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Uniaxial compression tests were performed on coal specimens with five fissure angles to study the mechanical behaviors and
acoustic emission (AE) characteristics of fractured coals. AE and video monitoring techniques were used to examine crack
propagation in the fractured specimens. The stress–strain curves, mechanical properties, and cracking processes at different
fissure angles were analysed. The AE counts and dominant frequency characteristics, during the failure processes of the
specimens, were investigated. In addition, five types of AE signals were classified according to the AE spectral frequency
analysis, and low-frequency–high-energy signals were used to accurately predict the brittle fracture processes of the fractured
specimens. Finally, a comparison with sandstone specimens revealed the influence of primary cracks on the strength of brittle
coal specimens containing preexisting fissures under uniaxial compression. The test results are helpful to elucidate the
mechanical behavior and failure mechanism in underground engineering, such as hydraulic slotting in mines.

1. Introduction

Several joints, fissures, and structural planes exist in rock
masses because of geological tectonics and mining activities
[1–3]. Crack propagation and coalescence are the primary
reasons for the failure of engineering rock masses, which
may cause dynamic instability of the roadway [4–8]. There-
fore, research on the crack propagation and failure charac-
teristics of jointed rock materials is necessary to clarify the
failure mechanism of fractured rocks.

Researchers have conducted experimental and numerical
investigations on fractured rocks. Several experimental labo-

ratory studies have focused on the influence of the geometric
distribution of preexisting flaws on crack propagation in
prefabricated rock specimens ([9–12]). Wong and Einstein
[13, 14] investigated the effects of different flaw geometries
(inclination angle, ligament length, and bridging angle)
and materials on the cracking process. Yang and Jing [15]
performed uniaxial compression tests on sandstone contain-
ing a preexisting flaw and investigated the effects of the
flawed layout using deformation and failure characteristics.
Morgan et al. [16] studied the cracking and coalescence
behavior of granite specimens with preexisting flaw pairs
and recorded the cracking process using a high-speed
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camera. Dou et al. [17] investigated the influence of the
crack dip angle on the fracture mechanism of sandstone
specimens under uniaxial compression tests. Zhou et al.
[18] studied the progressive cracking process in granite
under uniaxial loading using digital imaging and AE tech-
niques. Uniaxial loading tests were conducted to evaluate
the effect of the loading mode. Haeri et al. [19] performed
Brazilian splitting tests on precracked disk specimens. Yu
et al. [20] studied the mechanical characteristics of sand-
stone specimens with different loading rates and analysed
the effect of the loading rate on the failure mechanism. Xiao
et al. [21] tested the crack growth and strength of specimens
with precracks under triaxial loading and analysed their fail-
ure mechanisms.

Numerical simulations are often performed because they
are repeatable and can provide valuable information regard-
ing internal cracks and mechanics [22–25]. For example,
Bahaaddini et al. [26] used particle flow code (PFC3D) to
investigate the effects of the geometric parameters of joints
on the rock-mass failure mechanism. Wong and Li [27]
numerically simulated the coalescence of two preexisting
coplanar flaws in rocks under compression conditions. Lee
et al. [28] investigated the mechanism of fracture coales-
cence in precracked rock-type material with three flaws.
Zhao et al. [29] simulated the coalescence modes of two pre-
existing parallel cracks using a universal distinct element
code (UDEC). Huang et al. [30] combined laboratory tests
and PFC to study the fracture mechanism of a preexisting
crack with a large opening and found that the failure of these
large-opening crack specimens was primarily caused by the

development of shear secondary cracks instead of tensile
wing cracks.

Previous studies have primarily focused on the mechan-
ical properties and crack propagation characteristics of rocks
and rock-like materials. Few studies have investigated the
crack propagation and AE characteristics of fractured coal,
and most have used coal-like materials instead of coal
[31–34]. For example, Zhang et al. [35] used gypsum instead
of soft coal to investigate the deformation energy density
characteristics and failure mechanism of coal samples with
single fissures at different inclination angles. Jin and Lian
[36] studied the influence of prefabricated fissures on the
coal burst liability and failure behavior through numerical
simulations. If a laboratory test of a real coal specimen is
conducted, the failure essence of the fractured coal will be
better explained.

