
Study on stability of underlying
room and pillar old goaf in close
coal seam and mining of the
upper coal seam

Hongtao Liu1, Cheng Hao1, Zhiwen Wang2, Chong Li3,
Linfeng Guo1*, Jialu Liang1 and Haozhu Wang1

1School of Energy and Mining Engineering, China University of Mining and Technology, Beijing, China,
2ZuoyunHanjiawa Coal Industry Co., Ltd., Shanxi Coal Imp. & Exp. Group, Datong, China, 3China CAMC
Engineering Co., Ltd., Beijing, China

Possible issues during mining of the upper coal seam in old goaf of nearby coal

seams, including step subsidence, gas overflow in goaf, and roadway around

rock fragmentation. Using the Hanjiawa Coal Mine’s upper coal seam mining,

which takes place 28 m above the working face of the lower coal seam, as the

research’s focal point. The paper focuses on the self-stability of the coal pillar in

the old goaf, the failure form of the upper coal seam mining floor, the roof

caving rule of the old goaf in the lower coal seam mining of the upper coal

seam, and the bearing capacity of the interlayer rock strata using the pillar goaf

stability evaluation system, field geological borehole electrical logging and

borehole peeping, finite element difference numerical calculation, and other

methods. The conclusion that the old goaf’s coal pillar can be completely stable

and that the interlayer rock strata can bear the stress of upper coal seammining

is reached. The results show that the failure depth of the coal pillar in the lower

coal seam old goaf is 1–3 m, the maximum failure depth accounting for 15% of

the width of the coal pillar, and the failure depth of the roof in the old goaf is

0–3 m; After themining of the upper coal seam, the floor above the coal pillar of

the lower coal seam is plastic failure, and the failure depth is 1–10 m, and the

failure depth of the roof of the old goaf of the lower coal seam is 3–15 m, which

is 4 times greater than that before themining. Themaximum failure depth of the

interlayer rock strata is 22 m, accounting for 78.6% of the rock strata spacing.

The interlayer rock strata can bear the mining disturbance of the upper coal

seam. The plastic zone of the floor of the upper coal seam is not connectedwith

the plastic zone of the roof of the lower coal seam.
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Introduction

Since the 1990s, coal enterprises have actively or passively

selected to mine the lower coal seam first due to the limitations of

coal economic form, the pursuit of reasonable economic benefits,

the insufficient accuracy of geological exploration in the mining

area, poor production technical conditions and other reasons.

With the continuous progress of mining technology and the

improvement of economic situation, upward mining measures

can be taken to recover the remaining coal seams, so as to

improve the recovery rate of coal resources and increase

production and efficiency for coal enterprises (Wang and Li,

1994; Singh et al., 2002; Du and Meng, 2009; Han et al., 2013).

Many scholars have done a lot of research on the problem of

coal mining in the upper part of goaf. Sun et al. (2021) put

forward the concepts of “partially balanced structure horizon”

and “balanced structure horizon,” and established a method for

judging the feasibility of upward mining under the condition of

large mining height fully mechanized goaf. By means of

theoretical analysis and similar simulation test, Feng (2009),

Feng et al. (2009), Feng et al. (2010), Feng et al. (2011a), Feng

et al. (2011b), Feng et al. (2019), and Bai et al. (2018) analyzed the

evolution law of abutment pressure of upward mining in caving

goaf and knife pillar goaf, established the stress-strain model, and

put forward the theory and method for judging the feasibility in

the technical conditions of upward fully mechanized mining in

caving goaf and knife pillar goaf.

Ma (2021) studied the creep failure law of coal pillars in room

pillar goaf under overburden load, determined the critical

instability state in the dynamic instability process of coal

pillars, and established the stability evaluation system of pillar

goaf with multiple indexes based on fuzzy comprehensive

evaluation method. Leilei et al. (2021a) and Leilei et al.

(2021b) studied the influence of water content on coal

strength from the perspective of long-time water intrusion

into coal, which is conducive to the study of long-term

stability of coal pillars in the old goaf of the lower coal seam.

Li et al. (2019) analyzed the feasibility of upward mining of coal

seam under multi-layer goaf, put forward comprehensive

discriminant indexes for upward mining, and established

quantitative discriminant and evaluation system for

“feasibility” of upward coordinated mining. Pan et al. (2022)

and Yao et al. (2022) conducted compression tests on rocks with

cracks of different angles around the hole by means of numerical

simulation and laboratory tests, revealed the failure mode of

defective rocks, studied the crack propagation and stress

evolution mode of defective rocks, which can reflect the

morphological evolution and stress evolution rules of the

lower coal seam goaf.

