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Abstract

A serious rock burst (“4.19” event) occurred on 19 April 2016 in the No. 4 working face of the No. 10 coal seam in Da’anshan
Coal Mine, Jingxi Coalfield. According to the China National Seismological Network, a 2.7 magnitude earthquake was
simultaneously recorded in this area. The “4.19” event resulted in damage to the entire longwall face and two gateways that
were 105 m in long. In addition, several precursor bursts and mine earthquakes had occurred between October 2014 and
April 2016 in the two uphill roadways and the No. 4 working face. In this paper, the engineering geological characteristics
and in situ stress field are provided, and then the rock burst distributions are introduced. Next, the temporal and spatial char-
acteristics, geological and mining conditions, and other related essential information are reviewed in detail. The available
evidence and possible explanations for the rock burst mechanisms are also presented and discussed. Based on the descrip-
tion and analysis of these bursts, a detailed classification system of rock burst mechanisms is established. According to the
main causes and different disturbance stresses (i.e., high/low disturbance stresses and far-field/near-field high disturbance
stresses), there are a total of nine types of rock bursts. Thus, some guidelines for controlling or mitigating different types
of rock bursts are provided. These experiences and strategies not only provide an essential reference for understanding the
different rock burst mechanisms, but also build a critical foundation for selecting mitigation measures and optimizing the
related technical parameters during mining or tunnelling under similar conditions.
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1 Introduction

A rock burst is a common dynamic disaster that is often
accompanied by a sudden or violent ejection of coal or rock
during the exploitation of underground resources. Rock
bursts often occur in a complex way under special condi-
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tions, and sometimes without warning signs (Kaiser and Cai
2012; Feng et al. 2016; Zhao et al. 2017a, b). Such failure
characteristics pose a great threat to the safety and efficiency
of mining or tunnelling, and despite decades of studies, some
aspects still need to be improved, especially case histories of
rock bursts are not enough.

It is, however, generally acknowledged that the occur-
rence frequency of rock burst is not only related to intrin-
sic properties of coal or rock, such as stiffness, strength,
bursting energy, elastic strain energy and dynamic failure
duration (Cai et al. 2016; Kidybinski 1981; Lee et al. 2004;
Singh 1988; Tan et al. 2016; Ning et al. 2017b), but also
closely related to high stress concentration and disturbance
stress. Both the high stress concentration and the disturbance
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stress include two aspects based on the causing reasons. For
high stress concentration, one is high in situ stress caused
by great mining depth, folds, faults and tectonic areas with
facies change (Brauner 1994; Peng 2008; Whyatt and Var-
ley 2009; Wang et al. 2012a, b; Huang et al. 2017; Feng
et al. 2015b, c¢), and the second is high mining-induced
stress controlled by mining engineering conditions, such as
coal pillars, goaf, island working faces (i.e., a body of coal
surrounded by previously mined faces), mining layout and
multi-seam mining (Corkum and Board 2016; Li et al. 2016;
Yu et al. 2016; Tan et al. 2015, 2017; Ning et al. 2017a;
Zhang et al. 2018). While for disturbance stress (i.e., sudden
stress perturbation), one is low disturbance stress induced
by blasting, drilling, driving, coal cutting and other mining
activities (He et al. 2012; Yan et al. 2015), and the second
is high disturbance stress induced by hard roof fracturing
and mine earthquake (Lu et al. 2015, 2016). Scholars and
researchers have done lots of significant work on the causing
reasons of rock bursts.

Regarding the aspects that cause high in situ stress and
high mining-induced stress, scholars have studied rock
bursts induced by various geological structures, coal pillars,
island working faces, multi-seam mining, etc. For geological
structures, Tan (1990) and Zhang et al. (2012) concluded
that rock burst occurrences are closely related to folds. Wang
et al. (2012a, b) analysed the mechanisms of coal bursts
induced by geological structures, such as faults, folds and
tectonic areas with facies changes. Wang and Zhang (2008),
and Gu et al. (2015) obtained the stress distribution rule of
syncline and anticline cores using numerical simulation. By
using a numerical simulation and microseismic monitoring,
Zhang (2015) and He et al. (2011) directly and indirectly
proved that the core of a synclinal fold has a high in situ
stress concentration, respectively. Li et al. (2008) and Jiang
et al. (2013a, b) used mechanical analysis and numerical
simulation to research the rules of rock bursts caused by
faults and found that the risk of a fault slip rock burst is
higher when the longwall face advances from the footwall
to the fault itself rather than from the hanging wall to the
fault. Zhou et al. (2015) and Meng et al. (2016, 2017) inves-
tigated methods for predicting rock bursts induced by the
shear failure of structural planes in the deeply buried hard
rock tunnels through various shear tests. Sainoki and Mitri
(2014, 2016) established a dynamic model of fault slip and
studied the dynamic behaviour of mining-induced fault slip
through numerical simulation. Cai et al. (2014) studied the
mechanical genesis of the Yima thrust nappe structure using
a theoretical method. Iannacchione and Zelanko (1995), and
Maleki et al. (2011) found that seam rolling and pitching
also contribute to the heightened risk of a rock burst. Sun
(2003) and Zhao et al. (2016) obtained the in situ stress dis-
tribution law in a region of variable coal thickness and stud-
ied the rock burst mechanism, respectively. Zhai et al. (2016)
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concluded that the variation in the coal seam thickness sig-
nificantly controls rock bursts based on case studies. For coal
pillars, island working faces and multi-seam mining, Har-
amy and Kneisley (1990), and Li et al. (2015) confirmed that
the yield pillars can effectively mitigate coal pillar bursts.
Singh et al. (2011) found that mining-induced stress during
a pillar extraction may vary with the site specific geological
conditions. Cording et al. (2015) presented a design criterion
for evaluating the overall stability of coal pillars. Yu et al.
(2016) summarized in detail the factors affecting coal pillar
stability and conducted stress and deformation monitoring
to evaluate the performance of coal pillars. Li et al. (2016)
presented a method to predict rock bursts in areas of likely
occurrence on an island working face. Jiang et al. (2012)
proposed an integrated approach for field tests and numerical
investigations to assess the risk of rock bursts during stoping
an island working face. Zhang et al. (2016) provided a width
design method for gobs and isolated coal pillars based on
overall burst instability prevention in coal mines. Feng et al.
(2015a) set up a calculation model of abutment pressure and
established a method for evaluating rock burst hazards for
island working faces. Suchowerska et al. (2013) and Qu et al.
(2015) demonstrated that the rock strata between coal seams
experienced complicated deformation and failure processes
during multi-seam mining. Guo et al. (2012) and Si et al.
(2015) proved that the mining pressure of a longwall face
and gateways behaves intensively under multi-seam min-
ing conditions, which caused dynamic disasters. Jiang et al.
(2011) analysed the mechanism of a load transfer between
coal pillars with different widths under multi-seam mining
conditions. Tan et al. (2017) preliminarily established a rela-
tionship between the increased height of failure zones after
multi-seam mining with coal seam spacing, face size and
lithology.

