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A B S T R A C T

Coal burst has become a common safety issue in underground coal mines and its triggering mechanism is be-
lieved to be highly associated with coal state parameters including stress, strain and energy. As a powerful tool
for coal burst forecasting, microseismic (MS) monitoring has the capability of directly monitoring energy release
and indirectly capturing stress and strain changes. In this paper, the strain energy transfer in the process of coal
burst during underground coal mining was investigated, which revealed that coal burst is caused by strain
energy released from the surrounding rock, plus the additional energy input provided by the superposition of
static and dynamic stresses. The seismic energy, derived from the strain energy transfer process, was defined and
simulated in numerical models. Based on the modelling results, a damage mechanics model was developed to
correlate stress, strain, damage and seismic energy release. In this context, a new index named as ‘bursting strain
energy (BSE)’ was proposed to quantitatively assess coal burst propensity. This BSE index was first calibrated via
numerical modelling and then successfully applied to a Chinese coal mine for coal burst forecasting. Results
showed that the BSE index can effectively assess the likelihood of coal burst occurrence in the temporal domain
and assess high risk regions in the spatial domain. Such practices can be conducted on a daily basis, which will
contribute to the improvement of mine safety and productivity.

1. Introduction

Coal burst is currently considered as one of the most severe threats
to underground safety in coal mining. It is caused by elastic strain en-
ergy released in a sudden, rapid, and violent manner from coal or coal
measure rocks. A coal burst event can be accompanied by an airblast or
windblast, which may disrupt mine ventilation, throw out equipment
and fragmented rock blocks, release strata gas and propagate explosive
dust into the air.1,2 With the increasing depth of underground coal
mining, coal extraction is facing ever-increasing stress conditions with
acute occurrence and frequency of coal burst incidents. As the occur-
rence of coal burst is rather complex and abrupt in time and location,
understanding its triggering mechanism and quantitative spatial-tem-
poral forecasting and prevention are very challenging tasks for the
improvement of mine safety and productivity.

Over last 40 years, various hypotheses for coal burst mechanism
have been proposed and widely accepted by mining practitioners, from
the perspectives of strength,3 energy,4–6 stiffness,7–9 stability,1,10 burst
liability,11–13 and the superposition of dynamic and static stresses.14–16

There are three physical parameters mainly considered in these hy-
potheses: stress, strain, and energy. To further understand the intrinsic
links between these three parameters, numerous methods for coal burst
monitoring and forecasting have been reported from the viewpoint of
directly or indirectly capturing stress/strain/energy responses to un-
derground mining, such as the field measurement of micro-
seismicity,17–21 electromagnetic emission,22 acoustic emission (AE),23

coal drill cuttings,2 and relative borehole stress.24,25 In practice, mi-
croseismic (MS) monitoring has been recognised as the most convenient
and effective method due to its very nature of real-time remote access,
large monitoring scope, relatively low noise disturbance, and non-
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interruption on production.
MS emissions during rock failure process is a well-documented

phenomenon, which can be observed in various scales ranging from
laboratory rock tests, underground mining activities, to even crustal
earthquakes.26–28 Since coal burst is highly related with coal failure
processes, the emission of seismic waves can be detected via careful
design monitoring arrays during underground mining operations,
which may provide input for the prediction of a coal burst incident,
essentially a large seismic event.

Research on the MS effects of coal/rock fracturing and mining-as-
sociated coal burst events has been carried out fruitfully over the last
two decades. For instance, Friedel et al.,29 Luxbacher et al.,30 Luo
et al.,31 Cai et al.,32,33 and Gong et al.34 investigated the applications of
seismic velocity tomograms in underground mines. They found that
seismic tomography can map high stress or seismic active zones during
coal extraction, and thereby assess coal burst risks. Moreover, the re-
lationship between displacement, stress and seismicity during mining-
induced failure was analysed through a triaxial experiment,35 numer-
ical modelling approaches,36,37 and also validated by a large amount of
field observations.38–44 Through these investigations, numerous mean-
ingful qualitative and empirical relationships to understand the link
between displacement, stress and seismicity were obtained, which
provide a new insight on the mechanism of coal burst processes.

