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a b s t r a c t

Once deep coal rock is disturbed by engineering operations, coal exhibits different initial damage de
grees (IDDs), which may govern subsequent crack propagation and permeability evolution under cyclic 
stress. Therefore, cyclic loading and permeability tests, combined with acoustic emission (AE) and 
computed tomography (CT) scanning techniques, were conducted to systematically investigate the ef
fects of the IDD on the crack propagation and permeability evolution of coal. The results indicated that 
high IDDs led to a significant  decrease in the peak strength and deformation modulus of the coal 
samples and a significant  increase in the dissipated energy percentage. Furthermore, AE analyses 
showed that the b value dropped from 1.863 to 0.784 and the energy critical index decreased, whereas 
the multifractal spectrum width and subset parameter increased, indicating a shift from small-scale 
microcracking to more complex, large-scale crack coalescence in coal specimens with higher IDDs. 
Permeability generally decreased with increasing stress, but coal specimens with high IDDs exhibited a 
transient permeability recovery at high stress levels and a larger post-failure permeability enhance
ment, reflecting  the competition between compaction and crack propagation. Moreover, CT-based 
analysis shows that crack volume percentage increased from 2.821% to 8.968% and fractal dimension 
rose from 2.011 to 2.052 with increasing IDDs, correlating well with permeability evolution. These re
sults provide useful implications for stability and permeability characteristics in coal reservoirs and 
deep geo-energy engineering.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Coal seams are not only sources of solid energy (He et al., 
2025c; Wu et al., 2025a; Zhao et al., 2026), but also important 
unconventional reservoirs for coalbed methane (CBM) and un
derground gas storage (Cui et al., 2025; Fan et al., 2025; Zou et al., 
2025a). Their permeability behavior and crack connectivity 
directly control gas producibility, injectivity and long-term storage 
security (Chen et al., 2025; Wang et al., 2026; Zhang et al., 2025c). 

During CBM production operations, coal seams often experience 
cyclic stress paths rather than monotonic loading. Therefore, un
derstanding how coal cracks propagate and how permeability 
evolves under cyclic loading is directly relevant to petroleum en
gineering problems. Another critical but often overlooked aspect is 
that coal near the wellbore rarely remains intact. Initial damage 
(pre-existing microcracks and defects) can be generated by drilling 
or stress redistribution around openings (Dai et al., 2024; Guo 
et al., 2025a), where coal may exhibit different initial damage 
degrees (IDDs) (He et al., 2025d; Huang et al., 2021a). IDDs can 
strongly influence  subsequent cyclic deformation and failure, 
thereby reshaping fracture connectivity and permeability evolu
tion. Consequently, a fundamental understanding of how IDDs 
affect crack network evolution and permeability in coal under 
cyclic loading is also of direct relevance to the geomechanical 

* Corresponding author. 
** Corresponding author.

E-mail addresses: liangyunpei@126.com (Y.-P. Liang), chunfeng.ye@cqu.edu.cn
(C.-F. Ye).

Peer review under the responsibility of China University of Petroleum 
(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

journal  homepage:  www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2026.06.011
1995-8226/© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license (http:// 
creativecommons.org/licenses/by/4.0/).

Petroleum Science 23 (2026) 5738–5756

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:liangyunpei@126.com
mailto:chunfeng.ye@cqu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2026.06.011&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2026.06.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


design and risk assessment of deep petroleum and geoenergy 
engineering projects.

Consequently, many scholars have conducted in-depth studies 
on the mechanical behaviors of coal and rock materials under 
loading (Guo et al., 2025b; He et al., 2025e; Li et al., 2025; Zhang 
et al., 2025b). For example, Xu et al. (2025) revealed that kyanite 
conformed to specific  energy storage and dissipation patterns at 
different lamination angles. Yang et al. (2024) found that cracks play 
a key role in affecting the brittleness, strength, and failure patterns 
of rocks by introducing different numbers of cracks. In addition, 
pioneering studies have been conducted on materials with initial 
damage (Hou et al., 2019; Yu et al., 2022). Zhang et al. (2023) showed 
that as the number of cycles increased, the bearing capacity and 
elastic modulus were significantly reduced if the sandstone had 
suffered greater initial damage. Lei et al. (2023) found that the 
compressive and tensile strengths of initially damaged materials 
were significantly reduced. Miao et al. (2024) found that an increase 
in the initial damage led to a decrease in the uniaxial compressive 
strength and simultaneously triggered a gradual increase in the 
horizontal strain. However, although the aforementioned studies 
provide a good foundation for the mechanical characterization of 
initially damaged materials (Jiang et al., 2020) the effects of initial 
damage on crack propagation within coal and the evolution of the 
crack network throughout the loading history in a triaxial cyclic 
loading environment still require further exploration. Notably, the 
acoustic emission (AE) method enables real-time tracking of crack 
initiation and development (Wu et al., 2025b; Ye et al., 2026a; Zhang 
et al., 2026a; Zhu et al., 2025), and computed tomography (CT) 
scanning can visually characterize the spatial distribution of cracks 
inside samples (Liu et al., 2024b; Zhang et al., 2024a). Thus, the 
combination of the two offers outstanding research value for 
revealing crack propagation mechanisms.

Permeability evolution serves as a key measure of the efficiency 
of gas transport in coal seams and has thus received extensive 
attention from researchers (He et al., 2025a; Yang et al., 2025; 
Zhang et al., 2026b). Guo et al. (2019) obtained the variation rule 
of coal seam permeability under plastic flow conditions by per
forming permeability tests on coal samples after shear yielding 
under cyclic loading conditions. Meanwhile, Liu et al. (2024a)
found that coal under high stress conditions at low reservoir 
pressure states was mainly affected by slip effects via gas- 
containing raw coal seepage tests. Zhang et al. (2017) conducted 
triaxial seepage tests on gas-containing coal by unloading the 
confining pressure to simulate the excavation of coal seams, and 
they elucidated a three-stage characterization of the gas seepage 
properties of raw coal. Wang et al. (2024) established a perme
ability evolution pattern based on the damage variable of the axial 
strain and effectively characterized the permeability evolution 
pattern using the damage variable. Jiang et al. (2017) investigated 
how permeability of raw coal evolves during graded cyclic loading 
conditions. Fan and Liu (2019) conducted cyclic loading experi
ments on raw coal specimens and introduced the concept of 
average permeability damage to quantify the effects of the 
maximum stress, loading path, and gas type on permeability 
damage. Niu et al. (2024) performed true triaxial seepage testing 
on columnar jointed basalt, revealing a correlation involving the 
permeability. And they found that the relationship between the 
permeability and axial stress of specimens conformed to a power 
exponential relationship and that the evolution of permeability 
was closely correlated with the degree of damage. Zou et al. (2016)
examined the permeability characteristics of parallel-stratified 
and vertical-stratified coal samples under cyclic loading. In sum
mary, these studies provide important references for 

understanding the permeability behavior of coal under single or 
cyclic loading and unloading conditions. However, systematic 
studies on the changes in permeability characteristics, considering 
the differences in the IDDs of coal samples, are still scarce.

In summary, these studies made valuable contributions; how
ever, some critical gaps remain. Although many studies have been 
conducted on the mechanical behavior and permeability evolution 
of coal and rock under cyclic loading, few studies have directly 
compared the effects of different IDDs on crack propagation and 
permeability evolution in coal. Moreover, dynamic monitoring 
technology combined with traditional mechanical testing for the 
full elucidation of the potential failure mechanisms of coal sam
ples with different IDDs is lacking. The IDD not only affects the 
development and propagation of the crack network within coal 
but also has a profound effect on the fluid transport channel and 
thereby causes the permeability to show a differentiated evolution 
pattern at different stages of cyclic loading. However, there is still 
insufficient research on how IDD affects the crack propagation and 
permeability change mechanism of coal under cyclic loading. 
Therefore, this study aims to remedy these deficiencies  by 
employing an integrated experimental approach that combines 
mechanical testing, permeability testing, AE monitoring, and CT 
scanning to gain a deeper understanding of the interactions be
tween the initial damage, crack network evolution, and perme
ability changes in coal samples.

