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In recent years, the structural evolution characteristics of the regenerated roof of the lower coal seam have become a research
hotspot when the bifurcation coal seam is mined downward. In this paper, taking the bifurcation coal seam of Xutuan Coal Mine
in China as an example, the structural evolution characteristics of regenerated roof under the influence of mining in bifurcation
coal seam are comprehensively studied by theoretical analysis, field measurement, and indoor similar simulation experiment. The
stress transfer law in the floor after mining in the upper coal seam is also analyzed. The results show the overburden structure and
stress field change caused by upper coal seam mining. The caving and fracture zones are formed in the roof, the average height of
the caving zone is 8.28 m, and the one of the fracture zone is 34.91 m. The results of the field test verify the accuracy of theoretical
analysis and similar simulation test results. According to the relative size of the depth of the strong failure zone of the coal seam
floor and the coal seam spacing, the rock mass structure of the regenerated roof of lower coal seam is divided into three types:
fractured rock mass + scattered rock mass (I), fractured rock mass + scattered rock mass + fractured rock mass (II), and fractured
rock mass + bulk rock mass + fractured rock mass + layered rock mass (III), and the stability of the three types of regenerated roof
structure is evaluated: ITI > II > I. The research in this paper can provide a theoretical basis for determining the target area of
broken roof control under the mining conditions of bifurcation coal seam and provide guidance for the selection of the location
and parameters of the grouting borehole for roof reinforcement.

1. Introduction

The formation process of coal is accompanied by complex
paleo-sedimentary environmental changes. It is affected by
multistage tectonic movements, eventually forming under-
ground coal seams with different spatial forms. Bifurcation
coal seam is one of these forms. As shown in Figure 1, the
interlayer distance of bifurcation coal seam can vary from
zero meters to tens of meters. This formation is a kind of
close coal seam, but different from the traditional concept of
close coal seam, mainly due to the gradual change of the
distance between the upper and lower coal layers. This
special form influences significantly the mining of the lower
coal seam. When the distance between the two layers is
small, the upper coal seam mining will produce mining

damage to the floor, resulting in the destruction of the roof
of the lower layer, which can be transformed from the
original layered complete structure roof to a broken roof.
When mining the lower coal seam, the roadway deformation
is serious, being difficult to be supported, the broken roof of
the working face cannot be easily managed, and roof safety
accidents often occur, threatening the efficiency of the mine
and the safety of the workers on-site [1, 2].

Scientists from all over the world have carried out many
theoretical research studies on mining and engineering
geological problems in the process of short distance coal
seam mining and obtained fruitful results. When the close
distance coal seam is mined downward, stress concentration
occurs at the residual coal pillar of the upper working face,
which has a great impact on the mining of the lower coal
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FiGure 1: Diagram of bifurcation coal seam.

