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The rock burst proneness of coal is closely related to the coal mass structure. Therefore, the initial crack distribution of high burst
proneness coal, its fracture development, and failure process under loading conditions are of great signiﬁcance for the prediction
of rock burst. In this study, high burst proneness coal is used to prepare experiment samples. The surface cracks of the samples are
identiﬁed and recorded. The internal crack of the sample is detected by nuclear magnetic resonance (NMR) technology to
determine the crack ratio of each sample. Then, 3D-CAD technology is used to restore the initial crack of the samples.
Uniaxial compression test is carried out, and AE properties are recorded in the test. The stress-strain curve, the distribution of
the fractural points within the sample at diﬀerent stress states, and the relationship between ring count and stress are obtained.
Results show that the stress-strain curves of high burst proneness coal are almost linear, to which the stress-ring count curves
are similar. The distributions of fractural points in diﬀerent bearing states show that the fracture points emerge in the later
load stage and ﬁnally penetrate to form macrofracture, resulting in sample failure. This study reveals the initial crack
distribution of coal with high burst proneness and the fracture development under bearing conditions, which provides a
theoretical basis for the prediction technology of rock burst and technical support for the research of coal structure.

1. Introduction
Coal bump, or coal burst, is a type of violent geological
disaster that is described by sudden and rapid destruction
of coal mass around the roadway or a coal pillar, causing
casualties and signiﬁcant economic loss. Along with deep
underground mining, coal bump has become a major disaster for major coal-producing countries. For example, as the
biggest producer and consumer of coal in the world, China
currently has 132 burst proneness coal mines with an average mining depth of 653 m [1].
There are many factors related to rock burst. Firstly, geological conditions, such as buried depth, faults, and folds, are
closely related to rock burst [2, 3]. Horizontal tectonic stress
is identiﬁed as the force source of rock burst [4–6]. Rock
burst may also be related to gas and water contents and their
migration [7–9]. Mining-related disturbances are also an
important factor to inducing rock burst [10–13]. In addition,

the property of coal and rock mass itself, that is, the so-called
burst proneness, is another important factor in the occurrence of rock burst [14–17].
Coal is composed by matrix material and joints. Therefore, the impact tendency of coal is related to the structure
of coal [18–20]. Regarding the research on the relationship
between coal macrofracture and rock burst, Yin et al. [21]
used CT technology to carry out uniaxial compressive test
to analysis the CT of coal in each deformational stage from
microcrack initiation, bifurcation, development, fracture,
and failure. Pan et al. [22] analysed the energy storage and
consumption of coal from the perspective of microstructure
and constructed a quantitative relationship between the lithologic fabric of the coal and its impact tendency. Zhao et al.
[23] used X-ray diﬀraction, SEM, and microphotometer to
analyse the strength of coal burst proneness and obtained
the relationship between coal internal mesostructural
parameters and burst proneness. Jiang et al. [24] used
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Table 1: Average physical and mechanical parameters of the coals.

Density
(kg/m3)
1350

Compressive strength
(MPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction angle
(°)

Elastic modulus
(GPa)

Poisson
ratio

30.00

3.89

5.16

29.27

4.62

0.32

XRD, paramagnetic resonance, and SEM to obtain the structure of coal samples before and after rock burst and explored
the characteristics of energy dissipation in the process of
rock burst. Wu and Liu [25] studied the relationship
between the pore development and the burst proneness of
coal in the SEM image through the fractal method and proposed that the larger the fractal dimension is, the smaller the
burst proneness is.
These studies show that the coal burst proneness is
closely related to the coal structure. However, there are few
methods to identify the initial cracks in coal body and to
examine the fracture development under loading conditions,
resulting in diﬃculties in the study of rock burst. In this
study, the initial cracks of coal were identiﬁed by nuclear
magnetic resonance (NMR) technology and represented by
3D-CAD technology. Acoustic emission (AE) technology is
used to monitor the internal fracture point of coal under
uniaxial compression, which is used to analyse the fracture
development of the coal sample. This study provides a basis
for the study of the relationship between coal structure and
coal burst proneness and provides a technical support for
coal burst prediction.

