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Abstract: Coal resource extraction and utilization are essential for sustainable develop-
ment and economic growth. This study integrates a pseudo-triaxial mechanical loading
system with low-field nuclear magnetic resonance (NMR) to enable the preliminary visu-
alization of coal’s pore-fracture structure (PFS) under mechanical stress. Pseudo-triaxial
and cyclic loading—unloading tests were combined with real-time NMR monitoring to
model porosity recovery, pore size evolution, and energy dissipation, while also calculat-
ing the fractal dimensions of pores in relation to stress. The results show that during the
compaction phase, primary pores are compressed with limited recovery after unloading.
In the elastic phase, both adsorption and seepage pores transform significantly, with most
recovering post-unloading. After yield stress, new fractures and pores form, and unload-
ing enhances fracture connectivity. Seepage pore porosity shows a negative exponential
relationship with axial strain before yielding, and a logarithmic relationship afterward.
The fractal dimension of adsorption pores decreases during compaction and increases af-
terward, while the fractal dimension of seepage pores decreases before yielding and in-
creases post-yielding. These findings provide new insights into the flow patterns of me-
thane in coal seams.

Keywords: triaxial cyclic loading—unloading; pore-fracture structure; nuclear magnetic
resonance imaging; seepage; fractal dimension

1. Introduction

With the rapid pace of global industrialization, the increasing energy demand has
positioned coal as a vital resource for sustainable economic and social development
worldwide [1]. The pore-fracture structure (PES) in coal provides storage space and flow
channels for gas, directly affecting the gas flow characteristics [2-6]. During the coal min-
ing process, as the working face advances, the pressure continuously changes, typically
increasing and then decreasing. This change in stress can alter the internal PFS of coal,
which in turn impacts mining production and safety [7-10]. Therefore, simulating the
stress variation patterns during the mining process, conducting pseudo-triaxial loading
and cyclic loading and unloading experiments, and monitoring the PFS evolution

Fractal Fract. 2025, 9, 93

https://doi.org/10.3390/fractalfract9020093



Fractal Fract. 2025, 9, 93

2 of 19

throughout the full stress—strain process online can offer new insights into the study of
gas flow patterns within coal seams.

There are many methods for characterizing the PFS of coal, including using a mer-
cury intrusion porosimeter [11] and gas adsorption porosimeter [12]. However, these
methods cannot be performed concurrently with the loading process and can only capture
the PFS characteristics at discrete stages of loading. A helium porosimeter measures po-
rosity and permeability simultaneously but cannot provide pore size distribution (PSD)
and only applies confining pressure [13]. X-ray computed tomography (CT) enables real-
time testing during triaxial loading and provides three-dimensional reconstruction of the
PFS, though its in situ accuracy is relatively low, only detecting large pores [14,15]. Scan-
ning electron microscopy (SEM) excels in observing local samples but lacks comprehen-
sive characterization capabilities [16,17]. Acoustic emission (AE) testing is efficient but
prone to interference from external noise [18,19].

Several researchers have utilized various visualizing techniques to investigate the
PES evolution in coal during loading deformation. For example, Ju et al. [14] combined a
servo-controlled triaxial loading system with CT imaging to observe the dynamic evolu-
tion of coal’s PFS under varying pressures. Xu et al. [16] used SEM to obtain 2D images of
coal’s microstructure and applied image processing to differentiate its organic compo-
nents, minerals, and pores, which influenced its mechanical behaviour. Huang et al. [20]
studied AE characteristics of sandstone under compression, finding a strong correlation
between acoustic emission signals and confining pressure. However, this technique is lim-
ited by its spatial resolution, which is insufficient to capture the finer details of the PFS.

Compared to other methods, nuclear magnetic resonance (NMR) technology offers
advantages like speed, non-destructiveness, and comprehensive characterization. In re-
cent years, many studies have utilized NMR to investigate the PFS evolution of coal dur-
ing loading [21-23]. Among them, Li et al. [24] combined NMR with permeability testing
under different confining pressures to reveal key pore sizes controlling permeability and
discussed the impact of PFS on stress sensitivity. Cheng et al. [25] used NMR and micro-
CT to investigate pore and fracture compressibility in low-rank coal, showing that frac-
tures and seepage pores enhance compressibility, while minerals reduce it. Zhou et al. [26]
achieved in situ NMR testing under triaxial loading and monitored the evolution of spa-
tial distribution, PSD, and PFS heterogeneity in coal. However, research on the PES evo-
lution during triaxial cyclic loading and unloading remains limited.