seam. Many scholars have carried out research on this
problem [3-11], determined a reasonable size of coal pillar,
scientifically designed the position of coal roadway and rock
roadway, analyzed the stability of roadway surrounding
rock, and put forward the treatment measures for roadway
deformation and failure. This kind of research reveals the
basic law of mine pressure behavior in the process of short
distance coal seam mining, fills in the deficiency of short
distance coal seam mining theory, and greatly improves the
recovery rate of coal resources. However, there are relatively
few research studies on the behavior law of ground pressure
in bifurcated coal seam mining, and the transmission law of
ground pressure on the floor is not clear. The mining of
upper coal seam leads to the change of original rock stress,
which tends to a new balance. The overburden migration is
the direct embodiment of surrounding rock stress tending to
a new balance. Regarding the mining of close coal seam
group, the migration law of overburden and the evolution
characteristics of stress field have become subject of re-
search, while the research methods vary. FLAC?P, RFPA?P,
UDEGC, and other software are widely used in stope simu-
lation [12-15]. Two-dimensional and three-dimensional
indoor similar tests can assess the stope conditions reliably
reducing the research cost [16-19]. A mechanical model
under different geological conditions can better reveal the
mechanism of overlying strata migration and fracture in the
mining process of close coal seam [20-24]. The above re-
search results provide scientific guidance for the layout of
coal seam gas drainage holes, the selection of roof and floor
grouting reinforcement drilling position, and the selection of
roadway support mode. However, in the mining of bifur-
cation coal seam, there are few studies on the structural types
and evolution characteristics of stope surrounding rock.
Especially the evolution characteristics of stope surrounding
rock structure in bifurcation coal seam are not clear, re-
quiring further study. The theoretical research results are
verified by field measurement, which is a virtuous circle of
scientific guidance for production practice. Many scientific
and technological means are used for monitoring and in-
vestigating the deformation and failure of overlying strata in
close distance stope roof and floor [25-32]. A traditional
method to survey the height of “two zones” (caving zone and
fracture zone) is the simple hydrological observation tech-
nology, which is more mature and widely used in field
measurement. It mainly includes simple hydrological ob-
servation of surface drilling and underground inclined
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hydrological observation. This paper uses this method to
estimate the height of “two zones” of coal seam overburden
and the depth of floor damage, providing basis for the
classification of the overburden structure. Under the in-
fluence of repeated mining in close distance coal seam, the
deformation of roadway in lower coal seam is severe. Many
scholars have studied the failure mechanism of roadway and
put forward the corresponding control technology to ensure
safe and efficient mining of working face [33-36]. Some
researchers established the relationship between hydraulic
support and surrounding rock, through the study of roof and
interlayer rock structure in close distance coal seam, re-
vealing the control mechanism of rock structure on stope
surrounding rock [37-40]. The research results constituted a
theoretical basis for the selection of hydraulic support and
parameters. This paper analyzes the structural evolution
characteristics of surrounding rock from the perspective of
engineering geology, which can provide theoretical guidance
for the treatment of roadway and surrounding rock during
bifurcation coal seam mining.

Based on the above analysis, scholars have carried out a
lot of research work around the stope of close coal seam and
have obtained more research results. However, there are few
reports on the study of bifurcation coal seam. The transfer
law of mine pressure in the floor under the influence of
mining is not clear. The structural characteristics of sur-
rounding rock in the stope are relatively few, and the de-
termination of the target area of broken roof governance
lacks theoretical support. In this paper, a series of studies
have been carried out to encounter the difficulty of con-
trolling the regenerated roof of the lower coal seam in an
actual mine project. Through theoretical analysis, field
measurement, and indoor similar simulation test, the
transmission characteristics of the stope pressure in the floor
under the influence of upper coal seam mining are analyzed,
and the rock mass structure characteristics of the regen-
erated roof of the bifurcated close coal seam are assessed. The
stability of different types of regenerated roof structure is
evaluated so as to provide a scientific basis for the deter-
mination of broken roof treatment target area in the lower
coal seam. The research results can provide a reference for
the treatment of broken roof under similar conditions.

2. Engineering Geological Background

Xutuan Coal Mine is located in Xutuan Town, Bozhou City,
Anhui Province, in China. No. 7-1 (upper coal seam) and No.
7-2 (lower coal seam) are the main coal seams in the mine, and
the spatial form shows a bifurcation merging relationship. This
paper studies 71212 and 72210 working faces in 82 mining area.
The spacing of coal seam in the mining area is shown in
Figure 2, which in the northeast, and southwest of the mining
area is relatively small, and near the middle of the mining area
gradually becomes larger. Hence, the interlayer thickness
gradually increases from the southeast and southwest of the
mining area to the middle of the mining area.

The lower part of 71212 working face in 82 mining area is
72210 working face. The spacing of No. 7-1 and No. 7-2 coal
seams varies between 0.7m and 9.02 m, with an average of
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FiGure 2: Contour map of No. 7-1 and No. 7-2 coal seam spacing in 82 mining area.
5.84 m. The strike length of 71212 working face is 1366 m, the 100y M
inclined width is 170 m, the average thickness of coal seam is H = 47y M+19 22 (1)
2.8 m, and the dip angle of coal seam is 15°. The strike length
of 72210 working face is 2023 m, the inclined width is 190 m, 100 Y M
i i i H;=—F=—=——+56, 2
the average thickness of coal seam is 3 m, and the dip angle of FT16Y M+36 (2)

coal seam is 12°.

