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Coalburst is a violent dynamic failure of coal during underground mining. It is of
significance to study failure pattern as well as energy evolution and transition during
coalbursts and how they are influenced by pre-confinement. This paper presents
unloading-induced coalburst simulations using the distinct element method via a
combined static—dynamic loading—unloading strategy. The numerical model is
calibrated and validated by comparison with the failure process observed in
laboratory tests. The influence of pre-confining pressure on unloading-induced
coalburst was numerically investigated from the perspective of crack propagation,
fracturing process, failure pattern, and energy evolution. In addition, failure
mechanism and energy conversion during coalbursts under different pre-
confining pressures are discussed. The results show that the stress change
caused by sudden unloading of the pre-confining results in the initiation and
development of cracks. Crack density and crack propagation velocity increase
with increasing pre-confining pressure. As the pre-confining pressure increases,
the coalburst becomes more intense and takes less time to be completed, and the
main failure pattern in coalburst transforms from a tensile type to a shear type. In
addition, the conversion ratio of kinetic energy and frictional energy during
coalbursts increase non-linearly with increasing pre-confining pressure.

KEYWORDS

coalburst, pre-confining pressure, crack development, energy transition, distinct element
method

1 Introduction

Coalburst is a dynamic failure phenomenon, characterized by an instantaneous release of a
large amount of energy and ejection of coal pieces (Dou and He, 2001; Jiang et al., 2017; Zhang
etal., 2017). According to its occurrence mechanism, coal burst can be classified into unloading-
induced and remote mining induced seismicity triggered (Vardar et al., 2018; Mottahedi and
Ataei, 2019). Unloading-induced coalbursts, which frequently occur in high stressed mining
areas without remote seismic events during roadway development, also cause many casualties
and severe damages (Dou and He, 2001). It is important to investigate failure mechanism as well
as evolution and transition of energy during unloading-induced coalbursts.

Dynamic cracking behaviour is quite different from those under static loading conditions
(Bazant et al., 1993; Zhao et al., 1999; Li et al,, 2004; Zhang et al., 2021). To reproduce rock or coal
bursts in the laboratory, He et al. (2010) developed a true triaxial test machine with the capacity to
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rapidly unload stress at one loading face and to observe the rock burst
process of limestone in the laboratory. He studied the crack fractal
dimensions during rockbursts using this testing device, and results
showed that the values of fractal dimension become larger after dynamic
failure (He et al,, 2014). Su et al. (2017) investigated the evolution of
acoustic emissions (AE) using a rockburst testing machine and found
that the main frequency of the AE decreased before rockburst. However,
it is difficult to conduct coalburst tests using true triaxial unloading test
machines. The Split Hopkinson Pressure Bar (SHPB) system was
employed to study the dynamic response of coal samples, including
dynamic mechanical characteristics (Kong et al., 2020; Li et al., 2022),
crack propagation (Hao et al., 2020; Ju et al., 2020; Li et al,, 2021), as well
as the influence of bedding structure (Zhao et al., 2014; Ai et al., 2020).
The above results have enriched our understanding of rock or coal
bursts. However, the knowledge of the cracking mechanisms of dynamic
failures at the micro-scale still needs to be further studied.
Numerical simulation can provide insights into the complicated
process of rock and coal failures at the micro-scale. In past decades,
many numerical methods have been applied to study crack

development, including the finite element method (FEM)
(Zubelewicz and Mroz, 1983; Wang and Park, 2001;
Manouchehrian and Cai, 2016; Hauquin et al., 2018),

discontinuous deformation analysis (DDA) method (He et al,
2016; Hatzor et al, 2017; Chen et al., 2018), and the distinct
element method (DEM) (Cundall and Strack, 1979; Potyondy and
Cundall, 2004; Hu et al., 2020). In particular, the DEM has become a
promising method for investigating the dynamic fracturing process of
rocks (Zhang and Wong, 2018). Hu et al. (2018) applied a 3D bonded
block DEM model to simulate dynamic disturbance triggered
rockbursts and investigated the crack evolution during rockbursts.
Compared to 3D DEM simulations, 2D DEM simulations have great
advantages shear and
compressive failure of rock related to rockbursts were reproduced