Accordingly, cyclic loading experiments and permeability tests 
on coal samples with different IDDs were performed and then this 
study combined them with AE monitoring and CT scanning for 
comprehensive analysis. First, the mechanical properties of coal 
with different IDDs were obtained. Subsequently, the crack prop
agation characteristics and permeability changes in the coal 
samples were determined. Finally, the crack distribution charac
teristics, permeability dynamic changes, and their mechanisms 
were systematically investigated by combining the mechanical 
response, AE monitoring, and CT scanning. This study makes 
several novel contributions. First, by combining conventional 
mechanical indicators with a suite of AE statistics, the IDD- 
dependent transition from dispersed microcracking to large- 
scale crack coalescence is dynamically characterized. Second, the 
permeability evolution under cyclic loading is clarified, revealing 
the competition between compaction and crack propagation. 
Third, post-failure CT scanning is used to quantify crack, and 
regression analyses establish quantitative links between these CT- 
derived fracture attributes and the permeability enhancement. 
The research results provide new experimental evidence and 
theoretical references for understanding the deformation failure 
and seepage behavior of coal seams under complex stress condi
tions, and offer a scientific basis for improving the geomechanical 
evaluation of CBM recovery and other deep geoenergy and pe
troleum engineering applications involving cyclic loading.

2. Methods

2.1. Coal samples and experimental systems

The coal samples used in this test were selected from the same 
coal rock stratum and collected from a coal mine located in the 
Xinjiang Uygur Autonomous Region, China, with a uniform and 
dense texture and no evident joints or fractures. After fine 
grinding, the samples were uniform and fine  in appearance. The 
two end surfaces were smooth and even. Furthermore, samples 
were prepared as cylinders with an aspect ratio of approximately 
2:1. Specifically, the diameter of the specimens used in this test 
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was approximately 50 mm, and the height was approximately 
100 mm, thus ensuring that the standard size requirements were 
met. Moreover, the coal samples were mainly composed of 
kaolinite, quartz, chlorite, and nisbite, as determined by X-ray 
diffraction (XRD), as shown in Fig. 1(a). Before the formal test, the 
prepared specimens were strictly screened to minimize the in
fluence of coal dispersion on the test results. First, an ultrasonic 
equipment was used to measure the P-wave velocity in each coal 
sample. Second, the selected samples were weighed accurately 
using an analytical balance with an accuracy of ±0.01 g. This high- 
precision weighing ensured that the sample quality could be 
compared and controlled effectively. Via the aforementioned 
screening and control measures, the reliability and comparability 
of subsequent test data can be effectively improved. Table 1 pre
sents the fundamental characteristics of coal samples. Triaxial 
compression experiments were conducted using the experimental 
equipment below at a loading rate of 0.2 mm/min. According to the 
results of mechanical property tests that were completed in 
advance, the coal samples exhibited a triaxial compressive 
strength (TCS) of 55.50 MPa under a confining pressure of 5 MPa.

The experimental setup used in this study is shown in Fig. 1. 
This test adopted a variety of high-precision experimental equip
ment and testing methods to comprehensively obtain the me
chanical properties and seepage patterns of the coal samples. As 
shown in Fig. 1(b), the main loading equipment was an RTX-3000 
rock mechanics test system (GCTS, USA). The test system had in
dependent axial and radial mechanical control modules that 
controlled the axial and radial stress states of the specimen by 
stress or displacement, respectively. The displacement control 
mode was used in this experiment. Meanwhile, the system was 
equipped with an independent permeability gas injection module 
that could inject gas into the sample and perform permeability 
testing. In addition, a PCI-2 acoustic emission (AE) system was 
used to monitor the coal samples in real time during the loading 
process, as shown in Fig. 1(b). In this study, four AE sensors were 
arranged circumferentially at approximately 90◦ intervals on the 
loading platens to maximize signal capture and reduce azimuthal 
bias. Prior to installation, the contact surfaces were polished and 

cleaned with ethanol. A thin layer of Vaseline coupling agent was 
applied between each sensor and the platen to ensure stable 
acoustic coupling. The sensors were then fixed using elastic bands 
to maintain constant contact pressure throughout the test. 
Coupling quality was checked before each test, and sensors were 
re-coupled if abnormal attenuation or missing hits were observed. 
In the experiments, the sampling frequency of the AE signals was 
set to 1.0 MHz. Noise reduction was carried out through both 
hardware settings and data post-processing. A pre-amplification of 
40 dB and a band-pass filter of 20–400 kHz were adopted in the 
PCI-2 system to suppress low-frequency mechanical noise and 
high-frequency electrical noise. During an initial period before 
loading, the trigger threshold was set to 40 dB, which is signifi
cantly higher than the maximum background noise level. In 
addition, to further understand the specific morphology and dis
tribution characteristics of crack propagation inside the coal 
samples on a spatial scale, CT scanning was performed on the coal 
samples after failure at the end of the loading test, as shown in 
Fig. 1(c). SOMATOM Scope CT scanning system was manufac
tured by Siemens Shanghai Medical Equipment Co., Ltd. The CT 
scanning device offers a spatial resolution of 0.35 mm. A com
parison and analysis of the CT scanning results with the previous 
AE data not only verified the crack propagation process monitored 
by AE but also provided quantitative support for the subsequent 
study of the coal failure mechanism.

Fig. 1. Experimental samples and systems. (a) Coal samples; (b) rock mechanics and permeability testing system with AE system; (c) CT scanning system.

Table 1 
Basic parameters and loading program of coal samples.

Group No. Diameter, 
mm

Height, 
mm

Mass, g P-wave 
velocity, m/s

Initial damage 
loading paths

Group-1 CS-1 49.85 99.85 253.32 2040 -
CS-2 49.86 99.93 252.87 2040 IDLP-1
CS-3 49.86 99.81 251.53 2040 IDLP-2
CS-4 49.85 99.91 254.51 2130 IDLP-3

Group-2 CS-5 49.80 99.98 254.76 2150 -
CS-6 49.84 99.92 253.77 2130 IDLP-1
CS-7 49.87 99.83 252.43 2050 IDLP-2
CS-8 49.86 99.93 252.87 2040 IDLP-3
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2.2. Preparation of coal samples with different IDDs

2.2.1. Loading paths of preparing different IDDs
A preloading method involving cyclic loading was used to 

obtain coal samples with different IDDs. In previous studies, 
scholars have often introduced initial damage to coal samples via 
cyclic loading. The cyclic loading paths cause initial damage to the 
coal samples, and the greater the number of cycles, the greater the 
degree of accumulation of the initial damage (Zhang et al., 2024b). 
Consequently, three different initial damage loading paths were 
established in this experiment to treat the coal samples by 
sequentially increasing the upper limit stress level while main
taining a constant lower limit stress.

During the initial damage preparation stage, all preloading tests 
were conducted on the same triaxial loading system as described 
in Section 2.1. A constant confining  pressure of 5 MPa was first 
applied and maintained throughout the whole preloading process. 
The deviatoric stress was then applied under displacement con
trol. The axial loading rate was set to 0.2 mm/min and the 
unloading rate was 0.4 mm/min, which are identical to those used 
in the subsequent cyclic loading and permeability tests. During the 
experiment, the lower limit of the deviatoric stress was fixed at 5% 
TCS (2.775 MPa), whereas the upper limit of the deviatoric stress 
was increased step-by-step with an amplitude of 10% TCS 
(5.550 MPa) in each cycle. The specific  settings were as follows. 
IDLP-1 path: 4 cycles of loading and unloading, and the final upper 
stress reached 45% TCS (24.995 MPa); IDLP-2 path: 6 cycles, and 
the final upper stress reached 65% TCS (36.075 MPa); and IDLP-3 
path: 7 cycles, and the final  upper stress reached 75% TCS 
(41.625 MPa). Within each cycle of the IDLP-1 to IDLP-3 paths, the 
deviatoric stress was increased from the prescribed lower limit to 
the upper limit and then unloaded back to the lower limit without 
an additional holding stage. The selection of the stress upper limits 
was mainly based on the following considerations (Taheri et al., 
2020): according to the damage evolution law of coal and rock, 
an upper limit of 45% TCS can induce the initiation of microcracks 
without significant  propagation, thus introducing only slight 
initial damage. When the stress upper limit reaches 65% TCS, some 
cracks begin to propagate stably, forming a moderately damaged 
structure. Whereas at 75% TCS, the coal approaches the crack 
damage threshold, and the internal fracture network is highly 
developed, representing a severely damaged state. Therefore, by 
controlling the number of cycles and the stress upper limits under 
different loading paths, different levels of initial damage were 
effectively introduced into the coal specimens.