Many studies of disturbance stress have focused on hard
roof fracturing because it is one of the main causes of rock
bursts, whereas the other factors are mostly inducing fac-
tors. For studies of the roof fracturing, Jiang (2006) sug-
gested that the spatial structure of strata can be divided into
four types, which include 0-shaped, O-shaped, S-shaped
and C-shaped structures. Tan et al. (2011) investigated the
rock burst and acoustic emission (AE) pattern induced by
three types of roof structures, including a brittle-thick-hard
roof, flexible-thick-hard roof and fault activation. Zhao et al.
(2012) and Jiang et al. (2013a, b) concluded that the seismic
activity caused by hard roof failure can easily lead to a rock
burst based on the analysis of microseismic data from two
working faces. Lu et al. (2015, 2016) revealed the multi-
parameter precursory characteristics and source distribution
evolution rules pre and post-rock burst based on two rock
burst hazards induced by hard roof caving. For other distur-
bance stresses, Xie and Li (2004) confirmed that blasting
disturbance is not only a significant factor for rock burst
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control, but also an important triggering factor for rock burst
occurrence. Wang and Huang (1998), and Yan et al. (2015)
proved that blasting disturbance has an important influence
on the intensity and scale of rock bursts. He et al. (2012)
found that the dynamic sources of blasting or coal cutting
are the main inducing factors by analysing the rock bursts
occurring in Taoshan Coal Mine. Ji et al. (2013) found that
excavation methods influence the mechanical response of the
surrounding rock through laboratory and field tests.

As a consequence of the above research and in addition
to the intrinsic bursting proneness of coal or rock, the main
aspects that cause high stress concentration and disturbance
stress have been determined, and the meaningful results pro-
vide a good reference for understanding the mechanisms of
rock burst induced by various factors. Despite the essential
and valuable nature of case histories and studies, studies of
rock bursts in multi-seam mining with complicated geologi-
cal conditions are quite rare. Fortunately, Jingxi Coalfield
is known as “China’s Geological Encyclopaedia” has very
complicated geological conditions. One of its representa-
tions, Da’anshan Coal Mine, has witnessed more than twenty
rock bursts/mine earthquakes between October 2014 and
April 2016. This mine is rich in geological structures where
multi-seam mining and mining at great depths occurred. The
term “mine earthquake” in this manuscript refers to a seis-
mic event with ground surface vibration. In particular, on 19
April 2016, a serious rock burst (“4.19” event) occurred in
the No. 4 working face of the No. 10 coal seam. Simultane-
ously, a 2.7 magnitude earthquake was reported according
to the China National Seismological Network, as shown in
Fig. 1. There is no doubt that the analysis, summary and
study of these rock bursts can build a critical foundation for
the understanding, prediction, early warning and prevention
of rock bursts in these types of mines or other underground-
ing engineering projects.
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Fig. 1 Earthquake region recorded by China National Seismological
Network on 19 April 2016

Therefore, three typical areas where rock bursts fre-
quently occur were selected for this research in Da’anshan
Coal Mine. First, we provide the engineering geological
characteristics and in situ stress field, and introduce the rock
burst distributions. Second, the temporal and spatial charac-
teristics, geological and mining conditions, and other related
information are reviewed in detail. Third, the available evi-
dence and possible causes of rock bursts are presented and
discussed. Finally, a detailed classification system of rock
burst mechanisms is established, and some guidelines for
controlling or mitigating the different types of rock bursts
are provided.

2 Engineering Geological Characteristics
and the In Situ Stress Field

2.1 Overview of Da’anshan Coal Mine

Da’anshan Coal Mine is located in Jingxi Coalfield, as
shown in Fig. 2 (Wang et al. 2017). A previous published
paper (Guo et al. 2017b) introduced an overview of Jingxi
Coalfield, and thus, this section only presents an overview
of Da’anshan Coal Mine. As seen in Fig. 2, Da’anshan Coal
Mine is located west of the Tiaojishan-Miaoanling syncline
with a length of 9 km in the strike direction and a width of
2—4 km in the dip direction. The mineable area is 25.5 km?.
The most common structures are folds accompanied by fault
structures, which show a series of secondary anticlines or
synclines. These anticlines are mostly in a closed state,
whereas the synclines are in a broad and gentle state. Steep
coal seams often show the reverse phenomena, and gentle
inclined coal seams are located near/in the axial part of the
Baicaotai overturned syncline. Thus, the development and
excavation of coal in Da’anshan Coal Mine is primarily
located near/in the axial part of the Baicaotai overturned
syncline, as shown in Fig. 3. (Figure 3 mainly reveals the
geological structures of the research area.) These compli-
cated geological conditions induce the formation of tec-
tonic areas with facies change, i.e., changes of coal seam
thickness, coal seam dip angle, coal quality and coal seam
overburden thickness, as shown in Fig. 4. Such compli-
cated geological conditions not only lead to difficulties in
coal production but also provide conditions for a rock burst
occurrence.

Da’anshan Coal Mine has approximately 10 mineable
coal seams, and the main mining coal seams three years ago
from the bottom to top were the No. 5, 7, 9, 10, 13 and 14
coal seams. Recently, the main mining coal seams are the
No. 5, 9 and 10 coal seams. Thus, when stoping the No. 10
coal seam of +400 Level, a multi-seam mining condition
forms due to the left goaf and coal pillars in the No. 13
and 14 coal seams above it, which is illustrated in Fig. 3b.
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Fig.2 Sketch map of geological structures in Jingxi Coalfield (Wang et al. 2017)

Figure 3b also reveals that the No. 10 coal seam is located
between the south axial and the north axial of the Baicaotai
overturned syncline and that the maximum mining depth
reaches more than 1000 m. In addition to the complicated
geological conditions, the multi-seam mining condition
might also contribute to the high frequency of rock bursts
in the No. 10 coal seam. Longwall technology was adopted
in the research area.

2.2 Engineering Geological Conditions of the No. 10
Coal Seam

The No. 10 coal seam is 70°-110° in the strike direction
and 340°-20° in the dip direction. The dip angle varies from
11° to 28°, and the average value is 19°. The formation and
thickness of the coal seam that is close to the two synclinal
axes of the Baicaotai overturned syncline vary greatly. Small
faults with displacements of less than 2 m and joint fissures
are richly developed under the influences of tectonic stress
and gravity. These small faults are mostly normal faults. The
arrangement of the working faces in the No. 10 coal seam of
+400 Level is illustrated in Fig. 3a. The research area mainly
includes four working faces, which include the No. 3, No. 4,
W-No. 1 and E-No. 1 working faces.

The exploratory boreholes reveal that the No. 10 coal
seam includes two seams, i.e., No. 10,, and No. 104, coal
seams. The thickness of the No. 10, coal seam varies from
0.19 to 3.60 m with an average value of 1.82 m; the thick-
ness of the No. 10y,,,, coal seam varies from 0.38 to 3.23 m
with an average value of 2.20 m. The distance between the
No. 10,, and the No. 104, coal seams is 0-3.78 m, and
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there are merge phenomena in some regions. Figure 5 illus-
trates the lithological characteristics in detail. The main
roof of the No. 10 coal seam includes hard fine sandstone
and siltstone with a thickness of 30-50 m. In addition, the
distance between the No. 14 and 13 coal seams is 46—53 m,
with an average value of 50 m; the distance between the No.
13 and 10 coal seams is 62—116 m, with an average value
of 90 m; the distance between the No. 10 and 9 coal seams
is 23-43 m, with an average value of 38 m. In addition, the
mining directions of the different working faces in the No.
13 and No. 14 coal seams were varied, which also leads to
the complicated geological conditions.