In theoretical research on the PFS of coal, fractal theory and related methods are cur-
rently widely used [27-29]. Scholars have conducted in-depth studies and found that
many rocks exhibit fractal characteristics in their pores. By analyzing changes in fractal
dimensions, they study PSD, the complexity of the PFS, and surface roughness [30-34].
Zhou et al. [35] established a random fractal model to describe the spatial distribution of
pore spaces in porous media and established relationships between porosity, specific sur-
face area, and volumetric fractal dimension. Peng et al. [36] proposed a method for pre-
dicting rock-bound water saturation and permeability based on fractal theory, with good
predictive results. Chen et al. [37] calculated the fractal dimensions of pores in coal under
diverse confining pressures and studied the evolution characteristics of the complexity of
the PFS. Fractal theory can be used to establish the characterization relationship between
PFS and stress state.

Since ferromagnetic materials cannot be used in NMR equipment, we employed ce-
ramics and pure titanium as the loading head and chamber, successfully integrating the
mechanical loading system with NMR equipment. This enabled online NMR testing of coal
samples under pseudo-triaxial loading and triaxial cyclicloading and unloading conditions.
Through this setup, we achieved preliminary visualization and multi-scale quantitative
characterization of the PFS under varying stress states. We captured the evolution patterns
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of porosity recovery, residual deformation, and dissipation energy ratio at each loading
stage. Furthermore, we established a fractal-based model to describe the relationship be-
tween the PFS and stress states. These findings contribute to a deeper understanding of per-
meability and gas flow mechanisms within coal seams, providing valuable insights for op-
timizing coal extraction and promoting the sustainable management of coal resources.

2. Experimental Approach
2.1. Sample Collection and Preparation

Coal samples were sourced from the Ningtiaota Coal Mine in Yulin, Shaanxi Prov-
ince. Blocks of coal, approximately 500 mm in size, were selected, sealed to preserve mois-
ture, and sent for further processing. Upon arrival at the lab, the blocks were processed
into cylindrical specimens using a precision cutting machine. Both ends of each sample
were carefully polished to ensure flat and parallel surfaces, which is critical for achieving
uniform stress distribution during mechanical testing. The final dimensions of the speci-
mens were 50 mm in height and 25 mm in diameter, following the standard requirements
for pseudo-triaxial loading experiments. Six specimens were prepared for the subsequent
tests to ensure repeatability and reliability of the results.

2.2. Testing Equipment

To monitor the evolution of the PFS in coal samples online, we directly integrated the
mechanical loading system into a high-precision, visualizable low-field NMR device for
in situ testing. The entire online experimental system consists of a gradient device, a spec-
trometer device, a permanent magnet, a core holder, a protective device, a confining pres-
sure device, a water supply device, and an axial pressure device (Figure 1).

The NMR device model is MacroMR12-150H, was sourced from Niumag in Suzhou,
China. It can apply gradient magnetic fields in three directions for NMR imaging (NMRI)
testing. The maximum applicable axial pressure is 100 MPa, the maximum confining pres-
sure is 25 MPa, and the maximum hydraulic pressure is 25 MPa. The core holder (Figure
1b) is composed of titanium metal and ceramic, with FC-40 fluorinated fluid used as the
confining pressure fluid. The samples are wrapped with heat-shrink tubing to prevent the
confining fluid from penetrating the samples. The main NMR testing parameters include

32 scans, a waiting time of 3 s, 15,000 echoes, and an echo time interval of 0.1 ms.
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Figure 1. Online pseudo-triaxial loading experimental system with nuclear magnetic resonance: (a)
image of the main devices; (b) schematic representation of core holder. (Reproduced with permis-

sion from [38]. Copyright 2023 Elsevier).

2.3. Experimental Procedure

During coal mining operations, the working face undergoes cyclic loading due to
both upward and downward extraction (Figure 2). This leads to changes in the PFS and
permeability within the coal. Therefore, this study conducted in situ NMR experiments
under pseudo-triaxial loading and triaxial loading—unloading conditions with constant
confining pressure. NMRI and transverse relaxation time (712) tests were performed on
coal samples under different stress states.

The detailed experimental procedures followed were as outlined below:

1. The samples were first dried at a constant temperature of 80 °C for 24 h to remove
any moisture. After drying, the samples were weighed to establish their baseline dry
mass. The samples were then vacuumed for 2 h and saturated with water at 15 MPa
pressure for 24 h. Afterward, the samples were weighed again to determine the
change in mass.