The specimens prepared using the above method had already 
developed internal microcracks to varying degrees, forming an 
initially damaged structure. Previous studies have reported the 
occurrence of distinct surface macrocracks during the preparation 
of coal with initial damage (Yin et al., 2023), which confirms that 
microcracks are generated in the coal as a result of the initial 
damage treatment. Using the aforementioned initial damage- 
loading paths, three coal samples with different IDDs were ob
tained separately. Subsequently, the preloaded coal samples were 
compared to the original coal samples without preloading. This 
approach can effectively evaluate the effects of different IDDs on 
the subsequent mechanical patterns of coal samples.

2.2.2. Definition of initial damage variable
During cyclic loading, the coal sample damage evolution pro

cess is inevitably accompanied by interconversion between the 
input energy, elastic energy, and dissipated energy (Kong et al., 
2022; Li et al., 2023; Zou et al., 2025b). Therefore, the research 
defines  the initial damage variables for coal subjected to cyclic 
loading conditions, considering energy dissipation.

Fig. 2 shows the schematic stress–strain curves of the coal after 
a single loading and unloading (Zhao et al., 2026). Among them, 
section AB is the loading curve f1(ε), and section BC is the 
unloading curve f2(ε). As shown in Fig. 2, according to the first 
thermodynamic pattern, the total input energy (Ut) produced by 
the internal and external forces per unit volume of coal specimens 
during a single loading and unloading test is represented by the 
area bounded by the loading curve AB and the x-axis, that is, SDABFD. 
The elastic energy (Ue) released during the unloading phase cor
responds to the region enclosed by the unloading curve BC and the 
x-axis, that is, SECBFE. Therefore, the dissipated energy (Ud) 
consumed by the damaged coal during a single loading and 
unloading is the difference between the Ut and Ue, that is, the 
green-shaded area SDABCED in Fig. 2. The Ut, Ue, and Ud terms were 
calculated using Eq. (1): 

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ut =

∫εʹ́

εʹ
f1(ε)dε

Ue =

∫εʹ́

εʹ́ʹ
f2(ε)dε

Ud = Ut − Ue =

∫εʹ́

εʹ
f1(ε)dε −

∫εʹ́

εʹ́ʹ
f2(ε)dε

; (1) 

where έ , εʹ́ , and έ ʹ́  denote the strains corresponding to points D, F, 
and E, respectively.

The number of macroscopic cracks on the coal sample surface 
increased after the initial damage treatment (Yin et al., 2023). 
However, intuitive features cannot quantitatively characterize the 
IDDs of coal samples. The damage variables characterize the in
ternal condition of coal and enable quantitative evaluation of crack 
evolution. The initial damage variable (Dini) is defined according to 
the energy method, as shown in Eq. (2) (Huang et al., 2021b). The 
range of Dini ranges from 0 to 1. Without changing the lower limit 
of the cyclic stress in the cyclic loading and unloading test, the 
calculation method of Dini defined  in Eq. (2) considers the in
fluences  of cyclic numbers, which can better reflect the actual 
damage conditions of the samples: 

Dini =
∑i

k=1

Ud
k

/(
∑i

k=1

Ud
k +Ue

k

)

; (2) 

Fig. 2. Method of strain energy calculation under a single loading and unloading cycle 
(Liang et al., 2022).
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where Dini is the initial damage variable; Ud
k is the energy dissi

pated in the kth cycle, MJ/m3; and Ue
k is the elastic energy gener

ated in the kth cycle, MJ/m3.
To clearly capture the strain energy characteristics and the 

evolution of Dini, only the axial deformation was considered in the 
calculation of the strain energy. Moreover, taking CS-2, CS-3, and 
CS-4 samples of Group-1 in Table 1 as examples, the corresponding 
strain–energy characteristics are shown in Fig. 3. Furthermore, the 
variation patterns of Dini with the number of cycles in each cyclic 
loading range were obtained using Eq. (2) (Fig. 3). With increasing 
cyclic number, the Dini coefficients  of the coal samples with 
varying loading stress levels gradually increased. The values of Dini 
varied between 0 and 1, which is in line with the definition of Dini.

2.3. Loading programs and permeability tests

In this research, the mechanical response of coal and evolution 
of its permeability properties under different IDDs were investi
gated using multilevel cyclic loading experiments. The experi
mental program is shown in Fig. 4(a) and includes two main parts: 
the cyclic loading path and the permeability test. First, a 5 MPa 
confining  pressure was applied to the coal samples and main
tained constant. Subsequently, the deviatoric stress was loaded to 
16.65 MPa (the lower limit of level 1), and cyclic loading and 
unloading were started with an amplitude of 11.10 MPa. That is, the 
upper limit of the cycle was 27.75 MPa, and the number of cycles 
was five.  At level 2, cyclic loading and unloading began with a 
magnitude of 11.10 MPa, a lower limit of 27.75 MPa, an upper limit 

of 38.85 MPa, and 5 cycles. By analogy, cyclic loading continued 
until the failure of the samples. The loading rate was set to 0.2 mm/ 
min, and the unloading rate was 0.4 mm/min during the entire 
test.

The permeability of the coal samples was tested at the end of 
each cycle of loading and unloading as well as after the failures of 
the samples, shown as green dots in Fig. 4(a). To avoid the influ
ence of the test medium pressure on the stress field of the samples 
during the test, the transient pressure pulse method was used for 
the permeability test. The test medium was low-pressure carbon 
dioxide. Using the differential pressure sensor in the permeability 
test module in the experimental system, the pressure difference 
between the two ends of each sample was recorded in real time, 
and the sample permeability was calculated using Eq. (3) (Liu et al., 
2023): 

k= −

VμL ln
(

PΔt
PΔt0

)

ZA(P0u + P0d)Δt
; (3) 

where k is the permeability, m2; μ is the viscosity coefficient  of 
low-pressure carbon dioxide, set to 1.5 ×10− 5 Pa⋅s; Z is the average 
compression factor, set to 1; V is the volume of the gas tank of the 
specimen, m3 (the volume of the gas tank used in the test is 
0.0025 m3); PΔt0 and PΔt are the pressure differences between the 
initial and t moments of samples, Pa; A is the cross-section of the 
samples, m2; L is the length of samples, m; Δt is the time interval of 
the test, which indicates the time from the initial state to a certain 

Fig. 3. Evolution of the strain energy and Dini of coal under initial damage loading paths. (a) CS-2; (b) CS-3; (c) CS-4.

Fig. 4. Experimental program and differential pressure curves. (a) Schematic of the cyclic loading and unloading path and the permeability test program; (b) representative curve 
of differential pressure.
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moment t, s; and P0u and P0d are the initial upstream and down
stream pressures, respectively, Pa. To ensure that the dynamic 
loading did not interfere with the permeability measurement, 
cyclic loading was applied during each permeability test. More
over, the time required for each permeability test was maintained 
at 600 s. A representative curve of the differential pressure decay 
during the permeability test is shown in Fig. 4(b).

In summary, the experimental program characterized the me
chanical behavior and permeability evolution pattern of coal under 
different IDDs through cyclic loading paths and permeability tests, 
which provided important support for an in-depth understanding 
of the deformation failure mechanism of coal in a complex stress 
field. As shown in Table 1, two groups of experiments were con
ducted, and the overall trends in the results of the two groups were 
similar. In Group-1, the Dini values of the CS-1, CS-2, CS-3, and CS-4 
samples were 0, 0.120, 0.184, and 0.251, respectively. Therefore, 
this study focused on selecting the experimental data from Group- 
1 for a detailed analysis.

3. Results and discussion

3.1. Mechanical properties of coal with different IDDs

3.1.1. Strength and deformation characterization of coal
Fig. 5 shows the stress-strain curves of coal samples under 

varying IDDs. The peak strengths of coal samples under different 

IDDs were 58.425, 52.289, 49.406, and 48.175 MPa, respectively, 
showing a decreasing trend with the increase of IDDs. This in
dicates that with the growth in both quantity and size of internal 
microcracks, the coal samples exhibited reduced structural 
integrity and diminished load-bearing capacity. Meanwhile, when 
the IDD was greater, the coal samples experienced greater strain 
before reaching the peak strength for the overall instability failure 
to occur, implying that the internal microcracks made the samples 
more plastic during compression. These results suggest that 
increasing IDDs not only reduced the strength of the coal samples 
but also caused them to exhibit more significant plasticity char
acteristics before failure.

As shown in Fig. 5, for all coal specimens, the volumetric strain 
first  increased with deviatoric stress, indicating a volumetric 
compaction process dominated by the closure of pre-existing 
pores and microcracks under the combined action of confining 
pressure and axial loading. As the stress level increased further, the 
slope of the volumetric strain–stress curves gradually decreased, 
especially for the IDD coal specimens. This behavior implies that 
the rate of volumetric compaction is significantly reduced and that 
a weak tendency of volumetric dilation appears locally, although 
the total volumetric strain is still governed by compaction due to 
the relatively high confining pressure.

