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Abstract

Coalbed methane (CBM) development is strongly controlled by pore structure evolution in
deformed coals and its influence on hydraulic fracturing behavior. To clarify the multifractal
characteristics of cross-scale pores and their control on fracturing effectiveness, this study
investigated eight different deformation coals from the Ordos Basin using low-temperature
CO2/N2 adsorption (LT-CO2A/LT-N2A) and high-pressure mercury intrusion porosimetry
(HMIP). Micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) were system-
atically characterized, and their pore size distributions (PSDs) were quantitatively analyzed
using the Coal Structure Index (CSI) and multifractal theory. The results indicate that the
multifractal parameters of macropores are significantly distinct from those of mesopores
and micropores, exhibiting lower H (0.824–0.893) and D1 (0.766–0.853), and higher α0

(1.422–1.541), ∆D (1.230–1.408), and ∆α (1.459–1.642). Macropores controlled by tectonic
deformation exhibit stronger heterogeneity compared to mesopores and micropores in local
parts of the coal mass; PSD varies significantly with deformation rising, derived from the
differential pore structure evolution during brittle–ductile transition and the multi-scale
synergistic effects including maturity and composition. Combined with field fracturing
curves, the results further indicate that the α0, ∆D, and ∆α of macropores are negatively
correlated with breakdown pressure, with correlation coefficients of 0.51, 0.61, and 0.59,
respectively, and that strong local heterogeneity of macropores favors fracture initiation
and propagation and reduces breakdown pressure. Cataclastic coal is the most favorable
for hydraulic fracturing, followed by undeformed coal, whereas granulated coal shows the
poorest fracturing performance.

Keywords: tectonically deformed coals; cross-scale pores; multifractal analysis; hydraulic
fracturing

1. Introduction
With the continuous growth of China’s energy demand and the deepening advance-

ment of the “carbon neutrality and peak carbon emissions” strategy, the strategic value of
coalbed methane (CBM) as a clean energy source has become increasingly prominent [1].
The efficient development of CBM is closely linked to the coal texture characteristics, which
are governed by geological processes such as tectonic stress and magmatic intrusion, man-
ifested as different coal deformation degrees [2], and can be classified into four types:
undeformed coal, cataclastic coal, granulated coal, and mylonitic coal. Different coal tex-
tures exhibit markedly distinct characteristics in the development of pores and fissures,

Fractal Fract. 2026, 10, 280 https://doi.org/10.3390/fractalfract10050280

https://crossmark.crossref.org/dialog?doi=10.3390/fractalfract10050280&domain=pdf&date_stamp=2026-05-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0001-5694-9432
https://orcid.org/0009-0004-7180-4433
https://doi.org/10.3390/fractalfract10050280


Fractal Fract. 2026, 10, 280 2 of 30

which critically influence reservoir permeability and recoverability [3]. Coal pore sizes span
several orders of magnitude from nanometers to micrometers (1 nm–1000 µm), and their
distribution and connectivity exhibit significant heterogeneity, which is manifested not
simply as “porous” or “non-porous” but through pore morphology, pore size distribution
(PSD), and the variation degree (i.e., the variability of data across different intervals within
the system), thus making accurate characterization challenging with conventional geomet-
ric methods [4]. The physical properties of the pore-fissure system concluding pore size,
shape, distribution, connectivity, etc., demonstrate inhomogeneity and variation in three-
dimensional space, termed heterogeneity. For CBM development, hydraulic fracturing
serves as a key technology for creating artificial fracture networks and enhancing seepage
pathways [5,6], with its fracture propagation paths and morphological characteristics being
conditioned by the coal’s inherent pore-fissure structure. Therefore, systematically elucidat-
ing the pore characteristics corresponding to different coal textures and their influence on
actual fracturing performance informs fracturing design and development optimization.
Regarding pore structure characterization, although various experimental techniques such
as low-temperature CO2 adsorption (LT-CO2A), low-temperature N2 adsorption (LT-N2A),
and high-pressure mercury intrusion porosimetry (HMIP) have been widely applied [7,8],
classical fractal theory remains largely limited to describing the overall self-similarity
of pores from a statistical average perspective, often inadequately characterizing local
heterogeneity [9,10]. The classical fractal theory generally corresponds to a mono-fractal
description. In a mono-fractal system, the pore structure is assumed to exhibit statistically
homogeneous self-similarity over different scales and can therefore be characterized by a
single constant fractal dimension. Under this framework, the relationship between fractal
dimension and porosity has been discussed from experimental [11], analytical [12], theoret-
ical [13], and statistical perspectives [14]. However, because mono-fractal theory describes
the pore system using only one average scaling exponent, it is more suitable for overall
characterization of relatively homogeneous pore systems and is often insufficient to capture
the local fluctuations and cross-scale heterogeneity of tectonically deformed coals. There-
fore, multifractal theory is introduced in this study to further resolve the non-uniform pore
distribution and local singularity characteristics over multiple scales. Multifractal theory
can systematically characterize the pore structure characteristics of various deformed coals
in multi-scale, integrating multiple experimental datasets covering the full pore size range.
This method not only preserves the overall PSD characteristics but also reveals differences
in local structures through the continuous spectrum function, thereby enabling a more
comprehensive description of the heterogeneous characteristics of coal pore systems and
providing a theoretical basis for further understanding the controlling mechanism of coal
texture on hydraulic fracturing effectiveness.