Through drilling and coring of roof and floor rocks in
No. 7-1 and No. 7-2 coal seams, the laboratory rock
mechanical properties test was carried out. The com-
prehensive histogram of working face and the test results
of mechanical properties of roof and floor rocks are shown
in Figure 3.

3. Theoretical Calculation of Damage
Thickness of Roof and Floor Strata after No. 7-
1 Coal Seam Mining

3.1. 'Theoretical Calculation of “Two Zones” Height of
Overburden. The roof of No. 7-1 coal seam in 71212
working face is medium hard rock. The Ministry of Coal
Industry of China has formulated the coal pillar reser-
vation and coal mining regulations for buildings, water
bodies, railways, and main roadways (2019 Edition) and
put forward the calculation formula for the height of the
collapse zone and water flowing fracture zone of medium
hard overburden (the average compressive strength of
overburden is 20 MPa-40 MPa), as shown in formulas (1)
and (2) [41].

where H_ is the height of the caving zone, H ; is the height of
the fracture zone, and ) M is the cumulative mining
thickness of coal seam, with the unit of m.

3.2. Theoretical Calculation of Floor Failure Depth.
According to the general conclusion of soil mechanics ex-
periment, combined with the actual situation of coal seam
floor, it is considered that the slip line (boundary of the
plastic failure zone) of limit state of floor rock under
abutment pressure is shown in Figure 4. The plastic failure
boundary is composed of three zones: I and III are active and
passive limit zones, respectively, while II is the transition
zone [42-44].

The calculation diagram of the maximum plastic failure
depth 4 is shown in Figure 5.

The equation for the logarithmic spiral is as follows:

r= roeg tan ¢ (3)

In formula (3), r is the polar radius, 8 is the polar angle, r,
is a constant, and the expression of ry is as follows:
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FIGURE 3: Test results of rock mechanical properties.
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FiGure 5: Calculation diagram of plastic zone range of floor.

L
"0 75 cos ((¢12) + (m/d)y

(4)

According to the geometric relationship in Figure 5, the
depth & of the plastic failure zone under ultimate bearing
pressure can be determined as follows:

h=rsin a,
(5)
a:n—<?+z>—6.
2 4

From (dh/df) =0, the maximum depth h,,, of the
failure zone can be obtained:

L cos
h = (@D Hm/)tan ¢
T2 cos ((¢/2) + (7/4)) (6)

The plastic zone width L of coal pillar in long wall
working face can be calculated by the following empirical
formula [45]:

_%nKyH+Ccot</>
S 28f E(py+C cot @)

The maximum vyield failure depth h,,, of floor rock is
determined by using formulas (6) and (7), as follows:

L (7)

_ M cos ¢ In(KyH + C cot ¢/¢(p, +C cot ¢))n((¢/2)+(,,,4))tan s

Pimax = 4Ef cos((¢/2) + (7/4))

(8)

where M is the thickness of coal seam, unit: m; ¢ is the
internal friction angle of coal body; K is the stress con-
centration coeflicient; y is the average bulk density of
overlying strata in mining field, unit: MN/m?; H is the buried
depth of coal seam, unit: m; C is the cohesion of coal, unit:
MPa; p, is the resistance of the support to the coal side, unit:
KN; fis the friction coefficient of the interface between coal
seam and roof and floor; L is the width of the plastic zone of
coal pillar, unit: m; and & is triaxial stress coefficient,
&= (1+sin ¢/1 - sin ¢).

3.3. Case Analysis. According to the survey drilling infor-
mation of 71212 working face in Xutuan Coal Mine, using
formulas (1), (2), and (8), the height of the caving zone and
fracture zone, the depth of the failure zone of floor, and the
width of the plastic zone of coal pillar in 71212 working face
are calculated, respectively. The calculation results are shown
in Table 1.

