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Determining a reasonable barrier pillar along gob-side entry of spontaneous combustion coal seam is of great significance to the
prevention of spontaneous combustion. In this paper, considering the actual situation of 4301 and 4302 working faces of II-class
spontaneous combustion coal seam in Changheng Mine, the characteristics of rock mass collapse and mining-induced stress
redistribution of barrier pillar and adjacent area were analyzed, the cusp catastrophe model of coal pillar instability and the
theoretical model of limit width of coal pillar air leakage spontaneous combustion were established, and a measurement
scheme of side abutment pressure in 4301 working face was carried out. The theoretical model of the coal pillar along the
gob-side entry shows that its instability is related to density of overlying strata, physical and mechanical parameters of coal
body, dip angle of coal seam and weak face, and buried depth and mining width of working face. And the coal pillar in
4302 working face will be unstable if the width a<6.8m. Field measured data shows that 2-8m is the stress-relaxation
area of side solid coal. Then, the width of coal pillar was determined as 7m. The maximum displacement of rib-to-rib
and roof-to-floor of 4302 tailentry was 520mm and 280 mm, respectively. The coal spontaneous combustion (CSC)
observation monitoring results showed that the carbon monoxide volume fraction was in the normal range during the
entire process of mining, and no other signs of gas were found. The research results can provide a reference for the

barrier pillar designing in the mines under similar conditions.

1. Introduction

China is the world’s largest producer and consumer of coal,
accounting for more than 56.8% of its primary energy con-
sumption. Thick coal seams are abundant in coal resources,
accounting for 45% of the workable coal seam in China [1].
Longwall top coal caving (LTCC) and large mining height
fully mechanized mining are the main ways to recover thick
coal seam. However, CSC fires have always affected the
safety and efficiency of mining production and lives of coal
miners; it is one of the main disasters in coal mines [2].
Gob is the most prone location of CSC in coal mine, and
60% of CSC fires occur in gob [3]. In the process of longwall
mining, the working faces in the mine are usually separated
by barrier pillar. Entries are arranged on both sides of the

barrier pillar to serve the production of working faces.
According to the demand of coal mining, the barrier pillar
usually has three functions: (1) isolating the working face,
(2) protecting the entry and controlling the surface subsi-
dence, and (3) protecting the next working face from the
influence of ponding, residual gas, and roof collapse in the
gob [4]. The width of the barrier pillar determines the posi-
tion of the mining entry of the next working face to be
mined and affects the ground pressure behavior on the
gob-side entry. According to the width of barrier pillar, the
entry layout in longwall mining can be divided into gob-
side entry retained, entry protection with large coal pillar,
and gob-side entry with narrow coal pillar [5, 6]. In the
gob-side entry retaining, it is necessary to carry out roadside
filling or roof cutting and the operation process is complex.
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When the entry is affected by secondary mining, the sur-
rounding rock deformation and damage is serious, and the
later maintenance cost is high. In the entry protection with
large coal pillar, the width of coal pillar is generally 15-
50 m, which seriously wastes resources for thick coal seams
and is not conducive to improving the resource recovery
rate. The gob-side entry with narrow coal pillar is generally
provided with 3-15m coal pillar along the edge of the gob.
This arrangement avoids the entry without filling body from
being in the peak area of side abutment pressure, which
makes the entry easy to maintain and conducive to
popularization.

The design of barrier pillar is extremely important for
the successful and effective operation of coal mining. Its
main purpose is to make the barrier pillar meet the func-
tional requirements of the above three aspects under the
influence of mining-induced stress. Unreasonable design of
barrier pillar will lead to roof fall, rib spalling, deformation,
and failure of support structure, even coal burst and CSC.
On the determination of the width of barrier pillar, many
scholars and engineers have carried out a lot of research by
means of field measurement, statistics, theoretical calcula-
tion, and numerical simulation and put forward lots of effec-
tive design methods. In recent years, a series of research on
the stress and yield behavior of the coal pillar has been stud-
ied, including the study methods, the formula to calculate
the reasonable width of the coal pillar, and the control mech-
anism of the surrounding rock [7, 8]. Based on the field
stress measurement data and statistical analysis, Bieniawski
[9] established the empirical relationship between the in situ
strength of coal and the size of coal pillar, and Salamon and
Munro [10] established barrier pillar sample banks in some
mine areas in South Africa. The empirical equation related
to coal pillar strength and its aspect ratio is proposed by
means of comparative analysis and stability statistics and
corrected through industrial tests. Using similar methods, a
large number of sample statistics are carried out for coal
mines in Australia, and similar strength empirical formulas
are also obtained [11]. Based on the field survey data of
American coal mines and comprehensively considering the
influence of complete rock strength and discontinuity on
coal pillar strength, an evaluation method of barrier pillar
strength is proposed [12]. Chen et al. [13] proposed a design
method for strip coal pillar in East China by estimating sur-
face subsidence and successfully conducted industrial tests.
Yu et al. [14] monitored the stress and deformation of the
coal pillar in the longwall face of soft stratum in Tashan
Mine, China, and determined the optimal width of the bar-
rier pillar. Taking the Zhaogu No. 2 Mine in Xinxiang City,
China, as the engineering background, Jiang et al. [15] con-
sidered the weakening effect of fracture development on the
rigidity of the rock mass and proposed a tension weakening
model to analyze the stability of the barrier pillar.