Multifractal theory provides an effective mathematical tool for characterizing the
heterogeneity and irregularity of coal pore structures and has been widely applied in
energy geology in recent years [15,16]. Zheng et al. [17] developed a multifractal model
applicable to the transverse relaxation time (T2) spectra of coals based on nuclear magnetic
resonance (NMR) technology, proposing a new method for determining T2 cutoff values.
This model demonstrated positive applicability in coal reservoirs of the Qinshui and
Junggar Basins, and its conceptual framework can be extended to studies of other rocks
such as shale. Yin et al. [18] investigated the damage evolution behavior of coals with
different bursting liability through acoustic emission (AE) experiments, comparing the
temporal variations in multifractality and nonlinear b-value characteristics, which provides
significant insights into the coal breakdown mechanisms. Guo et al. [19] conducted LT-
CO2A and LT-N2A on bituminous coals and applied multifractal theory to assess how
tectonic stress affects the connectivity of micropores and mesopores. These studies have
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advanced the development of multifractal characterization methods for coal pore structures
and laid a theoretical foundation for a deeper understanding of the intrinsic relationships
among coal deformation, pore evolution, and fracturing response.

Hydraulic fracturing effectiveness in coal reservoirs and other rock masses is gov-
erned not only by the pore-fissure architecture, but also by the deformation characteristics
and overall stability of the rock mass. Previous studies have shown that fracture initia-
tion and propagation paths, fracturing fluid leak-off behavior, and breakdown pressure
are not controlled by a single factor, but rather by the combined effects of in situ stress
conditions, the degree of natural fracture development, rock mechanical strength, and
structural integrity [20–24]. Conventional studies have mainly investigated fracturing
performance from the perspectives of rock elastic deformation, stress evolution, natural
fracture development, and post-fracturing fracture morphology. Through theoretical anal-
ysis and laboratory experiments on porous limestone and sandstone, Bruno et al. [20]
demonstrated that tensile fracture initiation and propagation are jointly controlled by the
local pore pressure magnitude around the crack tip and the global distribution of pore
pressure gradients. Liu et al. [21] systematically investigated the effects of different types
of natural fractures on hydraulic fracture propagation in tight reservoirs by introducing
prefabricated natural fractures with different inclinations and different distances from a
simulated wellbore. Their results showed that, as the distance between the prefabricated
fracture and the wellbore increased, the influence of pre-existing fractures on hydraulic
fracture propagation gradually weakened, whereas effective stress became the dominant
factor controlling fracture extension. In recent years, increasing attention has been paid to
the intrinsic relationship among coal structure, fracture networks, and hydraulic fracturing
effectiveness. Using principal component analysis and multiple linear regression, Zou
et al. [22] predicted coal structure types and established an index for forecasting fracturing
effectiveness, showing that cataclastic coal exhibits the most favorable fracturing response.
Based on laboratory triaxial compression experiments and CT reconstruction, Han et al. [23]
proposed that the compression of bedding fractures, restriction of radial deformation, and
weakening of interlayer effects are effective mechanisms for confining pressure-induced
shale fracture network formation, and that confining pressure significantly suppresses and
weakens shale fracture development.

