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Abstract Sandstone samples with precracks of different dip angles were collected from a coal mine roof and subjected to
uniaxial compression tests, and acoustic emission (AE) and scanning electron microscopy (SEM) were used to study how
the crack dip angle affected the fracture mechanism. In the precracked sandstone samples, as the dip angle between the
crack line and loading direction decreased, so did the peak stress and its completion time. The SEM observations revealed a
fracture transition from tensile cleavage to shear slip, which was manifested by a microstructure change from aggregate to
staggered. According to energy conversion, a decreased crack dip angle results in gradually decreasing total and dissipative
peak energies, whose variation amplitudes at different stages are consistent with those of the peak stress of the samples.
The decreased crack dip angle lowered the stress required to trigger the first appearance of AE energy peaks and ring-down
counts, as well as shortening the period before the occurrence of the first AE peak signal. However, the AE energy and
ring-down count during the failure stage after the stress peak increased gradually. A stepped increase was observed in the
AE ring-down count curves, with each step corresponding to a jump in the stress-strain curve. From the characteristics of
the AE signal of the fracture of a precracked rock sample, the occurrence of joints or faults in the rock mass can be
reasonably inferred. This is expected to provide a new method and approach for predicting coal and rock dynamic disasters.
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1 Introduction

With the ongoing exhaustion of shallow coal resources
worldwide, the depth of coal mining is increasing and more
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hazards are being encountered. The increased frequency
and intensity of rock burst disasters in deep mines (Chen
et al. 2019; Wang et al. 2019; Ding et al. 2019) can be
attributed to deep coal mining; the overlying strata of the
coal seam are subjected more to geological factors,
including the development of faults and joints therein.
Because of earth movement, the dip angle of geological
structures also varies during the formation. Therefore, to
control and reduce disasters due to instabilities, it is crucial
to study the mechanical behavior of rocks with large-scale
precracks of different dip angles.

Many studies have addressed the mechanical behavior
of coal-rock precracked specimens. Li et al. (2019) studied
the fracture modes of coal specimens with cracks of
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different dip angles and used the results of acoustic emis-
sion (AE) fractal-dimension measurements at different
loading stages as the precursor information of dynamic
rock disasters. Mohammadi and Pietruszczak (2019) char-
acterized the failure process of precracked rock specimens
and derived the complex fracture mode related to the for-
mation and propagation of new cracks in the region of
precracks. Li et al. (2005, 2018) conducted dynamic
impact tests of rectangular marble precracked specimens;
they drilled the rocks, wire-cut them to prepare marble
precracked specimens, and then studied their crack prop-
agation behavior. Huang et al. (1990) analyzed the crack
propagation trend of a marble specimen with a single crack
and proposed five crack propagation routes and the corre-
sponding fracture modes leading to rock failure. Yang
et al. (2011, 2016) used high-speed photography to eval-
uate the fracture and instability processes in sandstone
specimens containing either a single crack or two parallel
noncoplanar cracks, and the results led to evaluation of
how the initial crack dip angle and length affected the
further crack propagation, coalescence, and residual
strength of the cracked sandstone specimens. Lee and Jeon
(2011) analyzed crack initiation and propagation in cracked
granite samples with either a single or two nonparallel
joints and compared the results obtained with those for
gypsum samples. Petit and Barquins (1988) tested sand-
stone specimens with a single crack and different void
ratios and found that the shear zone at the crack tip was
completely developed after the initiation of a wing crack;
moreover, the maximal shear stress direction nearly coin-
cided with the crack line. Bobet (2000) analyzed the
propagation mechanism of secondary cracks and proposed
a fracture criterion for secondary cracks based on shear
stress. Wong and Einstein (2009) performed uniaxial
compression tests on precracked gypsum and marble
specimens, monitored their evolution via high-speed pho-
tography, and classified seven types of secondary cracks
emanating from the tips of the original precracks.
Previous studies have analyzed the release pattern of
rock elastic waves, and an AE monitoring system can
accurately capture the signals generated during the fracture
(Lockner et al. 1991; Cox and Meredith 1993). An AE
monitoring system for prefabricated fractured coal-rock
materials was made by acquiring and analyzing a series of
parameters such as AE spectrum, AE energy, and AE
spatiotemporal signals (He et al. 2010; Zhao et al. 2014;
Eberhardt et al. 1998; Diederichs et al. 2004; Ganne et al.
2007; Lockner 1993; Moradian et al. 2016; Cao et al.
2019; Li et al. 2017; Pan et al. 2019, Cheng et al. 2019).
However, the previous studies were mainly for small-scale
cracks of specimens under loading; fewer studies have
considered macroscopic defects during rock failure. In fact,
the coal-rock materials contain macroscopic structures
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such as faults, joints, and fractures, significantly affecting
the crack propagation and mechanical behavior; this also
promotes dynamic disasters in practical engineering. Fur-
thermore, a larger macroscopic structure and its variable
occurrence can contribute to dynamic disasters. Mean-
while, these factors also affect significantly the mechanism
of AE signals generated by the fractured coal-rock mate-
rials. Therefore, it is essential to study the failure charac-
teristics of prefabricated coal specimens accompanied by
macroscopically large scale of sizes and multidip angles.
This would also help detect macroscopic geological
structures in situ and monitor the failure of joints and coal-
rock mass. Furthermore, it is very important for predicting
dynamic disasters using AE monitoring.

