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This report applies theoretical analysis, similar material simulations, and numerical simulation methods to study the overburden
strata movements and influential range of coal mining under pressure stubble conditions and to elucidate the relationship between
adjacent coal seams. The pressure, failure, caving, stress, and displacement of crop conditions during coal seam mining were
evaluated. The results show that the overlying W, ,, coal face and underlying J,,_,, roof experience a long first pressure step,
ie., close to the periodic weighting distance. The working face of the W, ;, coal seam is located in the bending subsidence
zone of the working face of the ], ;, coal seam. With the advance of the working face of the J, ;, coal seam, the development
and range of overburden fracture of the W _,, coal seam gradually increase. The supporting pressure and displacement caused
by the mining process at the W coal seam have no impact on the coal seam of the stubble area, whereas the mining of the J
coal seam leads to a continuous increase in the overburden displacement of the W coal seam; the latter also induces a shift in
the maximum displacement to the rear, which is more significant for the stress concentration at the middle and front regions
of the stubble area, thus presenting a superposition effect. The stress caused by mining at the coal seam decreases with
increasing vertical distance from the roof or floor. For distant coal seams, the main contributing factor is the effect of vertical
stress. The influential range of the vertical stress caused by mining in the overlying working face remains within 90 m, whereas
the influential range of the stress caused by mining in the underlying working face is relatively large, i.e., it still affects the
roadway at distances up to 160 m. The results and discussion presented herein provide significant practical value in terms of
understanding the overburden strata activity and its influential range in adjacent mines’ stubble areas, which can be used to

guide group mining efforts.

1. Introduction

Coal resources have long served as the main energy source in
China; mining is often accompanied by the occurrence of
dynamic hazards such as impact ground pressure [1, 2]
and coal and gas protrusion [3], and safe mining becomes
particularly important [4, 5], and continuous research and
developments have gradually improved the technology used
to mine mineral resources. The influence of coal seam min-
ing (between adjacent mines) on the deformation and failure
of the rock surrounding roadways has also emerged as a
prominent area of interest. Most mining areas encounter
coal seam mining problems with adjacent mines (e.g., in

the Datong and Pingdingshan mining areas), where the
occurrence and recoverable amounts are large. Therefore, it
is urgently crucial to elucidate the impacts of adjacent coal
seam mining to ensure safe production and sustainable
development.

Currently, the mining of multilevel coal seams [6, 7]
causes various phenomena and influences the range of min-
ing, pressure release, fracture development, and rock strata
movement. Guo et al. [8, 9] used photoelastic mechanical
model analysis and simulation experiments to investigate
the simultaneous mining of multiple coal seams; they deter-
mined the coal seam relationships, stress distributions, and
strata behavioral characteristics of multiple coal seam
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mining, which provided a basis for studying the stress fac-
tors influencing multiple coal seam mining. Yang et al.
[10] used a combination of mechanical analysis and numer-
ical simulation to investigate the stress distribution pattern
and damage characteristics of the bottom slab. Through the-
oretical analysis and laboratory simulations, Shi [11, 12]
established the stress law of coal seam floor strata under coal
seam mining conditions. Lu and coworkers [13, 14] summa-
rized a large amount of data and clarified the influence of
upper coal seam mining on the underlying vertical distance
and surrounding rock lithology. On this basis, the relation-
ships among various factors affecting the vertical distance
were deduced, and importantly, the relationship between
the horizontal spacing of coal pillars in a roadway and the
spacing of overlying coal seams was obtained. Luo and Yang
[15] used similar material simulation experiments to analyze
the existing law of mine pressure at the coal seam mining
face, as well as its influence on the roadway, thereby pro-
vided a reference for other coal seam roadway layouts
involving proximal coal seams. Yang et al. [16] investigated
the spatial and temporal evolution characteristics of repeated
mining overburden fractures in close coal seams under
upward and downward mining methods using similar mate-
rial model tests. Yue et al. [17] constructed a structural
mechanics model of “elliptical stress arch” of the overlying
coal seam; numerically simulated the morphological param-
eters of the “elliptical stress arch,” such as the coordinates of
the center of the circle, the length of the axis, and the posi-
tion of the foot of the arch; determined the width of each
area of the base plate of the overlying coal seam and its
equivalent load; and calculated the additional stress in the
roadway of the base plate of the underlying coal seam. Liu
et al. [18] established a nonuniform superimposed stress
model for coal pillars from the energy accumulation and
release of the surface roadway envelope after the destruction
of coal pillars according to the engineering geological condi-
tions of a mine in order to reveal the instability of the road-
way envelope. Liu [19] applied theoretical analysis and field
monitoring techniques to determine the influential range
and degree of abutment pressure caused by mining at the
working face of the roadway floor while considering the
influence of the overlying coal seam mining on the deforma-
tion and failure law of the rock surrounding the roadway
floor. Zhao et al. [20] studied the impacts of coal seam min-
ing on the roadway floor via theoretical analysis and numer-
ical simulations. They concluded that the instability of the
surrounding rock of the roadway floor was a result of the
transfer of the mining stress of the overlying coal seam along
the floor direction. Guo and Li [21] employed theoretical
analysis and numerical simulations to analyze the effects of
long-distance lower coal seam mining on the overlying road-
way. It was determined that the deformation and failure of
the overlying roadway were induced by the overlying strata
damage and movement caused by mining at the underlying
working face. Zhao et al. [22] obtained the stress and frac-
ture evolution law of the surrounding rock in close coal seam
stirrup mining by combining theoretical calculation, numer-
ical simulation, and field measurement. Zhou et al. [23] used
the UDEC numerical simulation software to model the roof
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roadway during the upward mining of the coal seam. Their
analysis indicated that the main form of deformation of
the roof roadway surrounding rock under the influence of
mining was the deformation of the roof and floor of the
roadway, followed by the deformation near the side of the
working face. Simultaneously, as the advancing distance of
the working face increased, the development of mining-
induced cracks and plastic zones in the surrounding rock
of the stope and the roadway constantly promoted one
another.