Building upon these empirical relations, different seismic indices for
coal burst forecasting have been proposed,38,44–48which includes total
seismic energy, number of seismic events, b value, fractal dimension,
moment tensor, apparent stress/volume, energy index/ratio, etc. Some
of these indices (e.g. total seismic energy, number of seismic events, b
value, and fractal dimension) are based on analysing statistical features,
the shortcoming of which is that they cannot reflect the dynamic pro-
cess of coal burst, especially reveal the strain energy transfer in the
process of coal burst. Therefore, this kind of statistical indices usually
lack understanding of the physical mechanism of coal burst. Due to this
limitation, these statistical indices normally provide a qualitative ana-
lysis, which can only yield warning notices such ‘abnormal seismic
values’ without the capability of identifying a certain time period or
mining area that is susceptible to coal bursts. For the other indices (e.g.
energy index/ratio), although with well-defined physical meanings,
most of them remain in the level of qualitative trend analysis, which
limits the wide dissemination of these indices. Furthermore, many of
these indices may even provide contradictory results. For example, as
two most commonly applied statistical measures, ‘total seismic energy’
determined by high and extremely rare high energy events tends to
over-estimate the coal burst risk, while on the other hand ‘number of
seismic events’ overwhelmed by a large number of low energy events
may under-estimate the risk. This creates another challenge for the
application of these indices.

To address the above challenges, this paper presents a seismic-based
strain energy methodology by integrating both the seismic energy and
the number of seismic events, which reflects the physical process of coal
burst and associated strain energy transfer. In the field application, the
coal burst process and its associated strain energy transfer during un-
derground coal mining were first investigated using a theoretical ap-
proach. Subsequently, the seismic energy derived from the strain en-
ergy transfer process was defined and simulated in numerical models.
Based on the modelling results, a damage mechanics model was de-
veloped to correlate stress, strain, damage and seismic energy release.
In this context, a new index named as ‘bursting strain energy (BSE)’ was
proposed to quantitatively assess coal burst propensity. This BSE index
was first calibrated via numerical modelling and then successfully ap-
plied to a Chinese coal mine for coal burst forecasting.

2. Coal burst process and strain energy transfer in underground
coal mining

2.1. Underground coal mining and stress redistribution

During underground longwall mining, the removal of solid coal
results in the transfer of stress to the front of coal faces and to the side of
longwall panels and entries, as shown in Fig. 1. Zones of vertical stress
that exceed the in-situ overburden stress are known as abutment zones,
and elevated stresses are known as abutment stresses. During mining
operation, the abutment stress progresses along with the direction of
face advancement, which consequently generates a mostly quasi-static
loading on the roof-coal-floor system. Under this quasi-static loading
condition, coal fracturing usually starts at the excavation boundary,
where the vertical stress is the post-peak residual stress (DE) and
transfers gradually to deeper solid coal along with the coal excavation,
as shown in Fig. 2. This means that, from deeper solid coal to the ex-
cavation boundary, coal gradually experiences the elastic deformation
stage (AB), the pre-peak plastic deformation stage (BD) and the post-
peak strain softening stage (DE). These three stages often correspond to
the zones of continuous, fractured and caved in the overburden strata.
In this static loading condition, the strength of coal ( σ[ ]) (see Fig. 2)
increases with the elevated confining stress as the coal locates far away
from the excavation boundary. Therefore, abutment stress exceeding
coal strength σ[ ] can result in coal failure and release elastic strain
energy, which may potentially induce a coal burst.

In addition, the regional stress redistribution as a result of coal
extraction may induce far-field fault sliding or roof fracturing and their
associated MS events, which in turn may generate an additional dy-
namic stress applied on the total stresses around the mine opening. This
dynamic stress follows an attenuation law ahead of longwall face. In
such a case, coal burst is more prone to initiate as long as the total
stress, which is the superposition of static stress (i.e. abutment stress)
and dynamic stress (i.e. induced by far-field MS events), exceeds the
strength of coal in the vicinity of longwall panels and entries.14–16

+ ≥σ σ σ[ ]s d (1)

where σs is static stress, σd is dynamic stress, σ[ ] is the stength of coal.