2. Materials and Methods
2.1. Sample Preparation. The coal samples studied in this
paper were taken from Xinzhouyao Coal Mine, Datong,
China. The average compressive strength of the coal samples
is approximate 30 MPa with high bump proneness. Standard
rock mechanics testing was conducted to measure the physical and mechanical parameters of the coals, including compressive, Brazilian tensile, varying angle shearing tests. The
testing results of the samples are shown in Table 1.
For sample preparation, the coal blocks were cut by a
cutting machine and then taken the core by a coring
machine. Coal samples were ﬁnally processed into standard
cylindrical specimens with dimensions of 50 mm ðin
diameterÞ × 100 mm ðin lengthÞ, as shown in Figure 1. Sample preparation was in accordance with the International
Rock Mechanics Test Recommendation (IRTM) that the
error of the parallelism depth between the upper and lower
surfaces was within 0.02 mm. To assure the accuracy of the
experiment, 9 coal specimens were prepared.
After sample preparation, the cracks in the sample surface were measured. The main cracks of each sample before
testing are listed in Table 2.
2.2. Experiment Equipment
2.2.1. NMR. The NMR equipment is shown in Figure 2. The
applied intensity of the magnetic ﬁeld is 0.3-0.5 T, and the
main frequency of the instrument is 12 MHz. To ensure that

Figure 1: Prepared coal samples.

the sample is in the middle of the magnetic ﬁeld, the coil
diameter of the magnetic ﬁeld was selected as 60 mm. The
analysis equipment is a nuclear magnetic imaging software
and a gradient pulse instrument. The imaging software can
set the slice width, number of slices, and slice gap of the sample. After positioning, prescanning, formal scanning, and
imaging of the sample, the crack structure inside the sample
is displayed in the form of slices.
2.2.2. Loading Machine and AE Devices. WAW-600C
computer-aided electrohydraulic servo universal testing
machine is used to conduct the compressive test. AE monitoring device is simultaneously instrumented to observe
the dynamic response of the specimen structure under uniaxial loading. The maximum loading capability is 600 kN,
the measuring amplitude ranges from 2% to 100% of the
maximum loads, the maximum piston rising velocity is
70 mm/min, the lifting velocity of the loading plate is
150 mm/min, the maximum piston stroke is 250 mm, and
the maximum distance between the compression plates is
500 mm.
The AE technology is an eﬀective method to detect the
dynamic change of the material structure under the action
of external loading through instrumentation. Each channel
of the data acquisition system consists of measuring instrument, digital signal processor, computation program, and
other peripheral apparatus, which are ﬁnally connected to
a computer. The components of each channel include an
AE sensor, a preampliﬁer, and a data acquisition card, as
shown in Figure 3.
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Table 2: The initial surface crack of each coal sample.

1
2

Crack no.

Position (mm)

Direction

Length (mm)

Width (mm)

Thickness (mm)

1

Top 5.2

Horizontal

23.8

13.2

0.25

°

25.8

9.5

0.96

°

1

Bottom 12.3

Horizontal 30

3

1
2

Bottom 38
Inclined

Horizontal 45
Vertical

27.6
25.3

13.8
19.3

0.62
0.78

4

1

Bottom 5

Horizontal

19.2

17

0.36

5

1
2

Top 45
Top

Horizontal
Vertical

33.1
24.3

16.4
13.2

0.40
0.42

6

1
2
3

Top 55
Top 50
Top 10

Horizontal
Horizontal
Vertical

19.5
27.4
21.3

17.9
16.3
10.1

1.00
0.3
0.22

7

1

Top-middle

Vertical

38.3

15.3

0.1

8

1
2

Top-middle
Middle

Vertical
Horizontal 80°

48.3
30.1

9.3
18.2

0.3
0.25

9

1
2
3
2
3
4

Bottom 10
Bottom 20
Bottom 35
Bottom
Top 15
Top 17

Horizontal
Horizontal
Horizontal
Vertical
Horizontal
Vertical

26.3
28.4
23.4
51.3
18.4
23.4

16.1
15.0
21.5
22.4
16.7
8.4

0.5
0.5
0.52
0.28
0.4
0.23

Figure 2: NMR instrument.

