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Abstract
Fault slips and triggered rockbursts pose a significant threat to the safety of mining personnel and infrastructure in deep coal
mines. Sudden and dynamic slip may occur along a pre-existing fault characterized by the presence of contact between two
opposite faces. Such slips are capable of changing the balance of forces whenmining activity is conducted in the area surrounding
the fault at depth and are accompanied by energy release that has the potential to cause serious damage to roadways and working
faces. The aim of the comprehensive investigation reported here was to elucidate the evolution of the stress field surrounding a
fault due to mining activity in adjacent working faces, using Fast Lagrangian Analysis of Continua in 3 Dimensions (FLAC3D)
numerical simulations, especially variations the high shear stress area. We then proposed the mining-induced fault slip mecha-
nism. The evolution rule of sources during fault slip could be clearly explained using field microseism (MS) monitoring data, and
the correlation between source parameters (e.g., static stress drop, peak particle velocity, and displacement) and fault slip was
established. Correspondingly, the multi-parameter precursors of a rockburst induced by the fault slip were analyzed and sum-
marized in detail. This work provides a number of reference points to be used for the warning and controlling of rockbursts
triggered by fault slip in coal mines.
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Introduction

Rockbursts in coal rock in deep coal mines are dynamic phe-
nomena generally induced by changes in the stress regime
associated with mining activity at deep levels. At the present
time, rockbursts cannot be precisely predicted or effectively
prevented using available techniques (Schmidt 2013). Such
was the case of the disastrous rockburst that occurred in the
21201 working face of the Qianqiu coal mine (QCM) on

June 5, 2008, resulting in serious damage to a 630-m-long
roadway, including closure of a 105-m-long section, ejection
of 3975 t of coal, and desorption of 1700 m3 gas with a peak
concentration of up to 8.1%. As of 2016, the number of sta-
tistically enumerated rockbursts in coal mines in China was
167. This hazard represents an increasing threat to miners and
underground infrastructure.

Rockbursts can be classified into two categories: strain
rockbursts (strainburst) and fault-slip rockbursts (Ortlepp
1992; Wong 1992). The former occurs when localized high
stress concentrations are produced and develop adjacent to a
working face or excavation boundaries, causing brittle failure
of the intact coal or rock, generally with ejected materials of
less than 100 t (Blake and Hedley 2003). Strain rockbursts
usually occur in specific areas characterized by a concentra-
tion of original high stress that can be verified in advance;
thus, this type of rockburst is relatively easy to predict and
prevent compared with fault-slip rockbursts. Fault-slip
rockbursts, on the other hand, occur when excavation activi-
ties alter the stresses acting on a fault, ultimately triggering
sudden slip behavior along the fault plane. This type of
rockburst is not usually restricted to the proximity of an ad-
vancing working face, but rather arises in an area of hundreds
of meters surrounding the working face (McKinnon 2006).
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Fault-induced rockburst is universally considered to be a key
safety issue in deep coal mines. Due to heterogeneous nature
of the fault, the slip of the fault plane and fracture of intact
parts significantly contribute to the difficulty of predicting
such rockbursts.

A better understanding of mining-induced fault slips and
subsequent rockburst precursors subjected to stress changes
by excavation is very important. To elucidate the fault-slip
mechanism, a number of triaxial tests and field observations
have been conducted to understand fault-slip mechanics, in-
cluding the characteristics of frictional strength, slip and fail-
ure criteria, and energy accumulation and release on the fault
during slip (Moore et al. 1990; Williams et al. 1992; Urbancic
et al. 1993; Blanpied et al. 1995; Savage et al. 1996; Ortlepp
2000; Sprenke et al. 2002; Goebel et al. 2012; Paige et al.
2013; Mclaskey and Lockner 2016). Analysis of the triaxial,
biaxial, and ring-shear configurations have been also widely
carried out to investigate the shear characteristics of artificial
faults (Summers and Byerlee 1977; Dieterich 1981;
Shimamoto and Tsutsumi 1994; Beeler et al. 1996; Faulkner
et al. 2010; Ikari and Saffer 2011; Niemeijer et al. 2011), with
particular focus on the double-direct experiments of fault
stick-slip (Karner and Marone 1998; Mair et al. 2007; Beeler
et al. 2014). Recently, some methods for alleviating fault-slip
rockbursts have been put forward and implemented in coal
mines, including reducing the volume of excavations,
avoiding man-made high stress concentrations (Sjöberg et al.
2012), using microseism (MS) monitoring to provide early
warning (Malek et al. 2008), and using de-stress blasting to
release the accumulated strain energy (Yao et al. 2009; Lu
et al. 2018). Board et al. (1992) proposed an interesting meth-
od to reduce the friction coefficient, namely, the injection of
pressurized fluid into a fault plane to pre-induce low-energy
slip events with a small recurrence interval, thereby mitigating
the danger of large-energy slip events occurring unexpectedly.