The widths of the gate and the uphill roadway were 4.0 m
and the heights varied. The two types of support schemes
are illustrated in Fig. 6. The support schemes contain one
type of blot, one type of cable and steel belts/nets installed
below them. The bolt was 18 mm in diameter and 2.0 m in
length. The row and line spacing of the bolts were 1.2 m and
1.0 m, respectively. Polyurethane anchor resin was used to
fix the bolts, and the length of the resin was 1.0 m. A torsion
of 100 N-m was applied to the nuts of the bolts. The cable
was 17.8 mm in diameter and 5.0 m in length. The row and
line spacing of the cables were 2.4 m and 2.0 m, respectively.
The length of the resin was 1.5 m. The preload for the cables
had two values, which were 150 kN in the roof and 60 kN
in the sidewall.

2.3 In Situ Stress Field

High in situ stress plays an essential role in dynamic disas-
ters in underground mining, especially when the maximum
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mining depth reaches 1000 m in Da’anshan Coal Mine.
Table 1 presents the results of the in situ stress measure-
ments conducted at different depths in Da’anshan Coal Mine
(Han et al. 2014). According to the field test, the primary
characteristics of the geo-stress field are summarized as
follows:

1. The maximum principal stress ¢, increases with an
increase in depth. For example, the maximum principal
stress increases from 19.10 to 26.30 MPa with a growth
of 37% when the buried depth increases from 465 to
672 m.

2. The dip angle of the maximum principal stress varies
from — 7.00° to 14.5°, which reveals that the direction
of in situ stress is nearly horizontal. That is, the tectonic
stress is the dominant stress field in Da’anshan Coal
Mine.

3. The azimuth angle of the maximum principal stress is in
the range of 213°-252°, which indicates that the stress
direction changes slightly.

4. The intermediate principal stress o, varies from 12.20 to
13.50 MPa, which is almost equal to the gravity stress.
The minimum principal stress o5 varies from 8.10 to
9.30 MPa in the horizontal direction with a dip angle
of — 9.00° to 15.00° except for the test result of 510 m
depth. Generally, it could be concluded that the stress
field of Da’anshan Coal Mine is in the plane of ¢, and
03.

Although the in situ stress in the No. 10 coal seam of
+400 Level has not been tested, the great mining depth that
varies from 700 to 1000 m means that this area has a higher
in situ stress compared to the above test results. In addition,
Wang et al. (2017) have proven that the in situ stress level in
Jingxi Coalfield is greater than the average levels in Beijing
area, North China and mainland China. Therefore, we can
conclude that the research area has high in situ stress.
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2.4 Coal Burst Liability

Coal burst liability (CBL) is an inherent property of coal
that arises with an increase in the stored strain energy in the
coal seam. Researchers have proposed various CBL indexes
based on energy, stiffness, strength and failure duration. The
standard CBL indexes widely used in China include the uni-
axial compressive strength (R.), elastic strain energy index
(Wgr), bursting energy index (Kp) and dynamic failure dura-
tion (D). If the rock is weak, the energy and pressure will
be released slowly, and the failure duration will last longer;
but if the rock is hard, strong and brittle, the rock bursts will
occur more easily, and the energy will release rapidly with
areduced failure time (Lee et al. 2004). The two indexes R
and Dy are good choices for evaluating this intrinsic prone-
ness. For the indexes Wi and Ki, Wi focuses on the capac-
ity of the rock to absorb the external inputs of energy before
it achieves peaks strength, and Ky; considers the accumulated
elastic energy before peak strength and the released energy
after the peak strength is achieved (Wang et al. 2017). These
two indexes can determine the abilities of energy accumu-
lation and energy release. Therefore, these four presented
parameters are used as the Chinese standard. Table 2 lists
the CBL classifications according to the Chinese standard
(GB/T 25217.2-2010, 2010) as well as their calculations.

The CBL indexes were measured using coal samples
obtained from the No. 10 coal seam of +400 Level. The
sampling location is shown in Fig. 3a. Table 3 lists the test
results of the No. 10,, and No. 104, coal seams, and each
index was obtained through the testing of five samples. For
the No. 10,, coal seam, Dy, Kg, Wiy and R are 432 ms,
5.332, 2.632 and 27.279 MPa, respectively; for the No.
104own coal seam, Dy, Ky, Wir and R are 358 ms, 5.574,
1.754 and 23.770 MPa, respectively. The two indexes of Ky
and R are larger than 5 and 14 MPa, respectively. There-
fore, the No. 10 coal seam has a strong CBL based on the
test results.
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Fig.5 Lithological characteris-
tics of No. 10 coal seam

Rock strata Thickness/m Lithological descriptions
YY) 30.00-50.00 Siltstone: Grey black, thin-medium thick layered rock, bedding
development, medium hardness.
1.20-2.80 No. 13 coal seam: Semidull coal, granular structure, good
' YY) i i quality, soft.
_ Siltstone: Grey black, thin-medium thick layered rock, bedding
[r— 24.00-53.00 development, medium hardness.
(X 1}
0.00-0.75 No. 12 coal seam: Semidull-semibright coal, stripped structure,
A step-like fracture, medium hardness, good quality.
eeoe 23.00-32.50 Siltstone: Grey black, thin-medium thick layered rock, bedding
. : development, medium hardness.
Fine sandstone: Dark grey, thick layered rock, containing
ooo 10.00-24.00 quartz veins,tight cementation, high hardness.
3.96-6.00 Siltstone: Grey black, thin-medium thick layered rock, bedding
: : development, medium hardness.
b 0.05-0.30 Carbonaceous siltstone: Grey black, thin layered rock, bedding
YY) : ) development, broken seriously, easily caving.
0.19-3.60
No. 10
(XY} ( w)
0.00-3.78 No. 10 coal seam: Semidull-semibright coal, stripped structure,
000 : . step-like fracture, medium hardness, good quality.
s 0.38-3.23
000 (NO. 10down)
0.00-0.50 Carbonaceous siltstone: Grey black, thin layered rock, bedding
e : . development, broken seriously, easily caving.
(X 1}
5.00-16.00 Siltstone: Grey black, thin-medium thick layered rock, bedding
coe : : development, medium hardness.
pee 5.00-8.00 Fine siltstone: Black grey, medium thick-thick layered rock,
YT : ' high hardness.
[eeo . . -
10.00-24.00 Fine sandstone: Dark grey, thick layered rock, containing
: : quartz veins, tight cementation, high hardness.
(X ]
3.00-6.00 Siltstone: Grey black, thin-medium thick layered rock, bedding
(X 1} : : development, medium hardness.
i 0.00-0.30 Carbonaceous siltstone: Grey black, thin layered rock, bedding
I : - development, broken seriously, easily caving.
0.59-4.26
... (No. 9,,)
0.00-1.30 No. 9 coal seam: Semidull coal, granular structure, medium
: ) hardness, good quality.
.91-2.81
PP 0.91-2.8
(NO' 9down)
ooo 0.00-0.20 Carbonaceous siltstone: Grey black, thin layered rock, bedding
) " development, broken seriously, easily caving.
oo 5.00-16.00 Siltstone: Grey black, thin-medium thick layered rock, bedding
: : development, medium hardness.
8.00-10.00 Siltstone: Black grey, medium thick-thick layered rock, high

hardness.
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In addition to the arrangement of the working faces in the ~ are twenty-four rock bursts, which include four in the side-
No. 10 coal seam of +400 Level, the main burst areas are ~ uphill roadway, ten in the middle-uphill roadway, seven in
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Table 1 Test results of in situ stress in Da’anshan Coal Mine (Han et al. 2014)

