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Fracture structure characteristics are crucial for determining the fracture mechanism of coal mass and the migration law of oil and
gas disasters. In this study, computed tomography (CT) scanning technology and fractal theory were used to investigate the
damage process of coal mass in the common storage area of coal and oil resources under uniaxial compression as well as the degree
of damage of high-pressure oil and gas diffusion to the surrounding coal and rock mass. Uniaxial compression and acoustic
emission signal acquisition tests of coal mass were conducted. *e relationship among the load evolution law of coal samples at
different positions around the oil well and the failure mode of key failure positions were further analyzed. Finally, the formation
mechanism of coal load fracture and oil and gas disaster channel in coal and oil resource costorage area was investigated. *e test
results showed the following: (1) High-pressure oil and gas diffusion degrades the mechanical properties of coal mass in varying
degrees. *e closer the coal sample to the oil well, the greater the fracture development degree, the fracture density, the fracture
fractal dimension of coal sample, and the severity of the coal mass damage and the lower the compressive strength, the acoustic
emission event number, and the cumulative energy. (2)*e lateral diffusion of high-pressure oil and gas changes the failure mode
of coal samples in the common storage area of coal and oil resources. *e failure modes when the sampling location is away from
the oil well are step failure, conjugate shrinkage failure, and high-frequency vibration intermittent microcrack fracture. (3) Coal
mass instability and coal mine oil and gas disaster in the common storage area of coal and oil resources can easily be induced by the
formation of microfracture expansion, extension, and coalescence caused by coal failure, the formation of network and mac-
rochannels of main fracture, and the instantaneous release of accumulated stress during failure.

1. Introduction

Shuangma coal mine is located in the costorage area of coal
and oil resources in eastern Ningxia. Numerous abandoned
oil wells from early oil exploitation produced the oil-bearing
layer, resulting in the diffusion of high-pressure oil and
reservoir gas into the coal seam and forming an oil and gas
accumulation area around abandoned oil wells (Figure 1).
*e initiation, expansion, coalescence, expansion failure,
and rapid release of accumulated stress of internal cracks in
mining coal mass in this area [1] can easily induce dynamic
disasters such as oil and gas disasters [2]. Fracture is the

migration channel of oil and gas, and it is an important
factor for destroying mining coal mass and migrating oil and
gas. Research on the load breaking of coal mass and for-
mation mechanism of an oil and gas disaster channel in coal
and oil resource costorage area is crucial for preventing and
controlling oil and gas disasters in coal mines [3–5].

Rocks have a complex internal structure, making it
challenging to accurately describe the fracture structure of
coal and rock mass by direct measurement. As a nonde-
structive detection technology, computed tomography (CT)
is not only used to characterize rock fractures, minerals, and
pore permeability [6–8], but also used widely to characterize
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and quantitate rock internal pore structure [9]. Zhao [10]
studied how mineral inclusions in coal influence its load
failure. Ru [11] used CT scanning to investigate the distri-
bution characteristics of minerals, pores, and fractures as
well as the evolution characteristics of fracture network
under stress. Kaide [12] studied the mechanical properties of
uniaxial compression coal in different bedding directions.
Jiang [13] studied how primary cracks affect the develop-
ment and evolution of new cracks under different shear
rates. In [14] pore and fracture development in coal under
stress conditions are investigated based on NMR and fractal
theory. Several scholars have studied the characteristics and
laws of acoustic emission in the main fracture stage of coal.
For example, Xiaoran [15] used parameters, such as acoustic
emission counting, to describe the propagation process of
prefabricated cracks in coal samples under compression.
Moradian [16] used impact parameters to describe the stage
evolution from microcrack formation to macrocrack
cracking. However, a single-parameter analysis ignores
other pieces of information in acoustic emission waveform
and cannot fully reflect the precursory evolution charac-
teristics of disasters. Hence, scholars have used multipa-
rameter comprehensive analysis to study the precursory
information and crack evolution characteristics of coal and
rock mass failure under different loading paths [17–20].
Ohtsu [21] categorized acoustic emission events in uniaxial
compression coal and rockmass into tension and shear types
crack events based on waveform characteristics and the
relationship among rise time peak amplitude and count
duration ratios (RA-AF).

