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The Zhaogu No. 2 coal mine is a single thick coal seam mining mine with high gas content. Due to the lack of protective layer mining
conditions, we can only arrange the floor gas extraction roadway (FGER) to extract the gas from the overlying coal seam of the FGER
to ensure safe production. However, improper placement of FGER will cause water inrush from the floor of FGER. Given above
contradictions, this paper analyzes the stress-strain relationship of the fractured rock mass in the caving zone and the stress-recovery
characteristics of the goaf from the perspective of the structural characteristics of the overlying strata above goaf. Based on this, a
FLAC3D numerical model of equivalent delayed filling of caving rock mass was established by using the double-yield model filling
method. The distribution of floor stress under the influence of mining is obtained after the model calculation, i.e., with the increase of
the distance from the floor, the ratio of bidirectional stress to the peak value, and the stability value decrease, but the decrease amplitude
becomes smaller and smaller. Therefore, floor roadway used for gas extraction should be located 10-15m below the floor. Combined
with the distribution of floor strata in 11060 working face, it is finally determined that FGER should be located 13m below the floor.
Such arrangement of FGER can not only ensure the effect of gas drainage but also prevent the occurrence of water inrush from floor.

1. Introduction

One of the effective methods to prevent coal and gas outburst
is to excavate coal seam gas in advance by digging roadways.
However, due to the difficulty of drilling holes in the top-
draining roadway and the low extraction efficiency, the con-
struction floor gas drainage roadway method was used to
carry out regional gas control in the 11060 working face of
Zhaogu No. 2 coal mine. At the same time, Zhaogu No. 2 coal
mine has the problem of mining under confined water. If the
gas drainage roadway is constructed on the coal seam floor, it
will inevitably cause varying degrees of damage to the floor. If
the construction location is improper, it may also cause the
occurrence of water penetration accidents. In recent years,
people have used various methods such as laboratory exper-
iments, theoretical analysis, and numerical modeling to study
fluid flow in fractured rock masses under different stresses
and other conditions [1–5]. However, due to the extremely

complex conditions of rocks and strata, such as water inrush
from coal mine floor, in-depth research is still needed. Under
the influence of overlying rock mining, the surrounding rock
will have different degrees of stress deviation, namely, devia-
toric stress, and the deviatoric stress at different positions will
play a decisive role in the occurrence and development of
plastic deformation of the surrounding rock [6, 7]. The rea-
sonable location selection of the floor gas extraction roadway
(FGER) is of great significance for reducing or avoiding the
risk of water inrush from the floor of Zhaogu No. 2 coal mine,
which is also the significance of this paper.

Recent research results of domestic and foreign experts
and scholars have shown that the reasonable location of the
FGER is related to the overburden failure law in the upper
coal face mining process, and many theories worth learning
from are proposed, including the “in-situ cracking” theory
and “zero damage” theory [8, 9], “key layer” theory [10],
“lower three belts” theory [11], “lower four belts” theory
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[12], “superior surface of water inrush” theory [13], “muta-
tion theory” and “mutation model” [14], and “progressive
ascending” theory [15]. At the same time, some scholars have
summarized the relationship between floor roadways, coal pil-
lars, and stope levels [16–19], and other scholars have studied
the failure mechanism of floor roadways and roadways defor-
mation characteristics of surrounding rock under the influ-
ence of mining [20–24]. However, the stress environment of
the surrounding rock of the floor roadway is nonuniform. If
the roadway is simplified as a plane strain problem, the sur-
rounding rock of the roadway is affected by two-way stress.
Most previous studies focused on the change of supporting
pressure and ignored the two-way stress change impact on
the roadway surrounding rock destruction. In recent years,
through theoretical analysis and formula derivation, some
scholars have obtained the boundary formula of the plastic
zone of the roadway surrounding rock under the condition
of the bidirectional unequal pressure deviatoric stress field
[25], which opens a new way for the study of the plastic failure
characteristics of roadway surrounding rock under the condi-
tion of nonuniform partial stress field [26–31].

The Zhaogu No. 2 coal mine has excavated a FGER to
control the 11060 working face gas, but it may cause water
inrush from the floor. Taking this contradiction as the start-
ing point, the author uses the double-yield model method to
simulate the caving zone of the filled goaf and numerically
simulates the floor stress distribution law and the bidirec-
tional stress ratio distribution law under the influence of
mining stress in the FGER. The research results can provide
reference for the reasonable layer selection of mine bottom
extraction under the background of similar projects.