Initiating pre-emptive fluid- or de-stress-triggered slips of
faults is one strategy to potentially prevent rockbursts by pos-
sibly reducing the potential shear stress that may contribute to
unpredictable slip events (Kaiser et al. 2013). However, if the
excavation areas adjacent to a fault are in a high-stress con-
centration state, even a small-energy fault slip may trigger a
rockburst. Therefore, it is crucial to be able to accurately de-
lineate high stress concentrations in advance and even identify
the precursors of slip, with the aim to warn and/or mitigate the
danger of fault-induced rockbursts. Unfortunately, gaining
knowledge of the triggeringmechanism between stress chang-
es adjacent to a fault and subsequent slips remains a challenge.
Especially enigmatic is the link between fault slip and MS
monitoring, which is a key issue in being able to accurately
warn for rockbursts.

The aim of the work reported here was to investigate the
role that changes in mining-induced stress play in the effec-
tiveness of fault slip and the associated rockburst hazard. We

have investigated this topic using two approaches: a series of
numerical simulations and in-situ integrated observations, in-
cluding MS monitoring, electromagnetic emission (EME),
and gas emission. Based on a rockburst induced by a field-
scale fault slip, we analyzed and summarized the multi-
parameter precursors. Based on this analysis, we were able
to clearly explain the triggering mechanism of fault slip in
response to changes in shear stress due to sequential
excavation.

Site conditions

Geological settings of the 25110 working face

A fully mechanized top-coal caving mining technique is used
to mine the 25110 working face, located in the right wing of
the #25 mining area of the Yuejing coal mine (YCM). To the
north are the 25090, 25070, 25050, 25030, and 25010 work-
ing faces, from bottom to top, respectively. The 25110 work-
ing face is adjacent to the F16 thrust-reverse fault in the south-
east direction and to down-dip gateway pillars of the #23 and
#25 mining areas in the east and west directions, respectively.
The buried depth of the 25110 working face is approximately
1000 m, the slope is 192 m, and the lengths of the headentry
and tailentry are 856 and 878 m, respectively. The #2-1 coal
seam has a thickness of 7.6–13.2 m. It was identified to have
strong rockburst tendency and to be composed of three to five
sandy mudstone layers that have a total thickness of 2.1 m and
a single-layer thickness ranging from 0 to 0.9 m; the inclina-
tion ranges from 12.5° to 15.4°, with an average inclination of
13°. The immediate floor is composed of 20-m-thick mud-
stone; the false roof consists of 0.2-m-thick sandy mudstone
partly intruded by hard quartz sandstone; the immediate roof
is composed of 18-m-thick mudstone; and the primary roof is
mainly sandstone and conglomerate. The headentry adopts the
bolt–mesh–anchor system combined with 36 U BO- type^
shed and gate-type hydraulic support. Figure 1 shows the pla-
nar sketch of the right wing of the #25mining area and the F16
fault.

Tectonic parameters of the F16 fault

The large thrusts are probably weak faults. The slip occurs on
all of the thrust surfaces simultaneously, whereas evidence
from earthquakes suggests that thrusts operate by the overall
accumulation of displacement on slip patches located on dif-
ferent parts of the fault at different times (Price 1988). The F16
reverse-thrust fault was formed under huge compaction and
the overthrusting effect of the thrust-nappe tectonic system.
The fault extends approximately 45 km along a nearly EW
strike, with dip angles of 75° and 15–35° in the shallow and
deep parts, respectively. The throw of the F16 fault is 50–
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500 m, and the horizontal separation is 120–1080 m. The fault
activation could be easily triggered due to the weakness of the
thrust property and disturbance by mining activity at the
neighboring 25110 working face.