Depth/m Maximum principal stress (o)

Intermediate principal stress (o)

Minimum principal stress (o3)

Value/MPa Azimuth angle/° Dip angle/°

Value/MPa Azimuth angle/° Dip angle/°

Value/MPa Azimuth angle/° Dip angle/°

465 19.10 232.00 12.00 12.40 358.00 70 8.10 139.00 15.00
510 20.50 252.00 —17.00 12.20 344.00 -5 9.30 109.00 —80.00
580 22.60 213.00 1.00 12.60 302.00 - 80 9.20 122.00 —9.00
672 26.30 244.00 14.50 13.50 301.00 - 64 8.60 159.00 —20.00
Table 2 Index values of CBL classification in the Chinese standard (GB/T 25217.2-2010 2010)
Coal burst
S Dr/ms Ke Wer Rc/MPa
liability indexes
\ R A ; \
\ STV 83%Re Re
& £ g oA
Schematic drawing | 2 = s
of calculation £ & g W=l Wy
Df >~ Mg W -
Time/ms g Strain/% Strain/% g
Test method Uniaxial compression test
Strong burst <50 >5.0 >5.0 >14
Weak burst 50~500 5.0~1.5 5.0~1.5 14~7
None burst >500 <1.5 <1.5 <7
Table3 Test results of CBL of CBL index D+/ms Ky Wer R-/MPa Classification
No. 10 coal seam
No. 10,, coal seam 372-491 4.354-6.434 1.852-3.089 25.146-31.223 Strong burst
Average value 432 5.332 2.632 27.279
No. 1044y, coal seam 304-459 4.633-6.441 1.544-2.244 20.153-26.987 Strong burst
Average value 358 5.574 1.754 23.770

the No. 4 working face, two in the recovery gate and one
in the east-uphill roadway. Of note is that some of these
bursts were accompanied by mine earthquakes. Specifically,
fourteen rock bursts occurred in the side-uphill and middle-
uphill roadways after 6-16 months of roadway excavation;
seven rock bursts occurred in the No. 4 working face during
the stoping process; and three rock bursts occurred in the
recovery gate and east-uphill roadway during the tunnel-
ling process. A new phenomenon is that creep-induced rock
bursts account for nearly 54% of all rock bursts, but their
damage was lesser serious compared with the bursts occur-
ring during the stoping process. Above all, these rock bursts
are mostly concentrated in three areas, i.e., the side-uphill
roadway, the middle-uphill roadway and the No. 4 working
face. Therefore, in this paper, these three areas are selected
for further research. In the next section, the temporal and
spatial characteristics of each rock burst occurring in the
selected research areas are described in detail. In addition,

the related engineering and geological characteristics are
investigated carefully, and possible explanations for the
observed results are discussed.

4 Description and Analysis of Rock Bursts
4.1 The Side-Uphill Roadway

Figure 7 presents the region of rock burst occurrence and
the related mining and geological characteristics of the side-
uphill roadway. From 10 October 2014 to 13 February 2015,
four rock bursts occurred in the side-uphill roadway without
the occurrence of mine earthquakes or mining disturbances.
Among these rock bursts, the burst that occurred on 10 Octo-
ber 2014 (“10.10” event) influenced the gateway over 150 m
in length with slight damage, which caused coal cinder
drop and 0—40 mm floor heave. The other three bursts only
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influenced the gateway over 30 m in length, which caused
coal cinder drop and 0-23 mm floor heave. In addition,
the side-uphill roadway had been excavated for more than
6 months, i.e., these bursts are creep-induced rock bursts.
The mining depth was 700—-800 m, and the distance
between the side-uphill roadway and the axial of the Baicao-
tai overturned syncline was only 85-90 m, which is shown
in Fig. 7a, b. Many studies have proven that the core of the
synclinal fold is a high in situ stress concentration area (He
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seam group ¢ sketch of positional relationship between No. 10, 13
and 14 coal seams

etal. 2011; Gu et al. 2015; Zhang et al. 2012; Zhang 2015).
Thus, considering the mining depth and syncline, the upside
roadway obviously experienced high tectonic stress. In addi-
tion, the coal pillars left in the No. 13 and No. 14 coal seams
might also contribute to the stress concentration but are not
the main factor due to the long horizontal distance between
the goaf edge and the roadway, which is shown in Fig. 7c.
The side-uphill roadway belongs to a high static stress con-
centration area (note: the mine workers also reported that
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when the side-uphill roadway was excavated, the roadway
experienced large deformation and high pressure). Above all,
it could be concluded that the four creep-induced rock bursts
are closely related to the change of coal/rock structure and
the high static stress.

Fortunately, practical experiences reveal that creep-
induced rock bursts induced by tectonic stress could be con-
trolled or mitigated. For example, no mitigation methods of
rock bursts were taken before the “10.10” event, and only a
large-diameter drilling method was used after this event. The
borehole length was 15 m, borehole space was 5 m, borehole
diameter was 110 mm, and one row of boreholes was located
in the middle of each coal wall. However, three weaker rock
bursts still occurred due to an insufficient stress relief after
the “10.10” event. Thus, the borehole space for large-diam-
eter drilling was optimized into 1 m, and the water infusion
method was added. The borehole length for water infusion
was 15 m, borehole space was 5 m, borehole diameter was
76 mm, water infusion pressure was 16 MPa, and one row
of boreholes was located in the middle of each call wall. By
adopting this mitigation strategy, no further bursts occurred
in the side-uphill roadway.

4.2 The Middle-Uphill Roadway

Figures 8 and 9 show the region of rock burst occurrence
between 18 November 2014 and 17 July 2015, and between
21 October 2015 and 29 February 2016 in the middle-uphill
roadway, respectively. The related mining and geological

(a)

characteristics are also illustrated. Photographs of the dam-
age from the two rock bursts that occurred on 17 July 2015,
and 29 February 2016 are illustrated in Fig. 10. The mining
depth of this area was 700-800 m. Before the presentation
and analysis, we need to explain that these rock bursts also
occurred after more than 6 months of roadway excavation.
The damage and other information of the ten bursts are listed
in Table 4.

4.2.1 Rock Bursts Occurring Between 18 November 2014
and 17 July 2015

As shown in Fig. 8, four rock bursts occurred without the
occurrence of a mine earthquake near the headgate throat
between 18 November 2014 and 17 July 2015. During the
first two bursts, there were no mining disturbances; during
the other two bursts, the longwall face of the No. 3 working
face was more than 140 m away. That is, the mining dis-
turbance slightly affected. Due to the great mining depth,
tectonic areas with facies change and left coal pillars in the
No. 13 coal seam, the burst region had an obvious high static
stress concentration. In addition, the triangular area may
also contribute to this. Thus, these bursts might also belong
to creep-induced rock bursts, which are related to the high
static stress. From Table 4, it can be seen that the damage
from these four rock bursts was not serious.

