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Both computed tomography (CT) and notched semicircular bend (NSCB) tests are performed for coals with high and medium
bursting proneness to extract the scientific expression of pore-fracture and its influence mechanism on the tensile failure
behavior. The acoustic emission (AE) parameters in the sample during loading and failure are monitored, and the influence
mechanism of pore-fracture on tensile failure behavior of coal is analyzed. The result illustrates that the spatial distribution
feature of the pore-fracture in coals with high and medium bursting proneness is extremely different. The deformation and
failure mode of the coals are affected by many factors, loading mode, notch depth and width, mechanical properties of matrix
and minal, spatial distribution feature of pore-fracture, etc. The influence of primary pore-fracture in the coal on the extension
and penetration of the secondary fracture could be divided into two types: bifurcation and promotion, which would cause
different local damage in the sample and affect the final failure mode. The feature of acoustic emission parameters indicates
that the deformation and failure process of a sample under loading could be divided into four stages: compaction stage, elastic
deformation stage, displacement plastic growth stage, and post peak failure stage, which is the result of comprehensive action
of many factors. The evolution process of secondary fracture is accompanied by the dissipation of elastic strain energy and the
intensification of internal damage of coal, which reflects the failure process of coal.

1. Introduction

Coal possesses important position in China’s energy strategic
system in recent years, which is supportive role to economic
development. It could be predicted that coal will still be the
dominant energy in China within a long term in the future
[1, 2]. However, it is inevitable for deep coal mining with
the depletion of shallow coal resources [3–6]. There is a sig-
nificant difference between them; comprehensive analysis
results demonstrate that all the higher geostress, higher geo-
temperature, and higher osmotic pressure in the deep coal
seams change the mechanical properties and stress state of
coal existing in shallow coal seams, resulting in frequent deep

dynamic disasters [7–9]. In the mining process, the coal is
normally in a complex stress state of tension and compres-
sion coexisting; however, its tensile strength is far lower than
the compressive strength. It is important to make a profound
and comprehensive research on its tensile performance for
the coal seam stability and dynamic disaster prevention.

Coal is a complex porous medium formed by plant
remains under the combined action of geology and biology.
It is well accepted that coal is composed of organic compo-
nents (matrix), inorganic components (minal), and pore-
fracture [10–12]. The existence of pore-fracture aggravates
the complexity of coal and forms the storage space and
migration channel of gas and other fluids, also affecting the
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mechanical properties and failure behavior of coal under
external load. Scholars at home and abroad have studied
the pore-fracture in coal and achieved fruitful results. Vari-
ous methods are employed to study the pore-fracture in coal,
such as mercury intrusion porosimetry (MIP), gas adsorp-
tion (N2/CO2/CH4), computerized tomography (CT),
nuclear magnetic resonance (NMR), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM), which could be divided into three types, i.e., direct
observations of the surface morphology, fluid intrusion
methods, and X-ray and spectroscopic methods [13, 14].
Guo et al. proposed coal seam permeability measurement
based on the new permeability evolution model, which is
conducive to intensive study of permeability during its plas-
tic deformation [15]. Zhao et al. studied the feature of pores
by using synchrotron radiation nano-CT and nuclear mag-
netic resonance technology (NMR) and realized the visuali-
zation of the pore throat structure [16, 17]. Zhu et al.
analyzed the relationship between pore properties and
dynamic disaster of coal and pointed out that there were dif-
ferences in pore between coals with bursting proneness and
gas outburst [18]. Wu et al. calculated the dynamic elastic
parameters of coal through experimental mensuration and
theoretical analysis and concluded that the dynamic elastic
parameters were related to fracture in the coal [19]. Peng
et al. analyzed the fracture morphology of coals both before
and after triaxial compression failure based on CT technol-
ogy and constructed the fractal model for fracture distribu-
tion [20]. Nie et al. used gas adsorption and SEM tests to
characterize the pore in different rank coals and considered
that the pore was related to its coalification process and
metamorphic degree [21]. Wang et al. analyzed the fracture
of high rank coal by CT and mercury intrusion porosimetry
(MIP) and approved that the fracture shape was related to
the permeability of coal [22]. Bastola and Cai proposed the
relation between fracture propagation and mechanical prop-
erties of marble based on the lattice-spring-based synthetic
rock mass model (LS-SRM) and found that different fracture
parameters have different effects on mechanical properties
[23]. Du et al. analyzed the fracture of Changzhi Coal Mine
and its influence on permeability by the scanning electron
microscope energy spectrum and adsorption test and estab-
lished the pore-fracture network model [24]. Li et al. built
the multifractal model of dual porous media and analyzed
the relationship between fracture structure and permeability
[25]. Manjunath and Jha studied the nanoscale fracture
mechanics properties of coal by experiment and theoretical
calculation [26]. Wei et al. analyzed the full-scale pore fea-
ture of deep coal seams in Huainan Coal Mine and its influ-
ence on adsorption capacity by comprehensive application
of MIP, nitrogen/carbon dioxide adsorption, and electron
microscope scanning experiments [27]. Pan et al. compared
the pros and cons of the common experimental techniques
used to measure the pore in coal, SEM, AFM, etc., and ana-
lyzed the feature of pore-fracture through fractal theory [28].
Mou et al. suggested that metamorphism, tectonic deforma-
tion, and matrix are the main internal factors affecting the
pore distribution in coal [13]. Cai et al. and Wang et al. stud-
ied the evolution of faults in rockburst dynamic disasters by

