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At present, coal bursts in working faces of steeply inclined coal seams (SICSs) have rarely been investigated, and current
research focuses on the influences of roof breaking and instability of overlying structures in goaf on coal bursts; however, the
stress state of coal masses in working faces being subjected to coal bursts is rarely researched. To overcome the above defects, a
model for analysing stresses on coal masses in horizontal section of SICSs was established based on the coal burst that
occurred in LW5521-20, Yaojie No. 3 Coal Mine, Lanzhou, Gansu Province, China. Moreover, the mechanism underpinning
such a coal burst in SICSs was analysed based on the superposition mechanism of dynamic and static loads. The results show
that the side abutment pressure near the roof and floor under the horizontal sections of SICSs is asymmetrically distributed in
the vertical direction in which the peak of side abutment pressure near the roof is closer to the working face and therefore is
taken as the source of static loads for coal bursts in working faces. When the superimposed dynamic load caused by hanging
roof breaking and high static load borne in the coal masses is larger than the critical load for coal burst inception, a coal burst
will occur. Furthermore, the superimposed dynamic load induced by coal bursts on the support and the initial static load on
the supports are larger than their limiting load, which leads to support collapse and eventually causes dynamic failure of the
working face. The coal burst in working faces in horizontal sections of SICSs can be prevented by using deep-hole presplit
blasting in a hard roof, destress blasting in coal masses, and support optimisation of working faces, showing a favourable
preventative effect.

1. Introduction

Steeply inclined coal seams are found in many coal pro-
ducing areas, such as Xinjiang, Ningxia, Shanxi, Guizhou,
Chongqing, Huainan, Gansu, and Beijing [1, 2]. As the major
mining area has moved to western China, where half of the
mines exploit steeply inclined coal seams, research into the
mining of steeply inclined seams has become a high priority
[3-5]. In recent years, with the increase of mining depths,
coal bursts in steeply inclined, extra-thick coal seams have
occurred to the detriment of worker safety and production
[6, 71.

In terms of dynamic disasters in SICSs, Ju and Li [8]
established a mechanical model for a fractured cantilever
beam of main roof in SICSs along the inclination direction,

and the expression for calculating energies in the cantilever
beam was deduced. On this basis, the deep-hole presplit
blasting technology for preventing coal bursts was proposed.
To control the stability of coal and rock masses in steeply
inclined coal roadways, Lai et al. [9] acquired a theoretical
basis for the dynamic instability of steeply inclined coal and
rock masses through field investigation and theoretical
analysis. Furthermore, by utilising various means including
numerical calculation, physical model tests, and field
monitoring, the spatiotemporal evolutionary characteristics
of the instability of steeply inclined coal and rock masses
were analysed. By analysing the structural characteristics of
coal and rock masses and fracture characteristics of the rocks
surrounding the roadway, Wang et al. [10] investigated the
distribution and characteristics of zone divisions in fractured
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roadway surrounding rocks in steeply inclined, thick coal
seams. Li et al. [11] studied the stability of the roof structure
and hydraulic supports with physical simulation and the-
oretical analysis, which shows that, with increased mining
space, the caving angle of the roof strata above the main gate
increases. The characteristics of the vertical and horizontal
displacement of the roof strata demonstrate that caved
blocks rotate around the lower hinged point of the roof
structure, which may lead to sliding instability; however,
current research into dynamic disasters of SICSs mainly
concentrates on coal bursts in roadways while coal bursts in
working faces of SICSs have not been of much concern.
Additionally, the present research’s focus is influences of
roof breaking and instability of overlying structures in goaf
on coal bursts. While the stress state of coal masses in
working faces subjected to coal bursts has not been fully
studied and no fairly reliable mechanisms for coal bursts in
SICSs has been put forward, to overcome the aforemen-
tioned defects, taking the coal burst that occurred in
LW5521-20, Yaojie No. 3 Coal Mine as an example, a model
for analysing stresses on coal masses in horizontal section of
SICSs was established and the mechanism of coal bursts in
SICSs was analysed based on the superposition mechanism
of dynamic and static loads. Some targeted preventative
measures are proposed, which were then applied on site.

2. Site Description

2.1. Geological and Mining Conditions. Yaojie No. 3 Coal
Mine is one of the main mines of Yaojie Coal Power Group,
and the mine field is located in Yaojie town, Honggu Dis-
trict, Lanzhou, Gansu Province, China. The corresponding
location map is shown in Figure 1. The No. 2 coal in the No.
5 mining area is the primary mineable coal seam, whose
average dip angle and thickness are 60° and 58.89 m, re-
spectively. The No. 2 coal mine is mined by using fully
mechanised caving mining in horizontal sections. Figure 2
shows the mining layout and occurrence of coal seams in the
No. 5 mining area. Based on the geological data obtained by
drilling and key strata theory [12], the basic conditions of
coal and rock strata in the No. 5 mining area are summarized
in Table 1.