To further quantify the effect of initial damage on volumetric 
behaviors, CS-1 and CS-2 coal specimens were taken as repre
sentatives. At deviatoric stresses of 16.65, 27.75, 38.85 and 

Fig. 5. Stress–strain curves. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.

Q.-C. Ran, Y.-P. Liang, C.-F. Ye et al. Petroleum Science 23 (2026) 5738–5756

5743



49.95 MPa, the volumetric strains of CS-1 coal specimen were 
0.191%, 0.353%, 0.534% and 0.754%, respectively, whereas those of 
CS-2 coal specimen increased to 0.299%, 0.522%, 0.721% and 
0.935%. This confirms  that the pre-damaged specimen is more 
compressible and undergoes larger overall volumetric compaction 
at a given stress level. This phenomenon can also be found in CS-3 
and CS-4 coal samples. To highlight the evolution of the compac
tion effect, the relative increment of volumetric strain between 
two successive stress levels is defined  as Δεv/εv. For CS-1 coal 
specimen, the relative increments between the three loading 
stages are 0.851, 0.514 and 0.412, while for CS-2 coal specimen, the 
corresponding values decrease to 0.741, 0.382 and 0.296. Although 
the total volumetric strain of CS-2 coal specimen is larger, its 
relative increment attenuates more rapidly with increasing stress. 
This means that, the closure of pores and microcracks tends to 
saturate and is increasingly counteracted by the initiation and 
propagation of new cracks, so that the volumetric response of the 
damaged coal evolves from strong compaction towards a state of 
weakened compaction with an incipient dilation tendency at 
higher stress levels.

In addition, by analyzing the evolution of deformation param
eters, the deformation behavior of the coal samples can be un
derstood. In this study, we analyzed the deformation modulus, 
load–unload response ratio (LURR), and cumulative irreversible 
strain (Ran et al., 2025a).

Fig. 6 shows the characterization of the deformation parame
ters of the coal samples in the cyclic stage under different IDDs. 
The unloading deformation moduli of all the coal samples were 
usually higher than the loading deformation moduli. The main 
reason for this is that some of the already activated or propagated 
microcracks inside the samples closed during stress reduction and 
showed relatively high stiffness. However, the continuous activa
tion and propagation of microcracks during loading caused the 

stiffness to decrease significantly. Moreover, the LURR values 
significantly changed at the beginning of each stress level. These 
results indicate that as the stress level increases, the further 
propagation of previously underdeveloped microcracks occurs. In 
addition, the average deformation moduli of the coal samples with 
different IDDs were 2.841, 2.527, 2.516, and 1.352 GPa. As the IDD 
increases, the average deformation modulus decreases. These re
sults further suggest that a higher IDD implies a lower proportion 
of effective load-bearing units inside the sample, which leads to a 
decrease in the overall stiffness and deformation resistance. 
Notably, CS-4 exhibits a markedly lower deformation modulus 
owing to its relatively high IDD. These results indicate that the 
greater IDD in sample CS-4 led to a significant  weakening of its 
load-bearing capacity, resulting in high deformation. Furthermore, 
Fig. 6 shows that with cyclic loading and unloading, there was a 
certain degree of irreversible strain accumulation, but the IDD had 
a significant  effect on the growth rate of the accumulated irre
versible strain. Additionally, the characteristics of the accumulated 
irreversible strain for the coal samples with different IDDs at stress 
levels 1 and 2 were 0.296%, 0.385%, 0.574%, and 0.766%, respec
tively. The samples with higher IDDs exhibited more significant 
irreversible deformations at lower stresses and with fewer cycles. 
These outcomes resulted because cracks in the internal structures 
of these samples are more prone to sliding, propagation, and 
interpenetration under cyclic stresses, which thereby allows 
plastic deformation and damage to appear earlier and develop 
rapidly. These results are consistent with the strength character
istics of the coal samples at high IDDs.

3.1.2. Dissipated energy properties of coal during the cyclic stage
For each loading–unloading cycle, the input energy Ut, elastic 

energy Ue and dissipated energy Ud were calculated by integrating 
the stress–strain curves according to Eq. (1). For a given stress 

Fig. 6. Evolution of deformation parameters of coal samples in the cyclic stage. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.
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level, the energy values of all cycles were summed to obtain the 
cumulative input, elastic and dissipated energies. The energy 
values plotted in Fig. 7 correspond to the cumulative energies over 
all cycles at stress levels 1 and 2. With an increase in the IDDs, the 
strain energy accumulated by coal in the cyclic loading process 
showed an overall increasing trend, with the growth of dissipated 
energy being the most significant. Specifically, the dissipated en
ergy at different IDDs were 0.109, 0.139, 0.175, and 0.330 MJ/m3, 
respectively. These results indicate that the internal microcracks in 
samples with higher IDDs are more likely to produce irreversible 
deformation and localized failure under stress and thus consume 
more external input energy. The further analysis of the changes in 
the percentage of dissipated energy (Ud/Ut) revealed that the 
percentage increased from 9.709% to 11.081%, 13.775%, and 
13.820%, respectively, with increasing IDDs. These results indicate 
that the manner in which the samples utilized the input energy 
gradually transformed from elastic energy storage to energy 
dissipation. This significantly  increasing trend clearly indicates 
that a higher IDD results in the coal samples preferring to consume 
energy in the form of crack propagation with irreversible defor
mation rather than storing energy in the form of elastic energy. 
Correspondingly, the average deformation modulus decreased 
significantly at higher IDDs, further confirming the weakening of 
the internal load-bearing structure and enhancement of energy 
dissipation in coal samples with high IDDs.

3.2. Crack characteristics of coal with different IDDs

3.2.1. AE count and crack scale characteristics of coal samples
Fig. 8 shows the evolution characteristics of the AE counts of 

coal samples with different IDDs during the loading process. For 
the CS-1 coal samples with Dini = 0, the low AE counts at the 
beginning of the loading indicated that the internal structure was 
relatively intact and that a higher stress level was required to 
produce large-scale microcrack activation. In contrast, in coal 
samples with higher IDDs (particularly CS-4), AE events occurred 
intensively at lower stresses, indicating that a considerable num
ber of microcracks already existed inside the samples, thus making 
the local stress concentration effect more significant  and crack 
propagation more easily triggered. This situation led to a notable 
rise in AE counts during the initial loading phase, and the cumu
lative AE counts increased rapidly at an earlier stage. In addition, 
with a further increase in stress, the AE counts of all samples 
exhibited a significant increasing trend near the peak stress point. 

This phenomenon suggests that when the coal samples 
approached critical instability, many microcracks underwent 
penetration and violent propagation, releasing a large amount of 
strain energy that thereby generated a high density of AE events. 
Overall, a higher IDD resulted in a higher frequency of micro
cracking activity and damage accumulation in the coal samples at 
the earlier loading stage, thus confirming  that the samples with 
high IDDs tended to dissipate more energy in the form of micro
crack propagation at lower stress levels, which is in line with the 
revealed strain energy characteristics (Fig. 7).

The b value is essentially a measure of the ratio of small 
amplitude events to large amplitude events (Ye et al., 2026b; 
Zhang et al., 2025a). High b values indicate that small-amplitude 
microcracks are dominant in the coal samples, suggesting that 
the cracks are of a small scale (Ye et al., 2026c). Conversely, low b 
values imply a higher number of large-amplitude AE events, 
indicating that crack distribution is influenced  by larger crack 
propagation. The method for calculating b is as follows (Ran et al., 
2025a): 

lg N= a − b(AdB =20); (4) 

where AdB is the AE amplitude, AdB/20 is the magnitude, N is the 
statistical cumulative frequency of the AE at the magnitude in
terval, and a is an empirical constant.

The complete AE dataset was input into Eq. (4), using a 4 dB 
interval to calculate the b value. The evolution patterns of the AE b 
values for coal samples under different IDDs are shown in Fig. 9. 
With an increase in the IDDs, the AE b value gradually decreased 
from approximately 1.863 to 1.389, subsequently decreased to 
0.813, and finally  decreased to 0.784, showing a continuous 
decreasing trend. These results indicate that the AE events were 
dominated by many small-amplitude cracking activities in the 
samples with lower IDDs. These outcomes resulted from the 
overall integrity of the coal samples when the IDD was low. The 
internal cracks were few and small in scale, and the coal samples 
were mostly in the stages of uniformly distributed microcrack 
initiation and slow propagation under external loading. As the IDD 
increased, larger cracks appeared inside the coal samples, and 
these cracks were more likely to propagate when an external load 
was applied, thus generating more AE events with higher ampli
tudes and resulting in a lower b value. The decrease in b value 
indicates that the proportion of large-scale cracks increased, 
which is consistent with the previous observation that a higher 
IDD implies a higher tendency of energy dissipation of the coal 
samples and a lower deformation modulus.

