GeoScienceWorld

Lithosphere

Volume 2022, Article ID 6367642, 24 pages
https://doi.org/10.2113/2022/6367642

Research Article

Lithosphere

Three-Dimensional Stochastic Distribution Characteristics of
Void Fraction in Longwall Mining-Disturbed Overburden of

Inclined Coal Seam

Shaofeng Wang (»,"? Kanghui Liu,"? Zizi Pi(®,' Fuchao Tian,"* and Yalan Yang'

ISchool of Resources and Safety Engineering, Central South University, Changsha, Hunan 410083, China
2State Key Laboratory of Coal Mine Safety Technology, China Coal Technology & Engineering Group Shenyang Research Institute,
Shenfu Demonstration Zone 113122, China

Correspondence should be addressed to Zizi Pi; zizipi@csu.edu.cn
Received 30 April 2022; Accepted 14 June 2022; Published 27 June 2022
Academic Editor: Xiaoding Xu

Copyright © 2022 Shaofeng Wang et al. Exclusive Licensee GeoScienceWorld. Distributed under a Creative Commons Attribution
License (CC BY 4.0).

Fractures in the overburden induced by mining disturbances provide a channel for fluid flow between the surface and the
underground. Mining-induced strata movement and fracture distribution are influenced by the gravity and dip angles of rock
seams. In this paper, a new three-dimensional theoretical distribution model for void fraction in each partition of overlying
rock strata disturbed by inclined coal seam mining was constructed. Based on the theoretical determination model, the three-
dimensional random distribution characteristics for void fraction were obtained by combining the random distribution law of
void fraction obtained by similar physical simulation experiments and image processing techniques. Theoretical deterministic
models, stochastic theoretical models, and similar physical simulations all show that void fraction distribution in the tendency
direction of the coal seam shows a bimodal asymmetric distribution with high and low peaks and a symmetric distribution in
the strike direction. The void fraction of the overburden in the central part of the mining area is smaller than that of the
surrounding area. The results of the theoretically determined model and stochastic model of the void fraction for the strata
with different mining lengths and different coal seam inclinations were compared with the results of similar simulation

experiments, respectively. The results are in agreement, further verifying the practicality of the model.

1. Introduction

The inclined coal seam mines are numerous and widely dis-
tributed in China. Coal seams can be divided into four cate-
gories according to their inclination size, as shown in
Table 1. The reserves of sharply inclined coal seam account
for about 10% to 20% of the total coal reserves [1, 2]. As
shown in Figure 1, more than 50% of the mines in the west-
ern part of China are mining rapidly inclined coal seams [3].
Therefore, the mining of inclined coal seam occupies a large
proportion in the mining of coal seam, and longwall mining
is one of the most extensively used mining methods when
mining inclined coal seams [4-11]. While mining inclined
coal seams, as the mining working face advances, the extent
of the mined-out area increases, and the exposed area of the
direct top increases, breaking the stress balance of the over-

lying strata. Redistributing the strata stress and deformation
field causes the strata to move in a direction favorable to the
equilibrium, resulting in the overlying strata breaking, sink-
ing, and collapsing, and variabilities in the movements and
rotations between the overlying strata produce many cracks
[12-17]. The damage of the overlying strata has obvious
zoning, which can be divided into caved zones, bed separa-
tion zones, and ground subsidence zones [18-20]. These
fractures include voids between the debris in the caved zone,
fractures in the bed separation zone, and fractures in the
ground subsidence zone. The fractures provide channels
for the flow of subsurface fluids, increasing the mobility of
subsurface fluids and the flow of various gases, such as oxy-
gen, smoke, gas; liquids, such as water; and heat transfer.
This will result in underground fires in coal mines, ground-
water inflow, and gas protrusion and also facilitate the gas
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TaBLE 1: Coal seam classification.

Classification basis

Inclination characteristics

Coal seam categories

According to the coal seam inclination

<8’ Approximate horizontal coal seam
8°-25° Gradually inclined coal seam
25°-45° Inclined coal seam

>45° Rapidly inclined coal seam

Other coal

Rapidly inclined
coal seam >50%

seams < 50%

FIGURE 1: Coal seam mining in the western mining areas of China.

extraction by pressure relief, as shown in Figure 2 [21-25].
Thus, it is important to understand the distribution charac-
teristics of the overburden void fractions disturbed by long-
wall mining of inclined coal seam to ensure safe and efficient
mining in coal mines.

