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Abstract
The mechanical property of roof is critically important for underground coal mining activities. The existence of hard roof that
cannot cave naturally after coal extraction results in an unconsolidated goaf with large voids, and the sudden failure of this type of
roof in uncontrolled manner will cause server windblast or rockburst hazard. To address this hazard, pre-existing fractures are
created in roof by hydraulic fracturing or blasting to weaken the hard roof and promote its natural caving. The effectiveness of
these roof weakening techniques is highly dependent on the geometry of pre-conditioned fractures and its impact on the
mechanical behaviour of combined roof-coal strata, which has not been well-explored yet. Therefore, 21 groups of uniaxial
compression testing on combined rock-coal specimens with pre-existing cracks were carried out, and the effect of fracture length
and angle on the mechanical properties and failure modes of combined rock-coal strata were investigated. It can be concluded that
longer cracks and/or cracks with angle closer to 30° tend to have the following characteristics. (1) The more gentle the stress-
strain curve of the combined coal and rock tends to be, the larger the decrease range of its elastic modulus, peak strength and peak
strain, and the smaller the strain interval corresponding to the elastic-plastic stage. The results show that the artificial fracture
weakens the mechanical properties of composite coal and accelerates the process frommicro-crack tomacro failure. (2)When the
specimen enters the plastic stage, the acoustic emission jumps sharply; the cumulative number of micro-cracks and the cumu-
lative energy released during the whole loading process gradually decrease, and the number of micro-cracks and the released
energy at the moment of failure also decrease gradually. (3) The crack-initiating stress for combined coal-rock specimens
gradually decreases via one of three typical modes: preferential crack initiation of coal, simultaneous crack initiation of combined
coal-rock and preferential crack initiation of rock, which also matches with coal failure, rock-coal failure and rock failure in the
combined specimens. Thus, to promote the continuous fracture of the roof under loading, the length and orientation of the pre-
conditioned cracks must be controlled and optimised.
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Introduction

Thirty-eight percent of the world’s electricity and 71% of the
world’s steel are produced by coal. Longwall mining as the most
productive underground coal extractionmethod requires the con-
tinuous caving of roof strata behind a working face to develop a
caved area, which is named as goaf. However, coal seams some-
timesmay be overlying by strong and hard roofs that cannot cave
naturally after coal extraction to develop the goaf. In this case, the
hard hanging roof may form a large void area behind the face,
and once it fails in an uncontrolled manner, it can result in wind-
blast, rockburst (Kaiser 2012; Mazaira and Konicek 2015; Qiu
et al. 2014; Cai et al. 2016;Wu et al. 2020) or outburst (Lin et al.
2015; Si et al. 2015), which is a server threat to coal mine health
and safety. To address this hazard, fractures are normally created
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in hard roofs by hydraulic fracturing (Huang et al. 2015), water-
jet slotting (Si et al. 2015) or blasting (Yang et al. 2016) to
weaken the strength of the hard roofs and promote its natural
caving. The underpinning knowledge to determine the effective-
ness of these techniques is the interactive behaviour of pre-
conditioned fractures in the combined roof and coal strata, such
as the weakening of mechanical properties, induced seismic re-
sponse and the damage characteristics of the hard roof after frac-
turing treatment (Huang et al. 2018; Lu et al. 2015; Tan et al.
2015).

The most common method applied in coal mine to fracture
hard roof is based on hydraulic fracturing. High-pressure water is
normally injected into the hard roof through boreholes ahead of a
working face, which can initiate a connected fracture network,
release elastic strain energy and contribute to the roof nature caving

(Ouyang 2012; Lin et al. 2011). The development of roof fractures
is mainly controlled by the interaction between in situ stress and
the natural fracture network. Additionally, different patterns can
lead to various weakening degrees of the roof rock and coal strata.
In practice, the roof and coal seam are loaded simultaneously, and
the deformation of roof fracture can also be affected by the under-
lying coal seam. Lack of understanding on roof fracture develop-
mentmay result in dynamic disasters such as rock/coal burst or gas
outbursts caused by the instability of the combined coal-rock sys-
tem (Lu et al. 2015; Zhao et al. 2016; Wang et al. 2019; Qiu et al.
2020). Therefore, improving the understanding on the failure in
the combined coal-rock strata can provide significant guidance for
hydraulic fracturing design to precondition hard roofs, which can
reduce the risk of dynamic hazards.