3.2.2. Characterization of AE energy probability density statistics
The critical index (power law index) serves as a significant 

parameter in the definition  of the power law distribution of a 
dynamical system (Wu et al., 2016). Moreover, the critical index is 
influenced  by the confusion level of the system and signifies 
various damage failure mechanisms (Girard et al., 2010; Jiang et al., 
2016). The energy values collected for each AE event constitute the 
energy sample set. The power law distribution function P(E) for 
this distinct collection of samples is represented as (Sun et al., 
2022): 

P(E)=
E− kp

E1− kp

min

E > Emin; (5) 

where E denotes the absolute energy of the AE, aJ; Emin is the 
minimum threshold of the statistical energy, aJ; and kp refers to 
the critical index. The value of kp indicates the probability of the 
sample appearing as a large-energy AE event. A smaller the critical 

Fig. 7. Cumulative strain energy characterization of coal samples for all cycles at 
stress levels 1 and 2.
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index indicates a greater energy at which the AE occurs (Sun et al., 
2022).

As shown in Fig. 10, the characteristic distribution of the AE 
energy probability density in logarithmic coordinates exhibits a 
good linear relationship, indicating that the energy distribution of 
the entire loading process obeys a power-law distribution. These 
results indicate that the cyclic failure processes of samples with 
different IDDs have critical characteristics. Comparing the critical 
indices of the entire rupture evolution process of samples with 
different IDDs showed that the critical index of the CS-1 coal 
sample with Dini = 0 was relatively large. These results suggest that 
the development of internal cracks in the coal samples had some 
limitations and that the internal inhomogeneity of the samples 

was weak, which led to a weakening effect and deterioration of the 
internal structure of the coal. In contrast, the critical indices of the 
coal samples with initial damage were smaller than those of the 
CS-1 coal sample with Dini = 0. These results explain why coal 
samples with initial damage had an increased possibility of larger 
energy AE events and why the local yield weakening characteris
tics were more obvious and thus more likely to lead to the 
development of internal cracks under compression (Sun et al., 
2022). That is, coal samples with initial damage tended to pro
duce a greater percentage of high-energy AE events. This finding 
supports the overall observation of this study that initial damage 
makes coal samples favorable for releasing large amounts of en
ergy via crack propagation. This phenomenon was also reflected in 

Fig. 8. AE counts evolution at different IDDs. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.

Fig. 9. AE b value at different IDDs throughout the experiment. Fig. 10. AE energy probability density characteristics of coal samples at different IDDs.
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the macro-mechanical behavior and strain energy dissipation of 
coal samples with different IDDs.

3.2.3. Evolution of crack propagation based on AE energy 
multifractal characteristics

The propagation evolution process of coal cracks exhibits 
typical nonlinearity and self-similarity, and the AE signals released 
during the corresponding compressive deformation and rupture 
processes exhibit obvious multifractal characteristics. The AE ab
solute energy signal was calculated in this work using the box 
dimension technique (He et al., 2025b; Ran et al., 2025b), and a 
multifractal spectrum of the AE absolute energy time series was 
obtained. The calculation procedure is as follows (Zang et al., 
2024):

Let {x(t); t= 1;2;…;N} represent the AE energy time series; 
after partitioning {x(t); t= 1;2;…;N} into subsequences of length 
εl, the probability measure corresponding to each subsequence 
{Pt(εl)} is given in Eq. (6). 

Pt(εl)=
Nt
∑

Nt
; (6) 

where Nt represents the cumulative value of each partitioned 
subsequence over different segment lengths, t denotes the total 
number of subsequences, and 

∑
Nt indicates the total number of 

samples.
According to fractal theory, there is a relationship between 

probability measure {Pt(εl)} and measure scale k as follows: 

{Pt(εl)}∝kα (7) 

where α represents the singularity scaling index.
Let Nα(εl) denote the number of subsequences associated with 

the same index α; moreover, the relationship between Nα(εl) and εl 
can be written as follows: 

Nα(εl)∝εl
− f (α) (8) 

For a given index α, f(α) denotes the dimension of the corre
sponding fractal subset, and the collection of f(α) over all α con
stitutes the multifractal spectrum.

A partition function χq(εl) is introduced to characterize the 
contribution associated with probability measure {Pt(εl)}: 

χq(εl)≡
∑

Pt(εl)
q
− εl

κ(q) (9) 

where q denotes the order of the statistical moment, − ∞ < q < +
∞. In this work, q is selected within the range [− 60, 60], and κ(q)
denotes the quality index. 

κ(q) = lim
εl→∞

ln χq(εl)

ln εl
(10) 

Eq. (11) is derived via Legendre transformations: 
⎧
⎪⎨

⎪⎩

α =
∂(κ(q))

∂q

f (α) = α(q)q − κ(q)
(11) 

On the basis of Eq. (11), the AE signal’s multifractal spectrum 
can be determined.

Among them, Δα is defined as follows: 

Δα=αmax − αmin; (12) 

where αmax denotes the maximum value of the singularity index, 
αmin represents the minimum value of the singularity index, and 

Δα can reflect the uneven distribution characteristics of the signal. 
The larger the value of Δα is, the larger the signal distribution 
fluctuation  is, corresponding to more obvious multifractal 
characteristics.

In addition, Δf is defined as follows: 

Δf = f (αmax) − f (αmin); (13) 

where f (αmax) is the value of the fractal dimension at α = αmax, 
f (αmin) is the value of the fractal dimension at α = αmin, and Δf 
reflects  the probability of occurrence of the subset of large and 
small measures, with a larger Δf value indicating the predomi
nance of large rupture scale events and a smaller Δf value indi
cating the predominance of small rupture scale signals.

Fig. 11(a) illustrates the multifractal spectrum of AE absolute 
energy corresponding to coal specimens with varying IDDs. The AE 
absolute energy distribution of the coal samples exhibits a com
plex trend of multifractal characteristics. The overall shapes of the 
multifractal spectrum of coal samples with varying IDDs were the 
same, and f(α) showed the change process of increasing and then 
decreasing with the increase of α, which indicated that the failure 
processes of the coal samples were similar. However, there were 
differences in the opening sizes of the multifractal spectrum 
widths, indicating that the microscopic rupture characteristics of 
the different coal samples were different. Thus, to further quantify 
the propagation of cracks in coal samples with different IDDs, 
Fig. 11(b) shows the variation characteristics of Δα and Δf in coal 
samples. The CS-1 coal sample with Dini = 0 had the smallest Δα. 
Overall, Δα showed an increasing trend with the increase of the 
IDDs. These results indicate that the AE energy release was more 
heterogeneous and complex in samples with higher IDDs. The high 
IDD provided conditions for the early formation and rapid prop
agation of the internal crack network, which resulted in AE signals 
showing stronger multi-scale energy release characteristics. 
Moreover, the trend of Δf showed that the large crack scale events 
occupied a more significant position in the high IDD condition. The 
CS-1 coal sample with Dini = 0 had the lowest Δf. The overall trend 
of Δf increased with the increase of the IDDs, indicating that the AE 
signal was more inclined to be dominated by larger energy release 
events in these samples. These results suggest that a higher IDD 
implies richer internal micro-existing cracks and that the crack 
propagation under subsequent stress loading was more likely to 
form larger-scale failure units and thereby lead to an elevated 
proportion of high-energy AE events. This complex energy release 
feature is consistent with previously observed results, such as the 
strain energy dissipation features and the evolution of the AE b 
value.