Han et al. (2011) studied the case of upward mining in

Kailuanmining area, divided the damage degree of the upper coal

seam after the mining of the lower coal seam into five grades, and

established the feasibility criterion of upward mining of the close

coal seam group based on multiple regression analysis. Zhang

et al. (2013) studied the continuity and integrity of the upper coal

seam in the upward mining of the close coal seam group in

Qinghemen Mine, Fuxin Mining Area, and determined the

structural change characteristics of the upper coal seam after

the mining of the lower coal seam. Han et al. (1998), Ma et al.

(2007), and Ma et al. (2008) studied Pingsi Coal Mine and

Suanlagou Coal Mine by using the traditional discrimination

method for upward mining of coal seams. Based on the

limitations of the traditional discrimination method, they

revealed the upward mining mechanism of close coal seams,

expounded the relationship between the overlying rock status of

upper seams and upward mining, and analyzed the influence of

overlying rock lithology and structure of upper seams on upward

mining. Qu et al. (2008) analyzed and studied the feasibility of

upward mining of coal seam affected by multiple uneven mining

in the lower part, and drilled holes to explore the development

height of fracture zone after mining of lower coal seams, so as to

provide basis for upward mining. Cheng (2004) observed and

summarized the upward mining of the middle group coal in

Haizi Coal Mine, and pointed out that the upward mining of the

coal mine has increased the mine output and removed the gas

hazard of the middle group coal mining, which has significant

technical and economic benefits.

Okere et al. (2020), He et al. (2021), Zhang et al. (2021), and

Tao et al. (2022) improves the accuracy of stress estimation and

clarifies the impact of different test methods on the evaluation of

working fluid damage. A mathematical model that can

quantitatively analyze the interbed interference of coalbed

FIGURE 1
The No. 22 coal mining layout.
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methane mining is established by the author. This mathematical

model also establishes a foundation for understanding the

interbed interference of close coal seams and the evaluation of

mine in situ stress test.

Few studies have been done on the cross-goaf mining of the

upper coal seam in the old goaf under the low mechanization

room pillar mining conditions in the early mine. Earlier studies

were mostly focused on the upwardmining of the goaf in the fully

mechanized face. The upper coal seam mining in the room pillar

old goaf is not suited for the conventional upward mining

discrimination method. In this paper, the stability

discrimination method of the pillar goaf is used to determine

the goaf left over by the mine, and themining impact of the upper

coal seam is simulated, providing a solid foundation for the

mining of the upper coal seam under comparable circumstances.

Background

No. 22 coal seam was mined before 2009, the room and pillar

mining method was adopted, with single mining means and low

mechanization degree of mining work. And the coal produced by

roadway mining was used instead of working face mining. The

mining layout is shown in Figure 1.

Three roadways are excavated at one side of the return air

roadway. The roadway width is 3 m, with an interval of 50 m. The

roadway in the middle is the haulage drift, and the roadways on

both sides are the return air drift. The crossheading is dug out

every 60 m during the roadway excavation process, and the

working face is dug out between the two crossheadings from

the haulage drift to the return air drift. The side of the working

face is then expanded using a rake mining machine, and the top

and bottom coal are recovered using blasting to create a mine-out

area. The size of the mine-out area is 20 m × 8 m.

A single mining unit shall reserve 20 m coal pillar from the

crossheading on both sides, and 5 m coal pillar from the haulage

drift and the return air drift. Three drifts are excavated in a single

mining area, and 20 m coal pillars are reserved in two adjacent

mining areas.

With the improvement of production technology, the

requirements for mining the No. 19 coal seam overlying the

goaf have been met. As shown in Figure 2, it can be obtained

from the ZK-7 borehole column, the average interval between

two coal seams is 25 m, the mining height of No. 22 coal seam is

8 m, the interval between coal seams is small and the mining

height is large. According to the ratio discrimination method,

“Three Zone” discrimination method and surrounding rock

balance discrimination method and so on, it is difficult to

mining the overlying coal seam. However, the traditional

discrimination method is suitable for the determination of

conventional wall mining conditions. Under the situation of

room and pillar mining, the thick sandstone roof of NO. 22 coal

seam will not fall after mining, and will play a role in the

balanced rock stratum, so that No. 19 coal seam is above the

balanced rock stratum.

Materials and methods

In this study, the stability evaluation of pillar goaf, field

geological borehole survey and finite element difference

numerical simulation were used.

