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Abstract: Drainage boreholes in soft coal seams are prone to deformation and failure under the action
of in situ stress and mining stress, which has a significant impact on gas drainage in coal mines. To
simulate the development and propagation of cracks around the shaft wall caused by in situ stress,
the crack propagation of coals with different diameters and strengths during the failure process, and
the acoustic emission (AE) and electromagnetic radiation (EMR) law and response characteristics
are explored. The results show that: The failure process of coal with pores is divided into four
stages: initial compaction stage (OA), elastic deformation stage (AB), yield deformation stage (BC),
and macroscopic crack development stage (CD). The crack propagation develops significantly in
the post-load peak stage, the coal body damage is aggravated, and the coal body is unstable and
fractured. For the pre-holed coal specimens with the same diameter, as the coal becomes softer, the
peak stress decreases significantly (from 15.73 to 10.05 MPa). The cumulative value of AE counts of
hard coal samples increased from 2.3 x 10° to 3.6 x 10° with increasing diameters. The Digital Image
Correlation system (DIC) strain cloud diagram found that there are ‘I'-type cracks around the axial
direction of the prefabricated holes. Coal samples with smaller hole have shorter cracks, indicating
that the diameter of the holes significantly changes the axial loading limit. The research results have
a certain reference significance for understanding the crack propagation of coal under static loads
and evaluating the deformation characteristic and spatiotemporal stability of gas drainage in soft
coal seams.
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1. Introduction

Gas explosions, coal and gas outbursts, gas burning, and asphyxiation are the four
types of gas catastrophes in coal mines. Coal mine gas drainage may cut gas emissions
greatly, avoid gas overrun, reduce gas accumulation, and provide the foundation for mine
gas disaster prevention and management. Dynamic disasters such as rockburst, roof
crumbling, and surrounding rock deformation can cause the instability of holes in soft
coal seams due to stress disturbance [1]. In the process of gas drainage in soft coal seams,
the drilling stability is poor and gas drainage efficiency is likely to be low due to hole
collapse. Studying the crack propagation of pores and cavities in soft coal seams can help
to better understand the process of borehole collapse, avoid the development of cracks
caused by dynamic disasters, and make gas extraction more efficient. The deformation
and failure process of coal seam gas drainage boreholes can be simplified as the failure
process of coal-containing holes. Under the action of the load, the cracks tend to start
from the prefabricated defects of the coal body. The stress concentrates around the hole,
which induces the initiation and expansion of the cracks, and finally leads to instability
and failure [2]. The acquisition of AE and EMR signals in the process of coal deformation
and rupture is of great significance to study the location of the coal rupture source and the
rupture process.
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As a special kind of rock material, coal is essentially an organic substance full of joints,
fissures, mineral fragments, and organic macromolecules. By monitoring the response
characteristics of the AE and EMR signals, the degree of coal fragmentation during the
loading process can be accurately achieved. Scholars have made many contributions to the
impact of prefabricated cavern coal body compression and fracture, crack development,
and dynamic load on the deformation law of coal seam gas drainage boreholes. By using
holographic interferometry and the cloud pattern approach, Wang et al. [3] investigated the
surface displacement field and deformation field of Fangshan barite when it was subjected
to uniaxial compression. Yang et al. [4] studied the effect of fracture dip angles on the
mechanical parameters and crack propagation characteristics of double-hole fracture speci-
mens using a particle flow simulation tool. For the problem of low hole formation rates and
shallow drilling depths in gas extraction boreholes of cracked soft coal seams, Liu et al. [5]
created a mechanical model of borehole instability and examined the mechanical process
of borehole wall instability. The Mogi—Coulomb criterion and multiaxial test data were
utilized by Abbas et al. [6] to calculate the collapse and rupture pressures needed to sta-
bilize the wellbore under various borehole trajectories and ground stress states. Wu and
colleagues [7,8] performed compression studies on sandstone specimens with circular holes
and found that the holes weakened the rock specimens and changed the damage pattern
with DIC and AE techniques. The stress drops in the stress—strain curve coincided with a
sudden increase in AE counts, which was produced by the extension and agglomeration of
microcracks, according to a series of uniaxial compression experiments using the bonded
particle model (BPM). Lu et al. [9] discovered a zone of an abrupt rise in permeability
surrounding the borehole where plastic damage occurred using conducting numerical
simulation tests, indicating the first cracks around the shaft. Li et al. [10] investigated coal
specimens with prefabricated cracks at different angles using uniaxial compression tests,
their results show that the presence of defects reduces the mechanical properties of coal and
the uniaxial compressive strength and modulus of elasticity increases polynomially and
linearly with an increasing inclination angle. Xie et al. [11] built a single-hole numerical
specimen and performed uniaxial compression testing using the particle flow tool PFC.
Single-hole specimens had lower uniaxial compressive strength than intact specimens and
the uniaxial compressive strength of the specimens increased and subsequently dropped
as the holes became closer to the end of the specimens. As a result, it is referred to as an
important study method. To explore the crack propagation of pre-holed soft coal, uniaxial
compression experiments are carried out in this paper to investigate the AE/EMR response
characteristics and crack expansion law of the damage process of pre-holed coal specimens.
The research results are of great significance for determining the stability of boreholes in
soft coal seams and improving the level of gas outburst prevention.