Based on the data of Table I, the evolution diagram of
surrounding rock structure after mining of No. 7-1 coal
seam is drawn, as shown in Figure 6.
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TaBLE 1: Theoretical calculation results of roof and floor strata mining damage thickness.
Borehole number M (m) H, (m) Hy (m) L (m) Nax (M)
69-70-2 2.80 8.71 34.65 3.96 6.28
69-7 2.80 8.71 34.65 3.97 6.29
67-69-2 2.80 8.71 34.65 3.99 6.33
67-14 2.80 8.71 34.65 4.04 6.40
68-67-2 2.80 8.71 34.65 4.00 6.33
68-14 2.80 8.71 34.65 4.00 6.34
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FIGURE 6: Schematic diagram of surrounding rock structure of No. 7-1 coal seam stope: (a) original strata diagram; (b) schematic diagram of

rock mass structure after mining in No. 7-1 coal seam.

It can be noted that after the mining of No. 7-1 coal
seam, the surrounding rock migrates and forms the caving
zone, fracture zone, and strong floor failure zone. The rock
mass in the fracture zone, which belongs to cataclastic rock
mass structure, is cracked, and its integrity is destroyed. The
one in the caving zone is loose, and it belongs to granular
rock mass structure. Due to the severe influence of the stope
pressure, the rock mass in the strong failure zone of the floor
is partially broken and belongs to the cataclastic rock mass
structure. The one in the lower part of the strong failure zone
of the floor is less affected by the mining procedure.
Therefore, it can be considered to be in the original state,
characterized as layered rock structure. Due to the difference
of coal seam spacing, the roof of No. 7-2 coal seam can be
divided into different rock mass structure combination types
from top to bottom in the study area after mining No. 7-1

coal seam, which are I: cataclastic rock mass + granular rock
mass; II: cataclastic rock mass + granular rock mass + cata-
clastic rock mass; and III: cataclastic rock mass + granular
rock mass + cataclastic rock mass + layered rock mass. Based
on Table 1, the average thickness of the floor failure zone is
6.33 m. When the coal seam spacing is larger than 6.33m, a
layered rock mass is created in the floor of No. 7-1, which
controls the movement of the overlying strata. Based on the
composition of the rock mass structure, the stability of the
roof structure is as follows: IIT > IT>1.

4. Field Measurement of Roof and Floor Rock
Failure Range

Simple hydrogeological observation of borehole is the ob-
servation and record of water level and temperature in



borehole, consumption of flushing fluid, and water inflow in
drilling engineering. According to the consumption of
drilling flushing fluid, the change of water inflow, and its
change rate, combined with the observation data of dynamic
change of water level in the hole, geological data and the
evolution of “air leakage,” and “drill dropping and sticking”
phenomena during the drilling process, the fracture de-
velopment degree of the rock stratum is mastered, and the
height of “two zones” of overlying strata and the damage
depth of floor are determined [46].

Seven ground survey boreholes were conducted in 71212
working face of Xutuan Coal Mine, numbered X;, X,, X3, X4,
Xs, X6, and Xy, respectively. The borehole is drilled from the
earth's surface to No.7-2 coal seam. The position of the
boreholes in plan-view and the distance between them are
shown in Figure 7. The height of the “two zones” and the
damage depth of the floor are measured by simple hydro-
logical observation during the drilling of the exploratory
hole. The survey boreholes can be used as a ground grouting
holes for grouting reinforcement of No. 7-2 coal roof, and all
boreholes were reopened for use as gas drainage boreholes to
achieve multipurpose.

According to the simple hydrological observation on-
site, the monitoring data of borehole flushing fluid con-
sumption within 80 m above the top of No. 7-2 coal seam are
extracted, and the variation curves of borehole flushing fluid
consumption are drawn in Figure 8.