Despite these advances, three important gaps remain in the existing literature. First,
many studies evaluate hydraulic fracturing behavior mainly from a mechanical or engi-
neering perspective, whereas pore structure studies often remain disconnected from actual
fracturing performance. Second, conventional mono-fractal methods are insufficient to
capture the local heterogeneity and cross-scale variation in pore systems in tectonically
deformed coals. Third, there is still a lack of systematic studies directly linking cross-scale
pore multifractal characteristics of differently deformed coals with field fracturing response,
especially fracturing curve types and breakdown pressure. To address these gaps, this
study aims to establish a direct link among coal deformation, cross-scale pore multifractal
characteristics, and actual fracturing response based on multifractal analysis. Therefore,
this study focuses on various deformed coal samples collected from the central Ordos Basin,
aiming to investigate the multifractal characteristics of the pore structure in actual perfo-
rated coal sections, so as to provide a theoretical basis for optimizing hydraulic fracturing
and enhancing CBM recovery in the study area. By integrating LT-CO2A, LT-N2A, and
HMIP, the pore structures of micropores (<2 nm), mesopores (2–50 nm), and macropores
(>50 nm) in coal are systematically characterized, achieving a detailed description of pore
distribution across different scales. Based on the Coal Structure Index (CSI) and multifractal
theory using the box-counting method, the singularity spectra (α-f(α)), generalized dimen-
sion spectra (q-Dq), and CSI values of the coal samples were obtained for different pore size
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ranges. These data were subsequently used to quantitatively evaluate the heterogeneity,
connectivity characteristics, and the coal deformation. Compared with previous studies that
mainly focused on a single pore size scale, a single fractal description, or purely mechanical
analysis, this study establishes a cross-scale multifractal analytical framework oriented
toward actual fracturing response. This framework not only provides a new theoretical
basis for evaluating and optimizing hydraulic fracturing in tectonically deformed coals, but
also deepens the understanding of coal pore deformation mechanisms and local pore evo-
lution, thereby offering scientific support for predicting fracture morphology, optimizing
fracturing parameters, and improving CBM recovery efficiency.

2. Materials and Methods
To systematically characterize the heterogeneity of pore structures in various deformed

coals and to reveal the relationship between coal texture and pore characteristics, this study
adopts an integrated research framework combining experimental testing and theoretical
analysis (Figure 1). Three complementary experimental methods were selected: LT-CO2A,
LT-N2A, and HMIP. These methods target the pore structure characterization in micropores
(<2 nm), mesopores (2–50 nm), and macropores (>50 nm), respectively, based on the IUPAC
classification [25]. Furthermore, multifractal theory was applied to conduct a compre-
hensive multi-scale analysis, incorporating measures of coal deformation derived from
the CSI. This section details the experimental framework and theoretical models, thereby
establishing the methodological foundation for the subsequent multifractal characterization
and pore structure discussion.

Figure 1. Characterization experiments and methods for coal texture and pore characteristics. The
pore size classification follows the IUPAC classification. (a) Characterization of coal micropores
based on LT-CO2A; (b) characterization of coal mesopores based on LT-N2A; (c) characterization of
macropore fissures based on HMIP; (d) experimental equipment; (e) the Coal Structure Index (CSI);
(f) multifractal theory.