in computational efficiency. Unstable
by using the 2D DEM model based on the universal Distinct Element
Code (UDEC) (Gu and Ozbay, 2015). He et al. (2018) performed
abruptly unloading induced strainburst simulations through the
Particle Flow Code (PFC), and found that the system stiffness has
a significant effect on dynamic failure. Duan et al. (2019) employed a
2D DEM model to simulate unloading-induced strainbursts, and
showed that a sudden reduction in confining pressure caused non-
uniform deformation in the sample. A UDEC-Trigon numerical
model was employed to capture unloading-induced strainbursts
including analysis of crack patterns (Gao et al, 2019a). The
development of rock dynamic failure is related to the release and
transition of elastic energy (Cook, 1965; Tarasov and Stacey, 2017; Gao
and Yang, 2021). Therefore, particular attention should also be paid to
study the energy release and transition during coalbursts.

In this study, we focus on analysis of unloading-induced
coalbursts. 2D DEM simulations of unloading-induced coalbursts
under different pre-confining pressures are performed. This paper
is organized as follows. First, modelling method and procedure are
introduced. Then, model calibration and validation are documented
by comparison with typical experimental results. Subsequently, micro-
cracking mechanisms and energy evolution during unloading-induced
coalbursts are investigated considering different aspects, including
crack propagation, failure mode and energy evolution. Finally, the
influence of the pre-confining pressure on failure mechanism and
energy conversion during coalbursts is discussed.
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2 Model description and calibration

2.1 Modelling method

UDEC, a 2D numerical program based on the DEM, has been
widely applied to investigate rock mechanical and mining engineering
problems (e.g. Kazerani et al., 2011; Huang et al,, 2019; Cao et al,
2020). The UDEC-Trigon model proposed by Gao and Stead (2014)
has an excellent ability to capture the brittle cracking of hard rock, and
has also been applied to study rockbursts or coalbursts (Gao et al.,
2019a; b; Gao and Yang, 2021). Thus, for this study, a UDEC-Trigon
model and a static-dynamic coupled loading strategy are adopted to
simulate unloading-induced coalbursts.

2.1.1 Failure criterion

In the UDEC-Trigon method, a coal sample is composed of many
blocks of different size and contacts between blocks. Each block is
deformable based on a finite-difference mesh. There are two possible
failure patterns of a contact: shear cracking along the shear direction
and tensile cracking along the normal direction (ICG, 2014). Failures
of contacts are controlled by the stresses acting at the contacts and the
Coulomb friction law with tension cut-off.

2.1.2 Calculation of energy components
Energy analysis is an important aspect in studying dynamic failure.
The UDEC-internal program language FISH was used to acquire the
distribution of the three energy types: elastic energy, kinetic energy
and frictional energy. The formulas (ICG, 2014) are shown below.
The total elastic energy stored in the coal sample W¢ is
calculated as:

WC = ZE{, (1)

where Z E; is the total amount of elastic energy stored in all of the
individual blocks in the numerical coal sample. The elastic energy of a

block E is calculated as:

E, = z E, ()

where z E, is the sum of elastic energy stored in all individual zones
in a block. For a given zone, the elastic energy E, is determined by:

A
E, = Vi [0? + 0} + 02 — 20(010; + 0103 + 0,03)] (3)
where E is Young’s modulus. v is Poisson’s ratio. A is the area of the
zone and 0y, 03, and o3 are the three principal stresses.

The total amount of kinetic energy Wk is calculated as:

Wk =) Eg )

where Z E gy is the total amount of the kinetic energy of all individual
gridpoints in the numerical coal sample at a given timestep. For a given
gridpoint g, the kinetic energy can be calculated as:
E=-m u2+1m u? (5)
gk = o gt T ety
where m, is the mass of the gridpoint and u, and u, are the
corresponding velocities in the x- and y-direction at a given

timestep, respectively.
The total frictional energy W of the coal sample is calculated as:
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FIGURE 1

UDEC-Trigon model of coal sample incl. Location of monitoring points: (A) before unloading, (B) after unloading.

