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Abstract: The space-time evolution characteristics of frac-
tures in coal seams under external loads are of great sig-
nificance for the exploration and development of coalbed
methane and the safe mining of coal. In this study, the
in situ industrial uCT scanning experiments of gas-bearing
coal under triaxial compression conditions was carried out
using a loaded coal rock industrial uCT scanning system.
The computed tomography (CT) scan images of different
deformation stages were obtained. The temporal charac-
teristics and spatial evolution patterns of fractures during
gas-bearing coal rupture were investigated by combining
image retrieval techniques and fractal theory. The results
show that (1) as the axial load increases, the maximum
similarity of the CT images showed a gradually decreasing
trend. (2) Under the triaxial compression conditions, the
number of two-dimensional cracks in a coal-containing
gas at different spatial positions exhibited a changing
pattern in which it slowly decreased before rapidly
increasing. (3) The patterns of change in the three-dimen-
sional fracture rate, fracture density, and fractal
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dimension were quite similar, showing four stages of
slow decline, slow growth, sharp growth, and slow growth
again. In contrast, the Euler number exhibited the exact
opposite pattern of change. (4) The coal sample space
showed prominent zonal failure characteristics. The
bottom of the coal sample space position (Area C) near
the loading indenter had the most developed cracks and
serious damage, the middle of the coal sample space posi-
tion (Area B) was the second, and the upper of the coal
sample space position (Area A) near the fixed indenter
had slow fracture development and minimal damage.

Keywords: industrial uCT, gas-bearing coal, image retrieval
techniques, fracture evolution, fractal theory

1 Introduction

Coalbed methane (CBM) is a very valuable energy source,
and its development and utilization can replace traditional
natural gas, reduce greenhouse gas emissions, and improve
the energy structure, playing an important role in mine
safety, environmental protection, and commercial value
[12]. Coal is a non-uniform porous medium material with
a large number of natural defects such as pores and frac-
tures randomly distributed within it, and these natural
defects intersect with each other, providing the main
network channels and pathways for CBM transportation.
However, when a coal seam group is mined, the pores and
fractures inside the coal body disturbed by mining will
develop and expand dynamically and non-stably, and the
physicochemical properties [3,4] and permeability charac-
teristics [5,6] of the coal body will change, thus affecting the
CBM transport. Therefore, it is of great significance to study
the structural characteristics and evolution laws of pores
and fractures in coal rock bodies during the process of
load damage for the efficient exploitation of CBM and con-
trol of coal and gas protrusion disasters.

At present, there are several advanced techniques for
testing and studying the structural characteristics of coal
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rock pores and fractures, such as low-press nitrogen adsorp-
tion [7], mercury intrusion porosimetry (MIP) [8,9], nuclear
magnetic resonance (NMR) [10,11], scanning electron micro-
scopy (SEM) [12], X-ray computed tomography (CT) [13,14],
and digital image correlation methods (DIC) [15,16]. Among
these testing methods, MIP causes irreversible damage to
the specimen. Low-pressure nitrogen adsorption is only sui-
table for detecting the pore structure of small-sized samples.
SEM and DIC are limited to observing the surface structure
of the sample and cannot analyze the internal spatial mor-
phology. NMR and CT are both non-destructive testing tech-
niques. However, NMR is only applicable for detecting the
pore structure of saturated water samples, while CT scan-
ning, as an emerging detection technology, can achieve scan-
ning accuracy down to a few micrometers. It not only
enables non-destructive testing of samples but also allows
for spatial visualization and characterization of the internal
pores and fracture structures of the samples by combining
digital image processing techniques. Therefore, it has been
widely applied in recent years [17-20]. For example, Hao
et al [21] used CT scanning and three-dimensional recon-
struction technology to analyze the influence of working
conditions on the extension direction, development degree,
and connectivity of cracks in coal under different working
conditions. Wang et al. [22] reconstructed the mesostructure
of coal samples at two scales by using dual-resolution CT
scanning equipment and image processing technology and
quantitatively characterized the multi-scale structural char-
acteristics of coal seam development. On this basis, scholars
have combined CT scanning equipment with loading devices
to realize in situ real-time CT scanning of loaded samples
[23,24], simulate the real stress environment of underground
coal seam, and observe the dynamic evolution process of
coal seam fracture. In addition, to quantitatively charac-
terize the evolution law of coal seam fractures, quantitative
analysis of coal-rock damage during the loading process was
achieved by mathematically and statistically characterizing
the characteristic parameters of fractures [25-27] (area,
number, length, volume, angle, etc.). However, there is a
large error in characterizing the fracture evolution under
different stress levels using the traditional fracture charac-
teristic parameter analysis method.