Synthesizing the results of various AE data analyses, the coal 
samples exhibited a clear trend of microcrack activation and 
propagation as the IDD increased. Specifically, higher IDDs 
noticeably elevated AE event frequency at lower stress levels and 
reduced the AE b value, suggesting a higher ratio of high-energy 
cracking occurrences. The power law fitting  of the AE energy 
probability density further verified  that samples with initial 
damage were more prone to producing high-energy AE events. 
In addition, the AE multifractal analysis showed that the energy 
release of coal samples under high-IDD conditions presented 
more complex and uneven distribution characteristics. Overall, 
the AE data analysis revealed the significant  influence  of the 
initial damage on the crack propagation process of the coal 
samples and its energy release mechanism, which provides a 
powerful dynamic monitoring basis for understanding the failure 
evolution of coal samples with different IDDs under cyclic 
loading.
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3.3. Permeability characteristics of coal with different IDDs

3.3.1. Permeability characteristics of coal samples
The permeability evolution under different IDDs was calculated 

using Eq. (3), as shown in Fig. 12. Overall, all the samples showed a 
decreasing trend in permeability with increasing stress levels in 
the cyclic stage. These results were consistent with the findings of 
Li et al. (2018). The main reason for these results is that under the 
continuous application of circumferential pressure and increasing 
axial stress, the coal remained compressed, leading to the constant 
contraction and compression of the internal primary pores and 
cracks. Consequently, the gas flow channels became narrow and 
reduced, thus decreasing the permeability. However, when the 
IDD was high, the permeability tended to decrease with increasing 
stress levels. These results indicate that the effect of crack closure 
inside the samples with high IDDs was relatively weak, whereas 
the effect of crack propagation was relatively strong. That is, 
although the pores and cracks in the coal samples with high IDDs 
were partially compacted during compression, new cracks were 
also activated or propagated, thus offsetting part of the decrease in 
permeability owing to compression. Similar to the results of Yang 
et al. (2019), the permeability tended to decrease within the same 
stress level. However, the decrease before the arrival of the critical 
stress level of failure (meaning peak stress) was significantly 
reduced and even stabilized. This phenomenon highlights the 
complex process of microcrack propagation and the reorganiza
tion of the pore structure inside the coal samples. Under an 
external load, coal undergoes irreversible deformation, and new 
cracks are continuously generated. Thus, a further decrease in 
permeability is inhibited. This effect was particularly prominent in 
coal samples with high IDDs, indicating that the crack propagation 
effect was more significant.

In addition, once the stress approaches the peak strength, 
macroscopic failure occurs immediately, and large-scale pene
trating cracks form instantaneously, which drastically increases 
the fluid transport channels inside the coal samples and results in 
a significant  increase in permeability. For the CS-1 coal sample 
with Dini = 0, the permeability was always maintained at a low 
level before failure, and the leap occurred only at the instant of the 
large-scale penetration of cracks. However, for the coal samples 
with high IDDs, owing to the existence of many potential cracks, 
these cracks penetrated in concert with each other under the peak 
stress to form a more centralized and effective fluid flow network, 
which led to a more drastic increase in the permeability. This 

phenomenon further illustrates the sensitivity and vulnerability of 
coal samples with high IDDs at the critical stress level. Once 
penetration rupture occurs, the formation of permeable channels 
is more rapid and concentrated, which strongly affects the 
permeability.

To more intuitively show the increase in permeability (Ik) under 
different IDDs after coal failure, the maximum permeability (kmax) 
after failure was compared with the initial permeability (kini) at 
the permeability measurement point zero when the coal samples 
were not loaded, and the increase in amplitude was calculated. The 
results, as shown in Fig. 13, show that the permeability increase 
amplitudes of the coal samples under different IDDs were 62.124%, 
135.748%, 158.913%, and 194.982%, respectively, showing a trend of 
a significant  increase with the increase in the IDDs. This pattern 
indicates that the higher the IDD, the richer and more concen
trated the through-crack network formed during the final failure 
of the coal samples, which substantially improved the fluid 
transport efficiency  inside the coal samples. That is, the micro
cracks in the coal samples with high IDDs were more likely to 
propagate and connect to macroscopic flow channels when 
approaching and reaching the peak failure strength, resulting in a 
more drastic jump in permeability after damage.

3.3.2. Characterization of permeability changing rate
To investigate the effects of cyclic loading and unloading on 

coal permeability, the absolute permeability change rate (APCR) 
and relative permeability change rate (RPCR) were introduced in 
this study (Wang et al., 2025). The specific calculation for APCR is 
as follows: 

Dki
=

kl − ki

kl
× 100%; (14) 

where kl is the permeability at the first start of loading, mD; and 
the value of kini was substituted in this study. Here, ki is the 
permeability at the end of the unloading of the ith cycle, mD; and 
Dki 

is the APCR of the coal samples of the ith cycle.
The specific calculation for RPCR is as follows: 

Dri =
ki − ki+1

ki
× 100%; (15) 

where ki is the permeability at the end of the unloading of the ith 

cycle, mD; ki+1 is the permeability at the end of the unloading of 

Fig. 11. AE absolute energy multifractal features. (a) Multifractal spectrum; (b) evolution of Δα and Δf.
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the (i+1)th cycle, mD; and Dri is the RPCR of the coal samples of the 
ith cycle.

The APCR was used to measure the absolute damage degree of 
the permeability of the coal samples during cyclic loading from the 
initial state. When the APCR increases, it indicates that the 
permeability of the coal samples was more affected by the 
compaction effect relative to the initial condition. The RPCR is used 
to measure the direction and degree of permeability changes in 
different states within the cyclic stage. When the RPCR is positive, 
it indicates that the coal samples are in a compaction-dominated 
state. When RPCR is negative, it indicates that the cracks are 
open and the channels are increased, which increases the 
permeability relative to the previous state.

As shown in Fig. 14, the APCR and RPCR of the coal samples 
exhibited significant differences and dynamic trends during cyclic 
loading under different IDDs. At lower stress levels, the overall 
compaction effect of the coal samples was still dominated by the 
APCR value, which indicated that the APCR value continued to 
increase or remained high, whereas the RPCR was mostly positive 
or fluctuated  within a small range. These results imply that the 

Fig. 12. Permeability evolution of coal samples with different IDDs. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.

Fig. 13. Increasing amplitude in permeability after failure for coal samples with 
different IDDs.
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coal interior was dominated by the compaction of cracks and that 
the fluid  channels were constantly shrinking. However, as the 
stress level was further elevated, especially in samples with high 
IDDs, the internal pre-existing microcracks were continuously 
activated and expanded under cyclic stress. This process enhanced 
the crack propagation effect in the localized regions, which led to a 
negative RPCR at some stages and resulted in a significant decrease 
in the growth trend of the APCR or a stage-by-stage decrease in the 
APCR. This phenomenon suggests that the crack propagation effect 
of samples with high IDDs manifests gradually. This is also 
consistent with the rapid decay of the relative increment in 
volumetric strain described in Section 3.1.1. Overall, the higher the 
IDD, the more complex the internal structure of the coal samples, 
and the more easily their crack propagation phenomena were 
stimulated during the cyclic loading process, which led to more 
frequent and drastic changes in the APCR and RPCR. That is, coal 
samples with high IDDs were more prone to localized propagation 
effects under specific  stress conditions such that the decreasing 
trend in permeability could be offset or alleviated locally.

The combined permeability test results showed that for coal 
sample CS-1 at the highest stress level, the RPCR stabilized after 
the initial increase in the APCR. These results indicate that the 
permeability of the coal samples under these conditions was 
mainly controlled by compaction effects. Although localized crack 
propagation was present, it only partially counteracted the 
compaction effect and did not produce a significant increase in the 

overall permeability. In contrast, although samples with high IDDs 
showed significant localized crack propagation, no significant in
crease in permeability was observed before macroscopic failure. 
These results suggest that under the current experimental condi
tions, the evolution of permeability was a result of the combined 
effect of compaction and local crack propagation. The larger the 
IDD, the easier it is for the internal crack network of the coal to 
form a localized propagation effect, allowing it to partially offset 
the compaction-induced decrease in permeability. It was not until 
the formation of penetrating cracks at the time of failure that a 
significant jump in permeability occurred.

3.4. Post-failure internal crack characteristics of coal with different 
IDDs

3.4.1. Internal crack characterization of coal based on the CT 
scanning

For CT image processing, all scans were exported as grayscale 
images. In these images, air-filled cracks exhibit very low greyscale 
values, whereas the coal matrix appears as relatively high grey
scale values. Prior to segmentation, a non-local means filter was 
applied to reduce noise while preserving edge information. For 
each specimen, the greyscale histogram of the CT slices shows a 
clear bimodal distribution, with one peak corresponding to the 
crack phase and the other to the coal matrix. The valley point of the 
bimodal histogram was chosen as the threshold in Avizo, and then 

Fig. 14. APCR and RPCR evolution of coal samples with different IDDs. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.
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slightly adjusted by visual inspection to ensure that visible cracks 
were completely included while avoiding over-segmentation of 
the matrix. Voxels with greyscale values lower than the threshold 
were classified as cracks, and those higher than the threshold were 
classified as the coal matrix. Because of the differences between 
specimens, a separate threshold was determined for each sample 
rather than using a single global value.

