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A B S T R A C T

Coal burst is caused by a dynamic and unstable release of energy within the overstressed rock mass/coal during
the mining process. Although the occurrence of coal burst is a result of the complex impacts of many factors, a
major component of coal burst mechanism is associated with energy storage and release. This study reviewed the
sources of energy that can contribute to a coal burst, principally strain and potential energy stored in the coal mass
around excavations, and radiated seismic energy released by geological discontinuities. The energy balance
concept proposed by [1] was utilised in numerical modellings to compute the radiated seismic energy in a
modelling system and the kinetic energy of ejected rock/coal for a given burst scenario. The modelling results
showed that the strain energy density (SED) around excavations increases with increasing mining depth and the
maximum SED area migrates deeper into the coal. For the effect of geological features on both roadway and
longwall face, the coal burst risk proneness can be assessed considering the proposed energy terms. According to
the results of energy changes in excavations, the modelling predicts that for depths of ejection 2 m and 3 m the
kinetic energy of a burst increases as the mining depth increases from 100 m to 1000 m, but for depth of ejection
1 m only increases until mining depth reaches 700 m and then decreases. The proposed energy-based model
indicators can deepen the understanding of energy changes and the associated coal burst risks for different mining
conditions.
1. Introduction

Coal burst is caused by a dynamic and unstable release of energy
within the overstressed rock mass/coal during the mining process.
Although the occurrence of coal burst is a result of the complex impacts of
many factors [1–3], a major component of coal burst mechanism is
associated with energy storage and release. The energy-based approach
assesses the potential and intensity of coal bursts by evaluating the en-
ergy conversion process during underground excavations.

Cook is the pioneer of applying the energy approach to analyse the
problem of rockburst in underground mines [4,5]. [5] pointed out that
the damage produced by rockbursts was correlated to the excess potential
energy generated by underground excavations. He adopted the elastic
theory to quantitatively describe the deformation around underground
excavations, showing that a large amount of gravitational potential en-
ergy converts to other forms of energy and at least half of the energy
change is released in one form or another. The released energy is either in
the form of non-violent dissipation or in the form of violent events. Thus,
rockburst occurs when the energy release rate is greater than the rate at
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which energy can be dissipated non-violently during excavations, which
forms the initial concept of Energy Release Rate (ERR) criterion. This
criterion was then widely applied in underground mines in South Africa
and it was found that the ERR value has a strong correlation with rock-
burst occurrence [6–10].

In the following years, researchers further studied the energy changes
during mining and provided detailed calculations of the energy balance
and the associated energy components [11–14]. For example [15], fol-
lowed Cook's logic [5] and rigorously analysed the energy changes in the
underground mining process. He stated that the excess energy can simply
be described as the difference between the work done by the external
forces and the total stored and dissipated energies, which is further dis-
cussed in Section 3. Furthermore, since ERR is limited for estimating the
impacts of geological discontinuities [16], proposed the excess shear
stress (ESS) criterion to specifically assess the possible seismic energy and
seismic magnitude produced by fault-slip.

With improvements in computational power and advanced numerical
modelling techniques in recent decades, the energy-based approach has
been extended to use in a more realistic scenario: the excavations can be
ed 22 November 2022
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simulated within the rock mass that is allowed to have plastic de-
formations and fracture formation [17]. A number of researchers studied
unstable failures and rockbursts using the energy calculations and
advanced explicit numerical method software packages such as FLAC3D
[18,19], 3DEC [20], UDEC [21–27], PFC [19] and Abaqus [28–31].
These studies once again demonstrated the robustness of the energy
approach in evaluation of mining-induced seismicity and associated burst
occurrences.

This study reviewed the sources of energy that can contribute to a coal
burst and the energy balance of a mining cycle. Previous modelling
studies conducted by the authors [17,32,33] have investigated the en-
ergy components associated with underground coal excavations in
various geological conditions. This study summarised the previous
modellings [17,32,33] to explore the capacities of numerical approaches
in assessing the energy changes in development and longwall retreat. In
addition, this study further estimated the kinetic energy of ejected ma-
terial for given burst scenarios using the concept of energy balance,
facilitating the quantitative assessment of coal burst risk proneness.

2. Assessment of energy components

In view of the energy considerations, there are various energy com-
ponents. Gravitational potential energy depends upon the elevation of
the rock or coal. Strain energy is the energy stored in rock and coal due to
deformation, and the external work done on the rock and coal in causing
it to distort from its unstressed state is usually transformed into strain
energy. Another component, kinetic energy, is the energy possessed by
coal in motion. This section discusses the numerical assessment approach
of the energy components in underground excavations.