Therefore, to better understand the strength, crack-
coalescence phenomenon, and AE characteristics of brittle
coal materials, uniaxial compression experiments were con-
ducted on coal specimens containing a single fissure. More-
over, AE and video monitoring techniques were used to
examine crack propagation in the fractured specimens. The
results are expected to provide a basis for the study of the
mechanical properties and failure mechanisms of fractured
coal.

2. Specimen Preparation and Testing Process

2.1. Specimen Preparation. All the specimens were obtained
from a working face in a mine located in western China.
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Figure 1: Flowchart of preparation of specimens.
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After sampling, coal with a large block size was delivered to
the laboratory as standard-specimens, shown in Figure 1(a).
First, a cylindrical coal specimen with a diameter of 50mm
and a height of 100mm was acquired using a core-drilling
machine and a cutting machine. To further comply with
international rock-testing standards, the ends of the speci-
men were polished meeting the parallelism standard such
that the parallelism of the end face is within ±0.02mm,
and the end diameter deviation is less than 0.02mm. Then,
the P-wave velocity test was carried out on the coal speci-
mens to avoid discreteness of the test results; specimens with
similar density and P-wave velocity were selected for the
next test. Finally, according to a previously reported fissure
manufacturing method [37], round holes with small diame-
ters were first prefabricated using a mechanical machining
method, and then, a line cutting machine was used to cut
through the small holes along the fissure direction.

Three geometrical characteristics determine the fissure
geometry: fissure length 2l, fissure width d, and fissure angle
α. Specimens with five fissure angles were prepared (α = 0°,
15°, 30°, 45°, and 60°), and the fissure length and width were
20 and 1mm, respectively. The specimens were labelled
according to their fissure angles. For instance, 0°-1 repre-
sents the first specimen with a fissure angle of 0°.

2.2. Testing System and Process. As shown in Figure 2, the
experimental system included a loading system, an AE mon-
itoring system, and a video monitoring system. Uniaxial
tests were performed using RLJW-2000 rock-testing equip-
ment with an AMSY-6 AE system [38]. In this test, the load-
ing rate was 0.25mm/min. The sampling frequency of the
AE system was 10MHz, and the recording threshold was
40 dB. Two AE sensors were installed on each side of the
specimen along the radial direction, and Vaseline was used
to enhance the coupling effect. An EOS C100 camera was
used to capture images when a macrocrack or failure
occurred.

3. Results and Analysis

3.1. Stress–Strain Curves and Mechanical Behaviors. Figure 3
presents the stress–strain curves of the specimens containing
preexisting fissures with different fissure angles. The intact
specimen exhibited a higher uniaxial strength compared to
fractured specimens. Stress–strain behavior can be divided
into four typical stages: compaction, elastic deformation,
crack growth and propagation, and strain softening. Preex-
isting fissures reduce the elastic stage duration and clearly
affect crack growth and propagation as well as strain soften-
ing. However, the stress–strain curves at different fissure
angles did not exhibit obvious variation rules. All analyses
indicated that the fissure angle significantly affected the
stress–strain curve and mechanical properties.

Table 1 presents the uniaxial compressive stress (UCS),
elastic modulus (E), and axial strain of the peak stress (peak
strain) for the specimens in the uniaxial compressive tests.
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Figure 3: Stress–strain curves of specimens with different fissure
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Figure 4 shows the curves of these parameters with respect
to the fissure angle.

