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Abstract. Based on the literature statistical method, the paper publication status of the isolated working face and the
distribution of the rockburst coal mine were obtained. The numerical simulation method is used to study the stress distribution
law of working face under different mining range. In addition, based on the similar material simulation test, the overlying strata
failure modes and the deformation characteristics of coal pillars during the mining process of the isolated working face with
thick-hard key strata are analyzed. The research shows that, under the influence of the key strata, the overlying strata formation
above the isolated working face is a long arm T-type spatial structure. With the mining of the isolated working face, a series of
damages occur in the coal pillars, causing the key strata to break and inducing the rockburst occurs. Combined with the
mechanism of rockburst induced by the dynamic and static combined load, the source of dynamic and static load on the isolated
working face is analyzed, and the rockburst monitoring methods and the prevention and control measures are proposed. Through
the above research, the occurrence probability of rockburst can be effectively reduced, which is of great significance for the safe

447

mining of deep coal mines.
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1. Introduction

Rockburst and gas outbursts are typical dynamic
disasters in coal mines (Christopher 2016, Panthi 2012,
Mitri 2007, Zhang et al. 2017, 2018). In shallow mining,
disasters such as rockburst, gas outburst, spontaneous
combustion and mine water inrush occur singly. As the coal
mine is excavated into the deep underground, in-situ stress,
gas stress, grinding temperature, water inflow, as well as
mining disturbances increase, while coal permeability
decreases. Thus, gas is difficult to be extracted. At the same
time, the properties of coal-rock mass in deep are
significantly different from the shallow, and its mechanical
behavior is nonlinear, causing the rockburst and gas
outburst accidents are more serious. In deep mining,
disasters such as rockburst, gas outburst, spontaneous
combustion and mine water inrush are the compound
occurrence. The disaster situation of deep mining is shown
in Fig. 1.

In recent years, with the mining depth and intensity
increase, geological conditions and surrounding areas are
extremely complex in the working face, causing the
rockburst frequent occurrence (Dou et al. 2009, Guo et al.
2019, Lawson et al. 2017). Rockburst poses a great threat to
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safe mining and the security of miners, under the
circumstance of safe mining advocated in China, it is
necessary to further improve the safety coefficient and
reduce the risk of rockburst. However, in the current mining
conditions, the rockburst risk is more prominent in isolated
working faces, and rockburst prevention has become one of
the major problems in the mining industry. According to the
statistical analysis of rockburst accidents by relevant
departments, the rockburst accidents of the isolated working
face are increasing. Especially the isolated working face is
disturbed by factors such as thick-hard strata (Dou and He
2012, Li et al. 2014, Jiang and Xu 2018, Ning ef al. 2017,
Guo et al. 2016, Mu et al. 2006) and large mining depth,
resulting in the mining environment is more complicated
and it is more challenging for safe mining. Taking the
destruction accident of track roadway in Baodian coal mine
as a case, the accident analysis shows that there exists a
thick-hard sandstone layer above the coal seam, due to the
small mining range, resulting in the large-scale suspended
roof on the isolated working face. With the mining of the
isolated working face, due to a series factors such as the gob
range expansion, mining, coal pillar strength reduction,
causing the key strata to break and large-scale overlying
strata moving downwards, which leads to compressing gas
in the gob to form a shock wave that destroyed track
roadway.

Combined with the accident case of the isolated working
face, the degree of rock pressure behavior in the mining
face depends on the failure morphology and the key strata
movement (He et al. 2010, Lu et al. 2016, Guo et al. 2017,
Qian et al. 1996, Guo et al. 2019). Due to the special
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* Deep mining

Fig. 1 Deep mining map of the working face

surrounding rock structure of the isolated working face, the
movement law of the overlying strata is different from the
ordinary working face. However, the study on the overlying
strata fracture morphology, evolution law and rockburst
instability mechanism of the isolated working face under
the action of thick-hard key strata is still incomplete, which
limits the rockburst prediction and prevention. Based on
numerical simulation, experimental and theoretical analysis
methods, this paper studies the overlying strata structure
fracture morphology and the surrounding rock stress
variation during the mining process of isolated working
face, and discusses the relationship between overlying strata
structure and rockburst, so as to take effective measures to
avoid the occurrence of rockburst. Therefore, in order to
make the most use of coal resources, it is necessary to study
the rockburst prevention and control technology of the
isolated working face.