2.1. Strain energy

The strain energy stored in the rock units and coal is related to the
stress and stiffness of the materials. The general equation of strain energy
density, in J/m3, within rock units is:

SED¼ 1
2E

��
σ2
1 þ σ22 þ σ23

�� 2νðσ1σ2 þ σ1σ3 þ σ2σ3Þ
�

(1)

Where E is the Young's Modulus of rock units; v is the Poisson's ratio;
σ1, σ2, σ3 are the principal stress components.

According to Equation (1), the pre-mining strain energy density
within a coal seam at a given depth is approximated in Table 1, assuming
Young's modulus of coal is 2 GPa, and Poisson's ratio is 0.25. The
maximum horizontal stress (σ1) is two times the vertical stress (σ2), and
the minimum horizontal stress (σ3) equals the vertical stress. The SED
increases exponentially with increasing cover depth.

2.2. Seismic energy

Fault-slip bursts, as the name implies, are caused by a sudden
movement (i.e., slip) along a geological fault which can generate seismic
events with a Richter magnitude ML of up to 5.0 [34–36]. The funda-
mental mechanics of these events are very similar to earthquakes, and
their magnitudes are mainly controlled by the surface area of the
discontinuity, the shear displacement distance and the stress drop
magnitude. Once the slip is initiated, the peak frictional coefficient
rapidly attains the lower residual frictional coefficient, resulting in excess
energy being released and transmitted through rock mass as seismic
waves [37]. At the instant, those shock waves encounter highly stressed
rock, close to excavations, violent and dynamic rock failures may occur
Table 1
Strain energy densities (SED) within coal seam at various depths [33].

Mining depth (m) 100 300 500 700 850 1000
SED (kJ/m3) 5.5 49.2 136.7 268.0 395.1 546.9
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[38].
Seismic source parameters are reliable and useful to measure fault-

slip related seismic events [39,40]. Source parameters include stress
drop Δτ, seismic energy ES, seismic momentMo, and moment magnitude
M. These parameters were introduced in a number of fundamental
studies [41,42] and are widely used to evaluate the magnitude of
earthquake and mining-induced seismicity [39,43–50]. Therefore, the
explicit evaluation method is promising to quantitatively assess the
mining-induced fault-slip behaviour with collaboration of advanced nu-
merical techniques.

Es ¼ 0:5ΔτDA (2)

Where D is the average shear displacement along the fault; A is the
area where sliding takes place; Δτ represents the stress drop defined as
the average difference between the shear stress on the fault before and
after excavations. In numerical modelling, the parameters in Equation (2)
can be explicitly computed during excavations, hence the quantitative
assessment of the seismic energy released by fault-slip induced by
mining.

Gas expansion energy is also an important energy component
contributing to dynamic rock failures. In coal mining sector, the term
outburst refers to coal ejection mainly driven by in situ gas pressure in the
coal, whereas no or minimal gas pressure is involved in a coal burst event
[51–53]. Thus, the assessment of gas expansion energy is not within the
scope in this paper.

3. Numerical approach to assess energy changes in underground
excavations

Section 2 discusses the assessment approach of individual energy
components. However, these energy components do not take into ac-
count other energy terms within the system (e.g., energy dissipation and
plastic work done). In the concept of energy balance, as discussed in
Introduction [15], investigated the energy changes in underground ex-
cavations. The study proposed that, before and after an excavation, the
total released energy, Wr, can be expressed in the following two forms
[15]:

Wr ¼Um þWk (3)

Wr ¼ðW þUmÞ �
�
Uc þWs þWp þWj

�
(4)

Where Um represents the strain energy stored within the mined-out
portion of the rock mass whereas Wk is the total radiated seismic (i.e.
kinetic) energy in which would be dissipated through damping until the
new equilibrium is attained [15,54]. W denotes the work done by the
external and body forces. Before and after one excavation, the change in
the strain energy stored in the volume of rock that remains unmined is
denoted by Uc. The dissipating energy expended through the loading and
deforming of supports is denoted by Ws. Of note is that no support ele-
ments were considered in the numerical modellings in this study, hence
Ws ¼ 0.Wp and Wj represent the energy expended in plastic deformation
of intact rock and frictional work done by pre-existing discontinuities,
respectively.