To date, research advancements in single coal seam and
close coal seam mining have made significant contributions
to the safe and effective operation of coal mines. However,
there are few studies investigating the influence of coal seam
mining on the deformation law of roadway surrounding
rock under conditions involving stubble. The relationships
among coal seam stubble in adjacent mines, pressure release,
fracture development, rock strata movement, and other laws
impacted by coal seam mining have unique properties
within the scope of influence, which make it more difficult
to control the roadway surrounding rock during coal seam
mining [24-28]. Therefore, it is necessary to evaluate the
variation law, influential range, and deformation law of sur-
rounding rock in terms of the mining-induced stress of the
stubble coal seam. Therefore, this report discusses the laws
governing overburden caving, the stress and displacement
changes, and the influential range of coal seam mining in
stubble environments based on the relationship between
the No. 5 and No. 6 coal seams of the Pingdingshan Coal
Mine. According to the theory of elasticity mechanics, the
stress field calculation model of overburden working face
and underburden working face of stubble coal seam is estab-
lished, and the expression of stress caused by mining of
working face is derived, and the change law of vertical stress,
horizontal stress, and shear stress in top and bottom plate
with vertical distance is analyzed according to engineering
geological conditions, similar material simulation experi-
ments, and numerical simulation, and the overburden rock
collapse, the stress and displacement change law, and the
influence range of coal seam mining under stubble environ-
ment are revealed.

2. Theoretical Calculations of Coal Seam
Mining in Stubble Area

2.1. Overview of Adjacent Mine Stubble Working Face. The
Pingmei No. 6 coal mine is considered a large mine because
it has an annual output of over 3 million tons. The No. 5 coal
mine is located through the Guodishan fault at the south-
west end of the bottom of the No. 6 coal mine. Because of
resource depletion, the original mine (No. 5 coal mine)
underwent a technical transformation in 1998 to prolong
the service life of the mine. According to the Pingmei Group,
this transformation specifically involved the expansion of
the J coal group, such that the boundary of the J coal section
of the No. 5 coal mine was expanded to the original ] coal
seam of the No. 6 coal mine. Following approval from the
Ministry of Land and Resources in 2001, the mining permit
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F1GURE 3: Distribution diagram of additional stress in the floor after
mining at the W coal seam.

was replaced. Thus, there is a stubble relationship between
the coal seams in the No. 5 and No. 6 coal mines.

The pseudo-top lithology of the W, _,, coal seam in the
No. 6 coal mine includes sandy mudstone or mudstone, with
thickness of approximately 0.2-0.6 m. The direct roof lithol-
ogy is mudstone or fine- to medium-grained sandstone, and
the old roof lithology is fine- to medium-grained sandstone
with a thickness of approximately 6-8 m. The floor lithology
is sandy mudstone with a thickness of ~10 m; the W,_,, coal
seam thickness is between 0.62 and 7.65 m, with an average
thickness of 3.80m. The coal body is massive; within the
scope of the mine field, the recoverable index of the W, |,
coal seam is km = 0.96, which indicates that it is a relatively
stable coal seam. In this paper, the thickness of coal seam is
taken as 4m.

The No. 5 mine has a ] ;, coal seam position in the No.
6 mine W, _,, coal seam below the average distance of 160 m.
Some areas have a pseudo-top lithology of carbonaceous

mudstone with a thickness of approximately 0.2-0.5m.
The direct roof lithology is mudstone and fine-grained sand-
stone (thickness = ~ 10 m), and the lithology of the old roof
is fine- to medium-grained sandstone (thickness =5 -8 m).
The coal body of coal seam ], ,, in the No. 5 coal mine is
mostly block-like and granular, which comprise a coal seam
with a simple structure. The thickness of this layer is approx-
imately 0.61-17.5m, and the average thickness is 5.12m.
The thickness of this coal seam is 5m.

To study the variation and distribution of mining stress
caused by coal seam mining, it is necessary to analyze and
study the No. 6 mine W coal seam floor and the No. 5 coal
mine J coal seam roof. According to the site construction
environment and mining sequence, the No. 6 mine’s W coal
seam was mined first, followed by the mining of the No. 5
mine’s | coal seam.

The propagation of support pressure caused by coal
seam mining along the roof and floor will impact the adja-
cent coal seams. Therefore, the concept of well groups is pro-
posed. A so-called well group is directly related to the
spacing between two or more mines, ie., the spacing
between mines determines the impact of mining one coal
seam on one or more additional coal seams. The propaga-
tion of support pressure along the roof and floor caused by
coal seam mining adopts a certain range. Thus, it is crucial
to study the influential range and law of mining stress in
adjacent coal seams to reveal the mechanism of dynamic
disasters affecting a well group. In this work, the variation
and distribution law of mining-induced stress in rock mass
were analyzed as a function of the vertical distance during
coal seam mining in two adjacent mines. The stubble-
pressing diagram was constructed based on the stubble-
pressing relationship between the No. 5 and No. 6 mines
in the Pingdingshan Coal Mine. The floor strata after coal
seam excavation are regarded as a spatial semi-infinite body.
A vertical section is taken along the direction of coal seam
advancement, and the thickness is taken as the unit thick-
ness. A simplified mechanical model of the underground
structure of the stubble-pressing coal seam in adjacent mines
is established, as shown in Figure 1.

According to the elastic mechanics, when the load is g(x)
at the boundary of the homogeneous isotropic semi-infinite



plane, the resulting load distribution is illustrated in
Figure 2.

To compute the stress at a point M(x,z) in the half
plane, the micro element d§ is determined at a distance from
the origin &, and the force on this element dp = gd¢ is taken
as the micro-concentrated force. Then, the coordinate of
point M relative to the micro-concentrated force is (x - &,z
). According to the principles of elastic mechanics, the stress
at any point M in this plane can be expressed as shown in
Equation (1), where o, is the vertical stress, o, is the hori-
zontal stress, and 7, is the shear stress.
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2.2. Stress Distribution Law of the W Coal Seam Mining
Floor in the No. 6 Coal Mine. The influence of the W coal
seam on the floor strata in the No. 6 coal mine was analyzed
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to evaluate the stress state. Considering the stress distribu-
tion caused by coal seam mining and the integrity of propa-
gation, the influence of fixed support pressure was
introduced to the previous model. The stress change caused
by coal seam excavation can be expressed in the form of
additional stress. The additional stress value is the difference
between the stress of the coal seam floor and the stress of the
original rock. Thus, the complete additional stress distribu-
tion law of the floor after the mining of the coal seam was
obtained, as shown in Figure 3.