Stability evaluation of pillar goaf

As a complex system, the stability of pillar mining goaf is

affected by many factors. Ma (2021) developed a stability

evaluation model for pillar goaf based on the findings of

earlier studies, ranked the four primary influencing factors

and their evaluation indices for pillar goaf stability according

to weight scale, and concluded that the influence of geological

factors, mining factors, strength factors, and environmental

factors on the stability of the pillar goaf was gradually

reduced.

FIGURE 2
ZK-7 borehole column.
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The evaluation system of this evaluation model includes

evaluation set U (Class I, Class II, Class III), factor set B

(geological factors, mining factors, strength factors,

environmental factors), and index set C (coal seam burial

depth, dip angle, geological structure, etc.).

Class I stability of goaf is good: Goaf is stable and can resist

certain external interference;

Class II stability of goaf is general: Goaf is stable, but it is easy

to lose stability due to external interference

Class III stability of goaf is poor: Goaf cannot maintain its own

stability.

Only when the stability of goaf is Class I or II, the overlying

coal seammining can be carried out. When the stability of goaf is

Class III, it is difficult to carry out the overlying coal seammining

on the premise that the goaf detection and No. 19 coal seam

detection are not done well.

The stability evaluation model of pillar goaf has established

the classification standard and membership function calculation

formula for 15 evaluation indexes. The classification standard of

evaluation indexes is shown in Table 1.

For quantitative indexes of positive gain of numerical

value, the membership function is calculated as follows

(Ma, 2021):

Class I: r1 x( ) �
0, x≤ c2

− c2 − x

c1 − c2
, c2 < x≤ c1

1, x> c1

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (1)

Class II: r2 x( ) �

0, x≤ c3; x> c1
c3 − x

c3 − c2
, c3 < x≤ c2

c1 − x

c1 − c2
, c2 < x≤ c1

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(2)

Class III: r3 x( ) �
1, x≤ c3
c2 − x

c2 − c3
, c3 <x≤ c2

0, x> c2

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (3)

For quantitative indexes of negative gain of numerical

value, the membership function is calculated as follows (Ma,

2021):

Class I: r1 x( ) �
1, x≤ c1
c2 − x

c2 − c1
, c1 < x≤ c2

0, x> c2

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (4)

Class II: r2 x( ) �

0, x≤ c1; x> c3

− c1 − x

c2 − c1
, c1 <x≤ c2

c3 − x

c3 − c2
, c2 <x≤ c3

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(5)

Class III: r3 x( ) �
0, x≤ c2

− c2 − x

c3 − c2
, c2 < x≤ c3

1, x> c3

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (6)

Where, x is the specific value of quantitative indexes, and c1, c2,

and c3 are the dividing lines of grading threshold of evaluation

indexes.

TABLE 1 Classification standard of evaluation indexes Ma (2021).

Evaluation indexes Class I Class II Class III

C1 Burial depth of coal seam <150 m 150–300 m >300 m

C2 Dip Angle of coal seam <5° 5°–25° >25°

C3 Geological structure No (a) Undeveloped (b) Developed (c)

C4 Thickness of the roof >15 m 5–15 m <5 m

C5 Aspect ratio of coal pillar >3 1–3 <1
C6 Mining ratio >0.5 0.5–1.5 <1.5
C7 Distribution of coal pillar Dense and uniform (a) In-between (b) Scattered and sparse (c)

C8 Area of goaf <1 km2 1~2 km2 >2 km2

C9 Remaining time <5a 5–15a >15a
C10 Compressive strength of pillar >30 MPa 10–30 MPa <10 MPa

C11 Compressive strength of roof >50 MPa 20–50 MPa <20 MPa

C12 Tensile strength of roof >3 MPa 1~3 MPa <1 MPa

C13 Mining disturbance No (a) Minor (b) Massive (c)

C14 Groundwater No (a) Minor (b) Massive (c)

C15 Weathering No (a) Weak (b) Strong (c)

In the table, evaluation indexes C1, C2, C4, C5, C6, C8, C9, C10, C11, and C12 are quantitative indexes, and C3, C7, C13, C14, and C15 are qualitative indexes.
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For qualitative indexes, the expert scoring method is adopted

to divide them into three categories: a, b and c, and the

corresponding membership relationship is shown in Table 2.

Firstly, the single-factor first-level fuzzy matrix Rn is

established by the membership degree of each index:

Rn �
r11 r12 r13
r21 r22 r23
..
. ..

