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Abstract: When coal mines exploit deep seams with high-gas content, risks are encountered due
to the additional high likelihood of rock bursting potential problems. The bursts of coal pillars
usually lead to severe fatalities, injuries, and destruction of property, including impeding access
to active mine workings underground. The danger exists given that conditions in the already
highly brittle coal material can be exacerbated by high stress and high gas pressure conditions.
It is thus critical to develop methods that improve current understanding about bursting liability,
and techniques to forecast or prevent coal bursting in underground coal mines. This study uses field
data from a deep coal mine, and numerical modeling to investigate the effects of gas pressure and
mechanical compressive stresses on coal bursting liability in high gas content coal seams. The bursting
energy index is adopted to determine the coal bursting liability under high gas pressure conditions.
The adopted methodology uses a two-staged approach comprising investigating the influence of gas
pressure on the bursting liability of coal pillar, and the influence of the gas pressure on the resulting
pillar failure mode. Based on numerical simulations of coal pillars, correlations are observed between
the magnitudes of gas pressures and the bursting energy index. Irrespective of pillar size, failure time
is shortest when the gas pressure achieves a threshold value between 50 kPa to 70 kPa. At 50 kPa,
the value of the BEI increases by 50% going from the 4 m pillar to the 6 m pillar. The value of the BEI
increases by 43% going from the 6 m high pillar to the 8 m high pillar at 50 kPa. When pillars fail
there is a degree of stress relief leading to a reduction in bursting liability. The results suggest that
before 50 kPa, pillar failure is largely due to mechanical loading. After 50 kPa, pillar failure is largely
due to excessive gas pressures.
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1. Introduction

Rockburst is a dynamic phenomenon that is caused by the release of stored energy in coal
and hard rock masses. Coal burst in an underground coal mine is mainly expressed in the form of
sudden coal pillar yield, instantaneous vibration, and causes massive destruction of macroscopic
characteristics [1–4]. It has been a long-term objective of the mining community to pursue safety,
while maintaining high productivity and efficiency. However, coal mining remains a high-risk
undertaking, and among all the possible factors that may cause fatalities and injuries, coal burst
has been considered as one of the most catastrophic events in an underground coal mine. For example,
a coal burst event that occurred at Muchenjian coal mine near Beijing led to roadway damage with a
maximum length 600 m [5].

When considering most types of accidents in underground coal mining, the design of coal pillars
to avoid pillar bursting and failure has become one of the most challenging engineering problems
for the deep underground coal mine. For coal pillar bursting liability, there are several mechanical
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and physical factors that can affect it. Coal is an unusual porous material, which has fissures, low
intensity strength, heterogeneous texture, and permeability distinguishing it from regular porous
materials [6,7]. Gas within the coal seam can strongly affect coal strength, deformation, and fracture
propagation, and other mechanical properties [8–10]. In underground coal mines, gas is stored in a
coal seam mainly in absorbed form or free state. When compared with absorbed gas contained within
a coal seam, the free gas stored in microcracks, and other void spaces of the coal can further enhance
coal bursting liability.

Coal burst can be framed as a dynamic energy release rock failure form with two main energy
sources: in-situ gas pressure and stress imposed by the overburden. According to this definition, coal
burst can mainly be divided into two classes, stress-driven coal burst and gas-driven coal burst [11].
Most previous studies mainly focus on the coal burst mechanism or coal busting liability under uniaxial
compress stress conditions [5,11]. However, based on some historical cases [12,13], it is clear that gas
within the coal seam is also a key factor leading to coal burst in underground coal mines, as discussed
above. Gas pressure can affect the pillar strength by the initiation and propagation of microcracks
within the coal pillar.

According to bursting liability theory, the mechanisms of rock burst exhibit differences even
under the same condition [4,12]. To evaluate the rock burst liability properly, the so-called bursting
liability indicators are employed. The use of a bursting indicator is a good way to evaluate the coal
bursting potential, including elastic strain energy index (WET), bursting energy index (KE), uniaxial
compressive strength (Rc), the Bursting Efficiency Ratio (η), the Rheologic Ratio (θ), Failure Duration
Index (Dt), and the Bursting Energy Index (BEI), (WCF) [8,13–19].