2. Experimental Scheme

The original fissures continue to extend outward under loading and the prefabricated
holes deform under stress, producing new cracks and finally deforming and damaging
the coal. The coal was sliced and holes were created using a mechanical cutting procedure.
The stress concentration zone of the specimens under a uniaxial compression load was
significantly different from that of the specimens without prefabricated holes. The stress
concentration in the prefabricated hole specimens is largely localized around the prefab-
ricated holes. The damage to the coal containing the hole begins with the axial primary
fracture of the constructed hole and progresses to both ends of the specimen, where it
converges with the tangential crack, causing the macroscopic coal block to slip and the coal
to destabilize. S1, S2, H1, and H2 represent soft coal with a hole diameter of 5 mm (S1),
soft coal with a hole diameter of 10 mm (S2), hard coal with a hole diameter of 5 mm (H1),
and hard coal with a hole diameter of 10 mm (H2), respectively. The macro-mechanical
parameters of the specimens under uniaxial compression are shown in Table 1.
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Table 1. Macro mechanical parameters of Coal samples.

Hole Diameter Peak Stress . Breaking

Sample Hardness (mm) (MPa) Peak Strain Load (kN)
S1 Soft 5 7.29 0.0134 18.22
S2 Soft 10 10.04 0.0142 25.10
H1 Hard 5 15.91 0.0124 39.78
H2 Hard 10 15.73 0.0148 39.35

An experimental apparatus was built to satisfy the goal of this experiment based on
the experimental requirements of uniaxial compression of pre-holed coal bodies. The exper-
imental platform is made up of the MTS servo loading system, AE, EMR signal acquisition
system, and DIC, as illustrated in Figure 1. The samples used in this experiment are not bri-
quette samples, but raw coal samples. The size of the sample is 100 mm x 50 mm x 50 mm
and holes with a radius of 2.5 mm (5 mm) are machined in the center of the sample and
penetrate through the coal body. Additionally, random black speckles are sprayed on
the surface of the sample with holes after spraying white paint as a primer. Because the
specimen’s weight and size are relatively small, its gravity is negligible in comparison to
the load it bears. At the same time, to meet the periodic coming pressure, the loading
method on the press for graded force control is set, the loading warning force is set to 500 N,
and the loading rate is set to 5 KN /min, loading every 2 min with a stagnation of 1 min.
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Figure 1. Schematic diagram of uniaxial compression experiment and probe arrangement of coal

containing holes.

3. Results and Discussion

The loading damage process of coal specimens can be divided into four stages based
on the stress—strain curve characteristics of coal specimens under uniaxial loading, namely,
the initial compaction stage (OA), linear elastic deformation stage (AB), yield deformation
stage (BC), and macroscopic fracture development stage (CD) [12]. Due to the presence of
prefabricated holes and microcracks in the coal, the prefabricated holes and microcracks in
the coal are gradually compressed and closed after the initial loading stage (OA section).
This is the coal’s first compaction stage where the stress—strain curve gradually increases.
The coal specimen reaches the elastic deformation stage as a result of continuous loading
(AB section) and its stress—strain curve grows linearly; as external stress is increased further
(BC section), the coal rock enters the yield deformation stage and reaches maximal strength.
The stress—strain curve of the coal that produces plastic deformation tends to increase,
slow down, and fluctuate slightly from the linear elastic deformation stage to the yield
deformation stage. After the coal reaches peak strength (CD section), it rapidly enters the
macroscopic fracture development stage, where the coal suffers rapid deformation damage
and the stress—strain curve rapidly decreases [13].
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The axial stress rises in lockstep with the axial strain. When the axial stress reaches the
yield stress, it abruptly drops and then rises again as the strain increases and then drops
again after a given degree, with the second sudden drop’s peak stress being smaller than
the first sudden drop’s peak stress. Because of the non-homogeneity of the coal and the
presence of primary fractures, as well as the fact that the soft coal is more susceptible to
tectonic stresses than hard coal, specimens with large precast holes have a much lower
loading capacity than specimens with small holes when compared to specimens of the same
coal quality. The vertical tensions in the drilling envelope are symmetrically distributed; as
the hole diameter grows, so does the stress concentration in the coal around the hole [14].