In this study, static modelling mode was implemented for all models
using the Universal Distinct Element Code (UDEC). Each of the energy
terms in Equation (3) and Equation (4) can be explicitly calculated for an
excavation scenario [55]. The energy terms are calculated using the same
general nomenclature developed by Ref. [15] at every computing step
and a running sum of each energy term is also recorded. In practice, the
radiated seismic energy component (Wk) can be recorded by mine
microseismic systems, and is the controlling factor for the damage caused
by a rockburst [12,34,54,56,57]. Furthermore, for a given rock/coal
burst scenario, the total released energy (Wr) before and after the burst
can be approximately regarded as the kinetic energy of the ejected
material.
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4. Quantification of energy changes and discussion

4.1. Assessment of strain energy in roadway development and longwall

In this section, a previous modelling conducted by the authors [33] is
used to demonstrate the quantification of the strain energy stored within
the rock mass surrounding excavations using the Universal Distinct
Element Code (UDEC). A comprehensive parametric numerical analysis
is carried out to assess the role of the contributing factors in development
roadway and longwall face. The material properties, constitutive models
and other modelling information were discussed in detail in the previous
study [33]. The model configuration and boundary conditions are shown
in Fig. 1.
Fig. 1. Model configuration and
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The mining height was 3 m for both the longwall and development
models. Six mining depths ranging from 100 m to 1000 m were con-
ducted in the modelling. The vertical load determined by the depth of
mining was applied at the top of the modellings, while the maximum and
minimum horizontal stresses were two and one times the vertical stress,
respectively. In the longwall model, the panel is excavated for a distance
of 400 m. The mining depth increased from 100 m to 1000 m. The strain
energy density (SED) ahead of the longwall face is calculated at the end of
the longwall retreat for each mining depth. An example of SED contour
around longwall and roadway development is shown in Fig. 2. The SED
was computed using Equation (1) for coal seam in the modelling during
excavations. Then, the maximum value of SED was picked up and the
corresponding position of the maximum SED point can be identified. The
boundary conditions [33].



Fig. 2. Examples of SED contours in numerical modellings [33].

Fig. 4. The maximum SED at various mining depths ahead of LW face [33].
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coal mass between the maximum SED point and the longwall face is
generally in a yielded state, in which the SED is less than that stored in
the coal seam before mining (i.e., in situ state). For both longwall and
development models the blocks are deformable and the zone size within
blocks is 0.5 m by 0.5 m in the coal seam, increasing gradually through
the rock to the outer boundaries. As shown in Fig. 3, the maximum SED
area migrates outbye the longwall face with increasing mining depth.
The distance increases drastically from 3m to 6mwhen themining depth
increases from 100 m to 300 m. Then it increases slowly up to 8 m at
1000 m mining depth.

In Fig. 4, the maximum SED in the longwall outby the yielded coal
mass is summarised for various mining depths. Fig. 4 also compares the
maximum SED to that of the coal seam in the in situ stress state, of which
values are listed in Table 1. As expected, the strain energy stored in the
coal seam increases significantly following the introduction of longwall
excavation. At shallower depth, even though the increase in maximum
SED is substantially higher than the deeper depths (e.g., the difference of
2000% at 100 m versus 310% at 1000 m), the final magnitudes are
significantly higher at greater depths. This means that the magnitude of
the strain energy stored around the excavation increases with increasing
mining depth. The maximum SED is approximately 1710 kJ/m3 outbye
the longwall face when the mining depth is at 1000 m.

Similarly, the maximum SED and position relative to a roadway
excavation are summarised in Figs. 5 and 6. As shown in Fig. 5, with
increasing mining depth, the position of maximum SED has the same
increasing trend as at a longwall face. The distance increases almost
linearly from 0.1 m to 7.6 m when the mining depth increases from 100
m to 1000 m.

Similarly, the difference between the SED after introduction of the
roadway in the model and the SED at pre-mining state increases with
increasing mining depth. The magnitude of the maximum SED increases
from approximately 6 kJ/m3 to 780 kJ/m3 when the mining depth
Fig. 3. The position of maximum SED area ahead of LW face [33].