. ..
.

rm1 rm2 rm3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (7)

Establish the single-factor fuzzy comprehensive evaluation

model:

A1 � X1+R1
A2 � X2+R2

A3 � X3+R3

A4 � X4+R4

(8)

Secondly, the four-factor second-level fuzzy comprehensive

evaluation model is synthesized by weight vector X and matrix R:

A � X+R (9)

Field observation

Based on the goaf stability evaluation, ground borehole

detection was done for goaf of the lower coal seam in order

to confirm the accuracy of goaf stability evaluation, and the

stability of the goaf roof was thoroughly assessed through

borehole core breakage degree, borehole electrical

measurement, and borehole peeping. In order to eliminate the

impact of drilling technology on the core breakage degree, two

sites above the goaf and adjacent solid coal were selected for

detection.

Numerical modeling

FLAC3D is a finite element difference numerical simulation

software, which is mostly used for geotechnical engineering

simulation. Combined with the ZK-7 borehole column and

rock mechanics parameters, the simulation calculation was

carried out for the mining of No. 19 coal seam. The length ×

width × height of the model was 378 m × 338 m × 153 m, as

shown in Figure 3, boundary constraints were imposed on the

TABLE 2 Membership relationship of qualitative indexes Ma (2021).

Evaluation indexes Categories Class I Class II Class III

C3 Geological structure a 0.7 0.2 0.1

b 0.25 0.6 0.15

c 0.05 0.2 0.75

C7 Distribution of coal pillar a 0.8 0.15 0.05

b 0.2 0.65 0.15

c 0.1 0.15 0.75

C13 Mining disturbance a 0.8 0.15 0.05

b 0.25 0.65 0.1

c 0.05 0.1 0.85

C14 Groundwater a 0.85 0.1 0.05

b 0.25 0.65 0.1

c 0.05 0.1 0.85

C15 Weathering a 0.7 0.25 0.05

b 0.3 0.6 0.1

c 0.1 0.25 0.65

FIGURE 3
Diagram of numerical simulation model.
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side and bottom of the model, and a vertical stress of 3 MPa was

applied to the upper surface of the model. The Mohr Coulomb

criterion was selected for the model, and the side pressure

coefficient was taken as 1. See Table 3 for rock mechanical

parameters.

The occurrence state diagram of No. 22 coal old goaf is

shown in Figure 3. At present, the mining of No. 19 coal seam has

not been carried out. The conventional wall mining method is

used to carry out the simulation research on the mining of No.

19 coal seam. On the base of No. 22 coal seammining, the mining

of the overlying No. 19 coal seam is simulated. The working face

length is 200 m, and the mining is pushed forward by 120 m. The

mining is carried out 12 times by the way of gradual excavation,

and the final mining position is located above the section-pillar

center of the No. 22 coal seam.

Results

Stability evaluation of the old goaf

According to the evaluation model, the stability of pillar goaf

of No. 22 coal seam is evaluated as follows:

The geological structure of the room and pillar mining area is

simple, there is no fault, and there is an aquifer in the overlying

strata of the coal seam, which is the direct source of water filling

for the goaf after mining. The parameters of various evaluation

indexes can be obtained from the measured data and the existing

geological data, as shown in Table 4.

Substituting the numerical values of each index into the

calculation formula of membership function, the fuzzy relation

matrix of each influencing factor can be obtained as follows:

TABLE 3 Rock mechanics parameters.

Lithology Thickness/
m

Tensile
strength/MPa

Elastic
modulus/GPa

Friction
angle/(°)