2. Paper publication status of the isolated working
face

2.1 Article quantity analysis

Taking “isolated working face” as the keyword, Fig. 2
shows the papers on the isolated working face included in
the database. It can be seen that the number of papers
collected in the database from 1990 to 2002 was at a low
level, the reason is that the mining technical level and
mining methods, resulting in a small number of isolated
working faces. The number of papers collected in the
database from 2004 to 2008 is relatively stable, with an
average of 15 papers per year. At this stage, with the
improvement of mining technology, strip mining method is
gradually promoted and applied, the scholar is encouraged
to carry out research on the isolated working face, and the
research content mainly involves the surrounding rock
support, the research on rockburst is relatively rare. In 2008,
the number of papers collected by the database has
gradually increased, especially from 17 papers in 2008 to 93
papers in 2016, and the papers included in the database

from 2013 to 2016 mainly involve the rockburst of the
isolated working face, the main reason is that the shortage
of coal resources, and the coal pillars recycling. At the same
time, with the increase of mining depth, the risk of
rockburst increased during the mining process of strip coal
pillars, and the research on rockburst became hot.

2.2 Correlation statistical analysis of the isolated
working face

To rationally understand the rockburst conditions,
characteristics and prevention techniques of the isolated
working face in China, the literature statistics method was
used to search the published papers on CNKI (China
National Knowledge Infrastructure) with the keywords of
“rockburst” and “isolated working face”. Taking
“rockburst” as the keyword, a total of 4322 journal papers
were retrieved. Through the analysis of the relationship
network, the keywords related to rockburst included
working face (WF), rockburst prevention (RBP) (Wang et
al. 2018), rockburst tendency (RBT) (Tan et al. 2018),
microseismic monitoring (MM) (Frid 2001, He ef al. 2011,
Jiang et al. 2010, Khademian et al. 2018), deep mining
(DM), borehole pressure relief (BPR) (Sahara ef al. 2017,
Meier et al. 2013, 2015, Lee et al. 2016, Duan and Kwok
2016), isolated working face (IF) and geological structure
(GS) (Sainoki and Hani 2015a, 2015b), etc. The proportion
of corresponding papers was shown in Fig. 3(a), and the
research content of these papers covered the occurrence
location of rockburst, disaster-causing factors, monitoring
methods, prevention measures. Taking the keywords of
“isolated working face”, the keywords related to rockburst
(RB), gob (G), coal pillar width (PW), roadway surrounding
rock (RR), supporting pressure (SP) and rockburst
prevention (RBP), etc, and the proportion of corresponding
papers was shown in Fig. 3(b). Through the retrieval and
analysis of two keywords, the searched contents were not
independent but interactive and compatible. It indicated that
between rockburst and isolated working faces were closely
related, and the problem of rockburst is more serious during
the mining process of the isolated working face. At the
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Fig. 4 The distribution map of rockburst coal mine

same time, the distribution of coal mines affected by
rockburst is analyzed, the data show that the rockburst coal
mine in China is mainly distributed in the provinces of
Shandong, Heilongjiang, Liaoning, Henan, Jiangsu, Shanxi
and Hebei, and the mines in these provinces reach deep
mining conditions. While the coal resources in Neimenggu
is rich and has a short mining life, and most of the coal
mines in this region belong to the shallow mining range.
Furthermore, the coal mining conditions in Guizhou
province are complicated, thus safety mining should be
strengthened. The coal mine distribution map is shown in
Fig. 4.

3. Overlying strata structure characteristics and
stress distribution of isolated working face

3.1 Stress distribution of working face under the
influence of gob range

Overlying strata structure morphology and stress
distribution of working face influenced by the gob range
and position. Fig. 5 reveals the variation of distribution
pattern, peak size and influence range of the supporting
pressure in the working face as the gob range changes.