50mm

Wi =) E ()

where ZEC ¢ is the sum of frictional energy of all contacts in the
numerical coal sample at a given timestep. For a given contact, the
frictional energy E. at that timestep is calculated as:

B =5 (o )0, )

where Aug is the increment in the shear displacement of the contact
and f, and f. are the current and previous shear forces (considering
the current time step) at the contact, respectively.

2.2 Model configuration and modelling
procedure

The numerical model considers a rectangular sample with width of
50 mm and height of 100 mm, as shown in the Figure 1. The triangular
blocks have an average edge length of 2mm. This meshing is
sufficiently fine to study both the static and dynamic cracking
behaviour of rocks at that scale (Gao and Stead, 2014; Gao and
Yang, 2021). The block size in the model varies in a range
considering the heterogeneity of the coal. However, the non-
uniformity coefficients of block size are identical in all models.
Several monitoring points are placed at the bottom plate and the
coal sample to monitor stresses and velocities, respectively.

The modelling procedure comprises four steps. First, top and
bottom plate are fixed. After that, pre-confining pressure is applied on
the two lateral sides, as shown in Figure 1A. Then, the coal samples are
loaded to the peak strength under the corresponding confining
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pressure. The loading velocity of the top plate is set to .01 m/s,
while the bottom plate is fixed. The time step of a cycle is 10-8s
in the static mode. Therefore, a loading velocity of .01 m/s implies that
the model uses 10,000,000 calculation steps for 1 mm of plate
movement, which is sufficient for static analysis (Gao and Yang,
2021). Finally, the dynamic calculation mode is activated. Top and
bottom boundaries of the model obtain absorbing boundary
conditions, and the two lateral sides of the model obtain reflecting
boundary conditions. The confining pressures are unloaded abruptly
(see Figure 1B). The bottom plate remains fixed. Meanwhile, the
dynamic mode is adopted. Rayleigh damping of .5% is used in the
dynamic analyses, similar to the method adopted by Gao et al. (2019a)
and Zhu et al. (2020).

The axial stress is the average stress of all monitoring points
inside the loading plate in vertical direction. Mechanical
parameters of the coal are calibrated by conducting a series of
numerical uniaxial compression (UCS) and Brazilian tension (BT)
tests, as seen in Figure 2. This calibration method has been
demonstrated to be effective for UDEC-Trigon modelling (Gao
and Yang, 2021). The calibrated mechanical parameters adopted in
the Trigon model are listed in Table 1. The maximum deviation
between target values and numerical simulation results do not
exceed 3%, which is acceptable.

2.3 Model validation

2.3.1 Stress—strain behaviour
Figure 3 displays the stress—strain curves of the numerical coal
samples during static loading. The pre-confining pressures are
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Calibration of mechanical parameters in the UDEC-Trigon model: (A) uniaxial compression tests, (B) Brazilian tension tests.

TABLE 1 Mechanical parameters for UDEC-Trigon numerical model.

Parameters Coal Plate  Coal-plate contact
Density (kg/m?) 1,470 5,000 —

Young’s modulus E (GPa) 1.72 17 —

Poisson’s ratio v 24 25 —

Normal stiffness K, (GPa/m) 10,137 — 102,000

Shear stiffness K, (GPa/m) 4,055 — 40,800

Tensile strength o, (MPa) 1.57/0* — 0

Cohesion ¢ (MPa) 10/0* — 0

Friction angle ¢ © 38/32* — 32

*Peak and residual value.

Axial stress (MPa)

FIGURE 3
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Stress-strain curves of numerical samples under different pre-

confining pressures.
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instantly unloaded after loading to the peak strength. All the other
model parameters are identical except for the pre-confining pressure.
It can be seen that the starting points of the stress—strain curves are
different, which is caused by the loading sequence of the simulation.
First, before the confining pressures are applied, upper and lower
plates are in contact with the coal sample, the force at the contact
surface is 0 MPa, and then a pre-determined pre-confining pressure is
applied to the sample. At this time, upper and lower pressure plates are
fixed. Under the influence of Poisson’s ratio, compression occurs along
the vertical direction when the coal sample is compressed in the lateral
direction. Therefore, vertical stresses with different magnitude appear
after different pre-confining pressures are applied. When pre-
confining pressures of .1 MPa, 1.0 MPa, 2.5 MPa, and 5.0 MPa are
applied, the peak strength of the coal samples are 20.7 MPa, 24.1 MPa,
31.0 MPa, and 39.5 MPa, respectively, indicating that the pre-
confining pressure significantly influences the peak strength. It is
widely recognized that peak strength increases with confining pressure
(Haimson and Chang, 2000; Liu et al., 2004; Hokka et al., 2016; Yao
etal,, 2016). Since the pre-confining pressure is immediately unloaded
and the calculation mode becomes dynamic, the coal sample does not
change from brittle to ductile.

