After the deposition and consolidation of tailings
particles with different gradations, microscopically similar
capillary channels are formed. In addition, due to the exis-
tence of matrix suction, external conditions for the forma-
tion of capillary action in the tailings dam are provided.
The effect of capillary action on the dam is essentially
the weakening of the strength of the dam after the water
migration caused by the nonequilibrium matrix potential

and the capillary effect [26], which essentially affects the
water content of the dam. In particular, the rise of the
water level of the infiltration surface shortens the path of
capillary action and speeds up the replenishment of the
upper water by capillary action. The increase in water con-
tent will reduce the strength of the tailings and bring harm
to its stability. Therefore, full attention should be paid to
the design, monitoring, and subsequent maintenance of
tailing dams.

At present, research on the change of water content of
tailing dams under the influence of capillary action has just
started. Based on the basic theories of capillary absorption
and water release, using the self-developed capillary water
absorption and release experiment device, the capillary water
absorption and release experiments of tailings with different
particle sizes were carried out to explore the migration char-
acteristics of capillary water in tailings.

2. Materials and Methods

2.1. Tailings Samples. Tailings used in the test was taken
from a copper mine tailing pond in Shaanxi province.
The particle size ranged from 0.5 to 250 ym, mainly con-
centrated in 100 to 200um. To avoid the influence of
impurity content, first wash the sample thoroughly, then
air, grind, and dry it. Finally, the dried tailings are
screened and graded to obtain tail fine sand, tail silty sand,
and tail silty soil for test; the specification followed for
determination of the grain size distribution of tailing soil
is “Safety technical regulations for the tailing pond (AQ
2006-2005).” The cumulative particle distribution curve
of tailings of tail fine sand, tail silty sand, and tail silty soil
is shown in Figure 2. The particle grading index and main
physical properties index are shown in Table 1.

2.2. Experimental Device. The test device is a self-developed
on-line capillary-rising monitoring testing system (OM-
CRT). Figure 3 shows the five main parts of the device,
including capillary water absorption test device, online
water content monitoring system, data acquisition system,
water supply, and drainage system.

The main body of the testing system is composed of 3
transparent polymethyl methacrylate columns including
specimen loading structure and the supporting structure.
The size of specimen loading structure is designed to avoid
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TaBLE 1: Particle composition parameters tailings and main physical property indexes of tailings.

Particle group Particle size  Effective grain size Median grain size Cor}strained grain Unifqrmity Initial moisture
range (ym) dyp (um) dsy (pm) size dgy (um) coefficient C,, content w (%)

Tail fine sand 125~180 69.12 134.19 155.12 2.24 2.51

Tail silty sand 75~125 29.20 98.63 114.26 391 2.92

Tail silty soil 5~75 7.13 34.6 42.56 5.96 3.31

Water content (change) on-line monitoring system

_______

_______________________

I
Mesoscopic Capillary water
behavior absarption
observation system Co1umn 1

3

\

Data acquisition|

(AR |

Water supply &
drainage system

I

Capillary water| Capillary water i
absorption absorption |1
column 2 column3 |

|

i

—f==] —— :

|

1

F1GURE 3: The schematic diagram

of OM-CRT system. 1—tube wall; 2—tailings; 3—water sensor; 4—cloud module; 5—distortionless

microscope; 6—water source; 7—valve; 8—water storage tank; 9—trestle; 10—porous disk; 11—constant speed water supply pipe;
12—scupper and outlet pipe; 13—constant water lever; 14—water-in; 15—water-out; 16—geotextile.

the influence of the polymethyl methacrylate columns
radian on the observation effect and meet the requirements
of specimen size [18] that the inner diameter is 110 mm,
the height 151200 mm, and the wall thickness is 5mm. The
supporting structure is 100 mm high, and its inner diame-
ter and thickness of the wall are consistent with the spec-
imen loading structure. A water inlet is provided at a
height of 50mm on the side. The two are separated by a

porous disk with a rubber gasket at the middle interval
for sealing. The disk is 10 mm thick and filled with small
holes with a diameter of 3mm to ensure that the water
can contact the tailings. Geotextile with a diameter of
110mm covers the disk to prevent the leakage of tailings
particles. The polymethyl methacrylate columns are
engraved with scales, of which the zero point is cap height
of the porous disc and minimum is 1 mm, with one on
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TABLE 2: Main technical indexes of SM3001B.

Sensor ~ Probe length  Probe diameter M01stu-re Temperature ~ Response Moisture Temperature

e (mm) (mm) measuring range (°C) time () accuracy (%) measurement Voltage (V)
typ range (%) accuracy ('C)
M 75 3 0~100 -30~60 <1 3% 0.5 0~10
3001B ’ ‘

(f) Reserving sample

(e) Storing sample

(g) Loading sample

(d) Screening

FIGURE 4: Preparation process of tailing sample.

each side of symmetry to provide reference for recording
the wetting front and the saturation front.

The online moisture content monitoring system is
mainly consist of 9 SM3001B temperature and humidity
sensors, a SU9101B RS485 converter, a SV3010 data acquisi-
tion system, and a computer. The key technical indexes of
SM3001B temperature and humidity sensor can be seen
in Table 2.

The data and image acquisition system mainly consists
of computer and SV3010 data acquisition system. SV3010
data acquisition software has a main interface include mea-
surement points list, running screen, real-time curve, histor-
ical curve, and data report. The main interface can be
switched to the list of measurement points and the data
report which could show the historical data in interface.

The water source is the water pipe in the laboratory,
from which it is then distributed to the water tank through

the siphon principle. The water tank is equipped with a
drainage pipe to ensure the liquid level in the tank is
constant.

2.3. Experimental Program. According to the composition of
tailings’ particle size, this test is divided into three groups
including tail fine sand, tail silty sand, and tail silty soil.
The specific steps are shown in Figure 4.

(1) Prepare and load specimens: the plexiglass columns
are numbered 1#, 2#, and 3#. In order to prevent
the formation of water migration channels between
the loaded tailings and the inner wall of the column,
a thin layer of petroleum jelly should be evenly
coated on the inner wall. According to the test plan,
put the prepared tailing sand, tailing silt, and tailing
silt into columns 1#, 2#, and 3#, respectively (the
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sensors placed on column 1# are M4, M5, M6, and
the installation heights are 200mm, 400mm,
600 mm; the sensors placed on the 2# column are
M1, M2, and M3, and the installation heights are
200 mm, 400 mm, and 600 mm; the sensors placed
on the 3# column are M7, M8, and M9, and the
installation heights are 200mm, 400mm, and
600 mm). Perform stratified sample loading and seis-
mic compaction every 5cm to ensure uniform sam-
ple loading, and maintain a certain dry density by
the scale and filling mass calculations. Keep the
loaded tailings specimen standing for 48h for the
test.

(2) Adjust and install equipment: install the online
moisture-content sensor in the prepared hole
reserved for the plexiglass column, seal it with glass
glue, and check to make sure the sensor circuit is
in good working condition. Adjust the online
water-content monitoring equipment (M1-M9) to
ensure effective data output and storage.

(3) Capillary-water absorption test: turn on the water-
supply device to supply water to the tank according
to the siphon principle. At the same time, turn on
the drainage device to ensure that the water tank
level (i.e., the height of the infiltration line) always
remains at the bottom of the specimen.

(4) Record data: capillary water began to rise in the three
columns which was consistent for observing and
recording. The elevation of the wet front was regu-
larly recorded, and digital imaging was carried out
until the water column stopped rising and the ambi-
ent temperature was kept constant during the test.
The water content distribution of the cylinder in
the process of capillary water absorption is moni-
tored by the water sensor, and the corresponding
data are collected. When the data of each monitoring
equipment is stable, the test is completed.

(5) Capillary-water release test (as shown in Figure 5):
after the capillarity water absorption test is com-
pleted, drain the water from the tank and start the
water release test in the natural state. The water col-
lection system keeps recording the monitoring data
of M1~M9 sensor during the whole test.

3. Results and Discussion

The movement characteristics of capillary water mainly
include the height and water content distribution of capil-
lary. The analysis and research on the capillary rise charac-
teristics of different particle size tailings are as follows.

3.1. The Influence of Particle Size on the Capillary Height of
Tailings. The force generated by water from wet tailings
makes the water have an energy, which is converted into
an equal amount of gravitational potential energy by work
and exhibits a certain volume of capillary height [27]. By
regularly measuring the rising height of the capillary wetting

5
Connected
with the
atmosphere
Tailings Tailings
Water Water

FIGURE 5: The schematic diagram of water absorption and release
of tailings.

front in 1#, 2#, and 3# columns, the variation law of the cap-
illary height with time could be obtained.

Figures 6(a)-6(c) show that the capillary height in the
column of tail fine sand, tail silty sand, and tail silty soil is
basically consistent over time, which can be divided into
three stages: the early stage of rapid rise, the middle stage
of slow rise, and the late stage of stability. The capillary
height increases with time and stops until the rising height
of capillary water reaches a stable value. Figure 6 also shows
the capillary height is obviously affected by the particle size
of tailings. The smaller the particle size is, the higher the cap-
illary height is. Data of the first 11000 minutes of the capil-
lary water with different particle size tailings are fitted, and
the results are shown in Table 3.

The relationship between the rise height of capillary
water with different particle sizes and time both satisfies
the logarithmic function: y = a-b * In (x + ¢) and the regres-
sion is significant. The fitting equation is

H=abxIn (t+c), (1)

where H is the height of capillary water rising, ¢ is the corre-
sponding time, and g4, b, and c are the constant.

According to Table 3, the variation rules of constants a,
b, and ¢ in the fitting equation of capillary water rise with the
particle size of tailings were obtained as shown in Figure 7.
As can be seen in Figure 7, the value of constants g, b, and
¢ gradually increased with the increase of the average particle
size of the tailings. With the increase of the particle size of
tailings, the value of the constant ¢ generally decreases.
According to the change rule of the rise height of capillary
water over time as shown in Figures 6 and 7, the tailings cor-
responding to the fitting equation with a large coefficient ¢
value can reach a large rise height of capillary water within
a short time after the beginning of the test.

Figure 8 shows the time taken for the capillary water to
rise to the height of 10 cm, 20 cm, 30 cm, and 40 cm in the
column of tail fine sand is less than the tail silty sand and tail
silty soil. However, when it rises to 50 cm, the rising rate of



6
N B 1 C
804 | 1
1 1
l l
| |
604 | |
= ! I
L 1
= l l
20404/ ! !
L ! 1
T ! !
A: Rapid rise stage
20 B: Steady rise stage
C: Stable stage
0

T T T T T
0 2000 4000 6000 8000 10000 12000
Time (min)

(a) Tail fine sand

Geofluids

A | B — C
804 | |
1 1
] l
|
—~ 604/ l
§ | |
= l l
20404/ ! !
T I I
T
A: Rapid rise stage
20 B: Steady rise stage
C: Stable stage
0

T T T T T
0 2000 4000 6000 8000 10000 12000
Time (min)

(b) Tail silty sand

Al ——— ¢
80 H I ;
| |
| |
l l
—~ 609/ l
g l l
T | |
40 ;
L
jan
A: Rapid rise stage
20 1 B: Steady rise stage
C: Stable stage
O T T T T T
0 2000 4000 6000 8000 10000 12000
Time (min)

() Tail silty soil

FIGURE 6: The relationship between capillary height and absorption time.

TaBLE 3: Capillary water height fitting equations for tailings with different particle size.

Grain group  The average particle size (ym) . Coefﬁlilent c Fitting equation Regression coeflicient
Tail fine sand 152.5 659 635 0.8 ¥=6.59 +6.35 % In (x +0.18) 0.9924
Tail silty sand 100 22105 -121 05 y=-21.05+12.10 * In (x +0.5) 0.9352
Tail silty soil 40 13898 -31.85 9693 y=-138.98+31.85In (x+96.93) 0.9924

capillary water decreased obviously. Meanwhile, the rising
rate of capillary water in the column of tail silty sand and tail
silty soil exceeded that of tail fine sand. The time it takes to
reach 60 cm high in tail fine sand column is 2734 minutes
less than that in the tail silty sand, but 233 minutes more
than it takes in the tail silty soil. It has taken only 2.3 minutes
for the capillary water in the tail fine sand column to rise to
10 cm high, followed by 11.5min in the tail silty sand, and
10 min in the tail silty soil. It can be seen in the early stage
of rainstorm, the capillary action of tailings shows up within
a short time, and the infiltration surface of tailings dam will
rise rapidly to a certain height, which should be considered
in the engineering practice.

3.2. The Influence of Particle Size on Moisture Content of
Capillary Zone

3.2.1. Capillary Water Absorption Test Results. The relation-
ship between moisture content in different sections of tail
fine sand, tail silty sand, and tailing silty soil columns and
time are shown in Figures 9(a)-9(c), respectively.

As can be seen from Figure 9(c), the moisture content of
the capillary water in the tail silty soil changed most signifi-
cantly. The reason is that the particle size is small and the
matrix potential is large. According to Kelvin’s equation of
equation (8) [28], when capillary water is absorbed at the
beginning, capillary water migrates from bottom to top due
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to the action of the matrix potential. When pore gas pressure
equals pore water pressure, capillary water in tailings sam-
ples will no longer migrate.

(ua_uw) = _S’ (2)

where u,, u,, is the pore gas pressure and pore water pressure
of tailings, T, is the surface tension on both sides of the sur-
face, and R is the radius of curvature.

The relationship between the instantaneous water con-
tent and time in different sections of the three columns is
similar to that of the water-soil characteristic curve, which
presents “S.” The moisture content of tail fine sand ranged
from 2.51% to 20.6%, with an average value of 11.55% and

a variation value of 18.09%. The moisture content of tail
silty sand is 2.92%~21.05%, with an average value of
11.985% and a variation value of 18.13%. The moisture
content of tail silty soil is 3.31%~23.77%, with an average
value of 13.54% and a variation value of 20.46%. The sen-
sors of M1, M4, and M7 are closest to the bottom of the
cylinder, and the water content changes most significantly.
The moisture content at the bottom of the tail silty soil is
23.77% at most and saturated.

Figure 10 shows the moisture content of the tailings cap-
illary zone in the three columns decreased with the height of
capillary water. The relationship between the height of cap-
illary water and the moisture content is inverse “S.” The
smaller the particle size is, the smaller the difference of mois-
ture content in each section after the rise of capillary water
would be, indicating that the smaller the particle size of
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which is also the fundamental reason why the water absorp-
tion and water release processes of tailings must be studied
separately.

In the process of releasing water from tailings, the rate of
releasing water affects the degree of saturation of tailings,
and the degree of saturation also restricts the rate of releas-
ing water. At the beginning of water release, tailings have a
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high degree of saturation, and free water flows down under
its own gravity. Take the water release process of tailings
as an example. After 400 min of continuous water release, a
large amount of capillarity water and gravity water in
macropores begin to release, breaking the original capillarity
equilibrium state. Matric suction continues to increase.
When the tailings saturation reaches the capillary critical
saturation, the capillary water flowing in the pores begins
to release. The release water volume increases with the time,
and the tailings saturation gradually decreases.

After 1800min of continuous water release, most of
the capillary water has been released, and the rate of water
release becomes slower. The reason is that the amount of
water between the particles is very small, and a completely
connected bending liquid level cannot be formed. When
the pressure of the air on the tailings is less than the suc-
tion of the tailings on the thin film water, the saturation of
the tailings has become very low, and the release of water
has become very small. The permeability coeflicient is
mainly dependent on the state of water in the macropores.

If the intake flow of macropores is interrupted, the perme-
ability coefficient will be reduced. Meanwhile, the water in
the small pores may be isolated, so the seepage cannot be
carried out. Water in large pores, due to low suction,
tends to be released when saturation is low, while water
in small pores is the opposite. When the suction value of
the tailings particles on the thin film water is less than
the air pressure value, the thin film water on the surface
of the tailings gradually breaks away from the suction
force and is connected with each other to form a flow
channel, which is released until the final water release is
no longer changed. At this time, the saturation of the tail-
ings has reached the critical saturation of the thin film and
will no longer continue to reduce to a stable state.

In conclusion, the water release process is actually an
unsaturated seepage process, which mainly depends on the
saturation. When the water level drops, the pore channels
are of different sizes, the smaller the channels, the greater the
flow resistance, the smaller the hydraulic gradient, and the
lower the flow rate, which also indicates that the smaller the
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FiGure 12: Tailing element model.

particle size is, the stronger the water-holding performance is.
In other words, the moisture content after water release of
powder tailings (as shown in Figure 11(c)) is greater than that
of sand tailings (as shown in Figures 11(a) and 11(b)).

3.3. The Influence Mechanism of Particle Size on the Rise of
Capillary Water in Tailings

3.3.1. Derivation of the Formula for Moisture Content
Change under Capillary Action. The formula of water con-
tent per unit volume of tailings under capillary water
absorption is preliminarily derived by using a microelement
model (Figure 12) without considering other seepage effects.
The initial volumetric water content is w;, the water content
after time t is w,, and the change of water content in tailings
after capillary action time ¢ is

dQ, = (w, — w;)dxdydz. (3)

Q is moisture content. Considering the influence of cap-
illary water pressure, the vertical capillary water velocity can
be calculated as

o)== (G +pugsing). (4)

where k is the permeability coefficient of unsaturated tail-
ings, p is the viscosity coefficient of the solution, p, is the
solution density, g is gravity acceleration, ¢ is the angle
between capillary and horizontal direction, and s is the
suction.

The buried depth of the infiltration line is 4 (the distance
between the infiltration line and the dam slope), the maxi-
mum height of the capillary water rising is /_, and then the
integral of formula (4) is

yjh‘ﬂdz=—[s+pwg<hc ~h) sin ¢]. (5)
n k

According to the law of conservation of mass, the veloc-
ity of capillary water can also be expressed as

dzdA(h) dz ”
UG dAR) T @

Substituting formula (6) into formula (5),

%(hc_h)%:_[s-’—pwg(hc_h) sin¢]. (7)

Assume k(z) is constant, ¢ = 90°; after interval integra-
tion formula (7) in [h,, 2], the relationship between the time
t and the corresponding capillary rise height z(h<z<h,)
can be written as

b - (k- 2)
"= P+ puglh TR ®)

where ¢ is the time required for capillary water to reach
height z.

Qu1 = jﬂ(wt —w,)dxdydz =w, - w; = Aw, )

where w, is the moisture content in tailings after time t and
w; is the initial moisture content.

According to equations (4) and (8), the capillarity mois-
ture content per unit volume after time ¢ is

(hc B h) (hc B Z) ds
= 1=—2>¢ 7 ¢ 71 . 1
Qw2 th S+ng(hc—h) dZ+pwg ( 0)
From Q,,; = Q,,, the change in moisture content Aw can
be calculated as

__(h=h)(h ~2) [ds

W= A pglh =) |z TPwI) (1)
__(h.=h)(h.—z) [dH

orw, = THeh -k E+1 +w, (12)

where g is the vertical capillary velocity, H is the suction
head elevation, h is the distance between subgrade surface
and groundwater level, /i, is the maximum rising height of
capillary, P is the suction in unsaturated soil, p,, is the cap-
illary water density, g is the acceleration of gravity, and s is
the suction force.

The change of tailing moisture content caused by cap-
illarity is related to the maximum rise height h, of capil-
lary water and the elevation of capillary suction head.
Both h. and H are directly related to the particle size of
tailings (capillary diameter d in tailings) and the properties
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FIGURE 13: Discontinuous capillary band.

of tailings. Therefore, moisture content is a function of
particle size of tailings.

3.3.2. Formation of Discontinuous Capillary Bands. The cap-
illary water in the tailings is in a dynamic flow equilibrium
state, and the capillary water is affected by the comprehensive
action of capillary force, inertia force, viscous resistance, and
its own gravity. In the early stage of capillary water rising,
the surface tension is much greater than the gravity of the ris-
ing water column, so the rising speed is faster. However, as the
capillary water column increases, its gravity gradually
increases and approaches the surface tension, resulting in a
gradual slowing of the rising velocity. Through the analysis
of the ascent, in the initial stage of capillary water rising, the
capillary water is less watery; the parameters related to the
amount of liquid, such as viscous resistance and gravity of cap-
illary water, are also relatively small; at this time, the capillary
pressure and inertia force play a dominant role, which is
enough to balance the gravity of the capillary water. Therefore,
the early uplift force is very large. In addition, discontinuous
capillary bands appeared on the upper part of the soil column,
presenting a corrugated bedding structure (as see in
Figure 13). This is due to the insufficient water supply caused
by the rapid rise of capillary water in the initial stage of the ris-
ing. At this time, the tailings near the saturation line are close
to the saturation state, and the larger water content produces a
larger capillary uplift resistance, which reduces the capillary
uplift force significantly, so the rise velocity decreases signif-
icantly. As the rising height of capillary water increases, the
viscous resistance and gravity have balanced a large part of
the capillary lifting force, and the content of capillary water
in the tailing sand becomes very small, and the subtracting
effect also becomes weak. Therefore, the late rising speed is
slow and persistent. Synthetically analyzing the whole pro-
cess of capillary rise, the dynamic of capillary rise showed
an obvious decreasing trend.

4. Conclusions

The whole process of capillary water rising test was carried
out for tailings with three particle sizes by using OM-CRT
system. The conclusions are as follows:

11

(1) The rising trend of capillary water in tailings with
different particle sizes is basically consistent. The
process of the capillary water rising is obvious in
three stages, which shows the characteristics of rising
rapidly first, then slowly and stably lately. The height
and rate of capillary rise are negatively correlated
with the particle size of tailings. Logarithm function
can fit the relationship between time and the height
of capillary water rising in tailings and time very
well: H=a-b = In (¢t +¢)

(2) The inner moisture content of the tailings dam is
always changing. The change of moisture content is
a function of the particle size of tailings. The mois-
ture content of the capillary zone of tailings with dif-
ferent particle size decreases with the increase of
height and presents an “S” shape. The instantaneous
moisture content of different sections showed an
inverse “S” shape with the change of time. The
smaller the particle size is, the smaller the moisture
content difference of each section after the rise of
capillary water is

(3) The process of releasing water with decreasing sat-
uration of tailings is an unsaturated seepage pro-
cess in the form of natural drainage. When the
particle size of tailings is larger, the flow resistance
of slurry water is smaller, and the moisture content
after water release is smaller. In other words, the
water content of sand tailings is greater than that
of powder tailings

(4) A physical model for determining the capillary
diameter from the inter-particle pore approximation
is constructed by this paper. From the limit point of
close packing and loose packing, the relationship
between capillary diameter and particle size is
derived, the relationship between tailing particle size
and capillary water rise height is determined as well.
The maximum rise height of capillary water and the
change value of water content can be determined
according to the particle size, which overcomes the
difficulty in measuring them
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Taking mining area 2502 in the Huayan mine field which was affected by strong geological tectonic stress as an engineering
background, the water jet technology is studied through in-site survey, laboratory test, theoretical analysis, numerical
simulation, and field industrial test. The research results are as follows: the burst tendency of No. 5 coal seam can be reduced
to a certain extent after softening with water, and then the water jet technology is used to prevent rock burst of roadways; the
typical characteristics of rock-burst accidents mainly cause heaving floor and serious deformation of two sides. The occurrence
mechanism of rock burst in roadway ribs has two different forms, and they are static load dominant type and dynamic load
dominant type. The abutment stress concentration value is higher than a certain concentration static load, it will affect the coal
and rock medium in the floor, and the coal and rock medium in the floor will be transformed into a plastic state and then
occur rock burst; the water jet technology for roadway ribs can effectively prevent rock burst of roadway ribs and floor based
on the dynamic and static loads superposition theory and Terzaghi theory. Based on the results of numerical simulation, the
specific parameters of water jet technology for roadway ribs in 250204 tailgate are as follows: the diameter and length of initial
borehole are 110 mm and 20.0m, the diameter and length of water jet section are 500 mm and 15.0m, and the spacing
between adjacent water jet boreholes is 3.0 m; the monitoring result of signal intensity by EMR indicates that the decreasing
amplitude of signal intensity of EMR is about 60.2% on the side of coal-pillar rib, and the decreasing amplitude of signal
intensity of EMR is about 68.6% on the side of solid-coal rib; the convergences monitoring result indicates that the
convergence ratio of roadway height is about 3.2%, and the convergence ratio of roadway width is about 2.3% in the pressure
relief roadway part; the water jet technology is not only helpful to the prevention of rock burst for the roadway ribs but also
can play a good prevention of rock burst for roadway floor. The research results provide a theoretical foundation and a new
guidance for preventing rock burst in roadway ribs and floor with similar engineering geological conditions.

1. Introduction

During the underground mining and driving activities, the
surrounding rock around mining or driving space is easy to
cause rock burst under the superposition disturbance of high
concentrated static load and strong dynamic load [1-4].

Therefore, it is necessary to take pressure relief and preven-
tion measures for the coal and rock mass around the mining
or driving space.

In recent years, due to the popularization of fully mecha-
nized mining hydraulic support and the improvement of
mining face support strength, most of the underground
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damage caused by rock burst occurs in the roadways. Statis-
tics show that 75% of rock burst accidents occurs in two par-
allel roadways of the mining face. Therefore, the research on
rock burst prevention of roadways under strong mine pres-
sure condition is one of the main contents. There have been
a lot of pressure relief measures for coal mass, such as pres-
sure relief measures for large diameter drilling, pressure relief
measures of coal seam water injection, and pressure relief
measures for deep hole blasting [5, 6]. These conventional
measures can relieve the pressure of coal and rock mass to
a certain extent and then play a preventive effect of rock
burst. In recent years, the water jet technology has also been
applied to the coal mine rock burst prevention work. Because
the burst tendency of coal and rock mass can be reduced in
saturated water state (softening state), the water jet technol-
ogy is used to relieve high pressure of surrounding rock
and then prevent rock burst. The water jet technology has
been used in underground mines for many years, and this
technology has no spark, no dust, and no wear characteristics
compared to traditional mechanical operation [7, 8].

Many scholars have studied the application of water jet
technology in underground mining field. Shen et al. [9] ana-
lyzed the pressure relief mechanism of coal seam after spe-
cial drill slots were formed in coal mass and showed that
the special drill slots in coal mass could significantly improve
permeability of coal seam and pressure relief degree and
then effectively prevented coal and gas outburst. Shen [10]
studied the coal mass breaking mechanism and indicated
that the coal mass breaking includes three processes: crack
generation, water wedge action, and surface scouring. The
Fluent software is used to analyze the water jet force, water
jet target distance, and punching radius, and the simulated
results were applied to the prevention of gas outburst. Dou
etal. [11, 12] studied the punching method of water jet tech-
nology in preventing rock burst and the specific construc-
tion parameters by Flac2D software, and the feasibility of
this technology in preventing rock burst was verified by field
industrial test. Yang et al. [13] studied the occurrence mech-
anism of rock burst in surrounding rock of roadways and
indicated that using water jet to punch an initial borehole
could form a water jet section (weak structure zone) inside
the roadway ribs. This weak structure zone can transfer
and release the high concentrated static load accumulated
inside the roadway ribs and then prevent rock burst in road-
way ribs.

It can be seen that many scholars have applied the water
jet technology in the field of preventing rock burst; how-
ever, there is little research on whether this technology
can satisfy the pressure relief effect in the area affected by
strong geological structure. This paper takes mining area
2502 in the Huayan mine field which was affected by strong
geological tectonic stress as an engineering background, and
the application of water jet technology in roadway ribs is
studied. The purpose is to verify the prevention of rock
burst and pressure relief effect of water jet technology for
roadway ribs and floor and then provide a theoretical foun-
dation and a new guidance for preventing rock burst in
roadway ribs and floor with similar engineering geological
conditions.

Geofluids

2. General Situation of Geology

2.1. Mining and Engineering Geological Conditions. Huayan
mine field, which is almost entirely located in the north of
Huating County, Gansu Province, was affected by strong
geological tectonic stress. Under the influence of this stress,
the activities in this region have reached a climax, and the
structural form of the fault fold belt on the western margin
has been basically shaped after the Yanshan movement. As
a result, the horizontal stress is much greater than the verti-
cal stress in this mine field. A syncline axis and an anticline
axis pass through the whole Huayan mine field under the
influence of large folding structure. The main mining No.
5 coal seam is also affected by the large folding structure dur-
ing its mining period. The geological structure plan of Hua-
yan mine field is shown in Figure 1.

The Huayan mine field was officially divided into Hua-
ting, Yanbei, Shanzhai, and Chenjiagou coal mines for inde-
pendent mining with the approval of the Ministry of land
and resources in 2006. According to the geological explora-
tion data of Huayan mine field, the relative position and
mine field size of the whole Huayan mine field are shown
in Figure 2. The main mining coal seam of Huating, Yanbei,
Shanzhai, and Chenjiagou coal mines is the No. 5 coal seam,
which is nearly horizontal. The strike angle of this coal seam
is about 330°~345°, inclined to the west. The dip angle of this
coal seam is about 0°~15°, and the mean thickness of this
coal seam is 40.6 m. The No. 5 coal seam is an extra thick
coal seam. The coal quality belongs to long flame coal with
ultralow ash, ultralow sulfur, low-medium phosphorus, high
volatile matter, medium and high calorific value, high chem-
ical activity, and low melting point. It is easy to sort and
excellent. All coal mines are equipped with domestic
advanced fully mechanized top coal caving high-yield and
high-efficiency equipment for layered fully mechanized top
coal caving mining.

Among these coal mines in Huayan mine field, Yanbei
coal mine is located in the middle of the Huayan mine field.
It is adjacent to Shanzhai coal mine in the north, Huating
coal mine in the south, Chenjiagou coal mine in the west,
and local small coal mines in the east. At present, the main
mining area in Yanbei coal mine is mining area 2502, which
is about in the +860 m~+1171 m level elevation, and its cor-
responding ground level elevation is about in the +1557 m~
+1580 m. The folding structure is developed in this mining
area, with anticline axis in the east and syncline axis in the
west. All the mining and driving faces are currently being
mined or have been mined out cross a syncline structure,
which lead to rock-burst accidents, and strong underground
pressure appears continuously. There are no faults and other
geological structures in this mining area. The thickness of
No. 5 coal seam in mining area 2502 is 18.2 m~54.5 m, with
a mean thickness of 31.0m. The layered fully mechanized
top coal caving mining technology is adopted in panels of
mining area 2502. At present, the first layer (upper layer)
is being mined, with a thickness of 9.5m~15.4 m and a mean
thickness of 12.0 m. The mining height of panels in mining
area 2502 is 3.0 m, with a top coal caving height of 9.0m,
and the ratio between mining and caving is about 1:3. The
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first panel in the mining area 2502 is the panel 250205, and it
has been mined out currently. The panel 250206 that can be
seen as a succeeding panel of the panel 250205 is now being
mined, and it is the second panel in the mining area 2502.
The panel 250204 that can be seen as a succeeding of the
panel 250206 is now being driven, and it is the third panel
in the mining area 2502. The plan of mining and driving
engineering in the mining area 2502 is shown in Figure 3.