Many scholars at home and abroad have researched in a
series of the movement and rupture of overlying strata in
inclined coal seam mining. Some scholars have studied the
fracture development characteristics in mining-disturbed
overburden using field detection and analysis methods
[26-28]. Applied borehole TV observation, segmented water
injection borehole, distributed fiber optic sensing technol-
ogy, and microseismic monitoring technology detect the
overburden rock rupture height during the working face
mining process and determine the rock integrity and frac-
ture development of the overburdened rock in the mined-
out area [29-31]. The relationship between ground settle-
ment, the distribution and development patterns of surface
cracks, and the widths and depths of cracks were studied
by using integrated monitoring methods such as unmanned
aerial vehicles, ground-penetrating radar, real-time kinemat-
ics, and manual measurements [32, 33]. Although on-site
detection can obtain first-hand reliable data, but to monitor
the acquisition in real time, which takes a long time and is
costly, is not always the best approach. Some scholars have
also used theoretical analysis, similar simulation tests, and
numerical simulation to study the characteristics of overbur-
den fracture subsidence and mining fracture evolution in
inclined coal seam mining [34-39]. Based on the key stra-
tum theory, the annular fracture ring theory and the bicircle
theory of the coal seam roof were proposed to evaluate min-
ing fracture evolution. The fracture evolution characteristics,
displacement changes, and movement characteristics of

the overburdened rock in coal mining work were studied
[39, 40]. Sun et al. [41] analyzed the effects of coal seam
inclination on the evolution of the overburdened fracture
unloading gas transmission channel in the main mining
face through physically similar simulation tests and
numerical simulations. Liu et al. [42] used numerical sim-
ulation to study fracture field evolutions in near-inclined
coal seams to fully understand the evolution and distribu-
tion characteristics of overburden during coal mining. An
energy-absorbing anchor cable is proposed to control the
creation and development of cracks in the roof to main-
tain its stability [43, 44]. Movement and damage of the
overburden in inclined coal seam mining can also be influ-
enced by the angle of inclination. The discrete element numer-
ical method was used to study the damage behavior in the
roofs of inclined coal seams, determine the relationship
between the inclination angle of coal seam and the degree of
roof collapse, and obtain the law of roof collapse of inclined
coal seam [45]. Yun et al. [11] investigated the dynamic move-
ment characteristics of multisegment topping coal mining
along the strike seam in a large inclined extra thick coal seam.
These studies have achieved positive results in terms of the
movement and fracture regulation and fracture evolution
characteristics of the overburden rock seams overlying the
longwall mining of inclined coal seams, but they primarily
focus on the movement of the overburdened rock and fracture
evolution characteristics, with less research focusing on the
fracture quantification and even less research on the three-
dimensional distribution state of void fraction generated by
rock seam fracture movement.

Additionally, the stability of the rock mass is affected by
complex stress perturbations [46, 47]. While mining of
inclined coal seams, mining parameters, such as longwall
face advancement speed, longwall face length and width,
mining height, mining sequence, and double disc zone spac-
ing, will all affect overburden deformations and ruptures
[48-52]. Therefore, overburden fractures are a complex non-
homogeneous and uncertain stochastic process, which are
influenced by the dip angles of coal seams, mining distur-
bances, rock properties, and ground stress conditions,
which in turn affect rock seam permeability [53-57]. The
overturning instability damage mode of the rock mass was
studied, and the stability was analyzed and predicted [58,
59]. The effects of uneven fracture distributions in the for-
mation on permeability were studied [60, 61]. Adhikary
and Guo [62], Guo et al. [63], Schatzel et al. [64], and
Wang et al. [65] evaluated the permeability evolution of
overburden disturbed by longwall mining and investigated
the effect of fracture network geometry on permeability
evolution. Meng et al. [49], Pan and Connell [66], and
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FIGURE 2: Possible effects of strata fractures. (a) Underground coal fires; (b) groundwater influx; (c) gas decompression and extraction.
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FIGURE 3: Diagram of overburden fracture and subsidence disturbed by horizontal coal seam mining.

Zhang and Shen [25] systematically studied the influence of
rock damage on rock permeability during coal mining and
established a coupled stress-permeability model. These
studies have shown that fractures in overlying strata are
characterized by an apparently nonhomogeneous and ran-
dom distribution, but they were more concerned with the
variations in permeability. However, research into void
fraction, an important parameter influencing permeability,
is lacking, and research into the randomly nonhomoge-
neous distribution characteristics of void fraction is even
rarer.

In this paper, a three-dimensional distribution model
for void fractions in each partition of the disturbed strata
of inclined coal seam mining was established. Based on
similar physical simulation experiments and digital image
processing techniques, the random distribution character-
istics of void fractions were obtained and the three-
dimensional random distribution model for void fractions
was constructed. The model was based on the key stratum
theory and random medium theory and considered the
gravity effects of the overlying strata and dip angle of
the rock strata. The experimental results verified the accu-
racy of the theoretical results. The results show that the
model is effective for calculating void fractions of dis-
turbed rock strata in inclined coal seam mining and will
provide theoretical guidance for safely mining inclined
coal seams and coalbed methane.