(1) When the gob position is behind the working face
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(b) S-type

(c) C-type
Fig. 5 Stress distribution under different gob position

(O-type), the distribution pattern of the advancing
supporting pressure is symmetrical saddle shape, and the
supporting pressure peak is relatively small. At the same
time, stress concentration occurs at the corners of the
roadway on both sides of the gob behind the working face,
although it is located behind the working face, the broken of
the roof in the gob will affect the working face mining.

(2) When the gob position is behind and one side of the
working face (S-type), due to the superposition of the lateral
supporting pressure and the advancing supporting pressure

in the gob, causing the lateral supporting pressure on the
side of the gob is higher than the solid coal side, and the
supporting pressure distribution in front of the working face
is asymmetrical saddle.

(3) When the gob position is behind and both sides of
the working face (C-type), due to the gob range on both
sides of the working face are equivalent, causing the lateral
supporting pressure is similar. Furthermore, the stresses
superimposed by the lateral supporting pressure and the
advancing supporting pressure are symmetrical saddle
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Fig. 6 T-type spatial structure of the isolated working face
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Fig. 7 Overlying strata fracture on both sides achieving sub-critical mining
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Fig. 8 Overlying strata fracture in only one side achieving sub- crltlcal mining

shapes, and the stress peak phenomenon occurs at the
corners of the coal wall.

3.2 Overlying strata structure characteristics of the
isolated working face

At present, many scholars have carried out a lot of
research on the overlying strata failure law in the mining
process of working face (Lawson et al. 2017), and the
research indicates that the damage height and failure mode
of the overlying strata is related to the gob range. This paper
studies the overlying strata failure characteristics of the
isolated working face under the action of key strata and
provides theoretical guidance for rockburst prevention and
control.

3.2.1 Movement law of overlying strata

A similar material simulation test was used to analyze
the overlying strata failure law, and the simulation test
shows that under the influence of mining range, both sides
working face of the isolated working face are sub-critical
extraction, the fracture height of overlying strata is small.
At the same time, due to the existence of thick-hard
sandstone, the fracture height of the mining-induced
overlying strata is limited, causing the overlying strata
spatial structure of the isolated working face in the vertical
section is long arm T-type, as shown in Fig. 6. At the same
time, combined with other mining range on both sides
working face of the isolated working face (both sides are
critical extraction, one side is critical extraction and one
side is sub-critical extraction), and the overlying strata of
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Fig. 9 Coal pillar failure characteristics

Fig. 10 Failure characteristics of the isolated working face

the isolated working face is a short arm T-type spatial
structure and asymmetrical T-type spatial structure is shown
in Figs. 7-8.

3.2.2 Movement law of overlying strata of the isolated
working face

Fig. 9 shows the deformation and failure of the coal
pillar in the roadway during the mining process of the
isolated working face. With the mining range increase, the
damage height of the overlying strata increases, causing the
stress on the coal pillar to increases and the bulging
phenomenon to occur. At this time, the thick-hard key strata
are not damaged. With the mining of the isolated working

face, the thick-hard sandstone suspension range increases,
and a series of phenomena such as cracks and sinking to
occur. At the same time, the bearing capacity of the coal
pillars drops sharply, causing the gob connected to a whole,
the thick-hard sandstone reaches the overhanging span limit
and collapses. Finally, the overlying strata structure is
destroyed and the whole test model sinks, as shown in Fig.
10.

4. Mechanism analysis of rockburst on the isolated
working face

Stress concentration and energy accumulation are the
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premises of rockburst, and the overlying strata movement is
the main inducing factor. When there is key stratum in the
overlying strata, causing the instability of the long arm T-
type spatial structure occurs, and the isolated working face
in the status of high-stress concentration before the thick-
hard strata fracturing, the static loading rockburst is easy to
occur. With the mining range expansion of the working
face, as the thick-hard strata reach the breaking span, the
thick-hard strata move and settle rapidly under the action of
self-weight and overlying strata loading, the mining stress
concentration degree increasing, and the dynamic loading
effect of the key strata fracturing, which is transformed into
shock waves, and have a strong shock effect on surrounding
rock masses, inducing the occurrence of high energy micro-
seismic events, so the static and dynamic combined load
inducing rockburst is easy to occur (He et al. 2010, Dou et
al. 2015).