2.1. Geological Setting of the Sampling Area

The Ordos Basin is bounded by the Luliang Mountains to the east, the Helan and
Liupan Mountains to the west, the Qinling Mountains to the south, and the Yin Mountains
to the north, trending roughly north–south with dimensions of approximately 800 km long
and 400 km wide, covering an area of 3.2 × 105 km2 [26] (Figure 2a). The study area, located
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in the central Ordos Basin, is characterized by a broad, gentle southeast-dipping monocline
with relatively flat-lying strata, where the Carboniferous and Permian formations are nearly
horizontal, generally dipping at 3–10◦, and exhibit poorly developed faulting dominated
by NE- and NW-trending normal faults (Figure 2b). The Paleozoic coal-bearing strata
in the study area primarily consist of the Upper Carboniferous Taiyuan Formation and
the Lower Permian Shanxi Formation, which constitute a transitional marine–continental
deltaic depositional system characterized by interbedded sandstones and mudstones with
thin limestone interlayers (Figure 2c). More than 20 coal seams with variable individual
thicknesses are developed within the Carboniferous–Permian coal measures. Among them,
coal seams No. 4 and No. 5 in the Shanxi Formation, and coal seams No. 8 and No. 9
in the Taiyuan Formation, are regionally widespread and relatively stable. In the Shanxi
Formation, the No. 4 and No. 5 coal seams have an average thickness of 4.8 m and an
average burial depth of 834.6 m, while in the Taiyuan Formation, the No. 8 and No. 9 coal
seams exhibit an average thickness of 7.1 m and an average burial depth of 908 m. This
study focuses on eight various deformed coal samples collected from the central Ordos
Basin, which were obtained from the stably developed No. 4 and No. 5 coal seams in the
Shanxi Formation and the No. 8 and No. 9 coal seams in the Taiyuan Formation (sampling
locations shown in Figure 2b). Specifically, sample 1 (S1) and sample 2 (S2) were collected
from the same perforation interval in well 1 (W1), whereas sample 4 (S4) and sample 5
(S5) were obtained from different hydraulic fracturing perforation intervals in well 3 (W3).
Therefore, although a total of eight samples were analyzed in this study, they were collected
from only six distinct well locations.

 

Figure 2. Geological information of the central Ordos Basin. (a) Geographical location of the Ordos
Basin; (b) distribution of coal seam burial depth and thickness in the study area; (c) coal-bearing strata.

2.2. Coal Samples and Experimental Equipment

The collected coal samples are dominated by tectonically deformed coals, including
cataclastic coals in S1 and S4, granulated coals in S2, S3, S5, S7, and S8, and undeformed
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coal in S6 (Figure 3). In general, the samples are grayish black in color, commonly display
vitreous to strong vitreous luster, have a hardness of approximately 3, and are mainly
characterized by blocky construction, with locally homogeneous or banded structures.
Except for S6, no obvious filling was observed in the endogenous cleats, and no apparent
exogenous fractures were identified in any sample. In terms of lithotype, most samples
are bright coal, whereas S5 and S6 are semi-bright coal. The proportions of vitrain plus
clarain are generally high, accounting for about 95% in S1 and S2, 90% in S4 and S8, 85% in
S7, 80% in S3, and 75% in S5 and S6. Cleats are generally well-developed. Most samples
contain two sets of cleats approximately perpendicular to the bedding plane, with face-
cleat densities of 8–14 cleats/5 cm and butt-cleat densities of 3–8 cleats/5 cm; the two
cleat sets are mostly orthogonal or oblique to each other. In contrast, S3 exhibits only one
prominent cleat set (13 cleats/5 cm). S6 is the only sample in which white filling was
observed in endogenous cleats, indicating a distinct cleat characteristic compared with the
other tectonically deformed coal samples.

Figure 3. Comparison of coal sample cores, maceral composition (vitrinite and inertinite) and
maximum vitrinite reflectance (Ro,max, %), proximate analysis parameters including moisture content
(Mad, %), ash yield (Aad, %), volatile matter yield (Vad, %), and fixed carbon content (FCad, %), as
well as the quantified Coal Structure Index (CSI) of the coal samples.

The pore structure tests in this study were mainly conducted using two types of
apparatus: a high-pressure mercury intrusion porosimeter and a low-temperature N2/CO2

adsorption system. The former is based on the principle that non-wetting liquid mercury
enters pores and pore throats under externally applied pressure. By recording the mercury
intrusion and extrusion processes under different pressure conditions, parameters such
as pore throat radius distribution, total pore volume, median pore size, and connectivity
can be obtained. The latter is based on the principle of low-temperature gas adsorption; by
measuring the adsorption behavior of N2 or CO2 on the sample surface and analyzing the
corresponding adsorption isotherms, parameters such as specific surface area, pore volume,
and PSD can be derived. These two types of apparatus are complementary and together
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provide the experimental basis for the multi-scale characterization of pore structures in
coal samples. Photographs of the relevant equipment are shown in Figure 1d.