2. Three-Dimensional Deterministic
Distribution Model of Void Fractions

2.1. Three-Dimensional Model of Overburden Subsidence

2.1.1. Key Stratum Subsidence. Longwall mining is a com-
mon mining method for underground coal seam mining.
During longwall seam mining, as the mining length
increases, the overburden will be destabilized gradually, sink
and subsequently collapse. The key stratum has an impor-
tant influence on rock strata movement. Key stratum is pres-
ent in most geological conditions, and the key stratum
theory has been widely applied to analyze mining overbur-
den movements. Based on the key stratum theory, the
expression for key stratum movement in horizontal coal
seam mining can be derived as [67-69]

_ Soi{1 - [1+exp ((2y — [2lx - 4x|)/li - 2 {1- 1+ exp ((ly - 4ly))ti-2)]"} ,

Si(xy) 1-[I+exp (2lyli-2)] "
(1)

where Si is the subsidence of the i™ key stratum in the x-y
plane in the Cartesian coordinate system (m); S,; =M —
Yhi(Kp,—1), where S, is the maximum subsidence
amount of the i key stratum (m), M is the thickness of
the coal seam (m), h, is the distance between the i™ key
stratum and the coal seam (m), and Kp; is the bulking
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FIGURE 4: Diagram of a rock mass subjected to inclination and gravity.

factor of rock blocks between the i™ key stratum and the
coal seam; li = hi\/0,;/3q, where I, h;, and o,; are the bro-
ken length (m), thickness (m), and tensile strength (MPa)
of the i™ key stratum, respectively; g is the load on the i™
key stratum (MPa); and [ and ly are the dip length (m)

and strike length (m) of the mined-out zone, respectively.

2.1.2. Ground Subsidence. The movements of individual rock
masses or soil particles are complex when fracture and sub-
sidence of the strata are triggered by coal seam mining,
which in turn triggers surface movement. Due to this char-
acteristic that influences the movement of geotechnical bod-
ies, it is difficult to treat them as simple elastomers or
elastoplastic bodies and to analyses the state of motion of
individual geotechnical masses using classical mechanics.
However, a large number of actual measurements have
shown that a clear regularity exists in the general movement
trend of the geotechnical body. In this case, better results can
be obtained by applying probabilistic statistical methods.
According to the theory of random media, the geotechnical
body is considered a random medium. From a statistical per-
spective, the entire inclined coal seam can be decomposed
into an infinite number of infinitely small excavation units.
The impact from the entire excavation on the ground surface
should be equal to the sum of the impacts from the many
infinitely small excavation units that make up the excava-
tion. The subsidence of the ground surface due to under-
ground excavation can be expressed by the following
equation [23]:

" J " Skm(S, 1)

san =] ity

—00

(e84 (=] bt
@

m
“P {_H2 cot? ff

where Sg(x, y) and Skm(&, 7)) are the subsidence in the -y
coordinate plane for the horizontal coal seam mining sur-
face and the main key stratum, respectively; H is the dis-
tance from the ground surface to the main key stratum
(m); Bf is the influence angle (°), which reflects the degree
of influence from the settlement of the main key stratum

on the surface; and the remaining cut cot f; can be

expressed as the ratio of the influence radius to the main
key stratum depth.

2.2. Three-Dimensional Deterministic Distribution Model of
Void Fractions. The disturbed overburden of coal seam min-
ing can be divided into three zones: caved zone, bed separation
zone, and ground subsidence zone. The caved zone is the part
of the overburden where the overlying rock of the coal seam
collapses completely after the coal is mined out. As the over-
burden gradually subsides with the inconsistent movement,
the overlying strata are fractured and separated. The area
where the fissures and separations occur in the overburden is
called the bed separation zone. The area above the bed separa-
tion zone is called the ground subsidence zone.

2.2.1. Caved Zone. In the caved zone, due to the relatively
high degree of fragmentation in the fractured rock masses,
the random noncomplete contact accumulation of rock
masses with granular forms can be regarded as forming iso-
tropic voids, and the void fraction can be calculated by
dividing the volume of the void by the total volume of the
void and rock masses (Figure 3):

hd

ly ly
Mrgl=1-————  +¢, Jx)ye -2, 2],
Pe T hd+MFSﬂmy)+% xemlﬂye[ 2 J

(3)

(% y) =
¢, others,

where ¢_(x, ) is the void fraction in the caved zone by hor-
izontal seam mining; ¢! is the void fraction of mining-
induced voids by horizontal seam mining; ¢? is the initial
void fraction of the immediate roof; S1 is the subsidence
amount of the first key stratum that is nearest to the coal
seam (m); hd is the immediate roof thickness (m); and M
is the coal seam thickness (m).

A large number of field investigations have shown that the
dip angle of the coal seam significantly influences the move-
ment of the overlying rock strata and the distribution of void
fraction. Below, the influence of the overlying rock strata dip
angle and gravity was considered, and the void fraction influ-
ence factor affected by the dip angle and gravity was estab-
lished. From this, the void fraction of the overburdened rock

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6367642/5639926/6367642.pdf



Lithosphere

Ground subsidence
zone (GSZ)

\

Bed separation
zone (BCZ)

Caved
zone (CZ)

Ta
— Void ¢,
———>Rubble

oY
medine™

— » Vertical fracture (pz
—» Horizontal fracture (pI;

> Topsoil

Em——— Vertical fracture ¢}

I > b
0 Horizontal fracture ¢}
I Fractured stratum

FiGURE 5: Diagram of overburden fracture and subsidence disturbed by inclined coal seam mining.

perturbed by inclined coal seam mining can be calculated
from the corresponding void fraction of overburdened rock
perturbed by horizontal coal seam mining.

