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In response to the increasing severity of the rock burst phenomenon and its relatively difficult prediction, peridynamics and
indoor uniaxial compression experiments were used to calculate the changes of the internal elastic energy () and impact energy (c)
for different rock masses during a loading process from an energy perspective. Two traditional indices for judging rock burst
tendency—the rock elastic deformation energy index (Wgr) and the rock impact energy index (W cg)—were combined to define a
new actual impact energy index (W) to more accurately determine the occurrence tendency of rock bursts. The LAMMPS software
was used to simulate the internal energy changes of rock materials under pressure, and the results were compared with ex-
perimental results for verification. The results were as follows: (1) in the uniaxial compression experiments of different specimens,
fine sandstone had the strongest impact resistance, followed by coarse sandstone, mudstone, bottom coal seam, and top coal seam,
and the obtained material properties provide a reference for predicting the rock bursts of various rock types in practical en-
gineering. (2) The values calculated using the actual impact energy index (W) and the simulation value were 1.75 and 1.77,
respectively, which corresponded to a lower error than when the rock impact energy index (W¢g) and the rock elastic deformation
energy index (Wgr) were used individually. Thus, this index can better predict the rock burst. (3) The simulated specimen was
subjected to a gradual increase in the internal stored elastic energy during compression, which gradually decreased after the
ultimate compressive strength was exceeded. The degree of impact damage formed after macroscopic crushing occurred depended

on its residual energy.

1. Introduction

With the increasing depletion of shallow energy sources in
China and energy extraction into deeper zones, the occur-
rence of rock bursts is becoming more and more serious [1].
Rocks bursts have a huge impact on the safety of under-
ground staff, equipment, and materials, and this phenom-
enon often causes the rock to fall off or even fly out quickly,
leading to the collapse of roadway supports in premining
areas and even triggering disasters such as earthquakes
[2-6]. To effectively prevent the occurrence of rock bursts
and provide a safe environment for energy extraction, it is
imperative to predict the occurrence of rock bursts so that
the associated hazards can be effectively reduced.

A rock burst is a phenomenon in which the brittle rock at
the free surface reaches its limit of equilibrium when the
ground stress reaches a certain value, resulting in the

spontaneous and rapid collapse of rock fragments to the free
face, often accompanied by loud noise and air waves, which
are very destructive [7]. At present, a considerable amount of
research has been conducted around the world on the
prediction of rock bursts, and many achievements have been
obtained with various theories proposed, including strength,
stiffness, energy, fractal, and concussion orientation theories
[8-14]. However, owing to the complexity and uncertainty
of rock bursts, the existing research results are not sufficient
for making accurate and effective predictions. In particular,
as the mining depth increases, the ground stress also con-
tinues to increase, and the exploding-type rock burst
problem caused by it still cannot be effectively solved [15]. At
the present stage, the rock impact energy index (Wcg) and
the rock elastic deformation energy index (Wgr) are used to
evaluate rock burst likelihood [16-18], but this type of index
analysis causes the calculated impact energy index to be
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higher than the elastic strain energy in actual rock. Tao et al.
[19] used the characteristics of a “coal surrounding rock”
system, as well as the fact that the influence of the dissipative
structure of the coal-rock microelement was infinitesimal in
the initiation of rock bursts to argue that the occurrence of
rock bursts is caused by orderly and disorderly competition
within a coal rock system. Therefore, with increasing mining
depth, the analysis of the damage characteristics when a rock
burst occurs from an energy perspective has been a research
focus.

Peridynamics simulation software provides optimized
solutions for designing structures containing defective
brittle materials. Therefore, in this study, uniaxial com-
pression experiments were conducted on coarse sandstone,
fine sandstone, mudstone, and the top and bottom coal
seams of a mining area to analyze the differences in the
impact energies and determine the impact characteristics.
Experimental results were verified using peridynamics
simulations to predict the energy during the occurrence of a
rock burst based on the LAMMPS software and analyze the
damage. The experimental results were used to construct a
new rock burst occurrence index—the actual impact energy
index (W). This index was combined with the traditional
rock impact energy index (Wcg) and the rock elastic de-
formation energy index (Wgr) to comprehensively judge the
change of the energy within the coal rock during the process
of rock burst initiation and occurrence and to provide an
effective and accurate prediction approach for the explod-
ing-type rock burst problem.