Then, two mitigating methods were applied after these
four bursts. One was the large-diameter drilling method
used for destressing coal walls, and the other was the loosing
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blasting method used for destressing floors. For the large-
diameter drilling, the borehole length was 15 m, borehole
space was 1 m, borehole diameter was 110 mm, and one row
was located in the middle of each coal wall; for the loosing
blasting, a loosening pot-bottom area with 1-2 m depth was
formed in the floor. However, it seems that the destressing
degree was not enough, and another five rock bursts subse-
quently occurred in this area.
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4.2.2 Rock Bursts Occurring Between 21 October 2015
and 29 February 2016

As shown in Fig. 9, six rock bursts occurred between 21
October 2015 and 29 February 2016. It is very interest-
ing that the damage from these rock bursts was slight even
though they were accompanied with mine earthquakes,
which is shown in Table 4. Except for the rock burst that
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(a)

Floor. heave

Fig. 10 Damage of the two rock bursts on 17 July 2015 and on 29 February 2016 in the middle-uphill roadway. a 17 July 2015 b 29 February

2016

Table 4 Damage characteristics of rock bursts in the middle-uphill roadway

Date Damage characteristics Mine
earth-
quake

18 November 2014  The damage includes slight floor heave, and obvious scratches of bolt or cable trays No

23 November 2014  Coal cinder drop of two coal walls No

8 March, 2015

17 July 2015
21 October, 2015

6 November 2015
25 December 2015
25 January 2016

23 February 2016

29 February 2016

(1) The range of 10-50 m from headgate throat to the north mainly experienced coal cinder drop and floor heave. =~ No

Specifically, the range of 10-30 m had rib heave and 100—400 mm floor heave; the range of 34—48 m had

100-300 mm floor heave. In addition, a fracture (100 mm width, 400 mm depth and 1.2 m length) also appeared

in the position of 22 m

(2) The range of 6-13 m from headgate throat to the east saw two fractures with length of 10 mm and 100 mm,

respectively

The range of 50-65 m from headgate throat to the north had 100 mm rib heave and 200 mm floor heave, causing ~ No

failure of one cable

There were fractures near the F,g, 5 fault in the range of 23-27 m from middle-uphill roadway throat to the east, Yes

and the damage also included 100 mm floor heave and 200-300 mm right rib heave
The range of 106-116 m from headgate throat to the north experienced 150 mm floor heave

Yes

There were fractures in the floor from headgate throat to the west of 0-30 m, but no changes for the two coal walls  Yes

The range of 10-30 m from headgate throat to the north experienced 100-200 mm floor heave, and failure of eight Yes

bolts and one cable

The range of 55-65 m from headgate throat to the north saw 200-300 mm floor heave, failure of four bolts in the ~ Yes
left rib, and ejection of one cable tray

The range of 66—-86 m from headgate throat to the north experienced 100-300 mm floor heave, and failure of two  Yes

bolts
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occurred on 21 October 2016 (“10.21” event) in the cross-
heading, the other five occurred in the middle-uphill
roadway.

There is no question that the “10.21” event had a close
relation with the F,q,, fault, because the burst region was
more than 200 m away from the longwall face of No. 4 work-
ing face, but it was located near the F,g,, fault. Based on the
degree of damage, it seems that the mine earthquake might
make little contribution and may just be an inducing factor.
Although it is essential to know the source point for each
mine earthquake, there was no microseismic (MS) moni-
toring system in Da’anshan Coal Mine before the “4.19”
event. Fortunately, the KJ768 MS monitoring system was
installed in the W-No. 1 working face after the “4.19” event,
which could provide some supplementary information in this
paper for analysing the occurrence mechanisms of these rock
bursts (note: some of the MS monitoring information will
be added in Sect. 5.2).

As mentioned in Sect. 4.2.1, the burst region in the mid-
dle-uphill roadway had high a static stress concentration.
Although the five bursts occurring between 6 November
2015 and 29 February 2016 were accompanied by mine
earthquakes, their damage was rather slight. This phenom-
enon again reflects that the mine earthquake was not the con-
trolling factor. The longwall face of No. 4 working face was
more than 200 m during the first three bursts and 130-148 m
during the second two bursts. According to the original
monitoring of the abutment pressure distribution, the burst
region was still out of the influencing range. Overall, these

(a)

five bursts might also belong to creep-induced rock bursts,
but were accompanied by far-field disturbance stress, i.e.,
mine earthquake.

During this period, the loosing blasting of the floor was
completed twice, and another row of large-diameter bore-
holes was drilled. In addition to these two methods, water
infusion was also added. For water infusion, the borehole
length was 15 m, borehole space was 5 m, borehole diameter
was 76 mm, water infusion pressure was 16 MPa, and one
row of boreholes was located in the middle of each call wall.
Hereafter, no more rock bursts again occurred in the middle-
uphill roadway, and the later bursts mainly focused in the
longwall face and the two gateways of No. 4 working face.
These practical experiences reveal that the creep-induced
rock bursts induced by the high static stress concentration
could be controlled or mitigated.

4.3 The No. 4 Working Face

Figure 11 presents the region of rock bursts and related min-
ing and geological characteristics between 23 March and
19 April 2016 in the No. 4 working face. These bursts all
occurred during the stoping process, and most of them were
accompanied by mine earthquakes. The damage description
and other information for all nine events are listed in Table 5.
Two of the events were mine earthquakes that occurred with-
out any damage. This phenomenon again reveals that the
mine earthquake might just be an inducing factor. Among
the seven rock bursts, three led to serious damage, which

dwa,
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Fig. 11 Region of rock burst occurrence, and the related mining and geological characteristics in the No. 4 working face between 23 March 2016
and 19 April 2016. a Region of rock burst occurrence and mining characteristics b sketch of positional relationship between coal seams
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Table 5 Damage characteristics of rock bursts in the No. 4 working face

Date Damage characteristics

Mine
earth-
quake

23 March 2016
displacement of the props

30 March 2016 (Morning)
30 March 2016 (Noon)

No damage

The tailgate had a 200-300 mm floor heave in front of the longwall face 20-25 m, causing 200-300 mm No

Yes

The headgate experienced 100-200 mm floor heave in front of the longwall face 3-23 m, and the left Yes

rib had a 100-150 mm displacement in front of 0-31 m and 50-57 m. At this time, the distance
between the headgate and the middle—uphill roadway was 71 m

31 March 2016 (“3.31” event)

(1) The longwall face in the range of 0—15 m from up to down had a serious floor heave and slight Yes

rib spalling. The range of 61-96 m experienced serious rib spalling with the maximum value of
1000 mm, causing leakage of safety valve; the range of 82-84 m even saw a 50 mm displacement of

No. 55-56 props and scraper conveyer

(2) The affected range of tailgate is 0—-85 m in front of the longwall face. Specifically, the range of
0-20 m had 500 mm floor heave; the range of 20-26 m had 200 mm floor heave and 300-500 mm
rib displacement; the range of 2649 m experienced 600-1000 mm floor heave, leading to the
height of tailgate varied from 1.2 to 1.6 m; the range of 58-84 m saw 200-500 mm floor heave and
100-300 mm rib displacement, including broken of one hydraulic prop and one cable in the position
of 73 m. In addition, the middle row of hydraulic props all had displacement

4 April 2016 The longwall face in the range of 14-34 m from up to down had slight rib spalling Yes
6 April 2016 No damage Yes
12 April 2016 (“4.12” event) (1) The longwall face in the range of 0-16.5 m had rib spalling Yes