In order to describe the deformation and damage law
of coal rock bodies more accurately, scholars have com-
bined the relevant theories with CT technology to identify
and study the pore and fracture structure of coal rock and
its evolutionary characteristics. It has been shown that
fractal theory is feasible to describe the complexity and
self-similarity of porous media [28]. Therefore, many scho-
lars used fractal dimension to quantitatively characterize
the heterogeneity and complexity of pores and fractures in
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coal and rock mass. Wang et al. [29] quantitatively ana-
lyzed the microstructure of coal samples based on the
three-dimensional reconstruction of CT images and fractal
theory. Shi et al. [30] and Rahner et al. [31] analyzed and
discussed the relationship between coal rock’s porosity,
permeability, and fractal dimension. Du et al. [32] imported
the three-dimensional fracture network and mineral
distribution network model of coal samples into FLAC®®
modeling and verified it by the fractal geometry method.
However, the premise of calculating the fractal dimension
is the threshold segmentation of the image. The previous
threshold segmentation method will cause the loss of the
basic information of the image [33,34]. Therefore, many
scholars have applied the gray level co-occurrence matrix
(GLCM) theory to identify and extract pores and fractures in
porous media materials [35,36], thus effectively avoiding the
shortcomings of the threshold segmentation method. Wu
et al. [37] used the GLCM method to quantitatively extract
the CT image information of different stress stages, which
effectively described the characteristics and laws of fracture
dynamic expansion during the failure process of loaded
samples. Zhu et al [38] analyzed microscopic damage evolu-
tion and crack characteristics of concrete samples based on
the GLCM theory.

In summary, the combination of loading systems and
CT scanning technology has always been a hot topic in rock
mechanics to explore the deformation and failure process
of coal and rock mass. However, these studies focus on
the time series characteristics of the fracture network of
loaded samples, and the space-time evolution of fractures
is rarely reported. In addition, scholars generally use the
same layer of CT scan positioning or visually similar CT
scan images for analysis [39,40]. In fact, when samples are
subjected to external loading, the coal matrix and minerals
will undergo physical phenomena such as dislocation and
movement, and the displacement generated by loading will
cause changes in the CT scan layers. Meanwhile, limited by
the human eye’s resolution ability, the numerous fine view
information contained in CT images cannot be fully observed.
Therefore, the same localized layers obtained by CT scan or
CT scan sections with similar features identified by sensory
discrimination can no longer fully reflect the structural
changes of the same layer of coal rocks under different stress
conditions. Given this, this study conducted CT scan tests of
methane-containing coal samples under triaxial compression
conditions using the loaded coal rock industrial CT scanning
system. We revealed the spatial and temporal evolution char-
acteristics of the destabilization damage of loaded coal rocks
at the fine view scale based on the image retrieval method
and fractal theory from planar two-dimensional and spatially
three-dimensional perspectives. We explored the fracture
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evolution and distribution law of the fine view structure as a
whole and locally with the external load during the destabi-
lization damage of methane-containing coal. This study pro-
vides a theoretical basis for safe and efficient mining in coal
mines.

2 Experiment

2.1 Coal sample preparation

The coal samples used in the experiment were taken from
the Gengcun coal mine in Sanmenxia, Henan Province,
China. The upper part of the coal seam is dominated by
bright coal, and the lower part is dull in luster. The coal
seam is mostly pulverized or broken, with semi-dark coal
predominating, and the coal at the bottom of the seam is
of poor quality. Large intact coal samples are taken from
the working face, cored, and processed into standard cylin-
ders with a diameter of about 25 mm and a height of about
50 mm using a drilling machine. Select one of the coal
samples with an intact appearance and place it in a ther-
mostat at 105°C environment. It was dried for 24h to
eliminate the effect of moisture and waited for experi-
mental use.

| TRIAKIALSTRESS & DISPLACEMENT
TESTING SYSTEM

Gas-bearing coal fractures = 3

2.2 Test system

All experiments were conducted using a loaded gas-bearing
coal microscopy industrial CT scanning system, as shown in
Figure 1, which is composed of two primary components:
the industrial CT real-time scanning system and the triaxial
loading percolation control system.

The scanning equipment utilized was the Phoenix v|
tome|x s industrial micro-CT system from GE, which is
equipped with two different X-ray tubes with varying scan-
ning accuracies. This can not only scan the fine structure of
unloaded samples but also realize the real-time dynamic
observation of loaded samples during the damage process.
One of the X-ray tubes is a high-power micron tube, which
has the advantage of strong X-ray penetration and is
mainly suitable for scanning large samples but has the
disadvantage of weak detail resolution. The other is a
high-resolution nanoscale tube, which has the advantage
of strong detail resolution and can observe changes in
detail less than 0.5 pm, but with a maximum power of
only 15 W, the ray penetration is weak and is mainly sui-
table for observing details of small samples. In this study,
due to the large sample size, a high-power micron X-ray
tube was selected to observe the fine fracture structure
change characteristics of the loaded sample. The main cal-
culated parameters of the industrial CT scanning system
are shown in Table 1.

Detection
board

coal sample

e mmmm e m e

e .
Moving pressure hea

Figure 1: Experimental equipment (modified from the study of Wu et al. [39]). (a) CT scanning equipment and (b) triaxial loading and seepage control

system.
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Table 1: The main technical indexes of industrial micro CT scanning system

X-ray source

Technical parameters

Parameter value

High-power micron-focus ray source

High-resolution nano-focus ray source

Tube voltage 10-240 kv
Tube current 0.01-3.0 mA
Maximum power 320w

The shortest distance from the focus to the sample <4.5mm
Ability to distinguish details <2um
Minimum focus size <3um

Tube voltage 10-180 kV
Tube current 0.01-0.88 mA
Maximum power 15W

The shortest distance from the focus to the sample <0.35mm
Ability to distinguish details <0.5pum
Minimum focus size <lpm