2. Elastic Energy and Impact Energy
Test Experiment

2.1. Specimen Preparation. A variety of lithological speci-
mens was selected from Shaanxi, China, including coarse
sandstone, fine sandstone, mudstone, top coal seam, and
bottom coal seam specimens. The specimens were all rect-
angular with the dimensions of 50 mm X 50 mm x 100 mm,
and the measurement error was less than 0.2mm. Five
experiments were conducted for each specimen. Strain
gauges were applied to the specimen surfaces at locations
that met experimental requirements, and the actual Pois-
son’s ratio was measured, as shown in Figure 1. Specimen
numbers and parameters are shown in Table 1; for example,
“CS” denotes coarse sandstone.

2.2. Experimental Method. The specimens were subjected to
uniaxial compression using a universal tensile testing ma-
chine to measure the elastic energy (¢) and impact energy (c)
of each specimen at a loading rate of 0.1 mm/min. Five
experiments were conducted for each specimen, and the best
results were selected as the experimental results. The details
of the experiments are described as follows:

In the elastic energy (¢) tests, the different specimens
were first subjected to a full stress-strain compression test
to calculate the peak compressive stresses of the speci-
mens. New specimens were then loaded uniaxially under
compression to 80%-90% of the peak compressive stress,
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FIGURE 1: Specimen surface profile.

and then, they were unloaded. The elastic energies (t) for
the different types of specimens were calculated using the
corresponding elastic energy calculation method. In the
impact energy (c) tests, uniaxial compression tests were
conducted directly on different types of specimens to
obtain full stress-strain curves, and the resulting full
stress-strain curves were used to calculate the impact
energy (c). The flowchart of the experimental procedure is
shown in Figure 2.

3. Experimental Results

3.1. Elastic Energy (t) Test Results and Calculations. The
stress-strain curves for the change in the elastic energy (t) of
the optimal specimens in the experiments are shown in
Figure 3. The unloading peak stresses and strains for dif-
ferent specimens are shown in Table 2.

The traditional indicator used to judge the occurrence
tendency of a rock burst based on the elastic energy (¢) is the
ratio of the elastic strain energy to the plastic strain energy
proposed by Kidybinski [20], i.e., the ratio of the area
enclosed during unloading to the area enclosed during
loading. These energies are illustrated in Figure 4, where E. is
the elastic strain energy, E,, is the loss strain energy, f (¢) is
the loading curve, and f, (¢) is the unloading curve.

The ratio of elastic strain energy to plastic strain energy is
defined as Wgr.

E
Wep = -2,
ET E, (D

The Wgr values of the different specimens in the ex-
periment were calculated using equation (1), and the results
are shown in Table 3.

According to China’s coal industry standard MT/T174-
2000 “Classification of coal seam impact tendency and
determination method of index,” the criterion for classifying
the coal rock is as follows:

Wegr 25, strong,
2<Wgr <5, weak, (2)
Wer <2, nil.

This criterion applies to coal seams with low meta-
morphism and water-rich seams, particularly those with
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TaBLE 1: Physical parameters of different types of specimens.

. Coarse sandstone
Specimen type and number >

Fine sandstone, XS Mudstone, NY Top coal seam, 1M

Bottom coal seam,

CS 4M
Density 273.9 277.8 281.4 175.7 22.46
Modulus of elasticity (x10°)
52 52 3.5 1.2 1.2
(MPa)
Poisson’s ratio 0.249 0.25 0.33 0.3 0.3
Specimen Total stress-strain Calculation of peak Compression Calculation of
preparation experiment compressive stress unloading experiment elastic energy
:> Calculation of
impact energy
FIGURE 2: Experimental flowchart.
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FIGURE 3: Stress-strain curves of different specimens from elastic energy (t) tests. (a) CS-t, (b) XS-t, (c) NY-t, (d) 1M-t, and (e) 4M-t.

TaBLE 2: Unloading peak stresses and strains for different types of specimens.

Specimen type and number Coarse sandstone, CS Fine sandstone, XS Mudstone, NY Top coal seam, IM Bottom coal seam, 4M

75.41 108.25 63.72 31.87 37.25
1.72 1.17 2.51 1.37 0.74

Unloading peak stress (MPa)
Unloading peak strain (107%)
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FIGURE 4: Model diagram for calculating Wgr elastic energy (#).

TaBLE 3: Wy values for different types of specimens.

Specimen type CS XS NY 1M 4M
Wer 6.05 1.99 23.41 35.54 27.50

long-flame coals, and it can be used for depths as low as
800 m below the ground.
The criterion for a hard rock is as follows:

Wer 215, strong,
10<Wgp <15, weak, (3)
Wer <10, nil.

The criterion applies to a hard rock with low meta-
morphism, such as sandstone and marble.

According to Table 3, equations (2), and (3), the rock
burst occurrence tendencies of the experimental specimens
from strong to weak were 1M, 4M, NY, CS, and XS, as shown
in Figure 5.