With appropriate and correct usage, bursting indices can provide us a method to evaluate the coal
bursting liability. In this paper, the relationship between the coal bursting indicators and gas pressure
will be investigated and explained in a quantitative manner. The result is important for predicting and
monitoring coal bursting potential and gas drainage effects of the coal bursting potential.

It is extremely challenging to test coal bursts in-situ or in laboratory, including the high safety
risks that are involved. To date, there are no studies available—to the knowledge of the authors—with
clear video evidence showing directly an entire coal burst process in an underground coal mine.
Therefore, to describe the relationships between gas pressure and coal burst, the coal burst properties
are typically obtained using back-analysis method [20]. In addition, other methods, such as numerical
simulation, can be applied to investigate coal pillar behavior under high-pressure gas condition,
resulting in coal burst phenomenon [21,22].

This study uses FLAC 3D to study the coal bursting liability under varieties gas pressures and
uniaxial compressive stresses. Two components of the research conducted comprise investigating the
influence of gas pressure on the bursting liability of coal pillar, and the influence of the gas pressure
on the pillar failure mode. The layout of the paper is as follows: in Section 2, mechanisms of gas
pressure effects and several bursting liability indices will be reviewed to select a governing index of
this study. In Section 3, numerical modeling and calibration of the relative parameters conducted is
discussed; and, in Section 4, numerical results, including the relationship between gas pressure and
the BEI, are presented. In Section 5, the preliminary analysis of the pillar failure mode is described,
and the phenomenon of this test are discussed. Finally, Section 6 presents the conclusions of this study
and provides some recommendations for future studies.

2. Empirical Study of Gas Pressure Effects on Coal Burst Liability

2.1. Mechanism of Gas Pressure Effect on Coal Burst Liability

Several previous studies have been conducted to analyze coal burst mechanism characterization,
leading to theories proposed relating to pillar strength, pillar stability, roof and floor stiffness,
and energy [23–26]. As a result of the previous studies, energy release, stress concentration, and seismic
activity are now routinely applied to forecast rock burst potential. The released energy framework
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consists of several conceptual subsets, including gravitational potential energy, elastic potential energy,
and strain energy.

This paper mainly focusses on the released energy approach, based on previous observations,
which indicate that the energy release can be associated with crack initiation and propagation within
a coal body [20]. In addition, Lan et al. (2010) conducted research on the energy mechanism of
underground coal bursts showing that high gas pressure can cause gas expansion energy and the
residual energy can increase [27].

2.2. Selection of Coal Bursting Liability Indices of Coal Pillar

Bursting liability is an inherent property of coal and relates to geological conditions, gas pressure,
and other properties. Using bursting indices is a useful method to determine the bursting liability.

Li et al. developed a coal burst energy evaluation model by analyzing the coal burst events during
1960 to 2010 in China [28]. The gas expansion energy which was caused by the high gas pressure was
mainly dissipated in fractures and crack propagation within coal pillar, and the resulting empirical gas
expansion energy (E) formula, could be expressed by Equation (1)

E = 0.4V
(

1.585P0.2 − 1
)

(1)

where, V represents the gas volume within the coal pillar and P is the gas pressure inside the coal pillar.
From Equation (1), it is clear that with the increase of gas volume and gas pressure, the gas expansion
energy will also increase.

In laboratory tests, there are mainly four indices employed, including the duration of DT, WET, KE,
and RC, based on Chinese national standards “Classification and laboratory test method on bursting
liability of coal” [29].

DT represents the period of the coal sample drop from the peak stress to its failure in the complete
strain-stress curve.

WET is the ratio of the elastic deformation energy to the dissipation deformation energy.

WET =

∫ ε2
ε1

σu dε∫ ε1
0 σl dε −

∫ ε2
ε1

σu dε
(2)

KE, is the ratio of the pre-peak energy to the post-peak dissipated energy.