2.2. Burst Tendency Test Result of No. 5 Coal Seam

2.2.1. The Burst Tendency Test Indexes. According to China’s
national standard (GB/T 25217.2-2010) of coal burst ten-
dency classification and index determination method [14,
15], coal samples that are taken from the No. 5 coal seam
in the mining area 2502 and then the standard specimens
(the specific size of each cylinder:50 mm x 100 mm) were
processed, and the mechanical properties are tested in a lab-
oratory with corresponding qualifications. The coal-burst
tendency judgment standard is shown in Table 1.

INLINE FX

According to Table 1, when the burst tendency test
indexes of Dy, Wy, K and R are contradictory, the num-
ber of test standard specimens should be increased, and their
classification can be carried out by fuzzy comprehensive
evaluation method or probability statistics method.

2.2.2. The Test Methods. The coal burst tendency in natural
state and saturated water state (softening state) should be
measured, respectively, that is, one loading test and cyclic
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TasBLE 1: The coal-burst tendency judgment standard.

Burst tendency test indexes

Name K,

Dy/ms

=

OA=75%~85%Rc
Re

Stress (MPa)
Stress (MPa)

Stress (MPa)
Stress (MPa)

Computing model

B T

Dr

Time (ms) Strain (%) Strain (%) Time (ms)
No burst tendency Dy > 500 Wper <2.0 Kp<15 R-<7.0
Burst tendency
50 < Dy <500 50> Wgp22.0 50>Kg>1.5 70<R-<14.0
judgment standard Weak burst tendency T ET E c
Strong burst tendency Dy <50 Wgr25.0 Kp=5.0 R-214.0

Note: Dy is the dynamic failure time; Wy is the elastic energy index; K, is the burst energy index; R is the uniaxial compressive strength.

loading test should be conducted for 6 times, respectively, so ~ of which are for standby. The coal samples are taken from
a total of 12 coal standard specimens need to be processed.  different locations in the mining area 2502, and then, they
14 coal standard specimens are processed in this test, two  are processed into coal standard specimens with cylindrical
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FIGURE 4: The picture of coal samples before and after processing. (a) Before processing. (b) After processing.

size of 50 mm x 100 mm (diameter x height). The picture of
coal samples before and after processing is shown in Figure 4.

In this test, the coal burst tendency in natural state and
saturated water state (softening state) needs to be measured,
respectively. Therefore, 7 coal standard specimens are
completely immersed in clean water for more than 48 hours
in advance (fully ensure that coal standard specimens are
saturated with water), and the other 7 coal standard speci-
mens are wrapped in sealed bags and stored in dry state.
The experimental loading device adopts SANS material test-
ing machine produced by Shenzhen xinsansi material testing
Co., Ltd., which is high-precision and can control the load-
ing speed, and is used to measure the coal standard speci-
men loading and the whole process curve of stress strain.
This experimental machine can set the loading mode manu-
ally, and the loading process is directly controlled by the
computer. The experimental machine (SANS material test-
ing machine) is shown in Figure 5.

In order to get burst tendency test indexes of Dy, W, K,
and R, the corresponding test methods are as follows [16]:

(a) Dynamic failure time (D;): measuring the load borne
by the coal standard specimens with the load sensor
until these specimens are damaged. The measured
signals are transmitted to the computer data acquisi-
tion and processing system through the dynamic
resistance strain gauge. According to the measured
data, the system directly draws the corresponding
dynamic failure time curve, enlarges the key part of
the maximum failure load in this curve, and accu-
rately gives the dynamic failure time (D) value

(b) Elastic energy index (Wpgp): the cyclic loading
method is adopted to load the coal standard speci-
mens to about 75%~85% of the load limit, then
unload to a small load, and then continue to load
until these specimens are completely damaged. The
load borne by these specimens is measured by the
load sensor, and the axial deformation of these spec-
imens is measured by the displacement sensor. The
measured signals are recorded and stored by the
computer data acquisition system, and after data
processing, the calculation diagram of elastic energy
index is drawn to calculate the elastic energy index
(Wgrp) value

(c) Burst energy index (Kj): under uniaxial compres-
sion, the coal standard specimens are directly loaded
at one time until they are completely destroyed. The
load borne by these specimens is measured by the
load sensor, and the axial deformation of these spec-
imens is measured by the displacement sensor. The
measured signals are recorded and stored by the
computer data acquisition system, and the calcula-
tion diagram of burst energy index is drawn after
data processing to calculate the burst energy index
(Kp) value

(d) Uniaxial compressive strength (R.): the uniaxial
compressive strength of coal standard specimens is
directly recorded by the signal recorder during the
loading process of the press, and the uniaxial com-
pressive strength (R;) value is calculated according
to the maximum pressure and the parameters of
the corresponding coal standard specimen

2.2.3. The Test Results. The dynamic failure time (D;)
parameters of coal standard specimens in natural state and
saturated water state (softening state) obtained by the test
are shown in Table 2.

The elastic energy index (W) parameters of coal stan-
dard specimens in natural state and saturated water state
(softening state) obtained by the test are shown in Table 3.

The burst energy index (K) parameters of coal standard
specimens in natural state and saturated water state (soften-
ing state) obtained by the test are shown in Table 4.

The uniaxial compressive strength (R;) parameters of
coal standard specimens in natural state and saturated
water state (softening state) obtained by the test are shown
in Table 5.

Combined with Tables 2, 3, 4, and 5, the burst tendency
test result of the No. 5 coal seam is determined, as shown
in Table 6.

It can be seen from Table 6 that the No. 5 coal seam has
a strong burst tendency in natural state, and it has a weak
burst tendency in saturated water state (softening state).
This shows that the burst tendency of the No. 5 coal seam
can be reduced to a certain extent after softening with water.

2.3. Typical Characteristics of Rock-Burst Accidents. Accord-
ing to the monitoring records of rock-burst accidents of



6 Geofluids

SANS material testing machine

Coal standard specimens after failuge

FIGURE 5: The SANS material testing machine.

TaBLE 2: The parameters of dynamic failure time (D) under different states.

State Number Height/mm Diameter/mm Cross s sectzion Dynémic failure Mean dynamic
area/mm time/ms failure time/ms
NS1 100 50 1962.5 141
Natural state NS2 101 50 1962.5 250 206
NS3 100 50 1962.5 203
SWS1 99 50 1962.5 425
Saturated water state SWS2 99 50 1962.5 568 473
SWS3 100 50 1962.5 427

TaBLE 3: The parameters of elastic energy index (Wp) under different states.

State Number Height/mm Diameter/mm Cross s section area/mm” Elastic energy index Mean elastic energy index
NS4 102 50 1962.5 10.4
Natural state NS5 100 50 1962.5 8.7 9.4
NS6 96 50 1962.5 9.0
SWS4 97 50 1962.5 32
Saturated water state SWS5 99 50 1962.5 4.5 37
SWS6 99 50 1962.5 34

TaBLE 4: The parameters of burst energy index (K) under different states.

State Number Height/mm Diameter/mm Cross s section area/mm> Burst energy index Mean burst energy index
NS7 100 50 1962.5 4.7
Natural state NS8 100 50 1962.5 5.1 5.4
NS9 96 50 1962.5 6.3
SWS7 102 50 1962.5 2.5
Saturated water state  SWS8 101 50 1962.5 1.4 2.1
SWS9 98 50 1962.5 2.5
panels 250205 and 250206 in the mining area 2502 during According to Table 7, it can be seen from these monitor-

their mining periods, the typical characteristics of mine pres-  ing records of panels 250205 and 250206 (1#~7# monitoring
sure behaviors can be counted as shown in Table 7. records belong to the panel 250205 and 8#~16# monitoring
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TaBLE 5: The parameters of uniaxial compressive strength (R.) under different states.

Cross s section

Uniaxial compressive  Mean uniaxial compressive

State Number Height/mm  Diameter/mm area/mm> strength/MPa strength/MPa
NS10 101 50 1962.5 16.8
Natural state NS11 103 50 1962.5 13.5 15.4
NS12 100 50 1962.5 15.8
SWS10 96 50 1962.5 11.5
Saturated water state  SWS11 101 50 1962.5 8.5 9.8
SWS12 99 50 1962.5 9.5

TaBLE 6: The burst tendency test result of the No. 5 coal seam.

Dynamic failure

State Elastic energy index

Burst energy index

Uniaxial compressive
P Burst tendency

time/ms strength/MPa
206 9.4 5.4 15.4
Natural state (weak) (strong) (strong) (strong) Strong burst tendency
473 3.7 2.1 9.8
Saturated water state (weak) (weak) (weak) (weak) Weak burst tendency

records belong to the panel 250206) that almost all of the
typical rock-burst accidents occurred during their mining
periods were located in syncline geological structure influ-
ence area. These typical mine pressure behaviors mainly
caused heaving floor and serious deformation of two sides.
The typical surrounding rock failure forms of roadways on
site are shown in Figure 6.

According to Figure 6, it can be seen that the typical
mine pressure behavior of ribs is extrusion deformation,
which means that there are high stresses concentrated in
both ribs of the roadway. The high stress concentration is
caused by the superposition of mining stress and self-
weight stress caused by buried depth. It also can be seen that
the typical mine pressure behavior of floors is heaving floor,
and the deformation degree of heaving floor is different,
severe in some places, mild in others. When the deformation
degree of heaving floor is serious, the section shrinkage of
roadway is large, and the roadway cannot meet normal pro-
duction operation, and even cause equipment damage and
casualties. Therefore, it is necessary to take effective methods
to relieve the pressure of roadway surrounding rock. In par-
ticular, pressure relief is carried out for floor and two ribs of
roadway.

3. Occurrence and Prevention Mechanisms of
Rock Burst

3.1. Occurrence Mechanism of Rock Burst in Roadways

3.1.1. The Occurrence Mechanism in Roadway Ribs. Based on
the superposition mechanism of dynamic and static loads,
the occurrence mechanism of rock burst in roadway ribs
has two different forms, and they are static load dominant
type and dynamic load dominant type, respectively [17,
18]. The occurrence mechanism schematic diagram of rock
burst in roadway ribs is shown in Figure 7.

According to Figure 7(a), it can be seen that the static
load dominant type of rock burst is caused by high concen-
tration static load (aj), and the concentration static load is

enough to induce rock burst. Then, a rock-burst accident is
induced by instantaneous instability and failure of a certain
range of coal mass in shallow part of the roadway ribs;
according to Figure 7(b), it can be seen that the dynamic
load dominant type of rock burst is caused by strong
dynamic load disturbance (0,4), and the concentration static
load is not enough to induce rock burst. Then, a rock-burst
accident is induced by instantaneous instability and failure
of a certain range of coal mass in shallow part of the roadway
ribs. No matter what kind of rock burst, the occurrence posi-
tions are all a certain range of coal mass in shallow part of
the roadway ribs. Therefore, it is necessary to take targeted
measures to relieve pressure and prevent rock burst.

3.1.2. The Occurrence Mechanism in Roadway Floor. When a
roadway is located in syncline geological structure influence
area, the horizontal tectonic stress (o,) is at a high level, and
a certain range of coal mass in shallow part of the roadway
floor is in a state of plastic deformation due to extrusion of
higher horizontal tectonic stress. Based on the Thessarky
theory [19], it can be known that when the vertical stress
caused by a certain range of coal mass in shallow part of
the roadway ribs exceeds a certain value instantly, it will
cause a certain range of coal mass in shallow part of the
roadway floor to be unstable and destroyed instantly and
then induce a rock-burst accident. The occurrence mecha-
nism schematic diagram of rock burst in roadway floor is
shown in Figure 8.

3.2. Prevention Mechanism of Rock Burst in Roadways

3.2.1. The Prevention Mechanism in Roadway Ribs. Accord-
ing to the above analysis of coal standard specimens in nat-
ural state and saturated water state (softening state), it can be
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TaBLE 7: The monitoring records of typical rock-burst accidents.

Location Number Time Location

Range of
influence/m

Specific characteristics

1 2013-04-02 250206 headgate

2 2013-04-13 250206 tailgate

3 2013-04-22 250206 headgate

Panel 250206 in syncline
geological structure

influence area 4 2013-04-29 250206 headgate

5 2013-05-11 250206 tailgate

6 2013-05-18 250206 headgate

7 2013-05-24 250206 headgate

8 2015-01-02 250205 tailgate

9 2015-01-07 250205 tailgate

10 2015-02-07 250205 tailgate

11 2015-02-12 250205 headgate

Panel 250205 in syncline
geological structure

N 12 2015-02-18
influence area

250205 tailgate
13 2015-02-28 250205 tailgate

14 2015-03-08 250205 tailgate

15 2015-04-19 250205 tailgate

16 2015-05-10 250205 tailgate

The section of roadway was inverted trapezoid at the

most serious position. The lower width and height of

this section changed from 4.8 m to 4.3 m and 4.0m to
3.5m, respectively.

28

At 774-853 m, the lower left corner of the roadway was
seriously inflated, the track is inclined and displaced,
198 the roof of the upper right corner is seriously sunk,
and the height of roadway was only 2.9 m in the most
severe position.

The heaving floor of roadway was serious, the mean
240 value of heaving floor was 0.3 m, and the most serious
value of heaving floor was 0.62 m.

The mean value of heaving floor was 0.48 m, and the
most serious value of heaving floor was 0.94 m. the left
45 rib (mining direction) of roadway was seriously
deformed, with a mean deformation of 0.38 m, and the
most serious deformation of left rib was 0.69 m.

This time is mainly heaving floor of roadway, with a
216 mean value of 0.4 m, the most serious value of 0.96 m,
and slight influence in roadway roof and two ribs.

The mean value of heaving floor was 0.6 m, and the most
121 serious value of 1.82 m; the right rib (mining direction)
of roadway changed from 4.5m to 2.9 m.

The mean value of heaving floor was 0.93 m, and the
200 most serious value is 1.63 m; the whole track of the
roadway in the severe section was lifted as a whole.

In the severely deformed section, the roadway was
60 seriously deformed and damaged, the roof and floor were
connected, and the two ribs moved close greatly.
At 936-990 m, the value of heaving floor was 0.4-0.8 m,
and the belt rack was lifted and tilted outwards.
At 1600-1750 m, the value of heaving floor was 0.3-1.1 m,
150 the roof subsidence is small, and the track is lifted
and tilted outward.

54

The roof sunk by 0.3 m, the value of heaving floor was
60 0.3-0.5m, the track was lifted, and the transfer train
was overturned.

The two ribs of roadway moved close to 0.3-0.5m,

20 and the roof and floor changed a little.

The floor bulged by 0.3-0.5m, and the two ribs moved
70

closer by 0.1-0.3 m.

The periodic weighting of the panel 250205 caused the
15 . . ..

heaving floor of roadway in advance of the mining face.

The floor bulged by 0.2-0.3 m, and the two ribs (mining
3 direction) of roadway were seriously deformed, with

a mean deformation of 0.28 m in left rib and 0.22 m
in right rib.

1 The value of heaving floor was serious, with a mean

value of 1.9 m, the most serious value is 2.4 m.

concluded that the water can effectively soften a certain
range of coal mass in shallow part of the roadway ribs, and
then the burst tendency test indexes of coal seam are
reduced. Under the circumstances, the certain range of coal
mass in shallow part of the roadway ribs is not easy instan-

taneous instability and failure, and then a rock-burst acci-
dent is not easy to occur in roadway ribs. Therefore, the
water jet technology is used to prevent rock burst of roadway
ribs. The prevention mechanism schematic diagram of rock
burst in roadway ribs is shown in Figure 9.
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FIGURE 6: The typical surrounding rock failure forms of roadways on site. (a) Extrusion deformation of ribs. (b) Slight heaving floor. (c)
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F1GURE 7: The occurrence mechanism schematic diagram of rock burst in roadway ribs. (a) Static load dominant type. (b) Dynamic load

dominant type.

According to Figure 9, the prevention mechanism of
rock burst by water jet technology can be obtained by com-
paring this pressure relief measure before and after using on
the roadway ribs. From the perspective of elastic strain
energy, before using the pressure relief measure of water
jet technology, when the elastic strain energy (E,) accumu-
lated in rock burst start-up zone (I) is greater than the crit-
ical value of induced rock burst, a certain range of coal
mass in rock burst start-up zone (I) is unstable and
destroyed instantly, then the rock burst start-up zone (I)

becomes activated. However, after using the pressure relief
measure of water jet technology, when the elastic strain
energy (E.) accumulated in rock burst start-up zone (II) is
greater than the critical value of induced rock burst, a certain
range of coal mass in rock burst start-up zone (II) is unstable
and destroyed instantly, then the rock burst start-up zone
(II) becomes activated. But the rock burst start-up zone
(II) is in the depth part of the roadway rib and there is a
water jet zone (weak structure zone) in the path of its energy
propagation and release. The water jet zone (weak structure
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FIGURE 9: The prevention mechanism schematic diagram of rock burst in roadway ribs.

zone) can effectively absorb and scatter the elastic strain
energy (E,) in its propagation process, and the residual elas-
tic strain energy (E,) accumulated in rock burst start-up
zone (III) is at a low level. At the moment, the rock burst
start-up zone (III) is not easy to activate and the roadway
rib is not prone to rock burst occurrence.

From the perspective of abutment stress, it can be seen
that the existence of water jet zone (weak structure zone)
makes the initial “single peak” curve change to a final “double
peak” curve, and the initial single peak high concentration
static load (aj) changes to a final double peak concentration
static loads (0, and 0,), and these concentration static loads
satisty the following conditions: 0; > 0}, > 0,. The distance
relation between these concentration static loads and the
roadway rib satisfies the following conditions: S, > S,, > S,,
. It can be seen that after taking water jet technology, the high
concentration static load (o)) is transferred to the depth part
of the roadway rib, and the stress concentration degree is
reduced as peak concentration static load (0,). This means

that static load dominant type of rock burst will not occur.

In addition, after using the pressure relief measure of
water jet technology, there will be a lot of water left in the
water jet zone (weak structure zone), and it will play an aux-
iliary role in softening the coal mass in shallow part of the
roadway rib. This will further reduce the possibility of the
occurrence of rock burst in roadway rib.

3.2.2. The Prevention Mechanism in Roadway Floor. It is
assumed that when the abutment stress concentration value
is higher than concentration static load (o), it will affect the
coal and rock medium in the floor, and the coal and rock
medium in the floor will be transformed into a plastic state.
Based on the Terzaghi theory, the prevention mechanism
schematic diagram of rock burst in roadway floor is shown
in Figure 10.

According to Figure 10, from the perspective of abut-
ment stress, before using the pressure relief measure of water
jet technology, the width range of abutment stress concen-
tration value higher than concentration static load (0,) can
be defined as a; after using the pressure relief measure of
water jet technology, there is a certain range of pressure
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F1GURE 10: The prevention mechanism schematic diagram of rock
burst in roadway floor.

relief zone that does not meet the abutment stress concentra-
tion value higher than concentration static load (o,), so the
width range of abutment stress concentration value higher
than concentration static load (o,) is discontinuous and it
can be defined as b and c. According to the research results
of relevant literature, the width ranges of abutment stress
concentration value higher than concentration static load
(0,) satisty the following conditions: a > b+ c. Therefore,
the superposition area of plastic state zones (S,,0pc, and
Sacocce) 1s less than the area of plastic state zones (S,c).
After using the pressure relief measure of water jet technol-
ogy, the area of plastic zone in floor is smaller and its degree
of heaving floor caused by instantaneous sliding instability
will be reduced. It can be seen that after the pressure relief
measure of water jet technology is taken for the roadway
ribs, the prevention effect of rock burst in floor can be
achieved at the same time.

4. Mechanism Analysis of Water Jet Technology

4.1. Introduction of Water Jet Technology. The construction
process of water jet technology for roadway rib is as follows:

(a) Firstly, it is necessary to drill an initial borehole on
the roadway rib with an ordinary drill bit, and the
borehole diameter (d) should meet the requirements
of subsequent water jet punching. If this is not done,
the nozzles can easily be blocked by pulverized coal
during subsequent operations. Therefore, based on
the selected model of water jet drill bit (model
7JN94/3), the initial borehole diameter should be
greater than 94 mm, and then an ordinary drill bit
with diameter of 110 mm is adopted

(b

=

Secondly, when the length of an initial borehole (L)
reaches its design length, the ordinary drill bit is

11

backlogged and replaced with a water drill bit
(model ZJN94/3). The water drill bit (model
ZJN94/3 cannot be used directly for drilling to pre-
vent the nozzles from being blocked by pulverized
coal. Then, according to the initial design, the water
jet drill bit is used to punch the initial borehole, and
then a length of punching section (I,) is formed,
namely, water jet section. In order to prevent safety
accidents caused by borehole return water with slag,
the residual length of this initial borehole (/) can be
seen as a protected zone without punching by water
jet drill bit. The diameter of water jet section (D) is
determined by the water jet parameters

(c) Thirdly, the water supply is provided by pumping,
and the water pressure is regulated by BOTK-01
series water pressure regulating systems. The drill
stems are hollow, and they are connected in turn to
provide water supply path. When the adjusted water
supply reaches the position of water jet drill bit
through this path, finally water supply is sprayed
out by three nozzles on the water jet drill bit, and
the three nozzles are 120° to each other

(d) Finally, the three water jets punch the initial bore-
hole wall by rapidly rotating with the water jet drill
bit and continuously moving axially with the drill
stems (hollow), and then, a water jet section is
formed. This water jet section can play a good pres-
sure relief effect for the roadway ribs and floor

The schematic diagram of water jet technology for road-
way rib is shown in Figure 11.

4.2. Punching Mechanism of Water Jets. When the water
supply is sprayed out of the nozzles, it will change into water
jets and punch the initial borehole wall. The number of
water jets is determined by the number of nozzles on the
water jet drill bit. Based on the water drill bit (model
ZJN94/3), it can be known that there are three water jets
punching the initial borehole wall. The punch capacity of
water jets can be adjusted by changing nozzles with different
diameters (d,)). The schematic diagram of water jets punch-
ing initial borehole wall is shown in Figure 12.

When the pressure and quantity of flow parameters of
water supply are determined, the theoretical quantity of flow
of these nozzles is also determined accordingly. The theoret-
ical quantity of flow can be calculated by the following
formula [20]:

q,=2.1-(d,)* VP, (1)

where g, is the theoretical quantity of flow of these nozzles;
d, is the equivalent diameter of these nozzles; and p is the
pressure of water jet at the nozzle exit.

The practical quantity of flow of these nozzles is
depended by the geometric shape, inner surface roughness,
and internal flow state of these nozzles, which is mainly
determined by the field test. According to the statistical
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FiGURE 12: The schematic diagram of water jets punching initial borehole wall. (a) The plan view. (b) A-A cross-section view. Note: 1 is the
nozzle; 2 is the water jet drill bit; 3 is the water jet; and 4 is the initial borehole wall.

results of relevant literatures [21], the flow coeflicients under
different models of nozzles are shown in Table 8.
Therefore, the practical quantity of flow of these nozzles
can be calculated by the following formula:
q=p-dp ()
where g is the practical quantity of flow of these nozzles, cal-
culated in terms of flow per minute; y is the flow coeflicient.
For multiple nozzles, they should be converted into

equivalent diameter of nozzles for calculation. The equiva-
lent diameter can be expressed as the following formula:

do= [ () + () + (d+-+(d,)%  (3)

where d, is the equivalent diameter of nozzles; n is the num-
ber of nozzles.

TaBLE 8: The flow coeflicients under different models of nozzles.

Models of nozzles Flow coeflicient

Thin-wall orifice 0.62
Extension stub 0.82
Internal extension stub 0.71
Conical convergence {nod}el 0.95
(contraction angle 13°-14")

Conical expansion model (5°-7°) 0.45
Streamline model 0.98

Since the practical quantity of water flow is better mon-
itored in practice and the model of nozzles can also be deter-
mined in advance, according to Equations (1) and (2), its
expression can be known as the following formula:
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During the water jets punching, the dynamic pressure of
water jets acting on the initial borehole wall causes the inter-
nal stress in the coal mass of initial borehole wall. When the
maximum shear stress of this internal stress exceeds the ulti-
mate compressive strength of the coal mass, the coal mass is
damaged. Therefore, in order to destroy the coal mass of ini-
tial borehole wall and form a larger range of water jet sec-
tion, it is necessary to make the pressure of water jet at the
nozzle exit greater than the ultimate compressive strength
of the coal mass.

According to Figure 11, the nozzle model can be seen as
an extension stub and its flow coeflicient (y) is about 0.82.
The diameter of this nozzle model for water jet drill bit
(model ZJN94/3) is 1.6 mm, 2.0 mm, 2.5mm, and 3.0 mm,
respectively. Assuming that the adjustable range of practical
quantity of flow for water supply is about 100 L/min~300 L/
min, and then based on Equation (4), the change law of pres-
sure of water jet at the nozzle exit can be obtained as shown
in Figure 13.

According to Figure 13, it can be seen that the pressure
of water jet at the nozzle exit increases exponentially with
the increasing of practical quantity of flow for water supply
under any nozzle diameter condition. Under the same prac-
tical quantity of flow for water supply condition, the smaller
the nozzle diameter is, the greater the pressure of water jet at
the nozzle exit is. According to Table 5, the mean uniaxial
compressive strength of coal standard specimens from No.
5 coal seam in mining area 2502 has been known to be
15.4 MPa. Then, combining with Figure 13, it can be seen
that when the diameter of this nozzle model for water jet
drill bit (model ZJN94/3) is 1.6 mm, 2.0 mm, and 2.5 mm,
there is a pressure of water jet at the nozzle exit that can pro-
vide higher strength than the mean uniaxial compressive
strength of the No. 5 coal seam under certain practical quan-
tity of flow for water supply. But when the diameter of this
nozzle model for water jet drill bit (model ZJN94/3) is
3.0mm, the practical quantity of flow for water supply is
almost 300 L/min, and the corresponding pressure of water
jet at the nozzle exit can be higher than 15.4 MPa. Therefore,
this nozzle model with diameter of 3.0 mm is not considered.
The larger the practical quantity of flow for water supply is,
the stronger the slag carrying capacity of return water is.
Therefore, this nozzle model with diameter of 2.0 mm is
selected for field industrial test, and the practical quantity
of flow for water supply should be higher than 236 L/min
and less than 300 L/min.

5. Field Industrial Test
5.1. The Implementation Method

5.1.1. The Determination of Spacing and Diameter
Parameters. The panel 250204 is now being driven, and it
is the third panel in the mining area 2502. The field indus-
trial test is carried out on the ribs of 250204 tailgate before
its mining stage. The water jet pressure relief measure is

13

451
40
351
30

251

20
15.4 MPa .
e - A m - A —————-
\ -

\

10 |

Pressure of water jet at the nozzle exit/(MPa)

T
I
¥
1=
I
I

50 100 150 '200 ' 250 300 350
Practical quantity of flow for water supply/(L/min)

— L6mm
—-—=-= 2.0mm

F1GURE 13: The change law of pressure of water jet at the nozzle exit.

applied to roadway part in syncline geological structure
influence area. The mean buried depth of the panel 250204
is about 580 m. It is assumed that the corresponding diame-
ters of water jet section (D) are taken as 200 mm, 300 mm,
and 400 mm, respectively. Then, the spacing between adja-
cent water jet boreholes (L) can be determined by numerical
simulation method, and the numerical simulation results of
different spacing between adjacent water jet boreholes are
shown in Figure 14.

It can be seen from Figure 14(a) that the vertical stress
between adjacent water jet boreholes begins to overlap
slightly on the condition of diameter 300 mm and further
at the diameter of 400 mm. As the diameter of these adjacent
water jet boreholes is further increased, the vertical stress
between adjacent water jet boreholes begins to overlap ade-
quately and the coal mass between adjacent water jet bore-
holes changes into plastic state at the diameter of 500 mm.
The plastic state zone between each two adjacent water jet
boreholes is connected to form a wide range of pressure
relief structure zone, and this zone can effectively transfer
and release the high concentrated static load in roadway rib.

It can be seen from Figure 14(b) that when the spacing
between adjacent water jet boreholes (L) increases from
3.0m to 5.0m, the vertical stress between adjacent water
jet boreholes cannot overlap adequately at diameters of
300 mm, 400 mm, and 500 mm. At this point, if the vertical
stress between adjacent water jet boreholes can overlap suf-
ficiently, it is necessary to further increase the diameter of
these adjacent water jet boreholes. Considering that too large
diameter of water jet boreholes requires more pressure of
water jet at the nozzle exit and time for punching, and the
stability of water jet boreholes is poor, it is not suitable to
set too large spacing between adjacent water jet boreholes.

In summary, the relatively reasonable spacing between
adjacent water jet boreholes is determined to be 3.0m and
the corresponding diameter of water jet section is deter-
mined to be 500 mm.
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F1GURE 14: The numerical simulation results of different spacing between adjacent water jet boreholes. (a) When L is 3.0 m. (b) When L

is 5.0 m.

5.1.2. The Determination of Length Parameter. The water jet
borehole length (/,) can be determined by numerical simula-
tion results. Before pressure relief by using water jet technol-
ogy for the roadway rib, the change law of abutment stress
curve is shown in Figure 15(b). It can be seen that the abut-
ment stress curve can be divided into three zones, and they
are the reduced pressure zone (I), the increased pressure
zone (II), and the stable pressure zone (III) from the outer
roadway rib to the inner coal mass, respectively. High con-
centrated static load is easy to accumulate in the increased
pressure zone (II) and then induces the coal mass instant
instability and the occurrence of rock burst under the condi-
tion of static and dynamic loads superposition. Therefore,
the water jets should be mainly used to punch the increased
pressure zone (II) and the water jet borehole length (/,) can
be determined by numerical simulation method. According
to the numerical simulation results in Figure 15(b), the
width of increased pressure zone (II) is about 15.0m, and
then the corresponding water jet borehole length (I,) can
be taken as 15.0 m. The residual length of this initial bore-
hole (1) can be determined to be 5.0 m.

With the increase of abutment stress in the coal mass,
the microcracks in the coal mass will be further compacted,
and the permeability of the coal mass will be further
reduced. A steady flow method is also used to verify the
position of stress peak, and its schematic diagram is shown
in Figure 15(a). This method mainly forms a certain con-
fined space in an initial borehole through two sealed cap-
sules with certain water pressure (usually for 2.0~3.0 MPa),
and the certain water pressure can be adjusted by pressure
gage. The dimension of connecting rod between two sealed
capsules is 1.0 m. When the certain confined space is formed
in an initial borehole, use nitrogen gas cylinder to supply gas
to this confined space and keep the flow stable by a flowme-
ter. According to this method, the position where the flow
stability is minimum, that is, the position of peak stress,
can be measured. As shown in Figure 15(b), the minimum

steady flow position is about 10m away from the roadway
rib, which basically overlapped with the numerical simula-
tion peak stress position, further verifying the accuracy of
the simulation results.