2. The saturated samples were wrapped in heat-shrink tubing and placed into the load-
ing chamber. Axial pressure and confining pressure of 3 MPa were applied, followed
by a hydraulic pressure of 2 MPa. Once water was observed flowing from the outlet,
T2 and NMRI tests were conducted under hydrostatic pressure conditions.

3. The in situ NMR experiment under pseudo-triaxial loading was conducted, main-
taining a constant confining pressure of 3 MPa and hydraulic pressure of 2 MPa,
while the axial pressure was incrementally increased. Before reaching peak strength,
stress-controlled loading was applied, with T2 and NMRI tests conducted at every 5
MPa increment. After peak strength was reached, strain-controlled loading was ap-
plied, with T> and NMRI tests conducted at regular intervals.

4.  After replacing the sample, the in situ NMR experiment under pseudo-triaxial load-
ing—unloading was conducted. The confining pressure was maintained at 3 MPa and
the hydraulic pressure at 2 MPa, while the axial pressure was applied and unloaded.
Before reaching peak strength, stress-controlled loading was applied, with the maxi-
mum axial pressure of each cycle being 5 MPa higher than the previous one. After
reaching peak strength, strain-controlled loading was applied, and the pressure was
unloaded to hydrostatic pressure at regular intervals. T and NMRI tests were
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conducted at the maximum axial pressure of each cycle and after unloading to hy-
drostatic pressure.
5. After replacing the sample, steps (2) to (4) were repeated twice, completing three sets

of repeat experiments.

Step 1

Step 2

Step 3

_.-~" [ Coal scam [N Sandstone _Mudstone

Stepl Step2 Step3

+ = ¥

Constant radial stress and increasing axial stress

Figure 2. Schematic view of stress redistribution during coal mining operations.

2.4. Experimental Principles

NMR is a process in which low-energy hydrogen nuclei 'H absorb energy and tran-
sition to a higher energy state. When placed in a uniform magnetic field, the 'H nuclei
align, creating a maximum longitudinal magnetization vector. A radiofrequency pulse
perturbs their rotation, generating a maximum transverse magnetization vector. After the
pulse, the transverse magnetization decays gradually to zero [39], with the time required
for this process being the transverse relaxation time 712 [40].

In water-saturated natural cores, '"H atoms are primarily located in the water within
the pores. The T2 relaxation times of these protons vary with pore size (Figure 3). In this
study, the Carr—Purcell-Meiboom-Gill (CPMG) sequence was employed to measure T2
[31]. The relaxation characteristics of different pore sizes are described by the following
equation:

1 S P>
— = — |=F,—= 1
T2 P2 (V) - r @)
where p2 is the transverse surface relativity, um/s; S is the pore surface area, um?; V is the
pore volume, um?; and Fs is a constant depending on the pore geometry, with a value of
2 for cylindrical pores and 3 for spherical pores [28].
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Figure 3. Schematic diagram of T2 spectrum.

As shown in Equation (1) and Figure 3, T2 is proportional to pore size: larger T2 values
correspond to larger pore sizes [41]. However, in rocks, there is no single characteristic
pore size; rather, pore sizes follow a distribution. Thus, the wall relaxation signal, M(t),
represents the sum of the decaying signals from all pore sizes:

M(t) = Z Aiexp(-t/T,) )

where Ai is the number of protons in pores of the ith size, and Tui is the corresponding
decay time constant, given by Equation (1). The amplitude of the T2 distribution, which is
the sum of the individual amplitudes, is proportional to the liquid-filled porosity (volume
fraction of pore space) of the material:

(POCZAi ®3)

where ¢ is the porosity of the material. The total amplitude of the T2 distribution, repre-
sented by the peak area (i.e., the area under the T2 spectrum), is proportional to the liquid-
filled porosity of the material [41]. Therefore, the T2 spectrum can be used to quantitatively
characterize the PFS of porous media [42].

3. Evolution Characteristics of the Pore and Fracture Structure in Coal

Due to the difficulty in controlling the loading and unloading after the peak intensity,
only one set of experiments successfully obtained a larger number of test points after the
peak. However, all repeated experiments exhibited consistent evolutionary patterns [26].
Therefore, this section will use the experimental results from one set with the most test
points after the peak as an example for analysis. This section will comprehensively ana-
lyze the evolution process of the PFS in coal from four perspectives: spatial distribution,
PSD, mean pore size, and complexity. The analysis will be based on NMR], the peak area
of the T2 spectrum, the geometric mean value of the T2 spectrum (Tzg), and fractal theory.