2. Engineering Background

As one of the main mines of Henan Coal Industry Chemical
Group Coking Coal Company, Zhaogu No. 2 coal mine mainly
mines 2-1 coal seam. The average coal thickness of 2-1 coal
seam is 6.1m; its coal seam storage structure is simple and sta-
ble. According to the on-site investigation of Zhaogu No. 2 coal
mine, the length of the working face is generally 160m, and the
coal pillar size of the adjacent working face is 30m. The peri-
odic pressing step of 11040 working face is 20m, and the initial
pressing step is 37m. In order to control the gas in the deep
area of the 11060 working face, the mine developed two parallel
permanent main roads under the coal seam in the I panel; one
is the west belt transportation road, and the other is the floor
gasmeasure road. At the same time, in order to effectively elim-
inate the gas outburst of the coal seam in the working face, the
11060 working face floor gas drainage road was excavated. The
FGER layout and the comprehensive column diagram of the
coal floor rock strata are shown in Figure 1.

The Zhaogu No. 2 coal mine has a large water inflow. The
L8 limestone aquifer is located under the 2-1 coal seam, and its
thickness is generally 6.77-14.78m, and the distance from the
2-1 coal seam floor is 26-28.67m. The aquifer is well-
developed with karst fissures, with relatively strong water rich-
ness, strong connectivity, and extremely heterogeneous, diffi-
cult to drain. The water pressure can reach 3.24-6.84MPa,
which is the main aquifer section that threatens the mining

of the 2-1 coal seam. Overall, except for the permeable layer
of L9 limestone, the remaining rock layers between the bottom
surface of the 2-1 coal seam and the top surface of the L8 lime-
stone are mainly mudstone and sandy mudstone. Because
these two types of rocks have poorly developed voids and good
water resistance, they are natural water barriers and the main
water barriers that prevent floor water from filling the produc-
tion space. The water barrier of each rock layer in the floor of
Zhaogu No. 2 coal mine is shown in Figure 2.

3. Goaf Compaction Mechanism and
Determination of the Simulation Scheme

3.1. Goaf Compaction Mechanism. Before the working face is
mined, the roadway is basically only affected by in situ stress
field. However, the mining of the working face caused large-
scale destruction of the in situ stress balance, and the in situ
stress began to redistribute to form a new mine-induced stress
field. Academician M. G. Qian based on a large number of on-
site mine pressure monitoring data, the mechanical model of “
voussoir beam” and “ key strata theory” of rock structure are
proposed; in the vertical direction, the overlying rock layer is
divided into caving zone, fracture zone, and curve subsidence
zone; in the horizontal direction, it forms the coal wall support
zone, roof bed separation zone, and goaf compaction zone
[32]. In the “three-zone” structure formed by the overlying
rock structure of the stope, the height of the caving zone and
the fracture zone will directly affect the movement of the over-
lying rock in the stope and the force of the floor in the goaf; the
stress distribution characteristics of the stope floor will directly
affect the surrounding rock stress environment of the FGER
that excavated under the floor; thus, the height of the caving
zone and the fracture zone in the overlying rock structure of
the stope will be of great significance to the FGER engineering
of Zhaogu No. 2 coal mine.

Academician M. G. Qian and other scholars combined
with many domestic field experiences summed up a set of
empirical estimation methods for the height of the caving
zone and fracture zone [32]. Due to the complexity and var-
iability of site conditions, it is difficult to ensure accuracy
when using the estimation method to determine the height
of the caving zone and the fracture zone. Yavuz [33] pro-
posed the formula (1) that describes the relationship between
the height of the caving zone and the mining height and the
breaking expansion coefficient, and scholars Bai et al. [34]
obtained the regression formula (2) of the height of the
caving zone and the fracture zone after summarizing and
statistically analyzing the measured data of a large number
of mines in China and the United States.
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In the formula, Hc is the height of the caving zone, Hf is
the height of the fracture zone, h is the mining height, b is the
breaking expansion coefficient, and c1, c2, c3, and c4 are the
different strength coefficients of the roof strata [34]; the
specific values are shown in Table 1.