(a) Coal and rock parts to form the combined specimen

(b) Water-jet cutting to create preconditioned cracks in the combined coal-rock specimen

(c) An overview of all combined specimens with preconditioned cracks in roof rock

Fig. 1 Preparation of combined
coal-rock specimens with pre-
conditioned cracks. a Coal-rock
parts to form the combined spec-
imen. bWater-jet cutting to create
pre-conditioned cracks in the
combined coal-rock specimen. c
An overview of all combined
specimens with pre-conditioned
cracks in roof rock
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Significant investigations have been conducted on the
strength and failure modes of “combined coal-rock mass”
structures. For example, Petukhov and Linkov (1979) ana-
lyzed the post-peak stability of a roof-coal system. Chen
et al. (2017) studied the influence of the uniaxial compressive
strength of rock-coal height ratio on the roof and coal-mass
structure, macro-damage crack-initiating stress and elastic
modulus. The precursory information of uniaxial compression
instability failure of sandstone-coal and sandstone-coal-
mudstone was compared by Zhao et al. (2008) using infrared
thermography, acoustic emission (AE) and strain monitoring.
Huang and Liu (2013) researched the influence of the loading
rate on the mechanical properties of combined coal-rock. Liu
et al. (2015) studied the effect of strength on the failure pattern
and mechanical behaviour of a rock-coal-rock combined spec-
imen. Guo et al. (2011) and Zhao et al. (2016) studied the
strength and failure mechanism of combined coal-rock mass
with different dip angles. Zhang et al. (2012) studied how
three combinations (rock-coal-rock, rock-coal and coal-rock)
affect the mechanical properties and failure characteristics of
coal-rock composites. Zuo et al. (2016) studied the mechani-
cal properties and failure characteristics of coal-rock compos-
ites under different stress states. Finally, Lu (2008)
studied rock-coal height ratio affect coal-rock compos-
ites, including “roof and coal seam”, “coal seam and
basic roof”, “coal seam and immediate roof” and “floor,
coal seam, basic roof”.

The research discussed above is of great significance to
understand the strength and failure characteristics of com-
bined coal-rock strata. However, these studies focus on intact
combined coal-rock, whereas few studies deal with combined

coal-rock with fractures. In a recent paper, Yin et al. (2018)
studied the strength and failure characteristics of combined
coal-rock with interior penetration and single fracture in a coal
seam and analyzed how fracture angle affects the mechanical
properties of coal-rock composite failure. Chen et al. (2019)
used a numerical simulation to analyse how the loading rate
affects uniaxial compression failure of combined coal-rock.
However, no reports are yet available on how pre-
conditioned cracks in the rock affect the mechanical properties
of combined coal-rock. Thus, the present work studies how
artificially induced rock cracks affect the mechanical proper-
ties and failure modes of combined coal-rock under uniaxial
compression. The research is essential for guiding hydraulic
fracturing to weaken hard roofs, and therefore reducing the
risks of windblasts, rockbursts and outbursts.

Experiment setup

Specimen preparation

Lump rock samples were taken from the 3107 working face of
Shenshuban Coal Mine in Yulin city, Shanxi. Roof mudstone
and coal were selected and cored into standard cylindrical
specimens, with a diameter of 50 mm and a height of
50 mm, respectively. The adhesives, such as super glue (502
glue) (Huang and Liu 2013), the AB adhesive (Liu et al. 2004)
and modified acrylate adhesive (Gong et al. 2018), are often
used in the manufacture of coal-rock-combined specimen.
Therefore, the super glue (502 glue) was selected in the paper.
Then, the rock and coal specimens were bonded with glue

Loading system

AE sensor

Composite sample

Loading control and 

data storage system

Front -end amplifier

AE monitorrine system

Fig. 2 Overview of experiment
setup
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(Fig. 1a) to form a combined coal-rock specimen. The sizes
and parallelism of the combined coal-rock specimens were
determined and checked by a caliper, a right-angle ruler, a
horizontal test platform, dial indicators and a dial-indicator
rack, respectively. The combined specimen met the following
requirement: (1) the two end-planes of the specimen need to
be parallel and should not deviate by more than 0.05 mm, (2)
the area of the two ends of the specimen should not be differ-
ent by more than 0.2 mm and (3) the two ends of the specimen
should be perpendicular to the axis of the specimen.