3.1. Evolutionary Characteristics of Energy Dissipation

Stress loading causes coal damage, which is a destabilizing phenomenon. The energy
conservation equation of a coal specimen under uniaxial compression static loading is
illustrated in Equation (1):

W =N; =N, + Ny (1)

where W is the positive work performed on the coal specimen by the loading system, N; is
the total energy absorbed by the coal, N, is the elastic strain energy stored in the coal, and
N, is the coal’s dissipated energy. Figure 2 takes the S1 sample as a template to represent
the general law of coal energy and more intuitively represents the relationship between
elastic energy, dissipation energy, and total energy. As illustrated in Figure 2, in the linear
elastic phase, N; is produced by integrating the partial region of the difference between
the stress—strain curve and the fitted straight line E,, and N, is obtained by integrating the
fitted straight line.
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Figure 2. The relationship between dissipated strain energy and elastic modulus in the stress—strain
curve of coal.

Figure 3 depicts the relationship between dissipated energy, elastic energy, and total
energy of coal specimens with holes at various times. R stands for the dissipative energy
to total energy ratio, R,; for the elastic energy to dissipative energy ratio, and R,; for
the elastic energy to total energy ratio. Under continuous loading, the R.; curve extends
upward in the form of a step, and the R, value grows with time, while the slope of
the R, curve keeps leveling off and the growth rate steadily slows down, as shown in
Figure 3. The fraction of elastic energy in the total energy increases as the stress—strain
curve appears to fall or as the coal specimens break, according to the analysis of the AE
and EMR diagrams. This means that energy dissipation is concentrated in the early stages
of loading, and the rate of dissipation decreases as loading progresses. When the coal



Sustainability 2022, 14, 15196

50f17

Stress

g — Rt Dissipated energy to total energy

Stress (MPa)

Red Elastic energy to dissipated energy
Ret Elastic energy to total energy

rock specimens undergo increasing linear elastic deformation and cracks appear in the
coal specimens, the elastic energy of the specimen increases significantly. This means that
energy dissipation is concentrated in the early stages of loading and the rate of dissipation
decreases as the loading progresses. When the coal rock specimens undergo increasing
linear elastic deformation and cracks appear in the coal, the elastic energy of the specimen
increases significantly.
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Figure 3. Comparison of energy evolution of coal specimens with pores and caves.

In the meantime, a comparison of the energy evolution diagrams of coal at different
pore sizes reveals that the growth rate and R,; values of small pore size coal specimens are
both higher than those of large pore size coal specimens at the point of coal destabilization
and rupture, indicating that the energy dissipation of small pore size coal specimens is
lower and the effective utilization is higher. Meanwhile, the R,; values of small-aperture
specimens S1 and H1 lagged behind those of large-aperture specimens S2 and H2 and
dropped from R,; = 7.3 to 4.8 at the peak of the 52 specimen. This demonstrated a significant
decrease in the amount of energy dissipated by large-aperture specimens when compared to
small-aperture specimens. The proportion of elastic energy increased continuously, which
improved the utilization of energy, and with the increasing loading time, the R, values also
increased. The growth rate of small-aperture specimens S1 and H1 was relatively smooth,
while the large-aperture specimens S2 and H2 showed a sudden rise after the sudden drop
of stress in the specimen.

3.2. AE Response

The energy and AE count generated during uniaxial compression deformation damage
of soft and hard coal specimens with four different apertures were investigated. Figure 4
depicts the specific experimental outcomes. Because the equipment cannot monitor the
generation of cracks in the borehole and each count of AE represents the newly generated
microcracks, the AE count is used to replace the number of cracks to be detected. Sim-
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Figure 4. Experimental results of soft and hard coal specimens with holes.