LW5521-20 is the 20th section (+1400m in the hori-
zontal direction and at 520 m mining depth) of the No. 5
mining area in Yaojie No. 3 Coal Mine in which the width of
the working face, the thickness of the section, mining height,
caving height, and mining-caving ratio were 68 m, 14.5m,
2.8m, 11.7m, and 1:4.18, respectively. The belt roadway of
the working face is arranged along the roof while the track
roadway is arranged along the floor. According to the
measured geostresses, the lateral pressure coeflicient for the
whole coal mine is between 1.5 and 1.8 while that of
LW5521-20 was 1.8 owing to the area around of this working
face being influenced by the Fqp; ; fault structure.

2.2. Coal Burst in LW5521-20. A heavy coal burst accident
happened in LW5521-20 at 1:48 on 24 March 2016: the
miners on site reflected that the tremors were produced from

Shock and Vibration

overlying strata. According to results monitored by Lanzhou
Earthquake Administration, the magnitude M; of this
“3.24” accident reached 2.4. As shown in Figure 3, the coal
burst caused numerous support pillars near the roof in the
working face to fail, and support Nos. 1 to 24 collapsed.
Moreover, the floor of the belt roadway was uplifted and
therefore cracks appeared. All of these factors significantly
influenced the safe production of the coal mine.

3. Mechanism of Coal Bursts Induced by
Horizontal Section Mining of SICSs

3.1. Superposition of Dynamic and Static Loads. A number of
studies and field cases have shown that coal bursts are in-
duced by tremors under concentrated stress, i.e., coal bursts
induced by dynamic combined with static loads. It can be
expressed as [13, 14]

Os + 04> 0p min> (1)

where oy is the static stress in the coal and rock mass, oy is
the dynamic stress induced by the tremor, and oy, ,,,;,, is the
critical stress required for a coal burst. Equation (1) indicates
that the higher the superposition of static load in the coal
and dynamic load induced by tremors, the higher the
probability that coal bursts will occur.

3.2. Load-Bearing Characteristics of Coal Masses in the SICSs.
Many workers [15, 16] indicate that the side abutment
pressure of coal masses presents a normal distribution along
the coal face on the inclination section of SICSs. On this
basis, the plane strain model for analysing stresses on SICSs
can be established (Figure 4). As shown in Figure 4(a), o,
Og> 0oy and p, refer to the side abutment pressures near the
roof and floor, the peak abutment pressure, and the load
(vertically downwards) of overlying strata in goaf on coal
masses, respectively. Moreover, a fixed boundary is imposed
on the bottom boundary DE of the coal. Additionally, I;yy, m,
and 6 represent the width of the working face, the thickness,
and dip angle of the coal seams, respectively. Figure 4(b)
shows the magnified partial detail near the working face in
which [, g =lc p =6mand Iy =56m.

As shown in Figure 4(a), zone I is mainly subjected to
loads from the floor and overlying strata in goaf and it can be
thought of as a triangular coal mass owing to it appearing as
a right triangle. While zone II mainly suffers from holding
stresses from both the roof and floor and therefore can be
taken as the load-bearing coal mass. Due to the fact that the
stress state in zone I is significantly different from that in
zone II, it is necessary to conduct stress analysis on the two
zones separately.

3.2.1. Stress State in the Triangular Coal Mass. Figure 5
shows the stress analysis of the triangular coal mass. For
convenience in calculation, it is assumed that AC and BC are
both the principal stress planes and AC is subjected to
uniformly distributed load ¢, while the stress on BC is
relatively complicated. Considering the stress boundary
condition, g, = N (N, refers to the supporting stress on the
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FIGURE 1: Location map of Yaojie No. 3 Coal Mine.
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FIGURE 2: Mining layout and occurrence of coal seams in the No. 5 mining area.

TaBLE 1: Basic conditions of coal and rock strata in the No. 5 mining area.

Lithology Thickness (m) Remarks

Oil shale 43.88 Primary key stratum
Interbedded oil shale and sandstone 14.77

Qil shale 3.33

Aluminium mudstone 9.82 Subkey stratum 2
Carbon mudstone 1.77

Oil shale 6.68 Subkey stratum 1/main roof
Fine sandstone 2.23 Immediate roof

No. 2 coal 58.89 Primary mineable coal seam
Coarse sandstone 341 Immediate floor
Glutenite 45.73 Main floor

boundary AC of load-bearing coal mass) at point C. The
static force equilibrium equation of this triangular coal mass
is given by

o, -m—-Ggsinf-F,sin0 = 0,
(2)

Fge—Gicos—F,cos0 =0,
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FIGURE 3: In situ coal burst failures in LW5521-20. (a) Collapse of hydraulic supports. (b) Floor heave of the belt roadway.