High-pressure water-jet cutting was used to cut the rock
part of the combined coal-rock specimen to create cracks at
a certain length and angle, as shown in Fig. 1(b). Each crack
aperture was 0.5 mm wide. Figure 1(c) shows an overview of
21 combined coal-rock specimens with various pre-existing
cracks to be tested in this research. The intact specimen of
combined coal-rock with no fractures was used as a reference
group. For this physical sample, the fracture angle is usually
set to 0° to 90°. When the fracture angle is set at 45°, the
failure mode of model is obvious and easily discernible. It is
convenient to observe the influence of fracture trace length on
the mechanical properties and failure mechanism of the mod-
el. Additionally, non-penetrated cracks exist more widely in
nature; therefore, the crack length was set as 30 mm to make
on-penetrated crack samples. Therefore, crack specimens can
be categorized into two groups: (1) the crack angle was fixed
at θ = 45°, and the crack lengths L were set as 5 mm, 15 mm,

25mm, 30mm, 40mm and 50mm; (2) the crack length Lwas
fixed at 30 mm, and the crack angles were set as 0°, 15°, 30°,
45°, 60°, 75° and 90°.

Experiment procedure

The DAW-300 rock mechanics testing system is used for
combined specimen testing, which is shown in Fig. 2. The
24-channel Acoustic Emission (AE) system (American
Acoustic Company, USA) is used to monitor the entire load-
ing process. Two NANO-30 sensors with a working frequen-
cy ranging from 35 to 100 kHz and a resonance frequency of
55 kHz are used to record AE signals. The peak frequency of
the sensor is 268.55 kHz, and the threshold value, the gain, the
lower limit of the analogy filter, the upper limit and the
sampling frequency are set as 45 dB, 40 dB, 1 kHz,
400 kHz and 20 kHz. The combined coal-rock speci-
mens are placed on the loading frame under uniaxial
loading rate at 0.5 mm/min until failure occurs.

Analysis of experiment results

Analysis of mechanical properties of coal-rock

A serious of uniaxial compression tests is conducted on intact
mudstone, pure coal, intact combined coal-rock and cracked
combined coal-rock specimens to obtain the stress-strain
curves and mechanical parameters of the four materials, as
seen in Fig. 3. Results show that the strength and elastic mod-
ulus of rock > intact combined coal-rock > coal > cracked
combined coal-rock. Overall, the mechanical properties of
the intact combined coal-rock are in between that of pure
coal-rock, but the existence of crack has weakened the
strength and deformation behaviour of intact combined coal.
Additionally, the triaxial compression tests are carried out for
the intact mudstone and pure coal, and the corresponding me-
chanical parameters are given in Table 1.

Failure process and acoustic emission of combined
coal-rock specimens with pre-existing cracks

An intact specimen and five pre-conditioned crack specimens
were selected to demonstrate their stress-strain curves and AE
characteristics, as shown in Fig. 4. The graph shows that the
stress-strain curves for the intact specimen and crack

Table 1 Mechanical parameters
of the intact rock and coal Material type Peak strength (MPa) Elastic modulus (GPa) Friction angle (°) Cohesion (MPa)

Rock 28.807 2.832 31 3.2

Coal 17.986 1.465 19 0.8
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Fig. 3 Mechanical properties of coal, rock, intact combined coal-rock and
cracked combined coal-rock
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(a) Intact specimen.                       (b) For crack with L = 5 mm, θ = 45°
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(c) For crack with L = 30 mm, θ = 90°                    (d) For crack with L =25 mm, θ = 45°
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(e) For crack with L = 15 mm, θ = 45 (f) For crack with L =30 mm, θ = 15°

Fig. 4 Failure process andAE of combined coal-rock specimens with cracks. a Intact specimen. b For crackwith L = 5mm, θ = 45°. c For crack with L =
30 mm, θ = 90°. d For crack with L = 25 mm, θ = 45°. e For crack with L = 15 mm, θ = 45°. f For crack with L = 30 mm, θ = 15°
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specimens are similar to each other, which can be di-
vided into four stages: compaction stage, linear elastic
stage, plastic stage and damage stage. The first three
stages are determined (Cai 2010; Gong and Wu 2020)
and labelled as I, II and III in Fig. 4.