The variation curve for the void fraction on the dip axis
directions (y = 0) of the bottom plate of the mining-out zone
can be expressed by the following equation [70]:

hd +H- wb(},:o)

PG(y=0) = 1 , (4)

of these

Wy(yeo) = [H = hy(Kpp, = 1)] (1 _ e—x/21>) (5)

where ¢,_o, is the void fraction variation curve on the dip axis

of the bottom slab in the mining area; h; is the direct top thick-
ness (m); H is the mining height or extraction and release height
(m); wy(,—) is the subsidence of the basic top distributed along
the midaxis of the strike of the bottom slab of the mining area
(m); K, is the residual fragmentation and swelling factor of
the broken rock mass at the direct roof; and [ is the length of
the broken rock mass of the basic roof (m).

According to the theory of the “O” circle and field measure-
ments, the void fraction in the working face inclination is larger
in the hollow area near the end of the upper and lower lanes
than in the middle of the hollow area. The variation coefficient
of the void fraction deviating from the origin of the x-axis in the
strike of the working face (x-axis direction) is in accordance
with the following relationship [71]:

9o, =1+¢ B V) (6)

From the analysis in Figure 4, the compressive stress at any
interface on the inclination due to the effect of the loose rock’s
own gravity and the dip angle of the coal seam in the mining
area is expressed as

o= Um0l m0)sn0 -

where o is the relative compressive stress in either section
(MPa); 0 is the coal seam dip (°); y is the bulk weight of the
fallen rock (N/m?); 0, =1 (MPa); and under practical coal mine
conditions, the bulk weight of a rock fall is typically 2 x 10* to
3 x 10* N/m’.

When mining inclined coal seams, the void fraction of
loose rocks in the mining area will be affected by the extru-
sion of rock gravity, the lower side of the mining area is sub-
ject to a large gravity load and high degree of compaction,
and the void fraction is relatively small on the lower side,
while the opposite is true on the upper side of the mining
area. The polynomial regression equation of the variations
in void fractions with axial stress in the broken rock masses
can be expressed as [71]

2 = B50° + B,0% + B0 + By, (8)

Since the compressive stress caused by the self-weight of
the rock is affected by both rock voids and frictional forces,
the quadratic and cubic terms in equation (8) can be
neglected:

P(%:y) = P10+ 96,0 PG,y (9)
Substituting the parameters of each expression gives

(1-9g)y(L —x) sin 6
/31 ’ 2

Pg(%y) = + [1 + 6—0415((5/2)_\”)}

ha
. {1 Chy+H- [H—hy(Kp, - 1)](1 _e—x/ZI)}'
(10)
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Simplify to obtain

[ (O] 1= (b - [H = oK - 1] (0= )} -1

y)=1-
6(%7) Bogty(l,—x) sin 0+ 1

(11)

The influence factor for the void fraction distribution is
established as

M =G(x 12
0.5 7) (%.7), (12)
when the rock fall is shale, 5, = —0.0488; when the rock fall
is mudstone, 8, =—0.028; and when the rock fall is sand-
stone, f3; =—0.0254 [71].

From the influence of inclined seam mining inclinations
and the gravity of the seam, the void fraction distribution of
the inclined seam mining in the caved zone is shown as fol-
lows (Figure 5):

q)qc(x’y):G'(Pc(x’y)’ (13)

where ¢, (x,y) is the void fraction in the caved zone for

inclined coal seam; G is the impact factor; and ¢ (x, y) is the
void fraction in the caved zone from horizontal seam mining.

2.2.2. Bed Separation Zone. The differential settlement of
each rock stratum leads to interlaminar delamination
between two adjacent rock strata, which in turn produces
horizontal fractures. At the same time, the fractured rock
masses rotate during settlement and move improperly
against each other, producing vertical fractures. Therefore,
the fractured rock masses in the bed separation zone can
be regarded as a nonhomogeneous and anisotropic porous
medium (Figure 3). According to the definition of void frac-
tion, the void fraction of a horizontal fractures can be
expressed as the ratio of the settlement difference to the
spacing between adjacent rock layers, as shown in Equation
(14). The void fraction of vertical fractures can be expressed
as the ratio of the area increment after the formation settled
to the total area, as shown in Equation (15).

(Pﬁi,iﬂ) (xy)= ‘Pﬁ%ﬂ) +¢p
3 Si(x,y) = Si+1(x, ) )
~ Yhi+1-Yhi+Si(x,y) - Si+ 1(x, y) o
(14)

Poiy(67) = Pyi) + Py
1

=1-
1+ (8Si(x,9)/0x)? + (3Si(x, )/2y)?