4.1 Static load analysis

Influenced by mining depth, fault structure and mining
disturbance, the static load of the isolated working face is
derived from the gravity stress field, the tectonic stress
field, the supporting pressure, etc.

4.1.1 Self-weight stress field

Before the isolated working face mining, the main load
comes from the self-weight stress field formed by the self-
weight of the overlying strata. Using the theory of
continuum mechanics, the self-heavy stress field is
expressed as Eq. (1).

n

o, =Dy =M (1)

i=1

where o, is vertical stress of self-weight stress field; y; is i
layer volume force; 4; is the i layer thickness; y is bulk
density, generally y = 2.5x10° kg/m’; H is overlying strata
total thickness.

4.1.2 Tectonic stress field

The field data shows that the horizontal stress and the
self-weight stress field have a certain positive correlation,
the expression Eq. (2) is as follows.

0x=0,=0,=A10, )

where ox 0, is horizontal stress of the tectonic stress field; 4
is the lateral pressure coefficient.

According to the research, the relationship between
elastic energy and stress in coal-rock mass under triaxial
conditions is defined as Eq. (3).

2 2 2
£ _ O +o,+0, -2u(o,0,+0,0,+0,0,)
) 2E

where Ej is elastic energy accumulated in the coal body; u is
Poisson’s ratio; E is coal body elastic modulus.

It can be seen that as the horizontal stress in the coal
body increases, the accumulate elastic strain energy
increases, and the higher the static load level, causing the

€)

Fig. 11 The stress distribution of the isolated working face

possibility of inducing rockburst increases.

4.1.3 Mining stress field

The isolated working face is in a special environment
with three gobs and under the influence of the supporting
pressure superposition, resulting in coal bodies on both
sides of the gob in the stress concentration region. In
addition, the mining stress field causes stress concentration
in front of the working face, and the stress field distribution
of the isolated working face is shown in Fig. 11.

4.2 Dynamic load source analysis

For isolated working face mining, dynamic load
disturbances mainly come from pressure relief blasting,
mining, drilling, overlying strata breaking (immediate roof,
main roof, key strata breaking), coal pillar failure, fault slip.
It can be seen from the similar material simulation test that
the overlying strata are a long arm T-type structure before
the isolated working face mining. As mining continues, the
gob range increase and the suspension range of thick-hard
sandstone is increased to cause cracks. When the area of the
gob reaches the critical range, the thick-hard sandstone
breaks and releases a large amount of elastic energy, which
causes the rockburst to occur. It can be seen that the
overlying strata movement (thick-hard sandstone breaking)
is the main dynamic load factor for the rockburst.

4.3 Analysis of overlying rock movement induced
rockburst of the isolated working face

From the view of energy (Li 1985, Dou et al. 2015),
when the sum of the energy generated by the dynamic load
and static load of the coal-rock is greater than the strength
limit of the coal body, the rockburst occurs, the expression
Eq. (4) is as follows.

dU, dU  dus _ du,
dt  dt  dt  dt

where Uy is energy stored in surrounding rock; Uc is energy
stored in coal mass; Uy is the energy of mine shock; Us is
the energy consumed when the rockburst occurs.

Energy stored in the coal and shock energy U is defined as

Eq. (5).

(4)
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where o, and oy is the static and dynamic load in coal-rock
mass.

The minimum energy Upmin consumed when the
rockburst occurs, the calculation equation is as follows Eq.

(6).

U )

2
— Gbmin (6)

U. .
bmin 2E

where opmin 18 the minimum load when rockburst occurs.
When  oi+020smin causing rockburst occurs.

5. Rockburst monitoring
5.1 Static load monitoring and early warning

5.1.1 Dirilling method

Through drilling holes with a diameter of 42 mm- 50
mm in the coal seam, when the hole enters the high-stress
area of the coal body, dynamic characteristics appear during
the drilling process, such as the part of coal body around the
hole may suddenly squeeze into the hole, and accompanied
by vibration, sound or micro-shock (Vardhan et al. 2009),
discriminating the risk of rockburst according to the amount
of coal powder discharged and its changing law, and the
specific data for discriminating the risk of rockburst are
shown in Table 1. Taking the isolated working face 3019 as
an example, the entity coal in the working face was
monitored with the single row arrangement, whose direction
was parallel to coal seam and vertical to the roadway side.
The borehole depth was 8 m, the drill pipe diameter was 42
mm, borehole spacing was 5 m, borehole spacing was 1.2 m
from the roadway bottom plate.