means of field investigation and theoretical analysis and con-
sidered that the weak surfaces such as faults changed the
static and dynamic stresses in the region, dominating the
fault reactivation, which would be an induced factor of rock-
burst [29–31]. Jiang et al. researched the fault parameters’
influence on the burst through field microseismic monitor-
ing and numerical analyses [32]. Teng et al. systematically
researched the influence of pore-fracture on coal seam gas
migration from the aspects of experiment, numerical simula-
tion, and model establishment and proposed new measures
to improve the drainage efficiency, which obtained good
engineering results [33–36]. The test measures of tensile
mechanical properties of coal in the laboratory include the
direct tensile test and indirect tensile test [37, 38].

In summary, the present researches about pore-fracture
in coal mainly concentrate on the feature of the pore-
fracture and relationship among pore-fracture, permeation,
and adsorption-desorption. Achievements have been
achieved in the research approaches and methods, the fea-
ture of pore-fracture with different scales in the coal, and
influence of external factors (temperature, stress, water,
etc.) on pore-fracture. However, few reports on the relation-
ship between pore-fracture and tensile properties of coal
have been published. The tensile properties of coal are
affected by geological conditions, gas occurrence in coal,
and pore-fracture, and it is hard to be accurately determined
through existing technology. There are many methods that
could be used to test the tensile properties of coal, such as
the chevron bend (CB) and shortrod (SR) specimens, the
cracked chevron notched Brazilian disc (CCNBD) specimen,
and the notched semicircular bend (NSCB) specimen, which
are divided into the direct test and indirect test. It is accepted
that the latter is simpler operating and more accurate than
the former. The NSCB test belongs to the latter and is widely
used [39, 40]. The coals with high and medium bursting
proneness are chosen for study; the spatial distribution fea-
ture of the pore-fracture and its influence mechanism on
the tensile failure behavior of coal are investigated through
CT and NSCB tests; the acoustic emission signal during
deformation and failure under external load is monitored
to validate the internal damage evolution process of coal.

2. Materials and Methods

2.1. Sample Preparation. Samples with high and medium
bursting proneness are collected from Hongqinghe Coal
Mine (HQH) and Nalinhe Coal Mine (NLH), respectively.
The position of samples is shown in Figure 1. For the former,
it is located in Yijinholo Banner, Ordos City, Inner Mongolia
Autonomous Region, China. It is a monoclonal structure
with a dip of 1°-3°; folds and faults are not developed and fall
within gas free coal mine. Only No. 3 coal seam had up to 10
times destructive burst during the mining period from
March to November 2018, which caused roadway damage
and equipment damage. The samples are derived from No.
9 coal seam with an average buried depth of about 760m.
For the latter, it is close to Hongqinghe Coal Mine, which
is located in Wushen Banner, Ordos City, Inner Mongolia
Autonomous Region, China. The roof of No. 3 coal seam
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mainly belongs to the unstable roof, locally belonging to the
medium stable type, and the floor belongs to the relatively
soft (IIIa) type. The samples are taken from No. 3 coal seam,
which has experienced many microseismic events, and the
average buried depth is 600m or thereabout. The samples
are carefully and rapidly sent to a laboratory and then drilled
into a semicylinder with dimensions of 50mm in diameter
and 25mm in height. Both ends are trimmed to ensure that
the unevenness is less than 0.01mm, and the side is polished
to make sure that the nonparallelism is not greater than
0.01mm. The notches with 1mm in width and 6/8mm in
length are machined at the center of the circle, and the top
is sharpened by a diamond wire saw. The numbering rule
of samples is the abbreviation of the coal mine; the width
of the notch is the serial number of the sample. For example,
N8-2 represents the sample from Nalinhe Coal Mine with
8mm in width, and the order is 2. Industrial analysis and
axial wave velocity tests are performed before CT and NSCB,
and the results are illustrated in Table 1 [10].