The mining height h of the 11060 working face of
Zhaogu No. 2 coal mine is 6.1m, and the roof strata layer
is medium-hard; combined with formula (2), it can be,
respectively, calculated that the height of the caving zone
and fracture zone is 12.8m and 45.7m during the mining
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Figure 1: The FGER layout and comprehensive columnar diagram of coal floor rocks of the Zhaogu No. 2 coal mine.
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of the working face of No. 1 coal seam in Zhaogu No. 2
coal mine.

During the mining process of the working face, the rock
layer in the immediate roof above the stope will fall freely as
the working face advances, because the broken rock block col-
lapses irregularly; the initial looseness coefficient can generally
reach 1.3~1.5; in the late stage, it is recompacted under the
action of the overlying rock structure above; thus, the floor
stress can be transmitted to the floor of the goaf so that the floor
stress of goaf can be restored. Salamon [35] obtained the stress-
strain relationship of the broken rock mass in the goaf through
the compression experiment, as shown in formula (3); he
obtained the stress-strain relationship of the rock mass in the
caving zone during the compaction process by inversion:

σ = E0ε

1 − ε/εmax
: ð3Þ

In the formula, σ is the vertical stress of the broken rock
mass in the caving zone, E0 is the initial tangent modulus of
the rock mass, ε is the strain of the collapsed broken rock mass

under the action of vertical stress, and εmax is the maximum
strain after the collapsed broken rockmass breaks and expands.

Yavuz [33] summarized and studied a large number of
rock uniaxial compression tests and obtained the formula
(4) between the initial tangent modulus E0 of the rock mass
and the breaking expansion coefficient b of the rock mass
and the uniaxial compressive strength Rc through regression
analysis, and the relationship between the maximum strain
εmax of broken rock mass after breaking expansion and the
breaking expansion coefficient b is shown in formula (5).

E0 =
10:39Rc

1:042

b7:7
, ð4Þ

εmax =
b − 1
b

: ð5Þ

Combining the above formulas, the relationship between
the breaking expansion coefficient b and the strength param-
eters of the rock mass, the mining height h of the working
face, and the stress-strain relationship of the broken rock
mass in the caving zone during the force compaction process
can be obtained as the formulas (6) and (7) are shown.
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Figure 2: Schematic diagram of water barrier of floor rock in Zhaogu No. 2 coal mine.

Table 1: Rock strength coefficient of caving zone and fracture zone.

Lithology Rc /MPa c1 c2 c3 c4
Weak <20 6.2 32 3.1 5

Medium-hard 20~40 4.7 19 1.6 3.6

Hard <20 2.1 16 1.2 2
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It can be seen that the relationship of stress-strain of the
broken rock mass in the caving zone during the force com-
paction process is determined by the uniaxial compressive
strength Rc and the breaking expansion coefficient b; the
breaking expansion coefficient b is closely related to the
mining height of the working face and the overlying rock
lithology of the stope. Formula (7) shows the mechanical
evolution characteristics of the broken rock mass in the cav-
ing zone from a loose state to a compacted state under the
pressure of the overburden; the petrophysical and mechani-
cal parameters of the No. 2 coal seam in Zhaogu No. 2 coal
mine are taken into formulas (5) and (6), and the maximum
strain εmax of the broken rock mass in the goaf behind the
working face is 0.32, and the breaking expansion coefficient
b is 1.47. Combining formulas (3) and (4) can obtain the
stress-strain relationship of the broken rock mass in the cav-
ing zone during the force compaction process, as shown in
Figure 3. It can be seen that the stress-strain relationship
of the broken rock mass in the goaf from loosening to com-
pacting under the action of the overburden pressure shows
an exponential growth trend; it shows that in the initial stage
of compaction of broken rock mass, the displacement of the
overlying rock above has a small effect on the collapsed bro-
ken rock mass; with the continuous structural deformation
of the roof rock, the stress on the broken rock mass below
also increases rapidly; until the overlying rock structure
above compacts the broken rock mass below, the stress
balance between the two is reached; however, due to the
characteristics of the rock mass, the collapsed broken rock
mass cannot be compacted to the initial complete volume,
so the broken rock mass will always retain residual breaking
expansion.