2 Physico mechanical experiments
2.1 Specimen preparation and test scheme

The sandstone specimens used in this study were collected
from the roof of working face 1212(3) in the Panbei Coal
Mine of Anhui Province in China. The average depth of the
working face is 540 m, and its roof is fine sandstone with a
thickness of 20 m. The working face is affected by multiple
faults with a drop of more than 4 m. The results of in situ
stress tests show that the working face is in a typical tec-
tonic stress field. During the mining process, multiple fault-
type ground pressures occurred, which had a great impact
on the safety of mining. After sampling, rocks with a large
block size were processed using the IRTM (International
Rock Test Mechanics) method developed by the Interna-
tional Society for Rock Mechanics (Hudson et al. 1999) to
obtain standard specimens as shown in Fig. 1
flowchart of preparation of specimens from large rock
samples.

Firstly, a rock core with a diameter of 50 mm was
acquired using a core-drilling machine and was then cut
into cylindrical specimens with a height of 105 mm using a
cutting machine. Finally, both end faces of each specimen
were ground flat using a grinding machine so that the
parallelism error was less than 0.05 mm. The final height
of each specimen was 100 mm. Eight standard rock spec-
imens were prepared and subdivided into 4 groups. One
group consisted of intact specimens, while the other 3
groups contained specimens with large-scale precracks
with dip angles of 30°, 45°, and 60°. Precracks in the rock
specimens were simulated by slits produced using a dia-
mond disc cutting machine. Each slit was 60 mm long,
3 mm wide, and 20 mm deep, as shown in the bottom part
of Fig. 1. The crack dip angle is defined as the angle
between the crack line and the axial loading direction.
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Fig. 1 Flowchart of preparation of specimens from large rock samples

2.2 Test equipment and monitoring systems

The testing device comprised systems for loading control,
AE monitoring, digital photography, and scanning electron
microscopy (SEM), as shown in Fig. 2. During a test, the
loading control and AE monitoring systems were started
simultaneously to facilitate post-processing of the test
results. At the end of the test, the rock fracture morphology
was captured using a digital camera, and the fracture sur-
face was scanned using the SEM system.

The loading control system used a multifunction auto-
matic rigid rock servo material testing machine (RMT-
150B; Institute of Rock and Soil Mechanics; China), which
was used to perform conventional uniaxial and triaxial
compression tests with high precision. The uniaxial com-
pression tests of sandstone specimens with large-scale
precracks were conducted in the load-control mode at a
loading rate of 0.5 kN/s.

Digital photography system
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Force control . s

Front-end amplifier

The AE monitoring system used a multichannel com-
prehensive information synchronous acquisition device
(DS5-16B; Softland Times; China), which could monitor
elastic waves in realtime as the specimen was compressed.
The AE threshold was set to 40 dB during the test. The
sensor probe was fixed to the specimen with rubber tape,
and Vaseline lubricant was used to decrease the friction
between them. To ensure good contact between the sensor
probe and the specimen, a lead-break test was performed
for the AE sensor before the compression test.

The SEM system used a scanning electron microscope
(FlexSEM 1000; Hitachi High-Tech, Japan), achieving a
magnification of 60-300K and an accelerating voltage of
0.3-20 kV.
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Fig. 2 Loading and monitoring systems
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Fig. 3 Stress-strain curve features and macroscopic fracture mor-p
phology of precracked rock specimens with different dip angles: a no
cracks; b 60°; ¢ 45°; d 30°

3 Mechanical characteristics of precracked rock
specimens

3.1 Stress-strain curve and fracture morphology

The stress-strain curve features and macroscopic failure
morphology of intact rock specimens and those with pre-
cracks are shown in Fig. 3.

