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Abstract Identification of precursory characteristics is a

key issue for rock burst prevention. The aim of this research

is to provide a reference for assessing rock burst risk and

determining potential rock burst risk areas in coal mining. In

this work, the microseismic multidimensional information

for the identification of rock bursts and spatial–temporal pre-

warning was investigated in a specific coalface which suf-

fered high rock burst risk in a mining area near a large

residual coal pillar. Firstly, microseismicity evolution prior

to a disastrous rock burst was qualitatively analysed, and the

abnormal clustering of seismic sources, abnormal variations

in daily total energy release, and event counts can be

regarded as precursors to rock burst. Secondly, passive

tomographic imaging has been used to locate high seismic

activity zones and assess rock burst hazard when the coal-

face passes through residual pillar areas. The results show

that high-velocity or velocity anomaly regions correlated

well with strong seismic activities in future mining periods

and that passive tomography has the potential to describe,

both quantitatively and periodically, hazardous regions and

assess rock burst risk. Finally, the bursting strain energy

index was further used for short-term spatial–temporal pre-

warning of rock bursts. The temporal sequence curve and

spatial contour nephograms indicate that the status of the

danger and the specific hazardous zones, and levels of rock

burst risk can be quantitatively and rapidly analysed in short

time and in space. The multidimensional precursory char-

acteristic identification of rock bursts, including qualitative

analysis, intermediate and short-time quantitative predic-

tions, can guide the choice of measures implemented to

control rock bursts in the field, and provides a new approach

to monitor and forecast rock bursts in space and time.

Keywords Rock burst � Microseismic precursory

characteristics � Passive velocity tomography � Bursting
strain energy index � Spatial–temporal pre-warning

1 Introduction

Rock bursts, a type of dynamic geological hazard in

underground coal mining, are characterised by sudden

release of strain energy accumulated in a coal and rock

mass. They can result in serious damage to underground

workings or surface buildings, and in some cases, injury and

loss of life (Gibowicz and Kijko 1994; Dou et al. 2012). The

dynamic hazards are encountered in many coal mines due to

large-scale rupture or movement of hard strata, irregular

layout of the coalface, large mining depth, reaction of

anomalous geological structures, etc., and become progres-

sively more severe as the average depth and extent of

mining operations increase (Cao 2009; Li et al. 2007). For

example, on 30 July 2010, a rock burst occurred during the

dip entry excavation at a mining depth of over 1050 m in

Zhangshuanglou Coal Mine, a 200-m-long dip entry was

damaged, and six workers were killed. On 11 August 2010,
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a rock burst of magnitude 2.7 occurred in the LW25110

headentry of Yuejin Coal Mine, and a 340-m-long entry

ahead of the face was severely damaged (Lu et al. 2015). On

3 November 2011, a rock burst accident of magnitude 4.1

induced by a large thrust fault caused 10 deaths and trapped

75 people during the headentry excavation of LW21221 in

Qianqiu Coal Mine (Cai et al. 2014). On 15 March 2013, a

rock burst disaster happened in Junde Coal Mine due to the

periodic caving of a hard gritstone stratum. In the accident,

21 workers were trapped, and five killed (Lu et al. 2015). On

27 March 2014, another severe rock burst was triggered by

the fracturing of super-thick conglomerate stratum in

LW21032, Qianqiu Coal Mine, and six workers were killed.

The aforementioned accidents attracted the attention of the

Chinese Government and society at large. Investigations

conducted by State Administration of Coalmine Safety

(China) shows that the number of coal mines in China which

experienced rock burst hazards has increased from 32 in

1985 to 142 in 2012 (Pan et al. 2013). In China, the

occurrence of rock bursts has been one of the most serious,

and least understood, problems in deep coal mining.

Several methods to assess rock burst risks and determine

potential rock burst areas have been reported, such as

microseismic monitoring (Jiang et al. 2006; Lu et al. 2010;

Xia et al. 2010; Cao et al. 2012; Konicek et al. 2013; Feng

et al. 2015), electromagnetic emission (He et al. 2011a;

Wang et al. 2011), acoustic emission (He et al. 2011b),

drilling bits (Dou and He 2001; Gu et al. 2012), pressure

sensor installation (Zhang et al. 2014). Among them, due to

the advantages of real-time monitoring, regional detection

range, large size of data set, or non-destructive effects on

production, etc., microseismic monitoring has been proven

to be a powerful tool for quantifying seismicity and can

contribute valuable information for seismic hazard evalu-

ation (Tang et al. 2010; Xu et al. 2011).