2.3. Experimental Framework
2.3.1. Low-Temperature CO2 Adsorption Experiment

The CO2 adsorption measurements and data analysis were carried out using an
Autosorb-iQ physisorption analyzer (Anton Paar QuantaTec Inc., Boynton Beach, FL, USA).
Prior to analysis, the coal samples were crushed and sieved to 60–80 mesh, and then vacuum
degassed at 378.15 K for 12 h to remove moisture and volatile substances adsorbed on the
sample surface. Subsequently, isothermal adsorption measurements were conducted at
273.15 K using high-purity CO2 (purity ≥ 99.999%) as the adsorbate over a relative pressure
range of P/P0 = 0–0.03, where P0 is the saturation vapor pressure of CO2 at 273.15 K. To
ensure data reliability, each sample was tested in triplicate, and the average value was
used for subsequent analysis. Compared to LT-N2A, the CO2 molecule possesses a smaller
kinetic diameter, facilitating its access into micropore structures. Furthermore, CO2 exhibits
more sensitive detection capability for micropore and some mesopore structures due to
its polar bonds, significant quadrupole moment, and specific chemical interactions with
the coal mass [27]. This study employs Density Functional Theory (DFT) to characterize
the specific surface area (SSA) and the micropore PSD; the detailed description of DFT
can be found in reference [28]. Data processing was performed using the instrument’s
built-in ASiQwin software (version 5.2) and Origin 2022 was additionally used for plotting
and verification.

2.3.2. Low-Temperature N2 Adsorption Experiment

This experiment followed the Chinese National Standard GB/T 19587-2017 [29] (“De-
termination of the SSA of solids by gas adsorption using the BET method”). N2 adsorption–
desorption measurements were performed using the Autosorb-iQ physisorption analyzer.
The coal samples were first crushed and sieved to 60–80 mesh. About 10 g of each sample
was then vacuum degassed at 378.15 K for 24 h to thoroughly remove moisture and volatile
substances from the pore system. After degassing, high-purity N2 (purity ≥ 99.999%) was
used as the adsorbate, and adsorption–desorption isotherms were measured at 77 K over a
relative pressure range of P/P1 = 0–1, where P1 is the saturation vapor pressure of N2 at
77 K. The equilibration time at each relative pressure point was set to 30 s, and the pressure
tolerance was set to 0.1%. To ensure data reliability, each sample was tested in triplicate,
and the average value was used for subsequent analysis. The SSA of the samples was
calculated using the Brunauer–Emmett–Teller (BET) model, while the mesopore PSD was
analyzed based on the Barrett–Joyner–Halenda (BJH) model. The BET adsorption isotherm
equation is given by Equation (1) [30] below, and the SSA is derived from Equation (2) [30]:

P
V(P1 /P)

=
1

CVm
+

P(C − 1)
CVmP1

, (1)

In the equations: P represents the partial pressure of nitrogen; P1 denotes the saturation
vapor pressure of nitrogen; V is the actual adsorbed volume of nitrogen; Vm refers to the
monolayer saturation adsorbed volume of nitrogen; C is a constant related to the adsorption
capacity of the coal.

SBET =
VmNAAN

22.4 × 103 , (2)

In the equations: NA is Avogadro’s constant; AN is the surface area of a nitrogen atom.
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The total pore volume is calculated by Equation (3) [31]:

VBJH =
MVm

22.4ρN × 103 , (3)

In the equation: M is the molar mass of nitrogen; ρN is the density of the adsorbed N2

phase.
The average pore size r1 can be obtained from the calculated SSA and total pore

volume [30,31]:

r1 =
4VBJH

SBET
× 103, (4)

Data processing and model fitting were carried out using the instrument’s built-in
ASiQwin software, and Origin 2022 was additionally used for plotting and verification.