Figure 3a shows the stress-strain curve features and
macroscopic fracture morphology of precracked rock
specimens with no crack. The specimen compressive
strength is 64.45 MPa. Upon reaching the peak strength,
the stress-strain curve exhibits brittle features, with axial
strain of 0.016. This total stress-strain curve has 4 stages,
namely compaction, elastic, plastic, and residual defor-
mation, consistent with the classification made in the study
of stress-strain curve features of rocks by Yang et al.
(2011). Because the rock specimens of the first group were
intact (i.e., contained no precracks), the specimens under-
went the stages of compaction of primary cracks, initiation
of new cracks, crack propagation and coalescence, and
final fracture. As indicated by the fracture morphology of
the initially uncracked specimens, they underwent a tensile
cleavage fracture (mode I).

Figure 3b is as Fig. 3a but for the rock specimens with a
crack dip angle of 60°. Now, under a given load, stress
concentration at the precrack tip was more likely to fail,
thereby decreasing the compressive strength of these
specimens to 49.35 MPa (76.6% of that for the intact
specimens). After the peak, the brittle features of the stress-
strain curve are enhanced, and the axial strain decreases to
0.014. According to the ultimate fracture morphology and
Tang’s (Tang et al. 2001)classification of the propagation
mode of secondary cracks, the specimens with a crack dip
angle of 60° featured secondary tensile (mode I) wing
cracks emanating from both precrack tips, while a shear
(mode II) anti-wing crack propagated toward the specimen
top and bottom. These two types of cracks caused the
macroscopic failure of the specimen and the loss of its
load-bearing capacity. The primary fracture mode of the
specimens with a crack dip angle of 60° was the tensile
(mode I) failure starting from the ends of the precrack, and
the secondary fracture mode was pure shear (mode II).

Figure 3c is as Fig. 3a but for the rock specimens with a
crack dip angle of 45°. The details are similar to those for a
dip angle of 60°. However, because the crack line is closer
to the normal to the loading direction, the stress concen-
tration at the precrack tip is higher, decreasing the peak
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strength to 38.53 MPa (59.8% of that for the intact speci-
mens). After the peak, the stress-strain curve also exhibits
more-conspicuous brittle features, and the axial strain
decreases further to 0.0114. As indicated by the ultimate
fracture mode, failure of the specimens with a crack dip
angle of 45° was due mainly to the propagation of a sec-
ondary tensile (mode I) wing crack, a tensile-shear (mixed
mode I and mode II) composite antiwing crack at the upper
end of the precrack, and a shear (mode II) secondary crack
at the lower end of the precrack, which propagated to the
bottom of the specimen. The fracture mode of the speci-
mens with a crack dip angle of 45° was typically the mixed
(tensile-shear) mode.

Finally, Fig. 3d is as Fig. 3a but for the rock specimens
with a crack dip angle of 30°. The trend discussed earlier
for the specimens with a dip angle of 45° is manifested
again as follows. The shear stress concentration increased,
shear slip fracture was more likely to occur along the
precrack, and the compressive strength decreased to
30.94 MPa (48.0% of that for the intact specimens). After
the peak, the stress-strain curve again exhibits more-pro-
nounced brittle features, and the axial strain decreases
further to 0.011. As indicated by their ultimate fracture
mode, fracture of the specimens with a crack dip angle of
30° was due mainly to the propagation of the secondary
tensile and shear cracks at both ends of the precrack. The
fracture mode was a pure shear mode II of the secondary
cracks emanating from both ends of the precrack.

Precrack tips are strong stress raisers, from which sec-
ondary cracks initiate and propagate until the ultimate
brittle fracture of the specimen. There is a transition from
pure tensile (mode I) fracture to mixed (tensile-shear)
fracture, which eventually changes to pure shear (mode II).
For the stress state at the precrack tip, ¢ is the applied axial
stress, o is the dip angle between the precrack and the
loading direction, while ¢ cos « and ¢ sin « are the stress
components parallel and normal, respectively, to the pre-
crack. Changing the crack dip angle from 60° to 30°
increases gcos o and decreases gsin o, thereby enhancing
the shear slip (mode II) and hampering the tensile cleavage
(mode I).