With increasing axial strain, a clear correspondence be-
tween AE and various stages of stress-strain curves for com-
bined coal-rock specimens can be observed. At the compac-
tion stage, there is few AE events and weak energy release,
which indicates that few fractures occurred in the specimen.
Then, at the linear elastic stage, the number of AE events as
well as AE energy begins to increase slightly, which indicates
the initiation of micro-cracks within the specimens.Moreover,
at the plastic stage, both the number of AE events and the
energy release increases significantly, indicating a significant
increase in the number of cracks, which corresponds to the
rapid growth and extension of micro-cracks. Finally, when the
peak strength is reached, the number of AE events increases
rapidly, accompanied by a sudden release of a large amount of
energy, which indicates that a large number of micro-cracks
are rapidly generated, propagated and coalesced into macro-
cracks and leads to the failure of whole specimens.

Figure 4 shows the failure process of the specimen during
various stages of loading. A comparison among the intact
specimen (Fig. 4(a)), specimen with a 5-mm long and 45°
angle crack (Fig. 4(b)) and specimen with a 30-mm long and
90° angle crack (Fig. 4(c)) shows that the failure process is
similar for the three cases. Upon loading these specimens,
cracks first initiates in the coal, and then propagates and coa-
lesces until the coal is completely fractured by tensile stress.
However, cracks in the coal could not penetrate to the rock,
and thus, the rock remains intact. For the specimen with a 25-
mm long and 45° angle crack and the specimen with a 15-mm
long and 90° angle crack, as plotted in Fig. 4d and e, they
share a similar failure process. The cracks initiate roughly at

the same time in the combined coal-rock. Both wing and
branching cracks appear at the tip and periphery of the pre-
set crack in the rock, whereas tensile cracks appear in the coal.
Upon increasing axial loading, cracks expand independently
in the combined coal-rock, and some rock cracks penetrate
into the coal. For the specimen with the 30-mm long and
15° angle crack, as seen in Fig. 4(f), the cracks initiate prefer-
entially along pre-set cracks, then secondary cracks and wing
cracks occur at the tip of the pre-set cracks, which eventually
lead to rock shear failure.

Figure 4 shows that the number of micro-cracks released in
the elastic-plastic stage increases steadily for the intact speci-
men. On the other hand, for the pre-conditioned specimens,
the number of micro-cracks increased is in a bumpy and dis-
continuous manner when the specimen enters the plastic de-
formation stage. This is because the pre-set cracks have
changed the gradual process from micro-crack propagation
to throughout penetration in the plastic stage, which is pre-
dominated by the sudden coalesce between micro-cracks and
pre-set cracks.

Effect of crack length and angle on the stress-strain
curves of combined coal-rock specimens

Figure 5 shows the stress-strain curves of pre-conditioned
specimens with various crack lengths and angles.
Results show that the peak strength decreases gradually
with increasing crack length, and the slope of the stress-
strain curve gradually becomes gentle, as plotted in
Fig. 5(a). The stress-strain curve in Fig. 5(b) first flattens
and then steepens as the crack angle θ increases from 0°
to 90°. The shortest stress-strain curve of the specimen is
for the L = 50 mm and 30° pre-set crack. Moreover, the
strain intervals corresponding to the compaction stages of
the specimens do not vary significantly in different
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specimens, whereas the strain intervals corresponding to
the elastic-plastic stage are clearly different. Moreover, as
the pre-set crack length increases or the crack angle ap-
proaches 30°, the strain interval of the specimen in the
elastic-plastic stage decreases, which indicates that these
specific configurations of pre-set cracks can accelerate the
transition of entire specimens from micro-scale cracking
to macro-scale failure.