Numerical simulation is a convenient method that can
effectively analyze various influencing factors. In recent
years, it has been widely used by scholars to determine the
width of barrier pillar. Zhou et al. [16] used FLAC3D soft-
ware to simulate the instability behavior of coal pillar under
the superposition of static load and dynamic load and
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obtained the dynamic response and instability mechanism
of barrier pillar. Zhang et al. [17] proposed to use the
double-yield model to simulate gob materials, and obtain a
more real simulation process through parameter correction
to analyze the stability of stope pillars in underground coal
mines. Xu et al. [18] studied the width of coal pillar along
the gob-side entry in the isolated working face of the soft
coal seam through numerical simulation and monitored
the stability of the surrounding rock of the entry with a small
coal pillar of 5m. Based on filed monitoring data combined
with discontinuous numerical simulation software, Wu et al.
[19] simulated the deformation and stress distribution of
coal pillar in inclined rock strata under the influence of mul-
tiple mining operations.

The above studies mostly discussed the influence of side
abutment pressure distribution, resource recovery rate, and
the stability of coal pillar and entry on the reserved width
of barrier pillar from the perspective of rock mechanics.
For the spontaneous combustion thick coal seam with burst-
ing liability, in addition to ensuring the stability of adjacent
entries, the barrier pillar is mainly used to isolate the gob
to control the air leakage of coal pillar. A reasonable coal pil-
lar size has a preventive effect on coal pillar spontaneous
combustion [20, 21]. Therefore, in order to determine the
reasonable width of the coal pillar when the narrow coal pil-
lar is selected to drive along the gob to isolate the gob, it is
also necessary to consider the sudden instability (coal burst)
of the coal pillar under high-intensity mining, as well as the
air leakage and spontaneous combustion of the coal pillar
caused by supporting pressure. Based on the engineering
background of narrow barrier pillar in LTCC working face
of II-level spontaneous combustion coal seam, using the
comprehensive research methods of mechanical modeling
and field measurement, this paper discusses the determina-
tion method of the optimal narrow coal pillar width to pre-
vent sudden instability and spontaneous combustion of coal
pillar. The research results can provide reference for the
design of barrier pillar in coal face under similar conditions.

2. Engineering Background

The selected mine with typical geological conditions is
Changheng Mine in Lvliang mine area, Shanxi Province,
China. The geographical location is shown in Figure 1. The
main coal seams of Changheng Mine are No. 4 coal and
No. 9 coal. The burial depth of No. 9 coal is about 360 m,
and the average thickness is 9.46 m. At present, it is still in
the stage of preparation for mining. The buried depth of
No. 4 coal is relatively shallow, about 280 m, and the thick-
ness of coal seam is 5.8-9.2m, with an average of 8.2m.
The LTCC is adopted. The mechanical mining height is
3.0m, the coal caving height is about 5.2m, and the coal
seam dip angle is 5°. It is mainly dark coal, which is a
high-quality coking coal blending and coal chemical raw
material. At present, 4301 working face in the third district
of No. 4 coal seam is being mined, with stable coal seam
occurrence and simple structure. The 4301 working face is
located at the western boundary of the third mining district,
adjacent to the 4302 working face in the east and the 43
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F1GURE 1: Mining conditions of Changheng Mine.

haulage gateway in the north. The inclined width of the
working face is 214 m, and the strike length is 1550 m. The
working faces of other mining district in No. 4 coal were
threatened by ground pressure, and the width of the barrier
pillars is 50 m, which is a serious waste of resources and large
economic losses. Therefore, during the design and excava-
tion of tailentry in 4302 working face, it is the first time to
explore the retention of narrow coal pillar as the barrier
between working faces. The spatial positions of the two
working faces are shown in Figure 1(a).