2.3.2 Coalburst process

The failure characteristics observed in the simulations are
compared with dynamic failure modes of coal samples as
observed in experiments (Figure 4). First, after the sudden
unloading of pre-confining pressure, the trigger of coalburst is
marked by the ejection of localized coal fragments close to the
unloading surface. Then, the area of the coal block ejection area
continues to expand, and completely penetrating cracks form
inside the sample with increasing tangential stress. As a result,
coal plates are thrown out. Finally, coal fragments and plates are
ejected in large quantities with maximum ejection velocity
exceeding 10 m/s. In addition, some coalburst pits are formed
on the surface of the coal sample when these ejected blocks are
removed. These results show that the method adopted in this study
can reproduce the unloading-induced coalbursts properly.
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3 Numerical results and analysis
3.1 Fracturing process of coalbursts

Figure 5 shows the crack development process and the eventual
velocity cloud during coalburst induced by unloading of different
pre-confining pressures. The blue and red lines represent tensile
and shear cracks, respectively. Tensile failure is dominant in the
area close to the unloading face, while most shear cracks are
distributed in the region away from the unloading face,
regardless of the value of the pre-confining pressure. The abrupt
unloading results in a sudden change of the stress state in the blocks
near the unloading surface. The stress change formed at the
moment considerable horizontal
deformation near to the surfaces. A great number of mainly
tensile cracks form near the unloading surface and ultimately

result in the ejection of fragments and coal plates. These

of wunloading induces a

observations are in agreement with previous study on rockbursts
(Duan et al., 2019). A comparison of Figure 5A and Figure 5D
shows that the pre-confining pressure has an important influence
on the development of cracks during a coalburst. Cracks initiate
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more intensively in coal samples under higher stress, resulting in
the formation of a denser fracture network after sudden release of
high pre-confining pressure. In addition, different pre-confining
pressures result in significant differences in the crack propagation
of coalbursts, as demonstrated in Figure 5A. When the pre-
confining pressure is low, at first, few shear cracks are initiated
in the interior of the coal sample after unloading. Then, the number
of tensile fractures near the unloading surface increases rapidly
with increasing dynamic calculation time, which results in the
ejection of fragments. However, when the coal sample is under a
high pre-confining pressure, a large number of cracks with
different failure modes appear
instantaneously in almost the entire area near the unloading

(shear and tensile cracks),

surface, as demonstrated in Figure 5D. Fewer shear cracks form
and the distribution is more dispersed under a lower pre-confining
pressure. However, the number of shear cracks in the coal sample is
greater under higher pre-confining pressure. As shown in Figure 5,
with increasing pre-confining pressure, the coalburst intensity
increases significantly. When the pre-confining pressure is
.1 MPa or 1.0 MPa, the coalburst only occurs in a local area of
the unloading surface. However, under the condition that the pre-
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Crack development process of coalburst under different pre-confining pressures: (A) .1 MPa; (B) 1 MPa; (C) 2.5 MPa and (D) 5 MPa. Note: blue lines

confining pressure is 2.5 MPa or 5.0 MPa, the range of the coalburst
covers almost the entire area on both sides of the coal sample, and
many coal fragments and plates are ejected from the entire
unloading surface. The ejection is more powerful when the pre-
confining pressure is higher. The graph indicates that the fracturing
process during the coalburst is affected by the pre-confining
pressure. A coalburst under a higher pre-confining pressure has
a wider fracturing range and a higher ejection velocity.