Previous studies on the damage of coal and rock mass
have focused on the effects of mineral impurities and
bedding dip angle on the strength and anisotropy of coal and
rock mass under uniaxial compression. However, only few
studies have investigated the evolution characteristics of RA-
AF cracks under uniaxial compression as well as the for-
mation mechanism of oil and gas disaster migration channel
when coal mining damage occurs. Hence, this study used
coal sample CT scanning technology and acoustic emission

test to analyze the influence of fracture structure on the
failure mode of coal mass. *is study also explored the
failure mode of coal mass damaged by high-pressure oil and
gas at different positions of abandoned oil wells; we further
investigated the mechanism of coal mass load fracture and
oil and gas disaster migration channel in the common
storage area of coal and oil resources.

2. Experimental Design

2.1. Preparation of Coal and Rock Mass Specimens. *e coal
samples used in the test were Jurassic coal from I05 working
face of coal seam 4−1 of Shuangma coal mine in Ningdong
mining area. Sand lines were used to place the coal samples
50m, 150m, and 300m away from the abandoned oil well
(near, middle, and edge of the well, respectively). *is
placement variety was because the acoustic emission probe
easily falls after the loading and fracture of a cylindrical coal
sample. When the acoustic emission probe falls, the mon-
itoring data become deficient. However, sufficient moni-
toring data are needed to intuitively describe the surface
damage of coal mass, avoid the secondary damage of cutting
to coal mass, and reduce experimental error. *e coal lump
was cut into three 100mm3 coal samples, and a typical coal
sample at each position was selected for analysis.With the oil
well as the origin, the numbers from near to far were C1, C2,,
and C3. CT scanning was conducted to determine the in-
fluence of high-pressure oil and gas on the fracture char-
acteristics, failure mode of coal mass in the common storage
area of kerosene resources, and the formation law of oil and
gas disaster migration channel.

2.2. Experiments. An X-ray spiral CT machine (UTC780,
Lianying Medical Technology Co., Ltd) was used to analyze
the influence of high-pressure oil and gas diffusion on the
fracture characteristics of coal samples at different positions.

*e uniaxial compression test was conducted on a rock
mechanics test system (RMT-150). *e displacement
loading control was adopted. To avoid the noise signal
caused by the friction and slip of the coal sample at the initial
loading stage, the coal sample was preloaded to 2 kN; the
sample was then loaded at a rate of 0.2mm/min until the
coal sample was damaged.

To monitor the macrofracture of coal mass during
loading, a high-speed camera was used to take real-time
photographs of the coal sample loading, and an acoustic
emission probe was set on both sides and rear side of the coal
sample. A DS5-16B full information acoustic emission signal
analyzer was used to monitor the acoustic emission infor-
mation during the entire uniaxial compression test in real
time. To reduce the impact of static electricity and noise on
acoustic emission test, the acoustic emission system and
testing machine were grounded, and the monitoring
threshold was set to 38 dB. Grease was applied between the
probe and the coal sample to enhance the coupling effect.
Before the test, the coal sample analog signal source was
knocked, the channel response of each probe was observed,
and each probe was confirmed normal (Figure 2).
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Figure 1: Oil and gas reservoir disasters in working face of
Shuangma coal mine.
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3. Test Results

3.1. Accurate Identification of Fracture Parameters. *e CT
slice thickness of the coal samples was set to 2mm, and 50
CT slice images were obtained for a single coal sample.
Considering space limitation, photographs at 2, 4, 6, 8, and
10 cm positions were selected for each coal sample to reflect
the fracture distribution characteristics of the whole coal
sample. *e coupling algorithm of fracture binarization and
adjacent point interpolation was established, and the
command was written in MATLAB to binarize the image
[22].

According to the results of CT slice processing and
fracture characteristic analysis of coal samples (Table 1),
when the coal samples are close to the oil well, the distri-
bution, opening and penetration degree, and fracture density
of fractures increase. *is trend indicates the damage of
high-pressure oil and gas diffusion to the surrounding coal
body and provides an internal medium to accumulate oil
and reservoir gas.

3.2. Characteristics of Stress and Strain and Acoustic Emission
of Loaded Coal and Rock Mass. To avoid several acoustic
emission low-energy damage signals that affect the damage
of key signals during coal sample loading, the characteristic
signal of damage and fracture of coal and rock mass was
selected using the signal energy contribution rate. *e
collected signal si(1≤i≤ n) was regarded as a whole S,
S � [s1, s2, s3, . . . , sn−1, sn], where the signal si detected in
rock damage and fracture carries energy ei, and the energy
monitored in the whole failure process is
E � [e1, e2, e3, . . . , en−1, en].