Herein, p represents the additional stress in the goaf; p,
is the maximum additional stress value in front of the coal
wall, such that p, = (k; — 1)yH; p, is the maximum addi-
tional stress behind the opening, such that p, = (k, — 1)yH;
a, is the spacing between the coal wall and the peak pressure
ahead; g, is the spacing between the peak pressure ahead and
the stress descending to the original rock; a; is the distance
from zero stress in the original rock in the mined-out area;
a, is the restoration of residual pressure in the goaf relative
to the original rock stress spacing; a- is the distance from
the restoration to the original rock stress; g is the distance
between the peak abutment pressure and the open cut; a,
is the distance between the peak pressure and the stress fall-
ing to the original rock. According to Figure 3, the linear
function of the additional stress on the floor of the W coal
seam can be expressed as
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FIGURE 4: Variations in the floor stress components of the W coal seam as a function of the vertical distance.
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According to Equations ((3)-(5)), after mining at the
working face of the W coal seam, the spatial position and
load bearing condition of a point under the floor determine
the stress at this point. In a practical situation, the current
load is a known quantity, and therefore, the stress value is
a function of (x,z). According to the technical conditions
and field observations, the average bulk density of the over-
burden y is 0.025MPa, the thickness of the overburden is
714 m, the stress of the original rock is p=-yh=-17.8
MPa, K, is 2, K, is 1.9, p, is 17.8 MPa, p, is 16 MPa, a, is
10m, a, is 30m, a5 is 10m, a, is 30m, as is 10m, ay is
10m, and a, is 40 m. Substituting these parameters into
Equations ((3)-(5)) enables calculations of the additional
stress at any point of the floor of the penta coal seam with
the advance of the working face. As the working face
advances, the additional stress at 10m in front of the work-
ing face changes with the vertical distance, as shown in
Figure 4. The vertical stress, horizontal stress, and shear
stress all decrease gradually as the vertical distance h
increases. The horizontal stress and shear stress decrease
sharply, while the vertical stress decreases slowly. The
stresses at 10, 20, and 30 m are 14.25, 9.687, and 7.62 MPa,
respectively, and the stress concentration coefficients are
1.8, 1.54, and 1.42, respectively. The additional stress values
at 10, 20, and 30 m are 5.767, 3.132, and 1.7 MPa, respec-
tively, and the stress concentration coeflicients are 1.32,
1.176, and 1.096, respectively. The shear stress also gradually
returns to the original rock stress as the distance increases,
indicating that the influential ranges of the horizontal and
shear stresses are small. However, the influential range of
the vertical stress is larger and decreases rapidly within a cer-
tain depth range. When the depth exceeds 30 m, the vertical
stress is the mainly contribution to the stress, and the value
of the vertical additional stress is close to 0 at 90 m below the
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FIGURE 5: Distribution diagram of roof stress after mining in J coal seam.

floor. Therefore, the influential range of the vertical addi-
tional stress on the floor after mining is within 90 m.

2.3. Stress Distribution Law of Overburden in the ] Coal Seam
of the No. 5 Coal Mine. After the J coal seam is mined, the
surrounding rock stress of the mining space is redistributed,
and the rock between the W coal seam of the No. 6 mine and
the J coal seam of the No. 5 mine is analyzed to evaluate the
stress state. After the coal seam is mined, the stress state of
this region is depicted in Figure 5.

Here, p,, is the vertical original rock stress, with a value of
y(h +1); p; is the peak value of the front abutment pressure,
such that p, =k,p; p, is the peak value of rear abutment
pressure, such that p, = k,p,; b, is the distance between the

b—lx
Po— D1 pi(by +b,) = pyby
b, b,
P, Pty
gx)=q b b
P
Pob_sz + {Po (P _Po)(za +b, + bs)}
6 s
b, _p0x+ |:P2 + (P, = Po)(bs + by +bs + bg)
b, b,

lead pressure peak point and the front coal wall; b, is the
spacing between the leading pressure peak point and the
stress, which has dropped to that of the original rock; b, is
the distance in the goaf where the original rock stress is zero;
b, spans the area where the residual pressure is restored to
the original rock stress spacing; bs is the distance to return
to the original rock stress; b, is the distance between the
peak value of the fixed abutment pressure and the open
cut; b, is the distance between the peak pressure and the
stress that has dropped to that of the original rock.

The linear equation describing the roof stress of the ]
coal seam can be obtained from Figure 5.
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TasBLE 1: Rock distribution and its physical parameters.
Serial no. Rock Thickness (m) Capacity(kg/ms) Compressive strength (MPa) Extension (MPa)
31 Medium-grained sandstone 16 2580 70.0 35
30 Sandy mudstone 8 2560 21.3 1.5
29 Mudstone 16 2500 21.3 1.8
28 Sandy mudstone 8 2560 213 1.5
27 Fine-grained sandstone 4 2600 84.3 4.3
26 Sandy mudstone 10 2560 213 1.5
25 Fine-grained sandstone 2 2600 84.3 43
24 Mudstone 8 2500 21.3 1.8
23 Sandy mudstone 8 2560 21.3 1.5
22 Fine-grained sandstone 2 2600 84.3 43
21 Mudstone 8 2500 21.3 1.8
20 Sandy mudstone 12 2560 213 1.5
19 W coal 4 1380 8.66 1.7
18 Sandy mudstone 6 2560 21.3 1.5
17 Mudstone 4 2500 21.3 1.8
16 Siltstone 2 2500 53.8 1.96
15 Sandy mudstone 12 2560 213 1.5
14 Mudstone 8 2500 21.3 1.8
13 Fine sandstone 8 2600 84.3 43
12 Siltstone 20 2500 53.8 1.96
11 Mudstone 24 2500 21.3 1.8
10 Medium-grained sandstone 16 2580 70.0 3.5
9 Sandy mudstone 20 2560 213 1.5
8 Medium-grained sandstone 16 2580 70.0 3.5
7 Sandy mudstone 12 2560 21.3 1.5
6 Fine sandstone 4 2600 84.3 43
5 Sandy mudstone 6 2560 21.3 1.5
4 J coal 5 1380 8.66 1.7
3 Mudstone 12 2500 213 1.8
2 Fine-grained sandstone 4 2600 84.3 43
1 Mudstone 24 2500 21.3 1.8
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FIGURE 8: Schematic diagram of the similar material model.