After pressure relief by using water jet technology for the
roadway rib, the change law of abutment stress curve is also
shown in Figure 15(b). It can be seen that the stress in the
increased pressure zone (II) has been transferred and
released, and almost all the stress in this zone is less than
14.5 MPa at this time. It can be seen that water jets punching
can play a good pressure relief effect in the coal mass of
increased pressure zone (II), so as to effectively prevent the
occurrence of rock burst.

5.1.3. The Specific Construction Scheme. According to the
specific parameters of water jet boreholes determined above,
the field engineering application is carried out on the two
ribs of the 250204 tailgate, namely, the coal-pillar rib and
the solid-coal rib. The length of the 250204 tailgate for field
engineering application is about 60 m. Before using water jet
technology, the initial boreholes with a diameter of 110 mm
are adopted on both coal-pillar rib and solid-coal rib, and 21
initial boreholes with an interval of 3.0m are constructed
symmetrically on the coal-pillar rib and solid-coal rib. The
orifice position of every initial borehole is about
1.2m~1.5m away from the floor, and the inclination of
every initial borehole is about 3°~5°, which is conducive to
the return water and slag carrying in the subsequent water
jet construction; after using water jet technology, when the
length of an initial borehole reaches 20.0m, the ordinary
drill bit is backlogged and replaced with a water drill bit
(model ZJN94/3). Then, according to the above analysis,
the water jet drill bit is used to punch the initial boreholes,
and then water jet sections with a length of 15.0m and a
diameter of 500 mm is formed inside the roadway ribs. The
specific construction scheme of water jet technology in the
250204 tailgate is shown in Figure 16.
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5.2. The Field Monitoring Results

5.2.1. The EMR Monitoring Result. As the signal intensity of
electromagnetic radiation (EMR) is positively correlated
with the stress state of coal mass inside roadway ribs [22];
therefore, a KBD-5 Exib series of electromagnetic radiation
monitor is used to monitor the change law of stress state
for coal mass inside the roadway ribs. Before and after using
water jet technology on the roadway ribs, a receiving
antenna is used to monitor the roadway ribs by noncontact
means, and the interval distance of adjacent monitoring
points is about 2.0 m. The effective monitoring of maximum
depth for this EMR is 22m, and it can meet the require-
ments of field monitoring. The monitoring diagram of
coal-pillar side is shown in Figure 17.

According to Figure 17, the monitoring result of signal
intensity by EMR on solid-coal rib and coal-pillar rib is
shown in Figure 18. It can be seen from Figure 18 that the
overall signal intensity of EMR after using water jet technol-
ogy is lower than that before using water jet technology. On
the side of coal-pillar rib, the mean signal intensity of EMR
before using water jet technology is about 44.2 mV, and the
mean signal intensity of EMR after using water jet technology
is about 17.6 mV. The decreasing amplitude of signal inten-

sity of EMR is about 60.2%, as shown in Figure 18(a); on
the side of solid-coal rib, the mean signal intensity of EMR
before using water jet technology is about 49.7 mV, and the
mean signal intensity of EMR after using water jet technology
is about 15.6 mV. The decreasing amplitude of signal inten-
sity of EMR is about 68.6%, as shown in Figure 18(b).

The above analysis shows that the water jet technology
for roadway ribs can well relieve and transfer the high con-
centration stress accumulated in coal mass inside the road-
way ribs and then makes the coal mass inside the roadway
ribs in a good stress environment.

5.2.2. The Convergences Monitoring Result. After using water
jet technology, a “cross-shaped” observation method is used
to monitor the convergences of surrounding rock in the
pressure relief roadway part [23]. The convergences of sur-
rounding rock are monitored mainly through the pegs
installed on the roadway surface, and the corresponding
measurement tools are lines, telescoping rods, and trpes.
The pegs can be divided into roof peg, rib pegs, and floor
peg, and their arrangement is shown in Figure 19(a).
According to Figure 19(a), it can be seen that the roof peg
and floor peg are installed in the middle of the roof and
floor, respectively, and the rib pegs are symmetrically
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FIGURE 17: The monitoring diagram of coal-pillar side in the 250204 tailgate.

installed 2.0 m away from the floor. A total of 3 groups of
measuring stations are arranged in the pressure relief road-
way part with an interval distance of 15m, and the mean
convergences monitoring result are shown in Figure 19(b).
According to Figure 19(b), it can be seen that the mean
convergence of roof to floor increases with the increase of
observation time, and the maximum mean convergence of
roof to floor is about 129 mm at 38 days; the mean conver-

gence of solid-coal rib to coal-pillar rib also increases with
the increase of observation time, and the maximum mean
convergence of solid-coal rib to coal-pillar rib is about
109 mm at 38 days. The mean convergence rates of roof-
to-floor and solid-coal rib to coal-pillar rib both begin to
decrease at 20 days and then stabilize at 29 days.

As the width and height of 250204 tailgate are 4.8 m and
4.0 m, respectively, the convergence ratio of roadway height
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FI1GURE 19: The “cross-shaped” observation method in the pressure relief roadway part. (a) Schematic diagram of “cross-shaped” observation

method. (b) Mean convergences monitoring result.

is about 3.2% and the convergence ratio of roadway width is
about 2.3%. Both the convergence ratios of roadway height
and width are controlled within 5.0%, which means that
the control effect of surrounding rock for the 250204 tailgate
is good. It can be seen that the effective pressure relief for the
ribs is also helpful for the pressure relief of the floor and thus
improve the stress environment of coal and rock medium in
the floor. Therefore, the water jet technology is not only
helpful to the prevention of rock burst for the roadway ribs
but also can play a good prevention of rock burst for road-
way floor.

6. Conclusions

(1) Huayan mine field was affected by strong geological
tectonic stress, and the horizontal stress is much
greater than the vertical stress in this mine field.
The mining and driving spaces are easily affected

()

by this strong geological tectonic stress and then
induce rock burst. Based on the burst tendency test
result of No. 5 coal seam before and after saturated
water state, the burst tendency of No. 5 coal seam
can be reduced to a certain extent after softening
with water

According to the monitoring records of rock-burst
accidents of panels 250205 and 250206 in the mining
area 2502 during their mining periods, these typical
mine pressure behaviors mainly caused heaving floor
and serious deformation of two sides. Therefore, it is
necessary to take effective methods to relieve the
pressure of floor and two ribs of roadway

Based on the superposition mechanism of dynamic
and static loads, the occurrence mechanism of rock
burst in roadway ribs has two different forms, and
they are static load dominant type and dynamic load
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dominant type, respectively. No matter what kind of
rock burst, the occurrence positions are all a certain
range of coal mass in shallow part of the roadway
ribs. Therefore, it is necessary to take targeted mea-
sures to relieve pressure and prevent rock burst.
Based on the Thessarky theory, it can be known that
when the vertical stress caused by a certain range of
coal mass in shallow part of the roadway ribs exceeds
a certain value instantly, it will cause a certain range
of coal mass in shallow part of the roadway floor to
be unstable and destroyed instantly and then induce
rock burst

(4) The water can effectively soften a certain range of
coal mass in shallow part of the roadway ribs, and
then, the burst tendency test indexes of coal seam
are reduced. Therefore, the water jet technology is
used to prevent rock burst of roadway ribs. After
the pressure relief measure of water jet technology
are taken for the roadway ribs, the prevention effect
of rock burst in floor can be achieved at the same time

(5) The field industrial test is carried out on the ribs of
the 250204 tailgate before its mining stage. The
EMR monitoring result shows that the water jet
technology for roadway ribs can well relieve and
transfer the high concentration stress accumulated
in coal mass inside the roadway ribs and then make
the coal mass inside the roadway ribs in a good stress
environment; the convergences monitoring result
shows that the effective pressure relief for the ribs
is also helpful for the pressure relief of the floor
and thus improve the stress environment of coal
and rock medium in the floor
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Seam spacing plays a crucial role in selecting roof bolting of the close-distance coal seam. This work utilized three methods to
determine the minimum roof bolting seam spacing of the lower coal seam (LCS) entry after the upper coal seam (UCS)
mining. Based on the entry of the No.3-2 coal seam (LCS) in Chaili Coal Mine in China, theoretical analysis, pull-out bolt test,
and numerical simulation were performed to calculate the maximum floor failure depth of the UCS and to determine the
minimum seam spacing of the roof bolting. The maximum floor failure depth of the UCS determined through theoretical
analysis and numerical simulation is 3.2 m and 3.3 m, respectively. In general, the anchorage length of rock bolting is less than
2.4m, so the minimum seam spacing is 5.6 m or 5.7 m. To further determine the anchorage performance of the roof, the pull-
out test was employed on the entry roof of the LCS. When the seam spacing is no less than 6 m, the test results show that the
pull-out force of the bolt is more significant than 30kN; in addition, the numerical simulation results indicate that the roof-to-
floor and rib-to-rib convergence are relatively small. Therefore, the LCS entry’s minimum roof bolting seam spacing can be
determined as 6 m. This study could be used to select and design roof bolting under similar close-distance coal seam conditions.

1. Introduction

The close-distance coal seam (CDCS) reserves are abundant
in China [1]. Affected by mining and geological conditions,
the mining method of the CDCS is primarily based on expe-
rience. Descending mining, which is widely used in the
CDCS, first retreats the upper coal seam (UCS) and then
develops the entry in the lower coal seam (LCS) until the
overburden is stable. The entry in the LCS is mostly located
under the gob or chain pillar. Due to the small seam spacing,
the mining activity in the LCS will contribute to the destruc-
tion of the overburden time after time, which challenges the
surrounding rock control of the entry. Therefore, seam spac-
ing is a crucial factor in the entry’s support design, especially
under the gob in the LCS. Due to the UCS’s mining, the LCS
roof is badly damaged when the seam spacing is minimal,
and the rock bolts anchor in the loose and broken surround-
ing rock, leading to poor roof anchoring performance. In
addition, it is hard to obtain a good support effect with rock

bolting. At this time, passive support such as steel arch sup-
port is supposed to be taken into account to ensure the sur-
rounding rock stability of the LCS entry. Conversely, when
the seam spacing is large, the roof of the LCS seam is rela-
tively complete, and the rock bolt can be anchored in the sta-
ble surrounding rock. At this time, the rock bolting could
reach well technical and economic effects.

The fracture and development law of the overburden of
UCS in CDCS has received a great deal of research attention.
Li et al. obtained the development characteristics of the over-
burden using the geological penetration radar [2, 3]. With a
physical similarity simulation (PSS), Li et al. [4] determined
the first and the periodic weighting interval of the main roof.
Cui et al. [5, 6] used 3DEC to analyze the development law
of the overlying strata’s cracks in western China. Ning
et al. [7] evaluated the height of fractured zones of the
CDCS. Zhang et al. [8] researched the overburden’s bearing
structure and stability characteristics employing numerical
simulation, PSS, and theoretical analyses.
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FiGure 1: The position of Chaili Coal Mine.

Several recent studies have focused on floor failure depth
and stress distribution during UCS mining. Zhang et al. [9]
built a floor failure mechanical model of the UCS. Sun
et al. [10] proposed a mechanical model based on half-
plane theory to obtain the evolution law of the floor. Tan
et al. [11] utilized micro seismic techniques, numerical sim-
ulations, and borehole inspection to explore the distribu-
tions of strata failure. By using UDEC, Liu et al. [12]
analyzed the stress distribution of LCS.

Recent studies have explored the LCS entry’s optimal
layout and surrounding rock stability control in CDCS.
Wang et al. [13] suggested that the creep characteristics of
surrounding rock are the most critical factor in selecting
for the entry’s layout of the LCS in deep mines. Wu et al.
[14] built a mechanical model to research the stress distribu-
tion under chain pillars and adopted numerical simulation
to select the optimal entry layout in ultra-close coal seams.
Xu et al. [15] focused on the different excavation schemes
in the CDCS mining and determined to leave a small coal
pillar for excavation. Zhang et al. [16] established a layout
of the entry using numerical simulation to minimize the risk
of disasters. Zhang et al. [17] put forward the grouting rein-
forcement method of local fractured zones under a super
thick hard roof in an ultra-close-distance coal seam. Zhang
et al. [18] focused on surrounding rock stability control
and technical parameter design for the gob-side entry
retained under the gob.

In conclusion, a large body of literature has focused on
the fracture and development law of the overburden of
UCS, floor failure depth and stress distribution during
UCS mining, and the optimal layout and the surrounding
rock stability control of LCS entry in CDCS. As the decisive
factor of surrounding rock stability control of the LCS entry,
it is necessary to deepen the research on seam spacing fur-

ther. Due to the complexity of mining and geological condi-
tions, rock bolting or steel arch support is widely used in
LCS entry. However, quantitative research on roof bolting
technology and support parameters according to the seam
spacing size has not yet been conducted. In this paper, taking
the tailgate of the No.3-2 coal seam (LCS) in Chaili Coal
Mine as an example, the performance of roof bolting is com-
prehensively studied by three methods. First, the theoretical
analysis was used to calculate the maximum floor failure
depth. Then, the pull-out test was carried out to determine
the minimal seam spacing for roof bolting. With the thought
that the distribution depth of yield zone of the floor can rep-
resent the maximum floor failure depth, the numerical
model was established by FLAC3D. In addition, because
the rock bolts are supposed to anchor in relatively intact
rock mass, the bolts should not reach the edge of the yield
zone in the numerical simulation while determining the
minimal seam spacing. This study could be used to select
and design roof bolting under similar CDCS conditions.

2. Mining and Geological Conditions

Chaili Coal Mine is located in Tengzhou City, Shandong
Province, China, as shown in Figure 1. The current mining
seam is the No.3 coal seam. No.3 coal seam is divided into
No.3-1 coal seam and No.3-2 coal seam, and the thickness
of these two coal seams is 4.8m and 3.2m, respectively.
The seam spacing between No.3-1 coal seam and No.3-2
coal seam varies from 2 m to 9 m. Figure 2 shows the gener-
alized stratigraphy column.

The panel layout for the No.3 coal seam is 150 m wide by
1766 m long, with a 5m wide chain pillar between the
panels. The tailgate in No.3-2 coal seam under the gob is
developed with the dimension of 4m long x3.2m wide,
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FIGURE 2: Generalized stratigraphy column.
oL
N
N\
K)QDQDQQQO”@@L%@L%t vvvvvvn_ﬂvﬂr

|
III J

No.3-1 coal seam (UCS)
Y 1

e

1I

Y

No.3-2 coal seam (LCS)

FIGURE 3: Schematic diagram of the failure depth of No.3-1 coal seam floor.

located directly below the tailgate of No.3-1 coal seam. Fur-
thermore, the cross-section of the tailgate is supported by
steel arches.

3. Calculation of the Floor Failure Depth of
No.3-1 Coal Seam

According to Zhang [9], the floor failure mechanical model
of No.3-1 coal seam (UCS) can be established as shown in
Figure 3. Plastic deformation of the floor of the UCS is form-
ing (Area I) when reaching the limit of elasticity. Up to the

peak value, the plastic failure zones within the abutment pres-
sure range are linked together, leading to the floor heave of the
gob and the plastic deformation transferring from Area II to
Area III, forming a continuous sliding surface. At this time,
the maximum floor failure depth h,,, is reached.

Where S is the seam spacing between No.3-1 coal seam
and No.3-2 coal seam ranging from 2m to 9 m.

ey 1s the maximum floor failure depth of No.3-1 coal
seam.

L is the distance between the peak front abutment pres-
sure and the panel.
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Based on the research of Zhang [9] and Sun [19], the
floor failure depth can be calculated by Equations (1)-(4):

h =L ¢ % sin, (1)

max

M KyH +c-cot ¢

L:E " (-c-cotgp ’ @)
a=g -2+ %, (3)
=77 (4)

2 4
where ¢ is the internal friction angle of the floor, 30".

¢ is the internal friction angle of the No.3-1 coal seam,
28"

M is the height of the gob, 10.6 m.

K is the stress concentration coefficient, 1.4.

y is the average bulk density of the overburden, 25 kN/

3

m’.

H is the average buried depth of the No.3-1 coal seam,
300 m.

c is the cohesion of the No.3-1 coal seam, 1.45 MPa.

f is the friction coeflicient of the interface between the
No.3-1 coal seam and the floor (f =tan ¢).

{ is the triaxial stress coefficient, { = (1 + sin ¢)/(1 - sin

).

Therefore, the maximum floor failure depth of No.3-1
coal seam is as follows:

ey = 3.2m. (5)

4. Roof Bolt Pull-Out Test of No.3-2 Coal
Seam under the Gob of No.3-1 Coal Seam

To verify the anchorage performance of the roof of the LCS
(No.3-2 coal seam) in the CDCS, the bolt pull-out test was
carried out on the roof of No.3-2 coal seam to determine
the minimum seam spacing of the roof bolting. If the pull-
out force of the bolt is more significant than 30kN, it is con-
sidered that the roof is in good anchorage condition [20].
Otherwise, it is considered that the roof is not suitable for
rock bolting.

4.1. Test Materials

(1) rock-bolt drawing dynamometer (measuring range is
200kN, and resolution is 1.0kN)

(2) jumbolter
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FIGURE 6: Drawing force-displacement curve of test rock bolt.
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FiGure 7: Configuration of the model performed using FLAC3D.
TaBLE 1: Rock strata properties used in the numerical model.
No. Lithology Thickness (m) D (kg/m3) K (MPa) G (MPa) T (MPa) ¢ (MPa) f (deg)
1 Medium-fine sandstone 41 2535 4000 1500 3.00 3.50 35
2 Mudstone 10 2526 2500 1200 6.50 1.38 30
3 Sandy mudstone 3 2731 3340 3280 1.32 1.48 33
4 No.3-1 coal seam 4.8 1462 1500 1020 4.30 1.04 31
5 Mudstone 3-9 2526 2500 1200 6.50 1.38 30
6 No.3-2 mudstone 3.2 1462 1500 1020 4.30 1.04 31
7 Sandy mudstone 4 2738 1800 1100 2.00 2.50 28
8 Medium-fine sandstone 4 2731 6340 9280 4.23 3.48 33
9 Sandy mudstone 7 2731 3340 3280 1.32 1.48 33

Where D is the average density of the rock strata, kg/m”. K is the bulk modulus of the rock strata, MPa. G is the shear modulus of the rock strata, MPa. T is the
tensile strength of the rock strata, MPa. ¢ is the cohesion of the rock strata, MPa. f is the friction angle of the rock strata, deg.

(3) rock bolt (20mm x L2000mm), and resin cartridge
(@18mm x L600mm)

4.2. Test Method. The test site is shown in Figure 4. Eight test
points were arranged at a seam spacing of 2-9 m. The jum-
bolter was used for the roof bolt installation within two days
of headgate excavation, and the bolt pull-out test was carried
out within 4 hours.

As shown in Figure 5, three test rock bolts were
installed on the entry roof at every test point, the side bolts
were 500 mm away from the entry’s rib, and the other was
in the middle. During bolt installation, the bearing plate
must be in close contact with the surface of the surround-
ing rock of the entry and the installation torque of tension
nut was supposed to be relatively large (100~185Nm) [20,
21]. Therefore, the installation torque of the tension nut
was made 150 Nm. The drawing dynamometer should be
coaxial with the bolt axis. Meanwhile, ensure that the bolt
body does not contact the borehole wall. After installing
the test bolt, apply bolt load slowly and continuously, and
record bolt displacement every 5kN. Stop the pressure

application and record the value of the hand pump until
the test bolt fails.

4.3. Test Results and Analysis. Figure 6 indicates that with
the increase of drawing force, the displacement of test bolts
gradually increases under different seam spacing.

(1) As shown in Figure 6(a), when the initial drawing
force reaches 5kN, the displacement of test bolts
reaches 170 mm. With the increase of drawing force,
the test displacement increases, and the displacement
is 250 mm when the drawing force is 20kN. When
the drawing force is 21kN (<30kN), all three test bolts
fail, indicating that the roof bolt does not have anchor
performance under the 2 m seam spacing

—
XS}
~

Figures 6(b), 6(c), and 6(d) also present that when
the drawing force is less than 30kN, all three bolts
are pulled out at a seam spacing of 3-5m

(3) At the 6m seam spacing, what is striking in
Figure 6(e) is that when the drawing force reaches
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30kN, the entire test bolts do not fail. Meanwhile, the
displacement of the bolts is small

(4) Figures 6(f), 6(g), and 6(h) show the test results at a
seam spacing of 7-9m. When the drawing force
reaches 30kN, the displacement is also small. The
maximum drawing force that test bolts fail is 50kN,
60kN, and 65kN, respectively

Consequently, when the seam spacing between No.3-1
coal seam and No.3-2 coal seam is no less than 6m, the
drawing force of test bolts can reach 30kN, the roof of the
entry in No.3-2 coal seam is in good anchoring condition.

5. Numerical Modeling

The floor failure depth of No.3-1 coal seam (UCS) and
seam spacing significantly influence the coal entry support
in the No.3-2 coal seam (LCS). According to the calcula-
tion results of the floor failure depth of No.3-1 coal seam
in Section 3 and the test results in Section 4, determining
the minimum seam spacing of the rock bolts may cause
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FIGURE 9: The stress-strain fitting curve.

safety problems. As an effective tool for studying rock
mechanics behaviors in underground spaces [22, 23], this
section further studies the floor failure depth of the
No.3-1 coal seam after mining and the bolt anchoring per-
formance under different seam spacing by numerical
simulation.

5.1. Numerical Configuration. A numerical model (Figure 7)
using FLAC3D software was established to explore the floor
failure depth of No.3-2 coal seam (LCS) and the anchoring
performance of roof bolting. The dimensions of the model
were 380 m(length) x150 m(width) x80 m(height). The panel
layout for No.3-1 coal seam (UCS) was 150 m wide by 150 m
long with a 5m wide chain pillar between the panels. The
tailgate in No.3-2 coal seam under the gob was excavated
with the dimension of 4 m long x3.2 m wide, located directly
below the tailgate of No.3-1 coal seam. A vertical load of
6 MPa was applied to the upper boundary to simulate an
overburden pressure by assuming the overlying unit weight
is 25kN/m”. The final scaled rock mass properties are listed
in Table 1.

5.2. Simulation Plans. Where o, is the vertical stress where
the overlying strata apply on gangue.

G, is the shear modulus of the gangue in the gob.

K, is the bulk modulus of the gangue in the gob.

As shown in Figure 8, the numerical model was solved in
this simulation using the following steps:

(1) the retreat of the two panels of No.3-1 coal seam
(UCS) after initial balance, respectively

(2) the development of the entry of No.3-2 coal seam
(LCS) with seven different seam spacing (3-9 m)

The caved materials are then compacted and consoli-
dated after panel advances far enough in longwall mining
[24, 25]. Consequently, the entry of the LCS in CDCS is
supposed to develop until the gob is generally consoli-
dated. The constitutive model applied in the caved zone
is Double-Yield to simulate this actual situation. In
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FiGure 10: Yield zone distributions around entry for different seam spacing.
addition, the Saint Venant theory is used to determine the Precisely, the two panels retreated in the No.3-1 coal
range of caved zone, which is given by seam (UCS) after several timesteps. According to Equation
(6), when ¢, >¢,, it is considered that the overburden of the
& > &, (6)  UCS has collapsed. Therefore, customize the function in fish
to determine the range of caved zone, and compare the
where &, is the maximum principal strain. results with those calculated by empirical formula, as shown

g, is the critical value of tensile strain. in Figure 9. If the range of caved zone is consistent with the



Geofluids

1000 1000
600 600
200 200
-200 600
600 ~1000
1000 1400

(i) z-displacement (ii) x-displacement

(a) 3 m seam spacing

400
200
0
-400
-600
-800
-1000

(i) z-displacement (ii) x-displacement

400
o 200

-200
-400
-600
-800
-1000

(b) 4m seam spacing

400 300

200 100
0 -100
-200 -300
-400 y- -500
-600 -700
: -800 -900

(i) z-displacement (ii) x-displacement
(c) 5m seam spacing
. 200 300
100 150
0 0
i
~300 ~300
~400 -450
-500 -600
(i) z-displacement (ii) x-displacement
(d) 6 m seam spacing
III III 200
100
= 0

I ' -100
-200
-300
-400
-500

(i) z-displacement (ii) x-displacement

(e) 7m seam spacing

Figure 11: Continued.



10

-300
-400

-100
-200

(i) z-displacement

Geofluids

100
50

-50

-100
-150
-200
-250
-300

‘ Entry

4.0 m

(ii) x-displacement

(f) 8 m seam spacing

. 250
150

-50

-150
-250
-350
-450

(i) z-displacement

100
50

-50
. -100
-150
-200
-250

-300
(ii) x-displacement

(g) 9 m seam spacing

FIGURE 11: Displacement distribution around entry for different seam spacing.

result of empirical formula [26], then convert the constitu-
tive model of caved zone from Mohr-Coulomb to Double-
Yield. At the same time, the mechanical parameters in the
yield zone are reduced to simulate the fractured zone, the
vertical stress o, volume modulus Ky, and the shear modu-
lus Gy, of the gangue in the gob are updated at regular inter-
vals until the balance is calculated. Based on the research of
Bai et al. [27], the properties of double-yield constitutive
model can be given by

Ky= b =2v, 7)

As shown in Equation (7), the volume modulus K, the
shear modulus G, and the vertical stress o, can be expressed
as a function of the vertical strain e. Consequently, after sev-
eral intervals, such as 50 timesteps, the vertical strain of the
gob material is recorded in numerical simulation, and then
changes these properties according to Equation (7). Then,
the LCS entry is developed once every 5m and rock bolting
until the end of the development.

5.3. Yield Zone Distribution around Entry for Different Seam
Spacing. This part is set out to seek the proper seam spacing
for roof bolting of the entry of No.3-2 coal seam (LCS). The
floor failure depth is reflected by the yield zone of the floor
of No.3-1 coal seam (UCS). According to suspension theory,
rock bolts are supposed to anchor in relatively intact rock
strata. Therefore, the end of the rock bolt had better anchor
out of the yield zone. Figure 10 shows the yield zone distri-
bution around entry for different seam spacing (3-9 m).
Figure 10 shows that with the increase of seam spacing,
the floor failure depth (ranging from 3.0 to 3.3 m) of No.3-
1 coal seam (UCS) has no noticeable change, but the yield

zone around the entry, particularly the roof, gradually
decreases.

(1) Figures 10(a), 10(b), and 10(c) show the yield zone
distribution at a seam spacing of 3-5m. It can thus
be seen, the yield zone around entry is large, and
the rock bolt cannot anchor in relatively intact rock
strata

(2) At the 6m seam spacing, what stands out in
Figure 10(d) is that the end of the rock bolt exactly
anchors out of the yield zone. Meanwhile, the distri-
bution of yield zone around entry is small

(3) Figures 10(e), 10(f), and 10(g) also present the distri-
bution of yield zone around entry is not large, and
the rock bolt can anchor in the relatively intact rock
strata

(4) Thus, when the seam spacing between No.3-1 coal
seam and No.3-2 coal seam is no less than 6 m, the
distribution of yield zone is not large, and the rock
bolt can anchor in relatively intact rock strata

5.4. Deformation of Surrounding Rock of the Entry for
Different Seam Spacing. It is one of the purposes of rock bolt-
ing to control the deformation of surrounding rock.
Figure 11 shows the deformation of the surrounding rock
of the entry for different seam spacing.

As shown in Figures 11 and 12, with the increase of seam
spacing, the convergence of roof-to-floor and rib-to-rib
gradually decreases. In addition, the convergence of the right
rib is greater than the left rib.

(1) At 5m seam spacing, the convergence of roof-to-
floor and rib-to-rib is 801 mm and 1261 mm,
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respectively. The surrounding rock deformation of
the entry is quite large, indicating that the rock bolt-
ing performance is terrible.

(2) When the seam spacing is no less than 6 m, the con-
vergence of roof-to-floor and rib-to-rib is relatively
small. At 6m seam spacing, the convergence of
roof-to-floor and rib-to-rib is 600 mm and 990 mm,
respectively. At 9m seam spacing, the convergence
of roof-to-floor and rib-to-rib is 449mm and
436 mm, respectively. Compared with the seam spac-
ing of 3-5m, the surrounding rock of the entry is
well controlled.

Consequently, when the seam spacing is no less than
6m, the rock deformation of the entry is relatively small,
the yield zone around the entry is under control, and the
rock bolting performance is relatively good.

6. Discussion

In Section 3, through theoretical analysis, it was found that
the peak value of front abutment pressure is 2.5m in front
of the panel, and then the floor failure depth of the No.3-1
coal seam (UCS) was 3.2 m. Compared to the previous calcu-
lation results, the value of L is minor, mainly because the
buried depth H of the No.3-1 coal seam (UCS) is small,
and L is closely related to H (see Equation (2)).

The result of the pull-out test of roof bolting in Section 4
showed that the pull-out force of bolt can reach 30kN at the
seam spacing of more than 6m, suggesting that the rock
bolts can be anchored in the relatively intact rock strata,
which was consistent with the suspension theory.

Section 5 determined that the maximum failure depth of
the No.3-1 coal seam (UCS) is 3.0-3.3 m by numerical simu-
lation, which was consistent with the theoretical analysis
results in Section 3. Furthermore, the simulation results
showed that the rock bolting performance is good when
the seam spacing exceeds 6m, which coincided with the
pull-out test in Section 4.
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What is noteworthy is that this work was based on Chaili
Coal Mine. Due to different mining and geological condi-
tions, the applicability of presented theoretical analysis,
pull-out test, and numerical simulation methods on other
coal mines should be further studied.

7. Conclusions

(1) The maximum floor failure depth calculated by the
theoretical analysis was 3.2 m. Generally, the anchor-
age length of the rock bolt is less than 2.4 m. Thus,
the roof bolting seam spacing is at least 5.6 m.

(2) The pull-out bolt test was carried out on the lower
coal seam’s entry roof. The results show that when
the seam spacing is no less than 6m, the drawing
force is more significant than 30kN. Therefore, the
minimum seam spacing of roof bolting is taken as
6m.

(3) Numerical simulation was set out to seek the floor
failure depth and the performance of roof bolting.
Simulation results show that the floor failure depth
of the upper coal seam is 3.0-3.3 m. Compared with
3-5m seam spacing, when the seam spacing is no
less than 6 m, the yield zone of the lower coal seam’s
roof is relatively not large. The surrounding rock
deformation of the entry significantly decreases,
indicating that the performance of roof bolting is
good.