2.2. Experimental and Monitoring Method. The CT test is
carried out at the State Key Laboratory of Coal Resources
and Safe Mining of China University of Mining and Tech-
nology, Beijing, and the equipment is ACTIS300320–/225,
which could perform precise and accurate detection of the
3D structure inside the sample. In order to improve the reli-
ability of the results, the CT test complies with Chinese
National Standard GB/T26593-2011. During the test, the
scanning interval in the height direction is 50μm, and 501
pictures are scanned for every sample, which are recorded
as 1-501 from bottom to top. The picture size is 1050 ×
525 pixels, and the resolution of each pixel is about 50μm,
which could characterize the pore-fracture in the sample.
A detailed description of the test process is shown in Li
et al. [10].

Before the NSCB test, two measures are adopted to mon-
itor the damage information of samples. Firstly, two groups
of strain gauges are pasted on the surface of every sample to
record the strain during failure. Notably, the strain gauges

are located on the straight line connected with the loading
point at the upper end and the notch and 2mm away from
them, numbered 1 and 2, respectively. It is important to state
that the strain gauge is BX120-5AA, and the four channel
DH3821 static strain test and analysis system are selected
to collect strain information, as shown in Figure 2. The
micro-II express acoustic emission detection system pro-
duced by American Physical Acoustics Corporation is
employed to record and analyze the acoustic emission sig-
nals in the failure process of samples. In the test, two acous-
tic emission sensors numbered 1 and 2 are selected, and the
connecting line of the sensor center is perpendicular to the
cross-section of the sample. After being coated with Vase-
line, the sensors are fixed on the surface of the sample to
improve the contact quality between sensors and the sample.
The equipment of NSCB is the Electronic Universal Testing
Machine MTSC45.104 produced in the United States, as
shown in Figure 3. The loading was displacement controlled,
and the loading speed was 0.1mm/min. During the test, a
specially assigned person would be responsible for the load-
ing equipment, acoustic emission detection equipment, and
strain test system, respectively, so the environment is quiet,
and all these tests are synchronized.

3. Results and Analysis

3.1. Analysis of Pore-Fracture in the Coal. CT is nondestruc-
tive detection technology and extensively used in the
research of mesodamage mechanical properties and internal
component analysis of porous material, such as coal and
shale. It could realize continuous and multiple scanning
records of different sections of the sample and also realize
3D reconstruction and display the three-dimensional struc-
ture of the sample [41–45]. The principle of CT is that X-
rays passing through substances with different densities
would be attenuated to varying degrees and show different
colors (gray value) on the images. The higher density of sub-
stances implies more attenuation and lighter color on the
image. Therefore, three components of matrix, minal, and
pore-fracture in the coal could be identified through ternary
gray threshold segmentation, i.e., the black part of the image
represents pore-fracture, the dark gray part indicates matrix,
and the light-colored part means minal [46–49]. Original
images attained through CT are usually 16-bit grayscale
images, which need pretreatment for 3D reconstruction of
the sample. The pretreatment includes background recogni-
tion (distinguish and adjust the gray value in the background
region of the image through MATLAB program), artifact
and noise elimination (regulate the deviant gray value

Hohhot
Hongqinghe coal mine
Nalinhe coal mine

Figure 1: Location of the coals with high and medium bursting
proneness.

Table 1: Results of industrial analysis and axial wave velocity test
of coal specimens.

Samples
Fixed
carbon
(%)

Ash
content
(%)

Volatile
matter
(%)

Moisture
(%)

Axial wave
velocity
(m/s)

Hongqinghe 56.59 7.17 28.20 8.05 850-950

Nalinhe 37.26 18.11 38.57 6.05 850-920
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caused by the improper operating voltage through
MATLAB), and fuzzy edge renovation (utilize the prewitt
operator in MATLAB), which is described in detail in Li
et al. [10]. MATLAB is an extraordinary extensively practical
image processing software, which provides a synthetical set
of algorithms and workflow apps for image processing,
analysis, visualization, and algorithm development and
could be used in microscale image processing of porous
materials [50, 51]. The author-compiled MATLAB program
is introduced to segment the CT image based on the value
of gray. The processed image only includes three kinds of
gray values, corresponding to minerals, matrix, and pore-
fracture from small to large. Taking the No. 207 image of
the sample from HQH as an example, images before and
after ternary processing are shown in Figures 4(a) and
4(b), which demonstrate the distribution of the three com-
ponents in the coal.