Cohesion/
MPa

Poisson’s ratio

Fine-sandstone 13 6 1.93 4.3 33 5.5 0.19

Sandy mudstone 9 3 2.38 6.5 30 4.1 0.13

Medium sandstone 3 11 3.12 9.2 35 6.4 0.26

Fine-sandstone 12 5 1.93 4.3 33 5.5 0.19

Sandy mudstone 8 3 2.38 6.5 30 4.1 0.13

Fine-sandstone 11 3 1.93 4.3 33 5.5 0.19

Sandy mudstone 7 3 2.38 6.5 30 4.1 0.13

Fine-sandstone 10 3 1.93 4.3 33 5.5 0.19

Sandy mudstone 6 6.5 2.38 6.5 30 4.1 0.13

Fine-sandstone 9 5 1.93 4.3 33 5.5 0.19

Sandy mudstone 5 1 2.38 6.5 30 4.1 0.13

Fine-sandstone 8 2 1.93 4.3 33 5.5 0.19

Sandy mudstone 4 3.5 2.38 6.5 30 4.1 0.13

No. 19 coal 3.5 1.21 5.7 29 2.4 0.13

Fine-sandstone 7 6.5 1.93 4.3 33 5.5 0.19

Sandy mudstone 3 1 2.38 6.5 30 4.1 0.13

Fine-sandstone 6 14 1.93 4.3 33 5.5 0.19

Medium sandstone 2 3.5 3.12 9.2 35 6.4 0.26

No. 22 coal 11 1.21 5.7 29 2.4 0.13

Sandy mudstone 2 1 2.38 6.5 30 4.1 0.13

Fine-sandstone 5 6 1.93 4.3 33 5.5 0.19

Coal line 2 1 1.21 5.7 29 2.4 0.13

Fine-sandstone 4 6 1.93 4.3 33 5.5 0.19

Coal line 1 1 1.21 5.7 29 2.4 0.13

Fine-sandstone 3 6 1.93 4.3 33 5.5 0.19

No. 25 coal 8 1.21 5.7 29 2.4 0.13

Fine-sandstone 2 13 1.93 4.3 33 5.5 0.19

Medium sandstone 1 3 3.12 9.2 35 6.4 0.26

Sandy mudstone 1 3 2.38 6.5 30 4.1 0.13

Fine-sandstone 1 10.5 1.93 4.3 33 5.5 0.19
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TABLE 4 Specific index parameters of goaf.

Evaluation factors Evaluation indexes Specific parameters

B1 Geological factors C1 Burial depth of coal seam 200 m

C2 Dip Angle of coal seam 3°

C3 Geological structure Undeveloped (b)

C4 Thickness of the roof 3

B2 Mining factors C5 Aspect ratio of coal pillar 2.5

C6 Mining ratio 0.5

C7 Distribution of coal pillar Dense and uniform (a)

C8 Area of goaf 0.14 km2

C9 Remaining time 13a

B3 Strength factors C10 Compressive strength of pillar 16 MPa

C11 Compressive strength of roof 16 MPa

C12 Tensile strength of roof 1.21 MPa

B4 Environmental factors C13 Mining disturbance No (a)

C14 Groundwater Minor (b)

C15 Weathering Weak (b)

FIGURE 4
Column of boreholes in goaf and solid coal. (A) Goaf borehole Column; (B) Solid coal borehole column.
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R1 �
0 0.67 0.33
0.4 0.6 0
0.25 0.6 0.15
0 0.6 0.4

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

R2 �

0.75 0.25 0
1 0 0
0.8 0.15 0.05
0.86 0.14 0
0 0.2 0.8

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

R3 �
0.3 0.7 0
0 0.8 0.2

0.11 0.89 0

⎛⎜⎝ ⎞⎟⎠

R4 �
0.8 0.15 0.05
0.25 0.65 0.1
0.3 0.6 0.1

⎛⎜⎝ ⎞⎟⎠
Substituting the weight and membership degree of each

index into Eq. 8, the single factor first-level fuzzy

comprehensive evaluation vector is obtained as follows:

A1 � X1+R1 � 0.058, 0.13, 0.604, 0.209( )+
0 0.67 0.33

0.4 0.6 0

0.25 0.6 0.15

0 0.6 0.4

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

� 0.203, 0.604, 0.193( )

A2 � X2+R2 � 0.314, 0.38, 0.172, 0.095, 0.039( )+

0.75 0.25 0

1 0 0

0.8 0.15 0.05

0.86 0.14 0

0 0.2 0.8

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
� 0.835, 0.125, 0.04( )

A3 � X3+R3 � 0.582, 0.109, 0.309( )+
0.3 0.7 0

0 0.8 0.2

0.11 0.89 0

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
� 0.208, 0.77, 0.022( )

A4 � X4+R4 � 0.731, 0.188, 0.081( )+
0.8 0.15 0.05

0.25 0.65 0.1

0.3 0.6 0.1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
� 0.656, 0.28, 0.064( )

Based on the above calculation, the four-factor second-level

fuzzy comprehensive evaluation matrix can be obtained.

According to the weight vector of the four factors, the

second-level fuzzy comprehensive evaluation vector can be

calculated as:

A � X+R � 0.408, 0.353, 0.06, 0.179( )+
0.203 0.604 0.193
0.835 0.125 0.04
0.208 0.77 0.022
0.656 0.28 0.064

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
� 0.507, 0.387, 0.106( )

According to the calculation results of second-level fuzzy

comprehensive evaluation, the membership degree of the stability

class of the goaf to the stability class of I, II, and III is 0.507, 0.387,

and 0.106 respectively. Obviously, the membership degree of the

stability class of Class I is the highest, so the stability evaluation of

goaf is good, that is, the goaf can be stable by itself at present. And

can resist certain external interference.