As shown in Figure 4(a), the UCS did not exhibit an evi-
dent trend with an increase in the fissure angle, which may
be closely related to the primary fractures in the coal. Com-
pared to the UCSs of the intact specimens, those of the frac-
tured specimens decreased by 70.88%, 80.27%, 61.59%,
75.18%, and 50% at fissure angles of 0°, 15°, 30°, 45°, and
60°, respectively. As shown in Figure 4(b), with an increase
in the fissure angle, the elastic modulus ranged from 0.83
to 1.74GPa with an increasing trend except for the fissure
angle of 45°. The elastic modulus reached the minimum
value of 0.83GPa when the fissure angle was 0°. Figure 4(c)
shows the relationship between the peak strain and fissure
angle. As the fissure angle increase, the peak strain does
not exhibit a specific trend. The peak strains of the fractured
specimens were smaller than those of the intact specimens.
This was because the fissures destroyed the specimens,
resulting in their failure at a small axial strain.

3.2. Crack Evolution Process. A video monitoring system was
used to investigate the crack evolution in the fractured spec-
imens subjected to uniaxial compressive tests. The process of
crack coalescence, according to the results of stress and pho-
tographic monitoring, is shown in Figure 5. Specimens with
fissure angles of 0°, 30°, and 60° were selected for subsequent
analysis.

Figure 5(a) shows the stress–strain curve of the specimen
with a fissure angle of 0° and the corresponding crack-
propagation sketch. During the compaction and elastic
deformation stages, owing to the low degree of stress con-
centration near the fissure, no crack initiation was observed
around the preexisting fissure. When the stress reached
point a (σ = 5:17MPa), two small cracks extended from
the centre of the fissure. With an increase in axial stress,
the cracks widened significantly, and the preexisting fissure

began to close. At point c (σ = 7:34MPa), a new tensile crack
is rapidly generated at the left tip of the fissure, resulting in a
minor stress drop. The fissure disappeared from view. When
the specimen was loaded at 7.49MPa (point d), two cracks
were generated at the tip of the fissure and propagated in
the axial-stress direction. As the deformation increased,
more cracks appeared which reduced the axial supporting
capacity.

Figure 5(c) shows the stress–strain curve of the specimen
with a fissure angle of 30° and the corresponding crack prop-
agation sketch. The stress drop in the stress–strain curve
indicates macrocrack propagation. When the axial stress
reached 9.61MPa (point a), cracks 1 and 2 initiated at the
tip of the fissure in the wing of the specimen. When the
stress increased to 12.22MPa (point e), crack 3 emerged
from the upper tip of the fissure and grew in the loading
direction, exhibiting an “H” pattern. At point f, the preexist-
ing fissure was completely closed. When the specimen was
loaded to point g (σ = 7:83MPa), cracks developed at the
boundary and the specimen expanded significantly, leading
to a sharp decline in the bearing capacity.

Figure 5(e) shows the stress–strain curve of the specimen
with a fissure angle of 60° and the corresponding crack prop-
agation sketch. As indicated by the sketch, macrocracks
developed around the fissure from point a (σ = 13:95MPa)
to point c (σ = 16:04MPa) leading to several stress fluctua-
tions. Particle ejection and fissure closure were observed at
point d (16.15MPa). When the specimen was loaded to
18.61MPa (point g), ejection occurred once more, resulting
in a rapid decline in the axial stress.

The stress–strain curves reflected the macroscopic crack
growth of the fractured specimens, and the stress drop gen-
erally corresponded to significant macroscopic crack growth.
The initial crack appeared at the centre of the preexisting fis-
sure and at the tip of the fissure. When the fissure angle was
0°, crack initiation occurred at the centre of the preexisting

Table 1: Mechanical parameters of the specimens under uniaxial compression tests.