Fig. 1. Three-dimensional view of overburden movement and vertical stress
distribution in the coal seam resulting from longwall mining (modified from
Peng49).
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2.2. Coal burst mechanisms and coal failure processes

As shown in Fig. 2, three objects of roof, coal and floor mainly
constitute the underground mining space. The interaction of this roof-
coal-floor system essentially control coal failure processes and further
reveal the coal burst mechanism, which was termed as the double rock
sample model or the rigidity theory.7–9 In this roof-coal-floor system,
coal is assumed as a fractured or softened material with non-linear
behaviour. The roof and floor are treated as a united surrounding rock
system with much larger stiffness and strength than coal. Fig. 3 presents
the roof-coal-floor system under static loading condition. The stress
behaviour of the surrounding rock under loading is described on the
left-hand side. The stress behaviour of coal is displayed on the right-
hand side.

It can be inferred from Fig. 3 that, if a tight bonding between coal
and surrounding rock was assumed, a strain change ( εΔ 2) in coal will
simultaneously cause surrounding rock (roof and floor) to deform. The
strain change ( εΔ 1) in the surrounding rock can be expressed as:

=ε k
k

εΔ Δ1
2

1
2 (2)

where k1 is the stiffness of surrounding rock, k2 is the stiffness of coal. As

a result, the whole strain ( εΔ ) of the roof-coal-floor system is:

= + = +ε ε ε k k
k

εΔ Δ Δ Δ1 2
1 2

1
2 (3)

The ratio of coal strain to total strain can be written as:

=
+

ε
ε

Δ
Δ

1
1 k

k

2
2
1 (4)

From Eq. (4), the process from stability to instability can be de-
scribed in the following four stages:

Stage AB: Both k1 and k2 are larger than zero. The surrounding rock
and coal are both in an elastic energy storage, which is the calm period
before coal failure.

Stage BD: The stress-strain curve starts to deviate from the linear
section, turns into the inelastic deformation stage and reaches the peak
point D. In this stage, k2 gradually decreases to zero at the peak point
and k1 remains unchanged. Therefore, the surrounding rock is still ac-
cumulating elastic strain energy and while coal starts converting elastic
energy into plastic deformation. However, the ratio of coal strain to
total strain (Δε /Δε2 ) tends to increase as k k/2 1 decreases. The essence of
this change is that the micro-cracks initiated inside the coal start to

Fig. 2. Overburden movement and zonation as a response to the stress distribution around a mine opening, from section A-A in Fig. 1.

Fig. 3. Energy transfer in roof-coal-floor system during the coal failure process under static loading condition.
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grow and extend, which is often accompanied with a sequence of MS
events or mild stress drops. This stage corresponds to the pre-failure
period.

Stage DS: The stress in coal decreases as it gradually loses its bearing
capacity and k2 turns into a negative value. In this stage, the roof-coal-
floor system can reach to an extreme unstable state, i.e., → ∞Δε /Δε2

when + =k k 01 2 . At this moment, a dynamic failure event will be
triggered, which corresponds to coal burst occurrence.

Stage SE: The failure process in coal gradually slows down and the
whole system tends to reach a new stable state. In this stage, Δε /Δε2

decreases as k2 increases again but still less than 0, which corresponds
to the calm period after coal burst.

2.3. Strain energy transfer with the additional energy input excluded

In this section, it is assumed that the additional energy input from
the external loading stresses (σs and σd) to facilitate the coal failure
process is excluded. In other words, the external loading supply is cut
off and as a result the strain energy released from the surrounding rock
is the only supply to drive the coal failure process.

According to the energy balance principle, the absorbed energy (UA)
of coal during the failure process contains elastic strain energy (UE),
dissipated energy (UD) and radiated energy (UR). This relation can be
illustrated in Fig. 3 and expressed as follows:

= + +U U U UA E D R (5)

= + +U U U UD DB
C

DD
C

DD
R (6)

= −U U UR E
R

DD
R (7)

where UE is equal to the residual elastic energy in coal after the coal
burst. UE

R is the released elastic energy from the surrounding rock
during the coal burst. UDB

C is the energy dissipated by coal before the
coal burst. UDD

C is the energy dissipated from the elastic energy storage
of coal itself during the coal burst.UDD

R is the energy dissipated from the
released elastic energy of the surrounding rock during the coal burst.UR
is equal to the energy released from the roof-coal-floor system during
the coal burst, which can be approximated into:

= − + ⋅ + ⋅ = − +
⋅

⋅ −U k k
k
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2
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2
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1
1 2 2

1 2

1 2
1
2

2
2

(8)

where σ1 and σ2 are stresses before and after the coal burst, respectively.
It can be inferred that when + <k k 01 2 , >U 0SE , which agrees well with
the unstable coal failure under the loading condition of < −k k1 2. On
the other hand, the stable coal failure under the loading condition of

≥ −k k1 2 corresponds to the case ≤U 0SE . For more details about the
loading conditions of stable and unstable coal failure, please refer to the
reference 6.