According to Equations (1) and (6), the stress can be
determined at a given point in the study area as the working
face of the coal seam advances. The expressions for the hor-
izontal stress, shear stress, and vertical stress are shown as
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According to the field mining situation and geological
environment, the average bulk density of the overburden y
is 0.025 MPa, the mining depth of the W coal seam in the
No. 6 mine is 714m, p is 17.8 MPa, and the coal seam of
group J is located 160 m below the coal seam of group W,
ie., t =160m; thus, the coal seam stress of group J is p, =y
(h+1t)=21.85MPa, K, is 2, K, is 1.9, p, is 43.7MPa, p, is
41.5MPa, b, is 10m, b, is 50m, b, is 190m, b; is 0m, b,
is 10m, and b, is 40 m. By subbing these parameters into
the above equations, the stress at any point of the overlying
strata after mining can be obtained, and the changes in the
peak stress in the upper region can be determined as a func-
tion of the vertical distance under the disturbance of mining,
as shown in Figure 6.

The vertical stress, horizontal stress, and shear stress
gradually decrease as the distance increases. The vertical
stress at 10, 30, 80, 120, and 150 m along the roof direction
are 43.32, 39.284, 28.503, 24.797, and 23.286 MPa, respec-
tively, and the stress concentration coefficients are 1.98,
1.80, 1.31, 1.13, and 1.064, respectively. The horizontal stress
at 10m is 31.652 MPa, and the stress concentration coeffi-
cient is 1.45; the stress at 30 m is 22.653 MPa, and the stress
concentration coefficient is 1.034. The shear stress at 10 m is
only 0.432 times that of the original rock. These results show
that the horizontal stress decreases rapidly as the distance
increases, the vertical stress reduction coefficient is slow,
and the range of the effects of horizontal stress and shear
stress range is small. Moreover, the influence of the vertical
stress is relatively larger, indicating that distance mainly
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TABLE 2: Survey line layout positions.

Line no. (from Distance from top of

Line left-to-right) coal seam (cm) Remarks

A Al1-A29 25

B B1-B29 12.5

C C1-C29 225

D D1-D29 325 Upper ] coal

E E1-E29 425 seam

F F1-F29 52.5

G G1-G29 62.5

H H1-H29 72.5

I 11-129 0.5

J J1-J29 10.5

K K1-K29 115 Upper W
coal seam

L L1-L29 125

M M1-M29 13.5

affects vertical stress. The stress at 150 m is still greater than
the original rock stress, thus clarifying the impact scope of
the W coal seam floor in the No. 6 coal mine.

3. Analogous Material Simulations of Mining in
a Stubble Coal Seam

3.1. Establishing a Simulation Model. According to the
columnar chart of rock strata, the physical and mechanical
properties of rock mass, and the size of the similar material
simulation frame (2.85x0.3 x2m), and considering the
principle of similar material simulation tests, the similarity
ratios were defined as 1:200, 1:1.7, 1:340, and 1:14. The
specific strata distribution is shown in Table 1.

The main equipment used in these simulation tests
involving similar materials is the model test bed, which
includes three systems: model frame system, test system,
and loading system. The frame system is a plane stress
model test bench (2.85x 0.3 x 2m). The loading system is
used to simulate the stope with mining depths above
714 m. The observations can be obtained using a direct mea-
surement method, pressure sensor continuous monitoring,
or an XJTUDP measurement system. The XJTUDP mea-
surement system includes a fixed focal length of a high-
resolution digital camera, with ID-coded mark points, a
ruler, and software dongles, computers, etc.

3.2. Layout of Model Monitoring Points. To study the prop-
agation and distribution law of mining-induced stress in
the roof and floor, the stress monitoring points are arranged
as shown in Figure 7, i.e., five rows of 12 pressure sensors are
arranged in the rock layer of the roof and floor of the coal
seam. The distance between the first row and the right
boundary is 25cm. The sensors are numbered 1-3 from
right-to-left, and they are 5cm away from the roof of the
coal seam. The distance between the second row and the
right boundary is 30 cm, and the pressure sensors are num-
bered 4-5 from right-to-left, 20 cm away from the roof of
coal seam. The third row is 70cm away from the right

boundary, and the pressure sensors are numbered 6-7 from
right-to-left, 45 cm away from the floor of the coal seam. The
fourth row is 50 cm away from the right boundary, and the
pressure sensors are numbered 8-9 from right-to-left,
20 cm away from the floor of the coal seam. The fifth row
is 40cm away from the right boundary, and the pressure
sensors are numbered 10-12 from right-to-left, 5cm away
from the floor of the coal seam. The pressure sensors apply
the static strain testing system of multiple measuring points
to measure the stress changes in each rock layer during
mining.

For the automatic continuous monitoring of the moni-
toring point layout, 406 marking points were distributed
on the model in a 10 x 10-cm grid (the ruler was fixed under
the model platform), and six coding marking points were
symmetrically fixed on the left and right ends of the test plat-
form, as shown in Figure 8 and Table 2.

3.3. Experimental Steps

(1) Excavation of open cut eyes

Excavation was carried out 40cm away from the left
edge of the model as an open cut for working face mining.

(2) The following data should be recorded after each
excavation step:

(a) The length of each excavation: The actual daily
feed rate of coal seam mining is 4 m. Based on
a temporal similarity ratio of 1: 14 and a geomet-
ric similarity ratio of 1:200, the mining work
with a coal cutting depth of 2cm every 1.7h
(actual 24h) is carried out, which is comparable
to the distance of the actual working face
advance of 1 day

(b) The falling value of each displacement point by
taking pictures at different angles with a digital
camera

(c) The height of overlying rock collapse

(d) The stress value of each measurement point
obtained by YJZ-32A intelligent digital strain

gauge

(3) The model at this point is photographed with a dig-
ital camera and imported into the XJTUDP point
measurement software for processing to make the
corresponding displacement map

3.4. Analysis of Experimental Results

3.4.1. Strata Caving Characteristics. First, the characteristics
of the overlying rock caving in the W coal seam were ana-
lyzed. Figure 9 shows the overlying rock caving and fracture
development during mining in the No. 6 mine’s W coal
working face. (1) When the working face advances to 32 m,
the initial caving phenomenon begins in the direct roof.
The caving height reaches 2m, and the initial caving step
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FIGURE 9: Caving and fracture development of the surrounding rock in the W coal mine as the working face advances to (a) 32 m, (b) 52 m,
(c) 68m, (d) 78 m, (e) 98 m, (f) 110m, (g) 118 m, (h) 128 m, (i) 168 m, or (j) 200 m.