Mining-induced slip of the F16 fault
and a triggering rockburst

MS characteristics during the F16 fault slip

MS system

An Engineering Seismology Group (ESG) system was
installed and implemented on September 29, 2008 at YCM
with the aim to monitor the F16 fault slip and provide a warn-
ing of rockburst. The ESG system consists of three main com-
ponents, namely, the geophones, the Paladin digital signal
acquisition system, and the Hyperion digital signal processing
system, as well as of minor parts. The frequency response,
sampling rate, and transmission speed of the geophone are
0.01–100 MHz, 50–10 kHz, and 200 MB/s, respectively.
The resolution of the system is 14-bit digital with a signal
acquisition capability of up to 125 MHz, and the geophones
use acceleration sensors. To minimize the location error of the
source, pre-blasting was implemented to calibrate the velocity
model for locating; the locating error of the system was found
to be generally less than 10 m when the P-wave velocity was
set to 4000 m/s.

The headentry of the 25110 working face is close to the
F16 fault, and the tailentry is located below the lower sublayer
of the adjacent 25090 working face that is characterized by a
de-stressed zone. Therefore, the geophones of the MS system
were mainly arranged in the headentry to monitor F16 fault
activity, and the layout of the geophones was updated regular-
ly with advances in the 25110 working face. A total of 23
geophones were installed in underground roadways, of which
four and three were arranged in the headentry and tailentry,
respectively.

Source locations during the F16 fault slip

A sudden drop in shear stress will accompany the slip of a
fault, with the strain energy being released seismically.
Otherwise, the slip will be gradual, continuous, and aseismic
without an obvious release of energy, as no excess shear stress
is permitted to build up and drive episodic slip behavior.
Therefore, each MS event will be produced when one slip of
a fault occurs, and the location and energy of the source can be
calculated by the MS monitoring system. Figure 2 shows the
vertical profile chart of the MS sources located in the sur-
roundings of the 25110 working face and the F16 fault during
the driving and initial mining periods (July 2009 to October
2010).

The spatial–temporal distribution of the sources with verti-
cal depth of − 300 to − 500 m is shown clearly in Fig. 2. Most
of the sources are symmetrically distributed on the upper and
lower plates of the F16 fault; in particular, a large number of

Fig. 1 Planar sketch of the right
wing of the #25 mining areact and
the F16 fault
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high-energy sources are clustered around the fault surface.
Many high-energy sources are also concentrated in the sur-
roundings of the 25110 working face due to mining activity.
During the initial excavation period from July 2009 to
March 2010, the source energy was relatively lower due to
only weak disturbance as the spacing distance between the
driving head and the F16 fault was large. The source energy
subsequently increased rapidly until October 2010 during the
late driving and initial mining period. When the 25110 work-
ing face gradually approached the F16 fault during the initial
excavation period, the mining-induced disturbance signifi-
cantly strengthened. It was expected that once the shear stress
reached or surpassed the shear strength of the F16 fault due to
the decrease in normal stress caused by mining activity, the
slip would inevitably be triggered. Thus, the concentration of
the high-energy sources surrounding the F16 fault was closely
associated with the slips.

The planar distributions of the sources during driving and
the initial mining periods of the 25110 working face were
studied to further reveal the slip and associated energy release
of the F16 fault, as shown in Fig. 3.

In Fig. 3a, many small-energy sources (E < 103 J) gener-
ated during driving can be seen to be vertically distributed in
the shallow part of the F16 fault at some distance from the
25110 working face. In comparison, almost all of the high-
energy sources (E > 105 J) are clustered in the area surround-
ing the F16 fault area closest to the 25110 working face,
demonstrating that the subsequent excavation caused the

fault slip and the accumulated energy release. Due to small
variations in the in-situ stress field with roadway driving, the
slip of the F16 fault was negligible and, therefore, the re-
leasing energy was also low.