Effect of crack length and angle on the mechanical
parameters of combined coal-rock specimens

Table 2 shows the average mechanical parameters of the spec-
imen of intact combined coal-rocks and combined coal-rocks
with the fracture. Figure 6 gives the results of uniaxial com-
pression measurements of combined coal-rocks with pre-set
cracks of different lengths. The results show that the elastic
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Fig. 6 Strength and deformation as a function of crack length in the combined coal-rock specimens

Table 2 Mechanical parameters of combined specimen

Crack
angle (°)

Crack length
L (mm)

Elastic
modulus (GPa)

Peak
strength (MPa)

Peak strain Crack
length L (mm)

Crack angle (°) Elastic
modulus (GPa)

Peak
strength (MPa)

Peak strain

Intact – 1.4086 20.866 0.022 30 0 1.020 12.585 0.018

45 5 1.115 17.687 0.019 30 15 0.811 8.596 0.015

45 15 1.257 15.997 0.014 30 30 0.735 7.3464 0.011

45 25 1.080 13.667 0.012 30 45 1.000 11.922 0.016

45 30 1.000 11.922 0.016 30 60 1.067 11.085 0.015

45 40 0.762 9.537 0.015 30 75 1.399 19.430 0.020

45 50 0.520 4.449 0.012 30 90 1.359 20.225 0.022
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modulus, peak strength and peak strain of the combined coal-
rock specimens decrease linearly with increasing crack length.
The relationship between the elastic modulus and crack length
can be described by a linear relationship y = − 1444.97x +
1352, where the elastic modulus decreases from 1.338 GPa
(intact combined coal-rock) in the intact specimen to
0.519 GPa in the specimen with a 50-mm crack by 61.2%.
The relationship between the peak strength and crack length
can be fitted by y = − 2.9561x + 20.414, where the peak
strength decreases from 20.865 MPa in intact combined
coal-rock to 4.449 MPa in the specimen with a 50-mm crack
(a decrease of 78.7%). Finally, the fit between the peak strain
and crack length follows y = − 0.0015x + 0.0192, where the
peak strain decreases from 0.0215 in the intact specimen to
0.0118 in the specimen with a 50-mm crack by 45.1%.

Figure 7 shows the results of uniaxial compression mea-
surements of combined coal-rocks specimens with cracks of
different angles. With the increasing crack angle, the elastic
modulus, peak strength and peak strain of the combined coal-
rock specimen show approximately U-shaped, and have ap-
parent anisotropy. Compared with the intact specimen, the
maximum and minimum values of elastic modulus of the

combined coal-rock specimen of decrease are 45.1% and
0.7% in 30° and 75° crack angle (as plotted in Fig. 7(a)),
respectively. To the peak strength, the maximum and mini-
mum values of decrease are 64.8% and 3.1% in 30° and 75°
crack angle (as plotted in Fig. 7(b)), respectively. Besides, the
maximum and minimum values of decrease are 48.2% and −
9.2 (increase) in 30° and 90° crack angle for peak strain (as
plotted in Fig. 7(c)), respectively. Results show that the elastic
modulus, peak strength and peak strain of combined coal-rock
specimen are almost equal to those of the intact speci-
men when the cracks are oriented at θ = 75° and 90°.
The elastic modulus, peak strength and peak strain of
combined specimens reach their minimum values as θ
approaches to 30°.

The longer the artificial crack is, or the closer the crack
angle is to 30°, the reduction in elastic modulus, peak strength
and peak strain become larger for the combined coal-rock
specimens, and the better weakening effect induced by the
pre-conditioned cracks. This observation can be explained
by that longer cracks have a larger discontinuous surface,
which is easier to trigger sliding failure. In addition, according
to theMohr-Columbus failure criterion, given that the angle of
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internal friction for roof rock is approximately 31° (as shown
in Table 1), the weakest plane for the pre-conditioned crack to
initiate shear failure is at the 45° minus half of internal friction
angle, which suggests that the 30° crack angle is the weakest
plane.

Effect of crack length and angle on the AE of
combined coal-rock specimens

The measurement results of AE for combined coal-rock
specimens with different crack lengths is shown in
Fig. 8. Results show that, with the increase of axial
strain, there is no micro-crack initially and then follow-
ed by rapid growth of micro-cracks as indicated by the
number and energy release of AE. The number of cu-
mulative events and cumulative energy of AE for the
intact specimen is higher than pre-conditioned speci-
mens. Furthermore, as the crack length L increases from

5 to 50 mm, the number of AE cumulative events de-
creases from 0.65 to 83.2%, and the cumulative energy
decreases from 20.5 to 84.7% (as shown in Table 3).
This indicates that, with increasing crack length, the
number of cumulative events and the cumulative energy
of AE both decreases gradually. The number of AE
events and energy release at the moment of specimen
failure for various crack lengths is summarised in Fig.
8(c), which also presents a similar trend.