3.2. Impact Energy (c) Test Results and Calculations.
When a specimen is unloaded such that its Wgr value is 80%
to 90% of the corresponding loaded value, the longitudinal
wave velocity decay rate of the specimen will be significant
[21]. The reason is that the specimen’s internal primary
fracture expansion and secondary fracture generation are the
most violent, and therefore, the calculated Wyt does not
really represent the ratio of the true elastic strain energy to
the plastic strain energy inside the specimen under the
influence of the wave velocity.

Many problems predicted based on the traditional rock
elastic deformation energy index Wgr and the uniaxial
compression process of the specimen can be seen as a
phenomenon occurring under compressive conditions of
the rock burst. Therefore, various scholars have used the full
stress-strain curve after uniaxial compression to simulate the
process of rock burst occurrence. The ratio of the area
enclosed before the peak of the stress-strain curve (E;) to the
area enclosed after the peak (E,) was used to determine the
criterion for the occurrence of rock bursts. These energies
are illustrated in Figure 6.
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FiGure 5: Rock burst occurrence tendencies based on calculated
Wt values.

FIGURE 6: Model diagram for calculating Wgr.

The ratio of the area enclosed before the peak (E;) to the

area enclosed after the peak (E,) is defined as Wcg.
Wy = 11
crEg (4)

The full stress-strain curves from the impact energy (c)
tests of the optimum specimens are shown in Figure 7. The
peak compressive stresses and strains of different specimens
are shown in Table 4. The W ¢ values of different specimens
in the experiment were calculated using equation (4) and the
data in Table 4. The results are shown in Table 5.

According to China’s coal industry standard MT/T174-
2000 Classification of coal seam impact tendency and index
measurement method, the criterion for judging the occur-
rence of rock bursts using W is as follows:

Wer23, strong,
2<Wep<3, weak, (5)
Wer<2, nil.

The rock burst occurrence tendencies of the specimens
from strong to weak were 1M, 4M, NY, CS, and XS, as shown
in Figure 8.
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FIGURE 7: Full stress-strain curves for different specimens from impact energy. (a) CS-c, (b) XS-¢, (¢) NY-c, (d) 1M-c, and (e) 4M-c.

TaBLE 4: Compressive peak stresses and strains for different types of specimens.

Specimen type and number  Coarse sandstone, CS Fine sandstone, XS Mudstone, NY Top coal seam, 1M Bottom coal seam, 4M

Peak compressive stress (MPa) 121.15 147.52 92.15 32.26 42.56
Peak compressive strain(1072) 1.72 2.59 2.29 2.50 1.91

TaBLE 5: Wcp values for different types of specimens.

Specimen type CS XS NY 1M 4M

Wee 4.53 217 16.25 18.10 37.52
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FiGure 8: Rock burst occurrence tendencies based on calculated
Wcr values.

3.3. Actual Impact Energy Index (W). When calculating
Wcr, owing to the crude determination of the rock’s in-
ternal energy at the time of the rock burst (E;), the actual
elastic energy stored in the rock is exaggerated, which leads
to a larger calculated value than the actual value. When
calculating Wgr, however, the specimen’s internal energy
before the peak is divided into the E, elastic strain energy
and the E,, loss strain energy. The advantage of this is that
the actual elastic energy stored inside the rock is sub-
divided and reduced. Thus, combining the two indices and
defining a new actual impact energy index (W) will reduce
the errors associated with the individual predictions of
Wgr and Weg. The actual impact energy index (W) is the
ratio of the elastic strain energy E. stored before the peak of
the stress-strain curve to the strain energy E, released after
the peak as follows:

(6)

These energies are illustrated in Figure 9. Based on
equation (5), Figure 9, and the results in Tables 3 and 5, the
actual impact energy index (W) values of the different
specimens in the experiment were calculated, and the results
are shown in Table 6.

Based on equations (2), (3), and (5) and the formula for
the actual impact energy index W, the criteria for the oc-
currence of rock bursts with the actual impact energy index
W are as follows:

Criterion for the coal rock:

W>2.5, strong,
1.33<W <25, weak, (7)
W <1.33, nil.
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FIGURE 9: Model diagram for calculating W.

TaBLE 6: W values for different types of specimens.

Specimen type CS XS NY IM 4M
W 2.66 1.81 11.67 12.62 27.51

Criterion for the hard rock:

W >2.81, strong,
1.82<W <2.81, weak, (8)
W <1.82, nil.

The rock burst occurrence tendencies based on W for the
different specimens from strong to weak were 1M, 4M, NY,
CS, and XS, as shown in Figure 10.