KE =

∫ ε3
0 σl dε∫ ε4
ε3

σl dε
(3)

In Equations (2) and (3), σl and σu are the loading stress and unloading stress. The parameters
ε1, ε2, ε3 and ε4 represent strain values in the state of complete unload, at an unloading point, at peak
load and at complete failure, respectively.

Yaodong (2011) et al. applied the BEI, (WCF) to analyze the bursting liability when studying
the influence of roadway backfill on bursting liability and strength of coal pillar through numerical
investigation [30].

WCF =
We + Wp

W f
(4)

In Equation (4), W f represents the energy dissipated during the failure process, We and Wp

represent the elastic strain and plastic strain energy respectively, during the loading process (Figure 1).
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Figure 1. Stress-strain curve illustrating how the Bursting Energy Index can be determined by
determining areas under the curve representing elastic strain, plastic strain and the dissipated energy.

Numerical simulation methods facilitate a means to monitor the coal bursting process and
mechanisms, allowing for parametric investigations during an entire test process. When considering
the bursting indices discussed in the preceding sections, the BEI is found to be the most suitable one in
this paper. Using the BEI, not only helps to determine the bursting liability when pillars have different
sizes and gas pressures, but also helps to calculate the energy dissipated during the process of failure,
and also helps to evaluate the bursting severity according to the dissipated energy. In addition, the BEI
is easily obtained from the complete strain-stress curve (including the pre- and post-failure curve)
from uniaxial compressive stress tests.

3. Numerical Model and Determination of Parameters

3.1. Numerical Model and Failure Criterion

The finite difference code, FLAC 3D (Fast Lagrangian Analysis of Continua in Three-Dimensions)
was employed to simulate the influence of free gas pressure on the coal pillar burst liability at the
Tianan No. 1 Coal mine, which located in Ping Dingshan, Henan province, China. Tianan mine is
defined as a high gas concentration coal mine, and therefore provides a suitable investigation target.
The pillar model analyzed herein is a typical coal pillar in underground coal mines, implying that it
can extend in both axis directions of the plan section view. Based on this assumption, only a quarter
of the pillar needs to be modeled instead of the entire pillar model, to save the running time of the
simulations. Figure 2 shows the FLAC3D model mesh for a quarter of a mine pillar. The element size
of the model was always maintained at 0.5 m × 0.5 m × 0.5 m. For consistent comparisons of each
simulation result, all of the numerical models ran at 15,000 time steps.

The failure criterion which was employed in the model is the strain softening model, which is
based on the FLAC 3D Mohr-Coulomb model with non-associated shear and associated tension flow
rules [30]. The cohesion and friction angle were allowed to decrease as the strain softening developed,
by a user-defined linear function. Further details of the strain softening behavior are discussed in
Section 5.2.
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Figure 2. Fast Lagrangian Analysis of Continua in Three-Dimensions (FLAC3D) model mesh for
an entire pillar using an element size of 0.5 m × 0.5 m × 0.5 m. During each simulation, all of the
numerical models were run at 15,000 steps.

3.2. Boundary Conditions of Numerical Model

The objective of the numerical modeling study was to evaluate underground coal pillar bursting
liability. To obtain the coal pillar coal burst liability, reasonable boundary conditions needed to be
applied in the numerical model, and the selected boundary conditions are indicated in Figure 3.
Since the model represents the quarter of a coal pillar with symmetry, zero displacements were set at
the base of the model, free field conditions for the upper plate, and the displacement of two neighbor
vertical planes of model is restricted in the normal direction. A low constant vertical velocity set at
1 × 10−5 m/s was applied to the top of the model in the negative z-direction to generate a constant
loading on the whole system.

Figure 3. Plan view and cross-sectional view of applied boundary conditions to the model.
Zero displacements were set at the base of the model, and free field conditions for the upper plate and
the four-vertical symmetry planes of coal pillar.
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3.3. Determination of Pillar Parameters

Based on typical coal properties, the uniaxial compressive strength (UCS) of the coal was assigned
as 4.0 MPa, and the tensile strength as 0.04 MPa. Young’s modulus, poisson’s ratio and dilation
angle are representative average values from obtained from the literature. As discussed in Section 3.1,
the model was set to a linear strain softening model. The model began to weaken after 2% deformation,
at a softening rate of 90% cohesion reduction over 5% plastic strain, and six-degree friction angle
reduction over 0.5% strain. The final mechanical parameters and the softening rate (Figure 4) used in
this test are listed in Table 1.