In conclusion, through theoretical analysis, pull-out bolt
test, and numerical simulation, this paper determines the
minimum seam spacing of roof bolting is 6 m, where the
entry under the gob of the close-distance coal seam. This
study quantitatively studies the influence of seam spacing
on selecting support methods, providing a reference for roof
bolting design of coal entry under similar conditions.
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In order to scientifically guide the water-preserved mining of the coal seam floor and make up for the shortcomings in the
conventional evaluation of water blocking performance of the coal seam floor, according to the system resilience theory, the
difference between the vulnerability and resilience of the coal seam floor is analyzed, and three elements and nine indicators
for evaluating water resistance toughness of the coal seam floor are determined. In the evaluation process, first of all, the
maximum difference normalization method is used to conduct a dimensionless analysis of quantifiable indicators to determine
the importance of the corresponding indicators, and the AHP software yaahpl0.1 is used to determine the weight vector of
each indicator. Secondly, the single-factor membership degree is determined according to the single-factor resilience grade
classification criterion and membership function and finally combined with the weight vector for fuzzy synthesis calculation
and comprehensive evaluation. The model is applied to a specific project. Research has shown that in the water hazard threat
area of No. 10 coal seam floor in Jiegou Coal Mine, Anhui Province, the performance of system vulnerability elements is weak,
the performance of system recoverability elements is better, and the performance of system adaptability elements is extremely
poor. From the perspective of the whole life cycle, determining the treatment target area, optimizing the rock formation
modification and repairing materials, and enhancing the water resources carrying capacity can improve the water resistance
toughness of the coal seam floor. Related conclusions verify the effectiveness of the evaluation model. Furthermore, an
optimized strategy for coal seam floor water retention mining is proposed: the technology system of water-preserved mining
for coal seam floor contains 3 stages and 3 detections, which provides a scientific basis for the in situ protection of high-
pressure limestone water from coal seam floor.

1. Introduction

With the needs of national economic development, since
1999, the coal industry has developed rapidly, and a series
of environmental problems caused by coal development
have emerged [1]. Under the background of the new era,
the situation of water resources and water environmental
protection is urgent, and the protection of water resources

in the mining of coal resources has attracted much attention,
especially in areas where limestone water is an important
water source for local industrial, agricultural, and domestic
water and mine limestone water resources. The in situ pro-
tection has become an important part of water-preserved
mining and has been included in the green mining system
[2, 3]. In 2003, Academicians Qian et al. proposed water-
preserving mining technology for coal mines [4].
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Subsequently, the water-preserving coal mining team repre-
sented by Fan et al. proposed “a reasonable selection of
development areas and appropriate coal mining methods”
in 2005 to realize coal mining. Research ideas for water
resources protection in the process. In recent years, relevant
scholars have conducted a lot of theoretical innovation and
technical application research on coal seam roof and floor
water-preserved mining. In terms of coal seam floor water-
preserved mining, Fan et al.’s team [5] from the Key Labora-
tory of Exploration and Comprehensive Utilization of Min-
eral Resources, Xi’an, China, Dong et al.’s team from Xi’an
Research Institute of China Coal Technology Engineering
Group [6, 7], and Zhang et al.’s team from China University
of Mining and Technology [8, 9] have used drilling and
grouting techniques to carry out engineering practices in
China’s central and western coal fields and initially achieved
effective results.

As a key indicator of coal seam floor, water blocking per-
formance is one of the main research points in the field of
floor water hazard prevention and water-preserved mining
on confined water. Over the years, domestic and foreign
scholars have paid more attention to the vulnerability of
the floor system in the research on the water blocking per-
formance of coal seam floor [10-12]. Vulnerability refers
to the possibility of damage to the system’s subsystems and
components under external pressure. Resilience was origi-
nally a concept in physics, representing the ability of a mate-
rial to absorb energy during plastic deformation and
fracture. In the 1970s, ecologist Holling firstly used resilience
to describe the persistence of natural systems and the ability
to absorb various changes and disturbances; Bi et al. believe
that the definition of resilience should focus on three capa-
bilities: the system’s ability to reduce the probability of being
affected by adverse events, the ability to absorb disturbances
after an adverse event occurs, and the ability to quickly
rebuild system performance [13]. At present, in the field of
urban system disaster prevention and mitigation engineer-
ing, it is generally believed that resilience and reliability, vul-
nerability, and adaptability are all important concepts of
security risk management. From the perspective of the full
life cycle of the system, vulnerability is an important stage
in the evolution of system performance; resilience can be
understood as corresponding to the entire process of system
performance evolution. The research from vulnerability to
system resilience reflects the cognitive transformation pro-
cess of the concept of disaster prevention and mitigation
from rigid resisting confrontation emphasizing resistance
to flexible resolution emphasizing adaptation [14, 15], which
can help decision-makers formulate more scientific and rea-
sonable water-preserved mining plans for coal seam floor. In
the past, most of the evaluation of the water blocking perfor-
mance of the coal seam floor focused on the evaluation of
the risk of water inrush from the floor [16-18]. As a staged
safety assessment, the water inrush risk assessment provides
a scientific basis for further floor water damage manage-
ment. However, it should be noted that the water blocking
performance of the coal seam floor will change with the
intervention of safety technology and the impact of the eco-
logical environment. Traditional floor water blocking per-
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formance evaluation is limited by the staged thinking in
the evaluation index system and does not fully consider the
impact of water-preserved mining technology. At the same
time, it ignores the relevant factors related to the ecological
environment of the mining area [19]. In addition, in terms
of evaluation methods, expert scoring methods are usually
used to obtain weights and membership degrees. For quanti-
fiable index factors, dimensionless processing is rarely used
to obtain weights. With the continuous development of the
theory and technology of water-preserving mining on con-
fined water, this type of evaluation model is obviously
unable to meet the needs of evaluation.

In view of this, based on the system toughness theory
and from the perspective of the whole life cycle, a water
resistance toughness evaluation model applicable to the
water retention mining of coal seam floor is provided. Fur-
ther, the model is applied to specific engineering cases. As
a whole life cycle evaluation model, the model is not limited
to a certain stage of system development and was aimed at
providing a whole life cycle evaluation and optimization
basis for in situ protection of highly pressurized tuff water
in coal seam floor to achieve the protection of water
resources and water environment in coal mines.

2. Evaluation Model Construction
2.1. Selection of Evaluation Indicators

2.1.1. The Water Resistance Toughness of Coal Seam Floor.
Regarding the relationship between vulnerability and resil-
ience, both are considered to be the intrinsic properties of
the system and are easily affected by the external environ-
ment. The difference is that vulnerability focuses on the risk
of damage to the system under the influence of disturbances
when a disaster occurs, involving the partial phases of the
system’s life cycle, while resilience emphasizes the system’s
ability to withstand disasters and the ability to recover from
disasters, corresponding to the entire life cycle of the system
[20]. Vulnerability analysis is an essential part of maintain-
ing system stability, preventing system damage, and improv-
ing system resilience. It is reflected in the risk analysis and
control before disturbance events. Resilience analysis focuses
on the whole process of system performance recovery and
readaptation when the disturbance event occurs afterwards.
According to the evolution law of system resilience under
disturbance, the water resistance toughness of coal seam
floor should include four stages: stabilization, destruction,
recovery, and adaptation [21]. Based on the above point of
view, from the perspective of the life cycle of the system,
the resilience evolution curve of the coal seam floor under
disturbance is shown in Figure 1.

According to Figure 1, when the system’s resilience
drops to a minimum, the system’s performance changes
from vulnerability to resilience. Generally, it takes a long
time to realize self-recovery and readaptation with the help
of system ontology elements, so technical intervention needs
to be considered. Moreover, the final system performance
improvement or degradation depends on the degree of com-
patibility of the system with the external environment. In



Geofluids

System
resilience Disaster disturbance S 3
tage/ -- Promotion
| N b ; :Stability
. Degeneration
R
t £ t = ‘t it
- -~ Time
Vulnerability Recoverability ‘ Adaptability

Ficure 1: The resilience evolution curve of coal seam floor under disturbance.

summary, it can be initially obtained that the key elements
that affect the performance of the system should include
three elements: system vulnerability, system recoverability,
and system adaptability. This is similar to the viewpoints
of the four important elements of man-machine-environ-
ment-management in safety system engineering. The differ-
ence is that safety system engineering focuses on phased risk
management and control, and system resilience theory is
based on the sustainable development of the whole life cycle.
The water resistance toughness of the coal seam floor is a key
indicator for water-preserved mining on confined water, and
it needs to be considered from the perspective of the sys-
tem’s full life cycle.

(1) Stage 1 (¢, —t;) corresponds to system vulnerability,
where the scientific level involves engineering geo-
logical features and the technical level should focus
on the identification of target areas for treatment.
At this stage, the system can still operate normally,
but the risk already exists. If the risk can be effec-
tively controlled in the early stage and not allowed
to continue to evolve into an accident potential, the
system can remain stable. In theory, it exists, but it
is usually unrealistic in specific projects, and there
is no absolute safe state. When the risk further
evolves into an accident potential, the system has
developed to stage 1. The factors affecting the devel-
opment of stage 1 are related to the mining engineer-
ing geology, including the original geological factors
and the influence of mining on geological factors,
collectively referred to as system vulnerability
elements

(2) Stage 2 (¢, — t,) corresponds to systematic restorabil-
ity, and the scientific level involves the mechanism of
coal seam floor restoration, and the technical level
should focus on the modification of rock seam resto-
ration. This stage occurs after stage 1, where the acci-
dent potential has caused some accident damage, but
the system still maintains some robustness. In turn,
the system performance starts to recover under the
condition of self-repair or external technical inter-

vention. Self-repair is rare, so the factors affecting
the development of stage 2 are related to the coal
seam floor water damage management technology,
involving drilling, grouting, and other key technical
parameters, collectively referred to as system recov-
erability elements

(3) Stage 3 (t, —t;) corresponds to system adaptability,
the scientific level involves the water carrying capac-
ity of the coal mine, and the technical level should
focus on the evaluation of the effect of water preser-
vation mining. This stage is influenced by the resil-
ience and ecological compatibility of the system
and may result in three types of outcomes: promo-
tion, stability, or degeneration, which to some extent
reflects the adaptability of the system. Factors affect-
ing stage 3 include surface ecological governance and
water resources carrying capacity, which are collec-
tively referred to as system adaptability elements

2.1.2. Establishment of Evaluation Index System. In sum-
mary, according to the analysis of the water resistance
toughness of the coal seam floor, the criterion layer of the
evaluation index for the water resistance toughness of the
floor is determined: system vulnerability elements A, system
recoverability elements B, and system adaptability elements
C. Among them, system vulnerability elements are consis-
tent with the vulnerability evaluation indicators. The differ-
ence is that the resilience evaluation considers its
compression resistance and self-recoverability, and the vul-
nerability considers the possibility of damage. System recov-
erability elements involve the modification and repair of the
floor rock. At present, the commonly used technical method
is grouting reinforcement, so technical indicators related to
drilling, grouting, and detection need to be considered. Sys-
tem adaptability elements involve the surface and mine
water environmental carrying capacity. If the surface ecology
of the mining area is poor and the groundwater is seriously
polluted, it will indirectly affect the water resistance tough-
ness of the coal seam floor. The evaluation index system is
detailed in Table 1.



Geofluids

TaBLE 1: Evaluation index system of water resistance toughness of coal seam floor.

Target layer

Criterion layer

Indicator layer

Coal seam mining impact Al

Performance of the water-resisting strata A2

System vulnerability elements A

Water resistance toughness of coal seam floor X

System recoverability elements B

Water inrush intensity of aquifer A3
Influence of geological structure A4
Drilling technology B1
Reinforcement technology B2
Detection technology B3

Surface ecological governance C1

System adaptability elements C

Water resources carrying capacity C2

Coal seam mining impact A1 can be further refined into
influencing factors such as coal seam mining depth, coal
seam inclination, coal seam mining height and thickness,
working surface size, coal seam mining intensity, and over-
burden rock load. Performance of the water-resisting strata
A2 can be further refined into influencing factors such as
waterproof rock layer thickness, lithology and strata combi-
nation, location of the water-retaining rock formation, the
inclination angle of the water-resistant rock formation, and
development height of conduction zone. Water inrush
intensity of aquifer A3 can be further refined into influenc-
ing factors such as water pressure of aquifer, water richness
of aquifer, and permeability of aquifer. Influence of geologi-
cal structure A4 can be further refined into influencing fac-
tors such as fault development degree, location of folds,
karst collapse column situation, and ancient weathering
crust situation. Drilling technology B1 can be further refined
into influencing factors such as selection of drilling method,
drilling layout plan, and drilling construction technology.
Reinforcement technology B2 can be further refined into
influencing factors such as selection of grouting method,
grouting materials and pulping process, and determination
of grouting parameters. Detection technology B3 can be fur-
ther refined into influencing factors such as geological explo-
ration before drilling, detection of grouting effect, and
advance detection before mining. Surface ecological gover-
nance C1 can be further refined into influencing factors such
as vegetation coverage rate, mining subsidence degree, and
surface water status. Water resources carrying capacity C2
can be further refined into influencing factors such as mine
water replenishment status, pollution degree of mine water,
and utilization rate of mine water.

2.2. Construction of Evaluation Model
2.2.1. Evaluation Methods

(1) Maximum Difference Normalization Method. Since the
different dimensions of each influencing factor will affect
the final result, the data needs to be normalized. The nor-
malization formula is shown in formulas (1) and (2).

For the index factors that can improve the performance
of the system, the larger the quantified value, the positive
correlation formula is selected to normalize, such as the
waterproof rock layer thickness d.

x; —min (x;)

" max (x;) — min (x;) ' (1)

For the index factors that reduce the performance of the
system, the smaller the quantified value, the negative corre-
lation formula is selected to normalize, such as the water
pressure of aquifer p.

max (x;) = X;

—- (2)

"~ max (x;) —min (x;)

In the formulas, max (x;) is the maximum value of a cer-
tain index factor; min (x;) is the minimum value of a certain
index factor x; X; is the value after removing the dimen-
sions. For the quantifiable indicators that can be tested in
the field, similar model tests, or numerical simulations, the
indicators are dimensionless by means of polarization, and
their importance is ranked according to the slope of the
fitted curve [22].

(2) AHP. Combining the above dimensionless analysis, con-
struct a judgment matrix according to the 1-9 scale judg-
ment table in the analytic hierarchy process, perform
calculations, and determine the weight vector W of each
indicator. In order to evaluate the consistency of the calcula-
tion results of the total ranking of levels, it is necessary to
calculate the consistency index (CI), the random consistency
index (RI), and the consistency ratio (CR) for consistency
testing. If CR < 0.1, the judgment matrix is considered to
have satisfactory consistency. Among them, the calculation
method of each index is as follows:

Cl= i W,CL,

=1
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RI= ) W,RI,
j=1

CR= . (3)

In the formulas, W, represents the total ranking weight
of the element A; in the a level; CI is the total ranking con-
sistency index of the level; CI; is the consistency index of the
judgment matrix of the next level corresponding to Aj; RI is

the random total ranking of the level Consistency index; RI;

is the random consistency index of the judgment matrix in
the next level corresponding to Aj; CR is the random consis-
tency ratio of the total ranking of the level. In this paper,
AHP auxiliary software yaahpl0.1 is used to construct the
judgment matrix, check the consistency, and process the cal-
culation results.

(3) Fuzzy Comprehensive Evaluation Method. Firstly, deter-
mine the factor set U and the judgment set V' of the judg-
ment object.

U= (uy, g, -5 Uy) (4)
Vi=(vi vy o V)

Secondly, construct the fuzzy relationship matrix. Each
factor u; in the evaluation factor set U belongs to the mem-
bership degree r;; of each level v;, and then, the membership
degree of the factor u; relative to each level in the evaluation
set is

Ri=(risrias 5 Tim)- (5)
Then, the membership degree set R of all influencing fac-

tors in the factor set U is obtained, which is called the fuzzy
relationship matrix.

%1 T1n
RZ(r,J) "1 Tom (i=1,2,-,mlj=1,2,---,n).
Tl " Tn

2.2.2. Model Architecture. Based on the above evaluation
method selection, the key links of the evaluation model
structure are determined as follows: (1) analysis and deter-
mination of index weights, (2) single-factor toughness
ranking and affiliation determination, and (3) fuzzy compre-
hensive evaluation. The specific evaluation model architec-
ture is shown in Figure 2.

Through single-factor toughness grade division, mem-
bership function, and Delphi method, the membership
degree of the evaluation index is comprehensively deter-
mined, and then combined with the determined weight vec-
tor W, the fuzzy synthesis calculation is carried out
according to the following formula. According to the princi-
ple of maximum membership degree, the final evaluation
result is obtained.

Z=WxR=(W,, Wy, W,)x(R,R,,--,R,), (7)

3. Case Application

3.1. Engineering Application of the Model. The No. 10 coal
seam in the lower mining area of East-10, Jiegou Coal Mine,
Anhui Province, China, was affected by the hidden water
hazard of the floor high-pressure limestone during mining.
In 2019, the mine adopted multibranch horizontal well
grouting for advanced regional grouting reinforcement
treatment. It is planned to evaluate the effect of water-
retaining mining through the water resistance toughness
evaluation model of coal seam floor and at the same time
provide an evaluation basis for further improving the water
environment of the mining area and realizing the in situ pro-
tection of coal seam floor high-pressure limestone water.

3.1.1. Analysis and Determination of the Weight of Each
Index. Select indicators that can be processed quantitatively:
coal seam mining impact Al, performance of the water-
resisting strata A2, water inrush intensity of aquifer A3,
and influence of geological structure A4, and analyze the
degree of influence. Among them, coal seam mining impact
ALl selects the coal seam dip angle: « as the characterization
parameter; performance of the water-resisting strata A2
selects the waterproof rock layer thickness: d as the charac-
terization parameter; water inrush intensity of aquifer A3
selects water richness: p as the characterization parameter;
influence of geological structure A4 selects the distribution
density of faults: p as the characterizing parameter. The
maximum water pressure Ps that the coal seam floor can
withstand is used as the toughness parameter. The impact
of a, d, p, and p on it is shown in Figure 3.

Specific parameters of the No. 10 coal seam of Jiegou
Coal Mine are selected, physically modelled, and numeri-
cally simulated for analysis. For the indicators Al, A2, A3
and A4, which can be quantified, the dimensionless analysis
was carried out using the extreme difference standardisation
method. The range of values for « is 0-50°, d is 0-20 m, p is 0-
5L/sem, and p is 0-1. The fitted curve of the maximum
water pressure that the coal seam floor can withstand under
the influence of different factors is plotted. Based on the rate
of change of the slope of the fitted curve, a preliminary
judgement can be made on the order of importance of each
indicator: A4 > A2> A3 > Al. According to Figure 3, the
maximum water pressure Ps that the coal seam floor can
withstand increases with increasing collapse overburden
load q and water barrier thickness d and decreases with
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FIGURE 2: Framework of evaluation model for water resistance toughness of coal seam floor.

increasing aquifer water richness p and fault distribution
density p. Among them, the related factors of geological
structure and water-resisting layer have the most obvious
influence on the water-resisting performance of the coal
seam floor.

Usually, in evaluation models, weights usually need to
have a certain degree of generalisability. For indicators that
can be quantified and analyzed, the ranking of the weights
needs to be combined with more similar projects and expe-
rience for weighting if there are deviations from experience.
The above data is taken from the specific case of Jiegou Coal
Mine and is consistent with experience. Drilling technology
BI, reinforcement engineering B2, detection technology B3,
surface ecological management C1, and water resources car-
rying capacity C2, which cannot be quantified, can be com-
bined with similar projects. Before carrying out the level
analysis, build the bottom water resistance toughness hierar-
chical structure model, as shown in Figure 4.

The weight is determined using AHP software yaahp10.1
for hierarchical structure model division, judgment matrix
construction, and calculation result processing. The judg-
ment matrixes are as follows:

X=|13 1 12|,
12 2 1

(1 174 1/3 1/5
4 1 3 1/3
5 3 1 1/4

3 13 1/4 1
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1 13 1/5
B=1(3 1 1/2 1,
_5 2 1
1 12
C= . (8)
2 1

The consistency of the judgment matrix is 0.0089,
0.0688, 0.0036, and 0.000, respectively, satistfying the consis-
tency requirement. The calculated weight vector is as fol-
lows:

W, =[0.071,0.268, 0.141,0.520),
W, = [0.110,0.309, 0.581],
W, = [0.333,0.667),

W =[0.539,0.164,0.297).

3.1.2. Single-Factor Toughness Ranking and Affiliation
Determination. The determination of the affiliation degree
is the core part in the fuzzy comprehensive evaluation. Based
on the specific engineering practice, the affiliation degree
determination in the evaluation of similar projects is ana-
lyzed, and the toughness level of each index factor is divided,
as shown in Table 2.

The index factors of the water resistance toughness of
the floor can be broadly divided into two categories, namely,
qualitative factors and quantitative factors. For example, coal
seam mining impact Ull, performance of the water-
resisting strata U12, water inrush intensity of aquifer U13,
and influence of geological structure U14 are quantifiable
index factors, which can be determined by the membership
function according to the quantified value. Establish the fol-
lowing membership function:

1, u<a,
a, —Uu
T a; Su<ay,
filw)=q¢ 270 (10)
0, a, <u<as,
0, uzas,
0, u<a
e a,<u<a
» I = 2,
fHlu)=9 2~h (11)
0, a<u<as

0, u > as,

7
0, u<a,
0, a,su<a,
fs(u)=19 a;-u (12)
» Gy su<as,
az —a,
0, u=as,
0, u<a,
0, a<u<ay,
fiu)=q u-a (13)
, 4, <u<as,
a3 —
L, u>as.

As coal seam mining impact Ull, water inrush inten-
sity of aquifer U13, and influence of geological structure
U14 increase, the resilience is negatively correlated with a
decreasing trend. Select (13) to determine the degree of
membership of the “extremely good resilience” grade, and
select (10) to determine the degree of membership of the
“extremely poor resilience” grade. With the enhancement
of performance of the water-resisting strata U12, the resil-
ience shows a positive correlation enhancement trend.
Select (10) to determine the degree of membership of the
“extremely poor resilience” grade, and select (13) to deter-
mine the “extremely good resilience” grade. The degrees
of membership, such as drilling technology U21, reinforce-
ment technology U22, detection technology U23, surface
ecological governance U31, and water resources carrying
capacity U32, are factors that cannot be accurately quanti-
fied. The membership of these factors can be based on
actual engineering and similar projects. It is determined
in combination with the Delphi method. According to the
specific conditions of Jiegou Coal Mine, the membership
degree of each index factor of the water resistance tough-
ness of the coal seam floor in the treatment area and the
membership degree matrix of the criterion layer are further
obtained as follows:

R, [0.05,0.20,0.50,0.25 |
R - Rip | _]0:10,0.450.300.15

R;3 0.20,0.65,0.10,0.05

| Ry, | [0.20,0.50,0.25,0.05 |

R,; ] [0.05,0.20,0.50,0.25 (14)
R,= [ R,, | = | 0.05,0.15,0.60,0.20 |,

| Ry; | | 0.20,0.45,0.25,0.10 |
R, - R, | _ [0.60,0.25,0.10,0.05 |

R,,| ]0.65,0.20,0.15,0.00
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FIGURE 3: The relationship curve between the maximum water pressure P and system vulnerability elements of coal seam floor.

FIGURE 4: Hierarchical structure model of water resistance toughness of coal seam floor.

3.1.3. Fuzzy Comprehensive Evaluation. Fuzzy comprehen-
sive evaluation is a compound operation of the weight
and the judgment matrix of each influencing factor. The
first-level fuzzy evaluation results are as follows:

Z, =W, xR, =[0.163,0.486,0.260, 0.091],
Z,=W, xR, =[0.137,0.330, 0.386, 0.147], (15)
Z,=W, xRy =[0.633,0.217,0.133,0.017].

After finishing Z,, Z,, and Z;, the matrix R is obtained,
and the second-level fuzzy evaluation operation is per-
formed. The results are as follows:

Z=W xR=[0.298,0.381,0.243,0.078],  (16)

where Z represents the comprehensive evaluation result,
and Z,, Z,, and Z; represent the criterion-level evaluation
result.
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TaBLE 2: Single-factor toughness rating.

Index factor

Toughness evaluation level criteria

Very bad Worse Better Excellent
Ull o >45° 25° < < 45° 8 <a<25° a<8
U1 U12 d<o0 0<d<10m 10m<d<20m d>20m
U13 p>5L/sem 3L/sem < p <5L/sem 1L/sem < p <3 L/sem p<1L/sem
Ul4 p>08 05<p<08 0.2<p<0.5 p<0.2
U21 Serious damage to the Poor matching of Good match of Less damage to the
key rock formation construction technology construction technology key rock formation
U2 U22 Widespread pollution Local pollution No obvious pollution Green and ecofriendly
Basic geophysical Multi-mode . Real-time
vz prospecting combined detection Whole process detection dynamic detection
U3l Poor governance General governance ECOI.Og.l cal restoration Green ecology
U3 is in progress
U32 High pollution index Average pollution index L1m}ted water Hl.gh water
carrying capacity carrying capacity

3.2. Result Analysis. According to the principle of maximum
degree of membership, the water resistance toughness level
of the floor of the No. 10 coal seam treatment area in Jiegou
Coal Mine is judged. From the perspective of the life cycle of
the system, according to Z, the water resistance toughness of
the floor system of the No. 10 coal seam is weak. The
detailed analysis is as follows:

(1) According to Z,, the performance of system vulner-

ability elements is weak. This reflects that after
advanced regional grouting and reinforcement treat-
ment, as the coal seam is further mined, there are
still dangerous areas with greater water inrush risk.
Under the combined action of faults, karst collapse
columns, and high-pressure limestone water, the
self-repairing ability of the key water-resisting strata
of the coal seam floor is poor. Therefore, it is neces-
sary to continuously repair and strengthen the
regional aquifer on the basis of advanced detection
and carry out decompression or transformation of
the aquifer. From the perspective of accuracy and
efficiency, the determination of the governance tar-
get area should be focused on

(2) According to Z,, it can be concluded that system

recoverability elements are with better resilience,
because the treatment area has previously adopted
multibranch horizontal well grouting for advanced
treatment. However, the traditional drilling and
grouting method will inevitably cause damage to
the original rock formation. Rock formation damage
caused by multibranch drilling is irreversible, and it
is difficult to achieve in situ water retention. At the
same time, the selected grouting material (mainly
cement) cannot achieve resilience repair well. There-
fore, it is urgent to optimize and upgrade the in situ
water-preserved technology. The impact of grouting
materials on the groundwater environment should

be determined, and the hardening and water-
resisting and durability properties of the materials
under the influence of groundwater should be
explored. The properties of various materials need
to be mastered, and then, low-cost, harmless, high-
performance pressure-bearing floor rock water chan-
nel blocking green materials and floor rock self-
repairing materials can be developed

(3) According to Z;, system adaptability elements have
extremely poor resilience. Generally, water-preserved
mining in mining areas mainly focuses on subsequent
safe production, and less attention is paid to the effect
of groundwater resources protection. Combining the
specific conditions of the Jiegou Coal Mine, and
according to the corresponding monitoring data in
five dimensions of water volume, water quality, water
area, hydrodynamic force, and water and heat capac-
ity, it can be obtained that the groundwater carrying
capacity of Jiegou Coal Mine is poor, which indirectly
affects the water blocking performance of the coal
seam floor. From the side, it reflects the relevance of
the improvement of the water resistance toughness
of the coal seam floor and the ecological environment.
Therefore, when carrying out water-preserving min-
ing on confined water, attention should be paid to
the improvement of the ecological environment of
the mining area after the implementation of water-
preserving mining technology, so as to achieve the
coordination between safe mining and ecological envi-
ronmental protection

4. Discussions

4.1. Strategies for Improving the Water Resistance Toughness
of Coal Seam Floor. In summary, relying on the whole life
cycle perspective, the whole process evolution of water-
resisting toughness can effectively guide the implementation
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FIGURE 5: Optimization strategy for water resistance toughness of coal seam floor.

of the whole stage of water conservation mining project. The
process of coal seam floor from mining damage characteris-
tics to toughness recovery and then to water bearing capacity
enhancement contains the whole process of toughness evo-
lution. It also corresponds to 3 stages of the project: determi-
nation of governance target area, modification and repair of
rock formations, and evaluation of water-preserved mining
effect. Based on the above analysis, the optimization strategy
for water resistance toughness of coal seam floor is obtained,
as shown in Figure 5.

The core of the idea of optimizing the water resistance
toughness of coal seam floor is “precise, efficient, and com-
prehensive”: “precision” refers to making the determination
of the floor treatment target area more precise; “efficient”
refers to the provision of technical routes for modification
and repair of rock formations to improve construction effi-
ciency; “comprehensive” means to make up for the lack of
attention to the effect of water resources protection in the
evaluation of the effect of water-preserved mining.

4.2. New Technology System of Water-Preserved Mining for
Coal Seam Floor. Based on the above analysis, the technol-
ogy system of water-preserved mining for coal seam floor
is constructed, and the specific technology system frame-
work is shown in Figure 6. The system is based on 3 stages:
“determination of governance target area, modification and
repair of rock formations, and evaluation of water-
preserved effects”. The 3 stages are all based on detection
technology, forming 3 detections including “advanced detec-
tion, detection while drilling, and detection before mining”
to ensure safe construction and mining.

(1) The first stage is the determination of governance
target area, including two links: vertical horizon
determination and lateral target determination

According to the calculation formula of the broken ring
depth of the floor, the development depth of the broken zone
under the influence of mining is estimated, and the ideal
depth of the grouting target area is preliminarily determined
according to the principle that the modified aquifer should
avoid the broken zone as much as possible. Further, com-
bined with the mine hydrogeological data, analyze the lithol-
ogy and rock formation combination, divide the aquifer and
aquifer, and determine the final optimal grouting layer.

Calculation of the maximum failure depth of the floor
rock mass at the edge of the stope:

1.57y*H’L
h = R S— . 17
Calculation of the maximum failure depth of the bottom
rock mass of the longwall working face:

- (n+DH 2\/E_r K-1\ ([ R
2= r (k-1 " k+1) \yK-1n)

(18)

where y is the bulk density of the rock mass, N/m’; H is
the mining depth, m; L, is the slope length of the working
face, m; R, is the uniaxial compressive strength of the rock
mass, MPa; n is the maximum stress concentration factor,
usually taken 1.5~5; @, is the friction angle in the rock body,
sand K = (1 +sin ¢,)/(1 - sin ¢).