Plenty of software could complete the 3D reconstruction
of CT images, such as MATLAB, AVIZO, and MIMICS, etc.
[42, 43, 52]. MIMICS possesses the advantages of mature

technology, simple operation, high image recognition, and
compatibility with numerical simulation software, ANSYS,
FLAC3D, etc., and is used to image import, image segmenta-
tion, image visualization, and image measurement. MIMICS
is selected for the 3D reconstruction in the study, and the
results of samples with a notch of 6mm in width are illus-
trated in Figure 5. It indicates that the spatial distribution
of the components in the coal is random, and the volume
proportion of matrix, minal, and pore-fracture is shown in
Table 2. A large number of pore-fracture coexist in coal, with
different widths, lengths, and morphology, and the spatial
distribution feature of pore-fracture among the samples is
apparently different. Specifically, pore-fracture in samples
fromHQH is relatively scattered, and the connectivity is poor.
While pore-fracture in samples from NLH is characterized by
regional differences, the connectivity has increased. Pore-
fracture is the mechanical property weak point of a sample
during deformation and failure under load; different scale
pore-fractures have different evolution laws during the defor-
mation and failure process of samples with different levels of

(a) (b)

Figure 2: Samples for NSCB: (a) samples from HQH; (b) samples from NLH.

(a) (b)

Figure 3: Diagram of equipment and sample for NSCB test: (a) equipment diagram of NSCB test; (b) equipment diagram of loading and
sample.
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bursting proneness, which affects the failure mode of the
sample.

3.2. Load-Displacement Analysis of Loading Point. Despite
the reinforcement measures being taken, some problems still
occurred during the test, such as rapid destruction of sam-
ples and falling off of the strain gauges, which cause the lack
of some strain test data. The load-displacement curve of
samples at the loading point during the test is shown in
Figure 6, and the data of N8-2 was lost. It demonstrates that
the failure process of the sample includes the compaction
stage, elastic deformation stage, displacement plastic growth
stage, and post peak failure stage, and the displacement plas-

tic growth stage is not obvious. The maximum load of sam-
ples in HQH decreases when the width of the sample
changes from 6mm to 8mm. The post peak load decreased
in steps to varying degrees, indicating that the main bearing
structure of the sample changed, and the sound could be
heard clearly during the test. After the bearing structure
failed, the load decreased sharply, resulting in the destruc-
tion of coal samples. Notably, data of H8-1 are much larger
than that of samples in the same group, which are consid-
ered to disperse. The maximum load of samples from NLH
does not change obviously under different widths of notches,
the compaction stage is relatively gentle, and the displace-
ment at the loading point is relatively large. For N6-1 and
N6-2, post peak load of the former drops sharply and the
sample damages, while that of the latter drops in multilevel
steps. The results of samples with 8mm in width are different
from the others. Among them, the N8-2 damages too fast and
the results are not obtained. The compaction stage of N8-1 is
short; the load in the post peak stage decreases in multilevel
steps, accompanied by elastic energy dissipation. The N8-3

(a) (b)

Figure 4: No. 207 CT images before and after ternary processing: (a) No. 207 CT image of sample from HQH before ternary processing; (b)
No. 207 CT image of sample from HQH after ternary processing.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5: 3D reconstruction of samples from HQH and NLH with notch of 6mm in width: (a) matrix of sample from HQH; (b) minal of
sample from HQH; (c) pore-fracture of sample from HQH; (d) 3D reconstruction of sample from HQH; (e) matrix of sample from NLH; (f)
minal of sample from NLH; (g) pore-fracture of sample from NLH; (h) 3D reconstruction of sample from NLH.

Table 2: Volume proportion of components in the sample.

Samples Pore-fracture Minal Matrix Total

HQH 8.95% 19.51% 71.54% 100%

NLH 10.49% 17.13% 72.38% 100%
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damages rapidly after the elastic deformation stage, and the
residual strength is greater than N8-1. It could conclude that
the failure behavior of the sample is related to its level of burst-
ing proneness, the width of the notch, and other factors, under
the same loading mode. The average maximum load of sam-
ples from HQH (high bursting proneness) is greater than that
of NLH (medium bursting proneness), and the failure process
is more sudden and thorough; even some strain gauges destroy
completely. The larger width of notch would attenuate the
maximum load of samples from HQH severely, and little for
that of NLH.