2.4. Strain energy transfer without the additional energy input excluded

In this section, the additional energy input from the external loading
stresses (σs and σd) to facilitate the coal failure process is not excluded.
In other words, the external input energy is still supplied to accelerate
coal deformation and therefore the failure process is normally unstable.

When the roof-coal-floor system is subjected to the external static
loading stress (σs), an additional input energy UΔ R needs to be con-
sidered, as shown in Fig. 4. As a result, the coal failure process will be
violent compared to the loading condition with the additional energy
input excluded. In other words, this external loading could be equiva-
lent to the condition that the stiffness of the surrounding rock decreases
from k1 to ′k1 . In this context, the position (from S1 to S2) where satisfies
the condition + =k k 01 2 will be closer to the peak point D and therefore
the roof-coal-floor system will reach to the extreme unstable state
( → ∞Δε /Δε2 ) (or initiate the coal burst) earlier.

When the roof-coal-floor system is subjected to the superposition of

external static and dynamic loading stresses (σs and σd), the additional
input energy UΔ R will be larger and the coal failure process will be
more violent. As a result, the equivalent decrease of the stiffness of the
surrounding rock will be more remarkable. More seriously, the dynamic
stress, i.e. cyclic seismic wave loading, is considered as a cyclic loading
and unloading with permanent deformation, which may induce the
same dynamic failure as the stress reaches the point S2 even if the stress
under static loading condition just reaches the point ′S2 .

In conclusion, the coal burst process will be more violent under the
superposition condition of static and dynamic loading. This condition is
also inclined to initiate coal burst event even in the pre-peak stress
state, which is consistent with the potential region of coal burst oc-
currence displayed in Fig. 2.

3. Stress inversion based on seismic energy

3.1. Definition of seismic energy

As described in Section 2.4, the energy released ( +U UΔR R) from
the roof-coal-floor system during the coal burst is primarily emitted in
the forms of seismic energy, thermal energy and electromagnetic ra-
diation energy. Among these energies, seismic energy can be easily
captured and located and thereby widely adopted to measure the in-
tensity of coal burst. Most of researches even considered coal bursts as
MS events directly.38,39,50 By assuming that the amount of energy re-
leased during coal failure process will completely convert into seismic
waves, the recorded energy (USE) of MS event can be approximated into
the released energy ( +U UΔR R).

As described in Section 2.2, the non-linear stage BD is essentially
comprised of a sequence of mild stress drops. In this condition, the
strain energy transfer process method (Figs. 3 and 4) used for the coal
failure process can be also applicable to these multiple stress drops, as
shown in Fig. 5. Therefore, for each stress drop, there will be an MS
event associated and its energy can be approximated as the released
energy ( +U UΔR R) as well. But in fact, it is difficult to use the labora-
tory or the field experimental approach to separate the additional en-
ergy input, so that the released energy can hardly be calculated. Nu-
merical experiment approach provides a solution to this problem.

In numerical modelling, Eq. (5) was incorporated into FLAC3D via
FISH language to simulate seismic events created during the coal failure
process. The absorbed energy in the numerical model was defined as51:

∑ ∑= ⋅ + ⋅ ⋅ ⋅
= =

−{ }U σ σ ε V t1
2

( )A
w

W

n

N

ij
n w

ij
n w

ij
n w n

1 1

, 1 , ,

(9)

where σij
n w, and εij

n w, are the stress level and strain rate of the element,
where the superscript n is the element ID number and w is the current
calculation step. t is the time interval between two solution steps. V is
the element volume. Subsequently, the embedded functions z_wetot and
z_wptot in FLAC3D were used to compute the elastic strain energy (UE)
and dissipated energy (UD), respectively. Finally, the strain energy re-
leased in the next solution step is considered as the seismic energy (USE)
and it can be defined as:

∑= = − −
=

U U U U U( )SE R
n

N

A
n

E
n

D
n

1 (10)

where − − >U U U 0n n n
A E D .