Figure 4. Material behavior applied to the model, showing the variation of cohesion and friction angle
with plastic strain. The linear-softening model began to weaken after 2% deformation, at a softening
rate of 90% cohesion reduction over 5% plastic strain, and six-degree friction angle reduction over
0.5% strain.

Table 1. Final mechanical parameters used after the strain softening shown in Figure 4 for the numerical
pillar model.

Property
Young’s

Modulus
(GPa)

Poisson’s
Ratio

UCS
(MPa)

Tensile
Strength

(MPa)

Cohesion Friction Angle
Dilation
Angle (◦)

Original
Value
(MPa)

Softening
Rate (%)

Residual
Value
(MPa)

Original
Value (◦)

Softening
Rate (%)

Residual
Value (◦)

Coal 1.1 0.3 4.0 0.04 1.02 5.0 0.102 36. 0.5 30 6.000

3.4. Determination of Gas Parameter

FLAC3D simulates fluid flow and fluid effect on the solid model by assigning an associated
pore pressure at each grid point of the model. To simulate coal bursting liability under different
gas pressures, the first undertaking is to assume that the gas distribution within the coal pillar is
homogeneous, in order to render the problem tractable. Therefore, in the numerical model simulations,
gas pressures were held constant at 0 Pa, 10 kPa, 20 kPa, 30 kPa, 40 kPa, 50 kPa, 55 kPa, 57 kPa, 60 kPa,
63 kPa, 65 kPa, 70 kPa, and 80 kPa, respectively. The rest of the parameters used during the simulations
are listed in Table 2, and were obtained directly from Tianan No. 1 coal mine. Detailed results are
discussed in Section 4.
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Table 2. Mechanical parameters used for the numerical gas model obtained directly from Tianan No. 1
coal mine. Detailed results are discussed in Section 4.

Porosity Coefficient of
Permeability (m2)

Gas Pressure
(MPa)

Gas Density
(kg/m3)

Gas Bulk Modulus
(GPa)

Tensile Strength
(MPa)

0.05 2.5 × 10−17 0.6 0.716 0.254 0

4. Results of the Numerical Analysis

The modeling results from the methodology described in Section 3 include the BEI, for different
coal pillar sizes and gas pressure, as well as the complete stress-strain curve. Also, the relationship
curves are plotted to better understand the relationship between BEI and gas pressure.

4.1. Complete Stress-Strain Curve of Coal Pillar

The goal of these series of simulations was to use the BEI to determine the coal pillar bursting
liability. The complete stress-strain curve for a coal pillar was obtained by recording the stress and
strain value of each numerical model every ten steps. The stress-strain curve includes all of the
information that is necessary to calculate the BEI, such as a summary of the elastic strain energy (We),
permanent strain energy (Wp), and the energy dissipated during the process of failure (Wf). Figure 5a–c
show the complete stress-strain curves for coal pillars from a grand total of 39 simulated models.
In each case, the magnitudes for the pillar heights and gas pressures were varied, while the rest of the
model parameters remained fixed.

Figure 5. Stress-strain curves obtained from numerical simulation results for (a) 4 m, (b) 6 m and
(c) 8 m high coal pillar with 0 to 80 kPa gas pressure. In each case, the magnitudes for the pillar heights
and gas pressures were varied while the rest of the model parameters remained fixed.
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The modeling results show that for all the applied conditions, different peak strengths are
displayed, although the loading stress remains the same. This implies that they possess the same
elastic strain energy and permanent plastic strain energy. However, the failure process shows a totally
different condition for different gas pressure magnitudes. Generally speaking, higher gas pressure can
cause the rock to reach the residual strength after a smaller strain, and a lower pressure requires more
loading time to reach the residual strength. However, it is obvious that no matter the pillar size, it is
not necessarily the highest gas pressure, which has the lowest failure time; on the other hand, when
the gas pressure achieves a threshold value between 50 kPa to 70 kPa, the failure time is shortest.