The basic principle of microseismic monitoring involves

obtaining seismic waves released by the fracturing of a

coal-rock mass using seismic sensors which are spatially

distributed around the targeted area, and then processing

the obtained seismic waves to determine basic parameters

of seismic events, e.g. source location, seismic energy,

frequency, wave velocity. Based on this, one can infer the

stress state, detect structural defects, and evaluate rock

burst hazard (Holub et al. 2011; Dou et al. 2012; Cai et al.

2014). For instance, Brady and Leighton (1977) found that

a rock burst was preceded by a rapid increase in seismic

activity and was followed by a distinct decrease before the

burst by a more moderate rock burst. Williams et al. (1992)

investigated the fault-slip source mechanism for a rock

burst that occurred at the Lucky Friday Mine. Ortlepp

(2000) provided a strong evidence for extremely violent

fracturing-induced significant rock bursts in the faulting

process of a highly stressed remnant in a gold mine by

seismic monitoring. Yamada et al. (2007) estimated stress

decreases and seismic energies of 20 events to investigate

roof rupture characteristics. Chen et al. (2012) found that

seismic energy and event counts steadily increased and

were accompanied by a stress increase. Zhang et al. (2013)

proposed a method for assessing hazards in mines based on

seismic energy distribution. Zhu et al. (2015) used a

computational model to estimate the abutment pressure of

extremely thick alluvial strata for rock burst prevention and

verified its reliability by analysing the distribution of

microseismic events during mining. Besides, different

seismic methods and indices for rock burst forecasting, e.g.

b value, z value, P(b) value, fault total area, apparent stress,

fractal dimension, were proposed by scholars at home and

abroad (Xie and Pariseau 1993; Gibowicz and Kijko 1994;

Fujii et al. 1997; Tang et al. 2012; Lu et al. 2015). In

addition, by combining microseismic monitoring and

tomographic imaging, passive velocity tomography, which

relies on the transmission of seismic waves through a coal-

rock mass, has become more regularly used for geological

structure exploration, stress redistribution imaging, and

rock burst hazard assessment (Lurka 2008; Luxbacher et al.

2008; Gong 2010; Cai et al. 2014; Cao et al. 2015; Wang

et al. 2015). As a consequence of this, meaningful results

have been obtained from microseismic information for

better understanding the process and mechanism inducing

rock bursts. Meanwhile, due to the complexity and diver-

sity of rock burst hazards, understanding microseismic

multiparameter precursors and source evolution rules is

still a central problem facing those monitoring, and pre-

warning, of rock bursts.

The site chosen for this study is an underground longwall

face (LW7332) in Xuzhuang Coal Mine, Jiangsu Province,

China, where strong tremors and rock bursts are the main

safety threats during coal mining, especially when LW7332

passing through an adjacent large-sized residual coal pillar.

The investigation involves specific rock burst locations,

seismic intensity, and source location of related seismic

events, source distribution evolution rules, multiparameter

precursory characteristics, spatial–temporal pre-warning,

etc. It may provide a reference for assessing rock burst risk,

determining potential rock burst risk areas, and then taking

relevant controlling measures to mitigate these hazards.

2 Microseismic Spatial–Temporal Precursory
Criteria of Rock Burst

2.1 Passive Tomography for Periodic Spatial

Assessment of Rock Burst

In coal mines, the occurrence of seismic hazards is closely

related to underground in situ and mining stresses. Velocity
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tomography is useful when inferring the stress state and

redistribution in a coal-rock mass. Thus, high seismic

activity zones and seismic hazards are assessed by tomo-

graphic imaging. The method mainly relies on the variation

of seismic waves transmitted through the coal-rock mass,

and the parameter is the inversion of velocity distribution

with travel time. Meanwhile, velocity tomography can be

classified as ‘‘active’’ and ‘‘passive’’ based on the type of

source used. Passive tomography, which uses mining-in-

duced seismic events as the sources, can estimate the rel-

atively high stress or seismic hazard periodically during

mining process, with its detection area up to about 4 km2

(Lurka 2008).

Velocity tomography depends on the relationship in

which the wave velocity along a seismic ray is the ray path

distance divided by the time to travel between the source

and receiver. Suppose the ray path of the ith seismic wave

is li and the travel time is ti, the time is the integral of the

inverse velocity, 1/v(x, y, z), or slowness, s(x, y, z), from the

seismic source to the receiver, as shown in Eqs. (1) and (2)

(Gibowicz and Kijko 1994; Luxbacher et al. 2008):

v ¼ l

t
! vt ¼ l ð1Þ

ti ¼
Z
li

dl

v x; y; zð Þ ¼
Z
li

s x; y; zð Þdl ð2Þ

where v(x, y, z) is the velocity (m/s), l is the distance (m),

t is the travel time (s), and s(x, y, z) represents the slowness

(s/m).