5.1.2 On-line monitoring of rockburst

Within the advanced influence range of the rail roadway
and transport roadway on the mining face, the layout of the
real-time monitoring and warning system of rockburst was
shown in Fig. 12. The first group of borehole stress gauges
was set at 25 m away from the cut hole of the working face,
the stations were arranged at the side of the mined coal
body ahead of the rail roadway and transport roadway, and
two measuring points were arranged at each group of
stations (with interval of 2-3 m); the installation depth of
borehole stress gauges was 14 m and 8 m respectively,
which can monitor the stress of coal body within 150m
ahead of the cut hole. Finally, the pressure data is
automatically read by the monitoring system and real-time
transmitted to the ground control room, showing the risk
cloud map of rockburst (Fig. 13). In the actual project
monitoring process, combined with the dangerous cloud
map alarm position, and take a series of measures to
effectively reduce the risk of rockburst.

5.2 Dynamic load monitoring and early warning

The microseismic monitoring system can provide early

Table 1 Drilling rate index of rockburst risk

Drilling depth / Coal seam
thickness

Drilling rate index 1.5 2~3 >4

1.5 1.5~3 3
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Fig. 12 Rockburst real-time monitoring and early
warning system

warning of dynamic load sources, realize the long-distance
(maximum 10 Km), real-time, dynamic and automatic
monitoring of the vibration signal, and can calculate the
time, energy and space of the rockburst (Pan et al. 2015,
Wang et al. 2018, Stec 2007, Linkov 2005, Khademian et
al. 2018). Taking the isolated working face 10302 as a case,
to explain the application of microseismic monitoring
system in the prevention and control of rockburst. With the
advancement of the isolated working face 10302, the
vibration concentrated region moving forward and upwards,
and the vibration number on the floor of the gob is
gradually increasing as shown in Fig. 14. At the same time,
the microseismic events are concentrated on the track
roadway side, the transport roadway side is small.
Combined with similar material simulation experiments, the
gob range on the track roadway side is small, which belongs
to the sub-critical extraction range, and there are many roof
collapse events. However, the gob range on the transport
roadway side is large, causing the roof critical extraction
and there are fewer collapse events. Therefore, with the
increase of the mining disturbance and the gob range, the
large range of overlying strata in the gob is suspended,
which is easy to cause the roof integral movement, and the
microseismic monitoring vibration frequency increases.

The energy distribution of microseismic events during
mining is shown in Figs. 15-16. The energy less than 10 is
mainly distributed behind the mining line of the working
face, and there are small energy microseismic events in the
roof and floor. With the mining range expansion, large
energy microseismic events appear in front of the working
face, indicating that the rock strata has a large range of
fracture or damage under the action of the advancing
supporting pressure. The energy more than 10°J is mainly
distributed in the working face of 10301 and 10302, and the
strong microseismic events originate from the thick
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sandstone fracture. From the above research, the monitoring system is used in the mining process of the
microseismic monitoring data is consistent with the similar working face, which can provide basic data for the effective
simulation test results. Therefore, the microseismic prevention and control of the rockburst, and ensure the

efficient and safe mining of the coal mine.
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6. Rockburst prevention and control of the isolated
working face

Due to the complex mining environment of the isolated
working face and many factors inducing the rockburst.
Implement the technical means of “predicting-monitoring-
dangerous zone pressure relief-examining-extraction-
reforecasting”, and at the same time strengthen the safety
management. The specific process of rockburst prevention
and control of the isolated working face is shown in Fig. 17.