The triaxial loading and seepage control system mainly
includes three parts: the loading module, the seepage module,
and the computer software control system. The loading
module mainly includes the axial pressure pump, the con-
fining pressure pump, and the triaxial loading chamber. The
triaxial loading chamber is located in the CT scanning room
and can realize in situ non-destructive testing during sample
loading. It is made of high-strength carbon fiber alloy mate-
rial, which does not affect the scanning effect of CT and can
withstand sufficient pressure. The axial pressure is controlled
by the axial pressure pump to move the loading head, which
can provide a maximum load of 100 kN. The axial loading
displacement rate is 0.01-3.0 mmmin~, and the maximum
axial loading stroke is 20 mm. The maximum error is 0.1%.
The confining pressure is provided by the confining pressure
pump, which can provide a maximum of 30 MPa of confining
pressure, and the maximum error is 0.05MPa. The seepage
module mainly includes high-pressure gas cylinders, seepage
pipelines, pressure-reducing valves, pressure gauges, and
flowmeters. The gas cylinder can increase the maximum
pore pressure by 10 MPa, and the flow certification range of
pressure is from 0 to 420 ml'min", with a maximum error of
0.42 ml'min . The computer software control system can con-
trol the load size, loading mode, loading rate, etc., in real time
and accurately. At the same time, the real-time data generated
during the test can be fed back to the control software
through sensors for users to monitor in real time.

2.3 Test process

In this article, CT scanning tests were performed on coal
samples under triaxial compression conditions, setting the
circumferential pressure of the triaxial loading system to
5 MPa and the pore pressure to 0.5 MPa. CT imaging quality

depended on the CT scanning parameters, and the optimal

scanning parameters selected for the experiments were

180 kV voltage, 220 yA current, number of overlapping

images (1), 2,000ms exposure time, 1 x 1-pixel group,

2,024 x 2,024 pixel size, number of scanned images (1,200

images), and a pixel resolution of 27.4 um. The specific

experimental steps are as follows.

1) The experimental coal sample was fixed in a rubber
sleeve of carbon fiber composite material, then loaded
into a triaxial gripper and connected to an axial pres-
sure loading cylinder and pipeline. The sample position
was adjusted by controlling the X-, Y-, and Z-axis oper-
ating levers to ensure that the sample rotated 360° to
occupy the center of the detector.

2) The room temperature was set to 25°C, and the triaxial
loading equipment and CT scanning equipment were
warmed up before starting the CT scan. Before initiating
the scan, the loading system was adjusted to apply a
pre-loading force of 1,000N to the coal sample held
in the gripper, which helped to secure the sample.
Additionally, a gas cylinder was used to introduce
0.5 MPa gas into the gripper, creating stable air pressure
for 3—4 h until gas adsorption equilibrium was reached.
Once equilibrium was achieved, the confining pressure
was set to 5 MPa, and both confining and gas pressure
were kept constant as axial pressure was continuously
applied to start the loading process. During loading,
CT scans were taken at different stress levels to observe
the development and expansion of internal fissures
within the gas-bearing coal sample. To capture the com-
plete fracture evolution process, six scans were taken at
specific positions during the loading process, as shown in
Figure 2.

3) The acquired CT projection images were reconstructed
into three-dimensional digital coal cores using the
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software phoenix datos|x2, and then the digital coal
cores were analyzed by image analysis using VG
Studio MAX image processing software to extract the
internal fracture information of coal samples and per-
form qualitative and quantitative analysis.

3 Methods

3.1 Image preprocessing
3.1.1 Three-dimensional reconstruction of CT data

When the conical beam emitted from the X-ray tube passes
through the sample resting on the carrier table, a sample light
and dark transmission map are formed on the detector due to
energy attenuation and stored in the computer. When the
sample is rotated with the carrier table at an angle at each
interval until a scanning round is completed by rotating 360°,
scanning body data are formed, and the transmission map at
different angles is reconstructed in three-dimensional, which
can effectively characterize the grayscale information of each
part of the sample. As shown in Figure 3, the reconstruction
of the collected raw data is performed using the reconstruc-
tion software phoenix datos|x2. During the reconstruc-
tion process, first, the reconstruction region of interest
(ROD) needs to be defined to save computer memory and
speed up data processing; second, the scan optimization
button is selected, which compensates for streaks at the
boundaries of CT images. Then, the projection filter button
is selected to enhance the imaging recognition of the coal
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sample boundaries and strengthen the sharpness of the
image target boundaries. Next, ring artifact reduction is
utilized to reduce the streaks due to detector pixel defects,
flickering pixels, or pixels with nonlinear behavior causing
the appearance of ring artifacts. Finally, to achieve better CT
imaging, we must select the beam hardening correction
button to homogenize the imaging brightness in different
thickness areas of the CT image. After the aforementioned
steps, we import the reconstructed digital model into VG
Studio Max software, which can accurately extract the struc-
tural information of pores and fractures of coal samples and
further analyze the characterization.

3.1.2 Image binarization

Image threshold segmentation is a prerequisite for the
extraction and quantitative analysis of structural informa-
tion of coal rock fissures. At present, the common threshold
segmentation methods mainly include the Otsu method [41],
the watershed segmentation method [42], and the segmenta-
tion method of the inverse threshold of porosity [43]. The
binarization of an image is to set the image gray value to 0
or 255 only, and the image shows a distinct black-and-white
effect. The following transformation of the input image f to
the output image g is performed:

1L fA,jH=T

0, f(ij) < T @

8, j) =
where T is the threshold value; g(i,j) = 0 for fractured
elements of coal rock material, which is black after binar-
ization; and g(i,j) =1 for coal matrix and mineral ele-
ments, which is white after binarization.
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40t

30F

20 F

Stress (MPa)

Scan 1 (0, 4.86075)

Scan 2 (0.81, 12.74571)

Scan 3 (1.51, 25.53945)

Scan 4 (2.65, 48.5725)

Scan 5 (3.06, 59.55319)

Strain (%)

Figure 2: The CT scan location.