(2) The headgate in the range of 0-23 m from the longwall face to the east had 100-200 mm floor
heave, and in the range of 14-45 m from headgate throat to the east experienced 300-500 mm floor

heave and right rib spalling
17 April 2016
19 April 2016 (“4.19” event)

The middle—upper part of the longwall face had slight rib spalling No
(1) The headgate had serious deformation in front of the longwall face 0—15 m, causing the bending of ~ Yes

hydraulic props. The gateway’s height and width were only left 1.5 m and 1.3 m, respectively
(2) The whole longwall face had rib spalling, especially in the range of 29—67.5 m from up to down, the
serious rib spalling caused the close of supporting area. Meanwhile, the scraper conveyer was uplifted
(3) The displacement of coal cutter caused the bending or even broken of hydraulic props in the range

of 46.5-52.5 m

(4) The tailgate experienced serious floor and rib heave in front of the longwall face 0-90 m. These
hydraulic props closed to the left rib were pulled down, and four of them were broken. Especially in
the range of 26-56 m, the serious floor and rib heave almost caused the close of the tailgate, while the
ranges of 0-26 m and 56-90 m had 200-1000 mm floor heave and 200-600 mm left rib heave

(5) The scraper and belt conveyers in the headgate could not function

occurred on 31 March (“3.31” event), 12 April (“4.12”
event) and 19 April (“4.19” event). For the longwall face, the
three bursts caused serious rib heave/spalling with a maxi-
mum displacement of 1000 mm and prop damage. For the
two gateways, the events caused floor and rib heave/spalling
with a maximum value of 1000 mm as well as prop damage
and failure of bolts or cables. In some regions, the serious
damage even led to the closing of the gateway or longwall
face. Photographs of the damage from the three serious rock
bursts are shown in Fig. 12.

The average mining depth of No. 4 working face was
810 m. The distance between the burst region and the F,g,,
fault was more than 150 m. As shown in Sect. 2.2, the No.
10 coal seam contained parting bands, and its main roof
was a hard fine sandstone and siltstone of 30-50 m in thick-
ness. Many scholars have proven that hard roof fracturing
could lead to high dynamic stress (Lu et al. 2015, 2016;

Zhao et al. 2012; Jiang et al. 2013a, b). Tectonic areas with
facies change also existed in this working face. Moreover,
the burst region was next to the goaf of No. 3 working face
and was below the left coal pillars of the No. 13 coal seam.
As shown in Fig. 11a, a trapezoid area with a high stress
concentration superposed because of the high in situ stress
and the high mining-induced stress was formed under the
influences of different factors. Thus, this area had the poten-
tial to experience a high frequency of rock bursts, especially
during the stoping process.

Large-diameter drilling and water infusion methods
were both used for improving the stress conditions during
the stoping process. For large-diameter drilling, the bore-
hole length was 15 m, borehole space was 15 m, borehole
diameter was 110 mm, and one row was located in the
middle of each coal wall; for the water infusion, the bore-
hole length was 15 m, borehole space was 5 m, borehole
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Fig. 12 Damage of the three rock bursts on 31 March, 12 April, and 19 April, respectively, in the No. 4 working face. a 31 March 2016 (*3.31”

event) b 12 April 2016 (“4.12” event) ¢ 19 April 2016 (“4.19” event)

diameter was 76 mm, water infusion was 16 MPa, and
one row was located in the middle of each coal wall. The
length of the water infusion was 0—-80 m in front of the
longwall face. Unfortunately, they only functioned well
during the early stoping process below the goal of the No.
13 coal seam and failed below the coal pillars of the No.
13 coal seam. This phenomenon reveals that the coal pil-
lars of the No. 13 coal seam had an essential contribution
to the stress concentration and that the goaf led to stress
relief.

@ Springer

In addition, the longwall face pressure and abutment pres-
sure were monitored during the stoping process of the No.
4 working face. The monitoring scheme and equipment are
shown in Fig. 13. The sensors (YHY60(A) mine pressure
gauge) for monitoring the longwall pressure were located at
intervals of 10 m, and the whole longwall face was moni-
tored. The sensors (YHY60(C) mine pressure detector) for
monitoring the abutment pressure were located at intervals
of 5 m, and the monitoring length was 25 m in front of the
longwall face. The two types of sensors used were made by
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Tailgate

Fig. 13 Pressure monitoring scheme and equipment

Uroica Mining Security Engineering Co., LTD. The pressure
values were recorded three times a day. The mean value was
selected as the monitoring result for each time (note: the
pressure monitoring information will be added in Sect. 5.2).

5 Discussion of the Rock Burst Mechanism
and Mitigating Strategies

Guo et al. (2017b) proposed three types of rock burst mech-
anisms, i.e., “high in situ stress”, “high mining-induced
stress” and “high in situ stress plus high mining-induced
stress’ rock bursts, which was based on the main cause for
high stress concentrations, as illustrated in Fig. 14a. From
the description and analysis in Sect. 4, all of the research
areas had a high in situ stress due to the great mining depth
and complicated geological conditions. Moreover, the mid-
dle-uphill roadway and No. 4 working face also had high
mining-induced stress due to the influences of the goaf of
the No. 3 working face and left coal pillars of the No. 13 coal
seam. Therefore, the bursts in the side-uphill roadway could
be classified as “high in situ stress” rock bursts, whereas in
the middle-uphill and No. 4 working face, these could be
classified as “high in situ stress plus high mining-induced”
rock bursts. However, the above classification is rather
rough, because many rock bursts are accompanied by dif-
ferent disturbance stresses. In particular, hard roof breaking
is one of the main factors that cause rock bursts. Thus, this
classification could be expressed more carefully.

From the above perspective, we could classify the dis-
turbance stresses into low disturbance stress (i.e., blasting,
drilling, driving and coal cutting) and high disturbance stress
(i.e., hard roof fracturing and mine earthquake). Based on
this point, rock burst mechanisms still have three major

groups, which includes I “high in situ stress plus low/high
disturbance stress”, II “high mining-induced stress plus low/
high disturbance stress”, and III “high in situ stress plus high
mining-induced stress plus low/high disturbance stress” rock
bursts, which are illustrated in Fig. 14b. Due to the high
in situ stress, only rock burst types I and III exist in these
research areas. The detailed analysis of these rock bursts in
the No. 10 coal seam of +400 Level is as follows.

5.1 “High In Situ Stress Plus Low/High Disturbance
Stress” Rock Bursts

These rock bursts in the side-uphill roadway occurred after
6 months of roadway excavation. During the occurrence
period, there were no mining disturbances or mine earth-
quakes. The side-uphill roadway was mainly influenced by
the great mining depth and geological structures. Thus, the
bursts in the side-uphill roadway belong to the “high in situ
stress plus low disturbance stress” rock burst. In other words,
high in situ stress could lead to a creep-induced rock burst
(note: the occurrence mechanism of creep-induced rock
bursts still needs further extensive research). Fortunately, a
“high in situ stress plus low disturbance stress” rock burst
could be controlled or mitigated, which is shown in Sect. 4.1.