To determine the BEI, the area of the pre-failure and post-failure of the complete stress-strain
curve were calculated for each coal pillar size and gas pressure condition as described in Section 2.
In this section, it is assumed that failure begins at peak stress. All of the BEI values calculated from
this study are shown in Table 3.

Table 3. Summary of calculations from numerical modeling results showing relationships between the
Bursting Energy Index and gas pressure, based on the methodology described in Section 2.

Approximate Gas Pressure (kPa)

WCF of the Coal Pillar

Pillar Width

4 m 6 m 8 m

0 0.094241 0.139070 0.178855
10 0.100948 0.147380 0.183257
20 0.106179 0.155855 0.205874
30 0.118474 0.168808 0.225705
40 0.162327 0.183565 0.246674
50 0.207636 0.302613 0.421820
55 0.203702 0.314283 0.390673
57 0.197033 0.304107 0.429803
60 0.179775 0.332554 0.458227
63 0.202187 0.313859 0.456203
65 0.196584 0.303701 0.469571
70 0.191153 0.321037 0.473001
80 0.187907 0.294913 0.409714

4.2. Relationship between Gas Pressure and Bursting Energy Index

The calculated relationships between gas pressures and bursting energy indices are plotted on
Figure 6, based on the data from Table 3. The results show that in general as the gas pressure within the
coal pillar increases, the BEI also increases, albeit non-linearly. For example, the rate of increase of the
BEI before the gas pressure reaches 20 kPa is very low. However, after a gas pressure of approximately
20 kPa, the rate of increase in the BEI rises slightly. At approximately 40 kPa, there is a sudden jump
to a characteristic BEI whose value is dependent on the height of the pillar. At 50 kPa, the value of
the BEI increases by 50% going from the 4 m pillar to the 6 m pillar. The value of the BEI increases
by 43%, going from the 6 m high pillar to the 8 m high pillar at 50 kPa. The trend of the BEI values
after 50 kPa is highly dependent on the size of the pillar. The BEI for the 4 m high pillar begins to
drop off past the 50 kPa mark right away. On the other hand, the BEI for the 6 m-high pillar continues
its upward trend at a slower rate before beginning to decline. The BEI trend for the 8 m-high pillar
continues to increase even much longer than for the 6 m-high pillar before beginning its descent.
These observations are reasonable given that for the same magnitude of gas pressure, smaller pillars
would be expected to fail first before larger pillars, leading to a degree of stress relief. An explanation
for the marked difference in the response of each pillar beyond the 50 kPa threshold could thus be a
function of non-linear changes in insitu stress conditions imposed on the system by the differences
in geometrical characteristics. The observed trends at high gas pressures can also be analyzed in the
context of incurred deformations, and are discussed in Section 5.
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Figure 6. Graphs showing relationship between gas pressure and Bursting Energy Index for various
pillar sizes, based on the raw data from Table 3. The results show that as the gas pressure within the
coal pillar increases, the Bursting Energy Index increases non-linearly before dropping off.

5. Discussion

5.1. Deformation Detail of the Coal Pillar

As discussed in Section 3, the pillar model was set to a strain-softening material behavior.
Irrespective of pillar height used during the modeling, the failure modes displayed similar deformation
profiles and only differed in terms of magnitude. Therefore, only the 6 m high pillar is shown
(Figure 7) for the purpose of illustration and discussion. Figure 7 shows the displacement contours
and deformation condition when the entire 6 m high coal pillar reaches the residual strength
under increasing gas pressure conditions. It is clear from the model that both the coal pillar
displacement magnitude, as well as the displacement area become severe as the gas pressure increases.
However, as observed in the BEI trends after 50 kPa on Figure 6, the coal pillar failure mode displays
a marked deviation after the 50 kPa pressure threshold. Before 50 kPa, the deformations are largely
imposed by the vertical loading stress leading to vertical displacements. At 50 kPa, the deformations
are largely due to high gas pressure and increase bottom-up. After 50 kPa the proceeding failure
modes now show a characteristic lateral deformation and displacement behavior, which is discussed
further in Section 5.2.