3.2. Numerical Simulation Method of Stress Recovery in Goaf.
By establishing the relationship between the plastic zone of
the roadway surrounding rock and the bidirectional stress
ratio under the influence of water pressure, the FLAC3D

software which is more accurate and effective for the calcu-
lation of stress and plastic failure was selected; however,
FLAC3D is a continuous medium software, and it cannot
simulate the impact of the immediate roof collapse on the
floor stress of the goaf; the commonly used methods for
simulating the stress recovery of the goaf are the filling
method and the setting large deformation interface method;
the former is relatively simple and straightforward, while
the latter is complicated to set up, and when using the lat-
ter, in order to make the roof and floor contact to achieve
the effect of stress transfer, smaller lithological parameters
and the interface with too high stiffness are often required,
so the filling method is used to reflect the stress recovery of
the goaf.

When using the filling method to simulate stress recov-
ery, the filling rock mass can adopt an elastic model, elastic-
plastic model, double-yield model, etc. Because the elastic
model is too ideally filled, it is not considered. The stress-
strain relationship has been determined when the elastic-
plastic model is used, and sometimes, it does not reflect the
stress-strain relationship under specific engineering condi-
tions; in recent years, many scholars at home and abroad
have used the double-yield model to fill the caving zone in
the goaf; it has been accepted and used by many scholars
and scientific researchers because of its customizable stress-
strain relationship of the filling rock mass.

Combined with the roof lithology of Zhaogu No. 2 coal
mine, by using the FLAC3D software, uniaxial compression
simulation experiments were performed on the broken rock
mass in the caving zone. Trial and error inversion method
is used to obtain rock mass mechanical parameters with a
high degree of fit to the stress-strain relationship of the theo-
retical calculation formula; the numerical simulation inver-
sion results are shown in Figure 3, and the mechanical
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Figure 3: Stress-strain relationship of rock mass in caving zone and mechanical inversion of double-yield model.

Table 2: Mechanical parameters of rock mass filled in caving zone.

K /GPa G /GPa ρ/kg•m-3 φ /(°) c /MPa Rm /MPa

19.9 1 2500 30 0.001 0
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parameters of the rock masses obtained in the caving zone
are shown in Table 2.

By using the filling method to fill the goaf, it solves the
shortcomings of nonrecovery of the goaf stress and relatively
high coal pillar abutment pressure caused by the unfilled goaf
in the traditional numerical simulation excavation calcula-
tion. At the same time, it can better reflect the stress-strain
relationship of the broken rock mass in the goaf under the
action of the overlying rock; it provides a guarantee for study-

ing the stress environment and surrounding rock failure law
of the FGER engineering in Zhaogu No. 2 coal mine when it
is disturbed by the working face excavation.

3.3. Determination of the Simulation Scheme. As the FGER of
11060 working face in Zhaogu No. 2 coal mine is used for the
upper working face’s regional danger relief, the FGER is
arranged before the working face; when mining at the work-
ing face, the FGER of 11060 working face will inevitably be
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Figure 4: Numerical model of stress distribution of working face floor.

Table 3: Rock mechanical parameters selected by the model.

Name of rock Rock thickness Cumulative buried depth ρ/kg•m-3 K /GPa G /GPa φ /(°) c /MPa Rm /MPa

15 the FGER
— 700

2500 10.44 4.54 28 5.36 2.60

14 basic roof 2500 7.60 6.50 35 13 4.5

13 basic roof 20m 720 2500 7.60 6.50 35 13 4.5

12 fine-grained sandstone 7m 727 2500 7.60 6.50 35 13 4.5

11 Dazhan sandstone 5.8m 732.8 2700 10.20 9.00 38 16 7.5

10 sandy mudstone 6m 738.8 2500 10.44 4.54 28 5.36 2.60

9 mudstone 0.8m 739.6 2200 8.82 5.04 30 5.24 1.48

8 2-1 coal 6.2m 745.8 1500 5.4 4.8 25 2.8 1.5

7 mudstone 7.5m 753.3 2200 8.82 5.04 30 3.24 1.48

6 sandy mudstone 7.5m 760.8 2500 10.44 4.54 28 5.36 2.60

5 L9 limestone 2m 762.8 2700 12.6 8.3 40 10 8.71

4 mudstone 5.2m 867.0 2200 8.82 5.04 30 3.24 1.48

3 sandy mudstone 5.3m 773.3 2500 10.44 4.54 28 5.36 2.60

2 L8 limestone 10m 783.3 2700 12.6 8.3 40 10 8.71

1 basic bottom 70m 853.3 2700 12.6 8.3 40 10 8.71

Goaf — — 2500 19.9 1 30 0.001 0
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affected by the mining stress of the upper working face; the
stress environment of the surrounding rock of the FGER
determines the damage range of the surrounding rock of
the roadway. Therefore, in the mining process of the working
face, the stress distribution law of the working face floor is
extremely important, and it is the key to arranging FGER
and the reasonable position of the working face.