The immediate roof of No. 4 coal is medium sandstone,
with an average thickness of 4.9m and a Protodyakonov
coefficient of f =3.1. The main roof is fine sandstone, with
an average thickness of 18.5 m, intercalated with a thin layer
of medium sandstone and non-minable coal seam, with a
Protodyakonov coefficient of f =4.2. The immediate floor
is coarse sandstone with an average thickness of 6.8 m, and
the old bottom is siltstone with an average thickness of
18.25m. The roof and floor of No. 4 coal are medium stable
strata with good mining conditions. However, the strength
of the roof is relatively high, and the first and periodic
weighting intervals of the working face are relatively large,
which will cause high stress concentration during the mining
process, and it is easy to induce the pressure bump. The Pro-
todyakonov coefficient is f =2.9 of No. 4 coal. During the
periodic weighting from the working face, the ejection of
broken coal often occurs at the place 12-14 m ahead of the
entries. In serious cases, coal burst accidents occur, which
greatly threatens the equipment safety and lives of miners.
There was an accident of spontaneous combustion in gob
before working face in No. 4 coal. The gas chromatography
oxygen absorption identification method was used to iden-

tify the spontaneous combustion tendency of No. 4 coal.
The test results show that the physical oxygen absorption
of No. 4 coal is 0.59 cm®/g, belonging to II-class spontaneous
combustion coal seam. Therefore, in the design of narrow
coal pillar along the gob, the influence of strong ground
pressure behavior and coal seam spontaneous combustion
must be considered at the same time.

3. Theoretical Analyses

3.1. Characteristics of Rock Mass Collapse and Stress
Redistribution. After the mining of the working face is com-
pleted, the mining-induced stress is concentrated on the sus-
pended roof and the exposed coal around the gob. The
fracture and migration of overlying strata and the destruction
of surrounding shallow coal bodies lead to the mining-
induced stress redistribution of surrounding rock in gob. This
paper mainly studies how to design narrow coal pillar so that
it can still meet the production demand under the action of
abutment pressure, so it only pays attention to the side abut-
ment pressure in gob. The evolution of side abutment pressure
is closely related to coal seam thickness, roof and floor structural
characteristics, coal and rock mass strength, and coal mining
method [22, 23]. For LTCC, the head areas at both ends of
the working face are important exits integrating mining, trans-
portation, ventilation, and pedestrians. In order to ensure the
safety of this area, most working faces of LTCC adopt the
method of no or less coal caving in the head areas at both ends.
However, with the advance of the working face, the face-end
support and transition support move forward, and the top coal
and entry roof not placed in the head area will lose support and
will collapse to the entry under the action of ground pressure, as



shown in Figure 1(b). In order to obtain the characteristics of
the caving zone at the end of LTCC working face, Zhang et al.
[24] drilled holes in Baodian Mine in China and obtained the
image of the collapse state of coal and rock mass in the gob
for the first time. This study also proves that the top coal and
roof caving in the end area are progressive failure, and the side
abutment pressure will change with this progressive failure.

After the LTCC working face advanced, the immediate
roof and main roof collapse to the gob successively. At the
same time, due to the forward movement of the face-end
support, part of the noncaving coal at the end collapses
and forms a slope with a natural rest angle of a. After the
main roof collapses, the load of the overlying strata is trans-
ferred to the boundary coal pillar, forming the side abutment
pressure, as shown in Figure 2(a). This pressure usually
forms stress-relaxation area (plastic failure area) A, stress-
concentration area B, and primary rock stress area C near
the coal pillar. The peak position of abutment pressure is
close to the headentry at this moment.

The collapse of coal and rock mass at the top of the end
area is gradual. As the face advances, the undergoing rotary
deformation of the key rock blocks of main roof occurs. The
top coal @ (C®) and immediate roof ©® (R®) of the face-
end support collapse and naturally accumulated to form a
collapsed shape as shown in Figure 2(b). After C® and
R® collapsed, the side abutment pressure in the coal pillar
began to transfer to the deep of solid coal. Stress-relaxation
area (plastic failure area) A, stress-concentration area B
expanded, and the peak stress decreased.

After the coal seam was mined out, the roof of gob
boundary will maintain its own stability for a certain period
of time. However, with the continuous advancement of the
working face, the rotation and subsidence of main roof key
blocks will continue. The roof of headentry will continue
to be unstable. Thus, under the action of main roof rotation,
top coal @ (C®) and immediate roof (R®) collapse and
accumulate in the form shown in Figure 2(c). The self-
weight of the main roof key blocks and the load of overlying
strata all act on the shallow area of the coal pillar and the
accumulated gangue. Then, the side abutment pressure in
the coal pillar (area B) is greatly transferred to the deep part
of the solid coal, and the range of plastic area A is rapidly
expanded. However, the peak stress is further reduced com-
pared with the previous one.

Figure 2 shows the gradual collapse process of the top
coal and rock mass in the face-end area and its effect on
the side abutment pressure in the coal pillar after top-coal
caving. The analysis shows that when the rotation of the
main roof key blocks tends to be stable, there is a large area
affected by side abutment pressure in the boundary pillar of
the gob. From the perspective of preventing coal burst, the
entry of next working face can only be layout in area A or
C. For the gob-side entry with a narrow coal pillar, it can
only be arranged in area A.

For spontaneous combustion coal seam, the fundamen-
tal principle of developing gob-side entry with a narrow coal
pillar is to arrange the entry in the stress-relaxation area in
the solid coal near gob to reduce the sudden instability of
coal pillar (coal burst). Furthermore, it is required that the
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coal pillar still has self-supporting capacity. If the coal pillar
is completely crushed, it is very easy to cause air leakage and
spontaneous combustion of the coal pillar. Based on the
above two considerations, the corresponding theoretical cal-
culation models are explored, respectively, which provides a
reference for the design of entry layout.