Classification and evaluation
of dangerous areas
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g ”
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Fig. 19 Sketch of whist press affusion system

Table 2 Scheme of large-hole drill hole pressure relief
Drill hole

mjection

¥

Support and other measures

4—————— | Comprehensive forecast evaluation

Fig. 17 The flow chart of rockburst prevention and
control of the isolated working face
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Precaution — )
relief
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Risk relief measures - pressure relief, Coal seam water -

According to the mining technical conditions of the
isolated working face, the coal seam water injection method
is adopted to reduce the bursting tendency (Song et al.
2014). Using the two-way long borehole water injection
method, namely the combination of long borehole high-
pressure pre-injection and hydrostatic water injection. Figs.
18-19 show the schematic diagrams of the hydrodynamic
water injection system and hydrostatic water injection
system, respectively. Water injection holes were arranged
near the entity coal, along the vertical roadway direction.

6.2 The large-diameter drill hole pressure relief
technology

Combined with the isolated working face 3109 as an
engineering background, the ZQJ-300/6 pneumatic column
type drill was used for a large-diameter drill hole, and the
hole diameter was 110 mm. According to the mining
conditions and the dangerous area distribution of the
rockburst, the large-diameter drilling hole pressure relief
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Fig. 21 Diagram of broken roof blasting and pressure releasing

technology was implemented. The scheme is shown in
Table 2.

The layout plan of the large diameter boreholes is shown
in Fig. 20. A row of pressure relief boreholes was
constructed along the direction perpendicular to the

roadway. The boreholes' elevation angle was 5°-8°, and the

depth was 15m. If the pressure relief effect was not obvious,
the density and depth of the drilling hole should be
increased.

6.3 Dirill hole pressure relief

Combined with the results of similar simulation
experiments, the rockburst is greatly affected by the thick-
hard strata, with the long-arm T-type spatial structure
breaks, causing strong vibration and elastic energy release,
and resulting in rockburst to occur. Therefore, it is
necessary to carry out roof-breaking blasting, which will
cause a large number of cracks in the overlying strata, and
combine the actual geological conditions to design the
thick-hard roof falling step, to avoid the formation of large
dynamic pressure manifestation. The roof breaking blasting
aimed to cause the roof breakage, so the drilling
arrangement should be inclined to the working face, as
shown in Fig. 21. The diameter of the drilling hole was
more than 70 mm. The SM-II type small diameter water-gel
explosive with the secondary coal mine permissible was
used to cooperate with delayed electric detonator 1-5 section
blasting, and the MFB-100 type detonator was used.

Through a series of measures to prevent and control the
rockburst, during the mining process of isolated working
face, the micro-seismic monitoring system was used for the

continuous real-time monitoring. The data showed that
there were many vibration times during the mining process,
the vibration was mainly caused by small energy release,
and the vibration energy was distributed between 10? and
10%], the earthquake events more than 10*] were relatively
few. For roof blasting was used to relieve pressure in
dangerous areas, the working face had low vibration energy
and stable energy release, which effectively avoided the
occurrence of rockburst.

7. Conclusions

* The literature statistics shows that the isolated working
face is closely related to the rockburst, and the rockburst
mines in China are mainly distributed in the provinces of
Shandong, Heilongjiang, Liaoning, Henan, Jiangsu, Shanxi
and Hebei.

* The numerical simulation shows that the shape of the
overlying strata structure is different due to the influence of
the gob position, and it is mainly represented by O-type, S-
type and C-type. Furthermore, the distribution of the
advancing supporting pressure is symmetrical or
asymmetrical saddle shape, and the peak on the gob side is
higher than the solid coal side.

* Similar material simulation tests show that under the
influence of the mining range and the thick-hard key strata,
the overlying strata caving is insufficient, resulting in the
long arm T-type overlying strata structure above the
isolated working face. With the gob range increasing, the
overlying strata expand upward, causing the stress above
the coal pillar to increased and a series of phenomena such
as cracking, bulging and sinking appear. Finally, the key
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strata break and inducing the occurrence of rockburst.

* Combined with the dynamic and static combined load
inducing rockburst mechanism, the main static load is
derived from the self-weight stress field, geological
structure stress field and supporting pressure. Furthermore,
the dynamic load source comes from overlying rock
fracture, coal pillar failure, fault slip. On this basis, the
monitoring and early warning methods such as drilling
method, on-line monitoring and electromagnetic radiometer
are adopted, at the same time, using measures such as coal
seam water injection, borehole pressure relief, roof cutting
pressure relief can effectively reduce the probability of
rockburst.
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