It can be noted that the overlying strata migration of roof
is affected by the mining of No. 7-1 coal seam, forming
caving and fracture zones, and the consumption of drilling
flushing fluid varies in different regions. When drilling in the
fracture zone, the consumption of flushing fluid in the hole
increases and the water level decreases. When drilling in the
caving zone, the rock stratum in this area presents a granular
form. Pores and fractures are developed. The flushing fluid
in the hole is fully consumed, and the water level in the hole
is 0. During the drilling process, the phenomena of “air
leakage” and “lost drilling and stuck drilling” occur. Due to
the influence of stope pressure, strong and weak failure
zones are formed at the floor of the upper coal seam. When
drilling in the floor of No. 7-1 coal seam, the consumption of
flushing fluid in the strong failure zone is larger than that in
the fracture zone and smaller than that in the caving zone.
The flushing fluid consumption in the weak failure zone is
small, slightly larger than that in the intact rock zone, and the
rock integrity of this zone is basically close to the original
layered strata. According to the consumption of flushing
fluid, the caving zone, fracture zone, strong failure zone of
floor, and weak failure zone of floor are divided, as shown in
Figure 8, and their thicknesses are listed in Table 2.

Based on Figure 8 and Table 2, the measured depth of the
strong failure zone varies between 4.20 m and 6.55 m. When
the coal seam spacing is smaller than 5.78 m, the rock
stratum of the No. 7-1 coal seam floor is completely
destroyed creating the strong failure zone, and no weak
failure zone is formed. When the coal seam spacing is larger
than 5.78 m, there is a weak failure zone at the No. 7-1 coal
seam floor, and the mechanical properties of the rock
stratum in this region are close to the complete layered rock
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stratum. In this case, the average depth of the failure zone of
the No. 7-1 coal seam floor is 6.22 m, which is close to the
theoretical calculation value of 6.33 m. The average height of
the measured caving zone and fracture zone is 7.95m and
34.82m, which are close to the theoretical calculation
values of 8.71 m and 34.65 m. Based on the above survey,
the following conclusions can be drawn: from the middle of
the working face to the cut-hole and stop mining line, the
measured thickness of the caving and fracture zones in-
creases gradually. This indicates that with the advance of
the working face, the permeability coeflicient decreases
after the middle of the goaf, which is compacted. Due to the
support of cantilever beam at the coal wall around the goaf,
the degree of compaction is poor and the permeability is
larger. This reveals the control mechanism of the com-
paction of broken rock in the goaf on its permeability. The
theoretical calculation value is corrected according to the
measured ones at different positions of the working face.
This methodology can provide the basis for the accurate
calculation of the height of the caving and fracture zones in
the bifurcation coal seam mining under similar conditions
in the mining area, reducing thus the cost of boreholes
investigation.

5. Similar Simulation Test Study on Downward
Mining of Bifurcation Coal Seam

Due to the complex geological environment of the working
face, it is difficult to carry out the field test as the cost is high.
Based on the similarity theory, the geological conditions of
the prototype working face are converted to the ones of a
model to carry out an indoor similarity simulation test. This
approach has become an important research method
[47, 48].

5.1. Determination of Similar Simulation Material
Parameters. According to the similarity principle, the
similarity ratios between the original rock (prototype) and
the model for all the necessary geometric and mechanical
characteristics are given in Table 3. Combined with the
mechanical test results of the roof and floor rock mass of
the working face, the mechanical strength and material
ratio can be determined. The detailed parameters are listed
in Table 4.

5.2. Construction of Similar Simulation Model. The similar
model consists of two main systems: frame system and test
system. As shown in Figure 9, the size of the frame system
is 300 cm x 30 cm x 200 cm (length x width x height), and
the test system mainly includes the displacement and
stress monitoring system. According to the geological
conditions of 71212 and 72210 working faces, the coal
seam in the bifurcation section was selected as the pro-
totype of this model design. The angle between the upper
and lower coal seams was 5°, and the distance between the
coal seams in the excavation section ranged from 0 cm to
19.25 cm. The excavation size of the model design was
220cm, and the height and width of the model were
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TaBLE 2: Measured height of each zone in stope.