Number
UCS/
MPa

Average/
MPa

Standard
deviation

E/
GPa

Average/
GPa

Standard
deviation

Peak strain/
%

Average/
%

Standard
deviation

a-1 31.62
32.8 1.1800

1.76
1.74 0.0200

2.30
2.39 0.0882

a-2 33.98 1.72 2.47

0°-1 10.16

9.55 0.4570

0.7

0.83 0.0990

2.46

1.77 0.50000°-2 9.43 0.85 1.56

0°-3 9.06 0.94 1.30

15°-1 6.38
6.47 0.0900

1.07
1.06 0.0050

0.79
0.79 0.0042

15°-2 6.56 1.06 0.78

30°-1 12.14

12.60 0.4374

1.10

1.25 0.1040

1.68

1.53 0.120930°-2 13.19 1.31 1.52

30°-3 12.48 1.33 1.38

45°-1 9.03

8.14 0.6405

1.20

1.19 0.0094

0.98

0.87 0.078045°-2 7.56 1.18 0.84

45°-3 7.82 1.20 0.79

60°-1 18.61

16.4 1.6112

1.53

1.46 0.0741

1.82

1.65 0.119960°-2 15.79 1.5 1.55

60°-3 14.81 1.36 1.58
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fissure. With a greater fissure angle, the crack-initiation loca-
tion moved to the tip. The crack propagated along the load-
ing direction, indicating that the fissure angle did not
significantly affect the direction of crack development.

3.3. AE Counts and Energy. AEs refer to the elastic waves
released by the internal damage of a rock specimen. The
AE count is the number of waves in which an AE signal
exceeds the threshold, and AE energy refers to the area
under the detection envelope of the AE signal. These param-
eters are useful for investigating the failure processes and
crack-coalescence mechanisms of flawed specimens with dif-
ferent fissure angles [39–42]. Figure 6 shows the curves of
stress, AE count, and AE energy with respect to time in the

uniaxial compression tests. The AE characteristics of the
specimens can be divided into three typical periods: calm
period (I), active period (II), and remission period (III).

Using a fissure angle of 0° as an example, the AE charac-
teristics of the three periods were analysed, as shown in
Figure 7(a). During the calm period, the axial stress was
small, and few AE activities were monitored. This was
because the closure of the primary cracks was a small-scale
rupture, and the AE counts and energy were low. This
period corresponded to the compaction stage and part of
the elastic-deformation stage. During the active period, with
an increase in the loading stress, more cracks initiated and
propagated. Therefore, the AE counts and AE energy of
the fractured specimens increased and exhibited multiple
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Figure 4: Curves of the UCS, elastic modulus, and peak strain with respect to the fissure angle.
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peaks during the prepeak stage. The absence of signals in the
time period of 400–600 s likely resulted from the propaga-
tion of axial cracks. During the remission period, the axial
stress decreased to a low level, and AE activity seldom
appeared.

In summary, the AE counts and energy characteristics of
the fractured specimens varied among different cracking
stages. The duration proportion of the calm period increased
with an increase in the fissure angle, indicating that the evo-
lution characteristics of AE were different for different fis-
sure angles.

3.4. AE Spectrum Frequency Characteristics. The frequency
spectra reflect important characteristics of the AE signal
and can provide insightful quantitative information regard-
ing the cracking process [43, 44]. In addition, AE energy
can be used to determine the scale of the rock rupture. Com-
bining these two parameters can provide a better understand-
ing of crack propagation. The dominant frequencies of the AE
signalswere calculated using theFourier transform.AEenergy
was determined using a parametric analysis method.

Figure 7 shows the AE frequency–energy characteristic
diagram of the failure process. Evidently, the dominant
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frequency of the specimen presented a similar evolution law
with a dense band-like evolution. Based on the frequency
distribution, three main frequency bands were identified:
low [0, 125], medium [125, 225], and high [225, 325]. A fis-
sure angle of 0° was used as an example to investigate the
main frequency–energy evolution characteristics of the spec-
imen. During the initial stage of loading, the signal was con-
centrated in the frequency ranges of 25–125 kHz and 150–
200 kHz; the signal energy in most loading stages was
<106 aJ. As the loading continued, high-frequency signals
with a main frequency of 300 kHz appeared. Simultaneously,
numerous high-energy signals with energy levels > 107 aJ
appeared between 25 kHz and 125 kHz and near 100 kHz,
which corresponded well to the stress drop. After the stress

peak, the number of AE signals decreased significantly,
which may be related to the development of axial macro-
scopic cracks. A comparison of the evolution characteristics
of the dominant frequency at different fissure angles evealed
that the number of signals in the ranges 50–75 kHz and
150–200 kHz tended to decrease with an increase in the
fissure angle.