Based on this, the numerical model shown in Figure 4 is
established. The size of the model is 360m, 520m, and
200m in length, width, and height, respectively. By using
the Mohr-Coulomb constitutive model, the horizontal dis-
placement of the x- and y-axis boundary and the vertical dis-
placement of the lower boundary of the z-axis are,
respectively, fixed. A compensation load of 17.5MPa was
applied to the upper boundary of the model, initial stress
SZZ = 17:75MPa, SXX = SYY = 23:075MPa, and 4MPa pore
water pressure was applied below the L8 limestone floor to
simulate the water pressure of the aquifer.

In the model, the thickness of the roof and floor of the
coal seam is modeled according to the actual geological thick-
ness of the mine, and then, the basic top and the basic bottom
are added above and below the roof to increase the thickness
of the model and reduce the boundary effect. Combined with
the calculation results of rock mechanical parameters, the
model adopts the layer layout, and its rock mechanical
parameters are shown in Table 3.

The working face was excavated along the x-axis to sim-
ulate the length of the working face. The excavation started
from 100m on the y-axis, and each excavation was 20m. A
total of 320m was excavated. According to the calculation
results in Section 3.1, the mining time of the working face
and the height of the collapse zone is 12.8m. The broken rock
mass in the caving zone is equivalently simulated using a dual
yield model. The filling scheme is determined as follows: the
first two steps of excavation are not filled to simulate the
stope environment before the initial pressure on the working
face, and the lagging work face after the third step of excava-
tion and the 10m position is filled with filling bodies with
length, width, and height of 140m, 20m, and 12.8m, respec-

tively. Then, the working face enters the periodic compres-
sion stage, and filling is carried out at a lag of 10m after the
excavation is 20m. A total of 15 excavations are carried out,
and the goaf is filled 14 times. The specific filling arrange-
ment is shown in Figure 5.

3.4. Selection of the Longitudinal Level of the FGER. Since the
FGER is responsible for the function of predraining the gas in
the upper coal seam and faces a strong water inrush hazard,
the main considerations when the FGER is arranged in the
longitudinal layer are as follows: according to regulations
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on prevention of coal and gas outburst: when the minimum
normal distance between all roadways outside the outburst
coal seam and the outburst coal seam is less than 10m, they
must be excavated while exploring to ensure that the mini-
mum normal distance is not less than 5m. So it is necessary
to ensure that the roof of the FGER is more than 10m away
from the coal seam floor; according to the geological drilling
data, the FGER should be as far away as possible from the L8
limestone aquifer to reduce the risk of water inrush. At the

same time, in order to meet the requirements for the use of
extraction equipment, the tunnel section of the bottom
extraction roadway adopts a straight wall semicircular arch,
and the design section width and height are 5.0m and
4.0m, respectively.

According to the columnar diagram of the floor rock, the
distance from the coal floor to the L8 limestone is 26-28.67m;
it can be seen that the optional layout range of the FGER in
the longitudinal direction is very small, because the lithology
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of L9 limestone is hard and stable; if the roadway is excavated
in the L9 limestone, it will undoubtedly increase the amount
of excavation. If the roadway is excavated under the L9 lime-
stone, on the one hand, the roadway will be too close to the
aquifer; on the other hand, it is necessary to cross L9 lime-
stone during the later construction of gas drainage drilling,
which increases the drilling volume. Therefore, it is necessary
to arrange the FGER above the L9 limestone in comprehen-
sive consideration; if L9 is used as the floor of the FGER for
excavation, its stronger lithology will increase the stability
of the floor of the FGER and reduce the amount of floor
maintenance work; its stable existence can be used as a sign
of the FGER driving to ensure the longitudinal distance
between the roadway and the coal seam, so the longitudinal
layer layout of the FGER in Zhaogu No. 2 coal mine is to
be driven along the floor in the sandy mudstone above the

L9 limestone; the center of the FGER is about 13m away from
the coal seam floor in the longitudinal layer direction.