*e cumulative energy contribution rate is calculated
using the frequency fi(i� 1,2,3, ···, n) corresponding to the
calculated energy after the descending arrangement of dif-
ferent energy contribution rates in the process of damage
and fracture βi:

βi �


i
k�1 ekfk


n
k�1 ekfk

(i � 1, 2, 3, · · · , n). (1)

Statistically, if a certain phenomenon is regular, its
statistical probability will exceed 85%. During rock
damage and fracture, the energy carried by the acoustic
emission monitoring signal may differ because of its own
anisotropy. *erefore, the average value of the signal
energy for the screening energy contribution rate between
85% and 95% was used as the initial selection threshold Q,
and the final selection threshold was Qs. *e calculation
formula is [23]

Q � 
n

i�1

ei

n
; ei ∈ E, 0.85≤ βi ≤ 0.95

⎧⎨

⎩

⎫⎬

⎭,

QS � maxE · R
2

+ Q,

(2)

where max E represents the maximum energy value of the
monitored acoustic emission signal and R represents the
ratio of the number of signals after the energy exceeds the
preliminary selection threshold.

Based on the total stress-strain curve of rock under
uniaxial compression, the deformation process of Shuangma
coal sample was divided into four stages: initial pore
compaction (stage I), elastic deformation (stage II), rapid
fracture development (stage III), and post-peak (stage IV)
[24, 25].

In the loading process, the elastic modulus of coal
mass changed rapidly in the rapid fracture stage. *us, the
crack expanded and fractured violently, which is similar to
the dynamic disaster of coal seam mining. *erefore,
stress-strain curve rapid fracture stage was selected to
analyze the rapid fracture mechanism. Figure 3 illustrates
the trend of stress, strain, ringing count, characteristic
energy signal, and energy accumulation with time during
loading:
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Figure 2: Experiment system.
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(1) Fracture compaction (stage I; stress level, 0–20%): in
this stage, the internal cracks of coal mass were
compacted and closed, the stress-strain curve was
concave, oil and gas gathered in the coal in the form
of independent cracks, and the storage capacity
decreased with the closure of cracks. As the fracture
density (quantity and trace width) of coal samples at
different positions increased, the acoustic emission
ringing count, cumulative energy, and ability to store
oil and gas increased.

(2) Elastic deformation (stage II; stress level, 20%–90%):
in this stage, the original cracks compacted further
and new cracks developed. *e stress-strain rela-
tionship of coal mass was approximately a linear
positive correlation. *e acoustic emission ring
count was relatively stable, and the cumulative en-
ergy curve increased rapidly. Oil and gas diffused
regionally as cracks developed.

(3) Rapid fracture (stage III; stress level 90%–100%): the
cracks rapidly expanded to form a network structure
and finally penetrated the whole coal sample to form

a macrofracture. *e stress, elastic modulus, ring
count, and cumulative energy increased rapidly. At
this stage, the network structure and macrofracture
produced several storage and migration channels for
oil and gas. *e acoustic emission signals of coal
samples at different positions and the storage and
migration capacity of oil and gas increased with
increasing fracture density.

(4) Post-peak (stage IV): the coal mass formed a through
main failure surface, and the bearing capacity de-
creased rapidly to a certain value. *e acoustic
emission ringing count decreased rapidly and
remained at an extremely low level, and the accu-
mulated energy remained unchanged. *e genera-
tion of through failure surface in this stage promoted
the formation of a macrochannel of oil and gas
disasters.

Table 2 illustrates that, compared with the C3 coal sample
far from the oil well, the compressive strength and cumu-
lative energy of the C2 coal samples located in the medial
position of the influence of oil and gas diffusion decreased by
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Figure 3: Different coal mass stress-strain and acoustic emission parameters characteristic signals. (a) Sample C1, (b) sample C2, and
(c) sample C3.
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13.90% and 31.57%, respectively; the acoustic emission
energy and the number of events during a complete fracture
of coal mass were reduced by 33.28% and 27.58%, respec-
tively. *e compressive strength and cumulative energy of
C1 coal samples near the oil well decreased by 61.06% and
112.38%, and the acoustic emission energy and the number
of events decreased by 38.51% and 75.85%, respectively,
when the coal mass was completely broken.

*e degree of coal mass damage caused by high-
pressure oil and gas diffusion increased with the sampling
location close to the oil well, which significantly reduced
the compressive strength, cumulative energy, and the
number of fracture events of coal mass. *e deterioration
of the mechanical properties of coal mass was suitable for
the formation of oil and gas storage and migration
channels.