Both the elastic deformation energy index (Wgr) and the
rock impact energy index (WCF) were greater than the
actual impact energy index (W) in the five sets of experi-
ments, and the resulting rock burst occurrence tendencies of
the specimens are shown in Table 7.

As shown in Tables 3 and 5, the Wgrand W values for
the XS specimen were 1.99 and 2.17, respectively. This
specimen was judged based on equations, and (2), (3), and
(5) to have a weak tendency for rock burst occurrence.
However, its W value was 1.81, and thus, no rock burst
should occur according to equations (7) and (8). The three
results are conflicting. According to the calculation of W,
even if the rock burst occurs, the elastic energy generated by
the rock burst is almost entirely used for its own frag-
mentation so that the rock burst should be extremely weak
or not occur at this time. Thus, the actual impact energy
index (W) constructed is valid.

4. Numerical Simulation

4.1. Building an Energy Prediction Mechanics Model. A
program was written to simulate rock material loading from
the perspective of peridynamics using the Python language.
The LAMMPS atomic molecular parallel simulator was used
to simulate and build discrete models of peridynamics (PD)
without grids. After loading the model, the output file format
was changed via a converter and imported into post-
processing software to observe the specific deformation
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FiGUure 10: Rock burst occurrence tendencies based on from W.
TaBLE 7: Rock burst occurrence tendencies for different types of specimens.
Specimen lithology Wegr Wer W
IM Strong Strong Strong
4M Strong Strong Strong
NY Strong Strong Strong
CS Strong Strong Weak
XS Strong Weak No

damage and energy distribution of the model. The model
was set as a rectangular specimen with the dimensions of
50 mm x 50 mm x 100 mm. The density was 1.87 g/cm?,
Poisson’s ratio was 0.3, the modulus of elasticity E was
1.2 x 105 MPa, the critical elongation s0 was set to 0.02, time
step was set to 1.0's, and the total number of time steps was
set to 20,000. The simulated specimen was discretized into
500,000 material points with material point spacings of
A=0.1 mm and § =3.015A [22-27]. The lower boundary was
fixed, and a uniform load was applied to the upper boundary
at a rate of 0.l mm/min. To improve the simulation result
accuracy, the relaxation time was increased to unload the
initial stress and return the simulated specimen from an
excited state to an equilibrium arrangement. This reinforced
the relaxation process and allowed the crack expansion and
internal energy transformation to be observed.

In addition, since peridynamics is a nonlocal theory, the
PD model was used in the simulations to model the me-
chanical properties of the rock material. The constitutive
equation is as follows:

p(x)u (x,t) = JHf(n, &dV, +b(x,t), VxeR, (9)

where p is the material density, ¢ is the displacement field
vector, B is the external density, and H is the field of action at
the specified point.

Based on the PD theory of bonds, the force function f can
be expressed as follows:

( n+¢
cs(l1-D)——, <s<s, Us,<s<s,
( )|11+f| 5. <8<, Us, <s<s,
nn) = +
f ) = csn E, Spr <S< Sy
I +¢l
| O, others.

(10)

The stress damage clouds are shown in Figures 11-14.
The damage stages are described as follows:

Stage 1. Closed phase under pressure: At the beginning
of the simulation, the model was in the pressure
consolidation stage. The stresses were not concentrated
at the edges, and the values were small. The stresses
were mainly concentrated in the middle of the model,
and the values were large. The stress concentration was
evident in the middle of the coal rock model. This
proved that this stage was the initial stage of pressure on
the coal rock, resulting in the gradual closure of its
internal microcracks and micropores. At this point,
slight deformation occurred in the central position of
the model, which was not evident at the macroscale.
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Stage 2. Linear elastic deformation stage: As the
pressure increased, the stress within the model grad-
ually spread, forming a “X” distribution in a shape
similar to an “X.” At this point, the bonds within the
model had only deformed and not broken, meaning
that the specimen was in the linear elastic phase and the
deformation was reversible, i.e., if the external force was
removed, the specimen deformation would reverse.

Stage 3. Nonlinear deformation stage: At this stage, the

model stress distribution gradually stabilized with an
“X” distribution. As the pressure gradually increased,
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FIGURE 14: Stress damage clouds in macroscopic damage phase.

many bonds within the model cracked along the stress
distribution area, and damage occurred to the speci-
men. At this point, the specimen showed macroscopic
cracking, elongation, convergence, crossover, and
penetration with an “X”-shaped main crack and many
tiny cracks in the vicinity of the main crack. The
macroscopic analysis of the coal specimen revealed that
many cracks expanded rapidly, resulting in “X-"shaped
cracks and leading to cracking of the coal rock. The
crack direction and shape were basically stable.