The ray path li is usually a curve due to the complexity

of the coal-rock mass; therefore, we need to discretise the

inversion area to m grids. So, the travel time of the ith ray

can be presented as Eq. (3):

ti ¼
Xm
j¼1

dijsj i ¼ 1; . . .; nð Þ ð3Þ

where dij is the distance of the ith ray crossing the jth

voxel, n is the total number of rays, and m is the number of

voxels.

Arranging the time, distance, and slowness for each

voxel into matrices, the velocity can be determined through

inverse theory as follows (Luxbacher et al. 2008):

t ¼ ds ! s ¼ d�1t ð4Þ

where t is the column vector of travel times (n 9 1), d is

the matrix of ray distances (n 9 m), and s is the column

vector of slowness values (m 9 1).

Matrix inversion methods are effective, but require

considerable computational power for large data sets. The

most effective way to solve the inverse problem is an

iterative process. Currently, the most referenced iterative

method is the simultaneous iterative reconstructive tech-

nique (SIRT) (Gilbert 1972), which has been adopted here.

During coal mining, there may be positive anomalies of

P-wave velocity in high stress, or stress concentration,

regions, and negative anomalies of wave velocity in pres-

sure-relief area. A velocity anomaly is expressed by Eq. (5)

(Gong 2010; Dou et al. 2014):

An ¼
vP � vaP

vaP
ð5Þ

where vP is P-wave velocity at a certain point, and vaP is the

average velocity of the model.

Tables 1 and 2 list the relationship between anomaly of

wave velocity and stress states, and therein, a positive

anomaly represents the degree of stress concentration,

whereas a negative anomaly represents the extent of frac-

turing and weakening of the rock mass induced by mining

or artificial disturbances. This relationship can be used as

the criteria for determining potential rock burst risk by

passive tomography.

Table 1 Relationship between

positive anomalies of wave

speed and stress concentration

Rock burst risk index Stress concentration degree Positive velocity anomaly An (%)

0 None \5

1 Weak 5 to 15

2 Moderate 15 to 25

3 Strong [25

Table 2 Relationship between

negative anomalies of wave

speed and stress reduction

Stress reduction degree Stress reduction characteristics Negative velocity anomaly An (%)

0 None -7.5 to 0

1 Weak -15.0 to -7.5

2 Moderate -25.0 to -15.0

3 Strong \-25.0
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2.2 Bursting Strain Energy for Short-Term Spatial–

Temporal Pre-warning of Rock Burst

The preparation process of seismic hazards, e.g. earth-

quakes, rock bursts, is essentially the deformation, damage,

and instability process of a seismic source. Seismic energy

and event count are basic microseismic parameters used for

field monitoring, and they have been widely used to

describe the deformation and failure intensity of coal-rock

mass, stress level, and seismic hazard risk in coal mining.

However, they are not appropriate for quantitative analysis

and assessment of seismic hazard.

Although passive tomographic imaging can quantita-

tively and periodically (e.g. weekly, fortnightly, or

monthly) describe the hazardous region and evaluate rock

burst risk during coal mining, it is still difficult to use in the

short term (e.g. daily) for the spatial, or temporal, pre-

warning of rock burst events. Thus, it is necessary to

establish a new index that can reflect the seismicity, allied

activities, and meet the requirements of quantitative, short-

term, assessment of rock burst risk.

It has been shown that the elastic strain rebound incre-

ment generating an earthquake is proportional to the square

root of the energy of the earthquake (Benioff 1951). To

characterise in particular seismic sources, the stress release

of seismic hazards seems to be more appropriate for scaling

than the energy release (Kracke and Heinrich 2004). Thus,

it is advantageous to choose the square root of the released

energy of seismic source for seismic hazard risk assess-

ment. As a consequence, a time-normalised index Wet,

namely bursting strain energy, is established for temporal

short-term pre-warning of rock bursts: it is developed as

follows (Cai 2015a):

Wet ¼
eE � eE0
eEl � eE0

; eE ¼
Xn
i¼1

ffiffiffiffiffi
Ei

p
ð6Þ

where 0 B Wet B 1, and its grade division for rock burst

pre-warning is given in Table 3; eE is a specific strain

equivalent, while its value is equal to the square root of

released energy of seismic source; eEl is the critical strain

equivalent, which can be obtained by sample training of

occurred mine tremors in the statistical area of interest; eE0
is the initial strain equivalent, and its default setting is 0;

n is total seismic event count after the last macro-fracturing

event; Ei is released energy of the ith tremor after the last

macro-fracture (J).

In the calculations, when eE reaches, or exceeds, eEl, the
curve will decline to zero. Meanwhile, if the total energy

released in the tremors per day has declined for three

successive days (the time can be adjusted according to real

conditions) and the maximum individual tremor energy per

day is larger than the average energy value of background

tremors, the curve will decline to a weaker level.