Borehole exploration

In order to clarify the stability of the roof in the goaf of No.

22 coal seam and the integrity of No. 19 coal seam, coring was

started from 30 m above No. 19 coal seam. Among them, the core

recovery rate of borehole above solid coal is 85.95%, and the core

recovery rate of borehole above goaf is 84.73%. The electrical

survey results of the borehole above the goaf show that there is

still 1.3 m of top coal in the goaf roof that has not collapsed,

indicating that the roof of goaf in No. 22 coal seam has good

integrity. The overburden of the No. 22 coal seam has good

integrity, and no visible fissures are created, according to the

borehole peep. The column of two boreholes is shown in Figure 4.

Stability analysis of the goaf

According to the numerical calculation results, the main

stress distribution cloud diagram of coal pillar of No. 22 coal

seam is shown in Figure 5. It can be seen from Figure 5 that the

principal stress of the crossheading-pillar is concentrated.

Among them, the maximum principal stress P1 shows an

obvious decreasing trend towards the center of the

crossheading-pillar at the shoulder angle and bottom angle of

the goaf, the minimum principal stress P3 has the maximum

stress at the center of the crossheading-pillar, and the stress

decreases towards goaf and roadway.

In order to clarify the influence of mining stress distribution

on the plastic zone of coal pillar, a 60 m × 60 m × 1 m working

face model and a 43 m × 43 m × 1 m roadway model are

established respectively. The rock mechanics parameters are

shown in Table 4. The stresses above the working face and

roadway are extracted for numerical simulation calculation.

The results are shown in Figure 6.

It can be seen from Figure 6 that the plastic failure depth of

coal pillar at the side of goaf is 0.5–2.5 m, that of coal pillar at the

side of roadway is 0.5 m, so the elastic zone in the middle of coal

pillar is 17 m, and the plastic failure degree of a single coal pillar is

15%. Namely, the stripping degree of coal pillar is 15%, and it can

remain stable.

It can be seen from Figure 7 that after the mining of No.

22 coal, the stress concentration occurred on both sides of the

working face and on both sides of the roadway, with the

maximum peak principal stress of 12.19 MPa and the stress

concentration factor of 2.47. The stress of the overlying strata

above the working face decreases, and the maximum and

minimum principal stresses are distributed in an arch shape.

Frontiers in Earth Science frontiersin.org08

Liu et al. 10.3389/feart.2022.1071250

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1071250


FIGURE 6
Plastic zone development pattern of single mining unit. (A) Plastic zone of goaf; (B) Plastic zone of roadway.

FIGURE 7
Principal stress distribution diagram of roof strata of No. 22 coal. (A)Maximumprincipal stress distribution diagram; (B)Minimum principal stress
distribution diagram; In the figure, the lithology of each roof layer is shown in ZK-7 borehole column.

FIGURE 5
Distribution cloud diagram of principal stress in No. 22 coal pillar. (A) Maximum principal stress distribution cloud diagram; (B) Minimum
principal stress distribution cloud diagram.
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The principal stress gradient of the thick fine-sandstone layer

above the roof is large. Under its support, the overlying strata are

less affected by goaf of the lower coal seam. The location of Coal

Seam No. 19 is close to the original rock stress state. Except that

there are some plastic zones in the top coal of No. 22 coal seam,

there is no obvious plastic state in the overlying strata.

Study on upper coal mining

The size of the crossheading-pillar between the two mining

units in the room pillar mining of No. 22 coal seam is large, but

the size of the drift-pillar between the mining unit and the

haulage drift and the return air drift is only 5 m, so the

plastic failure is relatively serious in the direction of the No.

22 coal seam mining unit excavating. The distribution of the

plastic zone of No. 19 coal seam mining step by step is shown in

Figure 8.

After the No. 22 coal is mined, the part of drift-pillar near the

cut-hole is plastic failure, and the part of drift-pillar near the

crossheading-pillar is still in the elastic state. The crossheading-

pillar and the section-pillar are less affected by mining.