The horizontal target position is determined on the basis
that the vertical horizon has been determined, using geolog-
ical detection methods such as multifrequency continuous
electrical method, GIS spatial analysis tools, and borehole
television method. The relevant parameters are accurately
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FIGURE 6: Framework of in situ water-preserved technology system for coal seam floor.

detected. The spatial analysis function of ArcGIS is used for
interpolation analysis to generate a normalized thematic map
of key index parameters. With the help of the position coordi-
nates of the thematic map, the single-factor influence value
function f;(x,y) is given. Fuzzy analytic hierarchy process
(FAHP) is used to calculate the AHP weight of each factor,
and the entropy weight method (EW) is used to calculate the
entropy weight of each factor. Calculate the composite weight
according to formula (19), and according to formula (20) of
vulnerability index, integrate three factors of aquifer, confined
aquifer, and geological structure, and evaluate the weak interval
of water-resisting as a lateral grouting target.

W;X;

Wi=c——>
Y WX

i

(19)

n

VI= Y W, fi(xy). (20)

i=1

In the formulas, w; is the single-factor level analysis weight;
x; is the single-factor entropy weight; # is the number of factors;
and (x, ) is the geographic coordinates.

(2) The second stage is the modification and repair of
the rock formation, including the four steps of deter-
mination, selection, drilling, and grouting

At present, most of the grouting schemes only consider
the reconstruction of the aquifer but do not fully consider
the repair of the original aquifer, so that the two can form
a joint water blocking body with stronger continuity and
integrity. Rock grouting modification repair is a commonly
used method and means to change the hydrogeological con-
ditions of rock mass. According to the first stage, the treat-
ment target area, that is, the construction location, can be
preliminarily determined. Before the project is carried out,
it is necessary to fully consider the ground construction con-
ditions, the buried depth of the coal seam, and the water
pressure of the coal seam floor, comprehensively determine

the drilling method (surface or underground), and then
determine the hole layout plan and drilling sequence.
According to the drilling method, select the wellbore struc-
ture and drilling tool combination. Taking the multibranch
horizontal drilling technology as an example, the drilling
usually adopts a three-split and two-stage cased wellbore
structure. After that, the design and construction of drilling
engineering and grouting engineering are carried out.

(3) The third stage is the evaluation of water retention
effect, including the evaluation of rock grouting
effect and the evaluation of water resources carrying
capacity restoration

According to the provisions of the relevant standards, in
the area where the ground area treatment is implemented,
the geophysical method should be used to test the effect
before the excavation. If there is no abnormality, the excava-
tion can be carried out normally; if any abnormality is
found, drilling is used to verify and control the standards.
Before mining, geophysical exploration and drilling methods
should be used to verify the effect to ensure that no large
water inrush points occur in the grouting diffusion area of
branch holes. The grouting effect of the coal seam floor
can be verified by four indicators: the amount of injected
mud and water, judgment of cuttings, drilling verification,
and single-hole gushing volume.

From the perspective of mine groundwater ecological
protection, taking the restoration of water resources carrying
capacity as the breakthrough point, and based on the results
of the topographic, geomorphological, and hydrogeological
exploration of the coal field, the key indicators for the eval-
uation of the water protection effect of the floor limestone
are proposed, including water quantity, water quality,
hydrodynamics and water quality, and heat capacity. By
grasping the key indicators of mine water resources ecologi-
cal protection and the corresponding thresholds, the
groundwater conditions of the floor can be objectively and
clearly reflected in a quantitative form. At the same time, it
can solve the problem of insufficient attention to the mine
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ecological environment in the evaluation of water conserva-
tion and mining effects.

5. Conclusions

(1) Based on the theory of system resilience, an evalua-
tion index system for water resistance toughness of
coal seam floor was established, which specifically
included three types of evaluation elements: system
vulnerability elements A, system recoverability ele-
ments B, and system adaptability elements C, in
detail, including 9 evaluation indicators: coal seam
mining impact Al, performance of the water-
resisting strata A2, water inrush intensity of aquifer
A3, influence of geological structure A4, drilling
technology BI, reinforcement technology B2, detec-
tion technology B3, surface ecological governance C
1, and water resources carrying capacity C2

(2) The range standardization-AHP-fuzzy comprehen-
sive evaluation method is adopted to construct an
evaluation model with index weight analysis and
determination, resilience grade division and mem-
bership determination, and fuzzy comprehensive
evaluation as the main links. The integration of the
maximum difference normalization method and the
membership function overcomes the deficiencies of
experts’ scoring to a certain extent and solves the
problem of determining the weight of multiple indi-
cators in a semiquantitative manner

(3) The evaluation model is applied to the specific engi-
neering practice. According to the evaluation results
Z,,Z,, Zs, and Z, it can be seen that improving the
water resistance toughness of coal seam floor
requires determining the treatment target area, opti-
mizing the modification and repair of rock forma-
tions materials, and improving the water resources
carrying capacity. To a certain extent, this verifies
the validity of the evaluation index and the practical
value of the evaluation model. It should be noted
that the evaluation index system is not yet complete,
and further adjustments and optimizations should
be made to the actual project

(4) According to the view of the whole life cycle, the
whole process evolution of water resistance tough-
ness can effectively guide the implementation of the
whole stage of engineering technology. The in situ
water retention technology system of coal seam floor
is proposed, with 3 stages as the main body and 3
detections as the backing. 3 stages involve “determi-
nation of governance target area, modification and
repair of rock formations, and evaluation of water-
preserved mining effect”; 3 detections involve
advanced detection, detection while drilling, and
detection before mining”. The purpose is to provide
strategies and measures for water protection in min-
ing, to form an effective technical solution for in situ
water protection of coal seam floor

Geofluids
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Aiming at the characteristics of low sensitivity and narrow frequency range of existing microseismic monitoring sensors for mine
water hazard prevention and control, a piezoelectric acceleration sensor for microseismic monitoring based on a kind of triangular
shear structure is proposed. Firstly, the structure of the triangular shear piezoelectric acceleration sensor is designed, and its
dynamic model is built. The structural and material parameters related to natural frequency and sensitivity are analyzed. Then,
the selection of piezoelectric ceramic materials is discussed. The parametric design of the designed sensor is carried out, and its
finite element structural model is built by ANSYS. The modal analysis, resonance response analysis, and piezoelectric analysis
of the designed sensor are carried out. The simulation results indicate that the working frequency and sensitivity of the
designed sensor meet the requirements of microseismic monitoring. Response surface optimization is adopted to analyze the
influence of sensor element design variables on the sensitivity and resonant frequency of the designed sensor. The reoptimized
design of the reference sensor improves the resonant frequency of the designed sensor by 9.46% and the charge sensitivity by
18.96%. Finally, the designed sensor is calibrated, and the microseismic signal detection experiment is carried out. The results
indicate that the resonant frequency of the designed sensor is 6150 Hz, the working frequency is 0.1-2050 Hz, and the charge
sensitivity is 1600 pC/g. The sensor can detect microseismic signals with a wide frequency range and high sensitivity.

1. Introduction

In recent years, mine water inrush dynamic disasters caused
by mining activities have occurred frequently, which has
become one of the main disasters that continue to threaten
coal mine safety production. The possibility of water inrush
dynamic disasters in mines will further aggravate with the
increase of mining depth [1]. It damages mining equipment
and facilities, affects safe production, and threatens the lives
of miners. Microseismic monitoring technology has been
widely used as an effective means to deal with the above
disaster [2]. This technology uses sensors to sense the micro-
seismic signals generated by rock fracture during the forma-
tion of coal mine water inrush channel, locate the
microseismic time, explain the focal mechanism, and realize
the real-time, continuous, and full space prediction of mine

water inrush events [3]. As an important part of the micro-
seismic monitoring system, the performance of the sensor is
essential to the prediction accuracy of mine water inrush
events. Therefore, it is an urgent problem to develop a sensor
with a wide working frequency and high sensitivity to
improve the comprehensiveness and accuracy of microseis-
mic signal acquisition.

The interferometric optical fiber geophone has high sensi-
tivity and wide dynamic range, which is suitable for detecting
microseismic signals. In 2004, Tsinghua University developed
a three-component mandrel optical fiber accelerometer, which
can be used for downhole petroleum exploration [4]. The
working frequency band is 3~800 Hz, and the on-axial acceler-
ation sensitivity is 39 dB re rad/g. Optical fiber microseismic
detection technology is widely used in petroleum geophysical
exploration, but in the fields with poor production conditions
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such as coal mines, the performance of the sensor needs to be
further improved. The sensitivity of the piezoelectric acceler-
ometer developed in [5] is 19 V/g, and the dynamic range is
80 dB. The piezoelectric six-axis acceleration sensor developed
in [6] uses a single inertial mass, which can measure the six-
axis acceleration and is linearly coupled in all directions. The
axial sensitivity can reach 0.695 V/g, and the natural frequency
can reach 25kHz. A biaxial differential piezoelectric acceler-
ometer with bimorph and independent mass structure is
studied [7]. The resonant frequency of the accelerometer opti-
mized by the finite element method is about 7.4kHz, and the
sensitivity of the two axes is 1556 pC/g and 1363 pC/g, respec-
tively. The natural frequency of the piezoelectric MEMS accel-
erometer designed in [8] is about 29.8 kHz, and the maximum
sensitivity is about 0.2mV/g, which needs further improve-
ment. Although the MEMS sensor studied in [9] can monitor
microseismic signals, its frequency range is small and cannot
monitor microseismic signals more comprehensively.

The performance of the piezoelectric accelerometer in
bending mode is studied in [10], and the sensitivity is asso-
ciated with the system parameters by using a set of approx-
imate formulas. The cantilever beam structure of bimorph is
adopted, and the sensitivity can reach at least 500 pC/g. A
piezoelectric thick film acceleration sensor with large band-
width and temperature compensation is reported in [11].
Its natural frequency is 40 kHz, and its sensitivity is 6 mV/
ms > A circular piezoelectric accelerometer is developed by
using PZT thick film material with a large piezoelectric cou-
pling coeflicient in [12, 13]. Its sensitivity can reach 7.6 pC/g,
the resonance frequency is about 3.7 kHz, and the structure
is more robust. A shear-mode high-temperature piezoelec-
tric acceleration sensor is studied by using YCOB Crystal
in [14], which can withstand the high-temperature environ-
ment of 1250°C, and the sensitivity value is 8.7 + 1.6 pC/g.
Compared with the PZT accelerometer with a similar struc-
ture, the piezoelectric accelerometer adopts BNKBT lead-
free ceramic ring as a sensing element, which has good per-
formance and wide frequency response [15]. The platformed
unimorph accelerometer adopts a curved plate with a castel-
lated surface to form a sensing structure, which will increase
the stress in the piezoelectric crystal and produce higher
charge output. The accelerometer has the characteristic that
the noise is inversely proportional to the charge output at
the low frequency [16]. A sensor using Li-doped ZnO film
with a double piezoelectric layer structure is proposed in
[17]. This sensor can obtain the maximum output at the res-
onance frequency. Moreover, the output sensitivity can be
improved with the above structure.

The MOEMS accelerometer designed in [18] uses a
micromechanical sensing structure and a grating interfer-
ometer to exhibit low cross-axis sensitivity. Under the opti-
mum design conditions, the sensitivity of the accelerometer
is 2485V/g, and the resonance frequency is 34.5 Hz. MEMS
accelerometers can be designed using various types of piezo-
electric materials. By studying the bulk phase and thin-film
form of piezoelectric materials, high-performance MEMS
accelerometers can be configured using microprecision
machining or hybrid integration methods [19, 20]. The pie-
zoelectric geophone with a multilayer spiral corrugated can-
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tilever beam has a low natural frequency due to the long
structure of the cantilever beam, and the corrugated struc-
ture improves its sensitivity [21, 22].

In addition, numerical simulation can be used to visual-
ize several specifics that cannot be obtained in experiments.
Therefore, appropriate analysis models can be used to
explain the function of design variables and the relationship
between variables and performance [23]. Although the
above methods are of strategic significance in the research
and development of sensors, when microseismic monitoring
is applied in coal mines, the frequency range of sensors
needs to reach 1500 Hz and have enough sensitivity.

Based on the above literature collection and analysis, a
piezoelectric acceleration sensor for microseismic monitor-
ing based on a kind of triangular shear structure is designed.
The structure is improved based on the basic triangular
shear structure to improve the sensitivity of the designed
sensor. The dynamic model is analyzed, and the material
of the sensor is selected. Then, the parametric design of the
piezoelectric acceleration sensor is carried out. The finite ele-
ment model of the designed sensor is built by ANSYS, and
its structural rationality, resonant frequency, and sensitivity
are analyzed. The sensitivity and resonant frequency are
optimized by the response surface optimization method.
Finally, the prototype of the designed sensor is developed,
and its design scheme, theoretical calculation, and simula-
tion analysis are verified by experiments.

2. Scheme Design and Working Principle

2.1. Structure Design. The structure of the piezoelectric
acceleration sensor mainly includes the compression type,
shear type, and bending type. Among them, the compression
acceleration sensor has the merits of high mechanical
strength and resonance frequency. The bending type has
low mechanical strength and resonance frequency, but high
sensitivity. The shear structure has the characteristics of
small volume, high mechanical strength, high resonance fre-
quency, resistance to substrate deformation, and tempera-
ture impact and can measure low-frequency signals [24].
Microseism is a small vibration caused by rock fracture or
fluid disturbance. To detect microseismic signals more accu-
rately and comprehensively, it is necessary to ensure that the
sensor has a high resonance frequency and sufficient sensi-
tivity. Therefore, the triangular shear structure is selected
in the design of the sensor. Figure 1 shows the structure of
the triangular shear piezoelectric acceleration sensor, which
consists of the piezoelectric element, base, shell, conductive
sheet, insulating sheet, seismic mass, and fastener. Moreover,
in order to intuitively obtain the information of different
components of the sensor, the 3D view inside the shell is
shown in Figure 2. The piezoelectric elements are distributed
on the three planes of the regular triangular prism of the
base. The piezoelectric elements, the conductive sheet, and
the seismic mass are fixedly connected to the base through
the radial force generated by the extrusion of the insulating
sheet by the fastener. Compared with other types of piezo-
electric acceleration sensors, separating the piezoelectric
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FIGURE 1: Structure of the triangular shear piezoelectric acceleration sensor.

element from the base can reduce the effects of thermal tran-
sient and base bending [14].

The active component of the sensor in Figure 2 is the
piezoelectric element. When the sensor receives a microseis-
mic signal, the shear force is equal to the product of the
acceleration received by the seismic mass and the mass act-
ing on each piezoelectric element. The piezoelectric element
generates an electric charge proportional to the shear force.
There are four independent piezoelectric elements on each
side, and the connection form is electrical parallel output.
The triangular shear structure has three sides, and each side
is also the electrical parallel output. The output voltage is the
voltage of a single piezoelectric element, and the amount of
charge is the sum of all piezoelectric elements.

2.2. Working Principle. The working principle of the piezo-
electric acceleration sensor is to convert the acceleration sig-
nal to be measured into an electrical signal based on the
positive piezoelectric effect of the piezoelectric crystal. The
dynamic model of the sensor can be equivalent to a single
degree of freedom system, including mass (m)-spring (k
)-damping (c) [25, 26], as shown in Figure 3. The sensor base
is connected to the vibrating surface. When the sensor senses
the acceleration signal, the piezoelectric element deforms
under the action of the inertia force of the mass, causing
the change of charge and realizing the conversion from the
acceleration signal to the electrical signal.

In Figure 3, the mass of the seismic mass in the shell of
the sensor is m. The piezoelectric material and friction resis-
tance in the sensor are expressed by spring and damper,
respectively, and the stiffness coefficient and damping coeffi-
cient are k and ¢, respectively. When an external vibration
signal is sensed by the sensor, a displacement response x;(t
) will be generated on the vibrating surface. Under the action
of inertia, the vibration displacement of the seismic mass is
x,,(t), and its displacement x,(t) relative to the base can be
expressed as

Xo(t) = %, (£) = x,(1t). (1)

Under the action of the spring and damper, the motion
equation of the seismic mass can be expressed as

&x, (1)
m7 =—kx,(t)-c

dx, (1)
T )

— Fastener

Seismic mass jE‘éI

Conductive sheet

Piezoelectric element

Insulation sheet

FiGURE 2: 3D view inside the shell of the sensor.

Shell

m I Xp, ()

L =

Base
Txi (t)
[ ]

Vibrating surface

F1GURE 3: Dynamic model of the piezoelectric acceleration sensor.

Substituting equation (1) in equation (2), the differential
equation of the system can be obtained as

dzxi (1)

() (
dt

dr dt =-ma (3)

+kx,(t)=-m

where a is the measured acceleration.
The Fourier transform of equation (3) is obtained as

xo(jw) _ (1f,)’ , (4)
a 1 - (wlw,)* +2{(wlw,)j

where w, and { can be evaluated as the following:
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TaBLE 1: The specific nonpiezoelectric materials and their properties of the designed sensor.

Component Material Young’s modulus (N/m?) Density (kg/m?) Poisson’s ratio
Seismic mass Tungsten alloy 34 x 10" 17500 0.27
Base Stainless steel 20 x 10" 7860 0.3
Conductive sheet Brass 10.4 x 10" 8600 0.37
Insulation sheet Alumina ceramic 30 x 10" 3600 0.24
Shrink ring Aluminium alloy 9% 10'° 2700 0.32
TaBLE 2: The electrical and mechanical properties of the piezoelectric material.
Piezoelectric constant .
Material Density (kg/m3 ) (pC/N) Poisson’s ratio Modulus of elasticity (GPa)
E E E E E E
d, ds; ds Cy Cp, Cis Css Cuy Ces
PZT-5H 7800 -274 593 741 0.33 126 79.5 84.1 117 23 23.5
xl
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FIGURE 4: Ten design variables of numerical analysis.
Therefore, the following relationship can be obtained
- ¢ (6) from equation (4):

1

4l [T~ (o, 2]+ (2wl

(8)

where w,, and { are the natural frequency and damping ratio
of the sensor, respectively.

From equation (4), it can be concluded that the natural
frequency is one of the important parameters affecting the
dynamic characteristics of the sensor, which is determined
by the equivalent mass and stiffness constant. The resonant
frequency of the sensor can be given by

In a specific frequency range, the inertial force exerted by
the seismic mass on the piezoelectric element is alternating
stress exerted, and the seismic mass approximately obeys
Newton’s second law:

F = ma,

)

where F is the inertial force.
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TaBLE 3: Ten design variables and their size ranges.

Design variable Description Reference size (mm) Size range (mm)
X Seismic mass diameter 27 26-28
X Seismic mass height 11 10-12
X3 Insulation sheet thickness 1.5 14-1.6
Xy Conductive sheet thickness 0.3 0.25-0.35
X5 Conductive sheet height 9 8-9
X Piezoelement thickness 0.5 0.4-0.6
Xz Piezoelement height 8 7-8
Xg Base triangular prism height 11 10-12
Xg Base thickness 9 7-9
X0 Base inscribed circle outer diameter 31 30-32
Under the fixed premise, the amount of charge Q gener- ANSYS

ated on the piezoelectric element is directly proportional to
the force F:

Q=d;;F=d;ma=d,kx,(t), (10)
where d;; is the piezoelectric constant of the piezoelectric
element.

Combining equations (8) and (10), the charge sensitivity
of the sensor is obtained by

i d, W
wﬁ\/[l - (w/a)n)z}2 + (2wlw,)?

where S, is the charge sensitivity.

Therefore, the sensitivity of the sensor is inversely pro-
portional to the natural frequency and directly proportional
to the piezoelectric coefficient. The designed sensor will
compromise between high resonant frequency and high sen-
sitivity [27]. When designing the sensor, the sensitivity can
be improved by selecting materials with a high piezoelectric
coefficient or reducing the natural frequency.

2.3. Material Selection. The designed sensor in this paper
adopts a triangular shear structure, and the piezoelectric
constant of the piezoelectric effect is mainly d,s. Commonly
used piezoelectric materials mainly include SiO,, BaTiO,,
PZT, and PVDF. Through the comparison of material prop-
erties, it is concluded that PZT-5H has a greater piezoelectric
constant than other types of piezoelectric materials. In addi-
tion, the material has high dielectric properties and electro-
mechanical coupling coefficient, which makes it have high
sensitivity and fast response. More importantly, the temper-
ature and time stability of the electromechanical parameters
are strong. Because PZT-5H has better piezoelectric perfor-
mance, the piezoelectric element of the sensor designed in
this paper adopts PZT-5H.

According to the relevant data, the material selection of
each sensor component is determined. The specific nonpie-
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FIGURE 5: Finite element model of the designed sensor.

zoelectric materials and their properties are shown in
Table 1. The electrical and mechanical properties of the pie-
zoelectric material are shown in Table 2.

2.4. Parameterization Design. Design of Experiments (DOE)
[28] has been used for effective simulation experiments.
Using DOE test points, the resonant frequency and voltage
are numerically calculated through modal analysis and pie-
zoelectric analysis. The numerical modeling method approx-
imately uses DOE test points to solve the relationship
between design variables and performance.

Taking the YD-62 piezoelectric acceleration sensor as a
reference sensor, the geometric standard of the internal
components of the sensor is deduced. Ten design variables
determined by the reference sensor are shown in Figure 4,
and their size ranges are shown in Table 3.
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F1GURE 6: The first to sixth vibration modes.

3. Finite Element Analysis

According to the geometric and material parameters of the
piezoelectric acceleration sensor, the structural model of
the designed sensor is built by SOLIDWORKS, and the con-
tact constraints are set in the assembly. Then, the above
structural model is imported into ANSYS to build the finite
element model of the designed sensor. At the same time, the

original contact constraint is automatically transformed into
bonded constraint. Then, the material parameters such as
piezoelectric matrix, stiffness matrix, and dielectric constant
are input. When meshing, the piezoelectric material part of
the sensor is selected as SOLID226 element, and the metal
material part is selected as SOLID186 element. The base
and shell are meshed by tetrahedral elements, and other ele-
ments are hexahedral elements. The polarization direction of
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FIGURE 7: Sensor resonance frequency response.

each piezoelectric element is set by defining the local coordi-
nate system, and then, the corresponding electrode surface is
added. The fixed displacement constraint is added to the
bottom surface of the sensor, and the acceleration load is
applied to the whole model [29]. Figure 5 shows the meshing
result of the sensor finite element model. The total number
of elements and nodes is 42990 and 127838, respectively.
Through modal analysis, harmonic response analysis, and
piezoelectric analysis, the sensitivity and resonance fre-
quency of the sensor can be calculated.

3.1. Modal Analysis. An important characteristic of the pie-
zoelectric acceleration sensor is the response to different res-
onance frequencies, which can be studied by modal analysis.
The upper cut-off frequency of the sensor depends on the
resonance frequency of the amplitude-frequency curve.
Dynamic characteristics mainly study the resonance fre-
quency of the structure under dynamic load, which is an
important parameter in structural design. The resonance fre-
quency can be determined by modal analysis of the designed
sensor using ANSYS [30]. Figure 6 shows the vibration
modes of the designed sensor from 1st to 6th.

It can be concluded from the simulation results that the
vibration frequencies from the first to the sixth mode are
6250.6 Hz, 6409.9 Hz, 6448.8 Hz, 8572.7 Hz, 16222 Hz, and
16576 Hz, respectively. There is a certain gap between the
first and second modes of the sensor. The second mode is
very close to the third mode, and they gradually increase
rapidly from the third mode. The first mode is the rotational
movement of the parts in contact with the triangular prism
around the Y-axis. The main position of the second and
third deformation modes is the bottom area of the triangular
prism of the base, but the direction of bending deformation
is orthogonal. The main position of the fourth mode defor-
mation is the upper surface of the shell, and the fifth and
sixth mode deformations are mainly caused by the deforma-
tion and sliding of piezoelectric elements and conductive
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FIGURE 8: Voltage distribution diagram of the designed sensor.

sheets caused by the seismic mass. From the above analysis,
the resonant frequency of the sensor is 6250.6 Hz. According
to the amplitude-frequency characteristics of the sensor, 1/3
of the resonant frequency is taken as the upper frequency to
reduce the amplitude error.

3.2. Harmonic Vibration Response Analysis. The target vibra-
tion direction of the sensor is the Y-axis direction. In this
paper, the steady-state forced vibration of the sensor is
solved by the harmonic response analysis method, and the
inertial acceleration load of the microseismic signal is added
to the bottom of the base. According to the resonance fre-
quency obtained from modal analysis, the frequency range
is tentatively determined as 0-10kHz. One hundred fre-
quency bands are defined within 0-10kHz; that is, every
100 Hz is a frequency band [31].

In the equivalent system of the piezoelectric acceleration
sensor, the damping coeflicient is usually between 0.002 and
0.25. When the damping is air, the damping coefficient is
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B: Harmonic response
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FIGURE 10: Voltage distribution diagram for case 1.
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FIGURE 11: Modal analysis result for case 2.
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FIGURE 12: Voltage distribution for case 3.
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FIGURE 13: Modal analysis result for case 3.
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TaBLE 4: Values of optimized design variables and the results of cases 1, 2, and 3.

Case x; (mm) x, (mm) x; (mm) x, (mm) x; (mm) x; (mm) x, (mm) xg (mm) x, (mm) x;, (mm) RF.(Hz) CS. (pC/g)
1 27 12 14 0.285 8 0.4 7 11 7 30.6 6250 1945
2 26 11.96 1.5 0.3 8 0.4 7 11 7 30 6841.9 1635
3 27 11.17 1.4 0.28 8 0.4 7 10.5 7.8 31 6471.6 1817
Reference 27 11 1.5 0.3 9 0.5 8 11 9 31 6250.6 1635
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FIGURE 14: In all cases, the change in the normalized size of each design variable is relative to the reference design.

0.01. Therefore, in the above analysis, the value of the damp-
ing coefficient in the equivalent system remains constant
(c=0.01) [10]. Under the action of the simulated microseis-
mic acceleration signal, the sensor produces resonant
motion. After solving and processing, the harmonic
response result of the sensor structure is obtained as shown
in Figure 7.

According to the modal analysis results, the resonant fre-
quency of the sensor is 6250.6 Hz. Therefore, the resonance
frequency response curve should theoretically reach the peak
amplitude at 6250.6 Hz. It can be seen from Figure 7 that the
average amplitude of the first half is 8.4 x 107!° m; the max-
imum amplitude is 1.1 x 10~ m, appearing near 6250 Hz.
Therefore, the maximum amplitude appears at the resonance
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FIGURE 16: Physical diagram of sensor experimental test device.

frequency of 6250.6 Hz under the acceleration load of the sen-
sor, and the stable working frequency of the sensor is 0-
2083 Hz. In this frequency range, the frequency response curve
of the sensor is approximately a straight line, which can be sta-
bly monitored by microseismic signals. According to Refer-
ence [32], the working frequency range of the sensor is 0 to
1/3 of the resonance frequency range. The simulation results
verify the correctness of the above conclusion.

3.3. Piezoelectric Analysis. The charge sensitivity of the sen-
sor is simulated based on the harmonic response analysis.
Only the open-loop condition of the piezoelectric element
is considered in the simulation calculation; that is, only the
open-loop output potential of the piezoelectric element
under acceleration load is calculated. The two surfaces of
the piezoelectric element are set as zero potential constraint
and voltage coupling constraint, respectively. Under the
action of the external load, the voltage difference between
two planes of the piezoelectric element is an amount to be

determined [33]. The result of the piezoelectric analysis is
shown in Figure 8.

Under the action of the acceleration load, the output
voltage frequency diagram of the piezoelectric element is
shown in Figure 9. The output voltage of the sensor is linear
and stable in the range of 0-2083 Hz, and its charge sensitiv-
ity is 1635pC/g.

3.4. Response Surface Optimization. Since the designed
sensor contains many nonlinear features and geometric
design variables, the Kriging model is used in response
surface analysis, and the global approximation model is used
in the metamodel [34]. Using the Kriging model, ten design
variables are optimized through the response surface optimi-
zation method to determine which design variables will
affect the performance of the designed sensor and how much
its performance is improved compared to the reference
sensor [35]. Therefore, three different cases are used to
optimize the performance of the designed sensor, of which
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case 1 is to optimize the charge sensitivity at a constant res-
onant frequency (6250 Hz). The optimized voltage distribu-
tion is shown in Figure 10. Case 2 is to optimize the
resonant frequency at a constant charge sensitivity
(1635 pC/g). The optimized modal analysis result is shown
in Figure 11. Finally, case 3 is used to optimize these two
performances. The optimized voltage distribution and
modal analysis results are shown in Figures 12 and 13. The
optimized numerical analysis results in these three cases
are shown in Table 4. Clearly, this optimization has success-
fully improved one performance (cases 1 and 2) or two
performances (case 3).

As can be seen from Table 4, for case 1, the charge sen-
sitivity increased by 18.96% (1945 pC/g), and for case 2, the
resonant frequency increased by 9.46% (6841.9 Hz). For case
3, the charge sensitivity increased by 11.13% (1817 pC/g),
and the resonance frequency increased by 3.54%
(6471.6 Hz).

To study the influence of design variables on target per-
formance in detail, Figure 14 shows the changes of ten
design variables in three cases, and their sizes are standard-
ized relative to the reference sensor. For case 1, the design
variables that mainly affect the increase of charge sensitivity
are X,, X5, X, Xs, Xg, X7, X9, and x,. The height of the seismic
mass increased by 9.1%; the thickness of the insulation sheet
and the height of the conductive sheet decreased by 6.7%
and 11.1%, respectively; the thickness and height of the pie-
zoelectric element decreased by 20% and 12.5%, respectively;
and the thickness of the base decreased by 22.2%. The influ-
ence of other design variables is not obvious (less than 5%).
For case 2, the increased resonance frequency is mainly
composed of x,,x,, Xz, X4, X7, Xg, and x;,. For example, the
outer diameter of the seismic mass and the base decreased
by 3.7% and 3.2%, respectively, while the height of the seis-
mic mass increased by 8.7%. The remaining changed param-

eters are the same as in case 1. For case 3, the reason that the
performance of both can be increased is that x, is increased
by 1.5%, x;andx, are reduced by 6.7%, x5 is reduced by
11.1%, x4 is reduced by 20%, x, is reduced by 12.5%, xg is
reduced by 4.5%, and x, is reduced by 13.3%.

As a result, the reduction in the thickness of the base and
the reduction in the thickness and height of the piezoelectric
element have a positive impact on both properties. Since the
data of other design variables (seismic mass height and insu-
lation sheet thickness) in Figure 14 show a positive impact
on one performance and a negative impact on the other,
these variables need to be controlled appropriately by select-
ing additions or decreases to meet the performance require-
ments. It is worth noting that the size of the seismic mass is
the most obvious factor affecting performance, and the effect
is just the opposite. This is proof of the conflict between res-
onant frequency and seismic mass sensitivity. The above
analysis indicates that it is very significant to determine the
optimal size of the seismic mass.