(a) AE sensor

(b) Signal amplifier

(c) Signal acquisition instrument (d) Signal analysis terminal

Figure 3: Acoustic emission signal transmission process.
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(a)

(b)

(c)

Figure 4: NMR reconstruction of coal samples: (a) main view, (b) top view, and (c) side view.
Table 3: Dimension and crack ratio of coal sample.
Sample no.
1
2
3
4
5
6
7
8
9

Diameter (mm)

Height (mm)

Crack ratio (%)

50.14
50.21
50.11
50.17
50.12
50.08
50.04
50.17
50.02

100.84
100.10
100.03
100.05
100.63
100.42
100.04
100.84
100.45

0.04
0.12
0.32
0.06
0.18
0.27
0.03
0.14
0.35

Figure 5: Testing procedure.

2.3. Experimental Procedure
2.3.1. Initial Crack Identiﬁcation Using NMR. The internal
crack distribution of the sample can be obtained by processing the 3D slice map using NMR 3D reconstruction software. The NMR 3D reconstruction map of typical samples
is shown in Figure 4, in which the white areas indicate the
crack.
2.3.2. Uniaxial Compressive Test. The uniaxial compression
testing system and the AE monitoring system are used to
dynamically monitor the experimental data. The uniaxial
compression testing machine is controlled by displacement
with a loading rate of 0.5 mm/min. For parameters of the
AE instrument, the threshold of the AE monitoring is set
as 45 dB to minimize the eﬀect of surrounding noises. The
peak deﬁnition time (PDT), the hit deﬁnition time (HDT),

Figure 6: 3D-CAD sample reconstruction diagram.

and the hit locking time (HLT) are selected as 300, 600,
and 1000 μs, respectively. The sound velocity is set to be
1.8 km/s.
After parameter setting was completed, fusing test was
conducted on the specimen to verify the sensitivity of each
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Figure 7: Stress-strain curves of testing sample.
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Figure 8: Distributions of the fractured sources of specimens 1-3.

sensor to guarantee the reliability of the experiment. Coupling agent needs be evenly pasted on the interface between
the sensor and the testing sample for high-quality acquisition data. A piece of paper was placed between the testing
machine and the specimen to eliminate friction. After the
parameter setting and fusing testing are completed, uniaxial
compression tests are carried out. The stress loading system
and the AE monitoring system were turned on simultaneously. The experimental arrangement is shown in
Figure 5.

3. Results and Discussion
3.1. Initial Crack Ratio. According to the NMR data, the initial crack ratio can be calculated. As the internal crack of the
sample is an irregular body, to simplify the calculation, the
internal crack of the sample is regarded as a regular cuboid,
and the parameter index is length, width, and height. The
crack ratio of each coal sample is shown in Table 3.
3.2. 3D-CAD Reconstruction of Initial Cracks. By import the
3D slice diagram of the sample into CAD software, the 3DCAD reconstruction diagram of the initial cracks can be
obtained. It provides a digital description for crack and fracture parameters, which can be used for fractural mechanism
study and mesa-data analysis. Typical 3D-CAD crack reconstruction diagram of coal sample before testing is shown in
Figure 6.

3.3. Results of Uniaxial Compression Tests. Figure 7 shows
stress-strain curves of the testing samples. The deformational behaviour of hard coal shows a brittle property. After
the compaction stage, the compressive stiﬀness of the coal is
nearly uniform until sample failure.
3.4. AE Fracturing Point Distribution. The AE monitoring
device identiﬁes the locations of the fractured points in the
coal specimen through sound waves released in the failing
process of the specimen. Figure 8 shows the distributions
of the wave sources at the stress levels of 15%, 70%, and
80% of peak stress of three testing samples.
Result shows that, along with increasing of axial load, the
AE activities in the specimen increase, and the AE events are
distributed nearly symmetrically along the central axis of the
specimen. The AE events of the hard coal specimens are
mainly concentrated near the central axis of the specimen,
indicating there is a strong energy accumulation around
the central axis. The AE events of the soft coal specimens
are more sparsely distributed in the coal specimens and
slightly concentrated near the middle part of the specimens.
3.5. AE Counts under Diﬀerent Loading Conditions. AE
count, also called ring count or ringdown count, refers to
the number of times that the wave signals formed in AE
beyond the threshold value. In this experiment, each wave
signal exceeding the threshold is recorded as one AE count,
which is regarded as one crack damage in the specimen. The
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Figure 9: AE count results of specimens 1-6.