FIGURE 5: Stress analysis of a triangular coal mass.

where F, refers to the force of overlying strata in goaf on the
boundary AB of the coal mass, satisfying F, = IpzdlAB,
while Fy- denotes the force on the boundary BC near the
floor, satisfying Fp- = _fazdch. In addition, G, represents
the self-weight of the triangular coal mass, where G, = m? -
cot 0 -y, (y,, refers to the average bulk unit weight (14 kN/
m?) of coal masses).

As shown in Figure 4(b), the load p, on the coal mass
from overlying strata in the vertical direction is transferred
to the working face through the top coal and coal masses
near the working face are supported by hydraulic supports.
Therefore, the vertical component F, of force on coal masses
near the working face can be approximately expressed as the

(®)

FIGURE 4: Model for analysing stresses on SICSs. (a) Stress state for a coal mass in a SICS. (b) Magnified partial detail near the working face.

sum of the force F, on the coal masses from overlying strata
and the self-weight G,, of the top coal, namely,

F,=F,+G,, (3)

where G, =y, - Iiw * b (hy, refers to the thickness of the
top coal). Moreover, F, satisfies F, = f pydly p, (py denotes
the vertical component of stresses on coal masses near the
working face, which can be deemed approximately equal to
the bearing load p, of hydraulic supports in the working
face, namely, p, = p,).

There were 35 pairs of supports (type: ZF4800/17/31,
four pillars in a support) in LW5521-20, and the numbers of
supports successively increase from the roof to the floor and
are numbered 1 to 35. A pressure gauge was installed at
intervals of two pairs of supports to record the load p. (p,
represents the average load on the pillars of a support) on
support pillars. The relationships linking working resistance
f, of supports, bearing loads p; of supports, and loads p_ on
support pillars are given by

—4.p P
fs_4 Pc 4d’
; (4)
b :b'Lkave)

where d, b, and L, refer to the diameter (0.2 m) of a pillar,
the width (1.6m, containing 0.1m of spacing between
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supports) of supports, and the average roof-control distance
(4.44 m) of the supports, respectively. Based on equation (4),
equation (5) can be obtained and is given by

nd?

b= b- Lkave e (5)

by =

According to equation (5), the bearing load p of cor-
responding supports can be calculated by using the mea-
sured load p. on the support pillars, which can thus give the
vertical components p, of stresses on the coal masses in
different locations.

Figure 6 shows the distribution of load p. on support
pillars in LW5521-20 near the area where the “3.24” accident
occurred and their corresponding vertical components p, of
stresses on coal masses near the working face, where the
vertical stresses (Py_,oor aNd Py_go0r) ON the side of the roof
and floor can be approximately expressed by using the
bearing loads (p,; and ps) of the No. 1 and No. 35 supports
closest to the roof and floor, respectively, which appear as
uniformly distributed loads. The rated pressure p. on
support pillars is 38 MPa. While the relief valve is turned on
after reaching p. = p.,, the support can further bear load
until p. reaches its maximum load p, (60 MPa). It can be
seen from Figure 6 that the supporting pressures in the
middle of LW5521-20 reached their maximum values and
were significantly larger than those near the roof and floor.
Additionally, the supporting pressures on the side of roof
were higher than those on the side of the floor.

Based on the discrete data (Figure 6) of the vertical
component p, of stresses on coal masses near the working
face, the vertical component F, of that force on coal masses
near the working face can be approximated by analysing the
magnified partial working face (Figure 4(b)) as given by

F, = JpvdlAlDl = Py—roof * a8,

33 p p (6)
o+ .
v (i+2)
+Z : 2V = '2b+pv—ﬂoor'lC]Dl’
i=1

where p,; (i = 2n—1,1<n<18) refers to the vertical com-
ponents of stresses on coal masses in different locations
where each support of the working face is situated.

The average burial depth H - of the lateral boundary BC
of the triangular coal mass on the side of floor is equal to the
mining depth (520 m) of LW5521-20 and therefore the mean
initial stresses oz on the lateral boundary BC before ex-
cavating can be calculated:

Gpc = YHpe cos 0 + AyHp sin 6, (7)

where y refers to the average bulk unit weight (25 kN/m?) of
the rock masses and A represents the lateral pressure co-
efficient (1.8) of LW5521-20.