Figure 9 shows the cumulative event number and cumula-
tive energy release of AE for the intact specimen and speci-
mens with various crack angles during the entire loading pro-
cess. As the crack angle θ increases from 0° to 90° in 15°
steps, the cumulative number of AE events decreases respec-
tively by 35.6%, 66.1%, 68.8%, 58.3%, 48.1% and 28.5% and
increases by 5.6%. Furthermore, as the crack angle θ increases
from 0° to 90° in every 15° steps, the cumulative AE energy
decreases respectively by 37.7%, 71.7%, 81.7%, 65.9%,
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35.6% and 17.1% and increases by 15.3% (seen in Table 4).
These results show that, as the crack angle θ increases from 0°
to 90°, the cumulative number of AE events and the cumula-
tive energy first decrease and then increase. The minimal cu-
mulative number of events and cumulative energy occur
for the specimens with 30° and 45°cracks. A more
straightforward variation trend can be found in

Fig. 9(c), where the number of AE events and the AE
energy at the moment of specimen failure was plotted
against the change of crack angles.

The above experiment results suggest that the longer the
artificial crack is, or the closer the crack angle is to 30°, the
fewer micro-cracks and the less energy released during the
whole loading process, and the few number of micro-cracks
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Table 3 Statistics of cumulative
number and cumulative energy of
AE for combined specimens with
different crack lengths

Crack length L
(mm)

Crack angle
θ (°)

Cumulative event
number (105 J)

Decrease
(%)

Cumulative energy
release (105 J)

Decrease
(%)

Intact - 3.841 - 1.251 -

5 45 3.816 − 0.65 0.995 − 20.5
25 45 2.142 − 44.2 0.785 − 37.3
30 45 1.603 − 58.3 0.427 − 65.9
40 45 2.362 − 38.5 0.688 − 45.0
50 45 0.647 − 83.2 0.192 − 84.7
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and the energy released at the moment of failure. This indi-
cates that the micro-macro-damage caused by the artificial
crack has the trend of changing from acuteness to moderation
during the loading process.

Effect of crack length and angle on crack-initiating
modes and stress of combined coal-rock specimens

Crack-initiating stress

When the stress at the tip of a crack reaches the critical stress,
micro-cracks begin to appear, corresponding to the starting
point of the linear elastic stage in Fig. 4. The stress at this
point is called the crack-initiating stress σc and corre-
sponds to the point at which the original crack inside
the rock is compacted, and the new crack initiates and
begins to propagate.

Figure 10(a) shows the crack-initiating stress of specimens
as a function of crack length. The crack-initiating stress of the

intact specimen is the highest (6.371 MPa). Compared with
the stress in the intact specimen, the crack-initiating stress in
the specimen with various fracture trace decreases by 0.69%,
0.59%, 8.37%, 18.34%, 52.40% and 77.13%, respectively.
This indicates that the crack-initiating stress decreases gradu-
ally with increasing crack length.

Figure 10(b) shows the crack-initiating stress of specimens
as a function of crack angle. When θ ranges from 0° to 90° in
15° steps, the crack-initiating stress of the specimen decreases
by 17.1%, 39.6%, 52.1%, 45.0%, 16.3%, 1.6% and 0.1%,
respectively, compared with that of the intact specimen. This
shows that, as θ increases, the crack-initiating stress of the
specimen first decreases and then increases, with the mini-
mum crack-initiating stress occurring at θ = 30°.