Figure 7. Cont.
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Figure 7. Plots showing displacement contours in 6 m high pillars when gas pressure is (a) 0 kPa,
(b) 10 kPa, (c) 20 kPa, (d) 30 kPa, (e) 40 kPa, (f) 50 kPa, (g) 60 kPa, (h) 70 kPa and (i) 80 kPa.
Deformations represent conditions when the 6 m high coal pillar reaches the residual strength under
the different gas pressure conditions.

5.2. The Relationship between Gas Pressure and Coal Pillar Bursting Liability

A comparison of the plots showing relationships between gas pressure and BEI (Figure 6), and the
coal pillar model deformation details (Figure 7) indicates that if the applicable gas pressure exceeds the
threshold value of 50 kPa, significant differences in pillar response and failure modes are displayed.
The results suggest that before 50 kPa, pillar failure is largely due to mechanical loading, and to a
lesser effect by the gas exerting a pressure greater than the coal pillar strength. However after 50 kPa,
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pillar failure is largely due to the gas exerting a pressure greater than the coal pillar strength, and to a
lesser extent, by mechanical loading. Hence, after the after gas pressures exceed a threshold of 50 kPa
there is a change in the resulting failure mode of the pillar. However, there is some stress relief after
the pillar fails irrespective of whether the failure is as a result of mechanical loading or excessive gas
pressure. The stress relief would then explain the reduction in bursting liability reflected by declining
BEI trends shown in Figure 6.

6. Conclusions

This study investigates the relationship between gas induced pressure in underground coal
seams and rock burst liability quantified by the BEI. Given that in-situ tests are impractical, FLAC
3D simulations were employed to study the problem. A representative quarter of a coal pillar model
based on a real mine in China was built, with the width kept constant and different gas pressures
assigned to each grid point of the numerical model to represent the gas trapped in the microfractures
of the coal pillar. The simulation procedure involved sequential loading similar to laboratory uniaxial
compression testing of rock samples, while recording stress and strain values at every ten time steps.
The final displacement of each model provided the failure mode for a specific gas pressure condition,
and the results were used to compute BEI values. It is clear that high-pressure gas within the interior
of a coal pillar can enhance the coal bursting potential, however, the specific effects on magnitudes
and failure modes are not clearly constrained. Based on the final BEI and the final displacement of the
model at different gas pressure the following additional conclusions can be made:

• The complete stress-strain curve of the coal pillar during loading can be derived from the
numerical simulation results. Based on the derived stress-strain curve, the peak point of the
failure envelope can be determined and used to calculate the area under the curve of the pre- and
post-failure response.

• The area under the curve of the pre- and post-failure response represent the sum of elastic strain
and plastic strain energy before the failure, and the dissipated energy after the failure, respectively.
The BEI is then applied to determine the coal pillar bursting liability by applying the pre- and
post-failure energy principle.

• From the analysis of the stress-strain curves obtained from the numerical simulation, it was
observed that before the gas pressure within the pillar reaches a magnitude of 50 kPa, there is a
positive non-linear relationship between gas pressure and the BEI. In other words, doubling the
gas pressure does not necessarily result in a two-fold increase in the likelihood of the bursting
potential for a particular coal pillar.

• Analyses of loaded coal pillar stress-strain curves, BEI values, and the displacements of pillars,
indicate that when the gas pressure exceeds a threshold of greater than 50 kPa, the BEI growth
rate will decrease at a rate that is dependent on the size of the coal pillar.

• Finally, stress-strain curves and BEI values also show a marked difference in deformation
patterns beyond a 50 kPa gas pressure threshold. The deviation is due to changes in loading
conditions and stress states resulting in quasi-failed coal pillars, as a result of the high gas pressure.
Further studies are warranted to validate the observed deviation in BEI trends and coal pillar
failure modes beyond gas pressure thresholds of 50 kPa.
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