3.1. Evolution Characteristics of Spatial Distribution

Figure 4 presents the NMRI test results from the experiment, along with the corre-
sponding stress—strain curves. The peak strength of the pseudo-triaxial loading sample
reached 40.2 MPa, while the peak strength during the loading—unloading process reached
39.8 MPa. The NMRI data illustrate the spatial distribution of the PFS, with cooler colours
representing areas of lower water content in the pores and fractures, and warmer colours
indicating higher water content. Due to the limitations of NMRI, only the distribution of
larger pores can be effectively observed.
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Figure 4. Spatial distribution evolution of pores in coal: (a) triaxial loading; (b) triaxial loading and

unloading.

The evolution of the PFS during loading can be roughly divided into four stages [26,43]:
1. StageI (Compaction of Initial PES):

From point A to point C in Figure 4a, and Cycles 1-2 in Figure 4b, which end at 37%
and 25% of the peak strength, respectively: In this phase, the NMRI response decreases,
and residual deformation becomes significant, indicating that primary pores and fractures
close under deviatoric stress and cannot recover upon unloading. This stage represents
the initial compaction of the PFS, where pore volume is significantly reduced.

2.  Stage II (Elastic Stage):

From point C to point E in Figure 4a, and Cycles 3-7 in Figure 4b, which end at 87% of
the peak strength: During this phase, the NMRI response decreases but residual defor-
mation is minimal. This suggests that while some pores and fractures close under deviatoric
stress, they can recover upon unloading. Furthermore, new pores and fractures begin to
form, gradually expanding and connecting, which contributes to the elasticity of the PFS.

3. Stage III (Unstable Growth and Failure of PFS):

From point E to point G in Figure 4a, and Cycles 8-9 in Figure 4b: During this phase,
the NMRI response increases rapidly, and substantial residual deformation occurs. This
indicates the rapid growth and interconnection of newly formed pores and fractures,
which ultimately leads to through-going fractures and shear failure of the sample. The
PFS becomes highly complex as fractures propagate and interconnect.

4. Stage IV (Residual Strength Stage):

From point G to point ] in Figure 4a, and Cycles 10-16 in Figure 4b: In this phase,
both the NMRI response and residual deformation continue to increase. This suggests that
after the sample re-consolidates, shear-slip failure occurs, generating secondary fractures.
These fractures further contribute to the overall degradation of the PFS, which leads to a
residual strength stage where the material’s ability to withstand additional loading is sig-
nificantly reduced.

3.2. Evolution Characteristics of Pore Size Distribution
3.2.1. Pore Classification

Figure 5 illustrates the T2 spectra under initial hydrostatic stress, displaying a char-
acteristic three-peak distribution. Based on the traditional pore classification method
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[26,44], the left peak (T2 < 2.5 ms) corresponds to micropores and transition pores, catego-
rized as adsorption pores (AP), which mainly influence the gas adsorption capacity. The
middle peak (2.5 < T2 < 100 ms) represents mesopores, while the right peak (T2 > 100 ms)
reflects macropores and microfractures, known as seepage pores and fractures (SP), which
affect coal permeability. Under hydrostatic pressure, AP content is significantly higher
than SP content. Throughout the experiment, the T2 peak shapes remained stable, while
AP and SP peak areas shifted with deviatoric stress.

P00 Rdsorption pores ISCEpAEE poreS R ractares Il

—=— Triaxial loading
—&— Triaxial loading and unloading

1200 +

Seepage pores

20.22%
23.51%

0004 79.78%
76.49%

600 ~

Amplitude (a.u.)

300 4

Adsorption pores

T
0.01 0.1 1 10 100 1000 10,000
T, (ms)

Figure 5. Pore size distribution in coal under initial hydrostatic stress.

3.2.2. Triaxial Loading

To investigate the stress sensitivity of APs and SPs and assess the impact of deviatoric
stress on the PFS, the following dimensionless coefficients were defined:

Sa=Sai! Swo 4)
Ss=Ssi/ Sso ®)
S+=S1i/ S (6)

where Sa, Ss, and St are dimensionless parameters representing the pore volumes of AP,
SP, and total pores, respectively. Sao, Sso, and Sto represent peak areas of the T2 spectrum
under initial hydrostatic pressure, while Sa;, Ssi, and St correspond to peak areas under
deviatoric stress Pi.