4. Results and Discussion

To test the performance of the designed sensor, a sensor
experimental test device is built. According to international
standards, when calibrating the piezoelectric acceleration
sensor, it is necessary to adopt the vibration exciter to pro-
vide controllable excitation and record the output signal
[36]. The setting of the piezoelectric acceleration sensor cal-
ibration experimental test device is shown in Figure 15. WS-
5932/U160216-DA2 type vibration table control and signal
acquisition instrument are adopted to generate a sinusoidal
signal, which is amplified by the GF-500 type 500 W power
amplifier and then exerted on the JZ-50 type vibration
exciter to produce the required vibration. The WS-4601Z
charge amplifier is adopted to amplify the electrical signals
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from the standard piezoelectric acceleration sensor. The
vibration signals detected by the designed sensor are con-
verted into electrical signals through the piezoelectric ele-
ments and transmitted to the WS-2411Z charge amplifier.
After signal conditioning, they are transmitted to the vibra-
tion table control and signal acquisition instrument. After
A/D conversion, they are transmitted to a PC for data pro-
cessing, and the sensitivity test curves of the piezoelectric
acceleration sensor and the standard piezoelectric accelera-
tion sensor are recorded.

The standard piezoelectric acceleration sensor is used to
measure the acceleration of the vibration exciter. Its model is
BK-8305, the charge sensitivity is 1.25 pC/g, and the working
frequency is 1-10000Hz. The back-to-back calibration

method is used to measure the sensitivity of the tested
Sensor.

The experimental test device for the microseismic signal
of the piezoelectric acceleration sensor is developed based on
the calibration experimental device. Compared with the cal-
ibration experimental device, a new vibrating table directly
connected to the vibration exciter is added, and the sensor
is fixed on the vibrating table for the experimental test.
The physical diagram is shown in Figure 16.

When testing the designed sensor, the steady-state sinu-
soidal excitation method is widely used in the world, which
is provided by the vibration exciter. During the test, the
sinusoidal signal is output by the vibration controller, ampli-
fied by the power amplifier, and then drives the vibrator to
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make the measured sensor receive the vibration signal [37].
The charge sensitivity of the designed sensor is calibrated
under an excitation signal of 1-10000 Hz. The calibration
data is recorded by a computer, and the results are shown
in Figure 17.

It can be seen from Figure 17 that the charge sensitivity
of the designed sensor is 1600pC/g, and the resonant
frequency is 6150 Hz, so its effective working frequency is
0.1-2050 Hz. There are some errors between the experimen-
tal results and theoretical calculation or the finite element
simulation. The main reason is that the simulation is set
under the ideal conditions of the software without consider-
ing processing and assembly errors. In addition, in order to
improve the sensitivity of the designed sensor, a more com-
plex structure is adopted, and a certain working frequency
range is sacrificed. The complex sensor structure will
increase the difficulty of the processing and assembly of
the sensor, resulting in large errors between the experimen-
tal results and the theoretical analysis or the simulation.

To verify the feasibility of the designed sensor to detect
the microseismic signals, the vibration experiments are
carried out on the platform shown in Figure 16. Four micro-
seismic signals are selected for experimental verification. The
vibration table is driven to vibrate by sending a microseismic
signal to the vibration exciter. Then, the designed sensor is
used for detection, and the results are shown in Figure 18.
The results show that the designed sensor is feasible to detect
microseismic signals and has the characteristics of a wide
frequency range and high sensitivity.

5. Conclusions

In this paper, a piezoelectric acceleration sensor for micro-
seismic monitoring based on a kind of triangular shear
structure is designed and optimized. The piezoelectric ele-
ment materials and other element materials of the sensor
are determined. The modal analysis, resonance response
analysis, and piezoelectric analysis of the designed sensor
are carried out based on the finite element structural model.
The experimental platform is built to verify the feasibility of
the sensor to detect microseismic signals. The main conclu-
sions can be drawn as follows:

(1) The natural frequency and sensitivity of the sensor
are improved by improving the structure and select-
ing high-performance materials

(2) The reoptimized design of the reference sensor has
successfully improved the performance, the resonant
frequency is increased by 9.56%, and the charge sen-
sitivity is increased by 18.96%

(3) The working frequency of the sensor is 0.1-2050 Hz,
and the sensitivity is 1600 pC/g, which meets the fre-
quency range and high sensitivity requirements of
microseismic signal detection

Clearly, there is a lot of work to do in the future, includ-
ing analysis of the background noise of the designed sensor,
consideration of engineering application and verification in

Geofluids

microseismic monitoring system, and further improvement
of the working frequency and sensitivity of the piezoelectric
acceleration sensor.
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A coal mine underground reservoir, composed of a large number of goaf groups, is effective in achieving the protective utilization
of coal mine water. Mastering the hydraulic connection between the goaf groups and the law of seepage is the key to the design
and safe operation of coal mine underground reservoirs. Coal/rock sample seepage tests were conducted in Wanli No. 1 Mine in
the Shendong mining area according to the evolution law of the lateral supporting pressure of the coal pillars. From the tests, the
function of vertical stress in relation to the permeability of coal/rock samples was obtained and the distribution law of
permeability of porous media in the goaf was revealed. On this basis, the computational fluid dynamics (CFD) numerical
calculation of seepage properties of the coal/rock pillars was conducted. The results show that with the decrease of water level
in the goaf and the increase of coal pillar width, the flow range and flow velocity keep decreasing. At the water level of 18.65,
28.65, and 38.65m, the critical coal pillar widths for the goaf water to penetrate into the adjacent goaf are 30, 50, and 70 m,
respectively. When the coal pillar width is less than 10 m, the water can bypass the elastic core area at the bottom coal seam to
the adjacent goaf area; when the width exceeds 20 m, the water cannot enter the adjacent goaf area through the bottom coal
pillar. On the basis of CFD simulation study on seepage properties of coal/rock pillars between goafs, this paper conducts
calculations for all the goafs in the 4-2 coal-panel block of Wanli No. 1 Mine and reveals the seepage path and seepage law in

the underground reservoir of this mine.

1. Introduction

An underground reservoir, formed by underground pores in
sand and gravel, rock cracks or karst caves in a certain range,
has the advantages of large storage capacity, small evapora-
tion loss, and not occupying land surface. Japan’s Nagasaki
has built the world’s first underground reservoir, though
the storage capacity is only 9,000 m> [1]. The aquifer storage
and recovery (ASR) program implemented in the United
States stores water by preinjecting it into the aquifer and
extracts it when needed [2, 3]. Since the 1950s, Amsterdam,
the Netherlands, has been diverting water from the Rhine
River to canals and ditches on natural sand dunes to replen-
ish groundwater [4]. These practices can shed light on water
resource protection in western China where the ecological
environment is fragile, especially areas with large-scale coal
mining activities. The traditional water-preserving mining

technology adopts the “blocking method” to protect the
aquiclude, but this technology greatly limits the mining effi-
ciency and recycling rate of coal mines. For this reason,
Shenhua Group put forward a new concept of “diverting,
storing, and utilizing water” with coal mine underground
reservoirs to achieve water resource protection and utiliza-
tion [5].

Woanli No. 1 Mine, located in Dongsheng District, Ordos
City, Inner Mongolia, is in a typical arid and semiarid area
with a fragile ecological environment. In view of this, water
conservation is introduced to build underground reservoirs
that have been adopted in the Shendong mining area. An
underground reservoir water conservation project was
implemented in the goaf of south and north wings of coal
panel No. 4-2, where some coal pillars were left between
adjacent goafs after the mining of working face. These struc-
tures had a significant impact on the hydraulic connection of
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FI1GURE 1: Three-axis servo seepage testing machine.
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modulus. He further studied seepage property of broken
rock in the goaf with numerical simulation [6]. Yang et al.
suggested that water flow should experience three physical
processes during the water inrush after the mining rockmass
failure, ie., Darcy laminar flow in the aquifer, non-Darcy
high-speed flow in the rockmass, and the Navier-Stokes tur-
bulent flow in the roadway [7, 8]. Based on the key layer
theory of rock strata control studies, Cao et al. examined
the properties of water flow in the fracture and its main
channel distribution model [9] from the perspective of
fracture pattern and fracture distribution in the overlaying
rockmass. In searching for methods preventing water dam-
age in the abandoned goaf of Yangquan No. 3 Mine, Xu
et al. focused on predicting the roof water-conducting crack
in the lateral boundary of the goaf and proposed a method to
judge the lateral boundary of the roof water-conducting
crack in relation to the scale of horizontal deformation
[10]. Fink et al. studied the permeability properties of shale
under the influence of both slip flow and pore elastic effects
in the range of large pore pressure. They established a per-
meability model taking slip flow and pore elastic effects into

account [11]. Ghanizadeh et al. first revealed that the perme-
ability of early Jurassic shale in northern Germany decreased
nonlinearly with the increase of effective stress [12].

The existing studies on seepage in the goaf mainly focus
on the prevention and control of water hazards, but quite lit-
tle has been done on the hydraulic connection, the seepage
law, and the seepage path between the goaf of coal mine
underground reservoirs. Therefore, taking the Wanli No. 1
Mine in the Shendong mining area as the engineering back-
ground, this study designed tests according to the evolution
law of the lateral supporting pressure of the coal pillars in
the area and conducted seepage tests of the coal/rock sam-
ples to obtain the function of the coal/rock permeability with
the change of vertical stress. Following that, the CFD numer-
ical calculation of the seepage properties in the goaf area was
conducted, which revealed the hydraulic connection, the
seepage law, and the seepage path between the adjacent goaf.
The results could provide guidance for optimizing the design
of coal mine underground reservoirs and hence ensuring the
safe operation of them.

2. Coal/Rock Pillar Seepage Test

2.1. Test Equipment. In order to study the law of permeabil-
ity change of coal pillars and its overlaying rock with coal/
rock stress in Wanli No. 1 Mine, a three-axis servo seepage
testing machine (Figure 1) was used for detecting coal/rock
deformation under seepage action. It consists of five parts,
namely, confining pressure loading system, axial loading sys-
tem, gas injection system, flow measurement system, and
computer control system.

2.2. Test Design. During mining of a coal seam, the variation
in stress in a coal/rock mass significantly influences the
deformation and failure characteristics of the coal/rock mass
itself. Figure 2 shows how the variation of the stress field
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No. Thickness (m) Depth (m) Lithology Position of key strata Columnar section
27 10.59 10.59 Coarse sandstone : . :
26 6.21 16.80 Coarse sandstone : . :
25 8.05 24.85 Coarse sandstone : . :
24 1.55 26.40 Coal 5 . 5
23 0.75 27.15 Siltstone : : :
22 1.10 28.25 Coal - -
21 1.15 29.40 Siltstone
20 1.20 30.60 Coal
19 3.20 33.80 Siltstone
18 4.60 39.40 Fine sandstone
17 4.10 42.50 Siltstone
16 2.45 44.95 Coal
15 6.70 51.65 Siltstone
14 1.05 52.70 Coal
13 1.35 54.05 Siltstone
12 2.10 56.15 Fine sandstone
11 2.95 59.10 Siltstone
10 7.90 67.00 Fine sandstone

9 3.27 70.27 Medium sandstone

8 6.73 77.00 Coarse sandstone

7 2.70 79.70 Fine sandstone

6 1.90 81.60 Siltstone

5 1.20 82.80 Fine sandstone

4 2.15 84.95 Coal

3 21.05 106.00 Siltstone Primary key stratum
2 0.60 106.60 Fine sandstone

1 3.95 110.55 Siltstone Secondary key stratum
0 5.10 115.65 Coal

FIGURE 4: Key strata distinguishing results of ZK1416 borehole.

Q

40 m

235m

40 m

F1GURE 5: Geometric structure model.
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TABLE 2: Parameter table of the model.

Parameter name Coal Fine sandstone Siltstone Water Source
Elastic modulus (MPa) 700 953 995 — Laboratory data
Poisson’s ratio 0.28 0.26 0.22 — Laboratory data
Density (kgm™) 1400 2570 2590 1000 Laboratory data
Yield stress (MPa) 6 14 % 10° 17 x 10° — Laboratory data
Dynamic viscosity (Pa-s) — — — 1.01x 107 Laboratory data [15]
Porosity 0.05 0.03 0.03 — Laboratory data [15]

TaBLE 3: Simulation schemes.

l\glaetler C9al pillar Vl\gt;‘r C(?al pillar Vl\ijrteelr C(?al pillar
(m) width (m) (m) width (m) (m) width (m)
18.65 10 28.65 10 38.65 10
18.65 20 28.65 20 38.65 20
18.65 30 28.65 30 38.65 30
18.65 40 28.65 40 38.65 40
18.65 50 28.65 50 38.65 50
18.65 60 28.65 60 38.65 60
18.65 70 28.65 70 38.65 70

influences the distribution of mining-induced fractures after
mining of the coal seam. After the coal seam is mined, the
stresses in the surrounding rock are redistributed. From
the center of the coal pillar to both sides of the coal pillar,
the stress of coal and rock gradually changes from the triax-
ial stress state to the uniaxial stress state. The bearing capac-
ity of the coal/rock mass near the coal pillar boundary
decreases, and the stress is transferred to the interior of the
coal/rock pillar, forming lateral abutment pressure. Under
the effect of lateral abutment pressure, plastic failure occurs
in the coal/rock masses, significantly raising the permeability
of the coal masses. As shown in Figure 2, the coal pillar in
the No. 4-2 Coal Panel of Wanli No. 1 Mine (henceforth
referred to as “No. 4-2”) is about 20 m in width, with an elas-
tic core area in the middle and a certain length of plastic
zones on both sides. The permeability of the plastic failure
zone is high, meaning that water in the goaf can easily pen-
etrate it. Similarly, the permeability of the elastic core area is
comparatively low, which means water on one side can only
pass through the coal/rock pillar to the other side when the
pressure discrepancy is large enough. Due to the narrow
width of the upper rock pillar, the whole rock pillar is in a
plastic state, and the elastic core area disappears.

The obtained coal/rock sample from No. 4-2 was cut and
processed into specimens with a diameter of 50 mm and a
height of 100 mm. The change of vertical stress was simu-
lated by loading and unloading of axial pressure, and the
change of horizontal stress was simulated by loading and
unloading of confining pressure. Air tightness between the
airway system, and the sample was checked before the test.
A specimen coated with silicone rubber and enclosed within
a heat shrinkable tube was put into the seepage experiment
machine. Axial pressure was applied slightly first to press

the specimen, then oil was injected to remove the air in the
pressure chamber, and the oil return valve was closed. In
the first stage of the test, the axial pressure and confining
pressure of the coal/rock sample were loaded at a rate of
0.01 MPa/s to 6 MPa; in the second stage, the confining pres-
sure (6 MPa) was kept constant, and the axial pressure was
loaded to 30 MPa at a rate of 0.01 MPa/s; in the third stage,
the axial pressure and confining pressure are both unloaded
at the speed of 0.01 MPa/s, until the coal/rock sample is
destroyed. In the second stage of the test process, that is,
when the axial pressure and the confining pressure are both
at 6 MPa, the pressure relief valve was adjusted to stabilize
the cylinder pressure at 1 MPa, and then, the pipeline valve
was opened. After the flow rate was stable, the rate was
recorded. During the test, the flow rate was recorded for
every 0.5 MPa change in axial pressure.

2.3. Test Results. Permeability is an important parameter in
the law of solid-liquid coupling seepage. According to
Darcy’s law, the permeability K of the sample can be
expressed as [13]

_ QLu
K= [A(P1-P2)]’ M)

where K is permeability, m% Q is helium flow rate, m*/s; L is
height of the coal sample, m; y is helium dynamic viscosity
(18.9 yPa-s); A is cross-sectional area of the coal sample,
m?% P, is inlet gas pressure, Pa; P, is outlet gas pressure
(0.1 MPa).

By taking the specimen parameters in this test and the
helium gas flow data into equation (1), the relationship
was obtained between coal/rock permeability and axial pres-
sure in pressure-loading and pressure-unloading stages, as
shown in Figure 3.

The coal/rock permeability was closely related to the
coal/rock deformation and damage. As shown in
Figure 3(a), when axial pressure increases while confining
pressure is fixed, the gas flow channel is closed, and the
coal/rock permeability and the gas flow rate decreases grad-
ually. Therefore, the permeability is the lowest when the lat-
eral support pressure of the coal pillar is at its peak position.
Compared with rock sample, the initial permeability of coal
sample is higher, but when axial pressure increases, the drop
of coal permeability is also greater due to its softness and the
compaction of its internal pores. Figure 3(b) shows that with
the decrease of axial pressure and confining pressure, the
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pillar width is 50 m. (d) Coal pillar width is 70 m.

permeability of coal/rock samples continues to increase. In
the early stage of the unloading stage, due to the high confin-
ing pressure, the coal/rock sample still maintains its
strength, with a slight permeability increase. In the later
stage of the unloading stage, featured with the low confining
pressure, the coal/rock sample becomes unstable. After
reaching its strength limit, its permeability increases sharply.
After the unstable state, the scale of increase in permeability
of the coal sample is the smallest, only 263 times higher than
its minimum permeability, while that of the siltstone is the
largest, about 139,519 times higher than its own minimum
value. In the pressure loading and unloading stages, the rela-

tionship between coal/rock sample permeability and axial
pressure can be fitted with an exponential function, and
the fitting results are shown in Table 1.

3. CFD Numerical Calculation of Seepage
Properties of the Coal/Rock Pillar

3.1. Establishment of Numerical Calculation Model

3.1.1. Geometric Model and Boundary Conditions. Strata of
different hardness and thickness may play two controlling
roles by affecting part of the strata above or the whole strata
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level at 28.65 m. (c) Water level at 38.65 m.

above, where the former is called the secondary key stratum
and the latter the primary key stratum [14]. The sample in
this simulation is a coal pillar from a section of 20m in
width between goaf No. 42111 and 42101 of Wanli No. 1
Mine. According to the ZK1416 borehole in the above area,
the Key Strata Distinguishing software (KSPB) is used to
examine the key strata of the overlaying rock in this area.
The result is shown in Figure 4.

According to Figure 4, we established a goaf model
(Figure 5) with a geometric structure of 115.65m in height
and 550 m in length. In terms of solid mechanics calcula-
tions, the top interface of the model is a free boundary, the
side boundaries are roller bearing boundaries, and the bot-
tom interface a fixed boundary. In terms of fluid calculation,
the target areas of this model are R, and R,, where R, is a

coal/rock pillar with its left boundary pressure at p, =0Pa
and R, is the goaf area with its water level being h. So the
pressure on the left is p, = pgh =[1000 x 9.8 x (h — y)] Pa.
Assuming that the water ratio of the initial state of R, area
is 0 with an initial pressure of 0 Pa, and the initial water level
of R, area is h, and the initial water pressure of the area is
[1000 X 9.8 x (h — y)] Pa. The permeability is determined
according to Table 1.
The parameter values are shown in Table 2.

3.1.2. Simulation Schemes. The model plans to calculate the
width d of the coal pillar in this section and the water level
h in R, area. According to the abovementioned plan, the
orthogonal simulation schemes are designed by setting
the water level in R, area at 18.65, 28.65, and 38.65m and
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the coal pillar width d at 10, 20, 30, 40, 50, 60, and 70 m.
The simulation schemes are shown in Table 3.

3.2. Analysis of Simulation Results

3.2.1. Distribution Law of Permeability in Goaf. By arranging
survey lines at 2.55, 7.55, 12.55, 17.55, 22.55, 27.55, 32.55,
and 37.55m from the coal seam floor along the coal seam
inclination, the permeability of each point was obtained
and hence the changing pattern (Figure 6) of permeability
of the overlaying rock coal pillars at different widths. It
shows that stress on the coal/rock in the goaf has a signifi-
cant impact on permeability, which is mainly manifested in
the following five aspects:

(1) When the coal pillar width is 10 m, the permeability
below 12.55m of the survey line drops sharply
because the original fractures of the rockmass are

compacted, which indicates that the area below
12.55m is an elastic core area with extremely low
permeability. As the coal pillar width increases, the
permeability at higher survey lines drops signifi-
cantly too, indicating that the height of the elastic
core area is increasing. The permeability of the elas-
tic core area of the rock pillar is between 8.7 x 1071
and 1.6x 107 m” and that of the coal pillar is
between 4.4 x 107'¢ and 6.3 x 1071® m*

(2) The permeability of the rock above the elastic core

area is relatively high, and the coal/rock body in this
range is destroyed due to the reduction of horizontal
stress. When the coal pillar width is 10 m, the perme-
ability below 12.55m is low, but the permeability
above 17.55m is higher, which indicates that the lat-
eral boundaries of the water-conducting fractures on
both sides of the coal pillar meet at the height
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between 12.55m and 17.55m from the coal seam
floor. As the coal pillar width increases, the perme-
ability in the plastic failure zone increases slightly,
and the permeability in this range is between 3.2 x
107" and 1.35x 10! m?

(3) Under the support of the coal pillar, the coal/rock

near the mining boundary is not fully compacted,
and the permeability in this area is relatively high.
Because the coal pillar width is 10 m which is smaller
than boundary coal pillar width (40 m) in the model,
the permeability above the goaf is distributed asym-
metrically. As the coal pillar width increases, the
above phenomenon gradually disappears with
the permeability starting to distribute symmetrically.
The peak permeability near the mining boundary is
between 1.05x 107" and 1.28 x 107! m?

(4) In contrast with the coal/rock naturally deposited

near the mining boundary of goaf, the permeability
of the fractured coal/rock in the middle and lower
parts of the goaf is relatively low, because it is recom-
pacted. But such permeability (1.05x 107!
~1.28 x 10711 m?) is still greater than that of the coal
pillar in the plastic failure zone

(5) Affected by the mining of the lower coal seam, the

stress of the upper coal/rock is relieved, but perme-
ability of the coal/rock is increased. However, as
the degree of stress unloading on the coal in this area
is less than that on the coal near the mining bound-
ary, its permeability (1.3 x 10711~1.8 x 107" m?) is
lower than that of the latter area, but significantly
higher than the fractured coal/rock in the middle
and lower parts of the goaf

In summary, the order of coal/rock permeability in the
goaf is: natural accumulation area near the mining boundary
> low stress area in the middle and upper part of the goaf
> recompaction area in the middle and lower part of the goaf
> plastic failure zone above the coal pillar > the elastic core
area in the middle of the coal/rock pillar. From the perspec-
tive of the overall distribution of coal/rock permeability in
the goaf, the boundary area is connected to the high perme-
ability area in the middle and upper part of the goaf, forming
a round hat-shaped structure in space, which corresponds to
the “O-shape” theory and the “ellipse parabolic zone” theory
in mining cracks studies.

3.2.2. The Law of Fluid Movement in the Goaf. The pressure
gradient dp is the ratio of the pressure difference between
two points in the flow area to the distance between them.
According to the theory of fluid seepage in porous media,
water seepage in the coal happens at a certain starting dp.
The starting dp of seepage in coal/rock can be expressed as
[16]:

G=2.306x10 -1k %%, (2)

In this formula, G is the starting dp, Pa/m; k is perme-
ability, 103 um® which can be obtained through tests.

When dp < G, the water body is in a static state; when
dp > G, the water body is in a flowing state. The ratio r of
dp to G in the fluid calculation range is derived, and the
flowing area, where r>1, is colored and labeled, while
the static area, where r <1, is not colored and labeled. So
we obtained the cloud map of r and fluid streamline distri-
bution of different water levels and different coal pillar
widths (Figure 7). The red lines in Figure 7 represent the
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water flow in the goaf, and the thickness of the line repre-
sents the seepage velocity.

(1) Figure 7(a) indicates that when the water level is at
18.65m and the coal pillar width is 10 m, both the
goaf and the coal pillar are flowing areas. However,
the rock above the coal pillar forms an elastic core
area, also called static zone. In addition, when the
coal pillar width is 20m, in the upper part of
the elastic core area where r > 1, the water in the goaf
overflows the elastic core area. When the coal pillar
width exceeds 30m, in most fluid calculation areas
where 7 < 1, the water in the goaf is in a static state

(2) According to Figure 7(b), when the water level is at
28.65m and the coal pillar width is 20 m, the coal

3)

pillar becomes a static area, and the water in the goaf
can only move above the elastic core area of the rock
pillar to the adjacent goaf. When the coal pillar
width increases to 50 m, the coal/rock pillar and the
goaf almost entirely become static areas, and there
is only downslope flow on the left side of the elastic
core area

It can be seen from Figure 7(c) that when the water
level is at 38.65m and the coal pillar width is 20 m,
a flowing zone appears in the coal pillar, but it is
blocked by the static zone, so continuous seepage
is not actually formed. When the coal pillar width
increases to 70m, the static zone cuts off the entire
seepage area, and there is almost no water flow in
the goaf
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The coal pillar width in No. 4-2 was 20 m. During the
mining process, water once flowed in from adjacent goafs.
When the water level of the adjacent goaf became lower than
18 m, the water influx decreased and gradually stopped, indi-
cating that when the coal pillar width is 20m, the critical
water level is 18 m, which is consistent with the numerical
calculation results in Figure 7(a).

4. CFD Numerical Calculation of Seepage
Law in the Goafs of Wanli No. 1 Mine

In order to rationally design coal mine underground reser-
voirs and ensure the safe operation of them, it is necessary
to understand clearly the seepage law and seepage path of
the water in goaf. So, we conducted CFD numerical calcula-
tions for the whole goaf groups of No. 4-2. After assigning
values to the permeability of the overlaying rock in the goaf
with coupling function of coal/rock permeability and vertical
stress obtained from the seepage test, the seepage law and
seepage path in the underground reservoir was finally
obtained.

4.1. Establishment of Numerical Calculation Model

4.1.1. Geometric Model and Boundary Conditions. First, a
three-dimensional surface was generated according to the
elevation points from the floor of No. 4-2, and then, the
three-dimensional surface was scanned vertically to pro-
duce a geometric structure model (Figure 8). This model
was 2400 m in width, 4150 m in length, and 115.65m in
thickness, including 14 goafs with 13 coal pillars between
them. Next, the elastoplastic calculation module was cho-
sen for the simulation of solid mechanics calculation, in
which the top interface of this model was considered a
free boundary, the sides around the model as roller bear-
ing boundaries, the bottom interface of the model as a
fixed boundary, and the internal boundaries of the model
as free boundaries. In terms of fluid calculation, since
the water level at the outer boundary of the goaf in goaf
No. 42109 was 35m, the pressure at this inlet boundary
was assigned P1=pgh=[1000 % 9.8 * 35| Pa. As lateral
boundary of goaf No. 42301 was open to the atmosphere,
it was set as pressure outlet with a pressure of 0Pa. In
addition, it was assumed that except for working face
No. 42109, the initial water ratio of other areas of the
model was 0, and the initial pressure was 0 Pa.

This model can investigate the spatial distribution of
seepage law and seepage path of reservoir water (the values
for the parameters were shown in Table 2). Assuming that
the seepage in the overlaying area of the goaf complies with
Darcy’s law, the permeability of overlaying rock can be
determined according to the coal/rock permeability and
axial stress fitting function in Table 1. The coal pillar width
(in Figure 9) between the south and north wings of No. 4-
2 is about 210 m, much longer than the critical width of
70 m, which means that the water in the goaf will not flow
into the adjacent goaf. That is to say, the south and north
goaf of No. 4-2 are separated by coal pillars. However, there
are roadways connecting the south and north wings, as
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shown in Figure 9. The red dots in Figure 9 are waterproof
walls with great strength and good airtightness. Therefore,
goaf No. 42301 and 42103 in the south wing cannot be con-
nected to goaf No. 42102 in the north wing. The blue dots in
Figure 9 are firewalls used as temporary walls with fairly
poor airtightness. Therefore, goafs No. 42104, 42105,
42106, 42107, and 42108 in the south wing and No. 42102
in the north wing are connected to each other, and goafs
No. 42110, 42109, and 42111 are connected as well.

4.2. Analysis of Simulation Results

4.2.1. The Distribution Law of Water Pressure on the Floor of
the Goaf. A cloud diagram of the pressure distribution on
the floor of the goaf (Figure 10) shows that the coal pillar
width between the south and north wings is very large.
The northern floor of the coal pillars is under high water
pressure of 194kPa with a water level at 19.4m, due to the
blocking of boundary coal/rock pillars. Similarly, the floor
at the northern boundary of No. 42301 is also under high
water pressure of 163 kPa with a water level at 16.3m. In
addition, the ground drilling ZK-1 on No. 42301 working
face reveals that the water level here is 15 m, which is consis-
tent with the calculation results of this model, indicating that
the model parameters are selected reasonably and the simu-
lation results are accurate and reliable.

4.2.2. Seepage Law in Goaf Groups. In order to obtain the
seepage law in goaf groups, the ratio r of the dp in the area
to the dp at the starting point is calculated. If > 1, it means
that the fluid dp is greater than the starting dp, and the water
in the goaf is in a flowing state; if r < 1, it indicates that the
fluid dp is less than the starting dp, and the water in the goaf
is in a static state.