3.2. Cusp Catastrophe Model for Sudden Instability of Coal
Pillar. The elastoplastic analysis of coal pillar is mainly to
judge its state by comparing the internal stress of rock mass
with the tensile or shear strength of rock mass itself, which
cannot reflect the severity of failure. The pillar collapse initi-
ates suddenly in bursting liability coal seam. The catastrophe
theory can well solve this kind of problem in the study of
coal rock fracture instability. The determination of critical
surface is the core of catastrophe theory, and cusp catastro-
phe theory is widely used because of its simple critical sur-
face structure, strong geometric intuition, and easy to
understand. The general research idea is to establish the cusp
catastrophe model and find out the expression of the stan-
dard potential function and obtain the bifurcation point set
equation through a series of mathematical calculations. If
the control variables meet the bifurcation point set equation,
the system will catastrophize. We can find out the conditions
that should be met for the sudden change of the system.
Based on the cusp catastrophe theory, the mechanical crite-
rion of static failure forms such as spalling of barrier pillar is
explored [25], but the elastic-plastic analysis is more suitable
for local nonimpact failure. The authors believe that the cusp
catastrophe model can provide reference for analyzing the
systematic collapse initiates suddenly in bursting liability
coal seam. The cusp catastrophe model is shown in Figure 3.

It can be seen from Figure 3 that there are three regions,
namely, the upper lobe, the middle lobe, and the lower lobe,
in the balance surface. In this model, the upper lobe is the
stable state of the isolated coal pillar, the lower lobe is the
instability and destruction state of the coal pillar, and the
middle lobe is the sudden change area of the state. When
the variable that controls the instability of the barrier pillar
changes, the state variable is prompted to change accord-
ingly. When the state variable changes along the path A
shown in Figure 3, the control variable satisfies the change
process of the branch point set equation. Then, the path
intersects the set of divergent points, and the system
undergoes a sudden change. In this model, it means that
the barrier pillar has sudden instability.

The theory of stable core area shows that under the
action of overlying load P, plastic failure area is formed on
both sides of coal pillar, and there should be a certain range
of elastic core area in the middle to maintain stability. There
are a large number of structural weak planes with different
scales in the plastic failure area of coal pillar. Assuming that
the displacement of coal pillar under the action of overlying
load is v, the shear stress on each structural weak plane 7,
can be expressed as follows:

14
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where G, is the shear modulus of rock mass in plastic failure
area, D; is the thickness of weak surface of structure in plas-
tic failure area, and v, is the peak stress displacement.

In the stable elastic core area, the shear stress on the
weak plane of the structure is presented as follows:

b

G,—, 2
- )

T, =

where G, is the shear modulus of rock mass in elastic core

area and D, is the thickness of the weak surface of the struc-
ture in the elastic core region.

Under the condition of displacement of coal pillar is v,
and displacement of structural weak plane is v, the potential
energy of structural weak plane in section coal pillar in plas-
tic failure area and elastic core area is, respectively, presented
as follows:
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In Equations (3) and (4), I, is the length of slip surface in
plastic failure area and I, is the length of slip surface in elas-
tic core region. Then, the total potential energy of the coal
pillar system is presented as follows:

Gl v? G, v?
sisve_"/"0 + TeleV” +Pysin (0 +0),
2D 2D
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where 0 is the dip angle of coal seam and 6 is the dip angle of
structural weak plane. Assuming that the width of the bar-
rier pillar is a, the width of the adjacent ready mining face
is b, and the buried depth of the coal seam is H, the expres-
sion of the overlying load is presented as follows:

P=yH{a+§<2—%)]. (6)

Then, Equation (5) can be expressed as follows:

V=V +V, +Vp=

Gslsvz —v/vy + Gelevz
2D 2D,

+va[a+ g (2— %)] sin (0 +0).

Find the first derivative of Equation (7) to obtain the
equilibrium surface equation as follows:

V=V +V, +V,=
(7)

N Glv
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Based on the basic expression of cusp catastrophe model,
Taylor expansion of Equation (8) is required. Expand at v
=v, =2v, to get the following:
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In order to change Equation (9) into the standard form
of cusp mutation, let:

x= o (10)
3 (1,G,é
. e~e _ , 11
! Z(IsGs 1> ( )

3 1,G, yHD,é* sin (0 +6) b b
q=-|1+ - a+ - (2-—— .
2| TG, Glv, 2 0.6H
(12)
The standard form of cusp catastrophe model with state
variable x and control variables p and g can be obtained
from Equations (9), (10), (11), and (12):

X +px+q=0. (13)

According to the cusp catastrophe theory, the bifurca-
tion point set equation is presented follows:

8p° +274* =0. (14)