Figure 6 shows that the AP porosity in the coal sample drops quickly in Stage I, then
stabilizes, displaying minimal stress sensitivity with a maximum variation of under 3%
throughout loading. This occurs because smaller pores are harder to compress [24]. Addi-
tionally, some SPs may be compacted into APs. The porosity of the SPs exhibits a distinct
“V-shaped” evolution, gradually decreasing before yielding and then gradually increas-
ing after yielding as deviatoric stress increases, which is consistent with the evolution
trend of permeability [45]. The total porosity of the coal sample decreases rapidly in Stage
I, remains relatively stable in Stage II, and gradually increases after yielding. This indi-
cates that under pseudo-triaxial loading conditions, the coal sample’s compaction stage is
mainly characterized by the compaction of primary FPS; the elastic stage is dominated by
the compaction of SPs into APs; and the last two stages are primarily characterized by the

gradual development of new SPs.
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Figure 6. Dimensionless content ratios of various pore types under varying axial strains.

3.2.3. Triaxial Loading and Unloading

This study evaluates the variations in adsorption, seepage, and total pore porosities
using the absolute and relative porosity recovery rates. The absolute porosity recovery
rate is the ratio of the post-unloading porosity under hydrostatic pressure in each cycle to
the initial porosity:

o=t ™

Do
where Aa denotes the absolute porosity recovery rate, @2: represents the post-unloading
porosity under hydrostatic pressure in the nth cycle, and ¢o is the initial porosity, and the
porosities are determined based on Equations (2) and (3), using the peak area of the T2
spectrum. The relative porosity recovery rate is the ratio of porosity after unloading to
hydrostatic pressure in each cycle to the porosity under deviatoric stress in the same cycle:

Pon
& Pona ®)
where A: represents the relative porosity recovery rate, and @21 is the porosity under de-
viatoric stress in the nth cycle.

Figure 7 shows the evolution of the absolute porosity recovery rate and the relative
porosity recovery rate of the coal sample under triaxial loading-unloading conditions. The
relative and absolute recovery rates of AP show similar trends, with a significant increase
in stages II and III This is due to the gradual accumulation of damage and the gradual de-
velopment of new APs. The absolute recovery rate of total porosity decreases rapidly in
stage I, remains relatively stable in stage II, and increases rapidly after yielding. The relative
recovery rate of total porosity gradually increases before yielding and remains relatively
unchanged after yielding. This indicates that in the compaction stage, the primary compac-
tion of original pores dominates, with compressed pores being difficult to recover after un-
loading. In the elastic stage, the conversion between SP and AP dominates, and most of the
compressed pores can recover after unloading. After yielding, the generation of new pores
dominates, with unloading enhancing their connectivity and opening. The absolute recov-
ery rate of SP gradually decreases before yielding and increases rapidly after yielding, while
the relative recovery rate of SP gradually increases before yielding and remains relatively
stable after yielding. This is because, before yielding, the compaction of SP is dominant, and
some SP can recover after unloading; after yielding, the generation of new SP is dominant,
and unloading facilitates the connectivity and opening of pores.
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Figure 7. Evolution of porosity recovery rates during triaxial cyclic loading-unloading: (a) adsorp-

tion pores; (b) seepage pores and fractures; (c) total pores.

The absolute recovery rate of total porosity decreases rapidly in Stage I, remains rel-

atively stable in Stage II, and increases rapidly after yielding. The relative recovery rate of
total porosity gradually increases before yielding and remains relatively unchanged after
yielding. This suggests that during the compaction stage, original pores dominate, while
compressed pores are difficult to recover after unloading. In the elastic stage, the conver-
sion between SPs and APs dominates, and most of the compressed pores and fractures
can recover after unloading. After yielding, the formation of new PFS becomes dominant,
with unloading enhancing their connectivity and opening.