3.2. Definition of inversed stress using seismic energy and damage variable

According to the continuous damage mechanics,52 the stress of coal
under loading can be elaborated by:

= −σ Eε D(1 ) (11)

where σ is stress, ε is strain, E is Young's modulus, and D is damage
variable.
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To define the damage variable, a number of researchers have
adopted the whole strain,8 plastic strain,53,54 dissipated energy55 and
seismic source parameters.56 The former three methods are usually
applicable in the analytical modelling, while the last one can be applied
on site directly using the field MS monitoring data. In this paper, the
Benioff57 strain derived from seismic energy was utilised to define the
damage variable:

⎜ ⎟= − ⎛
⎝

− ⎞
⎠

D exp ε
ε

1 E

F (12)

where = ∑ UεE SE is the accumulated Benioff strain. εF is the average
value of εE, which can be determined by assuming that the critical
damage DF= 0.95 corresponds to the completely damage state (CDS)
(as the point E displayed in Fig. 4) where the εE was deemed as the
critical Benioff strain (CBS) εEF. Therefore, εF can be calculated by
substituting DF and εEF into Eq. (12):

= −
−

ε ε
ln D(1 )F

EF

F (13)

By substituting Eq. (13) into Eq. (11), the inversed stress can be
obtained:

⎜ ⎟= ⋅ ⎛
⎝

− ⎞
⎠

σ Eε exp ε
εI
E

F (14)

3.3. Numerical simulation of seismic energy, damage, and inversed stress

Above-mentioned procedures were incorporated into the plastic
strain-based damage constitute model with its modelling set up para-
meters proposed in a previous study53 to simulate the seismic events,
and in turn to inverse the stress based on the simulated seismic energy,
as shown in Fig. 6.

It can be seen from Fig. 6 (a) and (c) that almost no seismic events
generated during the stage AB, which corresponds to the elastic de-
formation stage. After reaching at the point B, a large number of small
micro-cracks are initiated, which results in many small seismic events
occurred at the beginning and then to be stable until the point C. This
stage BC corresponds to the stable micro-crack growth and extension
stage of plastic deformation. During the stage CD, the number of
seismic events increases significantly and their amplitudes fluctuate
remarkably to release a large amount of energy, which presents the
unstable crack extension stage of plastic deformation. In the post-failure
stage DE, the coal becomes broken and completely lose bearing capa-
city at the point E. In this stage, the dynamic failure event corre-
sponding to coal burst occurrence is triggered. The common trends of
these stress and seismic evolutions during the failure process of coal can
be observed regardless of that under uniaxial loading condition (Fig. 6
(a)) or triaxial loading condition with the confining stress of 1.0MPa
(Fig. 6 (c)), except for that the stress and seismic energy under the
triaxial loading condition will be larger than that of uniaxial loading
condition, as well as the elastic deformation stage will be longer.

Fig. 4. Energy transfer in roof-coal-floor system during coal failure process under the superposition condition of static and dynamic loading.

Fig. 5. Energy transfer in roof-coal-floor system during stress drop under the superposition condition of static and dynamic loading.
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4. Bursting strain energy index

4.1. Definition of bursting strain energy index

Fig. 6 (b) and (d) present the evolution of damage and inversed
stress, where a consistence between the trends of numerical modelling
stress and inversed stress is observed, even though there exist large
differences in magnitude between them. To forecast the subsequent
dynamic failure event, however, the magnitude is not important but the
trend will be more interested. In addition, it is believed that the coal
failure will be more likely to occur when it reaches a high damage level
or a high stress state. But in fact (see Fig. 6), the damage value during
stage BD is normally not large but the dynamic failure event is ap-
proaching and also the stress might reach to the peak state. In the post-
peak stage, the damage value still remain at the high level but the
dynamic failure event has been ending and also the stress is decreasing.

To address these issues, a new index was defined:

=
⎧

⎨
⎪

⎩⎪

− − ≥ ≥

< <

D if D or

D if D and
BSE

1 , 0.75 0.75

, 0.75 0.75

σ
σ

σ
σ

σ
σ

I
p

I
p

I
p (15)

where ≤ ≤0 BSE 1, σp is the peak of inversed stress. Since this index is
deduced from using seismic strain energy and applied for the fore-
casting of coal bursts, the terminology ‘bursting strain energy (BSE)’ has
been conceived in this paper. Fig. 6 (b) and (d) present the BSE index
results in numerical modelling, which indicate that this BSE index could
be equally divided into four forecasting levels (none, weak, moderate,
and strong) based on the index values ranging from 0 to 0.25, 0.25 to
0.50, 0.50 to 0.75, and 0.75 to 1, respectively, as summarised in
Table 1. Under these four different levels, the different control measures
of coal burst can be recommended as a guidance accordingly. In addi-
tion, these four levels also roughly correspond to the elastic (AB) and
completely damage (after E) stage, the plastic stage BC, the parts of
plastic stage BC and CD, and the parts of plastic stage CD and post-peak
stage DE, respectively.