Therefore, the force [Fpol;,; on the lateral boundary BC
under the initial stress state can be expressed as

[Frclini = 0pc - m - cot 6. (8)

By substituting the above related parameters and si-
multaneously calculating equations (2), (3), and (6), 0, =

0.78 MPa and Fp; = 2.65 % 10’ N can be obtained. By si-
multaneously calculating equations (7) and (8), it can be
found that Gy =26.77MPa and [Fpcl;, = 9.10 x 108 N.
Also, Fpr < [Fpelin which indicates that the triangular coal
mass is already in a limit equilibrium state and the peak
mining-induced pressure occurs in the deeper part of load-
bearing coal mass.

3.2.2. Abutment Pressure Distribution of Load-Bearing Coal
Mass. Figure 7 shows the model used for analysing stresses
on the load-bearing coal mass, where o, and ¢, correspond
to the minimum 05 and maximum o, principal stresses on
coal masses, respectively. Moreover, the stress distributions
on the load-bearing coal mass are symmetrical about the X-
axis.

As shown in Figure 7(a), o, and oy represent the
abutment pressures near the roof and floor of the load-
bearing coal mass, respectively, and their corresponding
peaks o, of abutment pressures are both K(yH cos 0+
AyH sin 0) (K refers to the stress concentration factor and H
represents the burial depth).

Figure 7(b) reveals the stress state of load-bearing coal
mass in limit equilibrium zone, and the corresponding limit
equilibrium equation is given by

m(o, +do,)-ma, 20, fdx =0, (9)
where f denotes the frictional factor of coal masses with roof
and floor, which can be taken as 0.6 [17].

Based on stress conditions in limit equilibrium zone, the

corresponding equation is given by
_2c-cosg
Y 1-sing

1 +sing

1-sing * (10)
where ¢ and ¢ refer to the cohesion and internal frictional
angle of coal masses, respectively. According to experi-
mental results, ¢ = 4.2 MPa and ¢ = 34°.

Additionally, when x = 0, the stress boundary condition
of load-bearing coal mass in the limit equilibrium zone can
be expressed as

{ (Ux)x:O =0y (11)

(UY)x:O = NO’

where N, denotes the supporting stress on the boundary AC
of load-bearing coal mass and is given by

2c - cos 1 + sin
_ §0+ SDO

N, (12)

~1-sing 1-sing

By substituting the value (0.78 MPa) of ¢, and me-
chanical parameters of the coal masses into equation (12), it
can be found that N, = 18.56 MPa.

The equation for 0, can be acquired by simultaneously
calculating equations (9)-(11) and is given by

O_y _ Noe((zfx)/m)((l+sin @)/ (1=sin (p)). (13)

Substituting 0, = 0, = K(yH cos 6 + AyH sin 6) into
equation (13), the distance x, to the peak value o, of the
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abutment pressure to the boundary AC of load-bearing coal
mass is given by
m (1-sing\ K(yH cosf+ AyH sin0)
Xg == In
2f Ny

. » (14)
1+sing

where the burial depth H varies according to the burial depth
(520 m) of LW5521-20. According to existing research re-
sults [18, 19], the stress concentration factor K of the side
abutment pressure of a steeply inclined coal seam ranges
from 2.4 to 2.8 and was taken as 2.6 in this study.
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Substituting related parameters into the equation for o,
and equation (14), it can be found that o, = 69.59 MPa and
xo = 18.33m.

It can be seen from the above analysis that the side
abutment pressure near the roof and floor under a horizontal
section of the SICSs is asymmetrically distributed at the
vertical direction in which the peak of side abutment
pressure on the side of roof is closer to the working face and
therefore it is taken as the source of static load for coal bursts
in working faces.

3.3. Calculation of Dynamic Loads Induced by Microseismic
Events. During the mining of horizontal section of steeply
inclined, extra-thick coal seams, the goaf behind the working
face in the direction of face advance can provide free space
allowing instability of overlying structures in goaf and also
key strata fracture. Furthermore, mining-induced micro-
seismic events with high energies are induced by roof
breaking, which is considered to be the source of dynamic
loads for coal bursts in working faces.

The dynamic loads of P- and S-waves caused by mi-
croseismic events can be calculated [20] by

{ Ogp = PCPVpp’

(15)
045 = pCsV

ps’

where a4p, 045, p> Cp, Cs, v, and vy, refer to the dynamic
loads induced by P- and S-waves, density of media, prop-
agation speeds of P- and S-waves, and particle vibration
velocities of P- and S-waves, respectively.

Based on the in situ experiment to assess propagation of
tremor waves in underground mines [21], the attenuation of
the peak velocity of tremor waves is given by:

v, (1) = Vol >, (16)

where I3, ., and v, (I3) denote the propagation distance of
the tremor waves, the peak particle vibration velocity, and
the particle vibration velocity at a distance Il from the
microseismic source, respectively.