Crack-initiating modes

Figure 11(a) shows the crack-initiating process of specimens
with various crack lengths. The crack-initiating process of the
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Table 4 Statistics of
the cumulative number of AE
events and cumulative AE energy
for combined specimens with
various crack angles

Crack angle θ
(°)

Crack length L
(mm)

Cumulative number
(105)

Decrease
(%)

Cumulative energy
(105 J)

Decrease
(%)

Intact - 3.841 - 1.251 -

0° 30 2.473 − 35.6 0.779 − 37.7
15° 30 1.301 − 66.1 0.354 − 71.7
30° 30 1.199 − 68.8 0.229 − 81.7
45° 30 1.600 − 58.3 0.427 − 65.9
60° 30 1.995 − 48.1 0.806 − 35.6
75° 30 2.746 − 28.5 1.037 − 17.1
90° 30 4.058 + 5.6 1.443 + 15.3
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specimen with L = 5 mm is similar to that of the intact speci-
men. Upon loading the specimen, the crack is first initiated in
the coal. The crack initiation processes for specimens with
L = 15mm and L = 30mm are both similar. The cracks initiate
basically at the same time in the combined coal-rock. Both
wing and branching cracks appear at the tip and periphery of
the pre-set crack in the rock, whereas tensile cracks appear in

the coal. The crack-initiating process of the specimenwith L =
40 mm is similar to that of the specimen with L = 50 mm. In
both specimens, the cracks initiate preferentially along pre-set
cracks, secondary cracks and wing cracks that occur at the tip
of the pre-set cracks, causing rock shear failure.

The crack-initiating process of specimens is shown in
Fig. 11(b) for different crack angles. Upon loading a specimen

(a) Crack length

(b) Crack angle

Crack initiation in rock
Crack initiation in 

   coal and rockCrack initiation in coal

Intact L=5mm L=15mm L=25mm L=30mm L=40mm L=50mm

Crack initiation in coalCrack initiation in 

coal and rock

Crack initiation in rock

=90°=75°=60°=45°=30°=15°=0°

Crack initiation in coal

� � � � � � �

Fig. 11 Effect of crack length and
angle on crack initiation
characteristics and failure modes
of combined coal-rock speci-
mens. a Crack length. b Crack
angle
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with θ = 0°, the crack first initiated in the coal. The crack-
initiating processes of specimens with θ = 15°and θ = 30° are
similar: both are preferentially initiated in the middle and the
tip of pre-set cracks, secondary cracks and wing cracks, there-
by causing shear failure of the rock. Upon loading the speci-
men with a pre-set crack at θ = 45°, cracks are simultaneously
initiated in both combined coal-rock. Both wing and
branching cracks appear at the tip and periphery of the pre-

set crack in the rock, and tensile cracks appear in the coal. The
crack-initiating processes of specimens with θ = 60°, θ = 75°
and θ = 90° are all similar, where cracks first initiate in the
coal.

These experimental results show that an increase in crack
length or a gradual approach of the crack angle to 30° leads to
one of three crack-initiating modes in the specimens:

(a) Crack length

(b) Crack angle

Rock failureCoal and rock failureCoal failure

(VII)L=50 mm(VI)L=40mmm(V)L=30 mm(IV)L=25mm(III)L=15mm(II) L=5 mm( ) Intact 

(VII) = 90°(VI) = 75°(V) = 60°(IV) = 45°(III) = 30°(II) = 15°(I) = 0°

Coal failure Rock failure
Coal and rock

failure
Coal failure

Fig. 12 Effect of crack length and angle on failure characteristics and failure modes of combined coal-rock. a Crack length. b Crack angle
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preferential crack initiation in coal, simultaneous crack initia-
tion in combined coal-rock and preferential crack initiation in
rock.

Effect of crack length and angle on failure
characteristics and failure modes of combined coal-
rock specimens

Figure 12(a) shows how the crack length affects the failure char-
acteristics of specimens.With increasing pre-set crack length, the
failuremode varies from coal failure only to coal-and-rock failure
and finally to rock failure only. After loading the intact specimen
and a specimen with a crack length L = 5 mm, the rock did not
break, but the coal was severely damaged. Moreover, the frag-
ments were found to be small and uniform with a high degree of
breakage, which indicates that the failure mode of the specimen
is mainly coal failure, as seen in Figs. 12a (I) and 12a (II)).
The damage was observed in both combined coal-rock parts
for the specimens with crack lengths of L = 15 mm and
25 mm: the rock part presented shear failure along the pre-
conditioned cracks while coal presented predominately tension
failure. Furthermore, the fragments increased in size but de-
creased in number, as plotted in Figs. 12a (III) and 12a (IV).
For specimens with pre-set crack lengths L = 30, 40 and
50 mm, rock shear failure along the cracks was observed and
some of these shear cracks even penetrated to the coal part.
However, no tensile failure appeared in coal, and the shape of
the coal part remained relatively intact. These results indicate that
rock failure is the main failure mode for the combined coal-rock
specimens, as shown in Figs. 12a (V), 12a (VI) and 12a (VII).