3.2 Stress and strain evolution patterns

Figure 4a shows the curves of peak stress and peak strain
versus the crack dip angle of the specimens with crack dip
angles of 60°, 45° and 30°. As the crack dip angle
decreases from 60° to 45° and 30°, the peak strength
decreases gradually by 23.43%, 40.22%, and 51.99%,
respectively, compared to that of the intact specimens.
Figure 4b shows the transition points between plastic
and elastic strain patterns in precracked specimens with
various dip angles, closely correlating with the dip angle.
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Fig. 4 Peak stress and strain curves of precracked specimens: a peak
strength and strain; b strain at each dividing point between different
stages

The precracked specimens failed mainly in the plastic
stage. The presence of a precrack (as the dip angle
decreased) caused the fracture mode of the specimen to
undergo a transition from tensile fracture to shear fracture.
Plastic flow occurred after the shear fracture of the speci-
men when the dip angle decreased from 45° to 30°, further
increasing its fracture rate. The strain reduction with the
dip angle decrease from 60° to 45° is larger than that from
45° to 30°. This variation is consistent with the peak-stress
variation pattern.

3.3 Fracture morphology

Characterizing the fracture morphology of the specimens
with different crack dip angles helps observe the macro-
scopic effect of dip angle on the specimen fracture pattern.
A SEM analysis was performed for the fracture surfaces
containing a tensile wing crack with a dip angle of 60° and
a shear wing crack with a dip angle of 30°. The respective
SEM images are shown in Fig. 5.
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As shown in the fracture morphology of the tensile crack
with a dip angle of 60° in Fig. 5a, the fracture surface was
rough with local undulations, while the overall morphology
was basically the same. The randomly distributed convo-
luted fabrics seen under high magnification are the aggre-
gates formed by the cementing of the crystalline fracture
interface after the tensile fracture of the rock crystals,
thereby making the fracture surface even rougher.
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Figure 5b, ¢ show SEM images of the shear fracture at
crack dip angles of 45° and 30°, respectively. The fracture
morphology shows that the fracture surface was relatively
smooth. The fracture height varied along a certain direc-
tion. As the crack angle decreased, a layered structure of
the shear mode was observed. At high magnification, the
micro fracture surface was layered: broken lines between
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Fig. 5 SEM images of fractured precracked rock specimens with crack dip angles of a 60°, b 45°, and ¢ 30°
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the layers had traces of friction, and cracks generally
developed at the fracture surface.

The micro fracture morphology was analyzed under the
combined tensile and shear action. At low magnification,it
was easily observed that the fracture surface was relatively
rough under tensile action. At high magnification, aggre-
gates formed at the crystal fracture interface because of
tensile stress. By contrast, the shear-induced fracture sur-
face was river-like with a staggered microstructure. As the
precrack dip angle decreased, microcracks developed
gradually at the fracture surface, and this also caused the
specimen strength to decrease with dip angle.

4 Energy conversion in precracked rock
specimens

4.1 Theoretical background

Assuming that energy is converted between the precracked
rock specimens and the RMT-150B machine with no heat
exchange with an ambient medium, then according to the
first law of thermodynamics we have

Uo:Ue+Ud7 (1)

where U, is the total energy accumulated in the specimen
during the loading; J/m>; U, is the elastic energy accu-
mulated in the specimen, J/m*; and Uy is the energy dis-
sipated during fracture, J/m’.

Figure 6 shows the energy conversion at each stage of a
uniaxial compression test of a rock specimen. Based on the
differential principle, the averages of ¢; and ¢;,; corre-
sponding to the interval de were taken. According to the
interval’s lower and upper bounds of zero and ¢;, respec-
tively, U, is derived as

el . .
Uo:/ #d& (2)
0
O"
Ol — — — — — — —
Us U U: |
I
O-‘H’O-H i
0o (‘1(13 Ea &e & &2 5

Fig. 6 Energy-conversion process

where ¢; is the stress at any point on the stress-strain curve,
MPa and ¢ is the strain corresponding to the peak stress.

For each loading-unloading cycle of the uniaxial com-
pression test, the unloading route before peak is consistent
with the elastic modulus E, which is derived as the slope of
the stress-strain curve. Therefore, the specimen internal
elastic energy U, can be expressed as

1
U. = E Océe, (3)
where o, is the peak strength of the specimen and & is the
recoverable strain.
The total stored energy before the peak consists of U,
and U, energies. The latter can be expressed as

‘o + o 1
Ug= Uy — Ue = / %dg — 3 o (4)
0

The released energy Uy after the peak is the envelope
area from ¢; and &,, expressed as

&2 . .
U = / %d‘g, (5)
&1

where ¢, is the maximum strain of the stress-strain curve.