5.2 “High In Situ Stress Plus High Mining-Induced
Stress Plus Low/High Disturbance Stress” Rock
Bursts

Due to the great mining depth, the tectonic areas with facies
change and the left coal pillars of the No. 13 coal seam,
the middle-uphill roadway had high in situ stress and high
mining-induced stress, but the disturbance stresses of these
rock bursts were different. The first four rock bursts occurred
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Fig. 14 Sketch of rock burst mechanisms. a Rock burst mechanisms without considering different disturbance stresses (Guo et al. 2017b) b rock

burst mechanisms with different disturbance stresses

without any mine earthquake or mining disturbance occur-
ring between 18 November 2014 and 17 July 2015, whereas
the second six rock bursts were accompanied by mine earth-
quakes that occurring between 21 October 2015 and 29 Feb-
ruary 2016. One common characteristic is that all these rock
bursts only created slight damage, even when accompanied
by mine earthquakes. The first four bursts obviously belong
to the “high in situ stress plus high mining-induced stress
plus low disturbance stress” rock burst; for the second six
bursts may belong to “high in situ stress plus high mining-
induced stress plus high disturbance stress” rock burst.

If this is the case, then where did the mine earthquake
come from? There is no doubt that the hard roof fracturing
of the No. 10 coal seam could not lead to these rock bursts.
The MS monitoring scheme of W-No. 1 working face and
monitoring results from 14 April to 14 June 2017 are pro-
vided in Fig. 15 (note: the stoping of W-No. 1 working face
will last until 2018, and the stoping speed is 1.2 m per day).
During this period, the stoping distance of the headgate was
only 70 m, but there were nearly thirty mine earthquakes
that occurred without any damage in the working face. From
Fig. 15b, c, several MS sources are shown to come from
the roof of No. 13 coal seam. Especially from 14 April to
14 May, the stoping distance was only 10 m, which means
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that the fracturing of the main roof of No. 10 coal seam was
impossible. Therefore, it could be concluded that the energy
source of the mine earthquakes came from the roof fractur-
ing of No. 13 coal seam. Based on the distance between
the energy source and the burst region, the high disturbance
stress could be classified into the far-field high disturbance
stress, i.e., roof fracturing of No. 13 coal seam, and the near-
field high disturbance stress, i.e., roof fracturing of No. 10
coal seam. Therefore, the second six rock bursts that were
accompanied by mine earthquakes between 21 October 2015
and 29 February 2016 belong to the “high in situ stress plus
high mining-induced stress plus far-field high disturbance
stress”, which is illustrated in Fig. 16. Above all, there are
two reasons that the MS monitoring results used in discuss-
ing the MS sources are reasonable. First, the MS monitoring
scheme provided in this paper was optimized once. Second,
the emphasis is that find out where the MS sources come
from, and the monitoring results could prove this accompa-
nied with the stoping distance of No. 4 working face.
Practical experiences reveal that “high in situ stress plus
high mining-induced stress plus low or far-field high distur-
bance stress” rock burst could be mitigated. The damage of
this kind of rock burst was rather slight. The roof fracturing
of No. 13 coal seam was just an inducing factor, whereas
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Fig. 15 Sketch of MS moni-
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Fig. 16 Sketch of “high in situ stress plus high mining-induced stress plus far-field high disturbance stress” rock burst mechanism

the high stress concentration was the main controlling fac-
tor. It could be mitigated or even controlled through the use
of a suitable mitigating strategy. For instance, although the
middle-uphill roadway experienced a high frequency of rock
bursts, there was no burst again after applying large-diameter
drilling, water infusion and floor loosing blasting methods.

As illustrated in Fig. 11, a trapezoid area with a high
in situ stress plus high mining-induced stress was formed in
the No. 4 working face. During the burst occurrence period,
the distances from the headgate and tailgate to the middle-
uphill roadway were 30-90 m and 101-164 m, respectively.
The analysis of this part mainly focuses on the three serious
rock bursts, which include the “3.31” event, “4.12” event
and “4.19” event. Figure 17 shows the pressure variation law
during the stoping process of No. 4 working face from 11
March to 18 April, 2016. Compared with Table 5, it again
reveals that the roof fracturing of No. 13 coal seam was an
inducing factor, and that the high stress concentration and
the main hard roof fracturing of No. 4 working face were
the controlling factor. For example, bursts accompanied by
mine earthquakes occurring on 30 March, 4 April and 6

35.00 —o— Pressure of longwall face —s—Abutment pressure of tailgate

Abutment pressure of headgate

April, only caused slight or no damage, whereas bursts that
occurred without mine earthquakes on 23 March and 17
April caused slight damage. The mechanisms of the three
serious rock bursts are as follows.

As shown in Fig. 17, when one weak rock burst without
an accompanying mine earthquake caused slight damage
to the tailgate, the abutment pressure varied from 25.8 to
8.2 MPa on 23 March, which indicates the roof fracturing of
No. 10 coal seam. Then, two mine earthquakes occurred on
30 March, and one of them induced a weak rock burst. How-
ever, a serious rock burst accompanied by mine earthquake
occurred on 31 March. During this burst, the pressures of
longwall face and tailgate all decreased rapidly from 28.4 to
23.9 MPa, and from 25.2 to 20.5 MPa, respectively. Obvi-
ously, the hard roof fracturing of No. 10 coal seam was the
main factor. Thus, the “3.31” event belongs to the “high
in situ stress plus high mining-induced stress plus near-field
high disturbance stress” rock burst. When both the near-field
and far-field high disturbance stresses exist, we define the
burst as a “high in situ stress plus high mining-induced stress
plus near-field high disturbance stress” rock burst because

/Pressures varied greatly

Unit: MPa Pressure variation law during the stoping process of No/4 working face from 11 March to 18 April, 2016
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Fig. 17 Pressure variation law during the stoping process of No. 4 working face from 11 March to 18 April, 2016
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the far-field high disturbance stress is not the main control-
ling factor.

The mechanism of “4.12” and “4.19” events was similar
to the “3.31” event. As illustrated in Fig. 17, when the “4.12”
event occurred, the pressures of longwall face, headgate and
tailgate all experienced a sharp decrease. Especially before
the “4.19” event, the pressure of No. 4 working face varied
greatly, which means that the main hard roof of No. 10 coal
seam frequently fractured. Based on the above analysis, it
could be concluded that the “4.12” and “4.19” events also
belong to the “high in situ stress plus high mining-induced
stress plus near-field high disturbance stress” rock burst. The
mechanism of this type of rock burst is illustrated in Fig. 18.
Although large-diameter drilling and water infusion methods
were applied to the No. 4 working face, these two meth-
ods could not mitigate the near-field high disturbance stress
coming from the main hard roof fracturing of No. 10 coal
seam. If the hard roof pre-fracturing method was applied,
serious rock bursts might be mitigated.

5.3 A Detailed Classification of Rock Burst
Mechanisms

From the point of stress, the occurrence of rock bursts is
controlled by three major factors: the in situ stress, mining-
induced stress and disturbance stress, which are shown in
Fig. 14a. Thus, the stress criterion for rock burst occurrence
can be expressed as Eq. (1) (Guo et al. 2017b).

o;+ 0o, + 04> [0] (1)
where o; is the in situ stress, o,,, is the mining-induced stress,
o4 1s the disturbance stress, and [o] is the critical stress

required for rock burst formation.