It can be seen from Fig. 3b that at the initial mining stage of
the 25110 working face, the total number of MS events was
clearly lower than that shown in Fig. 3a; however, the source
energy was generally higher, and most of the events were
larger than 106 J. In particular, some high-energy sources
emerged in the F16 fault area at some distance from the
25110 working face, indicating that the mining activity caused
large-scale deformation and fracture of the surrounding coal-
rock and a corresponding reduction and transfer of the original
stress. Therefore, it can be inferred that the normal stress of the
F16 fault near the 25110 working face was obviously reduced
and that the friction on the fault plane was also correspond-
ingly decreased. Because the shear stress reached or surpassed
the shear strength of the F16 fault in the mining-influenced
zone, the triggering of the slip was inevitably accompanied by
a release of high energy.

Slips of the F16 fault

In order to further reveal the mining-induced slip characteris-
tics of the F16 fault, we selected three distinct slips that oc-
curred on July 23 and 25 and August 5, 2010, respectively, to
analyze the correlation between the energy, static stress drop,

Fig. 2 Profile chart of the MS
sources located in the
surroundings of the 25110
working face and the F16 fault
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S-wave/P-wave energy (ES/EP), peak particle velocity (PPV),
and maximum displacement of each slip, as shown in Fig. 4.

As seen in Fig. 4, the static stress drop, PPV, and maximum
displacement rose continuously with the increasing energy of
each slip, whereas the ES/EP showed a slight decrease initially,
which was folllowed by a sharp rise, demonstrating that the
shear activity was weaker on July 25 than on August 5. The
static stress drop is generally not dependent on the scale of the
fault and usually ranges between 0.1–10 MPa for natural earth-
quakes (Zoback and Gorelick 2012). However, the stress drops
occurring over localized asperities or stronger portions of fault
surfaces may be significantly higher than the general range and,
for example, they can reach 70 MPa in some cases (McGarr

et al. 1979). Therefore, the stress drops observed on July 25 and
August 5 were within the expected range, while the stress drop
on July 23 reached up to 100 MPa, which may be the result of
failure of portions of the F16 fault surface with higher strength.
The slip that occurred on July 23 triggered a rockburst that
appeared in the range of 820–830 m in the headentry of the
25110 working face; the maximum displacement reached
0.24 m, and the PPV was up to 21.2 m/s. In addition, an MS
event is closely associated with shear failure along geological
discontinuity when ES/EP > 10 (Boatwright and Fletcher 1984).
All of the ES/EP values of the three slips were larger than 20,
demonstrating that the events were significantly characterized
by shear failure in nature of the F16 fault.

Fig. 3 Planar distributions of the
sources during the driving (a) and
initial mining periods (b) of the
25110 working face
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Stress distribution characteristics surrounding the F16
fault during excavation

Mining-induced fault slip is due to stress redistribution in
response to excavation during the advancing of roadways
and working faces. On adversely oriented faults, excavation
can cause both an increase in shear stress, τ , and a reduction in
normal stress, σn (Blake and Hedley 2003). If this trend
reaches the point where the induced shear stress exceeds the
shear strength of the fault, the fault will inevitably slip.

In this case, the excavation disturbance can reduce the ef-
fective normal stress acting on a critically stressed fault until it
slips in accordance with the Mohr–Coulomb criterion:

τ ≥ σn�pmÞ tanφþ cð ð1Þ
where τ and σn represent the shear and normal stresses acting
on the fault, respectively, pm is the stress relief on the fault
caused by excavation, φ is the friction angle of the fault sur-
face, and c is the corresponding cohesion.

A critically stressed fault may be present where the shear
stress contributing to drive the slip is slightly smaller than the
shear strength of the fault, due to partially to normal stress
clamping the fault. When excavation occurs through or near
the fault, in the absence of the lower strata completely
Bholding^ the fault structure, the initial normal stress σn will
be reduced to some extent by the stress relief, pm. Continuous
excavation may also lead to a subsequent increase in τ . Both
factors contribute to the fault slip. Thus, the analysis of stress
acting on the fault is crucial for verification of the slip trend.