The S1 counts and energy of the specimens containing soft coal with holes are higher
during the pre-loading period, indicating that microfractures have begun to form, the
soft coal destruction process has begun to concentrate, and the primary fractures have
compacted. The counts and energy of S1 and S2 gradually decrease as the load increases,
then gradually increase, until the counts and energies reach their maximum value when
the stress reaches the pinnacle. At this point, the cracks continue to grow and expand as the
load increases, eventually reaching their respective stress peaks at 280 s and 454 s, causing
the specimens to collapse and shatter. The coal can still support for a while after the rupture
occurs because there are more microfractures around the primary fractures and holes. The
coal specimen’s primary fractures are first compacted at the start of compression, producing
a specific AE signal that causes the AE characteristic curve to fluctuate in comparison to
the stress characteristic curve [15].

The H1 and H2 counts and energy of specimens containing hard coal with holes are
low in the early stage and there are fewer microfractures, indicating that the hard coal
damage process is not concentrated yet. The energy and pulse count increase as the load
increases and the cracks grow and expand as the load increases. Because the time interval
between the appearance of the AE count and energy “multi-peak” during the compression
damage of hard coal is shorter and more concentrated, the time of the pre-cracking of hard
coal compacted by the servo machine is shorter than that of soft coal and the preliminary
confirmation is that the compression resistance of the hard coal is greater than that of
soft coal, the brittleness of soft coal is greater than that of hard coal, and the time of the
pre-cracking is shorter than that of soft coal.
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The release of energy accumulated during the compression of the specimens with
holes several times before and after the damage is what causes the “multiple peaks” to
appear in the counting and energy curves of coal specimens with holes. The AE counts and
energy both reach the highest peak value at the peak stress, indicating that the accumulated
energy is released instantly during the uniaxial compression damage of the specimens. The
comparison between the cumulative acoustic emission count and the stress curve shows
that whenever there is a relatively obvious drop in the stress, the acoustic emission count
value also increases, and when it is approaching the stage of instability and rupture, it is
often accompanied by the cumulative AE count. Then, the slope of the AE count increases.
When the slope is positive infinity, the coal body is unstable and ruptures. It is proved
that the sudden increase in the monitoring count value of the AE system can be used as
a monitoring and early warning method when the coal body is unstable. The AE counts
and energy of H1 specimens during the destruction process are much lower than those
of H2 specimens and the peak AE counts and instantaneous release of energy during the
destabilization and rupture of H1 specimens are also lower than those of H2 specimens,
proving that the intensity of rupture of the precast hole coal with 5 mm diameter is greater
than that of H2 specimens. Comparing the accumulated AE counts of the S2 and the H2,
the AE count concentration area of the harder coal sample is closer to the instability failure
period, indicating that the main cracks causing the hard coal failure are concentrated near
the instability period.

3.3. EMR Response

The S1 experimental sample is a soft coal sample with a 2.5 mm aperture and an EMR
probe arrangement with seven EMR channels on the specimen’s left side, 10 cm away from
the sample, facing the aperture axis position, and eight magnetic radiation channels on the
specimen’s right side, 5 cm away from the sample, facing the aperture axis position. The
probe is fixed with insulating tape. The EMR sensor uses a probe with a reception frequency
of 100 kHz and a preamplifier with an amplification of 40 dB. The electromagnetic shielding
system is made up of a shielding chamber and a shielding mesh, both of which are made
up of a copper mesh with a double-layer grid size of less than 0.15 mm.

The EMR signal and its energy value collected by the coal specimen during uniaxial
compression work can be analyzed using the experimental system. Due to the existence
of influencing factors such as environment, instrument accuracy, and adjustment of each
experiment, each monitored electromagnetic radiation energy has a certain threshold value.
Then, noise reduction for each electromagnetic radiation energy is optimized, retaining
the part exceeding the threshold value. The stress of the coal specimen during uniaxial
compression damage and the EMR influence curve during the damage can be seen in
Figure 5.

The EMR energy value represents the energy emitted during the fracture of the
specimen. EMR is a type of electromagnetic energy that is released outward during the
deformation and rupture of coal rock under stress. When compared to the amplitude signal,
energy values are more sensitive to the response of coal rock damage, especially when the
coal is unstable. This means that the electromagnetic waves generated by greater fissures
in the coal have a higher energy content [16].

The signal distribution characteristics are different in other loading stages due to the
different nature of each specimen, but the majority of the signal changes are most obvious
in the middle and early stages of loading, as can be seen in Figure 552,H2, where the energy
first reaches a higher peak in the early stage, then tends to level off and rises to a peak at
the moment of instability of the coal specimen; the accumulation is most obvious in the
middle and early stages of loading. It has been demonstrated that soft coal specimens
with large pore sizes started to degrade and form microcracks during the initial phase [17].
When compared to soft coal specimens with small pore diameters, bigger pore diameters
alter the structure of the specimens, resulting in S2 specimens with lower load-bearing
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capacities and a faster rate of fracture expansion. The compressive strength improves with
an increasing pore diameter in the range of 5-10 mm [18].