distance is 32m. When the working face advances to 52m,
the basic roof strata begin to fracture, and bed-separation
cracks appear in the upper goaf roof (approximately 10m
from the height of the roof). As the distance of the working
face increases, the rock strata above the basic roof exhibit
periodic fracture phenomena. The periodic pressure step
distance of the working face is approximately 12-20 m, and
the pressure periodicity is clear. (2) During the mining of
the W,_,, coal seam, the upper caving strata adopt an arched
caving state, and the boundary is composed of the fracture
line at the end of the rock beam and the separation fracture
line. As the working face advances, the caving strata and the
separation strata in the arch gradually extend and expand to
the upper and front regions, which causes the periodic fail-
ure of the caving arch in the overlying rock. (2) During min-
ing at the W, ,, working face, a caving zone, fracture zone,
and bending subsidence zone are formed successively in
the overlying strata of the goaf from bottom-to-top. The
height of the caving zone is ~10 m, which is about 2.5 times
the mining height. The resulting fracture zone height is
~51m, which is 12.8 times the mining height.

Second, the characteristics of the overlying rock caving
in the J coal seam were evaluated. The working face of the
J coal seam is 160 m below the working face of the W coal
seam in the No. 6 coal mine. The length of the stubble min-
ing area is 100 m. Figure 10 shows the development of stope

rock caving and fracture during fully mechanized mining in
the J coal seam. It should be noted that when the working
face of W, is reaching 200 m, the working face of J¢ ;,
in the stubble area will be mined after it has stabilized. Dur-
ing the mining process, the strata caving and fracture devel-
opment in the stope have the following characteristics. (1)
When the working face of the J coal seam is reaching 42 m,
the direct roof of the coal seam will experience the first cav-
ing phenomenon, and the height of the caving rock layer is
3m. When pushed up to 68m, bed-separation fractures
appear in the interbedded strata, and the primary fracture
in the basic roof strata is induced. As the working face con-
tinues to advance, the direct roof at the upper part of the
coal seam gradually falls forward, and the failure and defor-
mation of the overburden continuously develop and extend
upward toward the front. At this point, the average periodic
underloading step distance is approximately 12m, and the
periodic underloading phenomenon is clearer. (2) As the
J16.17 Working face advances, there is an arched caving state
in the rock strata in the stubble area. As the advancing dis-
tance increases, the caving rock strata in the arch extend
and expand upward and forward, and the final size of the
caving arch is smaller than that of the caving arch formed
when the W coal seam in the No. 6 coal mine is pushed to
the same distance. The reason for this phenomenon is that
the pressure is reduced because of the mining of the W coal
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FiGure 10: Caving and fracture development of surrounding rock in the J coal seam as the working face is pushed to (a) 42 m, (b) 68 m, (c)

82m, (d) 92m, (e) 100 m (bureau), and (f) 100 m (whole).

seam in the No. 6 coal mine at the upper part of the stubble
area. (3) The goaf in the stubble of the ], coal seam of the
No. 5 coal mine and the Wy ;, coal seam of the No. 6 coal
mine did not break through. The working face of the W,_
10 coal seam is located in the bending subsidence zone of
the working face of the J,¢_,, coal seam. Comparing the final
caving states of the rock strata in Figure 10(f) and Figure 9(j)
reveals that the mining of the ], ,, coal seam in the lower
part of the stubble area promotes the caving of the W,
coal seam in the upper part of the stubble area and the devel-

opment of fractures in the coal wall of the working face, as
well as the overall transfer to the stubble area. The reason
for this phenomenon is that with the gradual filling and
compaction of the rock strata above the goaf at the ], coal
seam in the lower part of the stubble area, the displacement
and fracture of the rock strata above the upper W, ,, coal
seam continue to develop under the overall pressure. These
observations indicate that the goaf of the two mines is not
penetrated under the stubble pressure environment; how-
ever, with the mining of the lower part of the J, ;, coal seam
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FIGURE 11: Stress concentration coefficient curves of each mining point in the W coal seam.
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FIGURE 12: Stress concentration coefficients at mining points in the J coal seam.

working face, the development and range of overlying rock
fractures in the Wy_,, coal seam will gradually continue to
increase.

3.4.2. Changes in the Mining Stress. As the working face
advances, various phenomena (e.g., caving, bed-separation,
bending, and subsiding) occur in the overlying strata of the
goaf, and floor heave occurs in the floor, all of which can
change the stress in the rock mass around the stope. To
establish the dynamic law governing the roof and floor
stresses during coal mining, the stress concentration factor
(i.e., the ratio of the real time stress to the initial stress of
the coal seam) is determined. According to the relationship
between the excavation distance of the working face and
the change in the stress values at each pressure measuring
point in the rock layer, the stress propagation distribution
laws along the roof and floor of the coal seam can be

obtained as a function of the advancing distances, as shown
in Figures 11 and 12 for the W and J coal seams, respectively.

Figure 11 illustrates the mining-induced stresses in the
W coal seam; the horizontal coordinate is the working face
advance distance, and the vertical coordinate is the stress
concentration coefficients. As the working face advances in
the W coal seam of the No. 6 coal mine, the stress concentra-
tion coeflicients at each pressure measuring point in the rock
layer (from 6 to 12) were obtained, thus revealing changes in
the stress state of the roof and floor and redistribution of the
stress. Therefore, according to the stress distribution, the
roof and floor areas can be divided into five regions. The first
region comprises the area not affected by mining: (i) the area
far from the working face (because at a greater distance, this
part of the rock is less affected by coal mining, so it main-
tains the original rock stress state) and (ii) the area 40-
50 m outside. The second region is the increased stress area:
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FIGURrk 14: Displacement curves when the working face is pushed
200 m.

this area is intensely affected by mining, i.e., 2-40 m in front
of the working face (the position of the stress peak moves
with the advance of the working face, and the average dis-
tance from the working face is ~10m). The third region
includes the stress reduction area: this region is located in
the goaf, where the overlying rock caving phenomenon
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FIGURE 15: Displacement curve of the J coal working face advanced
to 100 m.

occurs. As the pressure is transferred to the caving gangue
and the surrounding coal and rock mass, this area is located
within 2-20 m behind the working face. The fourth region is
the pressure growth area: because the goaf is gradually filled
and compacted, the stress in the caving rock begins to
recover to some extent. This area is behind the working face
within approximately 10-40 m. The fifth region is the stress
stability area: based on the advanced distance of the working
face, the caved gangue is gradually compacted, and the stress
finally tends to stabilize. This area is located at the rear of the
working face, approximately 25-40m away from the open
cut.