Some of the elastic energy U, before the peak is con-
verted into released energy Uy after the peak, and the rest is
converted into surplus energy U,. The latter part can be
further converted into kinetic energy, thus inducing
dynamic disasters. The surplus energy U, can be expressed
as

&
* 0i + Titi

2 de. (6)

1
Uy:Ue—UfZEGCSE—/

&1

4.2 Effect of precracks on energy conversion

Based on the above theoretical background, Fig. 7 shows
the energy-conversion curves of rock specimens with a
precrack.

Figure 7a shows the total accumulated and dissipative
energy curves for specimens with a precrack before the
peak. As the crack dip angle decreases, both the total and
dissipative energy peaks decrease gradually. The total peak
energies of the specimens with a precrack (as the dip angle
decreases) decrease by 26.7% and 39.1%, respectively,
while the dissipative peaks decrease by 19.7% and 31.9%,
respectively. This is consistent with the peak-stress varia-
tion trend. This is mainly because increasing the crack dip
angle also enhances the structural effect. However, large-
scale precracks impair the integrity of the rock specimens
and change the distribution of horizontal additional stresses
in specimens containing defects (i.e., a large-scale pre-
crack) during the loading (Pan et al. 2013; Yin et al. 2018).
This further increases the stress concentration at the pre-
crack tip and decreases the load-bearing capacity of the
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Fig. 7 Energy-conversion rules for precracked rock samples: a before
peak; b after peak

specimen. Consequently, the total accumulated energy
varies. According to the total and dissipative energy
curves, the highest increase rate is that for a crack dip angle
of 45°, which undergoes a mixed tensile-shear failure. The
initiation and propagation rates of mixed-mode secondary
cracks emanating from the precrack are much higher than
those obtained under pure tensile or shear fracture modes.

Figure 7b shows the released and surplus energy curves
of precracked specimens after the peak. The presence of
precracks caused the specimens to exhibit brittle failure
features, resulting in a smaller peak released energy after
the peak. The failure process of the rock specimens with
large-scale precracks involved the initiation and propaga-
tion of cracks emanating from the precrack tips. Macro-
scopic tensile-shear cracks appeared at the specimen
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surface, and later the elastic energy stored in the specimen
was released rapidly through the macroscopic tensile-shear
cracks. This part of the energy would cause massive
delamination of rock layers near the precracks and struc-
tural changes of defect-containing specimens.

5 AE testing of precracked rock specimens
5.1 AE energy and ring-down count

Figure 8a—c combine the stress-time curves and AE energy
and AE ring-down count curves constructed during the
fracture process under uniaxial compression tests of pre-
cracked rock specimens with different dip angles. The AE
ring-down count is the number of times that an AE tran-
sient crosses the detection threshold and causes the sensor
to ring like a bell. At the compaction stage of the rock
specimens, the loading stress was small, and the primary
cracks underwent deformation and closure, whereas the
secondary cracks were initiated and developed. The area of
microcracks was small, and the friction, dislocation, and
tensile-shear fracture between the cracks were low-scale.
At this stage, few elastic waves were generated, and crack
compaction, initiation, and propagation had only a micro-
scopic scale, and the AE energy and ring-down count were
still low. As the load increased, the energy output of the
test machine was transferred to the rock specimen in the
form of elastic energy. This process was accompanied by
the compaction and propagation of primary cracks, as well
as the initiation and propagation of secondary cracks.
Under different dip angles of precracks, the first peaks of
AE energy and AE ring-down count occurred at different
positions. However, all of them fell within the elastic stage
of the stress-time curve for crack dip angles of 60°, 45°,
and 30°. Specifically, the time nodes were 101, 75, and
37 s, respectively. The AE ring-down counts were 654,
2687, and 5469, respectively, and macroscopic cracks
appeared at the specimen surface for the first time. At this
stage, the elastic energy stored in the rock specimen was
released via its weak surfaces, such as macroscopic cracks.
Cracking sounds could be heard, and the AE energy and
AE ring-down count increased suddenly, similar to a single
earthquake wave. As the precrack dip angle decreased, the
first peaks of AE energy and AE ring-down count occurred,
and the corresponding loading stresses were 25.6, 18.9, and
9.2 MPa, respectively. Thus, as the precrack dip angle
decreased, the loading stress needed for the first appearance
of macroscopic cracks at the specimen surface (first peaks
of AE energy and AE ring-down count) decreased. The
macroscopic cracks occurred earlier for the following
possible reasons. As the precrack dip angle decreased,
there was a transition from tensile cleavage failure to pure
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shear. This transition enhanced the frictional effect
between fracture surfaces, and the elastic wave released
increases. Even under smaller external loads, large elastic
waves were released within the rock specimen, and on the
macroscopic scale, the peak AE energy and AE ring-down
count occurred earlier.