(S1) Soft coal (Radius = 2.5 mm) (S2) Soft coal (Radius =5 mm)

(H1) Hard coal (Radius = 2.5 mm) (H2) Hard coal (Radius =5 mm)

Figure 5. Stress-time and EMR energy-time diagram of hard coal with holes.

When the stress level of the coal is low and the compression closure of mainly tiny
cracks and prefabricated holes in the coal are slower to appear with new cracks, the speci-
mens H1 and H2 EMR’s amplitude signals and the energy values of hard coal containing
holes are relatively small during the pre-loading period. At the same time, the EMR ac-
cumulative energy curve maintains the same upward trend as the stress curve with the
passage of loading time. With the increase in the step size, the EMR accumulative energy
curve shows an increase in the slope at the moment of energy excitation, and the stress
curve also shows a corresponding stress drop. The signal distribution features differ at
various loading stages due to the distinct nature of each specimen, as shown in the figure,
although the majority of the signal changes occur in the middle and late phases of loading,
at the same time as the stress concentration. It has been established that the damage pro-
cess of hard coal-containing pores occurs primarily in the latter stages when the stress of
large pore size H2 specimens is lower than that of small pore size specimens. Because the
specimen’s structure has been changed, the H2 specimen has a lower load-bearing capacity
and a faster fracture expansion rate than the H1 specimen.

3.4. Strain Field Analysis Based on DIC

The DIC technique uses the image before deformation as a reference, divides the
study area into a grid, treats each subregion as a rigid motion, and uses a specific search
algorithm to calculate the correlation between strain and displacement in the subregion
using a predefined correlation function [19].

In uniaxial compression loading of soft and hard coal specimens in prefabricated
holes, cracks mostly emerge from around the hole axially and eventually penetrate at the
end face, forming an ‘I-type crack macroscopic fracture damage zone through the hole,
accompanied by the appearance of cracks far from the axial rupture, and the damage type
of the specimens is tensile-shear damage [20].

On the stress—strain curve, the DIC picture can be separated into four parts: OA (initial
compaction stage), AB (elastic deformation stage), BC (yield deformation stage), and CD
(compression stage) (macroscopic fracture extension stage). For DIC analysis, the coal
specimen rupture maps corresponding to points A, B, C, and D of each stage are used.
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The longitudinal strain clouds of the coal specimen rupture process processed by DIC are
shown in Figure 6.

At about 80-90% of the ultimate load, the strain localization zone appears in the S1
specimen and this is when the nonlinear behavior starts (point B). The appearance of cracks
in the middle of the specimen at the peak moment (point C), which increase quickly during
the sudden decrease in load carrying capacity, indicates the occurrence of local instability
inside the specimen when a strain concentration region appears in the axial region of the
specimen hole.
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Figure 6. Cont.
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Figure 6. Strain evolution of specimens with different pore sizes and different coal properties under
uniaxial compression.

In the S2 specimen, this rapid crack development was also seen. It demonstrates that
the larger the prefabricated hole, the lower the maximum axial stress, and the easier it is to
destabilize and break it. For the H1 specimen, during the initial loading OA, the internal
pore of the specimen closed and gradually compressed, leaving the specimen surface free
of cracks; during the AB stage, the stress acts on the upper and lower parts of the pore,
resulting in the specimen in the axial position of the pore 'I'-type crack. The tensile crack at
the upper end of the hole continued to widen as the load was increased in the CD stage
and the specimen showed some destabilizing rupture. In the H2 specimen, the bending
oblique cracking is more visible. As the loading progresses, the cracks around the hole
join with the left and right fractures to generate macroscopic damage cracks, as seen in the
physical image. The cracks around the holes become joined to the left and right fractures as
the loading continues, generating macroscopic damage cracks.