According to Figure 8, when the No. 19 coal seam starts

mining, the surrounding rock stress is redistributed, which has a

FIGURE 8
Plastic failure law diagram of No. 19 coal mining. (A) Push forward 10 m; (B) Push forward 20 m; (C) Push forward 30 m; (D) Push forward 40 m;
(E) Push forward 50 m; (F) Push forward 60 m; (G) Push forward 70 m; (H) Push forward 80 m; (I) Push forward 90 m; (J) Push forward 100 m; (K)
Push forward 110 m; (L) Push forward 120 m.
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mining influence on the roof and floor and the No. 22 coal seam

goaf. When the No. 19 coal seam faces push forward within 40 m,

the plastic failure depth of the No. 22 coal seam roof is 3 m, and

the total lateral failure range is 62 m. When the working face of

the No. 19 coal seam is pushed forward 50 m, the No. 19 coal

seam is located above the drift-pillar of No. 22 coal seam, and the

No. 19 coal roof appears plastic failure with the failure depth of

1 m and the failure width of 22 m. The plastic failure depth of the

No. 22 coal goaf roof in front of the working face remains

unchanged, and the lateral failure range increases to 64 m.

When the No. 19 coal face continues to push forward, plastic

failure occurs on the floor of No. 19 coal working face above the

drift-pillar of No. 22 coal seam and gradually increases with the

advance of the working face, with the maximum failure depth of

8 m; When the No. 19 coal face is pushed to the upper part of the

next mining unit of the No. 22 coal seam, due to the influence of the

overburden rotary stress, the roof of goaf is failure more deeply, with

the maximum failure depth of 8 m, and there is a certain failure area

in the interlayer strata. The failure area is located at the side of the

roof of the second mining unit of the No. 22 coal seam close to the

drift-pillar; When the No. 19 coal face is pushed to the top of the

section-pillar in the No. 22 coal seam, the floor of the No. 19 coal

face witch above the section-pillar has plastic failure, the maximum

depth of plastic failure is 10 m, and the plastic failure of the roof of

the goaf on the other side of the coal pillar in the No. 22 coal seam

mining area has intensified, the maximum depth of failure is 8 m.

There is no plastic failure in front of the No. 19 coal seam, and the

plastic zone of the No. 19 coal seam is not connected with the plastic

zone of the No. 22 coal seam.

Discussion

The stress curve of coal pillar can well reflect the current

stress state of coal pillar. The principal stress curve of coal pillar

in the old goaf is shown in Figure 9.

It can be seen from Figure 9 that due to the roof subsidence of

the goaf, the stress of the coal pillar is concentrated, and the

principal stress of the coal pillar at 0–2 m on the side of the goaf

increases sharply; At the position of 2–15 m, the principal stress

of coal pillar decreases and tends to be stable; The principal stress

of 15–20 m coal pillar increases again, which is caused by the

stress concentration of roadway surrounding rock. The

maximum principal stress P1 reaches the peak value in the

range of 2–4 m due to the influence of the roof subsidence

and rotation in the goaf, and reaches the peak value again in

the range of 18–20 m due to the influence of the stress

concentration in the surrounding rock of the roadway. The

minimum principal stress P3 is small due to the goaf on both

sides of the coal pillar. The abutment pressure of coal pillars in

two adjacent crossheading are symmetrical to each other.

The principal stress curves of the roof strata on both sides of

the crossheading-pillar of the No. 22 coal seam are shown in

Figure 10. It can be seen from Figures (a) and (b) that after the

mining of the No. 22 coal seam, the stress balance of the

surrounding rock is destroyed. The top coal of the No.

22 coal seam is not mined as the direct roof, and its stress

concentration is the largest. The top thick fine-sandstone layer is

used as the control layer to isolate the impact of the old goaf on

the overburden. The No. 19 coal seam has stress changes only at

the corresponding position above the No. 22 coal seam old goaf,

and the corresponding position above the coal pillar is close to

the original rock stress state. The occurrence of the old goaf of

No. 22 coal seam has little impact on No. 19 coal seam. This result

is consistent with the result of the old goaf stability evaluation,

that is, the goaf itself can remain stable.

Figure 11 shows the plastic failure pattern expansion diagram

of the upper coal seam at different advancing positions.

It can be seen from Figure 8 that before No. 19 coal seam is

mined, the failure depth of No. 22 coal seam old goaf is 0–3 m,

that is, the top coal of No. 22 coal seam is partially collapsed,

which is consistent with the results of drilling detection. The

results of drilling detection in the goaf show that there is still

1.3 m of top coal on the roof of old goaf.