4. Bidirectional Stress Distribution Law of
Working Face Floor under the
Influence of Mining

4.1. Distribution Law of Vertical Stress in Goaf. After the
excavation of the working face is completed, the floor stress
distribution is shown in Figure 6, and the vertical stress
distribution of the normal direction in the middle of the
working face and the tangential direction in the middle of
goaf is shown in Figure 7.

It can be seen from Figure 6 that the vertical stress can be
recovered in the goaf after filling with the double bending
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Figure 9: Stress value and its ratio at each monitoring line under the influence of mining: (a) monitoring line 1; (b) monitoring line 2; (c)
monitoring line 3; (d) monitoring line 4; (e) monitoring line 5; (f) monitoring line 6.
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method, and the recovery effect is that the closer to the mid-
dle of the goaf, the better the recovery effect. At the same
time, the vertical stress concentration appears in a certain
area in the solid coal near goaf, and the closer the coal wall
is, the greater the stress concentration is.

According to Figure 7(a), the vertical stress distribution
in front and back of working face shows that the vertical
stress increases within 80m in front of the working face,
and the vertical stress increases sharply within 30m in front
of the working face and reaches the maximum value of
39.2MPa at 5m in front of the coal wall. Therefore, 0-80m
in front of the working face is the advanced abutment pres-
sure area (A. pressurization area), and the abutment pressure
concentration factor is 1.9. In the rear of the working face, the
abutment pressure decreases sharply, and the vertical stress
decreases to 0MPa at 10m behind the working face. Due to
the gradual compaction of the broken rock mass in the caving
zone, the stress of the overlying strata is transferred to the
coal seam floor so that the stress in the floor of goaf is grad-
ually restored. With the distance from the working face get-
ting farther and farther, the vertical stress gradually
recovered from 0MPa at 10m behind the working face to
13.8MPa at 150m behind the working face. Therefore, the
range of 0-150m behind the working face is the stress reduc-
tion area (B. decompression area). The area where the verti-
cal stress remains unchanged 150m behind the working face
is the constant stress area (C. pressure stabilizing area); C′ is
not affected by mining stress, and the vertical stress does not
change. It is the original rock stress area and the pressure
stabilizing area.

It can be seen from the lateral abutment pressure distri-
bution in the middle of the goaf (as shown in Figure 7(b)),
the vertical stress increases within 70m behind the coal wall
of the working face, and the abutment pressure increases
sharply within 25m behind the coal wall of the working face,
and the maximum abutment pressure is 44.4MPa, and the
abutment pressure concentration factor is 2.1, so the area
within 70m from the side of the working face is a pressurized
area. The vertical stress decreases sharply to 1.8MPa at 10m
inside the coal wall in the middle of the goaf (as shown in
Figure 7(a)). With the increase of the distance from the coal
wall, the vertical stress rapidly recovered to 12.2MPa at
25m away from the coal wall, and then, the recovery degree
of the vertical stress slowed down to 13.8MPa in the middle
of the goaf. Therefore, in the goaf 0-25m away from the coal
wall is the stress reduction area (B. decompression area); the
other areas of the vertical stress increase degree are small;
maintain stability is the stable area, C; C′ is not affected by
the mining stress; the vertical stress has not changed, is the
original rock stress area, and also is the stable pressure area.
Therefore, in the goaf 0-25m away from the coal wall is the
stress reduction area (B. decompression area), the other areas
of the vertical stress increase degree are small; maintain sta-
bility is the stable area, C; C′ is not affected by the mining
stress; the vertical stress has not changed, is the original rock
stress area, and also is the stable pressure area.

The above analysis results show that under the influence
of mining, the vertical stress distribution is concentrated near
the coal wall, and the stress in the goaf presents the character-

istics of decreasing to gradually recovering. From the edge of
the model to the middle of the goaf, according to the value of
the vertical stress, it can be divided into the original rock
stress area, the pressure increasing area, the pressure reduc-
ing area, and the pressure stabilizing area, which conforms
to the distribution law of the floor supporting pressure after
coal mining.