The foregoing findings reveal that as stress increases, the degradation processes of soft
and hard coal adopt distinct patterns. The soft coal’s AE and EMR signals alter dramatically
during the pre-loading period, whereas the hard coal’s AE and EMR signals are mostly
affected during the late loading period. Despite the differences between the AE and EMR
signals of coal specimens with different pore sizes, they strongly coincide during the
destabilization rupture stage. At the same time, the cracks on the DIC strain cloud are
of the ‘I’ type and the cracks produced by the coal specimen with the large aperture are
larger than those produced by the coal specimen with the small aperture. Additionally,
the stress required for destabilization and crushing is much lower for the coal specimen
with the large aperture than it is for the coal specimen with the small aperture. The size of
the hole seriously affects the bearing capacity and bearing time of the coal specimen and
changes the internal stress distribution of the coal specimen during loading. The peak stress
required for the destruction of the large-aperture prefabricated hole coal specimen is much
smaller than that of the small-aperture prefabricated hole coal specimen and the crack
development speed of the small-aperture prefabricated hole coal specimen lags behind that
of the large-aperture prefabricated hole coal specimen.

3.5. Micromechanical Behavior and Crack Propagation with PFC

A numerical simulation can more successfully represent the micro-mechanical behav-
ior and crack propagation progression during the degradation of coal-rock combinations
than theoretical studies and indoor experiments. The internal deformation of the coal rock
happens when it is subjected to external loading and the microstructure surface is damaged;
the particle flow program (PFC) is often used to depict the internal destruction fracture
process of the coal rock. The PFC2D program was used to simulate the particle flow and
the coal particles were idealized as round particles for computational purposes. The model
is the same size as the specimen when it comes to computation volume and accuracy [21].
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Stress (MPa)

Practical experiment
— Numerical simulation

A total of 22,230 particles were created to better approximate the inhomogeneity of coal
particle distribution. Two walls were also put around the model, with a Linear Parallel
Bond Contact Model (LPBC) employed between the walls and the particles, and the par-
ticle model was compressed uniaxially [22]. The appropriate computational parameters
were entered into the program using the PFC2D program, which is based on particle flow
analysis. A linear parallel bonding model with a phased application of the axial loading
rate was used to create the computational model [23].

The increasing and interpenetrating microscopic fractures produced during the PFC2D
numerical simulation calculations cause the macroscopic fractures produced in the speci-
men during loading, with the darker portion representing the particles and coal particles
in the fracture profile and the lighter portion representing the fractures produced during
the simulation, as well as the contact forces in the fracture diagram [24]. The multi-factor
analysis of variance was used to determine the degree of influence of the model’s meso-
parameters on the macro-mechanical parameters. Additionally, the relationship between
the macro-mechanical parameters and the meso-parameters and the relationship between
the elastic mechanics parameters were established. Then, the mesoscopic parameters
determined as: Particle density, Particle diameter, Particle contact modulus, etc. [25].

The comparison of the coal rock simulation and experimental results are shown in
Figure 7 and the fine mechanical parameters of soft and hard coal specimens are shown in
Table 2.

l Numerical simulation Practical experiment

0.000

0.004  0.006  0.008

0.010  0.012 0014
Strain

Figure 7. Simulation and experimental stress—strain curves and crack comparison diagram.

Table 2. Mesoscopic parameters of the numerical model of soft and hard coal monomer.

Parameter Setting Soft Coal Hard Coal
Particle density/ (kg'm™!) 1200 1450
Particle diameter/mm 0.2-0.3 0.2-0.3
Particle contact modulus/GPa 0.85 2.50
Normal to tangential stiffness ratio 1.2 1.0
Particle parallel modulus of adhesion/GPa 1.6 3.0
Friction coefficient 0.46 1

The compression densification stage, elastic deformation stage, yielding stage, and
macroscopic fracture expansion stage are the stages of the stress—strain curve. Hard coal
has an 18 MPa peak point stress and the elastic modulus of the elastic deformation stage is
2.5 GPa [26].

Figure 8 depicts the crack propagation process. The creation of cracks around the hole
of the 5 mm hole coal specimen with the commencement of the top part of the coal can
be observed and the damage degree of soft coal is smaller than hard coal. The soft coal
specimen begins to have obvious crack generation when compared to the hard coal and
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the crack expansion of the coal with 5 mm holes is obvious when compared to the coal
with 2.5 mm holes, indicating that the coal has entered the non-linear deformation stage.
With continued loading, the cracks in the coal continue to expand, the stress reaches a
peak point, the fracture surface forms in the upper right corner of the coal, and the axial
cracks derived from the holes begin to extend to the coal axially; the soft coal ruptures at
low stress while the hard coal ruptures at high stress and the 5 mm holes have a greater
degree of axial rupture than the 2.5 mm holes. At that point, the coal has lost the majority
of its load-bearing capability and the stress—strain curve begins to decline as the loading
continues [27]. In the final rupture of the coal, two types of cracks appeared: (1) axial
tensile cracks, where stress concentration occurred near the axial direction of the hole due
to the presence of hole defects, causing tensile cracks to expand and (2) remote cracks,
where the axial load formed cracks away from the hole’s perimeter. It finally leads to the
destabilization and rupture of the coal due to the combined activity of both types of fissures.
The hole size and coal quality have a substantial influence on the fracture starting site of
cracks in coal specimens including holes when loading conditions are applied.
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Figure 8. Crack propagation process of soft and hard coal with holes.