0
+(Pb.

(15)

Combining the calculation methods of void fraction by
horizontal coal seam mining and the influence from the incli-
nation angle of the inclined coal seam and the gravity of the
fractured rocks, similar to the caved zone, the influence factor

Lithosphere

TaBLE 2: Geometric properties of rock blocks in the similar
simulation experiments.

Thickness Breaking length Width

Rock types (cm) (cm) (cm)
Sandy

mudstone 2 25 3
Fine sandstone 3 4.2 3
Siltstone 5 6.7 3
Sandy

mudstone 4 38 3
Gritstone 3 34 3
Sandy

mudstone 3 45 3
Fine sandstone 2 1.9 3
Sandy

mudstone ! 0.7 3
Coal seam 2 — 3

for the void fraction distribution in the caved zone can be used
as the influence factor in the bed separation zone. The void
fraction from horizontal fractures and vertical fractures can
be calculated by the equation below (Figure 5).

‘Pi(i,m)("’)’) = G“Pzi,iu)(% ) (16)
(P;/b(i) (xy)=G- ‘Pz‘;/(i) (% ). (17)

The total void fraction is the sum of the horizontal and
vertical void fractions and can be obtained by adding the hor-
izontal and vertical void fractions:

Pap(5:9) = Py (6) + vy (%) (18)

where (Pf;;( ir1) and (p;/h( ;) are the void fractions of horizontal

and vertical fractures from inclined coal seam mining, respec-
tively; @jy;;,,) and @}, are the total and mining-induced
void fractions of the horizontal fractures between the ™ and
(i + 1)™ key stratum by horizontal seam mining, respectively;
go,‘;(i) and 901‘7/(1;‘\)4 are the total and mining-induced void fractions

of the vertical fractures in the i key stratum by horizontal
seam mining, respectively; ¢} is the initial void fraction of
the basic roof; and ‘Pth is the total void fraction in the bed sep-
aration zone by inclined coal seam mining.

2.2.3. Ground Subsidence Zone. Due to discontinuous defor-
mation of the topsoil stratum caused by the variabilities in set-
tlement at different locations of the key stratum controlling
the subsidence of the topsoil stratum, many horizontal frac-
tures appear as a result of discontinuous soil media displaced
in the vertical direction interlocking. In addition, the settle-
ment topsoil expands in the horizontal direction and increases
in volume, resulting in vertical fractures (Figure 3). Therefore,
the disturbed ground surface that was mined can be consid-
ered a nonuniform and anisotropic porous medium. Similar
to the derived equations for the void fractions of horizontal
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and vertical fractures in the bed separation zone, the void frac-
tions of horizontal and vertical fissures in the ground subsi-
dence zone can be expressed as

Lithosphere
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Ficure 6: Collapse characteristics of disturbed overburdens during simulated mining of inclined coal seams at different dip angles and
different excavation lengths.
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Figure 7: Cloud maps of the void fraction distributions of overburden images after coal seam excavations at different dip angles and
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Introducing the effect of the inclination from the inclined
coal seam and the gravity of the fractured rocks, the horizontal
and vertical void fractions in the ground subsidence zone can
be calculated by the following equation (Figure 5):

+ 9, Pog(%:¥) = G 9 (x.7),

Pog(%:7) = G0y (x,),

where <pg; and q)(‘{g are the void fractions of the horizontal and
vertical fissures in the ground subsidence zone by inclined coal
(19)  seam mining, respectively; (pg and (p;/ are the void fractions of
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o . ) 0 is the initial void fracti simulate the movement of the overlying rock disturbed by

seam mining, respectively; and Pg 18 the initial void fraction mining inclined coal seams, a similar simulation experiment
of the topsoil layers. with a geometric ratio of 1:1000 was conducted. In the
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F1GURE 10: Means and standard deviations of random variables at different mining lengths.

similar simulation experiment, the geometric parameters of
each rock layer are shown in Table 2.

In this similar simulation experiment, coal seam excava-
tions with inclination angles of 5%, 15°, 30, 45°, and 60" were
simulated. In the process of excavation, the overlying rock
strata are disturbed by the excavation and their equilibrium
state are broken, and the rock strata develop towards a new
equilibrium state in the area. The overlying rock strata are
disturbed by the excavation and are broken in their equilib-
rium state. Once the overlying strata formation had moved
and stabilized, photographs of similar simulated experimen-

tal rock formations were taken. Images of the overburdened
rock after simulating coal seam excavations at 50 m, 100 m,
150m, 200m, 250m, and 300m in length are shown in
Figure 6.

3.2. Digital Image Processing. The experimental photographs
were binarized by selecting the appropriate grey scale values
as thresholds based on the light intensity to distinguish the
voids between rock masses. Then, the pixels of rock mass
and void from the binarized images were extracted. The void
fraction in the image is then obtained by dividing the total
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number of void pixel by the total number of pixels of rock
mass, according to the void fraction calculation methods.
Based on the geometry of similar simulated physical rock
strata combined with a similar geometric ratio, a traversal
window of 300 x 150 pixels was constructed, and the whole
image was traversed pixel by pixel to obtain a two-
dimensional cloud map of the void fraction distribution,
shown in Figure 7.