The criteria for sudden destabilization conditions of
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barrier pillars are obtained from Equations (11) and (12)
brought in Equation (14):

1,G, e ’ 1,G, yHD,é*sin (3 +0) b b g
2 -1) +9|1+ - a+ - (2- — <0. (15)
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3.3. Limit Width Model of Coal Pillar Spontaneous
Combustion. For spontaneous coal seams, the spontaneous
combustion of coal pillar is caused by the destruction of coal
pillar under the action of roof load, forming through cracks
and causing air leakage on both sides of the coal pillar, mak-
ing the coal seams exposed to oxygen for a long time. After
the formation of narrow coal pillar, coal body changes from
three-way compression to two-way compression, and pri-
mary cracks are easier to expand and penetrate. Under the
negative pressure of ventilation, air leakage occurs on both
sides of the coal pillar. Under the action of negative ventila-
tion pressure, air leakage occurs on both sides of the coal pil-
lar. When the air leakage meets the conditions of ventilation,
oxygen supply, and heat storage at the same time, spontane-
ous combustion of coal pillar is a high probability event. The
key to control the spontaneous combustion of narrow coal
pillar is whether the coal pillar can effectively isolate the air
leakage between entry and gob.

Air leakage in coal pillar can be approximately consid-
ered to comply with Darcy’s law of seepage, and then

Koap
V= ek (16)
where V is the seepage velocity of air leakage through coal
pillar, m/s. K is the permeability of coal pillar, m?. y is the
dynamic viscosity of air flow, generally 0.18 x 10°Pa -s. dp/
dl is the air leakage pressure gradient, Pa/m.

The permeability of coal pillar is related to the width-to-
height ratio of coal pillar, as well as the stress state and stress
path. Laboratory experiments show that the permeability of
briquette and pore-developed coal samples decreases first
and then increases as the stress increases [26], as shown in
Figure 4(a). The field measurement of coal body permeabil-
ity shows that with the decrease of the distance between the
working face and the observation point, the permeability of
the coal increases gradually from the fixed value due to min-
ing, decreases slightly before approaching the peak stress,
and then increases rapidly due to the coal entering the
elastic-plastic or plastic state at the observation point. The
permeability of the coal in the whole stress process is higher
than the original permeability [27, 28], as shown in
Figure 4(b). After the coal body is affected by the front abut-
ment pressure, the permeability is about 3-6 times of the
original permeability.

After the coal body is compressed and loosened, the air
leakage wind speed that is easy to cause spontaneous com-
bustion is 0.1-0.24 m/min, and the limit wind speed that will
not cause spontaneous combustion is less than 0.02-

Gslsvl

0.05m/min [29]. The wider the reserved coal pillar, the
higher the reliability of preventing air leakage. If the wind
speed of air leakage is controlled below 0.02 m/min, the coal
pillar will not induce spontaneous combustion due to com-
pressed crushing and air leakage. The width of the coal pillar
shall have the condition of Equation (17), where the air leak-
age pressure difference on both sides of the coal pillar is
shown.

K AP
L>260— - —. (17)
pu 0.02

4. Field Measurement Scheme

4.1. Field Measurement Scheme of Side Abutment Pressure.
Field measurement is one of the most direct, accurate, and
reliable means to study engineering problems. The theoreti-
cal analysis points out that for coal seam threatened by
strong ground pressure, when the narrow coal pillar is
designed to drive along the gob, the entry and coal pillar
can only be arranged in the stress-relaxation area A. The
change of side abutment pressure with the advance of the
working face and the final stable state can be monitored on
site by embedding a borehole stress meter in the coal pillar
in advance. Most of the existing measured studies on side
abutment pressure are to drill holes directly into the lateral
coal body at the headentry or tailentry of the working face.
Due to the difficulty of drilling construction and easy to col-
lapse, the drilling depth generally does not exceed 20 m. For
the working face of deep well or thick coal seam, the influ-
ence range of side abutment pressure can reach 50-130m
[30]. It is impossible to fully grasp the distribution character-
istics of side abutment pressure with traditional stress mon-
itoring methods.

Considering the above factors, the influence range of side
abutment pressure is monitored by referring to the lateral
abutment pressure monitoring scheme implemented by
Wang et al. [31] in Zhaolou Mine, China. In this monitoring
scheme, the borehole stress meter is arranged at 4301 drain-
age entry vertically connected with the 4301 tailentry. The
drainage entry is about 90 m long and located in the bound-
ary coal pillar of 43 districts, as shown in Figure 1(a). When
the working face passes through the 4301 drainage entry, the
gob can be isolated by roadside backfilling body, and the live
monitoring equipment in the drainage entry can continue to
operate, ensuring the continuity of monitoring. If monitor-
ing equipment is arranged in the mining entry, according
to the requirements of relevant technical specifications
for coal mine safety production in China, live equipment
is not allowed to operate in the gob and must be removed
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FIGURE 4: Variation curve of coal permeability.

when the working face is advanced to the monitoring
equipment [32].