Scan 6 (4.45, 50.56169)
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Figure 3: Three-dimensional reconstruction process.

As shown in Figure 4, the image noise is first removed
using the Gaussian filter button of the Image] open-source
software. Then, the grayscale histogram of the image is
drawn to find out the threshold points. Finally, the image
is binarized using the Otsu method to extract the cleft
information of the image.

3.2 Principle of CT image retrieval

As shown in Figure 5, each CT image feature in the image
database is extracted, and all the extracted image features
are formed into a target image feature database. When
retrieving, the correlation between the sample image fea-
tures and the target image feature database is calculated,
S0 as to get the image most similar to the sample image in
the database and realize image retrieval.

Image retrieval techniques based on hashing algo-
rithms have a wide range of applications, and there are
three commonly used hashing algorithms: the average
hash algorithm (aHash) [44], the different hash algorithm
(dHash) [45], and the perceptual hash algorithm (pHash)

CT slice

Figure 4: Binarization process of CT image.

| Projection filters

—{ Ring artifact reduction }—

3D volume reconstruction

CT slice after Gaussian filtering

—‘ Beam hardening correction }—

VG Studio view

[44,46]. All three algorithms obtain the hash value of an
image and then compare the Hamming distance between
the hash values of two images [47]; the more similar the
two images are, the smaller the Hamming distance between
the hash numbers of the two images. The perceptual hash
algorithm uses the discrete cosine transform (DCT) to obtain
the low-frequency components of the images. As long as the
overall structure of the images remains the same, the hash
result remains the same, avoiding the impact of gamma
correction or color histogram being adjusted. Therefore, in
this article, a Matlab program is prepared based on the
perceptual hashing algorithm, which is used to calculate
the similarity between CT images. The algorithm works as
follows:

1) Preprocessing the image, reducing the image size to
n x n, and filtering the high-frequency components of
the image.

2) Performing grayscale transformation, then calculating
DCT, taking the upper left corner of the transformation
matrix, size k x k, and calculating DCT mean.

3) Calculate the hash value, greater than the DCT mean set
to 1, less than set to 0, to get the binary string.

0

Count: 178326
Mean: 123.455
StdDev: 10.700

Min: 43
Max: 242
Mode: 125 (8893)

Gray histogram

Binary image
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Figure 5: Image retrieval process.

4) Calculate the Hamming distance of the two strings to get
the similarity value.

3.3 Fracture connectivity and complexity
characterization methods

The network complexity of the fractures can be character-
ized by fracture rate, fracture density, and fractal dimen-
sion. According to the reconstructed three-dimensional
reconstructed digital model, using the pore inclusions ana-
lysis module of the software VG Studio MAX software, the
accurate extraction of fractures can be realized, and the
fracture volume and fracture surface area of the sample
can be calculated. The fracture rate and fracture density
can characterize the fracture development inside the coal
body and are important indicators to indicate the degree of
fracture development in porous media [48], and they are
defined as follows:

-

¢ = W v
S

p_ Vt’ (3)

where vt is the volume of fractures inside the sample; s; is
the surface area of fractures inside the coal sample; and v
is the total volume of the sample.

The three-dimensional fractal dimension of fractures
can characterize the number and distribution complexity
of fractures in rock space [49]; there are various ways to
calculate it, such as box fractal dimension, similarity dimen-
sion, information dimension, association dimension, etc.
Among them, box fractal dimension is more common, which
is based on the principle of masking a surface with fractal
features with cubic boxes of side length r. The number of
non-empty small boxes is counted, denoted as N(r), and then
a linear fit is performed on the r and N(r) data sets. The

Relevance feedback

slope of the straight line is the box fractal dimension,
denoted as D. The box dimension is calculated by the fol-
lowing equation:

g N(r)

D = -lim
Igr

r-0

@

Euler number is an index to characterize the fracture
connectivity in porous media materials and is an impor-
tant element in the study of spatial morphology of porous
media [48,50]. A larger Euler number indicates a larger
number of isolated closed pore fissures and poorer fissure
connectivity; a smaller Euler number indicates a larger
number of connected pore fissures. The Euler number is
calculated as follows:

Eu=ay- o + a, (5)

where Eu is the Euler number, a, is the number of isolated
pore fissures, a; is the number of connected pore fissures,
and a, is the number of closed pore fissures.

4 Results and analysis

4.1 Space-time evolution characteristics of
two-dimensional fractures based on
image retrieval

The projected view obtained from each CT scan is recon-
structed into a three-dimensional digital core by phoenix
datos|x2 software, which is imported into the image
analysis processing software for further analysis and pro-
cessing to obtain real-time scan information of any cross-
sectional position of the coal sample. As shown in Figure 6(a),
the distribution of internal fractures in the coal sample can
be clearly displayed in the image analysis software from
three views: front view, right view, and top view.
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Figure 6: Schematic diagram of digital coal sample slice position. (a) Three views of digital coal core and (b) layer of CT images.