3.3. Evolution Characteristics of Average Pore Size

Variations in external mechanical conditions cause the pore size in the coal sample to
change. According to Equation (1), for the same coal, the T2 is proportional to the geo-
metric mean of the pore size and serves as a representative parameter to quantify pore
size evolution. The calculation for Tz is given as follows:

RN
Toy = (E[T j )

Figure 8 illustrates the evolution of Tz across different stages of the triaxial loading
process. The overall evolutionary trend of Tz is similar to that of porosity: it decreases
initially and then increases as axial strain increases. During the early loading phase, as the
deviatoric stress increases, some large pores are compressed into smaller ones, causing Tz
to decrease gradually. However, the minimum value of T2; does not occur at peak stress
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but at the first test point after the peak. This is related to the evolution of the spatial dis-
tribution of the PFS mentioned in Section 3.1. When the sample first fails, not only does it
generate a macro-crack, but a large number of new pores also form. These new pores are
relatively small and have not yet connected to form larger pores, resulting in a decrease
in T2s. As axial strain further increases, these newly formed pores and cracks gradually
connect to form secondary fractures, causing T2 to increase.
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Figure 8. Tz in coal samples under different axial strains.

To evaluate pore size changes in the coal sample under triaxial loading-unloading
conditions, this section defines the absolute and relative recovery rates of T2s. The absolute
recovery rate of Tag is the ratio of Tog after unloading to hydrostatic pressure at each cycling
level compared to T2 at the initial hydrostatic pressure:

% _(Ta)yy (10)

) (T 29 )o
where ya denotes the absolute porosity recovery rate, (T2g)2: represents Tz after unloading
to hydrostatic pressure at the nth cycling level, and (T2g)o refers to T at initial hydrostatic
pressure.
The relative recovery rate of Tz is the ratio of T2 after unloading to hydrostatic pres-
sure at each cycling level to T2; at the specified deviatoric stress during that loading level:

7, = (TZQ)ZH (11)

(T 29 )Zn—l
where y: represents the relative recovery rate of Tzg, and (T2g)2-1is the T2 at the nth cycling
level under specified deviatoric stress.

Figure 9 illustrates the evolution of absolute and relative Tz recovery rates during
triaxial loading—unloading conditions. Before entering the residual stage, the relative Tz
recovery rate fluctuates within the range of 100-102%. This, combined with the evolution
of pore size distribution, indicates that during these stages, although most flow pores can
recover after unloading to hydrostatic pressure, a large number of new APs also form,
making the Tz after unloading very close to that during loading. After entering the resid-
ual stage, the relative T2¢ recovery rate fluctuates within the range of 103-105%. This is
because, during this stage, the connectivity and expansion of the PFS dominate, and some
secondary fractures gradually form, causing the T2 after unloading to be higher than dur-
ing loading.
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Figure 9. Evolution of T2 recovery rates during cyclic loading-unloading.

The absolute T2; recovery rate initially decreases, then increases with cycling, ranging
from 90% to 120%, which is greater than the range of change in the total porosity absolute
recovery rate. Particularly during the decreasing phase, the absolute recovery rate of total
porosity fluctuates around 98%, indicating that while the total porosity can recover after
unloading, many of these are newly formed small pores with poor connectivity; some
flow pores do not recover after being compressed.

3.4. Evolution Characteristics of Complexity

In recent years, the calculation of the fractal dimension of PFS based on T2 spectra has
gained widespread application. The fundamental theories related to this and their rela-
tionship with PFS can be referenced in [35-37]. The calculation formula for the fractal di-
mension of PFS is as follows:

IS, =(3-D)Ig(T2+(D-3)IgT 2max (12)

where Sv represents the percentage of cumulative pore volume with transverse relaxation
times less than T2 relative to the total pore volume; Tz2max refers to the maximum transverse
relaxation time in milliseconds; and D denotes the fractal dimension of PFS. The PES of
coal samples generally exhibits multifractal characteristics, with APs and SPs each dis-
playing their own fractal characteristics [26]. Specifically, the fractal dimension of APs,
Da, reflects the structural characteristics of the APs in the coal sample. A higher Da indi-
cates a more complex structure of the APs, resulting in a larger specific surface area and a
stronger adsorption capacity [35-37]. Conversely, the fractal dimension of SPs, Ds, repre-
sents the structural characteristics of the SPs. A higher Ds suggests a more complex struc-
ture with poorer connectivity and lower permeability. Previous studies, such as that in
reference [36], which involved extensive NMR and permeability tests on sandstone, have
demonstrated a significant negative correlation between Ds and permeability, establishing
Ds as a viable parameter for characterizing the seepage capacity of different samples.
Under varying stress conditions, both the SPs and APs in coal samples exhibit distinct
fractal characteristics. Figure 10 illustrates the evolution of Da and Ds in coal samples.
Throughout the experiment, the range of Da varies from 1.68 to 1.76, while Ds ranges from
2.964 to 2.980. The complexity of the APs in the coal samples decreases during the com-
paction phase and subsequently increases. In contrast, the complexity of the SPs increases
prior to yielding and decreases thereafter; within the same cycle, the values of Ds after
loading and unloading are relatively close. It can be inferred that the seepage capacity of
coal samples decreases before yielding and increases after yielding. This trend aligns with
the evolution of permeability observed in conventional mechanical experiments on coal
samples [45], suggesting that Ds not only characterizes the seepage capacity of different
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samples [36] but also effectively represents the seepage capacity of the same sample under
different stress conditions.
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Figure 10. Evolution in the fractal dimension: (a) triaxial loading; (b) triaxial loading and unloading.