Modeling

Since it is difficult to record stress variation in real time, numer-
ical simulation is a feasible method at the present stage. A nu-
merical model was built using Fast Lagrangian Analysis of
Continua in 3 Dimensions (FLAC3D) numerical modeling soft-
ware (Itasca Consulting Group, Itasca International, Inc.,

Minneapolis, MN, USA) to investigate the effect of excavation
of the 25110 working face on stress variation of the F16 fault. To
reduce the computational costs, the geological conditions of the
models were appropriately simplified. Vertically, from bottom to
top, the model consisted of sandstone, mudstone, 2-1 coal seam,
mudstone, sandy mudstone, and conglomerate. The size of the
model was 1365 m (length) × 1050 m (width) × 350 m (height)
and included a total of 267,936 elements; in particular, local
elements in the excavation area were refined. The ‘Interface’
function of the FLAC3D software can simulate the structural
planes, such as faults and discontinuities in coal and rock.

The bottom boundary of the model was fixed, and the
three-dimensional stress regime was loaded by the horizontal
x-axis σx of − 20.5 MPa, the horizontal y-axis σy of −
20.5 MPa, and the vertical z-axis σz of − 20.5 MPa on the
top boundary. The mechanical parameters of coal and rock
of the model, based on geological surveys and laboratory test
results, are shown in Table 1.

Static stress distribution surrounding the F16 fault

Stress distribution of the profile where y = 500 m The profile
of the model was made along the direction of y = 500 m, and
the corresponding stress distribution is shown in Fig. 5.

It can be seen from Fig. 5a that the normal stress of the left and
right sides of the area was larger than that in the middle and that
the normal stress manifested discontinuous distribution on the
upper and lower plates near the F16 fault. The normal stress max-
imum at the top of the upper plate of the F16 fault was approxi-
mately 22MPa, and theminimumnormal stresswas approximate-
ly 6 MPa at the bottom of lower plate. The shear stress on the
upper and lower plates evolved differently (Fig. 5b), with the latter
gradually decreasing to the minimum of 6 MPa with increasing
depth, while the former was higher with a maximum of 17 MPa.
From Fig. 5c, it is evident that the vertical stress increased with
increasing depth, with the minimum vertical stress of about
14 MPa located at the top of the upper plate of the F16 fault,

Fig. 4 Correlation between
energy, static stress drop, ES/EP,
PPV, and maximum displacement
of each slip
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and themaximumvertical stress of approximately 38MPa located
at the bottom of the upper plate. In addition, the maximum prin-
cipal stress was basically consistent with the vertical stress, and the
minimum principal stress also corresponded to the normal stress,
indicating that both normal and shear stresses on the lower plate of
the F16 fault at depth were small.
Stress distribution along the 2-1 coal inclination The profile of
the model was made along the 2-1 coal inclination, and the
corresponding stress distribution is shown in Fig. 6. It can be
seen from this figure that the horizontal stress in the 2-1 coal

seam showed slight fluctuations but remained at about 9 MPa.
The horizontal y-directional stress in the 2-1 coal seam was
basically similar to the horizontal x-directional stress, and the
value remained at about 10 MPa (Fig. 6b). The variation in
vertical stress near the lower plate of the F16 fault in the middle
of the 2-1 coal seamwas different from that of horizontal stress,
first appearing as a gradient rise from right to left and then as a
gradient reduction as it with approached the F16 fault due to the
influence of the lower plate (Fig. 6c). In addition, the stress
variation on the upper plate differed from that on the lower

Fig. 5 a–c Stress distribution of
the profile where y = 500 m

Table 1 Mechanical parameters
of coal and rock of the model Mineral UCS

(MPa)
Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion/
(MPa)

Internal frictional
angle (°)

Density
(kg/m3)

Conglomerate 52.05 42.16 0.2 29 40 2600

Sandy
mudstone

35.25 26.88 0.15 24.7 35 2600

Mudstone 20.00 4 0.35 6 28 2500

2-1 coal sean 14.43 2 0.4 1.68 25 1350

Mudstone 20.00 4 0.35 6 28 2500

Sandstone 67.33 48.19 0.2 31 42 2700

UCS, Uniaxial compressive strength
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plate, and the former was obviously higher than the latter, indi-
cating that the fault caused discontinuous distribution of the
stress across the upper and lower plates. The maximum and
minimum principal stresses were approximately consistent with
the vertical and horizontal stresses, respectively.