4.2. Distribution Law of Bidirectional Stress Ratio in Floor.
The stress environment of roadway surrounding rock will
directly affect its surrounding rock failure range, and the dis-
tribution characteristics of roadway surrounding rock failure
range are also different under different bidirectional stress
ratios. Therefore, when studying the surrounding rock failure
range and water inrush risk of 11060 FGER under the influ-
ence of mining stress, we should not only consider the value
of vertical stress but also consider the ratio of horizontal
stress and bidirectional stress.

By extracting the stress data 13m below the coal seam
floor after the model excavation, the bidirectional stress ratio
distribution of the coal seam floor in the central layer of the
FGER can be obtained (as shown in Figure 8). In order to sys-
tematically analyze the stress distribution characteristics of
each position under the influence of mining, six monitoring
lines are arranged as shown in Figure 9. The monitoring line
1 is arranged in the normal direction in the middle of the
working face, the monitoring line 2 is arranged in the tangen-
tial direction in the middle of the goaf, the monitoring line 3
is arranged in tangential direction 20m behind the projection
of working face, the monitoring line 4 is arranged in the
tangential direction 20m away from the starting cut in the
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projection of goaf, the monitoring line 5 is arranged in the
normal direction 25m away from the right end of the projec-
tion of the working face, and the monitoring line 6 is
arranged in the longitudinal direction 15m outside the
projection of coal wall.

Under the influence of mining stress, there is a weak cor-
relation between the change of vertical stress and horizontal
stress, which makes the bidirectional stress ratio change
sharply and regularly in the coal wall under the goaf. Accord-
ing to the analysis in Figures 8 and 9, under the influence of
mining stress, the vertical stress changes significantly in the
central layer of the FGER, while the variation range of hori-
zontal stress is limited. According to the state of vertical
stress, the floor can be divided into vertical stress pressuriza-
tion state, vertical stress relief state, and original rock state.
Because the distance between the center of the roadway and
the floor of the coal seam is 13m, the increase of vertical
stress is limited within the influence range of abutment pres-
sure in the coal wall. However, in the vertical stress relief area
below the goaf, the value of vertical stress will obviously
decrease, and the vertical stress in the goaf will show obvious
pressure relief at the edge of goaf due to the gradual compac-
tion of rock mass in the upper caving zone, but the middle
part gradually recovered.

According to the stress state and bidirectional stress ratio
characteristics of each area, the area which is less affected by
mining stress and 1 < η < 1:3 can be defined as “original rock
stress ratio area”; the area where the vertical stress is in pres-
surization state and 0:53 < η < 1 is called “pressurization low-
stress ratio area”; the area where the vertical stress is in the
depressurized state and 1 < η < 3 is called the “unloading
low-stress ratio area”; the area where the vertical stress is in
the state of pressure relief and η > 3 is called “the area of
high-stress ratio of pressure relief”.

After the excavation of the model, the central layer of the
FGER is partitioned according to the stress state and ratio (as
shown in Figures 10 and 11). In Figure 10, area A is “original
rock stress ratio area”, area B is “pressurization low-stress

ratio area”, area C is “unloading low-stress ratio area”, and
area D is “unloading high-stress ratio area.” Area B is distrib-
uted in the projection range of coal wall outside the goaf and
surrounded by area A. Under the goaf, the bidirectional stress
ratio shows a concave shape which is higher at the edge of the
goaf and lower in the middle of the goaf. From the longitudi-
nal view, the bidirectional stress ratio presents a “high-low
peak” shape with a peak at 20m behind the working face
and a low peak at 20m in front of the starting cut. From a
horizontal perspective, the peak points of the two-way stress
ratio are symmetrically distributed at a position 20m away
from the coal wall, showing a steady M-shaped distribution
characteristic between the two peaks, and the four peak
points of the two-way stress ratio in the goaf are, respectively,
distributed at four right angles of the goaf. The four peak
points of the bidirectional stress ratio in the goaf are, respec-
tively, distributed at four right angles of the goaf. According
to the size of the stress ratio, the “pressure relief high-stress
ratio zone” is mainly distributed in the range of the goaf from
10m to 50m behind the working face, more than 10m from
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the coal wall, and 10m to 40m from the open cut and 10m to
the coal wall 30m end symmetrical area.