3.3. Strain-Time Analysis of Detection Points. The strain-
time curve of detection points under external load is shown
in Figure 7, and data of some detection points are not effec-
tively obtained. Two strain gauges of H6-1 and No. 2 of H6-
2 were lost during the test, and the destruction time of N8-2
is too short; these data are missing. If the width of the notch
is 6mm, strains of H6-2 and H6-3 are much smaller than
that of the others, which drop rapidly after the peak value.

Vicinity of No. 1 strain gauge in H6-2 mainly takes com-
pressive stress at an early stage of loading, and tensile stress
gradually. Vicinity of No. 1 strain gauge in H6-3 mainly
takes compressive stress, and that of No. 2 strain gauge takes
tensile stress; brittleness of coal is evident. If the width of the
notch is 8mm, vicinity of No. 2 strain gauges of samples
from HQH takes tensile stress, and that of No. 1 strain
gauges takes compressive stress; the strain is large. The fail-
ure feature of samples from NLH is different from that of
HQH, mainly reflected in the step decline of the strain after
the peak, which presents differences in the internal structure
of them.

3.4. Acoustic Emission Feature Analysis. Acoustic emission is
a nondestructive monitoring method widely used to detect
the deformation and fracture feature of coal and rock mate-
rials. It could effectively represent the strain energy libera-
tion of materials and the evolution process of pore-
fracture. The 3D position and energy information of micro-
fracture events could be obtained through acoustic emission
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Figure 6: Diagram of the load-displacement of samples.
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time-frequency parameter analysis, 3D positioning, seismic
source mechanism inversion, and related technologies and
reproduce the real-time evolution process of secondary frac-
ture in materials [41, 53].

3.4.1. Acoustic Emission Physical Parameters of Samples. The
threshold value of the acoustic emission signal in the test is
set to 40 dB, and the sampling rate is set to 1MHz. The lead
breaking test is performed before loading to ensure that the

acoustic emission signal could be obtained effectively. The
timing synchronization of the acoustic emission system
and testing machine system is conducted to ensure that the
collected data are synchronized in time. Personnel and
equipment should keep a safe distance because of the phe-
nomenon that small coal blocks may eject during damage,
and the environment in the test should be dark and quiet
to improve data accuracy. The results indicate that the
acoustic emission characteristics of 12 coal samples were
very discrete, and it is extremely difficult and meaningless
to analyze the result of all the samples one by one. H6-1,
H8-3, N6-2, and N8-1 are selected for analysis, and the rel-
evant results are shown in Table 3. The tensile strength of
samples is calculated by Equation (1), according to the sug-
gestions of Zhao et al. [38]:

σ = 4:976Pmax
D × t
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Figure 7: Diagram of the strain-time of samples.

Table 3: Scheme of AE physical parameters of samples.

Samples
Cumulative
energy (105)

Maximum
impact rate

Tensile strength
(MPa)

H6-1 1.14 551 1.99

H8-3 0.86 534 1.67

N6-2 1.07 147 1.35

N8-1 1.05 728 1.47
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Figure 8: Continued.
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where σ infers to the tensile strength of sample (MPa), Pmax
represents the maximum of load (N), D is diameter of the
sample and is a constant equal to 100 (mm), and t stands
for thickness of the sample and equals to 25 (mm).

3.4.2. Analysis of Acoustic Emission Feature of Samples. The
relationship of H6-1, H8-3, N6-2, and N8-1 in the NSCB test
between evolution feature of stress, cumulative energy,
impact rate, and time is demonstrated in Figures 8(a)–8(d),
respectively. It indicates that mechanical responses of the
four samples in four stages are distinctly different, i.e., com-
paction stage, elastic deformation stage, displacement plastic
growth stage, and post peak failure stage. However, the evo-
lutionary process of the parameters is basically consistent
with the failure process of the internal structure of the sam-
ple. The compaction stage of H6-1 sustains long, and the
cumulative energy and impact rate increase slowly, and the
growth rate of the other three stages increases. The impact
rate increases rapidly in the displacement plastic growth
stage, but the value is not large, which indicates that damage
in this stage is mainly microfracture extension. The impact
rate decreases rapidly, and cumulative energy increases
sharply in the post peak failure stage, which means damage
is severe and residual stress is small. The acoustic emission
feature of H8-3 and N6-2 in the first three stages are not
obvious, but the impact rate fluctuates greatly with time in
the last stage, which manifests that the failure of samples is
not completed instantaneously. The failure duration of the
latter is significantly longer than that of the former, which
is due to the high bursting proneness of the former. The
acoustic emission feature of N8-1 is weak in the compaction
stage and enhanced in the other stages, especially in the dis-
placement plastic growth stage. The impact rate fluctuates in
the post peak failure stage and coincides with the step failure
behavior of samples, which indicates that bearing structure
changes during the failure process.