Borehole Distance between coal Thickness of floor Thickness of failure zone Height of caving  Height of fracture
number seams (m) damage zone (m) for floor (m) zone (m) zone (m)

No. X, 7.30 1.17 6.13 12.40 36.10

No. X, 4.50 — 4.50 8.85 33.75

No. X3 4.20 — 4.20 5.70 32.10

No. X4 5.78 — 5.78 4.47 31.95

No. X5 8.13 1.93 6.20 522 33.58

No. Xg 8.38 1.83 6.55 7.06 37.43

No. X; 7.20 1.20 6.00 11.95 38.88

TABLE 3: Main constants for similar simulation experiment. 5.3. Analysis of Similar Simulation Results. During the

Similarity constant Model Original rock
Similarity ratio of geometric 1 100
Similarity ratio of bulk density 0.608 1
Similarity ratio of elastic modulus ~ 0.00608 1
Similarity ratio of strength 0.00608 1
Similarity ratio of Poisson 1 1
Similarity ratio of time 1 10

150 cm and 30 cm, respectively. The boundary coal pillars
on both sides of the model were 40 cm to eliminate the
influence of the boundary effect.

The model materials are shown in Figure 10, mainly
including river sand, lime, gypsum, mica, and water.

mining of No. 7-1 and No. 7-2 coal seams, the deformation
and failure of the surrounding rock of the stope are mon-
itored throughout the whole process. The monitoring results
are shown in Figures 11 and 12.

As shown in Figure 11(a), when the No. 7-1 coal seam
mining is carried out in the first 30 m, the roof collapses and
microcracks begin to develop. When advancing to 110 m, the
main roof experiences four periodic faults. The division of
the caving zone and fracture zone is shown in Figure 11(b).
The development height of the caving zone is 8 m, and the
one of the fracture zone is 17 m. The rock stratum at the head
of the working face forms a cantilever beam structure [49].
After completing the mining of No. 7-1 coal seam, as shown
in Figure 11(c), the height of the caving zone is maintained at
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TABLE 4: Material parameters and mixing ratios.
Original rock Model
. . . Material ratio Weight of material (kg)

Litholo Stratum thickness Compressive strength ~ Compressive strength Sand.: lime-

& (m) (MPa) (MPa) anc:me:  gind Lime Gypsum Water

gypsum

Mudstone 2.0 20.40 0.124 12:3:7 279 0.7 1.6 3.0
Siltstone 4.0 43.44 0.264 10:7:3 55.0 3.8 1.6 6.0
Mudstone 1.0 18.50 0.112 12:3:7 140 0.3 0.8 1.5
Fine sandstone 2.0 52.80 0.460 8:7:3 269 24 1.0 3.0
Mudstone 2.0 18.40 0.112 12:3:7 279 0.7 1.6 3.0
Siltstone 2.0 41.70 0.264 10:7:3 275 1.9 0.8 3.0
Mudstone 3.0 17.30 0.112 12:3:7 419 1.0 2.4 4.5
Fine sandstone 4.0 71.80 0.460 8:7:3 53.8 4.7 2.0 6.0
Siltstone 2.0 35.70 0.264 10:7:3 275 1.9 0.8 3.0
Mudstone 9.0 20.50 0.112 12:3:7 1256 3.1 7.3 13.6
Fine sandstone 4.0 65.00 0.460 8:7:3 53.8 4.7 2.0 6.0
Mudstone 5.0 19.20 0.112 12:3:7 69.8 1.7 4.1 7.6
No. 51 coal 2.0 6.50 0.038 13:4:6 281 09 13 3.0
seam
Mudstone 6.0 17.50 0.112 12:3:7 83.7 21 4.9 9.1
No. 52 coal 1.0 7.30 0.038 13:4:6 140 04 06 1.5
seam
Mudstone 9.0 18.30 0.112 12:3:7 125.6 3.1 7.3 13.6
Siltstone 3.0 29.50 0.264 10:7:3 412 2.9 1.2 4.5
Fine sandstone 1.0 55.80 0.460 8:7:3 134 1.2 0.5 1.5
Mudstone 3.0 19.40 0.112 12:3:7 419 1.0 2.4 4.5
Fine sandstone 16.0 76.50 0.460 8:7:3 215.0 18.8 8.1 24.2
Siltstone 11.0 45.90 0.264 10:7:3 151.2 10.6 4.5 16.6
Mudstone 6.0 15.50 0.112 12:3:7 83.7 21 4.9 9.1
Fine sandstone 5.0 60.30 0.460 8:7:3 672 59 2.5 7.6
Mudstone 5.0 16.80 0.112 12:3:7 69.8 1.7 4.1 7.6
No. 7-1 coal 2.0 8.20 0.038 13:4:6 281 09 13 3.0
seam
Mudstone 0~23 18.40 0.112 12:3:7 1376 34 8.0 14.9
No. 7-2 coal 3.0 7.50 0.038 13:4:6 22 13 19 45
seam
Mudstone 3.0 23.36 0.142 12:3:7 389 1.0 2.3 4.2
Fine sandstone 11.0 75.60 0.460 8:7:3 148.4 13.0 5.6 16.7
Mudstone 2.0 45.07 0.274 10:7:3 26.7 1.9 0.8 2.9
No. 8-2 coal 3.0 8.60 0.407 8:7:3 353 31 13 4.0
seam
Mudstone 4.0 28.50 0.192 12:3:7 41.1 1.1 2.6 4.5
Siltstone 2.0 39.70 0.274 10:7:3 172 1.2 0.5 1.9
Fine sandstone 4.0 66.80 0.407 8:7:3 275 24 1.0 3.1
Mudstone 4.0 31.57 0.192 12:3:7 20.0 0.5 1.2 2.2