As shown in Figure 6(b), each reconstructed digital
coal sample was divided into 1,000 top-view CT slices
from bottom to top, and these slices were exported as the
target image database. The top-view CT slices of the 300th,
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500th, and 800th layers of the first scanning results of the
coal samples were selected as sample images representing
the bottom, middle, and upper parts of the coal sample,
respectively. CT image similarity retrieval was performed,
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Figure 7: Similarity between target and sample images. (a) The similarity curve of the 300th layer, (b) the similarity curve of the 500th layer, and (c) the
similarity curve of the 800th layer.
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and the retrieval results for the 1st to 6th scanning stages
are shown in Figure 7(a)-(c).

It can be seen that the CT image similarity is relatively
high at the initial scan stage, which indicates a strong simi-
larity between the sample image and the target image
obtained at the first scan stage; when entering the second
scan stage, the CT image similarity decreases, but it is still
relatively high compared to the later stages; as the scan
proceeds to the third stage, the maximum similarity of
the CT image decreases further, indicating the similarity
between the sample image and the target image obtained
at this stage decreases, and this decreasing trend continues
in the fourth and fifth scan stages until the final scan stage
when the CT image similarity reaches its lowest point,
which means that the internal structural characteristics
of the coal sample have changed significantly in the sixth
scan stage compared with the initial scan stage. In general,
the similarity change curves of the first to sixth scan stages
showed a gradual decrease at different locations of the coal
samples. In addition, some differences in the similarity
change curves at the same scan stage are also demon-
strated in Figure 7, indicating the anisotropy and non-
homogeneity of the internal structure of the coal samples.

From Figure 7(a)-(c), the maximum similarity and the
most similar layer for three parts of the coal sample, namely,
upper (800th layer), middle (500th layer), and lower (300th
layer), were calculated for the first to sixth scanning stages.
The specific statistical results are presented in Table 2. It can
be observed that the maximum similarity of the same layer
gradually decreases across different scanning stages. To
avoid repetition, let us take the 300th layer as an example
and provide a detailed description of the variation pattern
of the maximum similarity based on the similarity retrieval
results shown in Figure 7(a). In the initial scanning stage, the
maximum similarity of the 300th-layer image was 1. The
second scan was at the compression and density stage,
when the internal pores and fractures of the coal sample
began to close, and the gray values of the CT images changed,
with the maximum similarity dropping to 0.93945, and the

Table 2: CT images similarity retrieval results

Gas-bearing coal fractures =— 9

image with the highest similarity was 309th layer. With the
continuous application of axial load, it entered the elastic
deformation stage (3rd scan stage); at this stage, the fractures
completely closed and disappeared, the maximum similarity
dropped to 0.92773, and the image with the highest similarity
was the 311th layer. The fourth scan was at the plastic defor-
mation stage, where the internal fractures of the coal sample
were developed and extended, with a maximum similarity of
0.89941, and the image with the highest similarity is in the
332th layer. After entering the peak (5th scan stage), the coal
sample underwent destabilization damage, and the CT images
underwent a large change in gray characteristics; the max-
imum similarity decreased to 0.84570, and the similarity
image was 338th layer. In the post-peak residual deformation
phase (6th scan), fractures were fully extended through, the
maximum similarity was reduced to 0.82520, and the image of
similarity was 324th layer.

As shown in Figure 8, the top and axial cross-sectional
views (front view) of the grayscale images of coal samples
at different stress states are shown, where the top views
are the grayscale images most similar to the first CT scan
images obtained from the other scanning stages based on
CT image retrieval techniques. According to the principle
of CT imaging, different colors in the grayscale images
reflect different gray values, and different gray values cor-
respond to different densities of materials, and the darker
the color indicates that the gray value and the density of
the material are smaller.

The dynamic evolution of the two-dimensional frac-
tures of the coal sample at different deformation stages
can be seen in Figure 8. According to the results of the
1st scan, it can be seen that there are two original micro-
cracks at the 500th layer slice of the coal sample; with the
continuous application of axial stress, the coal sample
entered the compression-density stage (2nd scan), and
the length of the original cracks became shorter, and the
width became narrower, indicating that the cracks under-
went an obvious closure phenomenon. In the elastic defor-
mation stage (3rd scan), the original cracks at the 500th

Scanning points Maximum similarity

The similar layer

L =300 L = 500 L =800 L = 300 L =500 L =800
1 1 1 1 300 500 800
2 0.93945 0.94043 0.95996 309 502 806
3 0.92773 0.92871 0.94043 311 510 799
4 0.89941 0.90527 0.90234 332 539 866
5 0.84570 0.85938 0.84570 338 510 831
6 0.82520 0.81055 0.78516 324 470 819
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layer slice of the coal sample completely closed and disap-
peared, and no cracks appeared in other sections under this
stress, and the integrity and uniformity of the coal sample
were improved at this time. With the increasing load, after
the coal sample started to enter the plastic yielding stage
(the 4th scan), the internal damage of the coal sample gra-
dually increased, and a relatively obvious penetrating pri-
mary crack appeared at the 200th, 500th, and 800th layers of
the coal sample, and some tiny secondary cracks bifurcated
at the two ends of the primary crack; meanwhile, a pene-
trating diagonal primary crack also appeared at the axial
section, at the A microcrack also appeared faintly at the upper
right of the main crack and parallelled to the main crack.
After reaching the stress peak (5th scan), the coal sample
was destabilized, and the number of local cracks increased
sharply; the cracks in the coal sample expanded and con-
verged, and the cracks gradually became wider. After the
peak, the coal sample was in the residual deformation stage
(6th scan) at a lower stress level, and the cracks in the
internal structure of the coal sample were fully extended

Scan 1 Scan 2 Scan 3

L=800

cracks closed and
disappeared

\

«

two initial
cracks

L=500

L=300

Axial section(AS)
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and penetrated, and the crack width increased significantly,
and the cracks were interwoven and connected with each
other, and finally a two-dimensional crack network was
formed.