The stress-time curve of the precracked rock specimens
entered the plastic and residual deformation stages, and
multiple peaks of AE energy and AE ring-down count were
observed, similar to repeated earthquake shocks. Such
sudden jumps correspond to where the stress-time curved
rops sharply and occurred mainly in the plastic stage
(where the stress increased with the fluctuation before the
peak) and the elastic deformation stage (where the brit-
tleness decreased linearly after the peak). At these two
stages, multiple new cracks propagated and coalesced at
the precrack tip, thereby increasing the density of elastic
waves within the specimen. Moreover, as the precrack dip
angle decreased, both the AE energy and AE ring-down
count increased at these two stages. This is because as the
precrack dip angle decreased, a transition occurred from
the mixed (tensile-shear) mode to the pure shear mode.
Based on the fracture morphology of the tensile and shear
modes obtained via SEM, the frictional effect between
cracks in the specimen was enhanced, and more macro-
scopic cracks appeared and coalesced. The elastic energy
accumulated before the peak was released rapidly via weak
surfaces such as cracks, resulting in the delamination and
peeling-off of crack faces. During this process, numerous
elastic waves were released, and the AE energy and ring-
down count increased. The smaller the precrack dip angle,
the more pronounced the phenomenon.

5.2 Cumulative ring-down count

Figure 8d combines the cumulative AE ring-down count
curves of the precracked rock specimens with different dip
angles. A stepped increasing trend is observed in these
curves, where each step represents a jump in the stress-
strain curve. The cumulative AE ring-down curve of the
rock specimens with a crack dip angle of 30° first appeared
the step point, followed by those with angles of 45° and
60°. Also, the rise of the first step point is higher than those
for 45° and 60°. The number of step points that occurred
during the cumulative AE ring-down of the rock specimens
with a crack dip angle of 30° was more than those for 45°
and 60°. The step points in the cumulative AE ring-down
curve for the specimens with a crack dip angle of 60° were
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concentrated mainly in the post-peak failure phase, those
for the specimens with a crack dip angle of 45° were
concentrated mainly in the plastic phase and post-peak
failure phase, and those for the specimens with a crack dip
angle of 30° were distributed throughout the rock failure
stage. The cumulative AE ring-down count of the rock
specimens was the highest fora crack dip angle of 30°,
followed in turn by those with angles of 45° and 60°. The
corresponding cumulative loading duration was the small-
est under a crack dip angle of 30°, followed in turn by 45°
and 60°. The steepest step was observed for a dip angle of
30°, and the smallest one was observed at 60°. Thus, the
number of cracks was the highest and their propagation
was the fastest for a dip angle of 30°. The energy release
was also the most pronounced. More cracks were observed
in the case of a dip angle of 60° than 45°, even though the
crack propagation speed was the lowest. This is because the
normal to the precrack direction at 60° was closer to the
loading direction, and the deformation and closure of pri-
mary cracks during the loading process were much larger
than those for 45°. Therefore, primary damages such as
microcracks within the specimen had more time to evolve,
the crack propagation slowed down, and the released
energy was weaker. The compressive strength of the pre-
cracked specimens with a dip angle of 45° was higher than
that for 60°, and at this time the structural effect was
enhanced.

6 Conclusions

The presence of precracks deteriorated the compressive
strength and deformation features of coal-rock specimens.
As the precrack dip angle decreased, the compressive
strength of the sandstone specimens decreased gradually,
and the time to peak stress was also shortened. The axial
strain upon failure decreased, and a transition from cleav-
age to shear mode occurred.

(1) The fracture surface was rough. Crystal aggregates
appeared at the fracture interface. Under shear mode,
the fracture surface had a layered structure, with
traces of friction and developed microcracks.

(2) As the dip angle decreased, the first peaks of AE
energy and ring-down count occurred earlier. A
stepped increasing trend was observed in the cumu-
lative ring-down count curves at the rock failure
stage.

(3) Based on the first high-value AE signals and the
turning point of cumulative AE ringing amounts, the
macroscopic geological structure can be detected
onsite, and the occurrence of coal-rock mass faults
can also be reasonably inferred. This method

@ Springer

provides a new method for predicting coal-rock
dynamic disasters.
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