4.3. Bidirectional Stress Distribution in Different Depths of
Floor. As the FGER is arranged under the coal seam, the
FGER is arranged at 13m below the coal seam in the longitu-
dinal layer of the rock layer, in order to deeply understand
the bidirectional stress ratio distribution law at different
depths of the coal seam floor, verify the rationality of the lon-
gitudinal selection position of the FGER, and extract the bidi-
rectional stress ratio of different depths (- 5m, - 10m, - 13m,
- 15m, - 20m, - 25m) under the coal seam at monitoring line
6 (as shown in Figure 12).

It can be seen from Figure 12 that the values and charac-
teristics of bidirectional stress ratio in the projection range of
the coal wall are basically the same. In the range of goaf pro-
jection, the results at all depths showM-shape characteristics,
but the difference between the peak value and the value in
peak valley is obvious. The peak values of bidirectional stress
ratio at different depths under the coal seam floor correspond
to 13.74, 6.69, 4.83, 4.40, 3.32, and 2.68, respectively. Under
the coal seam floor, the stable values of bidirectional stress
ratio in the middle of goaf with different depth are 7.02,
5.40, 4.21, 3.83, 3.09, and 2.59, respectively. Through the
research on the peak value and stable value of bidirectional
stress ratio at different depths (as shown in Figure 13), it
can be concluded that the peak value and stable value of bidi-
rectional stress ratio at the projection of goaf are reduced by
7.05 and 1.62 from - 5m layer to - 10m layer. From - 10m
layer to - 15m layer, the peak value and stable value of bidi-
rectional stress ratio at the projection of goaf decreased by
2.29 and 1.57; from - 15m layer to - 20m layer, the peak
value and stable value of bidirectional stress ratio at the pro-
jection of goaf only reduced by 1.08 and 0.74, and finally
reached - 25m layer, the decrease value of bidirectional stress
ratio peak value and stable value at goaf projection was only
0.64 and 0.5.

To sum up, the concentration degree of bidirectional
stress ratio under the coal seam will also significantly
decrease with the increase of distance to the coal seam floor.
The closer the distance is to the coal seam, the greater the gap

between the maximum value and the stable value. When the
distance from the coal seam is less than 10m, the peak value
and stable value of the bidirectional stress ratio decrease
obviously with the increase of the distance to the floor. When
the distance to the coal seam is more than 10m, the peak
value and stable value of the bidirectional stress ratio will
decrease with the increase of the distance to the floor and
begin to show an approximate linear rule. Because the bidi-
rectional stress ratio is large and changes violently within
the distance of 10m below the coal seam, it is not suitable
to arrange floor roadway. When the FGER is arranged 13m
below the coal seam in the longitudinal layer of the rock,
the extreme value and stable value of the bidirectional stress
ratio in the projection range of the goaf of this layer are
4.83 and 4.21, respectively. If the FGER is arranged at the
lower position of the longitudinal layer, the decrease of the
bidirectional stress ratio environment will not be obvious,
but it will be accompanied by the decrease of the thickness
of the water resisting layer of the floor and the increase of
the risk of water inrush. Therefore, combined with the layer
selection factors of the longitudinal layout of the FGER and
the environmental analysis of the bidirectional stress, the
FGER is arranged at 13m below the working face in the lon-
gitudinal layer, which can not only ensure no water inrush
from the floor but also ensure the maximum gas drainage
effect.

5. Conclusion

Through the numerical simulation of the floor stress distri-
bution characteristics and the bidirectional stress ratio
distribution law of the FGER in 11060 working face under
the influence of mining, the following main conclusions are
obtained:

(1) Based on the law of stress recovery in the goaf, the
double-yield equivalent filling method was selected
in the numerical simulation to fill the goaf, which bet-
ter reflects the stress-strain relationship of the broken
rock mass in the goaf under the action of the overly-
ing rock
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(2) According to the characteristics of the stress state and
the bidirectional stress ratio of each area, the stress
state from the edge of the numerical model to the
middle of the goaf can be divided into the following
four types: the original rock stress ratio area, the
boost pressure low-stress ratio area, the pressure
relief low-stress ratio area, and the unloading
compression high-stress ratio area

(3) The longitudinal layer of the FGER of the 11060
working face of the Zhaogu No. 2 coal mine should
be located 13m below the coal seam floor. This can
ensure the maximum gas drainage effect while pre-
venting water inrush from the floor
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