Figure 12b shows how the crack angle affects the failure
mode of various specimens. As the pre-set crack angle varies
from 0° to 90° in every 15° steps, the specimen failure mode
ranges from coal failure to rock failure to coal-and-rock failure
and finally to coal failure. After loading the specimen with a
pre-set crack angle at θ = 0, the rock did not break, but the coal
was severely damaged with a high degree of breakage.
Furthermore, the coal fragments are small and uniform, which
indicates that the failure mode of specimen is mainly tensile
failure of the coal part, as seen Fig. 12b (I). After loading the
specimen with pre-set cracks at θ = 15° and 30°, rock present-
ed a shear failure along the pre-set cracks, which also pene-
trated into the coal part. On the other hand, no tensile cracks
were observed in the coal and the shape of coal remained
relatively intact. This indicates that rock failure is the main
failure mode for the combined coal-rock specimen, as shown
in Figs. 12b (II) and 12b (III). Damage was observed in both
combined coal-rock parts for the specimens with pre-set crack
angles at θ = 45°: shear failure was observed in the rock along
the pre-set cracks and tensile presented in the coal part. In
addition, the fragments are larger and fewer compared with
other angles, as plotted in Fig. 12b (IV). Upon loading the
specimen with pre-set cracks at θ = 60°–90°, the rock did not

break, but the degree of coal breakage was severe, and the
fragments were small and uniform, which indicates that the
failure mode of the specimen is primary tensile failure in the
coal, as seen in Figs. 12b (V), 12b (VI) and 12b (VII).

The experiment results show that, upon gradually enlarging
the length of pre-set cracks or having the crack angle approach
30°, the specimen can experience one of three typical failure
modes: coal failure, coal-and-rock failure and rock failure.
The final fracture mode of combined coal-rock with pre-
conditioned cracks is closely related to the crack parameters:
the crack angle mainly affects the location of the crack initia-
tion, and the crack length mainly affects the fracturing degree
of the specimen. Therefore, in terms of pre-fracturing roof
rock to control excessive roof strata stress and promote con-
tinuous roof fracturing and collapse, the artificial crack length
and orientation must be optimised. Note that rock shear cracks
often penetrate into and damage the coal, but the coal cracks
cannot penetrate into the rock.

Conclusion

This research focuses on understanding the impact of crack
length and crack angle on weakening roof-coal strata through
multiple uniaxial tests in the laboratory. Some of the key find-
ings are summarised below:

(1) By increasing the length of pre-conditioned cracks, or as
the crack angle gradually approaches 30°, the stress-
strain curve of combined coal-rock specimens tends to
be gentler. The range of the elastic modulus decreases,
the peak strength and peak strain increase and the strain
interval corresponding to the elastic-plastic stage de-
creases. These results indicate that the artificial crack
weakens the mechanical properties of the combined
coal-rock and accelerates the transition from micro-
crack to macro-damage of the specimen.

(2) In combined coal-rock, the number of acoustic-emission
events and their energy clearly correspond with the
stress-strain curve. When the specimen enters the plastic
deformation stage, the number of acoustic emissions in-
creases with the jump style. For long pre-set cracks or
crack angles close to 30°, the cumulative number of
micro-cracks and the cumulative energy released over
the entire loading process decrease gradually, and the
number of micro-cracks and the energy released at the
moment of failure also decrease. These results indicate
that the transition from micro-crack to macro-damage in
the specimen starts to quiet down.

(3) With increasing pre-conditioned crack length or as the
crack angle approaches 30°, the crack-initiating stress in
the combined coal-rock specimen gradually decreases
via one of three crack-initiatingmodes: preferential crack
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initiation in coal, simultaneous crack initiation in com-
bined coal-rock and preferential crack initiation in rock.
Thus, three typical failure modes are possible: coal fail-
ure, combined coal-rock failure and rock failure.

(4) To reduce the risk of hazards caused by hard roofs and
improve the effectiveness of pre-conditioned fractures to
weaken these roofs, the length and orientation of artifi-
cial cracks should be well controlled and optimized.
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