It is noteworthy that the evolution patterns of porosity and fractal dimension for APs
are similar, whereas for SPs, the evolution patterns of porosity and fractal dimension are
opposite. This indicates that the complexity of the PFS in coal samples is not solely deter-
mined by porosity but also depends on the underlying causes of changes in porosity.
Given that APs inherently have poor connectivity, their complexity is primarily influ-
enced by the quantity of APs: fewer pores result in a simpler structure, while a greater
number of pores leads to a more complex structure. After the compaction phase, the in-
crease in the quantity of APs originates both from the emergence of new small pores and
the compaction of larger pores, inevitably increasing the complexity of the AP structure.
In contrast, SPs exhibit better connectivity than APs, and their complexity is mainly gov-
erned by connectivity: better connectivity results in a simpler structure, while poorer con-
nectivity leads to increased complexity. Before yielding, as large pores are compressed
and their diameters decrease, the original seepage channels are disrupted, reducing con-
nectivity and increasing the complexity of the SPs. After yielding, newly formed fractures
gradually connect, improving connectivity, and new seepage channels begin to form,
thereby reducing the complexity of the SPs.

Based on the above analysis, we can deduce the microscopic mechanism underlying
the evolution of coal sample permeability under triaxial loading conditions: prior to yield-
ing, the porosity of SPs in coal samples decreases, connectivity worsens, complexity in-
creases, and the average pore diameter reduces, all of which contribute to a decrease in per-
meability. After yielding, the porosity of SPs increases, connectivity improves, complexity
decreases, and the average pore diameter enlarges, leading to an increase in permeability.

As demonstrated by Wang et al. [45], during cyclic loading and unloading, permea-
bility does not fully recover upon unloading, and its recovery is notably less than that of
strain. In fact, the recovery of permeability is even smaller than the restoration of the flow
pore porosity. Although porosity can recover to some degree, connectivity and complex-
ity remain irreversibly altered. Therefore, understanding the evolution of the pore-frac-
ture structure during cyclic loading and unloading is essential for uncovering the micro-
scopic mechanisms driving permeability evolution. This highlights the unique aspect of
our study —emphasizing the complex and irreversible nature of permeability recovery,
which is less commonly addressed in previous research.
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4. Evolution Characteristics of Energy in Coal

The energy dissipation ratio is frequently employed to analyze deformation and failure
behaviours. Throughout the process of deformation and failure, energy is both accumulated
and dissipated. During loading, the coal sample undergoes deformation due to external
forces, absorbing energy. A portion of this energy is retained as elastic energy within the
sample, while the remainder is dissipated. The total energy can be expressed as follows:

W =U,+U, (13)

where W represents the total external work input, Ue is the elastic energy, and Ua is the
energy dissipated due to closure, generation, and the expansion of Aps and SPs. The rel-
evant fundamental theories and detailed calculation methods can be referenced in [45,46].
In this study, energy transformation during different stages of triaxial loading and un-
loading was examined through the energy dissipation ratio, which is defined as follows:
U d
=W (14)
In the equation, 17 denotes the energy dissipation ratio. As illustrated in Figure 11, the
dissipation ratio decreases gradually before yielding, stabilizes, and then increases prior
to failure, and it remains stable during the residual strength stage. This behaviour shows
a strong correlation with the evolution of the sample’s porosity:

1. In Stage I, some pores and fractures are compacted, most of which are irrecoverable.
The closure of these pores and fractures results in plastic deformation, leading to a
higher energy dissipation ratio.

2. InStage II, some pores and fractures are compacted but can recover after unloading,
and most pores undergo elastic deformation. This results in a lower and stable energy
dissipation ratio.