Meanwhile, a bursting strain energy index in the space

domain Wes, which is defined as the sum of strain energy

per unit area and unit time, is constructed for spatial short-

term assessment of potential rock burst risk area, as shown

in Eq. (7) (Cai et al. 2015):

Wes ¼ lg

Pn
i¼1

ffiffiffiffiffi
Ei

p

ST

� �
¼ lg

eE
ST

� �
ð7Þ

where S is the area of statistical zone (m2), T is the sta-

tistical time (days), and the duration adopted in this

research is 30 days; Ei is the released energy of the ith

seismic event in the statistical zone and statistical time (J).

3 Site Characteristics

3.1 Longwall Details

The selected coalface, LW7332 in Xuzhuang Coal Mine, is

located in Xuzhou City, northwest of Jiangsu Province,

China. Xuzhuang Coal Mine suffers high rock burst risk

and is a characteristic coal mine with rock burst hazards.

According to incomplete statistics, at least five disastrous

rock bursts have occurred in this mine.

As shown in Fig. 1, the strike length and inclined

length of LW7332 are 1200 and 205 m, respectively. The

south and east sides of LW7332 border Fault F117 and

the unmined coal mass, and the north side is adjacent to

the goafing of LW7222 and LW7235, while the west

sides border the protective pillar area of No. II3 Mining

District Rise. Meanwhile, the coal pillar width between

LW7332 and LW7222 goafing is 6 m, while the pillar

width between LW7332 and LW7235 goafing is

increased to about 22 to 25 m. According to our

numerical simulation results, the stress concentration

within 10- to 30-m-wide pillars is very high, while

Table 3 Relationship between

bursting strain energy index and

rock burst risk

Risk index Rock burst risk degree Bursting strain energy index Wet (%)

0 None \25

1 Weak 25 to 50

2 Moderate 50 to 75

3 Strong [75
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relatively small, or very large, pillars may bear a rela-

tively lower static stress (see Fig. 2). Thus, the LW7332

tailgate near the LW7235 goafing lies in a higher static

stress state during mining operations. In addition, to

protect the No. 3 Track Dip and Haulage Dip which are

located in the rock beds under the No. 7 Coal Seam, a

large (150 m 9 140 m) residual coal pillar was estab-

lished between the stop lines of LW7222 and LW7235.

Therefore, the width-varying section of coal pillar and

adjacent large pillar may constitute a main cause of high

stress concentration and high rock burst risk near the

tailgate of LW7332, especially during the mining period

which sees the face advancing towards, and then out of,

the zone of influence of the large residual pillar.

Figure 3 shows the synthesis column map of Borehole

19 in LW7332. No. 7 Coal Seam, which is the mining coal

layer of LW7332, has a cover depth varying from 551 to

668 m. The thickness of the coal seam ranges from 4.2 to

5.8 m (4.94 m on average) with an inclination ranging

from 20� to 30� (24.8� on average). The coal seam is

overlain successively by sandy mudstone (2.53 to 5.97 m

in thickness, forming the immediate roof), fine sandstone

(4.28 to 12.03 m in thickness, in the main roof), etc., and

which are underlain successively by sandy mudstone (9.47

to 14.77 m), No. 8 Coal Seam (up to 3.93 m thick), etc.

Meanwhile, No. 7 Coal Seam, the main roof, and floor

were all classified as having a weak rock burst tendency by

laboratory rock burst tendency identification.

Fig. 1 Layout of LW7332 in

the No. II3 mining district
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3.2 Installed Seismic Monitoring System

Microseismic monitoring in mines allows seismic event

location, calculation of seismic energy, and source mech-

anisms, infers the mining stress state, evaluates rock burst

hazard, etc. Since 7 November 2014, a microseismic

monitoring system called SOS, developed by the Central

Mining Institute of Poland, was installed in Xuzhuang Coal

Mine. SOS is mainly composed of a real-time monitoring

recorder, analyser, sensors, digital transmission system,

etc. The frequency range of each single vertical-component

sensor is 1–600 Hz, the sampling rate is 500 Hz, it uses 16

bit A/D conversion, and the maximum data transmission

rate is 1 MB/s. SOS can collect and filter seismic signals

continuously and automatically, and accurately calculate

the occurrence time, released energy, and three-dimen-

sional coordinates of seismic events by using the Powell

location algorithm. The constant velocity model was pro-

posed for event location, which is calibrated by the arrival

time residual error of a number of high-energy seismic

signals. The system used 16 sensors that were distributed

around Xuzhuang Coal Mine, and LW7332 was surrounded

by a total of ten sensors (numbered 3 to 12). Figure 4

illustrates the longwall geometry and sensor locations.