Cao et al. [22] showed that the amplitude of S-waves
radiated from microseismic events with high energies is far
larger than that of P-waves, and the former shows a stronger
dynamic failure strength. Therefore, the S-wave is applied
here. By simultaneously calculating equations (15) and (16),
the dynamic load produced by S-waves from microseismic
events can be expressed as

O4s (ld) = PCSvpsm : 131'526’ (17)

where v, and o4 (l4) represent the peak of particle vi-
bration velocity of S-waves and the dynamic load produced
by the S-waves at distance I; from the microseismic event

source, respectively.

3.4. Critical Stress of Coal Bursts. Numerous studies show
that the critical stress of coal bursts is related to the uniaxial
compressive strength of coal [23, 24] as shown in Figure 8.
When the uniaxial compressive strength is less than 16 MPa,
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FIGURE 8: Relationship between critical stress of coal burst and
uniaxial compressive strength of coal.

the critical stress is 70 MPa, and when the uniaxial com-
pressive strength is greater than 20 MPa, the critical stress
reduces to 50 MPa. The mean compressive strength for the
tests conducted for identifying coal burst tendencies is about
13.1 MPa. Therefore, the critical stress oy, ,,;,, of LW5521-20 is
70 MPa.

3.5. Case Study. Based on the superposition mechanism of
dynamic and static loads, the mechanism of coal bursts in
the working faces of SICSs was analysed by taking the “3.24”
coal burst accident in LW5521-20, Yaojie No. 3 Coal Mine as
an example.

Figure 9 shows the schematic diagram of coal bursts in
LW5521-20: the dynamic load ¢4 caused by overlying strata
breaking is superimposed on the static load (abutment
pressures) of coal masses and thus the position with the peak
abutment pressure o, is the most likely to undergo coal
bursting, which is regarded as the key research object for coal
bursts. When the superimposed stress (og, + 04) at the
position with the highest abutment pressure is larger than
the critical stress 0y, i, (70 MPa) for coal bursts, a coal burst
will occur in the interior of coal masses and then the
fractured zone (I, refers to the length of the fractured zone)
induced by coal bursts will appear accordingly, which is
shown as the red rectangle in Figure 9. Moreover, the “3.24”
accident was caused by the large-energy microseismic event
(M, = 2.4) from the overlying strata, and it can be seen that
the corresponding energy E,, released by this “3.24” acci-
dent is 2.29 x 10°J, based on the existing empirical equation
[25] log E4y = 1.8 + 1.9M relating the energy E4 and
magnitude M.

The SOS microseismic monitoring system (the SOS
system was installed and put into effect on 8 November
2016) had not been installed in the Yaojie No. 3 Coal Mine
during the “3.24” accident; therefore, the location of the
microseismic event causing the “3.24” accident cannot be
precisely obtained; however, the locations where high-
energy microseismic events occurred can be found from
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the locations of microseismic events recorded after installing
the SOS system, in the same working face (LW5521-20).
Figure 10 shows the profile of microseismic event locations
of LW5521-20 (from 10 to 30 November 2016). It can be seen
from Figure 10 that the high-energy microseismic events
with 10° to 10°] (microseismic energies decreased after
taking preventative measures) mainly occurred within the
aluminium mudstone (subkey stratum 2) within the range
(13.4m to 15.8 m) of vertical distance from the left sidewall
of the belt roadway. On this basis, the position having the
average vertical distance of 14.6 m from the left sidewall of
the belt roadway can be approximately taken as the location
for the microseismic event (2.29 x 10°]) inducing the “3.24”
accident. Namely, the subkey stratum 2 reaching its limiting
length of hanging roof was fractured under the influence of
coal mining, and then the high-energy microseismic event
(2.29 x10°]) was induced accordingly.

He et al. [21] showed that for a peak particle vibration
velocity (of the S-waves) of 10°] to 10” ] events can be up to
12.17 m/s. Taking the density of the medium (aluminium
mudstone) at the microseismic source as 2,500 kg/m’ and
propagation speed of S-waves as 2,480 m/s, the expression of
045 (13) with 10°] to 107] can be obtained by substituting
these parameters into equation (17); however, the static
stress o, can be up to 69.59 MPa according to the contour
line for peak abutment pressures. Based on the mechanism
of coal bursts induced by dynamic load combined with static
load, when o, + 045 (I3) > 70 MPa, the coal burst will occur
and zones satisfying the coal burst criterion all belong to
fractured zones in the contour line of peak of abutment
pressures. According to the above parameters, the corre-
sponding calculation results are obtained. The superimposed
stress (0, + 04) of the dynamic stress o4 propagating to the
contour line for the peak abutment pressure, and the peak
abutment pressure itself, all meet the coal burst criterion
when the propagation distance [; of tremor waves is less than
30.66 m and the corresponding length [ of fractured zone
induced by coal bursts is 16.06 m (based on the previously
determined location of the microseismic source for the
“3.24” accident and the relative location relationship be-
tween the working face and overlying strata, an auxiliary
circle can be drawn in Figure 9 by taking the location of the
microseismic source as the centre and /; (30.66m) as the
radius, which then intersected the contour line for o ; in
this way, the value of [ can be acquired).