The relationship of H6-1, H8-3, N6-2, and N8-1 in the
NSCB test between acoustic emission event RA value (rise
time/amplitude) and average frequency AF value (count/-
duration) is shown in Figures 9(a)–9(d), respectively. Under
the suggestion of Liu et al. [54], the acoustic emission wave-

form during the evolution of different types of fractures is
various. Generally, the RA value of tensile fracture is low
and the AF value is high, the RA value of shear fracture is
high and the AF value is low, and the RA value and AF value
of tensile shear mixed failure are relatively low. The RA and
AF values of coals in this research are scattered and have
weak regularity, which indicates that the evolution process
of the secondary fracture in the coal is very complex and
highly discrete, and all the tensile failure, shear failure, and
tensile shear mixed failure coexist during the failure. The
acoustic emission signal points in the post peak failure stage
are significantly more than that in other stages, which indi-
cates that the duration of the failure process is short, and
the failure intensity is large. For H6-1 and H8-3, the width
of notch increases; the acoustic emission events with high
AF value and low RA value are significantly reduced in the
first three stages, which signifies that the tensile fracture in
the coal is reduced. Acoustic emission events increase and
distribute widely in the displacement plastic growth stage,
which indicates that many types of fractures coexist. The
acoustic emission events with low AF value and high RA
value increase in the post peak failure stage, which shows
the increase of shear fracture. For N6-2 and N8-1, the width
of notch increases; acoustic emission events are few in the
compaction stage; that with high AF value and low RA value
increases in the displacement plastic growth stage; likewise,
that with low AF value and high RA value increases too.
These indicate that both tensile fracture and shear fracture
increase, and tensile shear mixed failure occurs in samples.

3.5. Failure Mode Analysis of Samples. The failure mode of
samples in the NSCB test is significantly different, which is
shown in Figure 10. The main performance of the main frac-
ture position is not fixed (mostly in and nearby the vertical
line at notch or in and nearby the vertical line at the two
support points), angles with horizontal line are various
(mostly approximately 90° nearby the secondary fracture
and change in extension), the extension track is random
(affected by the mechanical properties of the coal and the
distribution of solid particles, the minal particles with large
hardness would shift or bifurcate the fracture), and the
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Figure 9: Continued.

10 Geofluids



penetration degree is not fixed (some samples have complete
tension fracture and nearly complete penetration of the two
strain gauges, and some samples have multiple cracks with
similar width and length, but the penetration degree is small).
Through strain and acoustic emission information detection,
it is considered that the failure behavior of samples in the
NSCB test is affected by an external load, mechanical proper-
ties of matrix and minal, pore-fracture, and other factors,
among which pore-fracture has effect on the deformation in
the first three stages. However, the failure mode of the sample
is mainly determined by its internal bearing structure evolu-
tion and overall mechanical properties.

4. Numerical Simulation Analysis of
the Samples

4.1. Construction of Finite Element Model. The finite element
method is employed to simulate the failure behavior of sam-
ples under NSCB conditions. Firstly, the geometric model of
sample is established in ANSYS and meshed to calculate the
total number of elements, and the element number of every
component is calculated based on the volume ratio of that
obtained from CT; the finite element information of compo-
nents in the sample is shown in Table 4. Secondly, the corre-
sponding random order of every component is generated by
the author-compiled MATLAB program as its finite element
unit number. Notably, if the same finite element unit num-
ber of any component appears, it would regenerate until all
the numbers are not repeated. Then, elements are selected
according to the number and defined as the minal group
(minal component), the matrix group (matrix component),
and pore-fracture group (pore-fracture component) to con-
struct the finite element model. Taking samples with notch
of 8mm in width as an example, the finite element models
of samples from HQH and NLH are shown in Figure 11.
The red unit represents the pore-fracture component, the
blue unit refers to the minal component, and the green unit
stands for the matrix component.

4.2. Estimation of Material Properties. Assume that mechan-
ical properties of the minal and matrix component unit in
the sample basically conform to Weibull distribution, and
the mechanical parameters of them could obtain Vickers
hardness test. The microhardness test equipment is the
EM-1500L micro Vickers hardness tester. The sample is a
cube with 20mm side length, which is processed and shaped
once. The surface of the sample is smooth and flat, and the
dust formed in the processing is removed. Three measuring
points in the representative matrix and minal area for every
sample are discussed and determined by 3-5 operators, and
the constant load of 10gf lasts for 15 s. Take the average

Fracture initiation stage
Fracture stable growth stage

Fracture unstable growth stage
Post peak failure stage

0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

A
ve

ra
ge

 fr
eq

ue
nc

y 
(M

H
z)

Acoustic emission event (us·dB−1)

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

A
F 

(M
H

z)

RA (us·dB−1)

(d)

Figure 9: Diagram of the acoustic emission AF-RA of samples.