Fig. 6. Seismic energy simulation and the associated inversed stress, damage and bursting strain energy (BSE) index (to be clearly described later in Section 4.1).
Seismic and stress evolutions under (a) uniaxial and (c) triaxial loading condition. The evolution of inversed stress, damage and BSE under (b) uniaxial and (d)
triaxial loading condition.

Table 1
Relationship between BSE index values range, coal burst risk levels and corresponding guidelines on coal burst control measures (after Dou et al.58).

BSE index values range Coal burst risk levels Control measures

0≤ BSE<0.25 None All mining operations can be carrying out normally.
0.25≤ BSE<0.50 Weak More attention should be focused on monitoring and forecasting of coal burst in the process of mining operations.
0.50≤ BSE<0.75 Moderate Stress relief measures should be taken to alleviate and eliminate the coal burst risk in the process of mining operations.
0.75≤ BSE<1 Strong Production should be paused, and workers must be evacuated from the risk regions immediately. Further mining operations

cannot be restored until the coal burst risk has been eliminated by taking the measures and being guaranteed again with the
monitoring results.
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4.2. Implementation in temporal domain

In field implementation, it should be noted that the strain (ε) in Eq.
(14) can hardly be measured for the whole longwall panel directly. But
fortunately, it has been known that the loading strain applied on the
solid coal ahead of longwall face is approximately proportional to the
face advance rate, and the daily MS event number is moderately cor-
related with the face advance rate.28,38,42 Therefore, the relation

= ⋅ε α NMS could be assumed into Eq. (14), and the inversed stress can be
estimated as:

⎜ ⎟= ⋅ ⋅ ⋅ ⎛
⎝

− ⎞
⎠

σ E α N exp ε
εI MS
E

F (16)

where α is the correlation coefficient between strain and seismicity. NMS

is the accumulated number of MS events.
Moreover, it can be concluded from Eqs. (12)–(16) that εF is a key

parameter, and to obtain this value, the completely damage state (CDS)
and its correlated critical Benioff strain (CBS) εEF need to be confirmed
first for field implementation. As discussed in Section 2.2, the CDS
corresponds to the calm period after coal burst in temporal domain,
which is very close to the dynamic failure event. This dynamic failure
event is most likely to generate a strong seismic event (also called
mainshock) and even trigger a coal burst incident. Therefore, to identify
the mainshock in the field implementation is the key step to recognise
the CDS.

To achieve this, mainshocks were defined as a set of seismic events
whose energy are larger than the critical mainshock energy (CME). This
CME can be determined by a linear correlation coefficient method
proposed by Cai et al.,20 as illustrated in Fig. 7. In this figure, the Gu-
tenberg-Richter magnitude-frequency distribution46 is always skewed
in the magnitude of seismic events larger than a threshold value.27 This
threshold value is deemed as the CME. It should be mentioned that this
CME is also considered as the region-characteristic maximum possible
event magnitude or the upper limit of event magnitude for a given
region.50,59

It is well known in seismology that foreshocks and/or aftershocks
will be recorded around the mainshock, and most of them in magnitude
are even approximate to the mainshock. In this context, there should be
only one mainshock (maximum energy event) in the above-defined set
of mainshocks during a short period, and others should be regarded as
foreshocks and/or aftershocks. Therefore, the interval time between
any two adjacent strong events (whose energies are larger than the
CME) should be also considered to determine the CDS. In other words,

the CDS would be recognised when a seismic event within energy larger
than CME occurs, and simultaneously any other events within the same
energy level no longer happen in a following certain short period.

In terms of field implementation, the accumulated Benioff strain (εE)
and the accumulated number of MS events (NMS) in Eqs. (12) and (16)
would be reset to zero as long as the CDS has been recognised. It can be
realised that there will be several CDSs recognised, so that several CBSs
between any two adjacent CDSs will be obtained in the historical
seismic sequence as well. In this paper, the median of the CBSs se-
quence was considered as εEF further to calculate εF using Eq. (13).