8 m and the height of the fracture zone is developed to 37 m.
The strata in the fracture zone are squeezed and hinged
creating masonry beams. The cantilever beam structure
formed by the strata at the end of the mining line breaks with
the migration of the overlying strata. The rock breaking
angles at the cut-hole and stopping line are 54° and 49°,
respectively. After the cantilever beam at the cut-hole and
stop mining line breaks, it supports the overlying strata and
the porosity is larger than that in the middle of the working
face. The closer to the middle of the working face, the larger
the degree of rock compaction is and the smaller the porosity
is, which are consistent with the development law of the
height of the “two zones” measured in the field.

It can be seen from Figure 12 that when the No. 7-2 coal
seam advances to 30 m, after the completion of the No. 7-1

coal seam mining, the interlayer rock is completely broken
and cannot support the overlying rock. The fracture length
of the damaged basic roof decreases with the increase in the
damage amount. When the coal seam spacing is larger than
6m, a layered rock stratum is created at the floor of No. 7-1,
and the strength of the cantilever beam increases, supporting
the overlying strata. After the cantilever beam breaks, the
rock blocks are hinged forming a masonry beam [50], which
has a good control effect on the movement of the overlying
strata in the stope and verifies the conclusion that type III
roof is more stable than types II and I.

During the similar simulation test, it is difficult to ob-
serve the microfracture development inside the model.
Hence, the stress of the floor of No. 7-1 coal seam is
monitored during the mining of No. 7-1 coal seam. By
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FIGUure 11: Deformation characteristics of overburden with different advancing distances in the process of No. 7-1 coal seam mining:
(a) advancing to 30 m; (b) advancing to 110 m; (c) advancing to 220 m.
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FIGURE 12: Deformation characteristics of overburden with different advancing distances in the process of No. 7-2 coal seam mining:
(a) advancing to 30 m; (b) advancing to 110 m; (c) advancing to 220 m.

analyzing the influence depth of ground pressure on the
floor, the failure depth of the floor of No. 7-1 coal seam is
indirectly reflected. The sensor stress monitoring data are
shown in Figure 13.

The stress change in the floor of No. 7-1, caused by the
mining of this upper coal seam, shows regularity. With the
increase in burial depth, the stress change trend of A2-A5
stress sensors gradually tends to be uniform. The stress
monitoring value of A6-A12 sensors is basically close to the
initial stress (2.8 kPa). The distance between A2-A5 sensors
and No. 7-1 coal seam varies between 0 m and 7.00 m, and
the distance between A4 sensor and No. 7-1 coal seam is
5.25m. The influence depth of stress change caused by
mining on the floor is 5.25 m-7.00 m. The strata in this range
are affected by mine pressure. Microfractures are developed,
and the strata are destroyed, which is consistent with the
theoretical calculation and the measured failure depth of the
floor. As shown in Figure 13, with the advance of the
working face, the stress of the floor of the mined-out area
behind the working face experiences the process from
pressurization to pressure relief and then pressurization.
When the mined-out area was just formed, the pressure
relief degree of floor rock was high. With the periodic
collapse and compaction of rock strata, the floor stress began
to gradually increase, but it was always slightly smaller than
the initial stress, and the stress recovery distance was about
80m. In the horizontal direction, the advance influence
range of abutment pressure is 20 m-30m, and the peak
position of abutment pressure is about 5m in front of the
work.