Figure 10: Failure mode of samples in the NSCB test.

Table 4: Finite element information of components in the sample.

Samples
Number
of pore-
fracture

Number
of minal

Number
of

matrix

Number
of total
element

Calculated
porosity

HQH 128 279 1023 1430 8.95%

NLH 150 245 1035 1430 10.49%
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values as the test result, which are shown in Table 5. Mechan-
ical parameters such as elastic modulus and Poisson’s ratio of
matrix and minal are determined based on the relationship
between hardness value and material mechanical parameters,
and the results are shown in Table 6. Although the method
employed to determine the mechanical parameters has a dis-
advantage, it could meet the accuracy requirements of
mechanical calculation and numerical simulation [55–58]. In
the simulation, fixed constraints are applied to the nodes
20mm away from the center of the circle at the bottom of
the model, and a concentrated load is applied to the upper part
of the model. Take the node 2mm above the notch as the
detection point (the element should be matrix group), and
its stress and strain features are analyzed.

4.3. Analysis of Numerical Simulation. The numerical simu-
lation results of the samples from HQH and NLH are shown
in Table 7. It considers that the external load, the width of
notch, and the mechanical properties of matrix and minal
all affect the stress and strain distribution of the detection
point. It is well-accepted that the internal stress and strain
of symmetrical structure are symmetrically distributed
under the action of symmetrical load, but the internal stress
and strain distribution of numerical simulation results are
much complex and asymmetric. The main reasons are as fol-
lows: (1) Spatial distribution of three components in the
sample is asymmetric and random. (2) Bearing capacity of
the three components in the sample is very different. The
coal is heterogeneous and anisotropic, and the local mechan-
ical properties of different positions in the sample are also
various. (3) The evolution process of stress and strain in
the model under load is complex and has great local differ-
ences. The results of numerical simulation indicate that the

internal stress of samples from HQH is much greater than
that of NLH, and the strain reverses under the same width
of the notch. Additionally, both stress and strain of samples
from the same coal mine decrease with the width growth of
the notch. Failure position in the sample (stress and strain
are great) is basically near the loading point or support
point, which would extend to the inner sample. The phe-
nomenon of the tensile zone and stress concentration at dif-
ferent degrees appears nearby the top of the notch.
Secondary fracture initiates and extends upward under the
continuous action of external load.

5. Discussion

5.1. Influence of External Load on Failure Behavior. In the
NSCB test, the samples all experience the compaction stage,
elastic deformation stage, displacement plastic growth stage,
and post peak failure stage, accompanied by damage evolu-
tion and energy release in the sample. All of these are the
mechanical responses under the external load. It concludes
that the external load affects the mechanical responses
greatly, which is an inducing factor of its failure behavior
and could be artificially adjusted.

5.2. Influence of Mechanical Properties of Matrix and Minal
on the Failure Behavior. Matrix and minal together consti-
tute the bearing structure of the sample, which is the founda-
tion of maintaining the integrity of the sample and
postponing the extension and penetration of secondary frac-
ture. Under specific external load, the stress field and strain
field would change with the mechanical properties of the
matrix and minal. The results of the experiment and numer-
ical simulation indicate that extension and penetration of
secondary fracture are almost all along the abrupt region of
mechanical properties, such as junction of matrix and minal,
junction of matrix and primary pore-fracture, and junction
of minal and primary pore-fracture. The tensile strength of
matrix and minal is lower than compressive strength. Sam-
ples in the NSCB test usually experience tensile failure, shear
failure, or tensile shear mixed failure.

5.3. Influence of Pore-Fracture on the Failure Behavior.
Plenty of randomly distributed pore-fracture forms in the

(a) (b)

Figure 11: Finite element model of sample: (a) finite element model of sample from HQH; (b) finite element model of sample from NLH.

Table 5: Hardness of minerals and matrix of samples.