4.3. Implementation in spatial domain

As depicted in Fig. 2, the coal along the face advance direction is
actually at different stages of the completed stress-strain curve (Fig. 3).
This means that when coal at the excavation boundary (at the point E)
reaches CDS, the deeper solid coal (at the point A) may just initiate
loading condition. When the longwall panel of sufficient width and
length is excavated and all MS events are recorded, the maximum value
of εE will occur around the excavation boundary or even in the gob. This
maximum εE is considered as εEF for a given region, and thereby the εF

can be calculated using Eq. (13) in spatial domain.
In terms of field implementation, the study area is first discretised

into small 2D grids or 3D voxels and then the accumulated Benioff
strain (εE) and the accumulated number of MS events (NMS) are calcu-
lated within each grid or voxel. Subsequently, the maximum εE is ex-
tracted to calculate εF, which in turn is feedback to Eqs. (12) and (16)
for computing the grid data of damage variable and inversed stress,
respectively. Together with the normalisation of inversed stresses, the
BSE index values are calculated for each grid or voxel using Eq. (15)
and the contour map is plotted using the pixel interpolation accord-
ingly.

4.4. Guidelines on the implementation

Fig. 8 shows the process required to calculate the BSE index in
temporal and spatial domains. In the temporal domain, the MS para-
meters (t and USE) are used. First, the CME illustrated in Fig. 7 needs to
be calculated, which is then utilised to identify the CDSs. On the basis of
the CDSs, the CBSs between any two adjacent CDSs are computed and
therefore the εEF is obtained. Subsequently, the εF is calculated by
substituting εEF and DF= 0.95 into Eq. (13). Building upon these
parameters (εF and CDSs) abovementioned and inputting E and α, the
BSE index in temporal domain can be calculated using Eqs. (12), (15)
and (16).

In the spatial domain, the MS parameters (x, y, z and USE) are used.
First, the εE is calculated for each grid, which is then used to identify the
CDSs where the εE is maximum. This maximum εE is deemed as εEF, and
on this basis the εF is obtained using Eq. (13). Building upon the
parameter (εF) and inputting E and α, the BSE index in spatial domain
can be calculated using Eqs. (12), (15) and (16).

5. Field application

The Hujiahe coal mine, owned and operated by Shaanxi Binchang
Coal Group Company, is located in the west of Shaanxin province,
China. The panel of LW 402103 is fairly deep at about 650m under-
ground deep. The length and width of the panel are approximately
1897m and 180m, respectively. The coal seam thickness ranges from
13.00m to 22.50m with a maximum dip angle of 9°. The seam is
overlain successively by 5.95m thick sandy mudstone, 23.70m thick
siltstone, and successively underlain by 4.65m thick mudstone and
4.80m thick siltstone, as described in Fig. 9. The fully-mechanized top
coal caving method was used to recover the panel. The MS monitoring
system “ARAMIS M/E″ developed by the EMAG of Poland was installed
at the mine since September 2013. Fig. 10 depicts the panel geometryFig. 7. Calculation of the critical mainshock energy (CME).
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and seismic stations that installed in the research area. For further
details of this monitoring system used, please refer to the reference 44.

A destructive coal burst event stuck the mine at 22:21 pm on
October 27, 2016 (local time). According to the MS monitoring results,
this coal burst was caused by a large seismic event with 2.76× 105 J of
energy release at the rib of belt entry and its hypocentre was located in
the roof, 7 m in front of the longwall face and 25m away from the belt
entry (Fig. 10). This event was even felt at the mine ground office
building. Damages in the field are described as follows: within 15m
radius of burst areas at the belt entry, the roof and entry sides were cut
off and sunk by 600 mm-1000mm, demonstrated as the burst area R1
in Fig. 10. The floor in burst area R2 of the drainage entry heaved for
200mm and cracked for 40mm in width. Moreover, the cross section of
the entry was seriously deformed.