Goaf in No.13 coal seam

Moreover, compared with these new findings and phe-
nomena (i.e., high/low disturbance stresses and far-field/
near-field high disturbance stresses) in the above analysis,
a more detailed classification system of rock burst mecha-
nisms could be established, which is illustrated in Fig. 19.
There are nine types of rock bursts based on the main causes
and different disturbance stresses. In this classification, great
mining depth and geological structures often lead to high
in situ stress; coal pillars, island working faces, goaf, the end
stoping process and multi-seam mining lead to high mining-
induced stress; blasting, drilling, gates driving, coal cutting
and other mining activities generate low disturbance stress;
main hard roof fracturing is the source of near-field high
disturbance stress; and mine earthquakes and long-distance
hard roof fracturing often generate far-field high disturbance
stress. The nine types are (1) “high in situ stress plus low
disturbance stress” (rock bursts in the side-uphill roadway),
(2) “high mining-induced stress plus low disturbance stress”,
(3) “high in situ stress plus high mining-induced stress plus
low disturbance stress” (four rock bursts occurred between
18 November 2014 and 17 July 2015 in the middle-uphill
roadway), (4) “high in situ stress plus far-field high distur-
bance stress”, (5) “high in situ stress plus near-field high
disturbance stress”, (6) “high mining-induced stress plus
far-field high disturbance stress”, (7) “high mining-induced
stress plus near-field high disturbance stress”, (8) “high
in situ stress plus high mining-induced stress plus far-field
high disturbance stress” (six rock bursts occurred between
21 October 2015 and 29 February 2016 in the middle-uphill
roadway), and (9) “high in situ stress plus high mining-
induced stress plus near-field high disturbance stress” (seri-
ous rock bursts occurred in the No. 4 working face) rock
bursts.

No.13 coal seam

e e !

s !

(0]

4 -

No.10 c?al seam

Goaf in No.10 coal seam

Fig. 18 Sketch of “high in situ stress plus high mining-induced stress plus near-field high disturbance stress” rock burst mechanism
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Fig. 19 Sketch of a detailed
classification system of rock

A detailed classification of rock burst mechanisms from the point of stress

burst mechanisms
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Note: when both the far-field and near-field high disturbance stresses exist, we will
define the near-field stress as the source of high disturbance stress, because the near-
field high disturbance usually is the main controlling factor for rock burst.

5.4 Mitigation Guidelines

Practical experiences have proven that low disturbance stress
and far-field high disturbance stress are difficult to be con-
trolled, but high in situ stress, high mining-induced stress and
near-field high disturbance stress can be mitigated. Based on
this viewpoint, we provide some guidelines here for mitigat-
ing different types of rock burst, as shown in Fig. 20. For rock
burst types (1), (2), (3), (4), (6) and (8), they could be mitigated
or controlled through two aspects, which consist of mining
arrangements and mitigating methods. The mining arrange-
ment includes a reasonable layout of working faces, protective
layer mining, etc., and the commonly used mitigating methods
consist of destress blasting, water infusion, destress drilling,
grooving, etc. (Holub et al. 2011; Konicek et al. 2011, 2013;

@ Springer

Li et al. 2008, 2014; Wang et al. 2012a, b; Su et al. 2014;
Diaz Aguado and Gonzalez Nicieza 2007; Guo et al. 2017a).
For rock burst types (5), (7) and (9), roof pre-fracturing could
be used for mitigating the near-field high disturbance stress,
except that these methods are used for mitigating high in situ
stress or high mining-induced stress concentration. In addi-
tion, when these mitigating strategies or methods are applied,
parameter optimization must be completed for consideration
of secondary disaster avoidance and cost-effectiveness.
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Guidelines for mitigating different types of rock burst

Low
disturbance
stress

High in
situ stress

High mining-
induced stress

Far-field high
disturbance stress

Near-field high

disturbancesy

(1) Reasonable layout of working faces, protective layer mining, etc.
(2) Destress blasting, water infusion, destress drilling, grooving, etc.

Rock bust types |

N
[(0,©,6,,®,and ® |

Note: when using these mitigating strategies or methods, parameter optimization must be
done for considering secondary disaster-avoidance and cost-effectiveness.

Fig. 20 Guidelines for mitigating different types of rock burst

6 Conclusions

In this paper, we first introduce the engineering geological
characteristics of No. 10 coal seam of Da’anshan Coal Mine.
Then, we select three typical areas for further research that
had experienced a high frequency of rock bursts between
October 2014 and April 2016. The temporal and spatial
characteristics, geological and mining conditions, and other
information related to these bursts have been reviewed in
detail. We study the rock burst mechanisms and mitigating
strategies based on these bursts. The primary conclusions
are as follows:

1. There are twenty-four rock bursts, which were mainly
focused in the side-uphill roadway, middle-uphill
roadway and No. 4 working face. One new phenom-
enon appeared: fourteen of the rock bursts occurred
in the side-uphill and middle-uphill roadways after
6—16 months of roadway excavation, which means that
creep-induced rock bursts account for nearly 54% of
the total. Experiences in the No. 10 coal seam reveal
that creep-induced rock bursts concentrate in high static
stress areas, such as great mining depth, geological
structures, coal pillars, etc. They have a close relation
to the high in situ/mining-induced stress, and their dam-
age was less serious compared with those bursts that
occurred during the stoping process.

2. Two other new phenomena include mine earthquake/
long-distance roof fracturing, which may be an inducing
factor for rock burst occurrence, and left coal pillars in

4.

the upper coal seam, which could lead to high mining-
induced stress concentration. Thus, under multi-seam
mining conditions, the layout of working faces of upper
coal seam must be designed reasonably so as not to bring
stress concentration or other difficulties to the underly-
ing coal seam mining.

In addition to the inherent property of CBL, the rock
burst occurrence is caused by the superposition of in situ
stress, mining-induced stress and disturbance stress.
Based on these causes, the rock burst mechanism can
be classified into three major groups (Fig. 14b). How-
ever, the disturbance stress includes low disturbance
stress (blasting, drilling, gates driving, coal cutting and
other mining activities), near-field high disturbance
stress (main hard roof fracturing) and far-field high
disturbance stress (mine earthquake and long-distance
hard roof fracturing). When considering the different
disturbance stresses, there are nine types of rock bursts
(Fig. 19).

Practical experiences in Da’anshan Coal Mine have
proven that low disturbance stress and far-field high
disturbance stress are difficult to be controlled, but high
in situ stress, high mining-induced stress and near-field
high disturbance stress can be mitigated. Therefore,
some guidelines for mitigating or controlling different
types of rock bursts are provided in this paper (Fig. 20).
The parameter optimization of different mitigating strat-
egies must be done for consideration of secondary disas-
ter avoidance and cost-effectiveness before application.

@ Springer
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Although the above research provides some valuable
conclusions, more research needs to be done. First, the four
new phenomena, i.e., creep-induced rock bursts, mine earth-
quakes, long-distance roof fracturing and left coal pillars
in the upper coal seam, are new points of research. Sec-
ond, the influences of different disturbance stresses on the
rock burst occurrences need to be further study, except for
the main causes of high in situ stress/high mining-induced
stress. Third, this paper only gives the mitigation guidelines
without consideration of parameter optimization of differ-
ent mitigating strategies or methods. Based on rock burst
classification and the related mitigation guidelines, we can
research the most suitable destressing strategy for each type
of rock burst.
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