During the mining of the W coal seam of the No. 6 coal
mine, as the working face advances, the stress concentration
coeflicient changes according to the distance under the floor.
After the working face advances, the surrounding rock stress
of the floor stope is redistributed. As the advancing distance
increases, the maximum stress concentration coefficient in
front of the working face also gradually increases, although
the rate of increase slows and it ultimately reaches a stable
state. In general, the stress concentration coefficients of mea-
suring points at different positions under the floor decreases
as the vertical distance increases, and the distance between
the position of the stress peak and the coal wall also
increases. A vertical distance of 45m from the W coal seam
floor (#6 stress curve) corresponds to the site of faults in the
pressure area, W coal seam mining for floor 6# points where
layers of location had no effect. Because of the similar mate-
rial simulation experiment with a geometric similarity ratio
of 1:200, it is possible to model the W coal seam of the
No. 6 coal mine’s impact on the bottom plate within a depth
of 90 m.
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FiGure 16: Computational diagrams of (a) the 3D model and (b) coal seam excavation.
TaBLE 3: Rock distribution and physical parameters.
Rock Density (kgm™  Elasticity modulus Poisson’s Cohesion Frictional angle Extension
’) (GPa) ratio (MPa) ") (MPa)
Medium-grained 2580 2023 0.21 12.3 35.01 3.5
sandstone
Sandy mudstone 2570 27.28 0.24 2.32 40.39 3.6
Mudstone 2570 26.35 0.23 2.03 41 1.8
Sandy mudstone 2570 27.28 0.24 2.32 40.39 3.6
Fine-grained sandstone 2600 2231 0.33 14.32 36.32 43
Mudstone 2500 26.35 0.23 2.03 41 1.8
Sandy mudstone 2570 27.28 0.24 2.32 40.39 3.6
W coal 1350 3.57 0.26 0.77 40.24 1.5
Sandy mudstone 2570 27.28 0.24 2.32 40.39 3.6
Fine-grained sandstone 2600 2231 0.33 14.32 36.32 43
Mudstone 2500 26.35 0.23 2.03 41 1.8
Medium.grained 2580 20.23 021 12.3 35.01 3.5
sandstone
Sandy mudstone 2570 27.28 0.24 2.32 40.39 3.6
J coal 1350 3.57 0.26 0.77 40.24 1.5
Mudstone 2500 26.35 0.23 2.03 41 1.8
Fine-grained sandstone 2600 22.31 0.33 14.32 36.32 43

Analogously, the variation law of mining stress in the ]
coal seam was evaluated. Owing to the mining influence of
the working face of the W coal seam in the No. 6 coal mine,
the floor strata in a certain range induced a certain pressure
relief effect, and the coal seam pressure was reduced com-
pared with the conditions involving a single mine.
Figure 12 shows the variations in the vertical stress of the
mining roof overburden on the working face of the ] coal
seam of the No. 5 coal mine in the stubble area. These data
revealed the following characteristics. (1) According to the
curve derived from stress measuring points 1-3, the stress
concentration of the measuring points along the same hori-
zontal line increases as the working face advances, while the
influential range of stress also increases. (2) From the curve
derived from pressure measuring points 4-6, the stress con-
centration coefficient decreases gradually with increasing

vertical distance from the working face, which indicates that
the farther away from the working face, the weaker the influ-
ence of coal mining. (3) During working face mining, as the
vertical distance between stress measuring points in different
strata and the working face increases, the effect of vertical
stress on the roof and floor of the stope is gradually weak-
ened; however, the pressure relief in the rock strata along
the same horizontal survey line remains unchanged by the
forward mining of the working face. (4) According to stress
measuring points 8 and 10, mining at the working face of the
J coal seam in the No. 5 coal mine produces secondary stress
concentration phenomena at the roof. Therefore, mining at
the working face of the J coal seam in the No. 5 coal mine
has a significant impact on the roof, thereby inducing stress
concentration on the floor of the W coal seam in the No. 6
coal mine. However, the supporting pressure caused by
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Figure 17: Continued.
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FIGURE 17: Vertical stress distribution of propulsion in the W coal seam as the working face is pushed to (a) 100 m, (b) 200 m, (c) 300 m, and

(d) 400 m.

mining at the working face of the W coal seam in the No. 6
coal mine is less than that of the J coal seam in the No. 5 coal
mine, and the influential range is consistent with the analyt-
ical mining stress results.

3.4.3. Displacement Variation Law. In the similar material
simulation, the working face mining occurs in forward dis-
tance steps of 4 m to monitor changes in strata displacement
caused by advancing after stabilization. A camera was used
to photograph and record the model to clearly and visually
depict the effect of displacement changes after mining. Then,
the effect of displacement during working face advancement
can be analyzed. This experiment was analyzed under three
advancing conditions (80 and 200m for the W coal seam
and 100 m for the J coal seam); the displacement curves for
the roof and floor strata during simulated working face
advancement are presented in Figures 13-15, respectively.
It is clear from Figure 13 that when the working face
advances forward to 80 m (to the coal seam roof of I), the |
line displacement changes significantly, whereas the rest of
the strain measurement lines exhibit no appreciable changes.
The face behind the mined-out area in the surface displace-
ment of the roof and floor rock masses change. In general,
two similar lines will change; in this case, the roof line chan-
ged because I is close to the excavation site of the coal seam;
therefore, the influence of mining is most severe for the I
line, followed by the J survey line. Analyzing the H, I, and
J displacement lines indicated that the working face
advancement gradually changes, and the maximum defor-
mation of rock strata displacement along the H displace-
ment line experienced a swelling up phenomena, although
the effect is small. Meanwhile, the I and ] lines gradually
sank, achieving maximum subsidence in 25 to 50 locations.
These results show that as the working face advances, the
bottom floor heaves, and the roof strata cave in. The maxi-
mum subsidence was reached in the middle of the goaf.
Figure 14 shows that the displacement of the surround-
ing rock of the stope changes significantly with the advance

of the working face. Specifically, as the working face
advances, the overall in a given displacement measuring line
is similar to the case where the working face of the W coal
seam is advanced to 200 m. Compared with the displace-
ment changes to the surrounding rock of the roof and floor
in the goaf when it is pushed to 80 m, the roof collapse and
floor bulging phenomena were enhanced significantly. The
closer the vertical distance to the coal seam, the more obvi-
ous the effect of mining, and the greater the maximum dis-
placement settlement and uplift. At this point, the
maximum settlement of survey line I has clearly reached
the mining height of the coal seam, indicating that the over-
lying rock collapse phenomenon has induced compaction at
a position of 100m (in the middle of the coal seam), while
the displacement of lines J-M (above) decreases gradually
according to the distance from the working face, although
maximum subsidence is observed at approximately 100 m
(in the middle of the goaf). Considering the uncompacted
position of the goaf overburden, the corresponding floor
bulging phenomenon also emerges.