Fig. 15 shows the crack characteristics of coal samples at 
different IDDs based on CT scanning. Using the slicing method, 
horizontal and vertical slices of different depths (25%, 50%, and 
75%) were obtained. For coal samples with Dini = 0, the cracks in 
the horizontal slices were relatively sparse and small in scale; 
however, with an increase in the IDDs, the number of cracks in the 
horizontal section increased significantly, the scale increased, and 
they were interconnected to form a more complex crack network. 
These results suggest that coal samples with high IDDs present 
more complex and diversified  crack networks after failure. This 
trend can also be seen in the vertical section, where the number of 
vertical cracks in the samples with Dini = 0 was limited, and the 
sizes of the cracks were small, whereas the size of the penetrating 
cracks in samples with higher IDDs was clearly significantly larger. 
These results indicate that the higher the IDD, the more likely it is 
for the cracks to propagate and connect and thus form large-scale 
penetration channels.

Furthermore, the internal cracks in coal samples were visual
ized using a three-dimensional (3D) reconstruction technique. The 
number of CT slices used for 3D crack reconstruction was 
approximately 200 per sample. As shown in Fig. 16(a), threshold 
segmentation was performed using the top-hat algorithm to 
distinguish cracks from the matrix (Zou et al., 2023). As shown in 
Fig. 16(b), a threshold-based segmentation result was randomly 
selected to verify the reliability of the algorithmic segmentation. 

The extracted cracks agree well with the actual crack pattern, 
indicating that the algorithm developed in this study is sufficiently 
accurate for quantifying the crack volume fraction and its 3D 
fractal characteristics. Crack segmentation was performed using 
the Avizo software, and the crack volume percentage (Kc) was 
calculated after segmentation, as shown in Fig. 16(b). In addition, 
owing to the complexity of the crack morphology, a box-counting 
method was used to calculate the 3D fractal dimension (DCT). The 
results showed that the cracks in the coal samples with Dini = 0 
were sporadically distributed, whereas the number of cracks in the 
samples with high IDDs increased dramatically, and the cracks 
were widely connected and intersected with each other, consti
tuting a larger and more complex 3D crack network, as shown in 
Fig. 16(c). This complex 3D structure significantly  affected the 
permeability of the coal samples on a macroscopic scale. On this 
basis, Fig. 16(d) quantitatively analyzes the crack characteristics. 
For samples with low IDDs to samples with high IDDs, the crack 
volume percentages were 2.821%, 5.205%, 6.109%, and 8.968%, 
respectively, showing an increasing trend with an increase in IDDs. 
These results indicate that the samples with higher IDDs are more 
likely to form a wider crack network after failure. When the IDD 
was elevated, the 3D fractal dimension also showed increasing 
trends of 2.011, 2.039, 2.045, and 2.052. These results indicate that 
the crack distribution is more complex and multi-scale. These 
results are consistent with the previous conclusion that the higher 
the IDD, the easier the propagation of existing cracks, which re
sults in the formation of a larger and more complex crack network, 
thus affecting the seepage characteristics of the coal samples. 
Although the fractal dimension of the crack network increased 
marginally, this small change was statistically significant.  This 
phenomenon reflects a significant increase in the complexity and 
connectivity of the internal crack structure, which has important 

Fig. 15. Crack characteristics of coal samples with different IDDs. (a) CS-1; (b) CS-2; (c) CS-3; (d) CS-4.
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implications for the crack propagation and permeability evolution 
of coal samples.

3.4.2. Correlation between AE characteristics and CT crack 
evolution

To bridge the gap between AE monitoring and post-failure 
crack structure, a correlation analysis was conducted between 
the AE-derived parameters (b value, critical index, Δα, Δf) and CT- 
derived crack features (3D fractal dimension, DCT).

From a quantitative perspective, the AE-based indicators of 
crack size distribution are consistent with the CT-derived crack 
network characteristics. As the initial damage degree increased 
from CS-1 to CS-4, the b value of AE amplitude statistics decreased 
markedly (from 1.863 to 0.784), and the critical index of the AE 
energy power-law distribution also decreased. Meanwhile, Δα and 
Δf both increased, indicating that the AE energy release became 
more heterogeneous and that large-energy events associated with 
larger-scale cracks became more dominant. These dynamic AE 
features correspond well to the post-failure CT observations: the 
crack volume percentage increased from 2.821% to 8.968%, and the 
3D fractal dimension increased from 2.011 to 2.052 as the IDD 
increased, demonstrating that the internal crack network evolves 
towards a denser and more complex multi-scale structure.

Additionally, the CT-based fractal dimension (DCT) showed a 
positive correlation with the multifractal width Δα and Δf from AE 
analysis (R2 > 0.65), as shown in Fig. 17, reinforcing that the 
complexity of crack growth captured by AE signals is reflected in 
the final  crack morphology. This multi-physics correlation con
firms  that AE energy distributions can effectively predict crack 
propagation intensity and spatial complexity.

3.4.3. Correlation between permeability and CT crack 
characteristics

To quantitatively assess whether the CT-derived crack param
eters can reflect the permeability behavior, a regression analysis 
was conducted between the post-failure permeability enhance
ment Ik (Fig. 13) and the crack volume percentage Kc as well as the 
3D fractal dimension DCT (Fig. 16) for coal specimens.

Fig. 18 shows the scatter plots and linear regression lines of Ik 

versus Kc and DCT. The correlations are very strong and the slopes 

Fig. 16. Quantitative analysis of internal cracks in coal samples with different IDDs. (a) Top-hat methods (Zou et al., 2023); (b) quantitative analysis methods; (c) 3D crack 
distribution; (d) crack volume percentage and 3D fractal dimension.

Fig. 17. The correlation characteristics between the CT fractal dimension and the AE 
multifractal spectrum features.
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are positive in both cases, indicating that specimens with larger 
crack volume fractions and higher 3D fractal dimensions tend to 
exhibit larger post-failure permeability enhancement. These re
sults demonstrate that the CT-imaged crack network, quantified by 
crack volume percentage and 3D fractal dimension, can to a 
considerable extent reflect  the permeability response of coal. In 
particular, the more developed and more complex crack networks 
revealed by CT provide more efficient  flow  pathways, which is 
consistent with the observed larger permeability jumps at failure 
for high IDD coal samples.

Microscopically, permeability evolution is governed by the 
competition between crack closure and pore compaction, and 
stress-induced crack reactivation and propagation. For coal sam
ples with high IDDs, an interesting phenomenon was observed: 
permeability first  decreased with increasing stress, and then 
exhibited a slight rebound or stabilization in the high-stress stage. 
In this stage, although part of the crack network is still com
pressed, newly generated cracks locally increase the connected 
crack volume and create more direct flow channels. This compe
tition between continued closure of older cracks and opening of 
new, stress-induced cracks results in a marked attenuation of the 
permeability reduction rate and even a temporary recovery of 
permeability at high stress levels. Consistently, the APCR curves of 

high IDD specimens start to plateau and the RPCR becomes 
negative (Fig. 14), indicating that the crack propagation effect be
gins to offset the compaction effect. The post-failure CT results 
support this interpretation. Regression analysis shows a strong 
positive correlation between the Ik and Kc as well as DCT (Fig. 18), 
implying increase in connected crack volume directly translates 
into a larger permeability jump. Therefore, the permeability re
covery observed before macroscopic failure in high IDD specimens 
can be regarded as the early manifestation of this microstructural 
transition.

3.5. Mechanisms of crack propagation and permeability evolution

As shown in Fig. 19, this study integrated the mechanical 
response, AE characteristics, permeability evolution, and CT 
quantification  results to provide an in-depth analysis of coal 
samples with different IDDs in terms of crack evolution and 
permeability change. The results show that the IDD has a decisive 
influence  on the crack propagation behavior and permeability 
change of the coal samples during the loading process.