In order to acquire the critical parameters for the calculation of BSE
index in temporal domain, all the MS events recorded over last six
months were collected. Using the calculation method described in
Section 4.2, the value of the CME is computed as 105.02 J (see Fig. 7)
and εF is 11242 J1/2. The Young's modulus (E=870MPa) of the coal
and the coefficient (see Eq. (16), α =0.00072 in temporal domain)
between strain and seismicity were adopted in this paper. Note that the
parameters (E and α) will not change the shape of stress curve, and
therefore will not change the final BSE index results. In field im-
plementation, they are only utilised to adjust the stress scale. Fig. 11
presents the results of the inversed stress, damage variable and BSE
index. It can be seen that all mainshocks (including foreshocks and/or
aftershocks) occurred after the peak stress. Most of them even occurred
in the strong risk level with the BSE index value larger than 0.75. In
particular, prior to the coal burst occurred at October 27, 2016, the BSE
index reached to a strong level in the early time of October 25 and
maintained at the strong level (BSE≥0.75) until the coal burst

Fig. 8. Flowchart for the calculation of bursting strain energy (BSE) index in temporal and spatial domains.

Fig. 9. General stratigraphy of the LW 402103 panel in Hujiahe coal mine.
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Fig. 10. Layout of LW 402103 panel and seismic stations installed in the research area, and the location and destroyed zones of the coal burst event occurred at 22:21
pm on October 27, 2016.

Fig. 11. The evolution of the inversed stress, damage variable and bursting strain energy (BSE) index.
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occurred.
With respect to the calculation of the BSE index in spatial domain,

the monitoring region was first discretised into 2D small grids of
10 m×10m. The accumulated Benioff strain (εE) and the accumulated
number of MS events (NMS) were then calculated within each grid using
the same set of recorded MS data from 1 May to 26 October 2016, as
displayed in Fig. 12(a). Subsequently, the maximum εE was assigned to
be εEF, and thus the εF was calculated using Eq. (13). This εF in turn was
feedback to Eq. (12) to compute the damage variable (Fig. 12(b)). The
inversed stress (Fig. 12(c)) was then calculated using Eq. (16), together
with setting the Young's modulus (E=870MPa) of the coal and the
coefficient (see Eq. (16), α =0.001 in spatial domain) between strain
and seismicity. Finally, the BSE index values were calculated using Eq.
(15) and the contour maps were plotted in Fig. 12(d) via the pixel in-
terpolation accordingly. It can be seen that the seismic location of the
coal burst was identified in the high damage zone, which corresponds
to the low stress region and the low value region of the BSE index. It
might be the reason that the coal in this high damage state had lost its
bearing capacity, which would result in a high likelihood of roof sub-
sidence and therefore induce the strong seismic event located in the
roof. The destroyed zones (burst areas R1 and R2) were located in the
vicinity of the high damage region as demonstrated by the damage
variable D=0.75, which corresponds to the relatively high stress
(larger than 30MPa) region and the strong risk region of BSE (≥0.75)
index. Note that more attention should be taken when regions high-
lighted above are near the entries and around the longwall face, other
than that in the deeper solid coal or even in the gob far away. It is
because the entries would be more likely to be destroyed by the coal
burst event while the strong risk regions indicated around these entries
are closer to the longwall face.

6. Conclusions

In this paper, a new seismic-based strain energy methodology was
developed for the quantitative analysis of coal burst forecasting, which

reflects the physical process of coal burst and associated strain energy
transfer in underground coal mining. Three main conclusions are drawn
as follows:

The theoretical analysis of the strain energy transfer in the process
of coal burst during underground coal mining revealed that the coal
burst process is a result of the strain energy released from the sur-
rounding rock, plus the additional energy input from the superposition
of static and dynamic stresses.

The seismic energy, derived from the strain energy transfer process,
was defined and simulated in numerical models. With the modelling
results, a damage mechanics model was developed to correlate the
stress, strain, damage and seismic energy. On this basis, a new index
was defined in a quantitative form named as ‘bursting strain energy
(BSE)’ and simultaneously calibrated in the numerical modelling.

In the field implementation, the BSE index was defined in temporal
and spatial domains accordingly using the seismic energy and the
number of seismic events. The application of the BSE index has been
successfully demonstrated at a coal mine in China for the coal burst
forecasting using MS monitoring data. Results showed that the BSE
index can effectively indicate the likelihood of coal burst occurrence in
temporal domain and assess the high risk region in spatial domain. Such
application can be conducted on a daily basis within the real-time MS
monitoring data, which can help improve mining safety and pro-
ductivity.
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