It is clear from Figure 15 that as the working face of
the J coal seam advances under stubble pressure at the
bottom of the No. 6 mine, the displacement curves of roof
A-D subside significantly, followed by the other displace-
ment measurement lines, and the maximum displacement
in all cases was in the middle and front of the goaf. The
survey line of the goaf and the upper roof strata in the
No. 6 coal mine continues to increase, and the position
of the maximum displacement is transferred to the side
of the stubble area. The change of displacement measure-
ment lines after mining of the coal seams of No. 5 coal
mine and No. 6 coal mine indicates that in the stubble
environment, the mining of the J coal seam of No. 5 coal
mine will shift the overall pressure above the roof of the
W coal seam of No. 6 coal mine to the stubble zone,
resulting in the downward movement of the overburden
of the W coal seam of No. 6 coal mine and the distur-
bance effect of shifting to the stubble zone.
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FIGURE 18: Vertical stress distribution of propulsion in the J coal seam as the working face is pushed to (a) 100 m, (b) 200 m.

4. Numerical Simulation of the Influence of
Coal Seam Mining in the Stubble Area

4.1. Model Establishment and Calculation. The FLAC3D
numerical simulation software was used to simulate the min-
ing of the coal seam, and the laws of coal and rock stress
fields were analyzed in terms of the advancing working face.
The calculation model was established according to the bar
chart, i.e., the length, width, and height of the model were
560, 400, and 309m, respectively. The Moor-Coulomb
model was adopted as the constitutive model for these
numerical calculations. The obtained three-dimensional
model is shown in Figure 16(a), and the excavation of the
coal seam is illustrated in Figure 16(b). The excavation inter-
val length of the W coal seam was 80-480 m, and that of the
J coal seam was 280-480 m. The physical and mechanical
properties of the rock formation in the model are shown in
Table 3.

4.2. Influence of Coal Mining. To obtain the W coal seam in
the No. 6 coal mine and the ] coal seam in the No. 5 coal
mine, the pressure crop area between the two mines’ coal
seams must be simulated with an appropriate environment.
Specifically, the W and ] coal seam working face excavation
simulations and the stress changes were evaluated to study
the rock damage; however, the experiment failed to reflect
the roadway surrounding rock deformation.

4.2.1. Stress Distribution. Figure 17 shows the changes in the
vertical stress distribution as the working face advanced dur-
ing the mining of the W coal seam in the No. 6 coal mine.
When advancing to 100 m, the stress of the roof and floor
of the goaf and both ends of the working face change, the
stress gradient of the roof and floor decrease in the pressure
relief state, and the stress concentration phenomenon occurs
at both ends of the working face. When the advancement
distance increases to 200 m, the pressure relief range of goaf
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F1GURrk 19: Cloud diagrams of the plastic zone changes in the propulsion of the W coal seam when the working face is pushed to (a) 100 m,
(b) 200 m, (c) 300 m, and (d) 400 m.



20
FLAC3D 5.00
© 2012 Itasca Consulting Group, Inc.
Zone
Plane: on

Colorby: State-average

None

Shear-n

Shear-n shear-p

Shear-n shear-p tension-p

Shear-n tension-n shear-p tension-p
Shear-p

Shear-n tension-p
Tension-n shear-p tension-p
Tension-n tension-p
Tension-p

FLAC3D 5.00
© 2012 Itasca Consulting Group, Inc.

Zone
Plane: on
Colorby: State-Average

None
Shear-n
Shear-n shear-p

Shear-n shear-p tension-p

Shear-n tension-n shear-p tension-p
Shear-p

Shear-n tension-p

Tension-n shear-p tension-p
Tension-n tension-p

Tension-p

Geofluids

F1Gure 20: Cloud diagrams of the plastic zone changes in the propulsion of the J coal seam when the working face is pushed to (a) 100 m and

(b) 200 m.

increases significantly in the depth and length directions.
Simultaneously, a stress reduction area is established in the
region from 10m behind the mining face to 10m before
the cutting face, and the stress concentrations at both ends
also increase. When the advancement distance is 300 m,
the relief area continues to grow; when the advancement dis-
tance is 400 m, the relief area increases significantly in the
depth direction, indicating that the rear caving rock layer
is gradually compacted as the working face advances.

Figure 18 shows that when the J coal seam in the No. 5
coal mine (located in the stubble part of the lower part of
the W coal seam in the No. 6 coal mine) is mined to
100 m, stress changes occur in the coal seam surrounding
rock. Specifically, the stress concentration phenomenon
emerges in the W coal seam in the No. 6 coal mine, the roof
and floor stress state decrease with increasing advancement
distance, and up and down mining and coal unloading occur
when advancing to 200m. As a result, the stress concentra-
tions at the coal seam ends of the two mines gradually
increase, and the stress concentration is generally more obvi-
ous. As the pressure relief area grows, the pressure reduction
area in the stubble area also increases substantially.

4.2.2. Variation of the Plastic Zone. Figure 19 presents the
distribution cloud map of the plastic zone as a function of
the working face advancement during the mining of the W
coal seam in the No. 6 coal mine. When the working face

is advanced to 100 m, the roof and floor of the goaf formed
by coal seam excavation are subjected to shear and tensile
forces, and the failure area is formed. The rock strata col-
lapse, cracks appear, and the roof failure height is ~20m.
This situation is entirely consistent with the height of rock
strata collapse and crack development observed in the exper-
iments. The failure depth of the bottom plate is approxi-
mately 18 m. When the pushing distance increases, the
range of the plastic zone increases along the length and
height directions. When the pushing distance reaches
400 m, the maximum damage height of the plastic zone in
the roof reaches 100 m, and the damage depth of the floor
reaches 20 m.