To further study the ejection of coal fragments during
coalbursts, four monitoring points are set-up on both sides of
the numerical model to monitor the horizontal velocities of
fragments, as shown in Figure 1. The horizontal velocities of the
fragments are shown in Figure 6. Positive values indicate movement
towards the right and vice versa. Numerous studies imply that the
velocities of fragments that form during coalbursts are more than
10 m/s (Frith et al., 2020; Yang et al., 2020; Gao et al., 2021). As
shown in Figure 6, most of the recorded velocities exceed 10 m/s,
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and the magnitude of the velocities increases with increasing pre-
confining pressure. The maximum velocities of the coal fragments
are 16.76 m/s, 17.76 m/s, 20.60 m/s and 30.00 m/s during coalbursts
when the pre-confining pressures are .1 MPa, 1.0 MPa, 2.5 MPa and
5.0 MPa, respectively. The velocity is zero for a period of time after
the pre-confining pressure of .1 MPa is released, indicating that a
coalburst does not occur immediately after the low pre-confining
pressure is released. However, the ejection velocity of the fragments
grows rapidly with time when the pre-confining pressure becomes
5.0 MPa, indicating that a violent coalburst occurs at the moment of
unloading in this situation. The rise in pre-confining pressure leads
to an increase in stress and elastic energy in the coal sample, which is
more prone to coalburst. The simulations suggest that a critical
stress level or a critical energy level may exist for coalbursts. This
result provides direct evidence of the mechanism of rock dynamic
failure proposed in previous research (Dou and He, 2001; Su et al.,
2017).
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3.2 Energy evolution of coalbursts

3.2.1 Elastic energy

Figure 7 illustrates how the elastic energy changes during the
coalburst process. The initial elastic energy is 519 ] when the pre-
confining pressure is .1 MPa and increases to 1777 ] when the pre-

Frontiers in Earth Science

confining pressure is 5.0 MPa. After a coal sample is completely
destroyed via coalburst, the elastic energy is close to 0]. No
coalburst occurs under the pre-confining pressure of .1 MPa
during the dynamic calculation time of .00-.05m, and only a
small number of micro-cracks are generated inside the coal
sample, so the dissipation of elastic energy is not obvious at this
stage. When the dynamic calculation time is greater than .05 m, the
elastic energy of the sample gradually decreases with the
occurrence of a small burst near the unloading surface. For coal
samples with initial confining pressures of 1.0 MPa, 2.5 MPa and
5.0 MPa, various degrees of coalburst occur after the confining
pressure is released, and the elastic energy decreases immediately.
The initiation and coalescence of cracks as well as the ejection of
fragments cause the dissipation of elastic energy. The elastic energy
release rate increases with increasing pre-confining pressure.
Therefore, the rate of reduction in elastic energy can be used to
characterize the coalburst.

The dissipation process of elastic energy during the coalburst is
fully captured by the simulations. The distribution of the elastic
energy is given in Figure 8. Figure 8 reveals that the stored elastic
energy increases with rising pre-confining pressure. Higher pre-
confining pressures lead to a stronger inhomogeneity of elastic
energy distribution in coal. High pre-confining pressure causes
high local stresses inside the coal sample. Obviously, the higher the
inhomogeneity of stress or energy distribution in the coal, the
higher the possibility of coalburst. The dissipation process of elastic
energy basically corresponds to the crack evolution process. The
dissipation of elastic energy is obvious in the areas with densely
distributed cracks, and the remaining elastic energy in these areas is
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FIGURE 8
Distribution of elastic energy under different pre-confining pressures: (A) .1 MPa; (B) 1 MPa; (C) 2.5 MPa and (D) 5 MPa for different points in time.

small. In other words, development and growth of the fractures are ~ unloaded in the horizontal direction, and the coal burst also occurs
the main reasons for the elastic energy dissipation. In the numerical ~ mainly in the horizontal direction, so that a large amount of elastic
simulation, the coal sample is loaded in the vertical direction and  energy is dissipated along the horizontal direction. It can be seen
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that strain energy is released at different rates for different pre-
confining pressure s, and there is still a large amount of strain
energy in the coal sample when the dynamic time is .09 m for a pre-
confining pressure of .1 MPa. As the pre-confining pressure
increases, the strain energy release rate is greater when the
dynamic time is the same, indicating that the coal burst more
violent.