Fig. 5. The position of maximum SED at ribs for development roadway [33].
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increases from 100 m to 1000 m. It is of note that the maximum SED
around roadway ribs is smaller than that around a LW face at the same
mining depth. This is because of the abutment load redistributions in
longwalls. The pre-mining SED was computed using analytical solutions
by Equation (1), while the after-mining SED was obtained through nu-
merical modelling. Thus, a slight difference caused by the two different
calculating scenarios exists in the SED values, which can be reflected in
the SED comparisons in the shallower depth of mining (e.g., 100 m and
300 m).



Fig. 6. The maximum SED at various mining depths at ribs for develop-
ment [33].
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4.2. Assessment of energy in geological features intersected by roadway
excavation

This section investigates the impacts of geological faults on coal burst
proneness by presenting the previous modelling outcomes developed by
the authors [32]. The study incorporates the general geological and
geotechnical environments of a roadway in an underground coal mine.
The details of the modelling can be found in the previous study [32].

The fault plane is modelled on the right-hand side of the roadway and
its minimum proximity to the roadway d and dip angle a are systemati-
cally varied during the parametric analysis. The model geometry,
geological units and boundary conditions are illustrated in Fig. 7. The
fault throw was assumed to be zero in the modelling as most of the
normal faults in the mine site had a fault elevation difference of no more
than 0.3 m. Furthermore, according to the conventional stress regime
around normal faults [37], the ratios of maximum and minimum hori-
zontal stresses to vertical stress were set to be 0.75 and 0.5, respectively,
in the modelling [32]. The zone size was 0.25 m in coal and 1 m in roof
and floor. The peak and residual friction angle was 25� and 10�,
respectively, for the fault plane. The cohesion and tension were assumed
to be zero along the fault, where the normal and shear stiffness was 50
Fig. 7. Model geometry, geological un
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GPa/m and 5 GPa/m, respectively.
The static equilibrium state was achieved using a mechanical damp-

ing scheme. Damping forces were applied at each timestep until attaining
an equilibrium state after excavation. During the damping process, a
fraction of kinetic energy generated within the system can be recorded in
the numerical model. Hence, the total damping work during the exca-
vation is regarded as the total radiated seismic energy [32,55]. The
calculated radiated seismic energy values (Wk) during roadway excava-
tion are used to assess the damage that can be caused by a potential coal
burst [54]. In addition to the radiated seismic energy, the greatest kinetic
energy recorded in any analysis is also considered as a key indicator of
unstable failures and the rapidity of energy release [21,28,32].

To investigate the influence of fault proximity on roadway stability
and energy release, a systematic and rigorous sensitivity analysis is
conducted. A fault plane dipping at 75� is gradually brought closer to the
roadway until it intersects the excavation (proximity ¼ zero). A mining
depth of 500 m is chosen as the Australian coal mine considered in the
numerical modelling plans to operate at that depth in the future. After
each increment of roadway excavation, the radiated seismic energy and
peak kinetic energy values are computed. The results show that between
the proximities of 10 m–20 m, no significant influence of the fault is
observed, as shown in Fig. 8. As the distance between the fault and
roadway is less than 10 m, it becomes active and the energy magnitudes
firmly increase. This steady increase continues up to 6 m fault proximity
where the highest seismic and peak kinetic energy magnitudes
throughout the sensitivity study are computed: 2.31 MJ and 61.3 kJ per
metre of roadway, respectively. When the fault is located less than 6 m
from the roadway, the energy magnitudes start to decline, indicating that
6 m is the critical distance (critical fault proximity) for the given con-
ditions where the influence of the fault is the greatest [32].
4.3. Assessment of energy in geological features during longwall retreat

This section presented the previous modellings conducted by the
authors [17] to investigate the impacts of major fault on longwall retreat.
The numerical model was based on the geological and geotechnical
conditions in a mine site, as shown in Fig. 9. The zone size was 0.5 m by 1
m in the mining direction and its perpendicular direction (i.e., the
its and boundary conditions [32].



Fig. 8. Influence of fault proximity to the roadway on radiated seismic energy and peak kinetic energy [32].

Fig. 9. Longwall model configuration [17].
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inclined vertical direction), respectively. The zone size gradually
increased from the coal seam to roof and floor. A vertical load determined
by the depth of mining (850 m in this case study) was implemented on
the top of the boundary. According to the field measurements of the in
situ stress, the maximum (perpendicular to the longwall face) and mini-
mum (out-of-plane direction) horizontal stresses were 1.4 and 0.85 times
the vertical stress in the modelling. Based on a back analysis of the field
observations of the microseismic energy, the peak and residual friction
63
angle of the fault plane was determined to be 30� and 25�, respectively,
and the cohesion and tensile strength were zero.