2.3.3. High-Pressure Mercury Intrusion Porosimetry

Following the Chinese National Standard GB/T 29171-2023 [32] (“Rock capillary
pressure measurement”), coal samples were prepared into 1 cm3 cubes and dried at 378.15 K
for 8 h. This drying temperature effectively removes moisture and adsorbed gases from
the samples while avoiding potential damage to the original pore structure. HMIP was
performed using a mercury intrusion porosimeter. The surface tension of mercury was
set to 0.480 N/m, and the contact angle between mercury and the coal samples was set
to 140◦. The pore size measurement range for the HMIP was set from 3 nm to several
hundred micrometers, encompassing macropores and part of the mesopore structures. An
equilibration time of 10 s was used, and the mercury intrusion volume was recorded at
each pressure step. To ensure data reliability, each sample was tested in triplicate, and
the average values were used for subsequent analysis. The pore size is calculated using
Equation (5) [30]:

r2 =
−4γcos θ

p
, (5)

In the equation, r2 is the pore diameter; p is the mercury intrusion pressure; γ is the
surface tension of mercury; θ is the mercury contact angle on the solid surface, the value
of which is jointly influenced by the mode of mercury spreading and the physicochemical
properties of the solid surface.

Data processing was conducted using the instrument’s built-in AutoPore V software
(version 2.03), with Excel 2021 and Origin 2022 additionally used for data export and
plotting verification.

2.4. Theoretical Models
2.4.1. Quantitative Model of Coal Texture

Traditional core description methods are highly subjective and lack a unified standard
for quantitative characterization. To address this, this study introduces the Coal Structure
Index (CSI) to achieve a quantitative representation of the coal deformation degree [33]. This
model is derived from the Geological Strength Index (GSI) within the Hoek–Brown strength
criterion [34], establishing a quantitative coal texture chart (Figure 1e) through a constructed
two-dimensional parameter system. The horizontal axis of the chart is the Surface Condition
Rating (SCR), which reflects the combined effect of the Brittle Deformation Index (BDI) and
the Ductile Deformation Index (DDI). The BDI is related to cleat density and coal lithotype,
while the DDI characterizes features of plastic deformation such as the development of
discontinuities, bedding structures, and tectonic slickensides. The vertical axis is the Coal
Strength Designation (CSD), quantitatively assessed based on core block size and the
proportions of block types. By plotting the SCR-CSD parameter pair onto the chart, a CSI
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ranging from 0 to 100 can be obtained. The CSI exhibits a positive correlation with the
coal deformation degree. Based on the CSI, coal textures can be classified into four types:
undeformed coal (CSI 0–25), cataclastic coal (CSI 25–45), granulated coal (CSI 45–70), and
mylonitic coal (CSI 70–100). Among these, undeformed and cataclastic coals are classified
as undeformed-brittle deformation coals, whereas granulated and mylonitic coals are
classified as ductile deformation coals. In this study, the CSI values were calculated using
Excel 2021 and Origin 2022.

2.4.2. Multifractal Theory

Multifractal theory, as an extension of fractal theory, investigates the normalized dis-
tribution characteristics of a studied object. This theory treats the whole as a superposition
of multiple subsets, each possessing distinct fractal properties, thereby forming a singular
set with spatially inhomogeneous distribution [35]. Multifractal theory encompasses two
mathematically equivalent descriptions: the generalized fractal dimension spectrum (q-
D(q)) and the multifractal singularity spectrum (α-f(α)). For the multifractal analysis in
this study, the box-counting method was employed to calculate the multifractal spectra.
The relative pressure range from gas adsorption experiments and the pressure range from
HMIP were each treated as a total interval, which was subsequently divided into N equal
subintervals of scale ε using the bisection method [4,36,37]. To quantitatively characterize
the distribution characteristics of the adsorbed volume within each subinterval, the mass
probability function Pi(ε) for the i-th subinterval is defined as [36]

Pi(ε) =
Ni(ε)

Nt
, (6)

In the equation: Ni(ε) is the adsorbed volume in the i-th subinterval (i = 1, 2, . . .); Nt is
the total adsorbed volume in the total interval.

For the i-th subinterval with a scale ε, its mass probability function can be expressed
in an exponential form [36]:

Pi(ε) ∼ εαi , (7)

In the equation, αi is the singularity index, which reflects the local singularity intensity
of the mass probability function Pi(ε) within that subinterval, indicating the data variation
degree within that interval [38].

For boxes exhibiting multifractal characteristics, the number of subintervals, N(ε),
decreases exponentially as the scale ε increases. If the number of subintervals with the same
probability marked by α is defined as Nα(ε), then the following relationship holds [37]:

Nα(ε) ∼ ε-f(α), (8)

In the equation, f(α) represents the fractal dimension of the subset characterized by a
specific singularity index α.