Shock and Vibration

O Eyg:10%~10°]

F1Gure 10: Profile of microseism locations of LW5521-20 (from 10
to 30 November 2016).

Moreover, tremor waves can also be caused by coal bursts
in working faces. Microseismic monitoring results (Figure 10)
reveal that microseismic events also occurred in the interior of
coal masses of working faces with a stable energy of 10* to
10°J. On this basis, it can be speculated that the microseismic
energy caused by the coal burst in the “3.24” accident is at least
in the range of 10* to 10°J. He et al. [21] showed that the peak
particle vibration velocity (S-wave) with energies of 10* to
10°J can be up to 3.5m/s. Although the microseismic energy
caused by overlying strata breaking is larger than that induced
by coal bursts, the former can be attenuated sufficiently
(microseismic energy attenuates as a power function with the
propagation distance (equation (17)) when propagating to
hydraulic supports in working faces owing to it being far from
LW5521-20). The failure of supports in LW5521-20 is mainly
influenced by microseismic events (closer to LW5521-20)
induced by coal bursts.

To calculate additional dynamic loads induced by coal
bursts on hydraulic supports, it can be considered that
microseismic energies at any position in the fractured zone
of coal bursts are all in the range of 10* to 10°J. In Figure 9,
the minimum distances of the fractured zone to various
supports were successively measured as the propagation
distances I of dynamic loads caused by coal bursts. In
addition, the peak particle vibration velocity (S-wave), the
density of the medium (coal masses) at the microseismic
source, and the propagation speed of S-waves are taken as
3.5m/s, 1,400kg/m’, and 2,480m/s, respectively. By
substituting these parameters into equation (17), the addi-
tional dynamic loads Aoy (lj) induced by coal bursts on
various hydraulic supports can be obtained.

Based on equation (5), additional loads Ap, required by
various supports before dynamic failure can be expressed as

_ nd?
b- Lkave

Ap, Ap,, (18)
where Ap, refers to additional loads required for failures of
support pillars, meeting Ap. = p., — p.. In addition, p,,

represents the maximum load (60 MPa) on support pillars
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and p refers to the in situ measured discrete data pertaining
to loads on support pillars in Figure 6.

Figure 11 shows distribution curves of additional loads
Ap, required for failures of supports, additional dynamic
loads Aoy induced by coal bursts on various hydraulic
supports, and the differences (Aoys — Ap,) between these two
parameters. It can be seen from Figure 11 that the additional
loads induced by coal bursts on support Nos. 1 to 21 were all
larger than those required for failure of the supports, causing
them to collapse (while the rest of supports remained in good
condition). By contrast, actually support Nos. 1 to 24 were
fractured (while the rest of supports were in good conditions)
in the “3.24” accident, which was due to the fact that only the
coal burst at the position with the peak of abutment pressures
was analysed in the theoretical calculation while its neigh-
bouring areas can also be subjected to coal bursts in practice.
As a result, the higher energy (>10*]) of microseismic events
can be induced by the larger damaged area and then more
supports may collapse. The theoretical analysis was basically
consistent with the observed in situ damage caused by actual
coal bursts. It is owing to the location with peak abutment
pressures on the side of roof for SICSs being closer to
LW5521-20 that the coal burst has a more serious influence on
the working face near the roof, namely, the supports in the
vicinity of roof are severely damaged.

As for the belt roadway, the coal mass of roadway floor is
hard without being supported, and the horizontal tectonic
stress is relatively large (the lateral pressure coeflicient
reaches 1.8). In addition, vertical stresses on the rock sur-
rounding the roadway decrease significantly due to the
mining-out of the top of the coal masses. All of these mean
that the coal mass of the roadway floor exhibits a high static
load stress concentration (a large difference between the
maximum and minimum principal stresses). When the
superimposed stresses of additional dynamic loads induced
by coal bursts and high static stresses in coal masses of the
roadway floor satisfy the coal burst criterion, dynamic failure
of the roadway floor will occur.

4. Preventative Measures and Tests of
Their Efficacy

To prevent coal bursts in LW5521-20, based on the mech-
anism of coal bursts induced by dynamic and static loads and
intensity weakening theory for coal bursts [26, 27], pre-
ventative measures can be viewed in three ways: (1) de-
creasing the strengths of static stresses on coal masses in
working faces and dynamic stresses induced by microseis-
mic events; (2) weakening the intensity of areas influenced
by coal bursts; and (3) optimising supporting parameters in
working faces.