Firstly, drill holes with a depth of 20m are successively
arranged in the 4301 drainage entry. The depth of 20m is
selected to reduce the interference of the stress redistribution
of the surrounding rock of the drainage entry on the stress
meter of the coal body and to ensure the smooth construc-
tion of the site. A total of eight borehole stress meters are
arranged in the 4301 drainage entry, and the spacing is
shown in Figure 5. The farthest stress meter is 50 m away
from 4301 tailentry. The installation height of borehole
stress gauge is 1.5m. By connecting the self-made single
1.5m long hollow metal rod in turn, push the stress meter
into the bottom of the borehole. Then, the portable hydrau-

lic pump is used to inject liquid into the stress meter, and the
pressure is maintained at 5.5 MPa to make the stress meter
closely fit with the coal wall of the borehole. The stress meter
and related auxiliary installation tools are shown in Figure 6.
After the hydraulic pump is removed, a pressure monitor is
installed at the outer port of the stress meter, which can
wirelessly receive and send data. The single transmission
range is 0-50 m, and the real-time data of monitoring hole
pressure is sent every 3 minutes. Next, install the data trans-
mission system. The data of each pressure monitor is wire-
lessly transmitted to the pressure monitoring station in the
drainage entry, and the monitoring station is connected with
the optical transceiver through optical fiber. The optical
transceiver is an underground data storage station, which



Geofluids

Mobile terminal

D

Ground
‘~._ |monitoring server

Optica
transceiver

:7%0

ELLL

¥

4301 tailentry

i
o
&
on
<
5
&
il
]
o
<~

158

FiGurk 5: Layout plan of borehole stress meter.

Boundary pillar of 43 district

- -~ - ~ - ~

Borehole stressmeter

Portable hydraulic pump

Detachable mounting rod
(1.5 m each)

V7700000000100 000000077777777777777777

FiGure 6: Installation of borehole stress meter.

can receive a variety of monitoring system data at the same
time. The underground optical transceiver can transmit data
to the ground in real time through the original TCP/IP
Ethernet ring network or optical fiber in the mine. A special
monitoring server is set on the ground for data display and
storage. At the same time, it can realize remote access of data
and facilitate analysis by technicians, as shown in Figure 5.

4.2. Field Measurement Arrangement of Narrow Barrier Pillar.
In order to verify whether the narrow coal pillar meets the pro-
duction demand of 4302 working face, surrounding rock defor-
mation monitoring, coal pillar air leakage test, and fire

prevention effect inspection are planned to be carried out in
the tailentry of 4302 working face. The filed monitoring scheme
is shown in Figure 7.

The surrounding rock displacement observation points
are arranged in 4302 tailentry. The cross method is used to
monitor the displacement of rib-to-rib and roof-to-floor.
The observation is performed once a day, and the monitor-
ing period is 50 days.

The air leakage test of coal pillar adopts the method of
releasing SF6 tracer gas at fixed point and constant quantity.
The release point is located at 50 m away from the setup
room in the tailentry. Set 1#-5# gas sample collection points
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FIGURE 7: Site layout of coal pillar air leakage and oxidation monitoring.

at 1300 m, 1100 m, 900 m, 600 m, and 300 m from the release
point, respectively. The gas sample is collected by manual
sampling. The sampling adopts a stainless-steel suction cyl-
inder. The sampling bag adopts a polyethylene plastic bag.
The needle and polyethylene tape are used as auxiliary
devices for gas collection. During the test, the entry air vol-
ume is 1035 m’/min, the tracer gas release is 10 ml/min,
and the continuous release is 150 min. In order to eliminate
the influence of the unstable stage of initial release, the con-
stant tracer gas collected at the sampling point 20 minutes
after release is used as the effective acquisition data. The
gas sample is analyzed by SP-3420 gas chromatograph. The
instrument has high detection accuracy and can detect tracer
gas with concentration of 10", Taking the mean value of
collection points as the volume fraction of tracer gas, the
air leakage of coal pillar can be calculated according to the
following equation:

Q(Gi-C)

¢

AQk = 5 (18)

where AQ, is the air leakage rate of the coal pillar in the
measurement section K, m*/min. Q is the ventilation air flow
in the entry, m’/min. C; and C; are the tracer gas volume

fractions at the upper and lower wind sides of the wind flow
at the measurement section K, respectively.

Early detection of CSC is to collect the symptom infor-
mation of coal in the initial stage and spontaneous combus-
tion process and judge the change characteristics of CSC
state with the help of technical methods and means accord-
ing to the detected parameters. The schematic diagram of
the detection device is shown in Figure 8. In order to deter-

mine whether spontaneous combustion of 4302 tailentry
coal pillar is induced by pressure crushing during mining,
14 detection points are arranged at equal intervals in the coal
pillar to monitor the variation characteristics of temperature,
gas composition, and gas volume fraction in the coal pillar
with time.