As illustrated in Figure 8, the axial crack growth around the hole is arranged from large to
small as (H2) hard coal 5 mm > (H1) hard coal 2.5 mm > (S2) soft coal 5 mm > (S1) soft coal 2.5 mm,
resulting in destabilizing damage and a significant drop in stress.

PFC2D software is used to track and monitor the energy evolution of the uniaxial
compression process of coal bodies with holes, as well as to simulate and analyze it. In each
cycle, the ball, clump, wall, and contact accumulate energy. Volume energy and contact
energy are the two types of mechanical energy. The energy associated with volume is
known as volumetric energy and in the case of a ball or clump, this is the energy caused
by gravity. Where gravity is defined as the gravitational load and the applied force and
moment (denoted as ebody), the energy dissipated by local damping (denoted as edamp),
and the kinetic energy (denoted as ekinetic). For the wall, the energy exerted by the
boundary (denoted as eboundary) is cumulative. In each step, the boundary work is the
sum of the dot product of the force acting on the wall and the incremental displacement and
the dot product of the moment acting on the wall and the incremental angular displacement.
The contact energy is defined by the contact model. For all built-in contact models of the
PFC, the energy list includes buffer dissipation energy (denoted as edashpot), parallel bond
strain energy (denoted as epbstrain), sliding energy (denoted as eslip), and strain energy
(denoted as estrain).

The H2 specimen is chosen in this instance for energy analysis, as seen in Figure 9. In
accordance with the step size, the border energy (eboundary), parallel bond strain energy
(epbstrain), and strain energy estrain all grow and the rate of rising quickens until the
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stress curve flattens. The energy applied from the outside acts on the coal particles first,
destroying the bonding between the particles, first transforming the bonding strain energy,
then the energy is reflected on the macroscopic level, and then converted into strain energy,
so the changing trend of the bonding strain energy is greater than that of the strain energy,
but the increasing trend of the parallel bond strain energy and strain energy is slower than
that of the boundary energy. When the stress is close to the compressive strength, both
the strain energy and parallel bond strain energy reach the maximum value and it shows
a downward trend with the increase in step size [28,29]. Sliding energy, local damping
energy, cushion dissipation energy, and kinetic energy all start to grow when the stress
reaches the compressive strength, where the kinetic energy grows at the fastest rate and the
rate keeps increasing and the kinetic energy reaches its peak when the stress is reduced
to the lowest point and the simulated specimen is destabilized and broken. Since the coal
was loaded to reach the compressive strength before, although the stress curve appears to
be locally reduced, the coal specimen still maintained a more stable structure. When the
coal reaches the stress limit, the moment when the coal appears to have obvious cracks is
when the kinetic energy growth appears, which indicates that the coal starts to destabilize
and rupture at this moment; this moment is also when sliding energy appears, which also
indicates that the main crack of the coal specimen destabilizes and damages at the moment
of the stress limit leads to shear damage of the coal specimen.

Post-peak Part ~

15 4 stress r 120
eslip
estrain o
epbstrain /J r e
12 1
edashpot
edamp L 20
3 eboundary o
E 94 ekinetic e
>
g - 60 &6
172]
: 2
A 6 83|
- 40
37 - 20
0 T T T T T L J 0
0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000
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Figure 9. Energy evolution diagram of H2 coal specimen with holes.

The energy dissipation is mainly reflected by kinetic energy, sliding energy, strain
energy, and other energies. By analyzing the proportion of boundary energy accounted
for by different energies of different coal specimens and then revealing the energy change
law of energy loaded processes. As shown in Figure 10 and Table 3, there is a large gap
between the boundary energy of soft and hard coal specimens and the energy required
for destabilization and the crushing of hard coal specimens is larger; there is also a large
gap between the ratio of kinetic energy and sliding energy of soft and hard coal, the ratio
of kinetic energy to sliding energy of soft coal is less than or equal to 1, while the ratio of
kinetic energy to sliding energy of hard coal is greater than 1. The proportion of strain
energy of hard coal specimens is larger, indicating that the crushing forms of soft and hard
coal bodies are different in the post-peak stage. As the hole increases, the energy of the
coal body during the period of fragmentation decreases and the kinetic energy, sliding
energy, and strain energy also decrease, such as for soft coal specimens S1 and S2 where the
strain energy decreases from 3.23 kJ to 2.57 kJ with the expansion of the hole. At the same
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time, the sliding energy ratio of large-aperture specimens and small-aperture specimens
after the crushing peak is also more obviously different and the ratio of sliding energy of
large-aperture coal is slightly smaller than that of small-aperture coal, for which the sliding
energy dropped from 3.79 to 2.89, indicating that the ratio of sliding energy decreases with
the increase in the aperture.