3. In Stage III, a large number of pores and fractures gradually form and interconnect.
The coal sample can no longer bear the entire load, leading to extensive plastic de-
formation. Consequently, its energy storage capacity gradually decreases, the stored
elastic energy is reduced, and both the energy dissipation and the energy dissipation
ratio increase sharply.

4. InStagelV, the coal sample’s energy storage capacity diminishes, and the generation
of secondary pores and fractures consumes a large amount of energy, causing the
energy dissipation ratio to remain at a high level.
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Figure 11. Evolution in the total energy, dissipated energy, and dissipated energy ratio under cyclic
loading-unloading.
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5. Correlation Between Porosity of Seepage Pores and Axial Strain in
Coal

The permeability can essentially be regarded as a function of factors such as porosity
and tortuosity, with a high correlation between seepage porosity and coal sample perme-
ability [28,47]. Therefore, investigating the correlation between seepage porosity and axial
strain in coal samples is crucial for fundamentally understanding the evolution of perme-
ability. In this study, the seepage porosity and axial strain under triaxial loading and un-
loading conditions are plotted in Figure 12.
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Figure 12. Relationship between porosity and axial strain: (a) at the loading stage; (b) at the unload-

ing stage.

From Figure 12, it can be observed that the relationship between seepage porosity
and axial strain in coal samples before yielding can be simply described using a negative
exponential function:

o, =ae™ +c (15)

where g, b, and c are the fitting parameters, and ¢ represents the axial strain. After yielding,
the relationship between seepage porosity and axial strain in coal samples can be simply
described using a logarithmic function:

@s=ming+n (16)

where m and n are the fitting parameters. The fitting results are presented in Figure 12,
with all fitting accuracies R? exceeding 0.97, indicating a strong correlation between seep-
age porosity and axial strain throughout the entire loading process. It can also be observed
that although the residual axial strain before yielding is relatively small, the reduction in
seepage porosity after unloading to hydrostatic pressure remains significant. This is be-
cause the pores and fractures compressed during the compaction stage are difficult to re-
cover after unloading.

6. Conclusions

This study employs NMR technology to conduct pseudo-triaxial loading and triaxial
loading—unloading experiments on coal samples, with the real-time monitoring of T re-
laxation times and nuclear magnetic resonance imaging of the coal samples. By defining
porosity recovery rate, residual deformation, and dissipation energy ratio, the fractal di-
mensions of pores and fissures were calculated, leading to the following conclusions:
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1. During the compaction phase of pseudo-triaxial loading and unloading, the primary
mechanism is the compaction of the original pores and fractures, which are difficult
to recover after unloading. In the elastic phase, the main mechanism involves the
mutual transformation between SPs and APs, most of which can recover after un-
loading. After yielding, new pores and fissures are mainly generated, and unloading
promotes the connectivity and opening of these pores and fractures.

2. With the increase in loading cycles, the porosity of SPs in coal samples decreases with
increasing axial strain before yielding, exhibiting a good negative exponential func-
tion relationship. After yielding, the porosity increases with increasing axial strain,
showing a good logarithmic function relationship.

3. Under different stress conditions, both APs and SPs exhibit distinct fractal characteris-
tics. The fractal dimension of APs decreases during the compaction phase and gradu-
ally increases afterward, while the fractal dimension of SPs decreases before yielding
and increases after yielding, reflecting changes in pore complexity and permeability.

4.  Before yielding, the energy dissipation ratio is high due to irreversible compaction and
plastic deformation. After yielding, the energy dissipation ratio increases sharply as a
result of extensive plastic deformation and pore-fracture generation, with the ratio re-
maining elevated during the residual strength stage. These findings indicate that en-
ergy dissipation and permeability are closely linked to pore structure evolution.

5. However, this study primarily focused on mechanical loading effects. Future work
should consider the combined influence of temperature, chemical factors, and more
complex stress paths that reflect real-world mining scenarios. Expanding this re-
search to include different coal types and deeper strata conditions would help im-
prove the generalizability of the findings.
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The following abbreviations are used in this manuscript:

PFS Pore-Fracture Structure

PSD Pore Size Distribution

CT X-Ray Computed Tomography
SEM Scanning Electron Microscopy
AE Acoustic Emission

NMR Nuclear Magnetic Resonance

NMRI Nuclear Magnetic Resonance Imaging
CPMG Carr-Purcell-Meiboom-Gill

AP Adsorption Pores

SP Seepage Pores and Fractures
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