4 Case Study

4.1 Process and Description of the Disastrous Rock

Burst

Mining operations in LW7332 started on 4 June 2014,

while seismic monitoring around LW7332 had been

ongoing since 7 November 2014. At that period, the face

was retreated by about 285 m and lay about 85 m from the

large-sized residual pillar near the LW7332 tailgate. By 17

December 2014, LW7332 had retreated adjacent to the

residual pillar, and 59 strong tremors with seismic energies

ranging from 104 to 105 J were recorded during this period

(see Fig. 5a), mainly occurring ahead of the face and near

the pillar. One hundred and eight strong tremors with a

seismic energy greater than 104 J (eight tremors with

energies over 105 J) occurred between 17 December 2014

and 11 March 2015 (see Fig. 5b), when the face was

retreated through the residual pillar. By 13 April 2015,

LW7332 had retreated about 68 m past the residual pillar,

and 21 strong tremors with a seismic energy[104 J (one

tremor with an energy[105 J) were recorded during this

period (see Fig. 5c). These mainly occurred near the

LW7332 tailgate and within the pillar. Many of the strong

tremors induced underground strata effects to different

extents.

At 6:08:33 and 6:12:48, on 14 April 2015, two strong

tremors with energies of 1.35 9 104 and 2.39 9 104 J

occurred as a consequence of mining activities. They were

located near the LW7332 tailgate, about 76 and 108 m

from the large coal pillar (see Fig. 5d). The tremors

induced serious vibration and obvious strata effects in the

tail-entry. At 19:21:48 on 14 April 2015, a disastrous rock

burst occurred almost in the same place (see Fig. 5d) when

LW7332 had retreated by about 71 m past the residual

pillar: the calculated energy release is 2.01 9 106 J, which

was the most serious tremor since LW7332 mining began.

The three-dimensional coordinates (x, y, and z) of the

source are 4614, 1726, and -528 m, respectively.

According to the vertical level of the source (see Fig. 5e), it

can be verified that rock burst was associated with the

fracturing and caving of the main stratum overlying No. 7

Coal Seam. After the rock burst happened, 15 to 88 m

ahead of the coalface in the tailgate (a total of up to 73 m)

was destroyed. The maximal convergence of coal mass in

the down wall of the tailgate reached 1.4 m, and the winch

was pushed from the sidewall to the middle of the tailgate.

Hydraulic props at several sites in the gateway were pushed

over, bent, and even broken off. Many bolts and cables

were pulled out, and anchor nets and lines were broken.

Fortunately, none of the miners were allowed to stay within

the gateways 200 m ahead of the coalface during coal

cutting: the rock burst caused no injury and no loss of life.

Figure 6 shows the photographs of the tailgate deformation

and damage resulting from the rock burst.

Actually, the width of coal pillar between LW7332

tailgate and adjacent LW7235 goafing is 22–25 m, which

can generate high stress concentrations and accumulate

much elastic energy within. Meanwhile, there are multiple

crossing gateways near the damaged region, and the

majority of located strong tremors were clustered in the

vicinity of the region, and the static stress could also be

easily concentrated therein. Moreover, the large protective

coal pillar of No. 3 dips, together with section coal pillar

and solid-coal mass of LW7332, and could well support theFig. 4 Layout of sensor stations around LW7332

4412 A. Cao et al.

123



overlying strata, which caused strata above LW7332 and

LW7235 to be difficult to collapse regularly, and further

increased the static high stress concentration in the

LW7332 tailgate (see Fig. 5d); however, as LW7332 was

retreated past the residual pillar, and the mined-out area

increased, the bearing capacity of the coal pillar would

decrease, strata overlying LW7332 and surrounding goaf-

ing areas may move together and rupture, which was

considered to have been the external triggering factor for

the rock burst. Ultimately, the static high stress concen-

tration, especially when combined with the dynamic

loading generated by roof caving, induced the disastrous

rock burst in the LW7332 tailgate.

In summary, the rock burst was induced by the intrinsic

static high stress concentration near the large residual pillar

and the external strong dynamic loading generated by

large-scale strata fracturing. Therefore, microseismic

effects in the process of coal-rock fracturing and strata

fracturing may contribute to the mechanism and early

warning of rock burst.