5. Results

5.1. Distribution Characteristics of Side Abutment Pressure.
The monitoring starts from 90 m from the measuring station
to the working face. After 50 days of continuous monitoring,
the working face pushes 80 m past the measuring station.
Figure 9 is the variation curve of borehole stress in coal at
different depths of coal wall in tailentry of 4301 working
face. It can be seen from Figure 9 that during the process
of advancing forward, the mining-induced stress at the 1#
measuring point has been less than the primary rock stress
and decreased slowly, which indicates that the coal here
has been in a state of complete plastic failure under the influ-
ence of previous entry excavation without being affected by
mining and has lost its most of the bearing capacity. The
mining-induced stress at 2# measuring point increases
slightly when the working face advances to 50 m away from
the measuring station, but the increase is small and then
decreases gradually. This indicates that the coal body here
enters the yield state and the stress begins to transfer to
the deep part of the coal seam. When the working face
advances to about 30m in front of the measuring station,
the mining-induced stress at 3# measuring point begins to
increase and gradually decreases after a period of time,
which indicates that the coal at 3# measuring point also
enters the yield state. At this time, the side abutment
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FIGURE 9: The mining-induced stress data of the borehole at the measuring point in the coal pillar.

pressure continues to transfer to the deep part of the coal
seam. When the working face advances to about 20m in
front of the measuring station, the mining-induced stress
at 4# and 5# measuring points increases at the same time,
indicating that both 4# and 5# measuring points have
entered the influence area of side abutment pressure. When
the working face is advanced to about 25 m behind the side

abutment pressure measuring station, the mining-induced
stress at 4# measuring point decreases, while the mining-
induced stress at 5# measuring point continues to increase,
and the mining-induced stress at 6# measuring point
increases sharply. This shows that the high roof breaks,
rotates, and sinks at the 4# measuring point and is hinged
with the deeper adjacent roof, resulting in a significant



12

increase in mining-induced stress at the 6# measuring point.
Then, the mining-induced stress at 7# measuring point also
increases, but the increase range is small, indicating that the
peak position of side abutment pressure is about 30 m away
from the coal wall of 4301 tailentry. During the whole
advancing process of the working face, the mining-induced
stress at the 8# measuring point has not changed signifi-
cantly, indicating that the influence range of side abutment
pressure is within 50 m. In addition, after the working face
is advanced over 50m, the mining-induced stress at each
measuring point still fluctuates, indicating that at this time,
after the fracture of the high roof, there is a local rotary sub-
sidence phenomenon. When the working face is pushed over
about 70 m, the mining-induced stress at each measuring
point does not change, indicating that the overlying roof
slate layer basically tends to be temporarily stable.

5.2. Calculation Results of Narrow Coal Pillar Theoretical Model.
It can be seen from Equation (15) that the instability of coal pil-
lar in gob-side entry is related to the stiffness of plastic failure
area and the stiffness ratio of stable elastic core area. And it is
related to density of overlying strata, physical and mechanical
parameters of coal pillar, dip angle of coal seam and weak face,
and buried depth and mining width of working face.

According to the coal pillar instability criterion of cusp
catastrophe theory, the relevant parameters of surrounding
rock of 4302 working face are substituted into Equation
(15). The instability condition of barrier pillar in 4302 work-
ing face is as follows: the width of coal pillar a < 6.8 m, so the
width of barrier pillar shall not be less than 6.8 m.

Equation (17) shows that the minimum width of barrier
pillar is directly proportional to its permeability characteris-
tics and air leakage pressure difference. The greater the per-
meability coeficient of coal pillar, the wider the width of
coal pillar required to prevent CSC. The measured wind
pressures inside and outside the closed wall of 4301 headen-
try are 78941 Pa and 78896 Pa, respectively. Therefore, after
the construction of 4302 tailentry is completed, the gas pres-
sure difference on both sides of the coal pillar is about 45 Pa.
The original permeability of the coal pillar of the adjacent
4301 headentry is 0.15m> Considering the most unfavor-
able factors of fire prevention, the permeability of the coal
pillar after mining is taken as 6 times the original permeabil-
ity. According to Equation (17), the width of the barrier pil-
lar of 4302 tailentry shall be greater than 6.75 m.

Based on the monitoring results of Section 5.1, under the
principle of maintaining the stability of the entry, combined
with the actual production on site, the width of the barrier
pillar of the 4302 tailentry is determined to be 7 m.