100 4 [l Other Energy 16 4
[Eslip
[ Ekinetic 144
80 [_1Estrain

60

Energy (kJ)
Energy (kJ)
o0
1

404

20

" 5 .
HI H2 S1 S2 S1 S2

Local amplification
Coal Specimen P

Coal Specimen
Figure 10. Proportion diagram of numerical simulation energy of coal specimen with holes.

Table 3. Energy evolution of the soft and hard coal specimens.

Eboundary  Ekinetic Eslip Estrain Eremain
Specimen Number E, Ey E, u, E,
IN} kJ kJ kJ kJ
S1 14.11 2.81 3.79 3.23 4.28
52 12.7 2.60 2.89 2.57 4.64
H1 86.6 10.6 15.2 45.0 15.8
H2 77.86 8.36 10.3 38.5 20.7

Apart from PFC2D, more novel and strong numerical methods have been recently
proposed for the fracture analysis of composites. Among them, the “Extended Finite
Element” and “Bezier” methods proved to have a higher stability and accuracy than other
numerical methods. Swati [30] utilizes a generic material model of structures to simulate the
initiation and propagation of 2D and 3D microcracks. This study simplifies the application
of the extended finite element method in predicting multiple cracks applied to carbon
fiber-reinforced composites (CFRC), thereby providing a recently developed extended
cohesive damage model that provides a better understanding. Hossein Kabir [31] extends
a robust multi-step approach based on Bezier curves and shows that GnP with the largest
aspect ratio is most effective for enhancing the elastic properties of the plate and potentially
limiting edge crack growth.

4. Limitations and Perspectives

(1) The damage to the hole wall caused by the ground stress in the actual mine [32]
is not fully reflected. Some monitoring methods can be added. For example, the AE
positioning technology [33] can be used to observe the hole crack propagation position and
crack depth from a 3D angle [34]. (2) The influence of gas flow in the mine drainage hole on
the development of hole wall cracks is not considered and marker gas can be added to the
experiment and numerical simulation for a comprehensive analysis [35]. (3) 3D simulation
can be used to comprehensively analyze the cracks of the entire roadway [36] and the
specific location of the cracks and the development of the cracks [37] can be observed in
more detail.
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5. Conclusions

In this experiment, four coal specimens with different hole sizes and strengths were
uniaxially compressed, and the crack propagation and AE/EMR responses were analyzed.
In addition, numerical simulations of the coal specimens containing holes are carried out
using PFC to further analyze the law of crack expansion under microscopic conditions.

(1) The AE signals generated during the loading are closely related to the propagation
of cracks. The distribution of AE counts and energy in the stress time diagram shows that
the microcracks near the specimen pores develop and intensify following the increasing
load. The energy dissipation of the small hole size containing pore coal bodies is relatively
small and the effective utilization of energy is higher.

(2) The EMR signal generated by specimen rupture has an obvious correlation with
crack development and the EMR signal of soft coal containing holes is more dispersed
during the loading process and more evenly distributed. The simultaneous comparison
test with AE judges that the crack generation process of soft coal containing holes is mainly
concentrated in the pre-loading period. The moment when the AE signal and EMR signal
appear as obvious fluctuations corresponds to the generation of cracks. The period of
rupture of soft coal containing holes is more dispersed and the period of hard coal crushing
is more concentrated.

(3) The ‘T'-type cracks appear around the axial direction of the prefabricated holes
and deepen with loading until the bottom of the penetration is broken. While micro
cracks accompanying the expansion of holes to the corners develop into macro-cracks
on specimens with large hole diameters. They converge with axial cracks leading to the
destabilization of macro coal blocks sliding down, indicating that the hole size changes
the internal axial stress limit of the coal. The diameter of the hole affects the proportion of
sliding energy in the total energy and the proportion of sliding energy decreases with the
increasing diameter of the hole.
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