4.1. Deep-Hole Presplit Blasting in a Hard Roof. The long
hanging roof formed in overlying strata of the SICSs is an
important factor for coal bursts [8]. Zhu [28] indicates that
loads on hanging roofs in the goaf can be transferred to coal
masses in the working faces under the influence of mining.
The longer the lengths L;, of hanging roof, the more loads are
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Figure 11: Distribution curves of additional loads Ap, required
by failures of supports, additional dynamic loads Aoy, induced
from coal bursts on hydraulic supports, and difference values (Ao

- Apy).

transferred from hanging roofs and the larger stress con-
centration factors K of side bearing pressure of coal masses,
namely, the higher the static stresses o, acting on a coal mass.
Additionally, elastic energies E, accumulated in hanging
roofs are such that E, oc L; [8] while about 0.1% to 1% of E,
is transformed into microseismic energy E4, [29], which
means that the longer the length L, of hanging roofs, the
greater the elastic energies E, accumulated in the roof and
the greater the microseismic energy Eg4, released during roof
breaking (and the stronger the dynamic stresses o4 are on the
coal masses). Based on the aforementioned analysis, it is
necessary to shorten the lengths of hanging roofs by using
deep-hole presplit blasting, and then static stresses o on coal
masses in working faces and dynamic stresses o4 induced by
microseismic events can both be effectively decreased.

Figure 12 shows the profile of deep-hole presplit blasting
in a hard roof. Measures were taken within 30 to 150 m from
the advanced working face during recovery operations
following the “3.24” accident, while measures were taken at
least 150 m from the advanced working face during normal
mining. The preliminary design parameters of 1#~3#
blasting holes are shown in Table 2.

The SOS monitoring results showed that 10° to 10°]
microseismic events still occurred in the roof after taking
preliminary measures involving deep-hole presplit blasting.
Therefore, to achieve a favourable preventative effect, the
blasting parameters have been optimised by increasing the
explosive charge since 24 March 2017. The optimised design
parameters are shown in Table 3.

4.2. Destress Blasting in Coal Masses. To guarantee the safety
of working face and roadways, the strength and degree of stress
concentration in coal masses can be reduced by implementing
destress blasting on areas influenced by coal bursts, which can
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FIGURE 12: Profile of deep-hole presplit blasting in a hard roof.

TaBLE 2: Preliminary design parameters for deep-hole presplit blasting.

Blasting Number Angle  Length of Diameter of = Distance between  Stemming Explosive charge Explosive charge
agent v () borehole (m) borehole (mm) boreholes (m) length (m) length (m) weight (kg)
Emulsion 1# 20 40 75 10 28 12 29
explosive 2# 30 30 75 10 20 10 24

P 34 45 25 75 10 17 8 20

TaBLE 3: Optimised design parameters for deep-hole presplit blasting.

Blasting Number Angle  Length of Diameter of ~ Distance between  Stemming Explosive charge Explosive charge
agent ©) borehole (m) borehole (mm) boreholes (m) length (m) length (m) weight (kg)
Emulsion 1# 20 40 75 10 25 15 58
explosive 24 30 30 75 10 17 13 50

plostv 3# 45 25 75 10 15 10 38

lead to high static stresses being transferred to deeper coal
masses. Due to the fact that the location of the peak abutment
pressure on the side of roof is closer to the working face,
destress blasting should be applied in the belt roadway.

Figure 13 shows the profile of destress blasting in such
coal masses. The positions of destress blasting are the same
as those of deep-hole presplit blasting during the recovery
operations undertaken after the “3.24” accident and during
normal mining. The design parameters of 4#~7# blasting
holes are shown in Table 4.

4.3. Optimum Design of Supports in Working Faces. It can be
seen from Figure 6 that some loads p_ on support pillars can
be approximately equal to the limiting load p,, during the
mining period, and these supports are also influenced by
dynamic loads o4 induced by roof breaking. The rated re-
sistance f_,..q Of current supports is 4,800 kN while the
maximum additional dynamic load, induced by coal bursts,
on the supports is 0.93 MPa through aforementioned case
study analysis (Figure 11). Namely, the maximum additional
load p,_,q4 of supports required for resisting dynamic loads

is 0.93 MPa. By substituting p,_,4q into equation (4), the
required additional resistance for the supports is 6,603 kN.
Therefore, the total resistance f . of supports for
resisting the dynamic and static loads should be 11,403 kN
(fectotal = fsrated T fs—adq)- For the safety of mining and
convenient selection of supporting parameters, the rated
resistance of hydraulic supports can be identified as being
12,000 kN.