3.3. Experimental Results. Based on the Kozeny-Carman
relationship between the permeability and void fraction of
a loose medium and the results of Hoek and Bray’s study
of the Kozeny-Carman relationship, as shown in

3 ko 3
= ¥ (Fossg)= — P
k= ao e (F22892) = 5oai (= g2

, (22)
the variable is logarithmically treated to construct the ran-
dom variable X; expressed as

i3
Xi=In {(1?7:01)2} =31In¢i-21n (1 - i), (23)
where k is the permeability; ¢ is the void fraction; F, is the
shape coefficient; s is tortuosity; S, is the surface area of

the particles contained in the medium per unit mass; k, is
the baseline permeability, which can be 10’ um? X; is the
random variable obtained by processing the test data of
group i; and ¢, is the void fraction of rock block obtained
from test group i.

The values of the random variables under the same min-
ing length conditions were statistically analyzed to obtain
the distributions of the random variable X;, as shown in
Figure 8. From Figure 8, it can be seen that the random
variable X; obeys normal distribution, where the random
variables in the cases of excavation lengths of 50 m, 100 m,
150m, 200m, 250m, and 300m obey normal distribu-
tions N, ~(~11.5197,0.02884), N, ~ (~11.0894, 0.02766),
N, ~ (~10.5861,0.02785), N, ~ (~10.2189, 0.02946), N ~ (
-10.0507, 0.0290), and N¢ ~ (=9.6505,0.0214). The values
of void fractions for the six mining lengths were fitted as
shown in Figure 9. The values of the random variables con-
structed from the void fraction of the six mining lengths along
with their fit function and the standard deviations are shown
in Figure 10.

4. Three-Dimensional Stochastic Distribution
Model of Void Fractions

In the process of longwall mining of inclined coal seams, the
subsidence of rock strata are non-homogeneous and dynami-
cally random, due to the nonhomogeneity of the physical and
mechanical properties of the rock strata and the influence of
the dip angle. Therefore, the actual void fraction at each point
of the overburden is a value that fluctuates around a certain
range above and below the void fraction value from the theo-
retically determined model. From the calculation methods of
void fraction and permeability, the random variables associ-

Lithosphere
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FiGure 11: The process to obtain a stochastic distribution of void
fractions.

ated with void fractions were constructed and analyzed by sev-
eral experimental statistical treatments to obtain the random
variation law of the random variables, which were introduced
into the deterministic model of void fractions to characterize
the random distribution of void fractions in disturbed over-
burdens. It gives the model the advantage of combining theo-
retical calculations with actual conditions and improving
model applicability and accuracy.

First, the values of the void fraction at each point of the
overburden rock calculated in the proposed void fraction
theory are determined from the model as the mean values
of the random model for void fractions at that point. And
then the standard deviations of the constructed random var-
iables associated with the void fraction were statistically ana-
lyzed by several experiments as the random characteristics of
the void fraction at each point of the random model for void
fractions. Applying this method to each point of the over-
burden, a three-dimensional stochastic discrete distribution
model for the void fractions of the overburdens disturbed
by longwall mining of inclined coal seam was obtained.
The establishment process is shown in Figure 11.

Because the constructed random variable obeys the law
of normal distribution, the random values of the random
variables at each point corresponding to the extraction area
can be expressed as

s _ yd
X, (x%y) = X3 (x, y) + R-randn(x, y). (24)
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F1GURE 12: Void fraction distribution in the caved zone, including (a) curved-surface diagram, (b) distribution nephogram in the strike-dip

plane, and (c) contour plots.

The relationship between the constructed random vari-
ables and the void fraction is defined as a function F(x):

X;=3Ing,~21ng,=F(g,). (25)

By calculating the inverse function of the function F(x),
the stochastic distribution characteristics of the void fraction
of disturbed rock strata by longwall mining can be obtained:

g =F" <Xq) (26)

where X (x, ) is the stochastic value; Xg (x, ) is the theoret-

ical calculated value; R is the standard deviation of X;
randn(x, y) is the random numbers that obey the standard
normal distribution; and (p; is the stochastic void fraction.

5. Case Study

A longwall mining ground with an inclined coal seam was
studied as an example. The inclination of the coal seam aver-
aged 30°, the inclined length was 300 m, the strike width was
200 m, and the average thickness of the coal seam was 20 m.
The geometrical characteristics and mechanical parameters
of the rock strata overlying the coal seam are shown in
Table 3.

5.1. Deterministic Distribution of Void Fractions. Using the
derived Equations (13), (16), (17), (18), (20), and (21), the

three-dimensional distribution of void fractions in the over-
burdens of caved zones, bed separation zones, and ground
subsidence zones disturbed by inclined coal seam mining
can be obtained.