4.2 Microseismic Assessment Results and Analysis

4.2.1 Relationship Between Microseismicity and Rock

Bursting

Figure 7a demonstrates the daily seismic total energy and

event count variation curves from 10 March 2015 to 30

April 2015 around LW7332. Before 14 April 2015, the

total energy remained stable, while the event count

sharply increased, and was always maintained at high

levels. Figure 7b shows the variation of seismic energy

around LW7332 in the 48 h before the occurrence of a

rock burst. It can be seen that two precursory strong

events with energies of 1.35 9 104 and 2.39 9 104 J

occurred consequently at 6:08:33 and 6:12:48 on 14 April

2015, which demonstrated that microfissures inside the

roof stratum had propagated, converged, and connected to

form a macro-fracture. The normal periodic weighting

interval of the main roof was 35–63 m based on the

(a)

(b)

(c)

(d)

(f)

bFig. 5 Source locations of strong tremors and rock bursts when

LW7332 was retreated towards, and out of, the residual pillar zone of

influence. a Source locations of strong tremors with energy over 104 J

between 7 November 2014 and 17 December 2014. b Source

locations of strong tremors with energy over 104 J between 18

December 2014 and 11 March 2015. c Source locations of strong

tremors with energy over 104 J between 12 March 2015 and 13 April

2015. d Source locations of disastrous rock burst and two strong

tremors. e Section view of strong tremors with energy over 104 J

between 1 March 2015 and 14 April 2015, while pink points represent

tremors with energies between 104 and 105 J, and red points represent

tremors with energy over 105 J
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statistical analysis of advancing distances and pressuris-

ing processes between 4 June 2014 and 9 March 2015.

However, before the rock burst, the hanging length of the

main roof reached 71 m by 9 March 2015, which far

exceeded the normal caving interval. Once large-scale

roof fracturing and caving above LW7332 and the sur-

rounding goafing were triggered by strong mining activ-

ity, a rock burst was inevitable. After the rock burst, both

the total seismic energy and event count suddenly

decreased.

To reveal the evolutionary rule of seismic source clus-

tering before the rock burst in the static high stress con-

centration zone along with LW7332 mining direction, the

evolution of source distributions from 3 April to 14 April

was plotted (see Fig. 8). According to Fig. 8, seismic

sources began to gradually cluster and congregate at two
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sides of the mining position line of coalface from 3 April.

The clustering was further intensified and gradually

developed from two sides of the face to the tailgate side

from 8 April, while high-energy events (E[ 104 J) became

more frequent, which verified the propagation, conver-

gence, and connectivity of microfissures in this coal-rock

mass. Since 12 April, the sources became more signifi-

cantly concentrated at the LW7332 tailgate side, which

indicated that the macro-fracture in overlying strata above

LW7332 and surrounding goafing had formed and that the

roof structure was in a state of limit equilibrium. The rock

burst was induced by the large-scale intensive dynamic

loading combined with the static high stress concentration

on 14 April. Thus, the abnormal clustering of seismic

sources, accompanied by the high-energy-event congrega-

tion, can be regarded as a precursor to this rock burst

danger.

4.2.2 Passive Tomographic Results and Discussion

Passive tomographic imaging has been implemented each

month for periodical spatial assessment of rock burst haz-

ard as LW7332 passed through the large-sized residual

pillar area. To improve the inversion efficiency, and avoid

inconsistent spatial distributions, passive tomography was

performed on LW7332 mainly using stations 3, 5, 6, 8, 9,

10, and 11, and seismic events located in the target areas.

In addition, only events recorded by over five stations were

selected to avoid creating artificial anomalies in the

tomograms. To ensure that the ray density can satisfy the

inversion requirement, and improve computational effi-

ciency, a total of 35 9 35 9 5 voxels, with each voxel

measuring 50 m 9 50 m 9 175 m in the X- (strike), Y-

(inclination), and Z- (mining depth) directions, respec-

tively, was input into the tomographic calculation. Inver-

sion iteration of tomograms was conducted using SIRT

which must have an initial velocity value, and a constant

P-wave velocity equal to 4300 m/s was assumed to cal-

culate event location and perturb the first iteration. To

decrease the indeterminacy, the velocity was restricted to a

constant gradient of between 2.0 and 6.0 km/s. Plan views

of velocity tomograms at seam level, Z = -560 m, were

generated to evaluate rock burst risk for the next mining

period.

Calculated tomographic velocity images in Figs. 9, 10,

11, 12, and 13 show P-wave velocity changes during the

mining period in LW7332 from 1 December 2014 and 10

April 2015. Accordingly, high-velocity and velocity

anomaly regions were observed to always redistribute

within the large-sized protective coal pillar and the width-

varying section coal pillar ahead of the LW7332 tailgate as

the face retreated passing through the residual pillar

between December 2014 and February 2015. The maxi-

mum value of P-wave velocity in this period was up to

6.0 km/s, while the maximum positive velocity anomalies

even exceeded 0.25, which indicates that the aforemen-

tioned areas are always at a moderate, or strong, seismic

hazard risk now, and in the future. When LW7332 started

to retreat past the residual pillar, the high-velocity and

velocity anomaly regions were also observed to move

ahead (see Fig. 12), being mainly concentrated in the

tailgate side ahead of LW7332, LW7235 goafing, and part

of the large-sized residual pillar. By 10 April 2015, 4 days

before the rock burst, the latest velocity image was cal-

culated based on the seismic events recorded between 21

March and 10 April. As shown in Fig. 13, high-velocity

regions with higher seismic risk levels (the maximum

velocity was up to 6.0 km/s, the maximum positive

velocity anomalies exceeded 0.40) were observed to grow

and become mainly concentrated in the tailgate side ahead,

and behind, LW7332, goafings of LW7235 and 7332, etc.,

which indicated that there may be large-scale rupturing and
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Fig. 9 Tomographic images obtained using seismic events from 1