Apart from the changes in the dominant frequency during
the failure process, the examination of the AE energy distribu-
tionmakes itpossible to further explore the failure lawofbrittle
coal. The dominant frequency and energy for the fractured
coal specimens are plotted in Figure 8. Evidently, high-
energy events were mainly distributed in the low-frequency
band [0, 125]. The signals are divided into two types based
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Figure 6: AE characteristics of specimens with different fissure angles.
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on their energy. Signals with an energymagnitude > 107 aJ
were classified as high-energy, and those with energy
magnitudes < 107 aJwere classified as low-energy.

Combined with the main frequency characteristics in
Figure 7, five types of AE signals were observed: low-
frequency–low-energy (L-L), low-frequency–high-energy
(L-H), medium-frequency–low-energy (M-L), medium-
frequency–high-energy (M-H), and high-frequency–low-
energy (H-L) signals. Based on the relationships between
the crack type, size, and domain frequency, the following
conclusions were drawn: (1) L-L and M-L signals appeared
in the early stage of loading, which may have been related
to the fracture of the crystal particles. (2) A few L-H signals
mostly appeared near the stress-reduction point, indicating
that they were generated by large macroscopic cracks. (3)
A few M-H signals were concentrated at the failure phase;
this may have been related to the block slip in the preexisting
flaw area. (4) In the crack growth and propagation stage, five
types of AE signals coexisted, indicating that microcrack ini-
tiation, microcrack extension, and macrocrack propagation
occurred simultaneously. (5) The failure of the specimen
involved the process of microcrack initiation, development,
expansion, and macrocrack penetration. Owing to their rela-

tionship with macrocracks, L-H signals can be used to pre-
dict the brittle fracture states of fractured coal specimens.

4. Discussion

4.1. Strength Characteristics of Specimens with Different
Fissure Angles. The experimental results indicated that the
strengths of the fractured coal specimens exhibited no spe-
cific law with an increase in the fissure angle. The uniaxial
compressive strengths and elastic moduli concerning the
specimens containing preexisting fissures were lower com-
pared to intact specimens. Yang and Jing [15] performed
uniaxial compressive tests on sandstone with different fis-
sure angles and found that the strength was minimized at a
fissure angle of 45°. This conclusion differs from the experi-
mental results of this study. Compared to the sandstone
specimens, the coal material contained more primary cracks,
and the combined effects of the preexisting fissure and pri-
mary cracks may have led to irregular strength changes.

Preexisting fissures can be regarded as defects that
reduce the integrity of a specimen and significantly reduce
its strength. When a compression load was applied to the
fractured coal specimens, stress concentration first occurred
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around the tips of the flaw. When the stress concentration
exceeded the local strength of the material, numerous micro-
cracks were generated around the flaw. As the compressive
load increased, the microcracking activity increased and
gradually clustered into macroscopic cracks. With increasing
stress, the macroscopic cracks expanded along the direction
of maximum principal stress, that is, the uniaxial loading
direction. In the process of microcrack connection and mac-
roscopic crack propagation, the nonuniform distribution of
primary cracks in coal has an important effect on crack
propagation. When the direction of the crack propagation

is close to that of the primary crack, the energy required
for crack propagation is significantly reduced. This implies
that a smaller stress increment is required for crack propaga-
tion, as shown in Figure 9. This explains why there was no
specific change law for the strengths of fractured specimens
with different fissure angles.