Figure 20 shows that when the ] coal seam in the No. 5
coal mine is mined in the stubble area at the lower part of
the W coal seam in the No. 6 coal mine, as the working face
advances and the pressure increases, the crop area clearly
increases the range of the plastic zone. Moreover, the W coal
seam floor in the No. 6 coal mine exhibits significant damage
depth, and the J coal seam in the No. 5 coal mine has clear
damage at the height of the roof. At this point, the failure
range and failure mode of the roof and floor of the W coal
seam in the No. 6 coal mine change. The failure depth of
the floor of the stubble area increases to 24 m. In the stubble
area (except for the failure area of the floor of the W coal
seam), the maximum failure area is 92 m away from the roof
of the J coal seam in the No. 5 coal mine. This can explain
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FiGure 21: Displacement cloud diagrams of the mining of the (a) W coal seam in the No. 6 coal mine and (b) J coal seam in the No. 5 coal

mine.

why the W coal seam and the J coal seam have two mining
pressure crop relations: only mining the W coal seam in
the No. 6 coal mine affects its roof and floor, whereas mining
the J coal seam in the No. 6 coal mine not only affects its
own roof and floor, but can also still generate a pressure crop
area while the damage to the W coal seam roof and floor
continues to increase.

4.2.3. Variations in the Displacement Field. It is clear from
Figure 21 that the displacement field changes due to the
mining of the W coal seam in the No. 6 coal mine. The max-
imum displacement of the roof is 3.93 m, which is similar to
the mining height of the coal seam (4.0 m), and floor heaving
occurs. At this point, there is no influence on the roadway of
the J coal seam in the No. 5 coal mine in the stubble area.
When the J coal seam in the No. 5 coal mine is being mined,
the maximum displacement above the roof is 4.7 m, which is
similar to the mining height (5.0 m); this result indicates that

the displacement of this model is consistent with the exper-
imental model, which verifies the accuracy of the simula-
tions. However, because the mining of the J coal seam in
the No. 5 coal mine affects the displacement of the rock
strata in the stubble area, it induces a secondary disturbance
effect on the displacement of the upper part of the W coal
seam in the No. 6 coal mine. This leads to a change in the
overall displacement and ultimately affects the roadway of
the W coal seam in the No. 6 coal mine.

According to the above analysis, the mining of the over-
lying W coal seam in the No. 6 coal mine does not affect the
roadway of the J coal seam in the No. 5 coal mine of the
underlying stubble area. In fact, the roadway of the ] coal
seam is only affected by its own mining, whereas the road-
way in front of the working face of the W coal seam is not
only affected by its own mining, but also by the secondary
mining of the underlying J coal seam.
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5. Conclusions

Based on the theory of elasticity, a stress field computational
model of the overlying and underlying working face of stub-
ble coal seams was established. Considering the geological
engineering conditions, similar material simulation experi-
ments and numerical simulations were applied to elucidate
the variations in vertical stress, horizontal stress, and shear
stress at the top and bottom (i.e., as a function of the vertical
distance). Additionally, the changes in overburden caving,
stress and displacement, and the influential range of coal
mining in a stubble environment were analyzed, leading to
the following conclusions:

(1) During the mining of the W,_,, working face, the
initial pressure stepping distance caused by the min-
ing of the working face is 32m, and the periodic
pressure stepping distance is 12-20 m. The overlying
strata of the goaf form a caving zone, fracture zone,
and bending subsidence zone successively from
bottom-to-top. The height of the caving zone is
~10m (about 2.5 times the mining height); the
resulting fracture zone height is ~51m (12.8 times
the mining height). When the J,4 ,, working face is
mined, the initial pressure step distance caused by
mining is 42 m, the periodic pressure step distance
is 8-16 m, and the average periodic pressure step dis-
tance is 12m. The working face of the W,_;, coal
seam is located in the bending subsidence zone of
the working face of the J,4 ,, coal seam. As the work-
ing face of the J,_;, coal seam advances, the develop-
ment and range of overburden rock fractures of the
W, coal seam gradually increase

(2) For the stubble area of the No. 5 and No. 6 coal
mines, the changes in the stress and displacement
caused by the advancing progress of the working face
were obtained. The support pressure and displace-
ment caused by the mining process of the No. 6 coal
mine have no appreciable effect on the stubble seam
of the No. 5 coal mine. However, the mining of the
Ji6.17 coal seam of the No. 5 mine leads to an
increase in the overburden displacement of the W,
10 coal seam of the No. 6 mine; the maximum dis-
placement is transferred to the rear, and the concen-
tration is more obvious in the middle and front
regions of the stubble area. In terms of the coal seam
excavation under stubble conditions, the stress con-
centrations at the roof and floor and the deformation
of the surrounding rock continue to increase in the
No. 6 coal mine due to the mining of the coal seam
in the No. 5 and No. 6 mines, as well as the excava-
tion of the coal seam in the overlying stubble area,
which shows the effect of superposition

(3) The coal seam mining stresses in the roof and floor
decrease with increasing vertical distance; the dis-
tance is the main contributing factor to the vertical
stress on the coal seam. Overlying the vertical stress
induced by mining only occurs when the working

Geofluids

face is within 90 m; however, the influential scope
of the stress caused by the underlying working face
mining is larger, such that the roadway is still
affected at 160 m

(4

~

By studying the overburden deformation law of adja-
cent mines under the condition of stubble coal min-
ing, it was possible to obtain the overburden stress
distribution, stress changes, displacement changes,
and other laws impacting adjacent mines. The results
presented herein provide a theoretical basis and
technical support for the prevention and control of
underground dynamic disasters while offering
insights regarding the mining of coal seams in mine
groups

6. Prospects

(1) In this paper, we only consider the effect of fixed
horizontal stubble distance and different vertical dis-
tance of coal seams in two mines on the influence of
coal seam mining under stubble conditions on the
deformation of roadway surrounding rock, and we
should further study the influence of multiple mine
seam stubble and different horizontal stubble dis-
tance to provide further theoretical basis for the
study of underground shaft group

(2) In order to study the deformation law of mining
overburden under stubble conditions more precisely,
field tests should be conducted to monitor by multi-
ple means, or three-dimensional similar material
simulation tests should be conducted for research
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