The CT scan image is a pixel-based grayscale image,
and the grayscale image shown in Figure 8 is binarized,
and then the fracture percentage of the binarized image is
calculated. As shown in Figure 9, only two grayscale regions
remain in the binarization processed CT image, where the
black region is the fracture part and the white region is the
coal matrix and mineral part.

The results of two-dimensional fracture percentages
are shown in Figure 10, which shows that with the increase
of axial load, the number of two-dimensional fractures at
different spatial locations all show two stages of change,
slow decrease, and rapid increase. Comparing the 6th
results longitudinally, the number of two-dimensional frac-
tures in CT images at different spatial locations is different,
among which the number of fractures in the axial section
is the most, with a fracture percentage share of 3.846%; the

Scan 4 Scan 5 Scan 6

B
\ /
\/ \
cracks were generated “cracks expanded
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Figure 8: The top and front view slices at different scan points. (The darkest areas on the CT image indicate pores and fractures; the white areas
indicate high-density minerals; the gray areas between white and black indicate coal matrix areas).
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number of fractures in the 300th layer is the most, with a
fracture percentage share of 3.11%, the number of fractures
in the 500th layer is more, with a fissure percentage share
of 2.756%; the number of fractures in the 800th layer is the
least, with a fracture percentage share of 2.191%. This indi-
cates that the area at the bottom of the coal sample near
the loaded indenter is the most damaged, and the top of the
sample near the fixed indenter is the least damaged.

4.2 Space-time evolution characteristics of
the three-dimensional fractures

4.2.1 Three-dimensional fracture network expansion
global quantitative analysis

The two-dimensional grayscale image can only reflect the
local structural characteristics of coal samples, while the
three-dimensional structure map can present the spatial
structural characteristics of coal samples in a complete

Scan 1 Scan 2 Scan 3

L=800

L=500

L=300

rF v 17 ¥
44

44>+

Gas-bearing coal fractures = 11

and intuitive way. Therefore, the internal three-dimen-
sional fracture structure of coal samples was extracted
and visualized using the software. As shown in Figure 11,
the three-dimensional fracture distribution and digital coal
mass of coal-containing gas during triaxial compression
from the first to the sixth CT scan reconstruction optimiza-
tion are displayed. Different colors represent fractures of
different volumes, with red representing the largest volume,
dark green representing a relatively large volume, and blue
representing the smallest volume.

From the first scan, the original fractures were distrib-
uted inside the coal sample, and the fracture volume was
5.62mm?> the second to third scans corresponded to
the compression-density and elastic deformation stages of
the coal sample, and with the increasing axial load, the
original cracks inside the coal sample gradually closed and
disappeared, and no new cracks sprouted, and the total
fracture volume decreased to 0.03mm?; after entering the
plastic yielding stage (4th scan), the internal damage of
the coal sample increased continuously, accompanied by

Scan 6

Axial section(AS)

Figure 9: Binarization results of CT scan images at different deformation stages.
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Figure 10: The evolution characteristics of two-dimensional fractures.

the generation of new microcracks, the new fractures devel-
oped, expanded, and penetrated rapidly, and formed a
lamellar main fracture zone along the diagonal position of
the coal sample, resulting in a rising total fracture volume of
93 mm>. When the stress peak was reached (5th scan), the
fracture development was more rapid, accompanied by the
rapid growth and development of a large number of new
cracks; the internal cracks further expanded and widened
and penetrated the entire upper and lower ends of the coal
sample, the internal damage of the coal sample continued to
accumulate, and the fracture volume increased significantly,
rising to 290 mm?>. After the peak, the stress fell sharply and
entered the residual deformation stage (sixth scan); the
internal fractures in the coal body further fully expanded
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and converged, the fracture volume increased significantly,
reaching a maximum value of 461.25 mm?, and finally formed
a macroscopic shear damage main fracture.

In order to quantitatively describe the complexity and
connectivity of the three-dimensional fracture network of
gas-bearing coal under triaxial compression. The three-
dimensional fracture characteristic parameters such as three-
dimensional fracture rate, fracture density, fracture fractal
dimension, and Euler number are calculated by Egs. (2)—(5),
respectively, the calculation results are shown in Table 3.