4.2. Guidance for Field Application. Figure 10 depicts the
failure modes and sketches of the specimens with different
fissure angles. When the fissure angle was 0°, axial crack
propagation occurred, and the specimen broke. When the
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Figure 9: Crack propagation with different primary crack distributions.
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Figure 8: Relationship between the dominant frequency and energy for fractured coal specimen.
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fissure angle increased to 15°, more macroscopic cracks were
produced in the specimen, but the number of cracks was
reduced compared to that at 0°. As the fissure angle contin-
ued to increase, for example, to 30°, 45°, and 60°, numerous
macroscopic cracks were generated on the specimen surface,
and dynamic phenomena such as particle and block ejection
occurred during the failure process. This indicates that with
an increase in the fissure angle, the number of macroscopic
cracks decreased, and dynamic phenomena (particle and
block ejection) occurred.

Hydraulic slotting technology can enhance the drainage
effect of gas and adjust the stress distribution of a coal body;
thus, it has a wide range of field applications [45]. As an
uneven geological body, coal seams contain abundant pri-
mary cracks. After hydraulic slotting, cracks were initiated
and developed around the slots under the action of the stress
field, as shown in Figure 11. According to the results of this
study, a slot with a small fissure angle should be set to pro-
mote the development of cracks and prevent the emergence
of dynamic phenomena.

The coal used in this study was relatively hard (uniaxial
compressive strength of approximately 32.8MPa) and had a
high impact tendency, which explains the dynamic phenom-
ena during the failure process. The authors plan to experi-
mentally and numerically investigate the effects of stress
state, coal quality, and multiple defects on the mechanical
properties of coal specimens to enhance the present under-
standing of the mechanical properties and crack propagation
behavior of fractured coal.

5. Conclusions

(1) The stress–strain behavior of the fractured speci-
mens was divided into four typical stages: compac-
tion, elastic deformation, crack growth and
propagation, and strain softening. Preexisting fis-
sures reduced the duration of the elastic stage and
significantly affected the morphologies of the speci-
mens during the crack growth and propagation stage
and strain-softening stages. The uniaxial compres-
sive strengths and elastic moduli of the specimens
containing preexisting fissures were lower than those
of intact specimens. The strengths and elastic moduli
exhibited no specific trend with an increase in the
fissure angle

(2) The stress–strain curves accurately reflected the
macroscopic crack growth of the fractured speci-
mens, and the stress drop generally corresponded
to significant macroscopic crack growth. The fissure
angle significantly affects the initiation location of
the first crack. When the fissure angle was 0°, a crack
formed at the centre of the preexisting fissure. With

Stress
Roof

Coal

Floor

Figure 11: Typical hydraulic slotting in a coal mine.

(a) 0° (b) 15°

(c) 30° (d) 45°

(e) 60°

Figure 10: Failure modes and sketches of specimens with different fissure angles.

10 Geofluids



an increase in the fissure angle, the initiation loca-
tion moves to the tip of the fissure. The crack prop-
agation direction, which developed along the loading
direction, was unaffected by the fissure angle

(3) AE characteristics can be divided into three typical
periods: calm, active, and remission. The AE counts
and energy characteristics of the fractured specimens
varied among different cracking stages. The duration
proportion of the calm period increased with an
increase in the fissure angle, indicating that the evo-
lution characteristics of AE activities were different
for different fissure angles

(4) According to an AE spectral frequency analysis and
parameter analysis, AE signals were classified into
five types: low-frequency–low-energy signals (L-L),
low-frequency–high-energy signals (L-H), medium-
frequency–low energy-signals (M-L), medium-
frequency–high-energy signals (M-H), and high-
frequency–low-energy signals (H-L). Low-
frequency–high-energy signals (L-H signals) can be
used to accurately predict the brittle fracture pro-
cesses of fractured coals

(5) In contrast to rock specimens, the mechanical
behaviors and failure mechanisms of coal specimens
containing preexisting fissures are significantly
affected by nonuniform primary cracks. The strength
characteristics of the fractured specimens with differ-
ent fissure angles did not exhibit a specific trend,
which was attributed to the uneven distribution of
the primary cracks inside the coal
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