3.2.2 Kinetic energy

Figure 9 illustrates the kinetic energy evolution for different
pre-confining pressures. The cumulative kinetic energy is zero
within .0-.05m when the pre-confining pressure is .1 MPa,
indicating that a coalburst does not occur. A coalburst will end
when the kinetic energy does no longer change (coal sample is
completely destroyed or has reached a certain final damage state).
The kinetic energy during the coalburst is larger under higher pre-
confining pressure. The kinetic energy increases more rapidly and
reaches the peak earlier when the pre-confining pressure increases.
This indicates that a higher pre-confining pressure causes a shorter
coalburst triggering time and more violent fragment ejection,
resulting in a more harmful coalburst.

Figure 10 shows the distribution of the kinetic energy during
the coalburst process. There is a clear difference in the kinetic
energy near and far from the unloading surface, which leads to the
separation of coal fragments and plates as shown in Figure 5. The
evolution of kinetic energy under different pre-confining pressures
shows that the cracks gradually expand from the boundaries to the
centre of the coal samples, which is in good agreement with field
and experimental observations (He et al., 2012; Zhang et al., 2012;
Jiang et al., 2020). The evolution process of kinetic energy shows
that the ejection of fragments during coalbursts starts at some areas
on the unloading surface of the sample, and new areas of coalburst
are continuously formed and expand, eventually leading to a
violent coalburst. As shown in Figures 8, 10, the transformation
between elastic energy and kinetic energy during coalbursts is
captured by the numerical simulations. Notably, the distribution

Frontiers in Earth Science

10.3389/feart.2022.1112249

of kinetic energy in the sample is not uniform. On the one hand,
there are many “kinetic energy accumulation areas” near the
unloading surface, which lead to the occurrence of “coalburst
pits” with different depths and locations on the unloading
surface of the coal samples, as can be seen in Figure 10C. There
is another interesting phenomenon: some independent “kinetic
energy concentration areas” form inside the coal sample under high
pre-confining pressure, as shown in Figures 10C, D. These regions
have a higher kinetic energy value than their surroundings, which
indicates that some violent “internal burst” occur inside the coal
sample, promoting the ejection of fragments and coal plates. This is
because there is higher stress within the coal sample under high
pre-surrounding pressure, and the internal stress and energy
distribution are not uniform. When the pre-surrounding
pressure was suddenly unloaded, the dynamic failure occurred
inside the coal sample.

3.2.3 Frictional energy

Shear failure is an important element in the coalburst process.
When shear failure occurs, dislocation (frictional sliding) along the
blocks is triggered, so a certain amount of elastic energy is converted
into work to overcome frictional resistance. This part of the energy
dissipated due to the shear slip during a coalburst is called frictional
energy. Figure 11 illustrates how the frictional energy changes during a
coalburst. The increase in accumulated frictional energy is an
indication of shear failure in the coal sample. As shown in
Figure 11, the peak of the frictional energy during the coalburst
increases with rising pre-confining pressure. This demonstrates that
more shear cracks occur during the coalburst under high pre-
confining pressure.

Figure 12 shows the distribution of the frictional energy at
different stages during the coalburst. Figure 12 documents, those
regions where the frictional energy is concentrated develop from
areas near the unloading surface towards the centre of the sample.
This is consistent with the gradual expansion of shear cracks. The
pre-confining pressure has an important influence on the
distribution of frictional energy. Compared with a low pre-
confining pressure, the frictional energy is higher and more
concentrated in the centre of the sample under higher pre-
confining pressure. This shows that more shear cracks are
formed in the core of the sample during the coalburst induced
by release of a higher pre-confining pressure, resulting in
predominant shear failure of the sample.