Stage 4. Macroscopic damage stage: As the pressure
increased, the stress spread throughout the model, and
the stress on the model reached its ultimate state.
Macroscopically, the damage evolution increased and
reached the yield stress, and cracks continued to de-
velop, cross, converge with each other, and penetrate
the specimen, leading to specimen damage.

The stress-strain curve obtained from the simulation is
shown in Figure 15. During the deformation of the simulated
specimen, all the work performed by the compressive stress
was transformed into the internal elastic strain energy and
the plastic strain energy. The elastic strain energy that ac-
cumulated inside the specimen differed from the plastic
strain energy losses at different stages of damage. First,
during the phase in which microcracks are closed by external
pressure, the compressive stress mainly compacted the
specimen to strengthen it, and the energy was consumed in
the process of the microcracks being compacted. With the
compacting of microcracks, the specimen entered a linear
elastic deformation phase, where most of the work per-
formed by the compressive stress was transformed into the
internal energy of the specimen, and the more time this
phase lasted, the greater the elastic strain energy inside the
specimen became. The specimen then entered a nonlinear
deformation phase, where most of the work performed by
the compressive stress was transformed into the creation of
new cracks and joint structures. As the number of secondary
cracks increased and penetrated the specimen, damage
occurred to the specimen at the macroscopic level. When the
applied compressive stress exceeded the ultimate strength of
the specimen, the coal began to break down, and its internal
energy began to diminish, at which point a large amount of
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elastic strain energy inside the specimen began to be re-
leased. When the energy released was greater than the energy
required for crack expansion, the damage intensified until
sudden macroscopic crushing occurred, at which point the
remaining energy was released in the form of kinetic energy,
and the size of the resulting impact damage was dependent
on the amount of energy remaining.

The change in the internal energy of the specimen, namely,
the change in the magnitudes of the elastic energy and the
impact energy, was the main factor determining whether a
rock burst occurred. To verify the accuracy of the simulation
results and the release of the energy when the rock was
damaged by impact, the fine sandstone curve from the ex-
periment was chosen for comparison with the simulated curve,
as shown in Figure 16. The experimental and simulated curves
followed roughly the same trend, and there was rebound in
both the closed phase under pressure and the linear elastic
phase, indicating that the elastic strain energy was generated
and increased during the compression process. A sudden drop
in the stress occurred upon entering the nonlinear elastic
phase, where the internal energy began to be released, resulting
in an “X”-shaped macroscopic damage to the specimen.

The impact tendencies of the simulated specimens were
calculated using three indices and compared with the cal-
culated values based on the experiments, as shown in Table 8.
The calculated Wgr and W¢p values had large errors
compared with the simulated results, while the constructed
actual impact energy index (W) had the smallest error and
was basically consistent with the actual results, which further
verified the accuracy of simulation. The results showed that
the actual impact energy index (W) is the optimal index to
judge the rock burst tendency.

5. Additional Points and Discussion

In this study, the impact tendencies of rock materials were
determined using peridynamics simulations and indoor
uniaxial compression experiments. Combined with the
standard indices Wit and Wcg in the Chinese coal industry
standard MT/T174-2000 Classification of coal seam impact
tendency and index determination method, the actual im-
pact energy index W was derived, with the following
conclusions:

(1) The analysis of the elastic deformation energy index
(Wgr) and the rock impact energy index (Wcp)
showed that there were large errors in their re-
spective prediction abilities of the impact tendency.
For the actual impact energy index (W) obtained by
combining the two, the theoretically calculated value
was 1.75 and the simulated value was 1.77. The error
was smaller than when using the standard indices
individually, and W could be used to predict the
occurrence tendency of rock bursts more accurately.

(2) Impact experiments were conducted on a variety of
materials, and the results showed that the fine
sandstone had the strongest impact resistance, fol-
lowed by coarse sandstone, mudstone, bottom coal
seam, and top coal seam. This provides a reference
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TaBLE 8: Comparison of calculated values based on experiments
and simulated values for three indices.

Wer Wee w
Calculated values 4.9 5.1 1.75
Simulated values 6.4 3.9 1.77
Differences Lower  Higher  Approximate equality

for predicting rock bursts of various types of rock in
practical engineering.

(3) Peridynamics simulations were conducted using the
LAMMPS software to examine the change of the
internal energy when a rock burst occurred. The
internal stored elastic energy gradually became larger
during the simulated compression of the specimen,
and then, it gradually decreased after the ultimate
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compressive strength was exceeded. The degree of
the impact damage after macroscopic crushing oc-
curred depended on the amount of residual energy.
Data Availability
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