(1) The r value cloud diagram and the flow direction
within 0~5.1m from the coal seam floor (see
Figure 11(a)) reveal that the coal pillars permeability
both in the section and at the boundary of the goaf is
low, and the fluid is in a static state as r < 1. Such
phenomenon appears only in the compaction zone
in the middle of part of the goaf, while within the
goaf, the flow range at the height of 0 ~ 5.1 m is rela-
tively large. As to fluid movement, the water may
flow in completely different directions, such as either
flowing from the surroundings to the center point or
vice versa. The main reason for this is the force of
gravity, which means, within 0 ~5.1 m from the coal
seam floor, gravity plays a dominant role in the
direction of fluid movement, and the water normally
moves from a high position to a lower one. In addi-
tion, due to high permeability of the roadways, the
flow velocity in the lanes is quite high

(2) Figure 11(b) shows the r value cloud map and the
flow direction within 15-20m from the coal seam
floor. The result shows that the water level in the
goaf begins to exceed the height of the elastic core,
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and the fluid in it flows from the high-pressure area
to the low-pressure area under dp

(3) Figure 11(c) shows the r value cloud diagram and the
flow direction within 25-30m from the coal seam
floor. The result shows that, compared with that of
15-20m, the range of water flow is enlarged, which
shows that the permeability at the 25-30 m layer is
large, and the flow velocity in the goaf is high

(4) The seepage path in Wanli No. 1 Mine is: 42109-
42110-42112-42111-42101-42102- roadway con-
necting the north and south wings-“O” ring fissure
zone of 42108, 42107, 42106, 42105, 42104, and
42103-42301-42113

5. Conclusions

(1) A coal/rock sample was collected from No. 4-2 of
Wanli No. 1 Mine, and tests were designed based
on the evolution laws of the lateral supporting pres-
sure on coal pillars. Through tests on a three-axis
servo seepage testing machine, the permeability of
the coal/rock pillar was obtained as a function
of the vertical stress, which provides a basis for
studying the seepage properties of the coal/rock pil-
lars between adjacent goafs of the underground
reservoir

(2) CFD simulation on seepage properties of coal/rock
pillar showed that as the water level in the goaf
decreased and the coal pillar width increased, the
water flow range and flow velocity continued to
decrease. At the water level of 18.65, 28.65, and
38.65m, water could enter adjacent goaf when coal
pillar widths were of 30, 50, and 70 m, respectively.
In addition, when the coal pillar width was 10 m,
the coal pillar was penetrated by high permeability
area, and water in the goaf could bypass the elastic
core area through coal pillars at the bottom to the
adjacent goaf. As the coal pillar width increases,
water could no longer enter the adjacent goaf
through the coal pillar at the bottom

(3) A seepage model for the goaf groups of underground
reservoirs was established and numerical calcula-
tions performed. The results were verified by the in
situ water level data. Numerical calculation results
showed that at the height of 0 ~5.1 m from the coal
seam floor, water in the goaf flowed from a higher
place to a low one under gravity. At the height of
15~20m from the floor, water in the goaf flowed
from high-pressure area to low-pressure area under
the pressure gradient. At the height of 25~30 m from
the floor, water in the goaf flowed at a high velocity
in a wide range, as this area’s permeability was high.
Based on the seepage area and seepage direction on
different layers of the goaf, the seepage path of the
underground reservoir in Wanli No. 1 Mine was
obtained

Geofluids
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In this study, the stress relief method of hollow inclusion and mathematical-statistical analysis are used to study the in situ stress
distribution law of the Guotun coal mine, and the optimization strategy of roadway support is put forward. The test site is located in the
city of Heze, Shandong Province, China. The main conclusions included the following: (1) among the three large-scale tectonic
movements experienced by the Guotun coal mine, the middle Yanshan period has the strongest impact on it. According to the geological
evolution process, it is preliminarily inferred that the maximum principal stress direction of the Guotun coal mine is northwest by west to
southeast by east NWW~SEE). (2) Compared with the surrounding mines, the average value of the maximum principal stress in the
Guotun coal mine is slightly higher, and there is a significant difference in the direction of in situ stress. The arc structure within the mine is
the main reason for the deflection of the stress direction. (3) The lateral pressure coeflicients Kg;, K}, and K, show a nonlinear distribution
with increased depth, and the three coefficients have a decreasing trend. The value of the stress gradient in the Guotun coal mine is greater
when it is compared with the surrounding mines. (4) Field tests show that the new strategy proposed in this study is effective, which

provides a good reference for engineering practice under similar geological conditions.

1. Introduction

In situ stress is the fundamental force that causes the de-
formation and failure of the surrounding rock in under-
ground caverns, civil buildings, slopes, and other
geotechnical engineering structures [1, 2]. With the increase
in the energy demand in China, coal mining has entered a
state of deep mining [3]. Due to the higher mining intensity
and the more complex distribution of in situ stress, large
deformation of the deep gateroad, damage of the support
structure, and other disasters that frequently occur [4, 5], a
basic consensus has been reached in the mining industry that
the design of mining gateroad and control of surrounding
rock deformation should start with in situ stress measure-
ment and analysis [6, 7].

To date, a number of studies have been conducted to
investigate in situ stress measurement methods and

equipment, field measurement, and its distribution law in
China. For example, Cai et al. [8] proposed a device for in
situ stress measurement based on complete temperature
compensation and further put forward the calculation
method for in situ stress. Kang et al. [9] presented a small-
aperture hydraulic fracturing in situ stress measurement
method and applied it in Luan, Jincheng, Fenxi, and other
mining areas in China. Wang et al. [10] performed field
monitoring to investigate the in situ stress distribution law of
the Ping ding shan mining area. Synn et al. [11] analyzed the
regional in situ stress pattern using 460 stress measurement
data at about 100 test sites in Korea. A theoretical model was
used to explain the effect mechanism of in situ stresses on
crack propagation due to blasting by Yi et al. [12], and they
supposed that the high in situ stresses can influence the crack
propagation in the far field. Yang et al. [13] analyzed the
stability of the hydrocarbon wells, by measuring the value of
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the in situ stress in the South Pars field. All these studies have
improved our understanding of the in situ stress mea-
surement and its engineering application.

tAt present, there are hundreds of measurement tech-
nologies in the world, which can be divided into three cate-
gories according to the measurement principle. The first is the
mechanical method based on the measurement of strain and
deformation in the rock mass, such as the stress recovery
method, stress relief method, and hydraulic fracturing method.
The second type is the geophysical method based on measuring
the changes in acoustic emission, acoustic wave propagation
law, resistivity, or other physical quantities in the rock mass.
The third type is to determine the stress direction according to
the information provided by geological structure and under-
ground rock mass failure. Among them, the stress solution
method and hydraulic fracturing method are widely used, and
the other methods can only be used as auxiliary methods.
Hydraulic fracturing method and hollow inclusion casing
drilling method have been widely used and have been suc-
cessfully commercialized. These two methods are also the key
methods recommended by the International Committee on
rock mechanics test methods in 2003.

It is well known that the distribution of in situ stress is
closely related to the geological structure and exhibited
evident regional distribution characteristics [13-17]. The
Guotun coal mine is located in the southwest of Shandong
province, with a complex geological structure and a maxi-
mum mining depth of 900 m. With the progress of mining
activities in the mine, the deformation and damage phe-
nomena often occur in the gateroad, which has seriously
affected the safe and efficient production of the mine. In
addition, no systematic in situ stress test has been carried out
in the mining area currently under mining. Therefore, it has
become an urgent problem to study the in situ stress of the
Guotun coal mine and improve the relevant support scheme.

The objective of this study is to develop a better un-
derstanding of the distribution characteristics of in situ
stress and its engineering application in the Guotun coal
mine. This study is organized as follows: in Section 1, the
analysis of the geological structure evolution process and in
situ stress direction was first presented. In Section 2, the
process of in situ stress measurement is described in detail,
and according to the result curve, the magnitude and di-
rection of the in situ stress field are revealed. The variation
law of principal stress and the lateral pressure coefficient
with depth are discussed in this study. In Section 3, the
control measures for large deformation of gateroad were
proposed in the Guotun coal mine, and its validity was
verified by a field application. The results presented in this
study have important theoretical and practical implications
for the exploitation of coal resources and the construction of
gateroad engineering structures in the Guotun coal mine.

2. Engineering Background and In Situ Stress
Direction Prediction

2.1. Engineering Geology Conditions. The Guotun coal mine
is located in 3~17 km south of Yuncheng county in Heze city,
Shandong Province, and the mine center is about 10km
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away from Yuncheng county. It is the second pair of large
modern mines planned and constructed in Juye coalfield and
is currently the important coal resource-producing area in
Shandong province. The mine covers an area of 69.33 km?,
with geological reserves of 475 million tons and recoverable
reserves of 165 million tons. The current mining seam is #3
coal seam, with an average thickness of 4.73 m. The average
buried depth of the main coal seam is 808 m. The thickness
of the overlying Cenozoic stratum in the minefield is
530~650 m, mainly composed of clay, sandy clay, and sand.
The roof of the coal seam is mainly fine sandstone and
mudstone, with an average thickness of 7.5m, which is a
relatively stable rock stratum; the coal seam floor is mainly
composed of mudstone and carbonaceous mudstone, with
an average thickness of 8.37m, which is a stable rock
stratum. The structural complexity of the Guotun coal mine
is medium, mainly monoclinic structure with north-south
strike and east dip; the east boundary of the mine is Tianqiao
fault, and the west boundary is coal seam outcrop; the
stratum is gentle in the west and south and steep in the north
and east. The main faults and folds of the mine are shown in
Table 1.

2.2. Evolution Law of the Geological Structure and Principal
Stress Direction Analysis. The geological structure of the
Guotun coal mine is mainly controlled by the Juye mining
area. In geological history, the Guotun coal mine has mainly
experienced three large-scale tectonic movements, namely,
Indosinian movement, Mid-Yanshan movement, and Late
Yanshan movement [16]. The influence of geological tec-
tonic movement on in situ stress field is different in each
period.

The first stage was Indosinian movement, which led to
strong fold uplift and fault movement in the whole coal
accumulation basin in North China. The collision between
the north and south continental blocks in the E-W direction
formed E-W folds and faults, such as Yuncheng fault and
Heze fault. The tectonic movement in this period formed the
boundary of the Guotun coal mine.

The second stage is the Middle Yanshanian period. Due
to the combined action of lateral tension of mantle plastic
flow and plate edge compression, N-W compression
weakens, and S-N normal faults controlling the occurrence
of coal measure strata are widely developed. The tectonic
movement in this period formed Xiangyang, Wangdong,
Balihe, and other faults. These faults cut the interior of the
Guotun mine and have a severe impact on the geological
structure of the whole Guotun mine. Up to now, it is still the
main geological structure of the Guotun coal mine.

The third stage was the Late Yanshanian period. When
the plate extrusion replaced the mantle stress, the Guotun
coal mine block was subjected to the extrusion and offset as a
whole, gradually forming an arc structure. Then, it was
subjected to the tension and torsion of many different ro-
tation directions, forming a large number of uplifts, such as
Balihe anticline and Guotun syncline.

At the present stage, the Guotun coal mine is mainly
controlled by Tiangiao, Tianqiaozhi, Hongmiao, Balihe,
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TaBLE 1: List of main structures of Guotun coal mine.
Number Name of the geological structure Extension length (m) Fault occurrenc.e/Range (m).
Fault throw Dip Dip angle
1 Tianqiao fault 7.5 >500m East 70°
2 Balizhuang fault 12 0~150 m West 70°
3 Balihe fault 10 0~150 m West 70°
4 Dongdong fault 6.5 0~40 m East 70°
5 Xiangyang fault 4.5 0~150m West 70°
6 Houying fault 3 170 m West 70°
7 Dingguantun anticline 15 2~150 m
8 Balihe anticline 15 20~80m
9 Dinglichang syncline 15 20~240m
10 Guotun syncline 15 50~300 m

Xiangyang, Dongzhang, Balizhuang, Houxin, and other
structures, which indicated that the Guotun coal mine is
obviously affected by the compressive stress in the NW-SE
direction. From the above analysis, it can be concluded that
the main stress direction of the coal mine should be NWW-
SEE, as shown in Figure 1.

3. The In Situ Stress Measurement and Its
Distribution Characteristics in Guotun
Coal Mine

3.1. In Situ Stress Measurement

3.1.1. The Selection of Measuring Equipment and Point
Location. The “recommended method for determining rock
stress” was promulgated by the committee on test methods
of the international society for rock mechanics in 1987. They
confirmed the following four measurement methods as
recommended methods: flat-jack method, hydraulic frac-
turing method, USBM borehole diameter deformation gauge
method, and CSIRO hollow inclusion strain gauge method.
The hollow inclusion stress resolution method is the best
method to obtain the three-dimensional stress state.
Therefore, the hollow inclusion stress solution method is
selected for this in situ stress measurement. The main
equipment diagram is shown in Figure 2 that mainly in-
cludes the following:

(i) The hollow inclusion triaxial stress meter KX-2011:
its outstanding advantages are that the bonding
quality between the stress gauge and the hole wall
rock is great, and the measurement error caused by
the temperature difference is eliminated.

(ii) The mine pressure monitoring substation KJF327-F:
the accuracy can reach 0.1%, and the lowest strain
difference is 1pue, sensitivity coeflicient is
0.001~999.999.

(iii) The other equipment includes confining pressure
calibrator, strain gauge driver, and data processing
software.

The selection of measuring points shall meet the fol-
lowing requirements. First, it needs to be representative, and
it is necessary to avoid goaf and the complex geological

structure. Second, consideration must be given to produc-
tion, staff safety, the impact of measurement, and the
production processes. Third, the borehole must be located in
the same rock stratum. Based on the above selection prin-
ciples, combined with the geological mining conditions and
engineering practice background of the Guotun coal mine,
five measuring points are finally selected, as shown in
Figure 3. The technical characteristics of each measuring
point are shown in Table 2.

3.1.2. Measurement Process and the Key Steps. The research
team conducted a detailed in situ stress analysis in the No.
234 mining area of the Guotun coal mine from 2019 to 2020.
The measurement process and the key steps are shown in
Figure 4 as follows:

Step 1. Drilling geological holes. First, a large measuring
hole is drilled with a hole depth of 1.5~2 times the gateroad
width and a diameter of 130 mm. Then, a conical drill bit is
used to drill a conical variable diameter guide hole with a
depth of 6~8 cm. Finally, a small drill bit is used with a
diameter of 36 mm to drill a measuring hole with a hole
depth of 35~40 cm.

Step 2. Install the stress gauge. First, the drilling hole is
cleaned with cotton yarn, hole washer, and acetone. Then,
epoxy adhesive is prepared in proportion and the length of
the small hole is measured. Finally, the stress meter, posi-
tioner, and guide rod are installed in sequence, and finally,
the conductor is protected.

Step 3. Measure the hole parameters. First, the positioner
and guide rod are taken out in turn. Then, the azimuth and
dip angles of the borehole are measured by the standard
geological compass.

Step 4. Stress relief. First, the strain gauge is checked. Then,
the release distance is marked and the drill is started. Next,
the drilling rig is pushed while injecting water and data
acquisition is carried out. Finally, when the reading of the
strain gauge tends to be stable, releasing is stopped and the
core is taken out with a stress gauge.
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FIGURE 1: Analysis diagram of main stress direction of Guotun coal mine.

FIGURE 2: Main equipment for in situ stress measurement.
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FIGURE 3: Location distribution of measuring points.

TaBLE 2: Technical characteristics of measuring points.

Point Measuring point Hole depth  Buried depth  Azimuth Dip angle Elastic Poisson .
oo o o . Mounting angle

number position (m) (m) @) @) modulus ratio

1# Third area gateroad 6.7 768 128 35 22700 0.29 0

2# Gateroad #2310 7.8 770 236 3.5 19800 0.20 0°

3# Gateroad #2305 8.5 782 134 4 23800 0.26 0°

4# Fourth area gateroad 8.2 801 131 5 19300 0.19 0°

5# Third area #3303 7.6 795 124 3.5 28700 0.29 0°

(®)

FiGure 4: Continued.
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(d)

FIGURE 4: Key steps of field measurement. (a) Drill holes, (b) install stress gauge, (c) measure parameters, and (d) stress relief.

3.2. Measurement Results and Analysis of the In Situ Stress
Data

3.21. In Situ Stress Measurement Results. Based on the
strain values obtained from the above in situ stress mea-
surement process and combined with the laboratory test, we
got the Y (n) curve, as shown in Figure 5. According to the
stress relief curve, the stress relief process can be roughly
divided into three stages [13].

In the first stage, when the stress relief surface does not
reach the section where the strain gauge is located, the strain
value monitored by each channel is small, which can be
understood as the stress transfer of surrounding rock caused
by the “excavation effect.”

In the second stage, when the stress relief surface passes
through the section where the strain gauge is located, the
strain value gradually increases until it reaches the maxi-
mum value.

In the third stage, after the stress relief surface passes
through the section where the strain gauge is located, the
strain value monitored by each channel decreases to varying
degrees and finally tends to be stable. The stable data are the
initial strain data at the measured borehole.

The measurement results are processed by a computer
program. It is a special in situ stress measurement and
calculation program for hollow inclusion stress relief
method designed by the Institute of Geomechanics, Chinese
Academy of Geological Sciences in 2003. Its main interface is
shown in Figure 6. The summary of calculation results is
shown in Table 3.

3.2.2. Analysis of In Situ Stress Distribution. Based on the
measured and existing data (a total of 9 measuring points) in
the Guotun coal mine, this study analyzed the in situ stress
field including its size and the direction variation law.

Distribution Characteristics of Principal Stress. According to
the statistical analysis of the obtained in situ stress data, the
maximum principal stress of the Guotun coal mine is

30.99 MPa~56.56 MPa, with an average of 38.77 MPa.
[18, 19] The intermediate principal stress is
19.17 MPa~27.85 MPa, with an average of 22.01 MPa. The
minimum principal stress is 12.06 MPa~19.08 MPa, with an
average of 15.95MPa. The principal stress values of each
measuring point are summarized on the grid, as shown in
Figure 7.

Further analysis indicated that the Guotun coal mine is
dominated by horizontal tectonic stress, and the types of in
situ stress field are 0y.0,.0y. This strike-slip stress state is
conducive to the preparation and activity of strike-slip faults.
In addition, the stress values of all measuring points are
above 30 MPa, belonging to the ultra-high stress area, and
the stress gradient is 4.81 MPa/100 m, which is larger than
the surrounding mines. This may be attributed to the
complex folds, faults, and other geological structures within
the scope of the Guotun coal mine. Therefore, special at-
tention should be paid to a series of stope dynamic phe-
nomena caused by high stress.

Distribution Characteristics of Maximum Horizontal Prin-
cipal Stress Direction. Figure 8 is a rose diagram of the
dominant direction of the maximum horizontal principal
stress in the Guotun coal mine. Statistics show that the
dominant direction is distributed at 117°~134°, with an
average of 123°, which is completely consistent with the
macroanalysis results (NWW-SEE).

Therefore, it can be determined that the direction of in
situ stress field in the Guotun coal mine is N57°W. As can be
seen from Figure 8, compared with the whole Shandong
region, the maximum principal stress direction of the
Guotun coal mine is within a reasonable range [20].
Compared with the adjacent mines (Yuncheng and Zhao-
lou), the adjacent mines are near E-W, while the direction of
the Guotun coal mine deflects to the WN-ES. Based on the
further analysis, we can infer that the main reason for the
deflection to the WN-ES direction is a large number of arc
structures (including folds and faults), which protrudes to
the southeast, as shown in Figure 9.
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FIGURE 6: The main interface of in situ stress calculation program.
TABLE 3: Summary of measurement results.
Number Measuring point position Principal stress Value (MPa) Dip angle Azimuth
01 39.48 6 122°
1# Third area gateroad 0, 21.35 83° 63°
03 19.08 1° 212°
(o1 35.04 -11° 219°
2# Gateroad #2310 0, 19.96 62° 73°
s 12.06 25° 134°
0y 35.02 3° 134°
3# Gateroad #2305 0, 19.17 70° 36°
05 14.39 19.7° 225°
01 33.86 24° 126°
4# Fourth area gateroad 0y 20.01 61° 18
03 15.09 14° 223°
o1 42.54 -6 117°
5# Third area #3303 0, 23.72 -78° 6

03 18.73 -9 208°
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Variation Law of Principal Stress with Depth. The maximum,
minimum, and vertical principal stresses with the corre-
sponding depth of each measurement point were plotted in
Figure 10.

The least square method was used for linear regression
fitting. The fitting results are as follows:

0, = 0.0453H + 14.419(R’ = 0.90182), (1)

0, = 0.0293H + 15.077(R* = 0.91381), (2)

05 = 0.0278H +19.685(R’ = 0.92271), (3)
where H is the depth (m), and R? is the correlation
coefficient.

From equations (1)-(3), it can be concluded that a great
fitting effect was obtained by the three main stress fitting
equations with the correlation coefficient R* of greater than 0.9.
It can be also seen in Figure 10 that the principal stress value
approximately linearly increases with the depth, and the
maximum principal stress is slightly discrete. This may be
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Maximum horizontal
principal stress direction

F1GURE 9: Directional distribution of the maximum horizontal principal stress.

caused by the differences in the geological structure and rock
stratum characteristics in different degrees of the local range.
In the process of actual measurement, due to the un-
predictability of the lithology of the measured rock mass and
its fracture development degree, there will inevitably be
errors in the measurement results. So, in order to verify the
accuracy of the measurement results, the principal stress
fitting results of the Guotun coal mine are compared with
the surrounding coal mines, as shown in Table 4. It can be
inferred that the variation trend of oy and o, between the
Guotun coal mine and the Zhaolou coal mine shows a great
consistency on the whole, but the Guotun’s stress gradient
(slope of the fitting curve) is relatively large. Compared with
the Yuncheng coal mine, the two regression equations are
quite different, which may be caused by the different amount
of data and statistical depth used in regression analysis.

Variation of the Lateral Pressure Coefficient with Depth. The
lateral pressure coeflicient is an important characterization of
the in situ stress state, and its size has a very important reference
value for the design, construction, and maintenance of mine
gateroad engineering [23, 24]. In this study, the ratios of o to
0,, 0p 10 0,, and 0y, to 0, are denoted as Ky, K, and K.
They were used to analyze the variation law of the in situ stress
state with depth. The curve function K=a/H + b was used for
regression fitting, and the results are as follows:
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Figure 11 shows the fitting curves of three lateral
pressure coefficients varying with depth. It can be concluded
that the distribution of Ky, Kj, and K,, shows a great
regularity. According to the statistical results, the value of Ky
is 1.11-2.68, with an average of 1.78, the Kj, value is
0.54-0.89, with an average of 0.73, and the K,,, is 0.83-1.70,
with an average of 1.26. In general, with increased depth, the
values of the three lateral pressure coefficients have a de-
creasing trend. From formulas (4)~(6), it can also be inferred
that Ky, K, and K, are likely to approach 1.57, 0.63, and
1.12, respectively.

4. Surrounding Rock Control Measures
and Application

The stability of roadway surrounding rock is mainly affected
by horizontal stress and can be divided into three areas: first,
slightly affected areas; second, medium impact area; and
third, seriously affected areas. The roadway parallel to the
maximum horizontal stress direction is the least affected,
and the surrounding rock stability is the best. For the
roadway intersecting with the maximum horizontal stress
direction at an acute angle, the surrounding rock defor-
mation tends to a certain side of the roadway, and the
surrounding rock stability is general. The roadway per-
pendicular to the maximum horizontal stress direction is
most affected by horizontal stress, and the stability of sur-
rounding rock is the worst.

In engineering practice, correctly handling the rela-
tionship between gateroad support design and in situ stress
is an important guarantee for the safe mining of coal mine
[25, 26]. The above-measured results and distribution law
provide a detailed and reliable basis for gateroad mining
layout and support scheme design. In this study, optimizing
mining layout and strengthening support were proposed and
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carried out field application, based on the distribution law of
in situ stress in the Guotun coal mine.

4.1. Control Measures for Large Deformation of Gateroad.
First, working face 3301 is one of the typical working faces being
mined. One of the measuring points of this in situ stress
measurement is selected near the working face. Second, the
overburden of working face 3301 has the typical stratigraphic
characteristics of the Guotun coal mine. Therefore, gateroads of
working face 3301 are selected as the site for the field application
of the support scheme in this study.

The detailed technology parameters should be determined
based on the existing economic and technical conditions, rel-
evant theories, and engineering practice. Taking the working
face 3301 of the Guotun coal mine as an example, the coal seam
has stable occurrence, simple structure, and average thickness of
5.65m. The roof is mainly fine and siltstone, and the floor is
mainly mudstone and siltstone. A rectangular gateroad with
width of 4.6m, height of 43m, and net sectional area of

2. . . .
19.78 m” is used for solid coal or semicoal rock excavation. The
specific control measures are as follows:

4.1.1. Optimizing Mining Layout. First, the gateroads should
be excavated along the direction of the maximum principal
stress or at an acute angle with it as far as possible. It means
that the gateroad in the Guotun coal mine should be
arranged along the N57W direction as far as possible.
Considering the specific engineering geological and con-
struction conditions of the working face 3301, the angle
between the direction of excavation and the maximum
principal stress is set to 8 degrees. The specific layout of
gateroad is shown in Figure 12.

Second, the gateroad layout should avoid large geological
structures (fault, fold, and collapse column) as far as possible.

4.1.2. Strengthen the Support Scheme. First, the anchor bolts.
Anchor bolts with yield strength greater than 500 MPa and
easy to install shall be selected to enhance the adaptability to
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roof and coal wall. Especially for broken surrounding rock,
when there are local irregularities, the ribs and roof can be
smoothly pasted. Six left-handed high-strength prestressed
bolts with a 20mm diameter, a 2,400 mm length, and
500 MPa tensile strength were used in the roof. Five right-
hand threaded steel bolts without longitudinal reinforce-
ment with 20 mm in diameter and 3,300 mm in length were
installed in the two ribs of the gateroad. All the bolts were
installed with a spacing of 900 mm x 900 mm, a capsule resin
K2370, and a 150 mm x 150 mm x 10 mm anchor bolt tray
[27-31].

Second, the anchor cable. The type of 1x19# high-
strength anchor cable is chosen, which can make the anchor
cable to have better diffusion prestressing effect in the
preloading stage and strong antideformation ability in the
working stage. Three left-handed steel strand anchor cables
with a 22mm diameter and 8 m length are used in the
gateroad roof. The anchor cable beam is processed with 14#
channel steel (yield strength limit 235 MPa). All the bolts
were installed with a spacing of 1,800 mm x 900 mm and two
capsule resin K2370 [32-35]. The large diameter thickened
anchor cable tray (bearing capacity 560 kN) is used with the
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size of 150 mm x 150 mm x 10 mm, and the anchor cable
layout is “3-2-3.”

Third, protection of the gateroad surface. The gateroad
surface is protected by metal mesh and high-strength im-
pact-resistant woven mesh at the same time, which can
effectively prevent the roof from breaking and falling.
Gateroad roof and two sides can be laid @
6mm X 1,100 mm x 2,000 mm metal mesh (yield strength
380 MPa) and high-strength tensile plastic, with plastic mesh
inside and metal mesh outside. The plastic mesh shall be
overlapped for 100 mm, a buckle shall be connected every
300 mm, and the mesh wire shall be 12# iron wire. The
specific support scheme is shown in Figure 13.

4.2. Analysis of Surrounding Rock Control Effect. After the
above layout method and support scheme are used in the
mining gateroad of working face 3301, we use the roof
separation instrument to monitor the displacement of rel-
evant areas. The monitoring results show that the defor-
mation of two ribs and the roof was within the control range.
During the gateraod excavation, the deformation of both
ribs and the roof was within the control range. The cu-
mulative subsidence of the roof was 200 mm, the two ribs’
convergence was 200 mm, and there was no floor heave.
During the panel retreat period, the deformation of the
gateroad slightly increased, and the overall deformation is
always at a low level. The roadway could meet the
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requirements of the ventilation and normal mining of the
working face. The field support effect is shown in Figure 14.

5. Conclusions

This study mainly focuses on the distribution law of in situ
stress field in the Guotun coal mine, and the specific control
measures for surrounding rock are presented. The main
conclusions are as follows:

(1) Among the three large-scale tectonic movements
experienced by the Guotun coal mine, the middle
Yanshan period has the strongest impact on it.
According to the geological evolution process, it is
preliminarily inferred that the maximum principal
stress direction of the Guotun coal mine is
NWW-~SEE.

(2) The field measurement results show that the average
maximum principal stress of the Guotun coal mine is
38.77 MPa, and the direction is 123 (N57W).
Compared with the adjacent mines, the NW de-
flection is obvious, which is mainly caused by the arc
structure within the mine.

(3) The type of in situ stress field in the Guotun coal
mine is oy>0,>0,. The average stress gradient is
4.81 MPa/100 m. The maximum principal stress
linearly increases with the depth and is larger than
the surrounding mines. The lateral pressure coeffi-
cients Ky, Kj, and K,,, are likely to approach 1.57,
0.63, and 1.12, respectively.

(4) The field test shows that the large deformation
control measures proposed in this study to optimize
the mining layout and strengthen the support have
significant effects.
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Water supply prediction and control is one of the key issues in exploitation of coal mine underground reservoirs (CMUR). In
order to investigate the water supply for underground reservoirs in coal mines, the aquifers were classified into three types
(types L, II, and IIT) according to the relative location of aquifers. The discrete element fluid structure coupling numerical
simulation model is constructed according to the classification results. The numerical simulation parameters are inversed based
on the surface subsidence data and the advance support pressure, and then, the disturbed characteristics and water pressure
variation law of different types of aquifers are studied. The research results show that the maximum water inflow of type III,
type II, and type I aquifers is 739 m’/h, 377 m*/h, and 279 m*/h, respectively. The dynamic calculation process of underground
reservoir capacity under mining disturbance is refined, and the regulation and storage methods of underground reservoir are

preliminarily put forward.

1. Introduction

With the implementation of China energy strategy, the west-
ern mining area has become the “main battlefield” for the
development and utilization of coal resources. The output
and reserves of coal in the five western provinces (Shanxi,
Shaanxi, Mongolia, Ningxia, and Xinjiang) account for more
than 70% of the national total, while their water resources
account for only 3.9% of the total. Under the background
characterized by “rich coal, poor water, and weak ecology,”
water resources have become a “bottleneck” restricting the
development of coal industry in China western areas. The
“ecological loss” derived from traditional extensive mining
far exceeds the “economic value” created by coal develop-
ment. The ecological environment problem, especially the
water resources protection in western mining areas, has
become the major problem faced by the coal industry
[1-4]. According to statistics, China’s annual output of mine

water is about 8 billion tons, of which 6 billion tons are
wasted, which accounts for about 60% of the industrial and
civilian water. If the mine water can be fully utilized, there
will be abundant water for downstream coal processing [1,
5-7]. Therefore, “protection and utilization of mine water”
has become a strategic requirement for sustainable develop-
ment as well as an important prerequisite for the green
development of coal resources.

At present, many scholars have carried out extensive the-
oretical researches and engineering practices on “water-
preserved mining.” From the perspective of “blocking, inter-
ception and drainage,” a lot of researches have been con-
ducted on mining-induced fissures and rock movement in
order to master the development law of mining-induced fis-
sures and investigate the impact of coal mining on water
resources. Through theoretical analyses, experimental
researches, and engineering practices, researchers have put
forward theoretical and engineering technical means such
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(a) Location map of the study area
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FIGURE 1: Overview of study area.

(c) Mixed aquifer (type III aquifer)

FIGURE 2: Generalized classification of coal-water occurrence relationship in shallow coal seam.

as height-limiting mining, mining with filling, and ground
water storage in order to avoid or reduce the degree of dam-
age to water resources caused by mining and thereby solve
the contradiction between coal mining and ecological envi-
ronment [8-11]. However, these mining protection methods
and technologies have certain limitations. For example,
height-limiting mining reduces the coal recovery rate and
causes the waste of resources; ground water storage is lim-
ited due to the problems such as insufficient water storage
space and high costs of water storage. In addition, there
are still theoretical and technical difficulties in the study on
the relationship between the development of mining-
induced fissures and the destruction of aquifers, which are

also key issues to be addressed in the protective exploitation
of water resources.