The radiated seismic energy (Wk, which is the model seismic energy
in Fig. 10) of the model was calibrated against the change pattern of
seismic energy observed in the mine site when the longwall face passed
through the FD34 fault, as shown in Fig. 10. The fault seismic energy
shown in Fig. 10 (b) is computed using Equation (2). Two other model
indicators were also computed during the longwall excavations:



Fig. 10. Seismic energy observed in practice and computed in longwall model during progressive mining [17].
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abutment stress and SED outbye the longwall face. The coal burst risk
proneness of the longwall face can then be assessed by analysing the
proposed energy-based model indicators [17].

The model was also validated by comparing the first caving distance
observed in practice. The magnitude of model seismic energy remained
below 9 � 106 J until the occurrence of the first caving event, which
occurred at 250 m of longwall-fault distance (50 m of longwall excava-
tion length). The first caving event rapidly released 1.67 � 107 J of
seismic energy (see Fig. 11). In the field, the observed roof first caving
distance (the span of the first weighting event) was approximately 40
m–60 m. It indicates that the first caving distance in the longwall model
has a good agreement with that observed in the mine [17].

The change pattern of the model seismic energy was highly related to
the development of the plastic area around excavations and the pro-
gressive caving events during the longwall mining [17]. The model
seismic energy increased significantly from 2.44 � 107 J at 25 m of
longwall-fault distance to 5.33� 107 J at 20 m of longwall-fault distance,
where the fault-slip event with the maximum released seismic energy
occurred. Also, the seismic energy observed in practice experienced an
increasing peak period when the longwall face approached FD34 fault
from approximately 30 m–20 m of longwall-fault distance. The magni-
tude of 5.33 � 107 J was the largest amount of model seismic energy
during the whole excavations. The model seismic energy then remained
at relatively high magnitudes of 2.37 � 107 J and 2.87 � 107 J at 15 m
and 10 m of longwall-fault distance, respectively. When the longwall face
was close to the fault, the model seismic energy dropped to 6.30 � 106 J
and 3.00 � 106 J at 5 m and 0 m of longwall-fault distance, respectively.
Hence, the magnitude of model seismic energy was relatively higher
when the longwall face approached the fault from 25 m to 10 m of
longwall-fault distance. This was consistent with the change pattern of
seismic energy monitored in practice, where large magnitudes of seismic
energy were observed when the longwall-fault distance was from
approximately 25 m–5 m [17].
64
When the longwall face approached close to the fault, both the peak
abutment stress and maximum SED experienced a drastic increase from
45 m to 25 m of longwall-fault distance [17]. The peak abutment stress
increased from approximately 45 MPa–53.4 MPa (8.4 MPa of increase).
Additionally, the magnitude of 53.4 MPawas themaximum value of peak
abutment stress before the longwall face passed the fault. The maximum
SED increased from approximately 4.35 � 105J/m3 at 45 m of
longwall-fault distance to 5.30 � 105J/m3 at 30 m of longwall fault
distance and then slightly decreased to 5.03 � 105J/m3 at 25 m of
longwall-fault distance. After the drastic increase, both the peak abut-
ment stress and maximum SED experienced a most significant drop from
25 m to 20 m of longwall-fault distance, where the fault-slip event with
maximum released seismic energy occurred. The peak abutment stress
decreased from 53.4 MPa to 35.7 MPa (17.7 MPa of abutment stress
drop), and maximum SED dropped from 5.03 � 105 J to 2.74 � 105J/m3

(2.29 � 105J/m3 of SED drop). After the longwall face passed the fault,
the peak abutment stress went back to a high magnitude between
approximately 50 MPa and 58 MPa. The maximum SED also remained at
a relatively high magnitude of between 5 � 105J/m3 and 6 � 105J/m3

[17].
Using the results from the field-calibrated model, a coal burst risk

classification was developed when the longwall retreat approached and
finally passed the FD34 fault [17]. The coal burst risk was classified into
three levels: low-risk, medium-risk and high-risk, as shown in Fig. 12.
The risk classification is determined based on the model results discussed
above, including the magnitude of radiated seismic energy (i.e., Wk, the
model seismic energy), and the magnitude and the positions of both the
peak abutment stress and the maximum SED. It postulates that the coal
burst risk increases with the increase of seismic energy magnitude, the
increase of magnitude of the peak abutment stress and the maximum
SED, the decrease of the distance between the twomodel indicators (peak
abutment stress and maximum SED) and the longwall face [17]. Fig. 12
does not include the seismic energy released by fault-slip, as it has the



Fig. 11. Peak abutment stress and maximum SED during longwall mining [17].