more AE counts suggest the more damage in the specimen at
that moment. The number of the AE counts changes with
time, as illustrated in Figure 9.
Result shows that the AE counts of the specimen appear
in the early stage, and the maximum number is from 3:8 ×
106 to 8:2 × 106 with average about 6:0 × 106 . It suggests that
the coal specimens with higher strength have a slow growth
of the AE events at the early stage of the loading process. At
the middle elastic stage, the fractured sources increase gradually, and at the end of the linear stage, the AE fractured
points increase sharply.

4. Discussion
Traditionally, the deformation of coal under uniaxial compression is divided into the following ﬁve stages: compaction, elastic, elasto-plastic, strain-softening, and residual

[26, 27]. In the compaction stage, the pore space and primary microcracks are compressed along with stress increasing. Elastic and elastoplastic stages are featured by linear
relationship between the stress and strain. The specimen is
compressed more tightly, and microcracks begin to develop
within the specimen. In the strain softening stage, cracks
propagate rapidly to form macrofracture. The peak stress is
a point indicating failure of the coal sample along the main
fracture. After peak, the deformation of the sample enters
residual stage, in which the stress is residual strength of the
coal.
For coal with high bump proneness, the testing result of
this study suggests that, from the compaction to strain softening stage, the stress-strain curve is nearly linear, and the
residual strength of the hard coal is close to zero rapidly. It
suggests that such deformational behaviour is a feature for
coal mass with high burst proneness.
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AE event is often appeared in cluster model [28]. By
comparing the fractured source locations at diﬀerent stress
levels, the testing result shows that, for hard coal, it has less
AE events and when the loading stress is within the range of
10% to 20% of the peak stress. When the stress increases to
70%-80% of the peak value, the AE events became more
active, suggesting rapid crack propagation in the coal specimen. After the stress reaches more than 80% of the peak
stress, macrocracks propagate and expand rapidly and
merge with each other, leading sudden failure of the specimen. It indicates that the AE events of hard coal increase
slightly at the early stage of the compression. Then, it
increases steadily in the linear elastic stage and increases
sharply after linear elastic stage. Accordingly, the specimen
undergoes primary crack coalescence, expansion, stable
propagation, and ultimate macroscopic failure.
Combining the AE events with the deformational behaviour in the testing process, it suggests that, for hard coal, the
cracks are developed in the later linear stage; that is, the AE
counts comply with the growth of semiexponential function.
The peak AE account of the coal specimen with high burst
proneness takes place prepeak stress as the failure mode of
the specimen is brittle; i.e., there is nearly no energy that dissipates after the peak stress.

5. Conclusions
To study the structure of high burst proneness coal, NMR,
3D-CAD, and AE technology were used to identify the initial
cracks and fracture development of coal samples under uniaxial compression condition. The following conclusions can
be drawn.
(1) The initial crack in the sample is detected by NMR,
and the crack ratio of each sample is obtained, which
is a dominant factor on the bearing performance and
deformation characteristics of the coal sample. By
observing the surface cracks of the sample, the initial
cracks can be restored by 3D-CAD
(2) The uniaxial compression test results show that the
stress-strain curve of the sample has a remarkably
high linearity, indicating that the coal with high
burst proneness has the characteristic of brittleness
(3) In the process of uniaxial compression, the relationship between ring count and stress is obtained by
using AE technology. The results show that the
increase of ring count is consistent with the change
of stress. Therefore, for coal with high burst proneness, the monitoring of ring counts is an eﬀective
means of stress analysis
(4) Through the analysis of fracture point distribution in
diﬀerent loading stages, it is considered that the fracture development of coal with high burst proneness
is mainly concentrated in the later loading stage
This study reveals the initial crack distribution of coal
with high burst proneness and the fracture development
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under bearing conditions, which provides a theoretical basis
for the prediction technology of rock burst and technical
support for the research of coal structure.
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