After more than 20 years of scientific and technological
researches and engineering practices, Gu Dazhao first pro-
posed the concept of “diversion, storage and use” for under-
ground reservoirs in coal mine. At present, more than 30
underground reservoirs have been successfully constructed
in the Shendong mining area, with an annual water storage
capacity of about 32 million m’, which contributes a lot to
the ecological development, industrial production, and
domestic water use in the mining area [1]. After years of
researches and explorations, the academic community has
carried out a large number of theoretical and engineering
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Types of Bulk density Compressive strength Internal friction Cohesion Elastic modulus ~ Poisson’s Permeability
rocks kN/m’ 0,/MPa angle E/GPa ratio p coeflicientc m/s
Aeolian sand 15.8 — 20 0.02 — — 1x107°
Conglomerate 239 453 39 7.10 33 0.25 3x 107
Sandy 224 228 38 6.32 23 0.28 1x 107!
mudstone

Siltstone 23.5 40.6 38 7.07 35 0.25 2x1077
Coal 15.1 6.60 30 2.00 14 0.22 1x10°°
Mudstone 223 20.7 29 5.55 20 0.30 3x107"°
Fine 234 6.60 38 6.46 13 0.22 1x10°°
sandstone

practices on site selection for underground reservoir, body
design of reservoir dam, and reservoir design. Key technolo-
gies such as water source prediction, reservoir site selection,

and storage capacity design have been put forward to guar-
antee the safety of reservoir operation. It is worth noting that
water source prediction is the basic prerequisite for the



H/m Histo Lithology \
| |sram ’ v\
.~ Aeolian
ad=— il el
Conglo 7/
70 merate
e Fine
60 e andstone| model 2
7 mudstone
12 = siltstone \
Sandy |
udstone|
8 coal | o
Sandy
3 gmudstone] L L L L L L1
(a) Composite borehole histogram (b) Type I

Geofluids

model 1 model 3 7 "//

(c) Type IT (d) Type I1I

F1GURE 4: Generalization model for numerical simulation.

Aquifer

Block plot

Domain pore pressures
Maximum pressure = 1.590E+06

Each line thick = 3.180E+05

B~ gl

1.590E+05

s |
I S T | 3.180E+05

TT
[
T T 4.770E+05

6.360E+05

7.950E+05

9.540E+05
1.113E+06
1.272E+06
1.431E+06
1.590E+06
1.749E+06

(a) Type I aquifer

Aquifer

Block plot

Domain pore pressures
Maximum pressure = 8.500E+05
Each line thick = 1.700E+05

8.500E+04

1.700E+05

2.550E+05

3.400E+05

4.250E+05

5.100E+05

5.950E+05

6.800E+05

7.650E+05

8.500E+05
9.350E+05

(b) Type II aquifer

Aquifer
(g

Block plot

L Lo T o i I A S | BT A i AT A ST T A L Y A A ) A A B A LI A i A

Domain pore pressures
Maximum pressure = 1.890E+06
Each line thick = 3.780E+05

9 e e ) o 5 ) O e | ) 0 0 0 ) )
S i T | i i o e e T

5
T

| R e 3 ) )
1 I

1.890E+05

3.780E+05

5.670E+05

7.560E+05

9.450E+05

1.134E+06
1.323E+06
1.512E+06

1.701E+06

1.890E+06
2.079E+06

(c) Type III aquifer

FIGURE 5: Numerical modeling.

construction of underground reservoirs in coal mine, which
includes two aspects: groundwater migration law research
and groundwater volume prediction. Mine water inflow is
the basis of a series of water storage activities in goaf such
as underground reservoir capacity design, safe operation of
underground reservoir, and mine water supply [12-17]. At

present, water source prediction is mainly based on the
actual monitoring data of mine water inflow. In fact, most
of the water sources of underground reservoirs derive from
the overlying aquifer of the coal seam, which is closely
related to the law of disturbance of the aquifer. Therefore,
determining the change law of aquifer under the influence
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of mining is the basis for the study of reservoir water
sources. In addition, coal seams in the western mining areas
are typically characterized with shallow burial depth, big
thickness, variable aquifer locations, and uncertain aquifer
layers [18, 19], which brings big problems in the prediction
of underground reservoir water sources.

Taking the Bulianta coal mine in Shendong mining area
as example, this study presents fluid-solid coupling numeri-
cal analysis by using UDEC discrete element simulation soft-
ware, studies the aquifer change law under the impact of
mining, comparatively studies the water pressure changes
of aquifers in different models, analyzes the water source
of the underground reservoir, and proposes the water
source control method for underground reservoir. The
research results carry academic significance for accurately
predicting the water source of underground reservoirs in
coal mines.

2. Generalized Classification of “Coal-Water”
Occurrence Relationship in Shallow
Coal Seams

2.1. Analysis of Main Factors Influencing Aquifer Changes
under Mining Action. After the coal seam is mined, the orig-
inal balance state of the rock layer is destroyed, which leads
to the deformation of the overlying rock mass and the gen-
eration of mining-induced fissures, resulting in the change
of permeability of the overlying coal seam (Figure 1). On this
basis, the mining-induced fissures continue to expand under
the “mining stress-water” coupling effect, which eventually
become a channel for water loss, causing water resources
to flow to the goaf. In fact, there are two necessary condi-
tions for water resources derived from aquifers to enter the
goaf: one is that the mining-induced fissures communicate
with the aquifer, and the other is that the fissures develop
into water-conducting fissures. When either of the two con-

ditions is not satisfied, loss of water resources in the aquifer
will not be resulted. For example, when the overlying rock is
soft rock or contains kaolin, illite, and other water-swelling
minerals, the water-conducting fissures will gradually close
after a certain period of time; the water level of the aquifer
will gradually recover, so that the loss of water resources will
gradually decrease. Therefore, water-conducting fissure zone
is one of the main factors causing the change of aquifers. In
the research process, it is necessary to consider the develop-
ment height of the fissures and also analyze whether the
fractures can develop into water-conducting channels. Only
when the fissures communicate with the aquifer and develop
into water-conducting channels, it will impose threat to the
aquifer, which is very important for water supply during
the construction of underground reservoirs in coal mines.

Regarding the problem of mining-induced fissures,
many scholars have conducted a lot of researches by theoret-
ical analysis and simulation deduction. It is believed that the
main factors influencing mining-induced fractures are coal
seam depth, mining thickness, mining speed, etc. The calcu-
lation formula and judgment standard of fissure develop-
ment height have been put forward [11, 20-23]. Where
roof lithology, burial depth, and lithological conditions can
be regarded as internal factors affecting the development of
water-conducting fissure zone, while mining height and
working face size can be regarded as external factors. Factors
such as mining thickness and mining speed affect the degree
of roof rock destruction (fissure development), while roof
lithology and combination means determine its ability to
“resist” mining disturbances. According to the mining-
induced damage on aquifer, impacts of mining-induced fis-
sures on the aquifer can be classified into three cases. First,
mining-induced fissures will not damage the stability of the
aquifer; that is, it will not cause the loss of water resources
in the aquifer. Second, mining-induced fissures destroy the
aquifer stability, but after a period of time, the aquiclude
gradually recovers its water-proof capacity, and the fissures
lose the function of water conduction. Although there is a
certain loss of water in the aquifer, the stability of the aquifer
is not affected. Third, mining-induced fissures cause irre-
versible damage to the aquifer, and mining-induced fissures
become seepage channels, so that a large amount of water
resources flow to the goaf [4, 20]. The main factor affecting
the occurrences of the above three cases is the relationship
between the development height of the water-conducting fis-
sures and the occurrence location of the aquifer. Due to the
shallow burial depth and great thickness of coal seams in
western mining areas, fissures will develop to the surface
after coal seams are mined. Therefore, its impact on aquifers
basically accords with the second and third cases, causing a
lot of waste of water resources. The construction purpose
of underground reservoirs in coal mines is to introduce mine
water into the goaf, so that it can be used after being sealed
and fully purified. Therefore, it is necessary to generalize the
classification of the occurrence modes of aquifers, link them
with the development of mining-induced fissures, and then
study its disturbance characteristics under different condi-
tions to provide a basis for the prediction of water source
in underground reservoirs.
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2.2. Generalized Classification of Coal-Water Relationship.
Over the years, many scholars have carried out a large num-
ber of studies on the movement law of the overburden strata
in shallow coal seams. It is concluded that the movement of
the overburden strata in shallow coal seams has obvious
“two belt” divisions in the vertical direction, and the distur-
bance characteristics of coal mining on aquifers are studied
according to the development laws of the “two belts.” In fact,
the location of aquifer varies with the influence degree of
mining. For underground reservoirs in coal mine, the aqui-
fers at different locations provide varying degrees of recharge
to the reservoir after mining disturbances. Considering this,
this paper classifies the relationship between the aquifer
location and the development height of the “two belts”,
and generalizes the aquifers into three types (as shown in
Figure 2).

Type I aquifer: the lower aquifer, which is located
between the caving zone and the fissure zone. When the
aquifer is located at this position, the mining-induced fis-
sures directly destroy the stability of the aquifer; the fissures
communicate with the aquifer and become the main channel
allowing the water source of the aquifer to flow to the goaf.

Type II aquifer: the upper aquifer, which is located above
the fissure zone. This type of aquifer is less affected by fissure

development than type I. Mining-induced fissures have not
developed to the aquifer or have less impact on the stability
of the aquifer. Water resources in the aquifer will flow down-
wards only when fissure penetrates the aquifer and forms a
water-conducting channel.

Type III aquifer: mixed type aquifer, which coexists
with type I aquifer and type II aquifer. Generally, this type
of aquifer is dominant in the process of coal seam excava-
tion. Different mining methods and geological conditions
have greatly different effects on the aquifers, and the water
supply to underground reservoirs in coal mine is also
different.

Type I and type II aquifers are collectively referred to as
single type aquifer. It can be determined that the water
source of the underground reservoir basically comes from
this type of aquifer. Type III aquifer is a combination of
the other two types of aquifers. In the case of Type III aqui-
fer, the water source of the underground reservoir is sup-
plied by two or more aquifers. Since type I aquifer is in the
fissure zone, the destruction degree is larger compared to
type IL Therefore, type I aquifer may become the main water
source for underground reservoirs. In order to clarify the
recharge of aquifers to the underground reservoirs under
different conditions, it is necessary to analyze the failure
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FIGURE 9: Variation law of water pressure at coal roof.

characteristics of various types of aquifers under the influ-
ence of mining.

3. Numerical Model and Result Analysis

The Discrete Element Method (DEM) believes that the rock
mass is composed of rock blocks and discontinuous surfaces
between the blocks. DEM can be used to describe the geo-
metric characteristics (fracture length, inclination, opening
degree, spacing, etc.) of rock mass cracks more truthfully.
Therefore, the DEM-based numerical calculation method
has been widely used in the study of the hydraulic character-
istics of rock (body) fissures.

In the simulation process, the mechanical deformation
of the joint will affect the hydraulic opening of the joint.
The hydraulic opening of the joint is calculated by the fol-
lowing formula.

a=a0+ Aa,
on (1)
Na=—,
4 kn

where g, is the joint opening in the zero-stress state, o,

is the normal stress acting on the joint, k,, is the stiffness of
the joint, and a,,, is the residual hydraulic opening of the
joint.

In the process of stress change, the crack opening
changes, the flow rate of each node changes, and the pore
pressure of the original domain also changes. The pore pres-
sure of the new area can be calculated by following formula:

S

AV

At
P=Py+K, Q7 ~K,Q5+ )

where P is the updated regional pressure, Pa; P, is the
original regional pressure, Pa; K, is the bulk modulus of
the fluid, MPa; Q is the total flow rate of the regional inter-
connection joints, m*/s; AV =V -V, V, =(V+V,)/2,V,
and V|, are the areas of the new and old regions, respectively;
and At is the time step.

3.1. Establishment of Numerical Model Based on Generalized
Classification. Bulianta Coal Mine is located in the central
part of Shendong Mining Area. The main coal seam is No.
1%, with the average thickness of the coal seam of 7.44 m,
so one-time full-thickness mining technology is adopted.
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FIGURE 10: Variation law of water pressure at coal roof with the advancement of working face.

There are mainly two aquifers in the upper part of the coal
seam, namely the Quaternary aquifer and the Zhidan Group
aquifer of the Lower Baixi System. The aquiclude is located
on the top of the Yan’an Formation in the Lower Jurassic,
and its lithology is mainly composed of mudstone and sandy
mudstone. In order to analyze the water source problems
during the construction of underground reservoirs after the
mining of No. 1 coal seam, it is necessary to study the
change law and recharge law of water source in the aquifer
under the action of mining. In view of this, this paper uses
the discrete and fluid model of the UDEC software
(Figure 3) to conduct numerical simulation analysis based
on the occurrence status of No. 17 coal seam and aquifer
in Shendong Bulianta Coal Mine. A numerical analysis
model is constructed to analyze the influence of coal mining
on the aquifer as well as the influence of mine water occur-
rence modes on the water source of underground reservoirs.
The physical and mechanical parameters of each rock layer
of the model are shown in Table 1 [24, 25]. The size and
basic parameters of each rock layer are selected as follows:
(® Model size: according to the average burial depth of
No. 1-2 coal seam, the model height is set to 190 m; at the
same time, considering the boundary effect and the full min-
ing effect during the advancement of the working face, coal
pillars with length of 60 m are arranged on the left and right
sides, and the model length is set to 500 m; excavation step
distance is set to 10 m/step. @ Selection of mining height:
based on the actual mining thickness of No. 1-2 coal seam,
the mining height is set to 8 m. ® Aquifer: according to
the above generalized model, a total of 3 sets of models are
set up based on the aquifer location. Model 1 and model 2
are given a set of aquifers, namely, type I and type II aqui-
fers, model 3 has two aquifers, and the aquifer thickness
for the three types of models is set to 20m, as shown in
Figure 4. The modeling results are shown in Figure 5; ®

monitoring line layout: during the simulation, the monitor-
ing lines are arranged in the lower part of the aquifer (the
upper and lower parts of the type I aquifer in model 3),
the lower part of the aquiclude, and the upper part of the
coal seam. The change characteristics of water pressure
and water velocity during the excavation process are moni-
tored, and the aquifer water level change law, seepage path,
and other related information are inverted according to the
change characteristics of water pressure.

The leading-support stress distribution of working face
is obtained based on numerical calculation model, and
ground surface displacement subsidence curve is plotted
based on Wilson’s theoretical calculations and field mea-
sured data (Figures 6 and 7). The error rate of the ground
settlement monitoring data is 7.95%, and the error rate of
the leading-support peak stress is 1.86%. The deviation
between the numerical simulation model and the actual
measurement and theoretical calculations are within 10%,
showing good consistency. The calculation method of the
specific values refers to the calculation method using the
Wilson theory [26-28] formula. The parameters required
in the theoretical formula when the mining height is 5m
are summarized in Table 2.

3.2. Disturbance Characteristics of Aquifer under Mining.
According to the characteristics of water pressure change
at the measuring point, the characteristics of the aquifer
change under the mining action can be obtained. Through
studying the dynamic changes of the water pressure before
and after mining, we can obtain the change characteristics
of the water resources under the mining action, under-
stand the water pressure change laws of aquifers, aqui-
clude, and coal roofs, respectively, and then grasp the
disturbance characteristics of different types of aquifers
under mining.



Geofluids 13

- <
-
o

Open -tensile
fracture

Separatlon
fissure
=

Open-tensile
fracture

(b) The development characteristics of fissures after mining in the working face

9 4
— 8_
B
E
o0
g 7
Sl
o) J
&

5 61
I
= ]
-
Bt
= 5
<
4

T T T 1
0 20 40 60 80 100 120
Monitoring time (d)

—=— Monitoring well 1
—4— Monitoring well 3
—o— Monitoring well 2

—¥— Monitoring well 4

(c) Monitoring results of aquifer water level

FiGure 11: Comparison and verification of simulation and on-site monitoring results.

3.2.1. Analysis of the Change Law of Water Pressure in  and close during the advancement of the working face. In
Aquifers. The direct reason why coal mining has an impact  this process, the mining-induced fissures will increase the
on the aquifer is that the fissures become water-conducting ~ water pressure in the overburden strata and reduce alternat-
channels, and the mining-induced fissures continue to open  ing changes. From the simulation results (Figure 8), it can be
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seen that after the mining of the working face, the water
pressure at different locations in aquifers shows the tendency
of increasing or decreasing, and as the distance between the
coal seam and the aquifer increases, the magnitude of the
change tends to decrease. In the case of type III aquifer,
the water pressure in the lower aquifer changes more signif-
icantly than that in the case of type II aquifer, and the upper
water pressure in the lower aquifer also changes as the work-
ing face advances. When the working face advances to about
100 m, the water pressure exhibits big fluctuations, indicat-
ing that the lower limit aquifer is “recharged” by the upper
limit aquifer. In the case of type II aquifer (model 2), as
the distance between the aquifer and the coal seam is greater
than that in the case of type I aquifer, it is more affected by
mining, and the water pressure at the same location changes
earlier than that in the case of type I aquifer.

From the simulation results, it can be known that the
aquifers at different locations present certain time effect. In
general, there is a change characteristic of decrease—increa-
se—decrease—recovery. The water resources located in the
upper aquifer “migrate” along the mining-induced fissures to
the lower rock layer or aquifer; when the aquifer is located in
the upper part (type I), it is greatly affected by mining, and
the disturbance time is later compared to type II aquifer; when
the aquifer is type II or type III, the lower aquifer is greatly dis-
turbed with serious water loss. In particular, when the aquifer
is type III aquifer, the lower part of type II aquifer shows great
water pressure changes, with more serious water loss, provid-
ing abundant water supply for underground reservoirs.

3.2.2. Analysis of the Change Law of Water Pressure in the
Aquiclude. The change of water pressure in the aquiclude
also reflects dynamic evolution of the fissures during coal
seam mining as well as the strength of water resistance to a

certain extent. According to the simulation results, the loca-
tion of the aquifer greatly affects water pressure change in
the aquiclude. As the distance between the two increases,
the water pressure change in the aquiclude becomes smaller,
and the time for the occurrence of water pressure change is
slightly delayed. When the working face advances to about
180-200 m, the change law of water pressure basically tends
to be stable, showing periodic fluctuations.

In the case of type III aquifer, the aquiclude has greater
change amplitude and more significant increase of water
pressure than the other two cases. In the case of type II aqui-
fer, a stable “water gushing point” is formed about 100 m
away from the open-off cut. It can be judged that the
mining-induced fissure has the largest opening at this point,
and the water source of the aquifer constantly flows to the
goaf. Despite the great water resource flow at this point,
the water pressure in the mining-induced fissure is small.
In the case of type I aquifer, after the coal seam mining
destroys the aquifer, water resources continue to flow to
the lower rock layer and enter the goaf along the fissure of
the aquiclude. In general, as the distance between the coal
seam and the aquifer decreases, there is an increasingly seri-
ous loss of water resources in the aquifer, and the change law
of water pressure becomes more and more complicated dur-
ing the advancement of the working face. The farther away
the occurrence location of aquifer is from the coal seam,
the smaller the water pressure change is, and the longer
the time will be. The difference in the water pressure change
reflects the fissure opening degree or the strength of the
water conductivity in the aquifer. The closer the distance
between the aquifer and the coal seam, the more serious
the loss of water resources after the mining-induced fissure
destroys the aquifer, and the more stable the water supply
to the underground reservoir. On the contrary, when the
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FIGURE 13: Variation law of water pressure in aquiclude.

aquifer is far away from the coal seam, due to the action of
the bedrock between the aquifer and the aquiclude, part of
the water resources will be stored by the bedrock fissure
(cracks) rather than flowing to the goaf, so that the under-
ground reservoir cannot be steadily recharged.

3.2.3. Analysis of the Water Pressure Change Law at Coal
Roof. In order to characterize the degree of water supply to
underground reservoirs by different types of aquifers, the
changes in water pressure at coal roof are analyzed. Based
on the change law of water pressure in the aquiclude, it
can be seen that the change law of water pressure at coal roof
varies significantly with the occurrence forms of coal seam
and aquifer as well as distance between the two. In model
3, the change amplitude and increase intensity of water pres-
sure at coal roof are greater compared to the other two
models. The change law is similar to that of model 1 (type
I aquifer), but the change range of water pressure is bigger
compared to model 1, which means that when the aquifer
is a mixed type aquifer; the water source at the coal roof is
“recharged” by the two aquifers. The main source for rechar-
ging is provided by the lower aquifer, and the water pressure
change at coal roof is not a simple superposition of the

change values of the water pressure in the two models, which
also verifies to a certain extent that part of the water source
in the upper aquifer will be stored in the fissure along with
the opening and closing of the bedrock fissure.

After the mining of the working face is completed, the water
pressure at the open-off cut and the stop line of the working face
remains basically stable, and the water pressure in the middle of
the working face increases and decreases periodically, indicating
that the fissures at both ends of the working face have a greater
degree of opening, which becomes a stable water gushing point.
However, in the middle part, the fissure is closed due to the
recompaction of the rock formation, and the upper part is con-
stantly recharged by water, showing a periodic water pressure
change of increase—decrease—increase.

The change of water pressure at coal roof can directly
reflect the damage degree of different types of aquifers under
mining as well as the water supply capacity of underground
reservoirs in coal mine. From Figure 9, it can be found that
the water supply capacity of the underground reservoir is
directly related to the “coal-water” occurrence relationship.
When it is closer to the coal seam, the recharge capacity is
stronger, and the downward flow time of water resources is
relatively advanced. When there are multiple aquifers above
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FIGURE 14: Flowchart of evaluation of water storage in goaf.

the coal seam, the aquifer located between the caving zone and
the fissure zone is the main “supply aquifer” for the under-
ground reservoir, and the aquifer above it continuously
replenishes the lower aquifer under the influence of fissure.

3.3. Water Source Prediction of Underground Reservoirs
under Different Coal-Water Occurrence Relationships. The
water source of underground reservoirs mainly comes from
the water resources in the aquifer. After the coal seam is
mined, there will be stable water outlets at the open-off
cut and stop line. The mining-induced fissures generated
in this area have big openings and become one of the stable
water sources for underground reservoirs. From the simula-
tion results, the changes in water pressure at coal roof
reflect the recharge status of underground reservoirs by
aquifers. In order to further analyze the degree of water
supply to underground reservoirs provided by different
types of aquifers, the water pressure at coal roof is analyzed.

It can be seen from Figure 10 that, in models 2 and 3,
there are obvious areas where water pressure increases at

both ends of the working face, while in model 1, the water
pressure at both ends of the working face does not change
significantly, and the water pressure in the lower aquifer
shows a hump-shaped distribution. Different types of aqui-
fers show great differences in the cumulative increase trend
of coal roof during the advancement of working face. The
overall degree of change is ranked as model 3 > model 2 >
model 1, indicating that the coal-water occurrence relation-
ship has a great influence on the water source of under-
ground reservoirs. The farther the aquifer is from the coal
seam, the more unstable the recharge to the underground
reservoir.

In order to verify the rationality of the numerical simu-
lation, the numerical simulation results were compared with
the physical simulation results and on-site monitoring
results. The results show that the main “outlet points”
derived from physical simulation and numerical simulation
are near the open-off cut, and the fissure (water gushing
channels) is developed in the tensioned fissure zone above
the two ends of the working face [29]. The separation
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fissures or horizontal fissures appear just above the working
face during the mining process. With the advancement of
working face, this part of the fissures is compacted and
reclosed, causing the loss of water diversion capability. By
comparison with the numerical simulation results, it can
be found that great increase of water pressure also appears
in the tensile fissure zone at the upper ends of the working
face, and there is small water pressure change in the upper
compaction zone of the working face. Therefore, the numeri-
cal simulation results are basically consistent with the actual
results. By analyzing the on-site monitoring results of the
aquifer water level (Figure 11(c)), it can be seen that with the
advancement of the working face, the water pressure in the
aquifer shows a tendency of decrease — recover — stabilize,
which is consistent with the numerical simulation results.

In order to quantitatively analyze the recharging of
underground reservoirs by different types of aquifers,
according to Darcy’s law calculation method, the water
inflow V has a relationship with water flow velocity v, water
flow channel area S, and time ¢, as shown in Equation (3).

V=>Yv.ds, (3)

where V is the water inflow, m>/h; v is the water flow
velocity, m/s; and S is the cross-sectional area of the water
flowing through the rock formation (the coal roof is along
the inclination direction of the working face), m>. The mon-
itoring results of the water flow velocity in the monitoring
point are shown in Figure 12.

Based on the development degree of the main fissures in
the mining process and according to the actual width of the
working face, the cross-sectional area of seepage is calcu-
lated, and the water inflow results of the three models are
finally calculated as well, as shown in Figure 13. The working
face width is within the range of 200~300 m, and the water
inflow of each model is obtained. Model 3 has the largest
water inflow, which is about 493~739 m>/h; model 2 has
the smallest water inflow, which is about 252~377 m’/h;
the water inflow of model 1 is between the two, which is
186~279 m*/h. According to the actual occurrence status of
the aquifer, the Bulianta Coal Mine can be classified as type
III aquifer. According to the analogy method and actual
measurement results, the actual water inflow during the
mining process of the No. 17 coal seam is 400 m*/h by aver-
age, which is similar to the simulated value.

4. Water Source Regulation and Storage
Method for Underground Reservoir in Coal
Mine considering Coal-Water
Occurrence Relationship

Flowchart of evaluation for water storage in goaf is shown in
Figure 14 [1].

Q =9, +9
q,=F-a;-h, (4)
q,=F -0y h,
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where F is the area of the goaf, m?; a is the precipitation
infiltration coefficient of the goaf; F, is the peripheral catch-
ment area of the goaf, m? a, is the precipitation infiltration
coefficient in the peripheral catchment area of the goaf; and
h is the precipitation intensity of the study area, m/d.

Q=q;+4, (5)

where g, is the flow of the surface water into the goaf,
mz/d, and g, is the flow of surface water out of the goaf,
m’/d.

The recharge amount of the underground aquifer for the
goaf is related to goaf water storage level. The groundwater
inflow is directly proportional to the 1/2 power of decline
ratio of the water level, which can be calculated by the fol-

lowing formula:
/S
Q=Q S (6)
0

where Q) is the water inflow of the goaf before enclosure,
m’/d; S, is the drawdown of the phreatic water level before
goaf closure, m; and S is the drawdown of the phreatic water
level in the goaf water storage, m (Figure 14).

The time dt of goaf water storage presents the drawdown
change dS of phreatic water level, so:

S
(Ql +Q, + Qpy /S—> dt = Fu,ds, (7)
0

where u, is the specific yield of the goaf caving zone;
assuming K, = Q, + Q,, K, =Q,/S,"1/2, following formula
can be obtained through integration:

1= 20 i (5~ vB) -k, S g

K2 K, +K,V/S

According to the generalized model of the “coal-water”
relationship and the results of numerical analysis, different
forms of water source control methods are proposed to
ensure that the underground reservoirs have sufficient water
supply while the water inflow does not exceed the storage
capacity. According to the water supply types of under-
ground reservoirs, they are divided into single-type water
sources and mixed-type water sources. The single-type water
sources include type I aquifers and type II aquifers, and the
mixed aquifers are type III aquifers. The specific regulation
and storage method are designed as follows:

(1) Category I (lower aquifer)

Since the aquifer is located within the fissure zone, the
aquifer is greatly damaged by coal mining, and the water
source of the aquifer directly enters the goaf. The predicted
water inflow volume V, is used as the water source recharge
of the underground reservoir, which is compared with reser-
voir capacity V. There are following two situations involved.

Geofluids

In case 1, V >V, that is, the aquifer recharge exceeds the
designed underground reservoir capacity; the control
method is to grout at the bottom of the aquifer above the
cut-off line and the stop line to plug the main water-
conducting fissures, reduce the mine water inflow, connect
the aquifer to the underground reservoir through drilling,
arrange water valves in the roadway near the reservoir,
adjust the water volume, thereby achieving the purpose of
adjusting the water volume of the reservoir (as shown in
Figure 15). In case 2, V < V|, the water inflow of the aquifer
is smaller than the designed reservoir capacity. The bore-
holes arranged in case 1 are used to increase water inflow
to the reservoir, and the water source of the underground
reservoir is controlled according to the actual water inflow.

(2) Category II (upper aquifer)

Since this kind of aquifer is far from the coal seam, it is
less disturbed and has relatively weak ability to recharge
the underground reservoir. When the aquifer water supply
meets the reservoir capacity requirements, no large-scale
water inrush will occur. When the aquifer water volume
does not meet the reservoir capacity requirements, the aqui-
fer can be communicated with the underground reservoir by
drilling holes, and devices such as valves can be installed at
the pipeline end, in order to guarantee the ecological, pro-
duction, and domestic water requirement of the mining area
in the underground reservoir. Water sources such as aquifers
and surface water are introduced into underground reser-
voirs to ensure the recharge for underground reservoirs.
When the water inflow is greater than the designed capacity
of underground reservoir, the method of grouting should be
taken to block the main water-conducting fissures for type I
aquifers.

(3) Category III (contains both upper and lower
aquifers)

When the aquifer above the coal seam has both upper
and lower aquifers, there is relatively big reservoir water sup-
ply. Where type I aquifer is the main source of recharge for
the underground reservoir. In order to control the water
source of the underground reservoir within a reasonable
range, type I aquifer is regarded as the main aquifer, and
type II aquifer is subject to auxiliary control according to
the amount of water inflow. Grouting and water pipe control
are carried out simultaneously for the two types of aquifers
to ensure that water inflow matches the storage capacity of
underground reservoirs.

5. Conclusion

(1) Aiming at the core issue of water supply for under-
ground reservoirs in coal mines, this paper clarifies
that the development of water-conducting fissures
in aquifers and the formation of water-conducting
channels are the key factors leading to the loss of
water resources in the aquifer. Based on the occur-
rence location of aquifer and the development height
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of water-conducting fissure zone, the overlying aqui-
fer of the shallow coal seam is generalized into three
types, including the lower aquifer locating between
the caving zone and the fissure zone, the upper aqui-
fer locating above the fissure zone, and the mixed
aquifer consisting of the above two

(2) Numerical simulation results show that in the pro-
cess of coal mining, the water pressure of the aquifer
presents a variation of decrease—increase—decrea-
se—recovery and shows a certain time effect. When
the occurrence location of aquifer is farther from
coal seam, the time lag is relatively long, the damage
degree is smaller, and the recharge of underground
reservoir is weaker. The mixed aquifer provides the
most abundant water supply to underground
reservoir

(3) According to the numerical simulation results, the
mine water inflows of different models are calcu-
lated. Combining the actual occurrence of Bulianta
aquifer (type III aquifer), the rationality of the simu-
lation results is verified. On this basis, the recharging
of underground reservoirs by three types of aquifers
is analyzed, which shows that mixed aquifers have
the strongest recharging capacity, followed by lower
aquifers, and upper aquifers with the weakest rechar-
ging capacity

(4) In order to ensure that the water supply of under-
ground reservoirs is within a safe and reasonable
range, based on the storage capacity of the under-
ground reservoir, a preliminary method is proposed
for the water supply control of the underground res-
ervoir, including grouting, blocking of the main
water-conducting fissures, and hole drilling (pipes)
to divert or inject water into the aquifer
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