When the IDD was low, there were fewer cracks inside the coal 
samples and the entire sample was relatively dense. Under 
external loading, the compaction effect of the dense closure of 
microcracks mainly manifested in the early stage, leading to a 
continuous decrease in permeability with increasing stress. 
Moreover, the AE results under low IDD conditions also showed 
that the proportion of energy in the form of elastic energy storage 
was high, the microcracks started to activate and penetrate in large 
quantities only at higher stress levels, the positive effect of crack 
propagation on permeability was weak, and the samples were still 
compaction-dominated, reducing the effectiveness of the fluid 
channel. As the IDD increased, more abundant cracks were 
observed within the samples. The applied stress could expand 
some of the cracks at low levels, and the AE counts accumulated 
rapidly at low stress intervals. Decreasing b values, critical indices, 
and increasing the Δα and Δf values of multifractal spectrum all 
indicated that the cracks evolved towards larger scales. This crack 
propagation effect occurred simultaneously with the compaction 
effect. The compressive stress still causes partial crack closure 
(compaction effect), which reduces the permeability; however, the 
activation and propagation of internal cracks increases the size of 
the permeable channels under a certain stress level, which coun
teracts or even reverses the decreasing trend of the permeability 

Fig. 18. The correlation characteristics between Ik and Kc as well as DCT.

Fig. 19. Mechanism of crack propagation and permeability evolution in coal under the effect of IDDs. (a) Experimental results of coal with different IDDs; (b) schematic rep
resentation of crack propagation of coal with high IDDs.
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caused by the compaction (propagation effect). This crack propa
gation effect is particularly prominent in samples with high IDDs, 
such that the decrease in permeability slows significantly and even 
stabilizes near failure.

Furthermore, the AE results revealed the crack initiation and 
propagation during the loading process from the perspective of 
dynamic monitoring. When the IDD was larger, the AE events 
appeared intensively at lower stress levels, indicating that the 
internal crack network was more easily activated, which 
increased the impact of crack propagation on the internal 
structure of the coal samples. The permeability evolution results 
further illustrate the aforementioned mechanism from the 
perspective of macroscopic flow  transport capacity. The larger 
the IDD, although the stress increase would close some of the 
cracks, the local compensatory effect on permeability by more 
microcrack propagation and penetration in the same period 
began to appear, which was manifested in the alleviation of the 
permeability declining trend or even reversal before failure. 
Eventually, when the stress reached its peak and macroscopic 
failure occurred, large-scale penetration cracks were formed, and 
the permeability increased significantly; the higher the IDD, the 
larger the magnitude of the sudden increase. CT scanning and 3D 
reconstruction analyses provided intuitive evidence of this 
mechanism. The CT results showed that the crack volume per
centage and fractal dimension after failure in samples with high 
IDDs significantly  increased, indicating that the distribution of 
cracks was more complex and multi-scale. This complex crack 
network was quickly transformed into an efficient  flow channel 
in the critical state, resulting in a significant  increase in 
permeability and confirming  the decisive contribution of crack 
propagation to permeability evolution.

3.6. Engineering significance and future research perspectives

The findings of this study have several practical implications for 
petroleum and geoenergy engineering applications involving deep 
coal seams and other low-permeability reservoirs. In CBM pro
jects, coal seams act as unconventional reservoirs in which gas 
production or injection-production operations inevitably induce 
cyclic changes in pore pressure and effective stress. The present 
results show that coal with higher IDDs exhibits a stronger ten
dency towards early crack activation, larger permeability 
enhancement at failure and reduced mechanical strength. This 
implies that, in field operations, zones with severe initial damage 
are more likely to develop connected fracture networks and high- 
permeability pathways under cyclic loading, which is favorable for 
gas deliverability but may also accelerate local instability and coal 
fragmentation. Moreover, the AE approach demonstrated in this 
study offers a potential methodology for real-time crack moni
toring, which can be translated into field-scale diagnostics when 
adapted with downhole tools. The present results indicate that a 
decrease in b value, a reduction in the critical index and an in
crease in multifractal spectrum width could serve as dynamic in
dicators of the development of more connected fracture networks 
and impending permeability jumps. This provides a conceptual 
basis for using real-time AE attributes to infer subsurface crack 
evolution.

Overall, although the experiments in this study were conducted 
on coal specimens with different IDDs under controlled laboratory 
conditions, the identified relationships among crack propagation, 
energy dissipation, permeability evolution and CT-derived fracture 
geometry provide a useful framework for the geomechanical 
design, monitoring and risk assessment of CBM recovery, under
ground gas storage and other deep petroleum and geoenergy en
gineering projects involving cyclic loading.

Although this study provided comprehensive insights into the 
evolution of crack propagation and permeability in coal with 
varying IDDs under cyclic loading, the results were derived under a 
specific  set of experimental conditions. These controlled condi
tions limit the generalizability of our results.

First, the effect of loading rate was not systematically investi
gated in this work. Although the experiments were conducted 
under a fixed loading rate, the effect of loading rate on crack 
propagation and AE response is worth further discussion. In gen
eral, higher loading rates tend to suppress stable crack growth, 
resulting in more brittle responses, while lower rates promote 
progressive damage accumulation and more abundant AE signals. 
In future work, varying loading rates can be incorporated to 
explore their influence on energy dissipation modes, permeability 
jumps, and multifractal spectrum shifts. Second, the current study 
used a fixed confining  pressure to simulate in-situ stress condi
tions. However, deformation and permeability behavior of coal is 
known to be highly sensitive to confining  pressure. Increasing 
confining  pressure generally promotes crack closure, reduces 
permeability, and delays failure onset. Further studies incorpo
rating multiple confining pressure levels are needed to clarify the 
pressure dependence of permeability recovery, especially in deep 
coal seams. Third, the experiments were conducted on standard- 
size coal specimens, which may not fully capture the heteroge
neity and fracture interaction present at field scale. Scale effects 
influence  both the statistical distribution of cracks and the con
nectivity of crack networks, potentially altering AE event clus
tering, b value distribution, and permeability trends. Future 
upscaling efforts, such as numerical modeling or physical simi
larity simulations at larger scales, will be essential to validate 
whether the observed AE-permeability-crack relations hold under 
engineering-scale conditions. Fourth, in this study, CT scanning 
was only performed for the failure states of the coal samples. 
While this approach effectively captures the final  fracture 
morphology and helps interpret permeability changes, it does not 
directly visualize the internal damage states induced by the pre
loading paths. This is a limitation of the current experimental 
design. Nevertheless, the initial structural characteristics of coal 
samples with initial damage were extensively documented in 
previous studies, it has since been demonstrated that initial 
damage promotes crack propagation (Yin et al., 2023). Future 
studies may consider integrating in-situ or staged CT scanning to 
directly visualize the progressive crack development during pre
loading. In addition, pairing CT scanning with the AE localization 
technique could improve this work. Furthermore, the threshold 
effect of the IDDs can be explored in future work by preparing a 
larger number of specimens with more finely graded IDDs.

4. Conclusions

In this study, coal samples with different IDDs were prepared, 
and experiments were carried out under cyclic loading. This work 
focuses on investigating the effect of IDDs on the crack propaga
tion and permeability evolution of coal and systematically ex
plores the mechanism of its action by combining it with AE 
monitoring and CT technology. The conclusions of this study are as 
follows.

(1) Based on the analysis of the AE counts, b values, and energy 
power-law distributions, it was found that the higher the 
IDD, the easier it was for coal samples to induce more high- 
energy AE events, significantly reduce the critical index and 
b value, and form larger-scale cracks and destabilize earlier. 
In addition, the Δα and Δf of AE multifractal spectrum 
increased with the increase of IDDs. The AE results suggest 
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that pre-existing microcracks accelerate the initiation and 
growth of larger cracks under cyclic loading.

(2) The permeability evolution was influenced  by compaction 
effects versus local crack propagation effects. In coal sam
ples with low IDDs, compaction dominated, leading to a 
continuous decline in permeability. In contrast, coal samples 
with high IDDs exhibited a delayed decrease in permeability 
owing to partial offsetting by crack propagation. Eventually, 
the permeability rapidly increased at the time of macro
scopic failure of the coal samples. The increase in post- 
damage permeability was positively correlated with IDD at 
62.1%, 135.7%, 158.9%, and 195.0%, respectively.

(3) Additionally, the CT scanning results confirmed  that coal 
samples with high IDDs developed a more extensive and 
complex crack network with a significantly increased crack 
volume percentage and 3D fractal dimension. CT scanning 
results showed crack volume percentage increasing from 
2.821% to 8.968% and the 3D fractal dimension from 2.011 to 
2.052 as IDDs increased.

(4) With increasing IDDs, the crack propagation effect gradually 
appeared during the stress loading process, so that the 
change of permeability presented a more complex dynamic 
characteristic. Near failure, large-scale penetrating cracks 
formed and triggered a drastic increase in permeability. The 
AE data revealed the dynamic process of crack propagation, 
the permeability results indicated the presence of the crack 
propagation effect, and the CT scanning, on the other hand, 
demonstrated the results of the crack propagation effect.
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