As shown in Figure 11, when the No. 19 coal face advances to

the 60 m position, the failure depth of the No. 19 coal face roof

is 4 m and the failure area is 85 m2. From the 70 m position, the

plastic failure depth increases by 80%, 10%, 40%, 55%, 12%,

26%, and the plastic failure area increases by 70%, 60%, 50%,

55%, 34%, 39% compared with the previous position; When the

No. 19 coal face advances to the 70 m position, the failure depth

of the floor of the No. 19 coal face is 6 m, and the failure area is

66 m2. From the 80 m position, the plastic failure depth

increases by 33%, 13%, 0%, 11%, 20%, and the plastic failure

FIGURE 9
Principal stress curve of coal pillar.
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area increases by 71%, 25%, 11%, 21%, 103% compared with the

previous position; Within 40 m of No. 19 coal working face

advancing, the failure depth of No. 22 coal goaf roof is 3 m, the

failure depth does not change, and the failure area increases by

11%. When No. 19 coal working face advancing to 50 m

position, the failure depth of No. 22 coal goaf roof is 4 m,

and the failure area is 167 m2. Compared with the previous

position, the plastic failure depth increases by 33%, 25%, 180%,

7%, and the failure area of plastic zone increases by 9%, 14%,

36%, 22% in the 50–80 m position. In the 90–120 m position,

the plastic failure depth of No. 22 coal roof does not increase,

and the failure area increases by 24%.

FIGURE 10
Principal stress distribution diagram of roof strata of No. 22 coal. (A)Maximum principal stress distribution curve of roof strata of No. 22 coal; (B)
Minimum principal stress distribution curve of roof strata of No. 22 coal.

FIGURE 11
Expansion diagram of plastic failure patterns at different advancing positions in upper coal seam.
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In the process of upper coal seammining, the interlayer strata

are failure in different positions and degrees. The maximum

failure depth of interlayer strata is 22 m, accounting for 78.6% of

the total thickness of interlayer strata.

Based on the above research, it can be concluded that the old

goaf itself can remain stable before the mining of the upper coal

seam, the top coal above the old goaf has partially collapsed, and

there is no collapse of the interlayer rock strata. When the upper

coal seam starts to be mined, the old goaf of the lower coal seam

can bear certain mining influence, and the interlayer rock

stratum remains stable.

The key to themining of the upper coal seam is the stability of

the interlayer strata. When the interlayer strata are intact, the

upper coal seam can be mined normally. When there are cracks

in the interlayer strata, the upper coal seam will be affected by the

overflow of gas and water in the lower goaf. When the coal pillar

and wall of the current coal seam goaf are stripped and the roof

falls, the thickness of the interlayer strata decreases and the

bearing capacity weakens. There may be some problems such as

broken surrounding rock and difficult support in the upper coal

seam mining.

Based on the above research and mine geological data, the

following control measures are taken for the hazards in the

mining process of upper coal seam:

(1) When mining upper coal seam, reasonable length of working

face should be selected, the size of working face should be

appropriately reduced, and the support strength of roadway

and working face should be increased to reduce the bearing

pressure of interlayer strata and reduce the probability of the

formation of through cracks.

(2) Due to the advance of the working face, the increase of the

abutment pressure will lead to the surrounding rock

breaking in the advance roadway. The “anchor mesh

cable” combined support can be adopted, and materials

such as lengthened anchor bolts and grouting anchor

bolts can be selected. If more support is required, the

surrounding rock can be strengthened by grouting or

increasing the support density.

Conclusion

(1) The pillar goaf stability evaluation method is adopted to

calculate the stability of the lower coal seam old goaf, and the

membership degree of the goaf to Class I stability is 0.507.

Therefore, the stability of the old goaf is evaluated as good,

and the goaf can stabilize itself and resist certain external

interference.

(2) The numerical analysis shows that the plastic failure depth of

the crossheading-pillar in the room and pillar mining of the

lower coal seam is 15%, and the overlying thick fine-

sandstone is used as the control layer, which insulates the

influence of the lower mining and stress redistribution, and

makes the upper coal seam stable.

(3) The conventional wall mining method is used to simulate and

analyze themining of upper coal seam. It is concluded that with

the advance of the mining, the failure depth of interlayer strata

will gradually increase due to the influence of the overburden

rotary stress and coal pillar stress concentration in the lower

coal seam. The maximum failure depth accounted for 78.6% of

the interlayer spacing. The interlayer rock strata can bear the

mining disturbance of the upper coal seam.

(4) Based on the above research, targeted control measures are

proposed for hazards in the upper coal seam mining process.
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