4 Discussion

4.1 Influence of pre-confining pressure on
failure mechanism during coalburst

Strainbursts of rock are divided into tensile strainbursts
(Diederichs, 2007; Hu et al, 2018) and shear strainbursts
(Ortlepp, 2001; Zhang et al., 2012; Feng et al.,, 2016). In this
study, under different pre-confining pressures different failure
modes occur like analysed in Section 3.1 and illustrated in
Figure 13. The coalburst induced by release of a low pre-
confining pressure is dominated by tensile failure, which is
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referred to as tensile coalburst. During a tensile coalburst, the
failure is characterized by coal fragment ejection caused by tensile
failure in certain areas near the unloading surface, small failure
areas, and limited ejection intensity. Apart from tensile failure on
both sides, there is no complete penetrating shear fracturing in the
centre of the specimen. However, shear failure is the dominant
during coalbursts under high pre-confining pressure, which is
referred to as shear coalburst. There are two types of micro-
cracks in shear coalbursts. On the one hand: splitting and
throwing out of a large number of coal fragments and plates are
caused by the coalescence of tensile cracks near the unloading
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Distribution of kinetic energy under different pre-confining pressures of (A) .1 MPa; (B) 1 MPa; (C) 2.5 MPa and (D) 5 MPa for different points in time.
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surface. Fragments are ejected at a fairly high velocity, such as
10-30 m/s. On the other hand, many shear cracks form in the
central region of the coal sample, which is the major cause of coal
failure during coalburst. Notice, that the pre-confining pressure
applied to the two lateral sides are both released in the numerical
simulation. Therefore, significant lateral deformation and failure
occur on both sides of the coal samples in the numerical simulation.

As discussed above, the failure modes of coal during a
unloading-induced coalburst are complex. As shown in
Figure 13, the failure during coalbursts as presented by

numerical simulations, are different from single failure under
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static or quasi-static loads as presented for instance by (Haimson
and Chang, 2000; Chang and Lee, 2004; Yang et al., 2012). The
numerical results in this study show that tensile failures mainly
occur near the unloading surface, while shear cracks are mainly
distributed in the core region of the coal samples. This is in good
agreement with earlier studies (Feng et al., 2018; Su et al.,, 2018).
The density of tensile cracks rises and they expand deeper below the
with
Moreover, the number of shear cracks that appears far from the

unloaded surface increasing pre-confining pressure.
unloaded surface also increase significantly, and these cracks
interpenetrate. It is possible to explain this failure phenomenon
in the following way. On the one hand, the stress change caused by
the sudden unloading of the pre-confining pressure causes the
deformation (extension) of the coal sample near the unloading
surface, and this lateral deformation is causing the tensile cracks.
On the other hand, the instantaneous unloading of the pre-
confining pressure causes an increase in the vertical stress in the
remaining more or less intact part of the coal sample. The higher
the pre-confining pressure, the greater the vertical stress of the
sample after unloading. It promotes the initiation and development
of shear failure in the centre of the coal sample. The failure
mechanism of unloading-induced coalburst gradually transforms
from tensile mode to shear mode as the pre-confining pressure
increases.

4.2 Influence of pre-confining pressure on
energy conversion of coalbursts

Figure 14 presents peak elastic energy, peak kinetic energy and
peak frictional energy of the coal samples under different pre-
confining pressures during unloading-induced coalbursts. The
graph shows that when the pre-confining pressure rises, the
three energies rise as well. The higher the pre-confining stress,
the higher the peak strength of the rock. Therefore, the ultimate
energy-storage capacity of the coal increases with the peak
strength. Compared with low pre-confining pressures, at high
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pre-confining pressures a higher stress change occur at the

moment of unloading, resulting in more tensile cracks
appearing near the unloading surface. Tensile failure is the main
source of kinetic energy increase. The frictional energy is mainly
caused by the shear slip between blocks. Severe shear failure occurs
during coalburst due to the increase in vertical stress induced by
unloading of the high pre-confining pressure, which causes an
increase in frictional energy. The relationship between the above
mentioned three energy types and the pre-confining pressure is not
linear.