4.4. Tests of the Efficacy of the Preventative Measures.
During the recovery of LW5521-20 after the “3.24” accident,
preventative measures were tested by using the method of
drilling bits in the belt roadway. The corresponding pa-
rameters of drilling holes are as follows: the drilling holes
were arranged at intervals of 20 m beginning from a location
some 5m from the advanced working face, to a point 60 m
from the advanced working face. Monitoring results of the
method of drilling bits during the recovery of LW5521-20
are shown in Figure 14. The results measured on 26 March
2016 represent drilling cutting weights before taking pre-
ventative measures, where coal weights in most positions of
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FIGURE 13: Profile of destress blasting in coal masses.

TaBLE 4: Design parameters for destress blasting in coal masses.

Blasting Number Angle  Length of Diameter of = Distance between  Stemming Explosive charge Explosive charge
agent ()  borehole (m) borehole (mm) boreholes (m) length (m) length (m) weight (kg)
4# 0 15 42 5 8 7 8
Emulsion 5# 30 10 42 5 5 5 5
explosive 6# 70 10 42 5 5 5 5
7# 70 10 42 5 5 5 5
40 - Figure 15 shows microseismic monitoring results after
the parameter optimisation of deep-hole presplit blasting;
35 from 25 March 2017 to 1 April 2017, the data refer to the
250l initial stage of optimisation, during which the total mi-
E croseismic energies were high. This is because preventative
% 25+ effects at this initial stage of optimisation had not yet fully
g appeared. Moreover, from 2 April 2017 to 17 April 2017, the
g 20 works entered the middle stage of optimisation, during
R which microseismic frequencies significantly increased
g while the total microseismic energies decreased to some
ERERS extent. This indicates that fractures in overlying strata were
os | tully developed in this stage and therefore strengths of
‘ overlying strata decreased, causing microseismic events with
0.0 . . . . . . . . . low energies to recur frequently; this reflects the significant
1 2 3 4 5 6 7 8 9 10

Drilling depth (m)
-~ — Critical value
—e— Monitoring holes distancing 5m to LW5521-20 (Mar 26)
—A— Monitoring holes distancing 25m to LW5521-20 (Mar 26)
—v— Monitoring holes distancing 5m to LW5521-20 (Mar 31)
—&— Monitoring holes distancing 25m to LW5521-20 (Mar 31)

FIGURE 14: Monitoring results: drilling cutting weights during the
recovery of LW5521-20.

monitored holes at 5 m and 25 m from the working face were
larger than the critical value of drilling cutting weight;
however, the results acquired on 31 March 2016 denote
drilling cutting weights after taking preventative measures
and those in all monitored holes at 5m and 25 m from the
working face were all below the critical value. These results
show that preventative measures can decrease the risk of coal
bursts in working faces and roadways.

preventative effect of the aforementioned optimisation. In
addition, the final stage of the optimisation lasted from 18
April 2017 to 25 April 2017; in this stage, the total micro-
seismic energies and microseismic frequencies both greatly
decreased, which demonstrated that elastic energies accu-
mulated in hanging roofs are released and therefore the risk
of coal bursts on the working face has been relieved.
Furthermore, there has been no coal burst in LW5521-20
since (or in its roadways) after taking such preventative
measures, which implies that coal bursts in working faces of
SICSs can be effectively prevented by using deep-hole
presplit blasting, destress blasting in coal masses, and pa-
rameter optimisation in the design of hydraulic supports.

5. Conclusions

(1) Based on the stress state of coal masses for horizontal
sections in SICSs, the steeply inclined coal mass is
divided into the triangular and load-bearing coal
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FIGURE 15: Microseismic monitoring results after parameter op-
timisation for deep-hole presplit blasting.

masses, where the triangular coal mass is in a limit
equilibrium state while the peak mining-induced stress
lies in the deeper part of the load-bearing coal mass.
The stress distributions of abutment pressures in the
limit equilibrium zone of a steeply inclined coal mass
are determined and the side abutment pressure near
the roof and floor under horizontal section of SICSs is
asymmetrically distributed along the vertical direction
in which the peak side abutment pressure on the side
of the roof is closer to the working face. Therefore, this
point is taken as the source of static loads for coal
bursts in working faces.

(2) When the superimposed dynamic load caused by
hanging roof breaking and the high static load borne by
a coal mass exceeds the critical load inducing a coal
bursts, coal bursts will occur. Furthermore, when the
superimposed additional dynamic load induced by coal
bursts and initial static load on the supports exceeds
their bearing capacity, the supports collapse and
eventually cause dynamic failure of the working face.

(3) The coal bursts in working faces for horizontal
sections of SICSs can be effectively prevented by
using deep-hole presplit blasting, destress blasting in
coal masses, and parameter optimisation in the
design of hydraulic supports, all of which show
favourable preventative effects.
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