Figure 12 shows the characteristics of the change of the
curve of three-dimensional fracture characteristic parameters
of coal samples, and it can be seen that with the increasing
axial load and the increasing axial deformation, the three-
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Figure 11: Three-dimensional fracture reconstruction map and digital coal core.
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dimensional fracture characteristic parameters of coal sam-
ples all show four different stages of change. The variation
laws of three-dimensional fracture rate, fracture surface area,
fracture density, and fracture fractal dimension are basically
the same, but they are exactly opposite to the variation laws of
the Euler number. The first stage: in the light blue area, the
fracture rate, fracture surface area, fracture density, and
fractal dimension show a slow decreasing trend, while the
Euler number shows a slow growing trend, because the ori-
ginal fractures close under the action of compression and
density, the fracture network tended to be simpler, which
weakens the fracture connectivity; the second stage: in the
light yellow area, the fracture rate, fracture surface area, frac-
ture density, and fractal dimension show a slow growing
trend, Euler number shows a slow decreasing trend, with
the increase of deformation, the original fractures reopened
and expanded, new fractures kept sprouting and developing,
improving the fracture connectivity; the third stage: in the
light gray area, the fracture rate, fracture surface area, frac-
ture density, fractal dimension of fractures suddenly and
sharply grow, Euler number sharply decreases, when the axial
stress exceeded the yield strength or peak strength, the coal
body destabilized and destroyed, the fractures were formed
rapidly and extended through in a short time; The fourth
stage: In the light red area, the growth rate of fracture rate,
fracture surface area, fracture density, fracture fractal dimen-
sion slows down, Euler number also decreases, fractures were
further dispersed and interwoven, promoting fracture connec-
tivity, fracture volume reached the maximum, forming the
final fracture network.

4.2.2 Structural evolution characteristics of the three-
dimensional fracture network partition

Gas-bearing fracture morphology and characteristics change
not only in the temporal dimension but also in the spatial
location during triaxial compression damage [51]. In this
article, the coal sample was divided into three regions at
the top, middle, and bottom, and a ROI with dimensions of

Gas-bearing coal fractures =—— 13

840 x 840 x 300 voxels was selected in each region, respec-
tively, and noted as areas A, B, and C. According to Figure 11, it
can be seen that fewer fractures are obtained from the first to
third scans, so we only investigate the spatially zoned struc-
ture of the fourtth to sixth CT scan results.

Figure 13 shows the fracture morphology of three-
dimensional fractures at different scanning stages and dif-
ferent spatial positions. In the horizontal comparison, it
can be seen that the lamellar fractures in the same area
of the coal sample, the axial load gradually increased with
time, the lamellar fractures in the three areas gradually
become thicker, the fractures intertwine and penetrate
each other, and the fracture network becomes more com-
plex. In the longitudinal comparison, it can be seen that the
coal samples have different fracture structure morphology
at different spatial locations in the same scanning stage.

Using the digital image processing software, the total
volume and total surface area of the three-dimensional frac-
tures in different regions were calculated separately. The
calculation results are shown in Figure 14, which shows
that the total volume and total surface area of three-dimen-
sional fractures in area C are the largest, area B is the
second, and area A is the smallest in the same scanning
time period; in different scanning time periods, with the
increase of external load, the total volume and total surface
area of fractures in different spatial areas show the growth
trend, among which the growth trend in area C is the most
obvious, area B is the second and area A is the slowest. This
indicates that when shear damage occurs in gas-bearing
coal under triaxial compression, the fractures in area C
near the loading indenter develop the fastest, deformation
damage is the most serious, and the fractures in area A near
the fixed indenter develop relatively slowly.

5 Discussion

From the analysis in the previous section, the rift has a
temporal and spatial evolutionary character, both from

Table 3: Calculation results of three-dimensional fracture characteristic parameters

Scanning times  Fracture surface area (mm?  Fracture rate (%)

Fracture density (mm™")  Fractal dimension  Euler number

Scan 1 424.99 0.02290
Scan 2 54.83 0.00297
Scan 3 214 0.00012
Scan 4 3998.69 0.37892
Scan 5 14341.59 1.18157
Scan 6 18852.5 1.87930

0.01732 2.08367 -1352
0.00223 2.05477 -181
0.00009 2.03514 =72
0.16292 2.12029 -31515
0.58433 2.26957 -102305
0.76812 2.29773 -116891
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Figure 12: The change curve of three-dimensional fracture characteristic parameters.

the two-dimensional plane and from the spatial three-
dimensional perspective, and there are three main reasons
for this phenomenon:

First, there is a relative lag in stress propagation.
Assuming that the coal sample is composed of three parts,
areas A, B, and C, under external loads, there are strong
interactions between the three regions. The loaded pressure

Area

Area

Figure 13: The front display of fracture zoning results.

head first causes stress disturbance in area C, disrupting the
equilibrium state of area C and causing relative movement
(deformation) and pressure difference with the adjacent
area B. The existence of the pressure difference forces
area B into motion, but due to inertia, the motion of area
B lags relatively [52]. External loads propagate through the
coal sample in this stress waveform from near too far, thus
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causing different degrees of damage zones to form inside
the coal sample.

Second, the initial defects of the coal sample cause
stress concentration phenomena. During the triaxial com-
pression process of coal, microcracks are first generated
inside the coal body in a random and dispersed manner.
Specifically, when there are initial defects inside the coal
body, stress concentration phenomena will be induced,
causing microcracks to initially initiate and develop around
the defects, and then accumulate, extend, and connect into
large cracks, leading to macroscopic unstable failure of the
coal body. From the first scanning result in Figure 11, it can
be seen that the initial cracks are mainly distributed in area
C, exacerbating the uneven distribution of stress inside the
coal sample and thus greatly influencing the failure mode of
the coal sample.