The elastic energy displayed in Figure 7 is only the elastic energy
stored in the coal sample. It is well known that the elastic energy
released during coalbursts includes the elastic energy stored in the
sample and the elastic energy stored in the loading system
(Manouchehrian and Cai, 2016; Tarasov and Stacey, 2017; Gao and
Yang, 2021). The elastic energy in the loading plate W should be

calculated as:

o fnax ALl

W; =
L=

®)
where 0px is the maximum vertical stress monitored at the loading
plate, and the properties of the loading plate are 1 =.1 m, E; = 17 GPa,
and A; =t x .1 m*

Consequently, the conversion ratio of kinetic energy « and the
conversion ratio of frictional energy f are calculated by:

Wk
AL S 9
* We+ W, ( )

We
= 10
ﬁ Wc+WL ( )

where W and W are the kinetic energy and the frictional energy
during the coalburst, respectively. W and W, are the elastic energy
stored in the coal and the plate, respectively.

Figure 15 shows the conversion ratios of elastic energy into kinetic
and frictional energy during unloading-induced coalbursts under
different pre-confining pressures. As illustrated in Figure 15, the
pre-confining pressure has an important influence on the energy
transformation during a coalburst. In this study, the conversion
ratio of kinetic energy is between 2% and 4% when the pre-
confining pressure is less than 5MPa, which means only a small
percentage of elastic energy is transformed into kinetic energy, which
is consistent with previous findings (Gu and Ozbay, 2015; Hu et al,,
2020). However, the conversion ratio of kinetic energy increases
significantly as the pre-confining pressure continues to rise,
suggesting that more coal fragments and plates are thrown out at a
higher velocity during a severe coalburst. In addition, as the pre-
confining pressure rises, the conversion ratio of frictional energy
increases as well, indicating that the shear failure in coal samples
intensifies and that a shear coalburst occurs under a higher pre-
confining pressure.

4.3 Recommendations to prevent coalbursts

Violent coalbursts can occur in roadway developments as a
result of the unloading of high pre-confining pressure according to
simulation findings. Based on the above research results, three
measures presented below are recommended to prevent the
occurrence of coalbursts. First, a sudden unloading of a coal
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pillar with high pre-confining pressure should be avoided, and a
slower excavation speed should be adopted to reduce the unloading
rate in the coal pillar. Second, some measures should be taken to
reduce the elastic energy stored in the coal pillar, such as cutting the
rock layer above the coal pillar to reduce the vertical load or

Frontiers in Earth Science 12

performing large-diameter drilling in the coal to reduce the
energy storage capacity. Third, it is necessary to provide timely
support to the free surface formed by the excavation, which will
inhibit the formation of tensile failures and the expansion of cracks
away from the unloading surface.
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5 Conclusion

This paper presents a numerical study of unloading-induced

coalbursts failure analysis using DEM and a static-dynamic loading
strategy. This method, well calibrated and validated, is effective in
capturing the typical phenomena of coalbursts. The main conclusions
in respect to the influence of pre-confining pressure on crack
propagation, failure mechanism, energy evolution and energy
conversion during unloading-induced coalbursts are as follows.

1) The pre-confining pressure has a significant effect on crack

2)

development and failure mode of unloading-induced coalbursts.
Localized failure patterns are observed in coalbursts. Regions near
the unloading surface are more prone to tensile failure, while shear
cracks are the main failure type in the centre of the body. With
increasing pre-confining pressure, the failure mechanism of coal
transforms from a tensile coalburst towards a shear coalburst.

The numerical simulations provide direct evidence for the conversion
of stored elastic energy into kinetic energy and frictional energy during
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unloading-induced coalbursts. The evolution of energy is consistent
with the development of cracks. During coalbursts, the higher the pre-
confining pressure, the greater the rate at which the elastic energy
decreases and the greater the rate at which kinetic and frictional energy
increase. Some independent “kinetic energy concentration areas” are
observed during unloading-induced coalbursts, indicating that violent
“internal bursts” occur inside the coal, providing new insights into the
mechanism of coalbursts.

The pre-confining pressure obviously affects the energy transition
during unloading-induced coalbursts. The conversion ratio of
kinetic energy increases non-linearly with increasing pre-
confining pressure, indicating that coalbursts under high pre-
confining pressure are more dangerous. The conversion ratio of
frictional energy is approximately one-quarter of the conversion
ratio of kinetic energy. With increasing pre-confining pressure, the
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conversion ratio of frictional energy also increases non-linearly,
indicating that the coalburst becomes dominated by shear failure
under high pre-confining pressure.
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