4. Discussion

4.1. Fractal Characteristics of Cracks. Based on the theory of
the fractal characteristics of fractured rock mass [26], the
fractal box counting method was used to calculate the fractal
dimension of primary fractures.*e linear fitting function of
the typical box countingmethod for calculating the degree of
crack distribution in coal and rock specimens is [27]

LogN(δ) � −D log δ + C, (3)

where C is constant and D is the fractal dimension of coal
specimens.

Figure 4 shows the fractal dimension characteristics of
coal sample fracture structure at different positions.*e coal
sample fracture structure had a significant impact on its
fractal dimension. *e fractal dimensions of C1, C2, and C3
coal samples were 1.8370, 1.6503, and 15192, respectively. As
the coal sample was far from the oil well, its fractal di-
mension increased by 11.13% and 20.92%, respectively.

*e analysis of the CT scanning results of the coal mass
showed that the closer the sampling position to the oil well,
the greater the extension length, opening degree, and depth
of the main fractures of the coal sample; likewise, the greater
the number of fractures and fractal dimension, the greater
the damage degree of high-pressure oil and gas diffusion to
the coal sample, and the easier it is to form a macro gas
channel under load.

4.2. Analysis of the Failure Evolution. *e damage stress
wave monitored by acoustic emission is a continuous
aperiodic waveform induced by the fracture at different
times. As shown in Figure 5, any wave function can be

decomposed into sinusoidal functions with different am-
plitude frequencies [28].

*erefore, each damage fracture energy event can be
characterized as a sinusoidal function. *e frequency
spectrum chart of the damage waveform after Fourier
transform was characterized by the frequency and amplitude
of each damage fracture. *is was aimed to deduce damage
fracture in the rapid fracture stage.

*e fracture modes of coal mass under load can be
divided into tensile and shear failures. Tensile failure leads to
lateral tensile expansion of crack and the signal exhibited
characteristics of high frequency and low amplitude. Shear
failure led to friction dislocation up and down the shear
plane, and the signal exhibited characteristics of low fre-
quency and high amplitude [29]. Ohno and Ohtsu [30]
developed a method for describing fractures in concrete.
*is method only uses relative amplitude values adequate to
resonant acoustic sensors, unlike moment tensor inversion
methods or those using the direction of the first motion.
According to [31], the damage evolution relationship of coal
samples was established based on the time sequence of
damage deterioration of characteristic signals obtained from
waveform and spectrum analysis. *e damage types of
characteristic signals at the marked key positions in Figure 3
are shown in Table 3.

Figure 6 illustrates the RA-AF relationship of coal
samples from Shuangma mine. With the sampling location
away from the oil well, the number of C2 and C3 fractures of
coal samples increased by 40.62% and 81.93%, respectively,
and the number of tensile failures was significantly higher
than that of shear failure. *ese observations indicate that
the closer the coal mass to the oil well, the greater the damage
degree of high-pressure oil and gas diffusion, the smaller the
number of coal sample fracture events, the more complex
the failure mode, and the greater the oil and gas storage and
migration ability.

Figure 7 illustrates the macrofracture characteristics of
the key failure positions of the coal sample in the rapid
fracture stage (III); the figure also illustrates the analysis of
the fracture signal of coal mass corresponding to RA-AF.
At the initial stage of loading failure (A), the coal sample
C1 near the oil well passed through under the shear action
of two longitudinal main fractures. Meanwhile, the coal
sample loading compressive stress and energy were still in
the accumulation state. Although the fractures passed
through, the overall structure was not completely dam-
aged. *e final fracture of the coal sample was induced by
the middle shear stress (B), and the combined action of
tension and shear failure (C) led to the rapid release of the
stress accumulated by the overall disintegration of the coal
sample. *is stress release was because the original

Table 2: Compressive strength and acoustic emission energy of different specimens.

Sample number C1 C2 C3

Compressive strength/MPa 16.59 23.46 26.72
Accumulated energy/kV·ms 5.21 8.41 11.065
Number of AEs at complete rupture/Pcs 51405 70852 90395
Characteristic energy at peak/V·ms−1 1875.65 1949.27 2597.93
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fracture surface with large extension length and cutting
depth in the coal mass first produced a shear failure
surface along the direction of the original large fracture
surface in the loading process. For C2 coal samples at the
middle of the oil and gas diffusion influence, the coal and
rock mass showed a composite failure accompanied by
tensile failure and shear failure at the initial stage of

loading failure (A) in the rapid fracture stage. As loading
strength increased, the cracks in the coal deformed, ex-
panded, and penetrated, forming a crack network. Finally,
the cracks in the middle of the fracture were completely
destroyed at the stress peak (C) under the induction of
shear failure (B); the cracks in the specimen were grad-
ually destroyed from the edge, which is similar to

Table 3: Key location feature signal damage types.