Fig. 12. Coal burst risk classification according to the model indicators [17].
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same change pattern as that of the model seismic energy.
From 45m of longwall-fault distance, the longwall mining went into a

medium-risk zone, as the peak abutment stress and the max SED went
into a strong increasing period and the fault-slip events began to generate
seismic energy [17]. From 30 m to 0 m of longwall-fault distance, the
longwall mining went into a high-risk zone. Both the peak abutment
stress and the maximum SED increased to approximately the highest
magnitude and their position started to move closer to the longwall face
than before when the longwall face advanced from 30 m to 25 m of
longwall-fault distance. From 25 m to 20 m of longwall-fault distance,
shear displacement increased most drastically, and it generated the
largest magnitude of seismic energy. From 20 m to 10 m of longwall
distance, the seismic energy produced by both the fault-slip and the
model remained at a relatively high level of magnitude. The position of
65
peak abutment stress and maximum SED moved closer to the excavation
boundary (approximately from 22 m to 9 m distant from the longwall
face), although their magnitude reduced, as shown in Fig. 12. From 10 m
to 0 m of longwall-fault distance, the coal seam at the hanging wall side
was all in the plastic state, indicating that low levels of strain energy were
stored within the coal mass. However, a large amount of strain energy
was still stored within the rock mass at the footwall side that was next to
the plastic coal seam. The highly stressed rock mass behind the plastic
coal was at a critical state, which had the potential to generate a strain
burst with minimal trigger energy. The distance between the high strain
energy zone and the plastic coal mass decreased when the longwall face
approached close to the fault. Furthermore, the trigger energy was at a
relatively high level from 10 m to 0 m of longwall-fault distance [17].

The mining period from 0 m to -10 m of longwall-fault distance was
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classified as a medium-risk zone. For the first excavation step after
passing the fault (from 0 m to -5 m of longwall-fault distance), the
magnitudes of fault seismic energy (1.20 � 106 J) and model seismic
energy (3.18 � 107 J) were relatively higher than those released after
[17].

After the longwall face passed within 10 m from the fault, the long-
wall mining went into a low coal burst risk area. The model seismic
energy reduced to relatively low magnitudes and the magnitude of fault
seismic energy was negligible. The peak abutment stress and maximum
SED moved much deeper (approximately 22 m–25 m) into the longwall
face than the situation before passing the fault, although their magnitude
stayed high (after passing the fault) [17].

4.4. Assessment of the kinetic energy of ejected coal in roadway
development and longwall

In this section, a coal burst scenario was examined for both devel-
opment and longwall. The model configurations, material properties, and
boundary conditions remain the same as Section 4.1. As shown in Fig. 13,
the coal seam at the excavation boundary is further excavated into the rib
by 1 m, 2 m and 3 m respectively to simulate a coal burst event with 1 m,
2 m and 3 m of ejection depth. Then, the kinetic energy (i.e., Wr) can be
explicitly computed in the modelling for the ejected coal using Equation
(4). For the longwall model, this section mainly focuses on the energy
changes at the longwall face area after the burst event. In order to
minimise the effect of energy induced from roof caving, the dense joints
and beddings within roof and floor were not represented in this analysis.
The excavation length is 12m per step, and the total retreat length 240m.
During longwall retreat, the excavated coal is backfilled with an elastic
material (500 MPa Young's modulus and 0.25 Poisson's ratio) to simulate
the goaf consolidation [50].

According to Equation (4), the computed values of kinetic energy of
ejected coal per metre of roadway and metre of longwall face are
Fig. 13. Coal burst area around excavations.
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summarised in Figs. 14 and 15, respectively. As shown in Fig. 14, for the
development scenario, both mining depth and ejection depth impact the
kinetic energy of the ejected coal. When the depth of ejected coal is 1 m,
the kinetic energy increases slightly when the mining depth increases
from 100 m to 700 m. The kinetic energy then reduces marginally from
63 kJ to 57 kJ when mining depth increases from 700 m to 1000 m. In
comparison, when the depth of ejected coal is 3 m, the kinetic energy
increases markedly from approximately 22 kJ–1125 kJ when the mining
depth increases from 100 m to 1000 m. Thus, when mining depth goes
deeper, the associated kinetic energy increases significantly with
increasing ejection depth.