In summary, there was a discontinuous stress distribution
near the upper and lower plates of the F16 fault, and the gradi-
ent increasing trend of vertical stress along the 2-1 coal seam
inclination from shallow to deep was removed by the F16 fault.
Approaching the fault, the gradient reduction of vertical stress
appeared to be due to the influence of the lower plate.

Variation in mining-induced shear stress on the F16 fault

The shear stress distribution along the 2-1 coal dip before and
after excavation of the 25090 working face was analyzed to
reveal the slip mechanism of the F16 fault, as shown in Fig. 7.

The original shear stress in the 25110 working face located
at lower plate of the F16 fault was clearly different before and
after the excavation, as seen in Fig. 7. The shear stress in this
area was positive at approximately 1 MPa before the excava-
tion, and then became negative at about 6 MPa after excava-
tion of the 25090 working face. This change may have caused
the slip of the lower plate of the F16 fault and aggravated the
rockburst risk of the 25110 working face.

During excavation of the 25110 working face, the shear
stress along the 2-1 coal dip was simulated at 20-m intervals.
The results of this simulation show that there were no obvious
changes in shear stress before and after excavation, but there
were significant changes in the high shear stress zone (high
shear stress refers to a value of > 6 MPa), as shown in Fig. 8.

In Fig. 8, the difference in the high shear stress zone before
and after excavation gradually increased with advancing dis-
tances of 20 to 180 m, except for a sudden drop due to the first

Fig. 6 a–c Stress distribution along the 2-1 coal inclination. Note: the right side of the F16 fault is the lower plate
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roof cave-in at the advancing distance of 40 m. When the roof
experienced the square cave-in at the advancing distance of
180 m, the difference reached its maximum and then dropped
suddenly. The distance to the F16 fault gradually increased
with advancing of the 25110 working face, while the differ-
ence decreased continuously, indicating that the high shear
stress near the 25110 working face easily triggered the slip
of the F16 fault at the initial mining stage combined with
normal stress reduction.With gradual increases in the distance
to the fault with the advancing of the 25110 working face, the
high shear stress zone was reduced and, therefore, the F16
fault was relatively difficult to slip.

A faulting-induced rockburst and multi-parameter
precursors

A disastrous rockburst with a magnitude ofML 2.7 occurred in
the headentry of the 25110 working face on August 11, 2010,
and the released energy reached up to 9 × 107 J. By August 11,

the advancing distances of the tailentry and headentry of the
25110 working face were 17.1 m and 31.2 m, respectively.
The deformation and destruction were significant in the
headentry 340 m ahead of the cut, and the O-type shed and
gate-type hydraulic supports were seriously damaged. In par-
ticular, the #3, #4, and #5 water injection drill sites in the
headentry at 528, 704, and 795 m ahead of the cut were
completely closed. The rockburst also caused pronounced
floor heave and cross-section reduction of the roadways, with
the maximum floor heave reaching 2.3 m. The shock wave
generated by the rockburst stirred up a cloud of coal dust in the
headentry and tailentry. The deformation and destruction of
the headentry after the rockburst are shown in Fig. 9.

The #9, #10, #12, and #19 geophones were arranged
around the 25110 working face. The MS waveforms of the
rockburst recorded by the four geophones are shown in
Fig. 10. The waveforms manifested a long duration for the
four geophones located on the lower plate of the F16 fault;
the first-motion amplitude of the P wave was smaller, and the

Fig. 7 Shear stress profile along the 2-1 coal dip. a Without excavation, b after excavation

Fig. 8 Variation in the high shear
stress zone with advancing of the
25110 working face
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first-motion direction was upward. Based on the spatial orien-
tation between the F16 fault plane and the four geophones, it
can be verified that the MS signals were closely associated
with the slip of the F16 fault.