5.1.1. Caved Zone. As can be seen in Figure 12, the void frac-
tion in the caved zone is distributed in a “dustpan” shape in
the xy-plane. The void fraction is largest around the upper
end of the mining-out zone in the direction of the inclina-
tion (maximum value of 0.5002), but small near the central
area (minimum value of 0.00081). The void fraction tends
to decrease from the upper to the lower end of the zone in
the direction of the inclination. The void fraction decreases
sharply from the perimeter of the mined-out zone to the
central area and then decreases slowly. This indicates that
the voids in the cave zones are primarily concentrated
around the perimeter of the mining-out zone, and the upper
periphery is larger than the lower periphery in the inclina-
tion direction. In these areas, groundwater, methane, oxy-
gen, and fumes are easily enriched.

5.1.2. Bed Separation Zone. In the bed separation zone, the
distribution of horizontal void fraction in the xy-plane is
shown in Figure 13. In the dip direction, the overburden
horizontal void fraction resembles a double hump distribu-
tion with one high and one low. From the upper end to
the lower end, the void increases first to the maximum peak
and then decreases. Near the lower end of the dip, it
increases to another peak and then gradually decreases.
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FiGure 13: Horizontal void fraction distribution in the bed separation zone, including (a) curved-surface diagram, (b) distribution
nephogram in the strike-dip plane, and (c) contour plots.
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Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6367642/5639926/6367642.pdf
bv auest



14 Lithosphere
100
0.08
50
0.09 g 0.06
g 0
X 008 0.04
- A 0.07 -0 0.02
ke
g 0.06 -100 . e
= 0 50 100 150 200 250 300
2 0.05 _
= Dip (m)
0.04 (b)
0.03 100
0.08
0.02 50 - 0.07
e 0.06
001 = ‘
% 0 - 0.05
= 0.04
w
Strike (m) -100 ¢ Dip (m) ~50 A 0.03
0.02
(@) ~100 ——— 0.01
0 50 100 150 200 250 300
Dip (m)
(©

FiGure 15: Total void fraction distribution in the bed separation zone, including (a) curved-surface diagram, (b) distribution nephogram in

the strike-dip plane, and (c) contour plots.
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FIGURE 16: Transverse void fraction distribution in the ground subsidence zone, including (a) curved-surface diagram, (b) distribution
nephogram in the strike-dip plane, and (c) contour plots.

tions are greater at the upper end than at the lower end. In
the strike direction, there is a symmetrical “M” shaped dis-
tribution, with both the peak and trough of the “M” shape

The maximum value of the horizontal void fraction occurs at
the upper end and then stabilizes in the central region near
the lower end. The peak and trough values of the void frac-
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FiguUrE 17: Longitudinal void fraction distribution in the ground subsidence zone, including (a) curved-surface diagram, (b) distribution
nephogram in the strike-dip plane, and (c) contour plots.
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FIGURE 21: Stochastic distribution of total void fractions in the bed separation zone, including (a) curved-surface diagram, (b) distribution
nephogram in the strike-dip plane, and (c) contour plots.
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distribution nephogram in the strike-dip plane, and (c) contour plots.

decreasing from the perimeter of the mined-out zone
towards the central direction.

From Figure 14, it can be seen that the distribution of
vertical void fractions in the xy-plane shows two nested
basins having a high and low side, with different sizes and
opening directions. In the dip direction, the vertical void
fraction shows an inverted “U” shaped distribution around
the perimeter of the mined-out zone, while in the middle,
it is a double hump distribution with one high and one
low. From the upper end to the lower end, the vertical void
fraction increases rapidly and then decreases gradually at a
certain rate around the mined-out area, decreasing rapidly
near the lower end. In the area near the middle of the
mined-out zone, the void fraction first increases rapidly to
a maximum value, then decreases rapidly to a minimum
value and trends towards a minimum value within a certain
range in the middle, and then increases rapidly to another
peak followed by a rapid decrease at the lower end. In the
strike direction, the vertical void fraction has an inverted
“U” shaped distribution around the mining area and an
“M” shaped distribution in the central area, both of which
are symmetrical in character. The peak and trough values
of the “M” shaped distribution show a decreasing trend from
the upper to the lower end. The four corners of the rectangu-
lar area corresponding to the mined-out zone exhibit a con-
cave shape.

As can be seen in Figure 15, the distribution of total void
fractions shows a double hump distribution with one high
and one low in the dip direction and an “M” shaped distri-
bution in the strike direction. Compared to the shape of

the horizontal and vertical void fraction distribution, the
crests and troughs of the total void fraction distribution have
been significantly reduced.