December to 31 December 2014 (circle symbols show positions of

strong tremors with energies E[ 104 J that occurred between 1

January and 31 January 2015). a Velocity inversion result. b Velocity

anomaly inversion result
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movement of overlying strata above the goafing and

residual pillar, causing high stress concentrations and

dynamic loading near the face with the constant increase of

the mined-out area.

4.2.3 Bursting Strain Energy Results and Discussion

Besides periodical spatial assessment of the rock burst risk

zone by passive tomographic imaging, the bursting strain

energy index was further used for short-term spatial–tem-

poral pre-warning of rock bursts during the mining of

LW7332. Based on Eq. (6), the variations of bursting strain

energy index from 1 January to 15 March and 15 March to

15 April 2015 were calculated as shown in Fig. 14. It is

shown that the time-normalised index Wet of bursting strain

energy accords well with the occurrence of strong tremors

or strata behaviours, while Wet always lay at moderate or

strong rock burst risk before the appearance of any tremor

with an energy exceeding 105 J. In particular, the time-

normalised index Wet has lain at a rock burst risk level

above moderate since 6 April, then rose to over a strong

risk level by 12 April, and increased constantly for 3 days

until the rock burst: thereafter, the index decreased rapidly.

Figure 15 illustrates spatial contour nephograms of

bursting strain energy index in space domain Wes during

different mining periods. Nephograms show that the

bursting strain energy index can effectively represent the

accumulation, damage, and release processes of strain

energy during the mining of LW7332, while the hypocentre

of the rock burst and the destroyed zones on 14 April were

nearly all located within the high seismicity and hazardous

areas as pre-warned by Wes on 12 and 13 April 2015.

Thus, using the bursting strain energy index, the danger

status, specific hazardous zones, and levels of rock burst

risk can be further quantitatively analysed in short time,

and in space, for the monitoring area.
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Fig. 10 Tomographic images obtained using seismic events from 1

January to 31 January 2015 (circle symbols show positions of strong

tremors with energies E[ 104 J that occurred between 1 February

and 28 February 2015). a Velocity inversion result. b Velocity

anomaly inversion result
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Fig. 11 Tomographic images obtained using seismic events from 1

February to 28 February 2015 (circle symbols show positions of

strong tremors with energies E[ 104 J that occurred between 1

March and 20 March 2015). a Velocity inversion result. b Velocity

anomaly inversion result
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4.3 Rock Burst Hazard Control

Although comprehensive pre-warning of rock bursts has

been carried out in areas of LW7332 mining near a large-

sized residual pillar zone, no technique was implemented

to control rock burst risk before 14 April 2015. Since the

disastrous rock burst happened, to reduce the static stress

level and dynamic disturbance of tremors, large-diameter

pressure-relief boreholes in the coal mass and directional

hydraulic fracturing in the hard roof were carried out

respectively in the remaining tailgate ahead of LW7332, as

shown in Fig. 16.

Pressure-relief boreholes can play an important role in

weakening the stress intensity in a coal mass. The specified

parameters of these large-diameter boreholes in the coal

mass around the LW7332 tailgate were as follows: the

borehole diameter was 110 mm, the borehole depth

exceeded 15 m, and the borehole interval was 2.4 m.

Directional hydraulic fracturing of the hard roof was

mainly aimed at weakening the intensity of dynamic

loading induced by roof fracturing. An initial crack at the

base of a borehole was formed by a special cutting tool,

and the initial crack tip starts to fracture under the action

of a tensile stress concentration. This crack extended

rapidly along the direction of the rock level assisted by

the action of high-pressure water (see Fig. 16b). The

specified parameters of the hydraulic fracturing process in

the main roof of the LW7332 tailgate were as follows: the

height of each vertical borehole was 13 m, the borehole

diameter was 42 mm, the borehole interval was 10 m, the

diameter of the initial crack was 12 mm, the water

injection pressure was 30 MPa, and the water flow rate

exceeded 80 L/min.