Samples Component
Hardness value

(kg/mm2)
Average value
(kg/mm2)

HQH
Minal 166.93 181.80 155.66 168.13

Matrix 18.30 18.65 19.87 18.94

NLH
Minal 131.18 130.08 133.87 131.71

Matrix 30.62 28.88 29.95 29.82
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coalification process, which destroys the integrity of coal and
composes the potential point of damage and destruction of
the sample. Most of the secondary fracture in the NSCB test
initiates near the primary pore-fracture and extends along
the weak parts of mechanics. Interestingly, the extension
would delay if matrix or minal solid particles are encoun-
tered in the extension process. Otherwise, the secondary
fracture would accelerate the extension (the directions of
secondary fracture and primary fracture are close or consis-
tent) or bifurcation (the directions of secondary fracture and
primary fracture are at a certain angle, and this phenomenon
is not obvious because of its small tensile strength), and sec-
ondary fracture and primary fracture would converge into
new loading weak points and continue to extend, resulting
in the destruction of the sample eventually. The evolution
process of pore-fracture is accompanied by the dissipation
of elastic strain energy and the intensification of damage in
the coal, which reflects the failure process of coal. The results
are consistent with the previous research conclusions [49].
Specifically, the influence of pore-fractures with different geo-
metric parameters on the failure behavior of samples is vari-
ous, which could hardly be quantitatively analyzed because
of the limited research methods and complex influencing fac-
tors. Nowadays, the relationship between fracture with certain
geometric parameters and failure feature of samples under
specific mechanical conditions is studied mainly by numerical
simulation and experiment [59, 60].

5.4. Influence of Notch on the Failure Behavior. The existence
of notch reduces the effective bearing area of the sample and
changes the stress feature under the external load, and the
NSCB is widely employed in the research of tensile proper-
ties. The depth, width of the notch, and the ratio of support
point spacing to diameter would all affect failure behavior
and failure mode of the sample. The experimental and
numerical simulation results both show that the stress and
strain values of the detection point change with different
parameters of the notch.

6. Conclusion

The pore-fracture feature of coals with high and medium
bursting proneness is obtained through CT, and the acoustic
emission signal during the deformation and failure process
of coals in the NSCB test are monitored. The correlation
between pore-fracture feature and failure behavior of coals
with high and medium bursting proneness is investigated
through experiment and numerical simulation. The main
conclusions are as follows:

(1) The failure behaviors of coals with high and medium
bursting proneness in the NSCB test are apparently
different, and the main differences manifested in
the main fracture position is not fixed, the angle
between the chief fracture and the horizontal line is
various, the extension trajectory of the main fracture
is random, and the penetration degree of the main
fracture is not fixed. All the differences are compre-
hensive action of external load, mechanical proper-
ties of matrix and minal, and spatial distribution of
solid particles and pores and fractures, and the avail-
able condition could be merely analyzed from the
statistics

(2) The feature of acoustic emission signals for the coals
with high and medium bursting proneness in the
NSCB test is different and basically consistent with
the damage and failure process of the internal coal.
The failure mode of coals is the coexistence of tensile
failure, shear failure, and tensile shear failure. The
duration of the post peak failure stage for coal with
high bursting proneness is very short, the dissipation
of elastic strain energy is relatively intense, and
mutation occurs in acoustic emission signals. Mean-
while, the duration of the post peak failure stage for
coal with medium bursting proneness increases, post
peak stress descends multistep, and the acoustic
emission signal fluctuates

(3) The result of the NSCB test demonstrates that exter-
nal load is the external cause (leading factor) causing
the failure of coal, which could be adjusted. Addi-
tionally, the mechanical properties of matrix and
minal in the coal are the internal cause (important
factor), which could not be adjusted. The spatial dis-
tribution of matrix, minal, and pore-fracture deter-
mines the internal damage evolution and the
initiation-extension process of the secondary frac-
ture, and the parameters of notch also affect the test
results. The main fracture of coal with high bursting

Table 6: Mechanical parameters of minerals and matrix of samples.

Samples Component Elastic modulus (GPa) Poisson’s ratio Cohesion (Pa) Friction angle (°) Dilatancy angle (°)

HQH
Minal 38.88 0.20 — — —

Matrix 4.16 0.33 1:56e6 32 0

NLH
Minal 29.59 0.18 — — —

Matrix 3.88 0.26 2:25e6 35 0

Table 7: Results of numerical simulation.

Number of
the samples

External
load (N)

Stress at the
detection point

(MPa)

Strain at the
detection point

H6 480 1.90 0.031%

H8 450 1.76 0.025%

N6 320 1.37 0.042%

N8 300 1.29 0.033%
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proneness penetrates rapidly and normally occurs
strength failure. The main fracture of coal with
medium bursting proneness usually occurs strength
failure or instability failure, and the bearing system
changes under the comprehensive action of both
external cause and internal cause. The influence of pri-
mary pore-fractures with different geometric parame-
ters on the extension of main fractures and the failure
feature of samples still need to be further studied
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