Macroscopic precursors of the rockburst

The EME may reflect the stress of the headentry of the 25110
working face based on the relationship between EME and
stress (Yamada et al. 1989; Frid et al. 1992). For field

monitoring, the antenna of the KBD5 EME portable apparatus
is commonly fixed and the receiving end is oriented vertically
towards the middle–upper part of the coal wall within 5 m.
The amplitude and pulse indexes and their variations in EME
generated by coal and rock deformation and failure are mea-
sured by a non-contacted method to warn of the risk of
rockburst. The interval between two adjacent monitoring
points is normally 20 m. In our study, we arranged five mon-
itoring points each in the tailentry and headentry 80 m ahead
of the 25110 working face, and the average amplitude was

Fig. 9 Photographs of the deformation (a) of the headway and destruction of equipment (b) of the headentry of the 25100 working face caused by the
rockburst on August 11, 2010

Fig. 10 MS waveforms of the rockburst recorded by the #9, #10, #12, and #19 geophones
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calculated as the result of that day. In addition, the average
resistance of all hydraulic supports was also correspondingly
calculated to verify the stress status of the 25110 working face
combined with EME. Variations in both EME amplitude and
support resistance from July 18 to August 11, 2010 (Fig. 11).

Comprehensive analysis of EME amplitude and support re-
sistance shown in Fig. 11 revealed that both showed a gradually
decreasing trend from July 18 to August 9 and then suddenly
dropped to the minimum value on August 10—following
which the rockburst occurred. Therefore, it can be extrapolated
that micro-cracks in the overlying roof strata experienced se-
quentially initiation, growth, and interaction with mining activ-
ity of the 25110 working face accompanied with a gradual
decrease of stress. When the roof cave-in occurred, the normal
stress near the F16 fault suddenly dropped. Together, these data
indicate that the shear stress near the F16 fault did not show an
obvious change, whereas the normal stress was significantly
reduced, thus inevitably triggering the slip of the F16 fault. In
summary, the reduction in normal stress reflected by EME am-
plitude and support resistance can be regarded as one of the key
warning factors of a fault slip.

MS frequency-spectrum evolution before and
after the rockburst

There is an abundance of laboratory and field evidence show-
ing that a switch occurs from a dominantly hybrid type of MS
to a dominantly low-frequency type of MS when a rockburst
is imminent (Spetzler et al. 1987; Read et al. 1995; Benson
et al. 2010; He et al. 2010). In particular, the MS resonance
frequency has been shown to decrease in experiments moni-
toring roof falls using displacement, stress, and MS monitor-
ing prior to the final roof fall (Shen et al. 2008). The evolution
of the frequency-spectrum of the MS events located near the
F16 fault, as recorded by three geophones closest to the fault,
including three events prior to the rockburst and two events
after the rockburst, are shown in Fig. 12 .

The frequency-spectrum distributions shown on Fig. 12 are
characterized by low amplitude, wide spectrum, and high central
frequency before the rockburst, indicating that the F16 fault be-
gan to generate micro-slip due to disturbance of the 25110 work-
ing face caused by mining activities, accompanied with a small
energy release. Prior to the rockburst at 18:07:28, the amplitude
spectra increased suddenly, indicating that the large slip of the
F16 fault was triggered when both the normal stress and shear
strength of the fault decreased and the shear stress reached or
exceeded the critical value of shear strength due to mining-
induced relief effect of the 25110 working face.
Simultaneously, a large amount of energy was released, and
eventually the rockburst was triggered. With the initiation,
growth, and interaction of micro-fissures along the F16 fault
plane into macro-fractures after the rockburst, the amplitude
spectra generated by the fault slip increased suddenly, accompa-
nied by an obvious reduction of the dominant frequencies, clearly
demonstrating the large slip of the fault. Thereafter, the amplitude
spectra fell with the gradual stability of the fault, while the dom-
inant frequencies significantly increased to a high-frequency
band. Therefore, the evolution from dominantly hybrid to dom-
inantly low-frequency type combined with the increasing ampli-
tude can be regarded as a convincing precursor of a fault slip.

Abnormal gas emission during the rockburst

The dynamic load generated by a fault slip will result in a sud-
den rupture of coal and rock in the critical stress condition by
means of propagation and attenuation of the shock wave, pro-
ducing fissures that both contribute to the development of gas
outburst channels and accelerate the escape velocity of the gas to
trigger gas outbursts. For coal-containing gas, the abnormally
high emission due to a high gas pressure and a high stress
concentration may be an effective precursor of a rockburst. In
the Rhine-Westphal coal field, Hawusike coal field, and Ruhr
coal field in Germany, many rockbursts have been accompanied
by abnormal gas emissions (Hu et al. 2008).