5.1.3. Ground Subsidence Zone. In the ground subsidence
zone, the horizontal void fraction shows an inverted
basin-shaped distribution with a sloping base, as shown
in Figure 16. In the dip direction, the distribution is an
inverted “U” shaped with a sloping bottom, and in the
strike direction it shows an inverted “U” shaped distribu-
tion. The shape of the vertical void fraction distribution
is similar to that of the vertical void fraction distribution
in the bed separation zone, as shown in Figure 17. Both
the horizontal and vertical void fraction are smaller than
the void fraction in the bed separation zone, due to the
gradual decrease in mining disturbances from deep under-
ground to the surface.

5.2. Stochastic Distribution of Void Fractions. For the three-
dimensional distribution model for void fraction, the
obtained void fraction is taken as the expected value, and
the variance of the random variables obeying a normal dis-
tribution obtained from the statistical analysis of similar
physical simulation experiments are taken as the stochastic
nature of the void fraction. Figures 18-23 show the random
distributions of void fractions in the cave zone, bed separa-
tion zone, and ground subsidence zone. The overall trend
of the random distribution of void fraction is consistent with
that shown by the deterministic model for void fractions.
The values of the stochastic void fraction are values that
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F1GURE 24: Comparison of void fractions for different inclination angles, including theoretical calculations, stochastic calculations, and

experimental results.

fluctuate around a range of the theoretical values, which are
more reflective of the actual nonhomogeneous dynamics
that are featured in the field.

6. Discussion

6.1. Void Fractions for Different Inclination Angles. The
experimental results for the total void fraction of the bed

separation zone were compared with theoretical calculations
and stochastic calculations. Overall, the results from the
comparison show that the characteristics of the void fraction
distribution in the bed separation zone at different inclina-
tion angles are basically among theoretical, stochastic, and
experimental results, as shown in Figure 24. The experimen-
tal results also confirm the accuracies of the theoretical and
stochastic calculations.
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FiGure 25: Comparison of void fractions for different mining lengths, including theoretical calculations, stochastic calculations, and

experimental results.

The overall distribution of void fractions in the disturbed
overburden seam shows a double-hump distribution with
one high and one low for coal seam inclination angles of
57, 15°, 30°, 45°, and 60°. The void fraction in the inclination
direction undergoes a change from the upper to the lower
end, rapidly increasing to a maximum peak, then gradually

decreasing, followed by a rapid increase to a second peak,
followed by a decrease closest to the lower end. In terms of
angular variation, the peak increases as the angle increases,
and the void fraction increases significantly at the upper
end of the tendency. The peak in void fractions occurs at
the upper inward end of the inclination. The stochastic
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model better reflects the randomness and dispersion of void
fraction after overburden collapse as influenced by dip angle
and gravity and is supported by similar simulations.

6.2. Void Fractions for Different Mining Lengths. Combining
theoretical calculations, stochastic calculations, and experi-
mental results, the distributions of void fractions in overbur-
den under six different mining lengths of 30° inclined coal
seams were compared. The three types of results have good
agreement, and the experimental results confirm the accura-
cies of the theoretical and stochastic calculations. As can be
seen from Figure 25, at the excavation length of 50m, the
void fraction distribution curve shows an inverted “V”
shape. The void fraction distribution curve gradually turns
into a double hump shape with one high and one low at
the excavation lengths of 100 m, 150m, 200m, 250 m, and
300m. As the mining length increases, the two peaks of
the void fraction distribution curve increase, and the maxi-
mum peak appears when the mining length is 300 m. This
indicates that as the mining length of the inclined coal seam
increases, the scope of the mining-disturbed area expands,
the void fraction shows an increasing trend, and the maxi-
mum value of void fraction gradually shifts from the middle
to near the upper end of the inclination direction. The sto-
chastic model is more consistent with the actual random
and discrete characteristics of void fraction distribution than
the theoretical determination model and has better
practicality.

7. Conclusions

A theoretical calculation model for void fractions in each
partition of overburden in inclined coal seam mining that
considers the influence of seam inclinations and gravity
has been established. Combining similar physical simulation
experiments and digital image processing approaches, the
stochastic model for characterization of void fraction distri-
butions was obtained.

Void fractions are greatly influenced by the inclination
angle of rock seam and mining length. The void fraction in
disturbed overburdens above inclined coal seams has a dou-
ble hump distribution from the upper end to the lower end,
and the double peak of the void fraction increases with the
increase in seam inclination. With the increase of mining
length, void fraction distribution gradually changes from
an inverted “V”-shaped distribution to a double-hump dis-
tribution with one high peak and other low peak, and the
void fraction gradually increases.

The void fraction in the mining-disturbed overlying rock
strata gradually decreases from the extraction area towards
the ground surface. It gradually decreases from the periphery
to the center of the mining-disturbed area. The voids are pri-
marily distributed in the peripheries of the mining-disturbed
area, and the upper area of the inclined direction of the over-
lying strata has richer void.

The experimental results are in good agreement with the
theoretically deterministic model and the stochastic model.
The stochastic model is developed by combining the theoret-
ical model and the actual situation, which can provide more
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accurate and effective parameters for understanding the heat
and mass transfer during coal fire control, gas extraction,
and groundwater control.
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