5.3. Field Measurement of Barrier Pillar

5.3.1. Deformation Monitoring of Surrounding Rock. The
entry developed along the gob of 4301 working face accord-
ing to the width of 7m coal pillar in the filed construction.
Three observation stations set at the head after 60m,
460m, and 860 m excavation from setup room. Figure 10
shows the observation results of the approaching amount
of rib-to-rib and roof-to-floor of the 4302 tailentry. At the
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FIGURE 10: Deformation of surrounding rock in 4302 tailentry.

initial stage of monitoring, the rate of deformation of sur-
rounding rock was not high. After the third day, the defor-
mation entered an accelerated state. When the monitoring
progressed to the 13th day, the surrounding rock deformed
into an inflection point, and the deformation rate dropped
sharply. At this time, the deformation of the roof-to-floor
is 25mm, and the distance between the rib-to-rib is
480 mm. From the 13th day to the 37th day, the surrounding
rock displacement tended to be stable, the maximum mov-
ing distance of the rib-to-rib reached 520 mm, and the max-
imum moving distance of the roof-to-floor reached 280 mm.
Compared with the width and height of the entry, the defor-
mation is in a controllable range. This shows that the 7m
wide section coal pillar can meet the stability requirements
of the surrounding rock of the entry.

5.3.2. Fire Prevention Test for 4302 Barrier Pillar. Since the
monitoring points are set to follow the excavation of the
4302 tailentry, the monitoring data of each monitoring point
are the whole process of entry excavation, setup room pene-
tration, and mining of the working face. The volume fraction
of tracer gas is shown in Figure 11. The maximum air leak-
age between measuring points 1# and 2# is 12.67 m’/min,
and the minimum 2# and 3# is only about 1.21 m>/min, of
which the air leakage between 3# and 4# measuring points
is 5.38m’/min. The total air leakage of coal pillar is
23.74 m®/min, and the 7 m coal pillar reserved in 4302 tailen-
try effectively realizes the function of blocking air leakage.
The monitoring results of spontaneous combustion
detection device in coal pillar show that the temperature dif-
ference between entry and coal pillar is always maintained
within 1.5°C, and there is no increase. On the 21st and
52nd day of monitoring, G4 station detected that the volume
fraction of carbon monoxide was 1.57 x 10° and 0.83 x
107%, and there is no other sign gas. The volume fraction
of carbon monoxide on the 22nd and 53rd days was 2.08
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x107® and 1.41x 107 at G5 station, and no other gas is
detected. In addition, the gas inside each test borehole is
normal. Therefore, there is no sign of spontaneous combus-
tion in the whole process of narrow coal pillar in 4302 tailen-
try section. It can be considered that 7m coal pillar can meet
the air leakage prevention requirements of spontaneous
combustion coal seam under the influence of mining.

6. Conclusions

In order to obtain the optimal width of coal pillar in gob-
side entry of LTCC working face in spontaneous combustion
coal seam, take the 4302 tailentry of Changheng Mine as the
engineering background. The characteristics of rock mass
collapse and mining-induced stress redistribution in the
around area of coal pillar were analyzed. The cusp catastro-
phe model for sudden instability of coal pillar and the limit
width model of coal pillar spontaneous combustion due to
air leakage were established. Furthermore, the side abutment
pressure of coal pillar in the adjacent 4301 working face was
monitored. Through the filed measurement, the deformation
of entry surrounding rock and the fire prevention effect of
coal pillar were monitored. The conclusions are as follows:

(1) By analyzing the characteristics of rock mass collapse
and mining-induced stress distribution in the area
around the coal pillar, the reasonable location of
the coal pillar was determined. The criterion of cusp
catastrophe model for sudden instability of coal pil-
lar was obtained, and the limit relationship between
pillar width and spontaneous combustion caused
by air leakage was determined, which lays a founda-

)

3)

tion for determining the retention optimization
scheme of coal pillar along the 4302 tailentry

Using the method of monitoring side abutment pres-
sure in the drainage entry, the distribution of side
abutment pressure in the LTCC process of 4301
working face was measured reasonably and accu-
rately. The field measured data showed that 2-8 m
was the stress-relaxation area of side solid coal. The
cusp catastrophe model of the coal pillar along the
gob-side entry shows that the instability of the coal
pillar is related to the stiffness of the plastic failure
area and the stiffness ratio of the stable elastic core
area. And it is related to density of overlying strata,
physical and mechanical parameters of coal pillar,
dip angle of coal seam and weak face, and buried
depth and mining width of working face. When the
coal pillar width a <6.8m, the coal pillar in 4302
working face will be unstable. It is comprehensively
determined that the reasonable reserved width of
coal pillar is 7m

The displacement monitoring after entry completion
shows that the maximum displacement of rib-to-rib
of 4302 tailentry was 520 mm, and the maximum
displacement of roof-to-floor was 280 mm, which
meets the stability requirements of tailentry sur-
rounding rock. A total of 14 CSC observation sta-
tions were arranged at equal intervals in the coal
pillar. The monitoring results showed that the car-
bon monoxide volume fraction was in the normal
range during the entire process of entry excavation,
setup room, and normal mining, and no other signs
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of gas were found. It shows that the coal pillar in the
7 m section meets the air leakage prevention require-
ments of the spontaneous combustion coal seam,
and no oxidation spontaneous combustion phenom-
enon occurs
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