Fig. 11 Variations in both
electromagnetic emission (EME)
amplitude and support resistance
from July 18 to August 11, 2010
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The variations in gas concentration at the upper corner of the
25110 working face and the #3 water injection drill onsite were
continuously recorded during the rockburst, as shown in Fig. 13.

It can be seen from Fig. 13a that the gas concentration at the
upper corner of the 25110 working face increased abruptly at
approximately 9:00 a.m. on August 11 and that the maximum
value exceeded the alarming line, indicating that the abnormal gas
emission from coal and rock was possibly associated with micro-
slip of the F16 fault. Thereafter, the gas concentration dropped
sharply to below the critical value (alarming value). In particular,
the gas concentration began to show significantly continuous
fluctuations during the 2-h period prior to the rockburst, which
can be regarded as a precursor of obvious slip of the F16 fault
causing the fracture of coal and rock. It is worth noting that the
concentration began to rise sharply from1min and 53 s before the
rockburst, reaching a maximum when the rockburst occurred,

followed first by a sudden drop and a gradual increase to above
the alarming line where it remained; this trend indicates the con-
tinuous gas outburst from the fractured coal and rock after the
rockburst. In Fig. 13b, the gas concentration at the #3 water in-
jection drill onsite is initially not apparent, and then it began to
appear at about 6 h before the rockburst, once again verifying the
micro-slip process of the F16 fault. The concentration sharply rose
after the rockburst, with the maximum exceeding 2%, followed
by sudden drop,with the value remaining above the alarming line.

When a fault slides, the seismic waves with a large amount
of energy are produced and propagate in all directions. The
residual energy after attenuation will transmit and superim-
pose on surrounding coal and rock combined with the original
static stress, and part of the residual energy transforms to the
kinetic energy of the gas absorbed in the coal and rock. This
significantly strengthens the activity of the gas, and the

Fig. 12 Frequency-spectrum evolution of the MS events located near the F16 fault before and after the rockburst. Note: the occurrence time of the
rockburst was 18:11:53 on August 11

5158 C.-P. Lu et al.



vibration of coal and rock is triggered due to the interference
of seismic wave generated by the fault slip. In addition, the gas
temperature rises, exacerbating the desorption and escaping
velocity and promoting the formation of the macro-fractures
serving as channels that contribute to accelerating gas emis-
sion. Thus, the continuous fluctuations of the gas concentra-
tion near a fault can be regarded as a precursor of the fault slip.

Conclusions

(1) When driving andmining gradually approach the F16 fault,
both normal stress and friction force on the fault plane were
reduced. Once shear stress reaches or exceeds shear
strength of the fault, the fault slip will occur with significant
energy release. In addition, the driving operation weakly
disturbs the stress field near the fault, and the energy of the
MS sources clustering in the fault area near the 25110
working surface is low. However, themining activity easily
causes obvious slip of the fault, and the energy of the MS
sources is higher accompanied with obvious stress drop.

(2) The static stress drop, PPV, and maximum displacement
rise with the increasing energy released by the fault slip.
However, the ES/EP first show a slight decrease and then
dramatic increase.

(3) The variation in shear stress is not obvious before and
after excavation of the 25110 working face, whereas the

high shear stress zone changes significantly, indicating
that the high shear stress zone is capable of triggering the
F16 fault slip at the initial mining stage accompanied
with the decrease in normal stress.

(4) TheMSmanifests low amplitude, a wide spectrum, and a
high central frequency before the rockburst, and the am-
plitude suddenly rises prior to the rockburst, indicating
obvious slip of the F16 fault accompanied by a large
amount of energy release and obvious reduction of dom-
inant frequency. Thereafter, theMS amplitude drops with
gradual stability of the fault, and the dominant frequency
moves to the high-frequency band. In addition, the con-
tinuous fluctuation of gas concentration can also be
regarded as a precursor of fault slip.
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