Sample number
Energy characteristic signal

A B C
C1 Shear Mixed Mixed
C2 Tensile Mixed Shear
C3 Tensile Tensile Mixed
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Figure 6: RA-AF damage analysis of different coal masses. (a) Sample C1. (b) Sample C2. (c) Sample C3.
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conjugate failure. At the initial stage of the loading failure
(A) of the edge coal sample C3, tension failure occurred at
the edge of the coal mass. As the loading strength in-
creased, fracture deformation expanded and penetrated,
forming a fracture network.*e final fracture was induced
by central shear failure (B), resulting in stress release
accumulated by coal and rock mass disintegration (C)
under the combined action of tension and shear failure.
Moreover, the residual strength of coal mass after yield
strength was high.

At the initial stage of the loading failure of coal samples,
tension failure led to fracture expansion, forming an inde-
pendent fracture structure; moreover, the fracture density
increased, resulting in the accumulation of high-pressure oil
and gas into the coalmass.When loading to the yield strength,
the shear failure increased gradually, and the initial fracture
extension and the new fracture germination led to the rapid
cross expansion of the fracture to form a network structure.
*e fracture structure was in a good conduction state in the
region and in a poor conduction state among regions.
Meanwhile, the oil and gas concentration in the coal mass
increased rapidly. When loaded to the ultimate strength, the
fracture was developed to run through the whole coal sample,
and the generation of a macrochannel of oil and gas led to the
diffusion of a large amount of oil and gas to the mining face,
causing an oil and gas disaster. *e stress and energy accu-
mulated by the final overall disintegration of the coal body
were rapidly released, which can easily induce the dynamic
disaster of oil and gas gushing out of coal mines in the
overlapping area of coal and oil resources. *erefore, the
fracture evolution and failure form of coal and rock mass in
the costorage area of coal and oil resources are crucial to oil
and gas disaster prevention technology in this coal and oil
resources costorage area of coal mine.

5. Conclusion

(1) *e damage degree of high-pressure oil and gas
diffusion to the surrounding coal sample was linearly
and negatively correlated with the oil well distance.
*e closer the coal sample to the oil well, the greater
the fracture development degree, fracture density,
and fractal dimension. CT scanning results showed
that the maximum reduction of fractal dimension of
coal sample was 20.92% when the sampling location
was away from the oil well.

(2) *e diffusion of high-pressure oil and gas degraded
the mechanical properties of coal samples to varying
degrees and reduced the energy released during
damage. With the sampling location away from the
oil well, the maximum increase in coal sample
compressive strength and cumulative energy was
61.06% and 112.38%, respectively, and the maximum
increase in fracture number at the key fracture lo-
cation was 81.93%.

(3) *e lateral diffusion of high-pressure oil and gas
changed the failure mode of coal samples. With the
sampling location away from the oil well, the failure
modes are as follows. *e new fractures of coal
samples near the oil well propagated along the main
fractures in a step-by-step manner; conjugate
shrinkage failure was caused by the low-frequency
continuous vibration of the medial position in the
coal sample. *ree forms of fracture were caused by
high-frequency vibration intermittent in micro-
cracks of edge coal samples.

(4) In the loading process of coal mass, tension failure
promoted the expansion, extension, and coalescence
of fractures; shear failure promoted the generation of

C1 C2 C3

A

C

BB

A A

C

BB

A

C

Tension failure signal Shear failure signal

Figure 7: Coal mass fracture analysis.
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new fractures between the original main fractures,
resulting in the rapid cross expansion and pene-
tration of a fracture network structure. Each stage
was accompanied by the migration, accumulation,
diffusion, and emission of oil and gas in the coal as
well as the rapid release of stress accumulated by the
final disintegration of coal mass. It was easy to induce
coal mass instability, oil and gas, and other dynamic
disasters in the common storage area of coal and oil
resources.

Data Availability

*e data analyzed or generated during the research can be
provided by the corresponding author upon request.

Additional Points

Based on the research on the failure and instability of coal
mass and the prevention and control of oil and pneumatic
disasters in Shuangma coal mine in Ningxia coal and oil
resources costorage area, this paper mainly studies mech-
anism of loading fracture of coal mass and formation of oil
and gas disaster channel in coal and oil resources costorage
area.
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