6. Discussion

Based on the above research, it can be found that the
thickness and lithology of the interlayer strata play a con-
trolling role in the overlying strata movement of the roof of
the lower coal seam during the downward mining of the
close coal seam. When the floor failure depth of the upper
coal seam after mining is larger than that of the coal seam
spacing (I, II), the roof of the lower coal seam is severely
cracked. If the roof is not treated, it is difficult to be managed,
and roof collapse incidents are prone to occur. When the
failure depth of the floor is smaller than the coal seam
spacing (III), there is a layered structure of rock in the floor.
The cantilever beam structure formed by the interlayer rock
layer has a supporting effect on the upper rock layer. Taking
certain supporting measures, the lower coal seam can be
successfully mined.

This study can provide a theoretical basis for deter-
mining the target area of broken roof control in bifur-
cation coal seam mining under similar conditions. The
field measurement and similar simulation test show that
the cantilever beam fracture at the cut-hole and stopping
line of the working face supports the overlying strata, and
the porosity is larger than that in the middle of the
working face. The closer to the middle of the working face,
the higher the degree of rock compaction is and the
smaller the porosity is. This rule can be used to carry out
targeted grouting reinforcement at different positions of
the roof, providing a reference for the selection of
grouting parameters.
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FIGURE 13: Transfer characteristics of floor stress in mining process of No. 7-1 coal seam.

7. Conclusion

A series of mining problems faced by bifurcation coal seam
mining have become a research hotspot in recent years.
Taking the bifurcation coal seam of Xutuan Coal Mine in
China as an example, this paper comprehensively studies the
structural evolution characteristics of the regenerated roof of
the lower coal seam (No. 7-2) under the influence of the
upper coal seam mining (No. 7-1). The main conclusions are
as follows:

(1) The theoretical calculation results show that the
height of the roof caving zone is 8.71 m, the height of
the fracture zone is 34.65 m, and the average depth of
the floor failure zone is 6.33 m after mining in No. 7-
1 coal seam.

(2) The average height of the measured caving zone
and fracture zone is 7.95m and 34.82, which are
basically close to the theoretical calculation values
of 8.71m and 34.65m, respectively. The average
depth of the No. 7-1 coal seam floor failure zone is
6.22 m, which is close to the theoretical calculation
value of 6.33 m.

(3) Similar simulation test results show that the average
height of the roof caving zone and fracture zone in
No. 7-1 coal seam is 8 m and 37 m, respectively. The
porosity at the cut-hole and stopping line is larger
than that in the middle of the working face. The
closer to the middle of the working face, the higher
the degree of rock compaction and the smaller the
porosity. The depth of the strong failure zone of the
floor is 5.25 m-7 m, which is basically consistent with
the theoretical calculation and field measurement.
The stress recovery distance of mined-out area and
overlying strata is about 80 m.

(4) Combined with the research results of theoretical
calculation, field measurement, and indoor similar
simulation test, under the influence of mining in No.
7-1 coal seam, the rock mass structure of regenerated
roof in No. 7-2 coal seam is classified. When the floor
failure depth is larger than the coal seam spacing, it is
mainly divided into two types: fractured rock
mass + scattered rock mass (I) and fractured rock
mass + scattered rock mass + fractured rock mass
(II). When the floor failure depth is smaller than the
coal seam spacing, the rock mass structure is as
follows: fractured rock mass+bulk rock mass + -
fractured rock mass +layered rock mass (III). The
structural stability of three types of regenerated roof
is as follows: IIT > II > 1.
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