As shown in Fig. 15, the changing pattern of kinetic energy in long-
wall retreat is similar to that in development. However, the magnitude of
kinetic energy around the longwall face area is greater than that in the
corresponding development scenarios. As shown in Fig. 15, the kinetic
energy around the longwall face area increases drastically with
increasing ejection depth when the mining depth increases. Similar to the
development scenario, for 1 m burst cases, the kinetic energy increases
when mining depth increases from 100 m to 700 m. Then, it decreases
from 136 kJ to 3 kJ when mining depth increases from 700 m to 1000 m.
This is mainly because the 1 m thick coal at the face is totally yielded
when mining depth increases to 850 m and 1000 m, resulting in a min-
imal amount of kinetic energy released when coal burst occurs at such an
ejection depth (i.e., 1 m). However, when ejection depth increases to 2 m
and 3 m, the kinetic energy increases with increasing mining depth.
Furthermore, the increasing pattern of kinetic energy accelerates when
mining depth increases from 500 m to 1000 mwith the ejection depths of
2 m and 3 m.

In the above discussion, since the proposed method of analysis applies
to all cases, the ejection of coal however caused is referred to as a coal
burst. The prediction of whether or not a burst will occur in a given
situation is a difficult task. The more modest aim of the work presented
here is to predict, for a given mine layout and geological setting, whether
a coal burst would be of unacceptable intensity were it to occur.

4.5. Discussion

The purpose of the analyses shown in this study is to demonstrate the
computation of energy terms in the vicinity of longwalls and roadways, to
facilitate for example the prediction of bursts. Generalised input pa-
rameters are used in the modelling studies to understand those energy
components. However, in principle, the analyses demonstrated here must
be undertaken on a case by case basis, taking account of factors such as
faults, mining configurations, roof and floor geology and the presence of
pre-existing mine workings adjacent to or on different levels to the
excavation under consideration. It may prove feasible to catalogue
computed results for a small number of standard cases, but otherwise
Fig. 14. Kinetic energy of ejected coal with various ejection depths per metre
of roadway.



Fig. 15. Kinetic energy of ejected coal per metre of longwall face.
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detailed numerical modelling studies are required. The correlation be-
tween the field measurements and the model indicators also needs
further investigation.

Ejection velocities could be estimated from computed strain energy
densities in the coal to be ejected, or more accurately from kinetic en-
ergies given by Equation (4) which are computed according to the
equation of conservation of energy for the process of excavation of coal
from the longwall.

5. Conclusion

In this study, the coal burst related energy sources are identified and
calculated using numerical approach. The energy sources are categorised
into strain and potential energy stored in the coal mass around excava-
tions, and radiated seismic energy released by geological discontinuities.
This study uses computer codes to undertake this work and define the
energy sources in various locations such as mine roadways, longwall
retreat, and geological structures. The gas expansion energy, as the main
energy sources in outbursts, is however not considered in this study.

For development ribs and longwall face, the strain energy density
(SED) increases with increasing mining depth and the maximum SED
area migrates deeper into the coal. The maximum SED around roadway
ribs is smaller than that around a longwall face at the same mining depth.

For the effect of a fault close to the roadway, the model results show
that the energy release terms (radiated seismic energy and kinetic en-
ergy) are at their highest level when the fault proximity is 6 m. When the
longwall face approached close to a major fault, a large amount of seismic
energy can be released by the fault-slip. The largest fault-slip event
occurred when the peak abutment stress and maximum SED in front of
the longwall face experienced a most significant reduction. The coal burst
risk proneness can be assessed using the proposed energy terms in the
modelling.

According to the results of energy changes in excavations, the
modelling predicts that for depths of ejection 2 m and 3 m the kinetic
energy of a burst increases as the mining depth increases from 100 m to
1000 m, but for depth of ejection 1 m only increases until mining depth
reaches 700 m and then decreases. For the worst scenario in this study
(i.e., 3 m of burst thickness in 1000 m of depth of mining), the kinetic
energy of ejected coal is approximately 2513 kJ and 1125 kJ, respec-
tively, for longwall face and development.

The study showed that the energy-based model indicators can help to
assess the coal burst risk proneness within various geological and mining
domains. Also, the computed energy-term results can provide quantita-
tive insights into coal burst control measures.
67
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