Third, gas weakens the physical properties of coal
bodies [24,53]. There are natural fracture structural defects
inside the coal body, and the fracture size is much larger
than the diameter and average free range of gas molecules,
and under pressure, gas is rapidly transported to the frac-
tures and exerts forces on them. According to the principle
of equivalent stress, the average stress of the two acting
forces, external body stress g;, and gas pressure p, jointly
determine the destruction of gas-bearing coal [54], and the
mathematical expression is

(6)

g™ = ag; - ap,

where ;™ is the effective stress, a is the Biot coefficient, and
p is the pore gas pressure, i = 1, 2, 3.
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With the use of the equivalent effective stress, the
circle center and radius of the molar stress circle become

1 1
0; = 5 (0" + 05") = 701 + 03) — ap
)]

1 1
T = E(Ufn -0y = E(Ul - 03),

where o is the location of the center of the molar stress
circle of gas-containing coal, 75 is the radius of the molar
stress circle of gas-containing coal, and o; and o3 are the
maximum and minimum principal stresses of non-gas-con-
taining coal, respectively.

From Eq. (7) and Figure 15, it can be seen that when gas
exists inside the coal body, the position of the circle center
of the molar stress circle will be shifted to the left by ap,
and the size of the molar stress circle does not change. This
phenomenon indicates that the presence of gas pressure
makes the molar stress circle of gas-bearing coal closer to
the shear damage limit of gas-bearing coal, so the presence
of gas pressure weakens the mechanical properties of gas-
bearing coal to some extent, and the higher the gas pres-
sure is, the greater the decrease is.

In addition, after the coal body reaches the equili-
brium state of gas adsorption, the surface free energy of
the coal body is [55]

P
BT Edp,
o P

V=W )

where y is the surface free energy of coal after gas adsorp-
tion, Nm™% Y, s the surface free energy of coal under

fcracks (10%um?)

Total volume o

Figure 14: The evolution curve of the zonal structure of a three-dimensional fracture network.
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Coulomb strength envelope

Figure 15: The sketch of the influence of gas pressure on coal strength.

vacuum, N'm™; R is the gas constant, Jmol “K™; T is the
absolute temperature, K; V; is the molar volume of gas,
taken as 22.4 L-mol%; S is the specific surface area, m*t ™",
and V;, is the gas adsorption volume, m3t7,

According to the Griffith formula,

O-t=1%- (9)

Substituting Eq. (8) into Eq. (9), we can further obtain
the relationship between gas pressure and tensile strength
of the fracture tip of the coal body as follows:
2By, 2ERT(%

2
nl anOSO p P

(10)

Ot

where o is the crack tip tensile strength, Pa; [ is the crack
length, m; and E is the modulus of elasticity, Pa.

From Eqs. (8) and (10), it can be seen that with the
increase of gas pressure, the surface free energy of the
coal body and the tensile strength of the fracture tip will
decrease. In addition, under the constraint of the sur-
rounding pressure, the free-state gas in the pore fissure
will produce a gas wedge effect on the fissure, prompting
the coal body to produce expansion stress and reducing the
cohesion between the coal matrix, which leads to the gas-
bearing coal body more easily destroyed under the joint
action of adsorbed state and free state gas, and the greater
the gas pressure, the more serious the destruction. Com-
bined with Figure 2, it can be seen that the gas was passed
in from the bottom of the coal sample, so a pressure gra-
dient would be formed between different areas of the coal
sample, where the gas pressure in area C was the largest, so
the degree of damage was the most serious, area B was the
second, area A gas pressure was the smallest, so the degree
of damage is relatively small. Therefore, it can be shown
that the zoning characteristics of gas-bearing coal damage
are due to a combination of gas pressure, stress propaga-
tion, and initial defects.

DE GRUYTER

6 Conclusions

In this article, the space-time evolution characteristics of
fractures in gas-bearing coal under triaxial compression
conditions were studied from a planar two-dimensional
and spatial three-dimensional perspective, using a loaded
coal rock industrial CT scanning system and digital image
technology, and the following conclusions were obtained:

1) The similarity-based image retrieval technique can
identify the CT images corresponding to the same level
of coal rock samples under different stress states in a series
of images, which improves the accuracy of fine-structure
evolution analysis of loaded coal rocks. According to
the similarity calculation results, it can be seen that the
maximum similarity of CT images decreased with the
increasing deformation of coal samples.

2) With the increase of axial load, the number of two-
dimensional fractures in the 300th, 500th, and 800th
layers all showed a trend of decreasing and then
increasing. In particular, the number of fractures in
the 300th layer was the highest and the least in the
800th layer after the destruction of coal samples.

3) The three-dimensional fracture characteristic para-
meters showed four change phases, among which the
three-dimensional fracture rate, fracture surface area,
fracture density, and fractal dimension of fracture were
basically the same, showing four transformation phases
of slow decline, slow growth, sharp growth, and slowing
down of growth. The Euler number was exactly opposite
to their change patterns, showing four transformation
stages of slow growth, slow decline, sharp decline, and
deceleration slowdown.

4) Coal samples showed obvious spatial zonation damage
characteristics in the process of loading damage; the
fracture in area C near the loading head developed
rapidly, causing serious damage. Fracture development
in area A near the fixed head was relatively slow. This
was the result of gas pressure, stress propagation, and
initial defects acting on gas-bearing coal.
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