By using above pressure-relief techniques, the integrity

and intensity of the coal mass were destroyed and the static

stress near the LW7332 tailgate was reduced, while the

periodic weighting interval of the main roof was shorter,

and the dynamic loading induced by strata fracturing was

also weakened. Moreover, an artificial ‘‘loose and weak

structure’’ was formed in the coal seam, which can absorb
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Fig. 12 Tomographic images obtained using seismic events from 1 March to 20 March 2015 (circle symbols show positions of strong tremors

with energies E[ 104 J that occurred between 21 March and 10 April 2015). a Velocity inversion result. b Velocity anomaly inversion result
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Fig. 13 Tomographic images obtained using seismic events from 21 March to 10 April 2015 (circle symbols show positions of strong tremors

with energies E[ 104 J that occurred between 11 April and 15 April 2015). a Velocity inversion result. b Velocity anomaly inversion result
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and scatter seismic energy radiated by mining-induced

tremors to a significant extent.

LW7332 was re-mined again from 1 May, and P-wave

velocity changes during the mining period from 1 May to

30 June 2015 are shown in Figs. 17 and 18. Figure 17

indicates that the velocity near the tailgate side ahead of

LW7332 decreased and the maximum positive velocity

anomalies were no [0.05, while the velocity near the

headgate side (ahead) was a little higher, but the maximum

positive velocity anomalies were also no [0.20. The

velocity and velocity anomaly shown in Fig. 18 were fur-

ther reduced along with the extraction of material from the

coalface, which indicated that the whole mining area of

LW7332 was basically subjected to a weak seismic hazard

risk. The aforementioned rock burst control techniques

produced satisfactory pressure-relief results.

5 Conclusions

A specific coalface, LW7332 in Xuzhuang Coal Mine,

which suffered from rock burst threats mainly caused by

high stress concentrations from an adjacent large residual

coal pillar and width-varying section pillar, was chosen for

the analysis of microseismic precursory characteristics and

spatial–temporal pre-warning of rock burst hazards. The

main conclusions were as follows:

1. Before the disastrous rock burst, daily seismic event

count and total energy increased significantly to reflect

the unstable state of energy accumulation within coal-

rock mass. Daily evolution of seismic events before the

rock burst indicated that rock burst was related to

fracturing of roof rock layers and formation of macro-

fractures within the coal-rock mass. The abnormal

cluster of seismic sources, abnormal variation of daily

total energy and event counts, may provide a precursor

to rock burst occurrence.

2. Combining seismic monitoring and tomographic

imagery, passive tomographic imaging has been

implemented each month for the periodic spatial

assessment of rock burst hazard as LW7332 passed

through the large-sized residual pillar area. The high-

velocity, and velocity anomaly, regions were observed

to be redistributed within the large-sized protective

pillar and the width-varying section pillar ahead of the
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LW7332 tailgate as the face retreated and passed

through the residual pillar. Using tomographic detec-

tion practices, this technique can quantitatively and

periodically describe the hazardous region and assess

rock burst risks.
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mining periods of LW7332. Spatial warning of Wes on a 18

September 2014, when LW7332 was mined towards a large residual

pillar. b 15 February 2015, when LW7332 was mined ahead of half of

the large residual pillar. c 12 March 2015, when LW7332 was just

mining out past the large residual pillar. d 12 April 2015, 2 days

before the disastrous rock burst occurred. e 13 April 2015, 1 day

before the disastrous rock burst occurred
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Fig. 16 Schematic diagram of pressure relief induced by large-

diameter boreholes and directional hydraulic fracturing in LW7332.
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directional hydraulic fracturing boreholes in LW7332. b Schematic

showing directional hydraulic fracturing in the roof. c Sectional plan

through a directional hydraulic fracturing borehole in LW7332
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3. Bursting strain energy index was further used for short-

term spatial–temporal pre-warning of rock bursts in

areas of mining near the residual coal pillar. The

corresponding temporal sequence curves and the

horizontal contour nephograms revealed that the index

can quantitatively forecast the status of the danger of a

rock burst in the monitored area in short time and

rapidly reflect the extent of such hazardous areas and

levels of rock burst risk therein.

4. This study can improve seismic monitoring and

provide a reference for rock burst pre-warning in

similar coal mines. Most importantly, it should be

emphasised that pre-warning of a rock burst must use

the comprehensive anomaly indices including qualita-

tive analysis of microseismicity evolution, intermedi-

ate quantitative assessment of passive velocity

tomography, short-term quantitative predictions of

bursting strain energy index, as well as some tradi-

tional detection methods.
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Fig. 17 Tomographic images obtained using seismic events from 1 May to 31 May 2015. a Velocity inversion result. b Velocity anomaly

inversion result
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Fig. 18 a Velocity inversion result. b Velocity anomaly inversion result
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