A curve formed by α and f(α), termed the multifractal singularity spectrum, character-
izes the inhomogeneous distribution of pore adsorption capacity across the fractal structure,
thereby providing more comprehensive information than a single fractal dimension [16].
The specific expressions for α(q) and f(α) are given as follows [39]:

α(q) ∝
1

lgε

[
∑N(ε)

i=1 ui(q, ε)lg[Pi(ε)]
]
, (9)

f(α) ∝
1

lgε

[
∑N(ε)

i=1 ui(q, ε)lg[ui(q, ε)]
]
, (10)
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In the equations, α(q) is the multifractal singularity index; ui(q, ε) is a family of
partition functions constructed from Pi(ε), defined as [36,37]

ui(q, ε) =
Pq

i (ε)

∑
N(ε)
i = 1 Pq

i (ε)
, (11)

χ(q, ε) = ∑N(ε)

i = 1 Pq
i (ε), (12)

In the equations: ui(q, ε) is the q-order probability value of the i-th subinterval; χ(q, ε)
is the sum of the q-order probabilities over all subintervals. The parameter q represents
the order of the statistical moment, ranging from −∞ to +∞. In this study, q takes integer
values within the closed interval [−10, 10], with a step size of 1.

For χ(q, ε), q, and ε, they satisfy the following power-law scaling relationship [36,40]:

χ(q, ε) ∝ ε−τ(q), (13)

τ(q) = lim
ε→0

lg[χ(q, ε)]
lgε

, (14)

In the equation, τ(q) represents the mass exponent of order q, which is a characteristic
function of the fractal feature. It can be obtained from the slope of the double logarithmic
plot of χ(q, ε) versus ε.

Dq-q and f(α)-α represent two equivalent descriptions within multifractal theory. The
relationship between Dq and q is given by [41]

Dq =
τ(q)
q − 1

(q ̸= 1), (15)

To ensure the continuity of Dq at q = 1, L’Hôpital’s rule can be applied for its solution,
yielding the complete expression as follows [38,41]:

Dq =


lim
ε→0

1
q−1

lg[χ(q,ε)]
lgε = lim

ε→0
1

q−1
lg
[
∑

N(ε)
i = 1 Pq

i (ε)
]

lgε , q ̸= 1

lim
ε→0

∑
N(ε)
i = 1 Pi(1,ε)lg[Pi(1,ε)]

lgε , q = 1
, (16)

Through the Legendre transformation [39], the relationship among α(q), q, and τ(q)
can be expressed as [42]

α(q) =
dτ(q)

dq
, (17)

f(α)= qα(q)− τ(q), (18)

Based on the acquired mass probability, partition function, mass exponent, and gen-
eralized fractal dimension, Dq-q and f(α)-α can be constructed, from which the relevant
multifractal parameters are derived. Among these, D0, D1, and D2 correspond to the
capacity dimension, information dimension, and correlation dimension, respectively. The
correlation dimension D2 can be expressed in the Hurst exponent (H) as follows [39]:

D2= 2H − 1, (19)

In this study, the multifractal parameters and the corresponding spectra were calcu-
lated and plotted using Excel 2021 and Origin 2022, respectively.
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3. Results
3.1. Petrographic and Structural Characteristics of Coal Samples

The organic maceral composition of coal samples is dominated by vitrinite, which
has the maximum mass fraction ranging from 66.8% to 79.2%, followed by inertinite
(20.8–33.2%), while liptinite content is lowest. The maximum vitrinite reflectance (Ro,max)
varies between 0.82% and 1.64%, with an average of 1.11%, indicating a relatively high
rank of thermal evolution for all samples (Figure 3). The moisture content of the samples is
generally low, mostly <1.0%. Among them, S2 has the highest moisture content (1.21%),
while S6 has the lowest (0.69%). The ash yield (Aad) of the samples shows significant
variation, with S2 exhibiting the lowest value (3.66%) and S4 the highest (22.86%). The
fixed carbon content (FCad) of the coal samples ranges from 52.29% to 71.17%, with an
average value of 59.74%. The calculation of the CSI indicates that S2 has the highest CSI
(61.6), while S6 has the lowest (18.7). Among them, S6 is the undeformed coal; S1 and S4
are cataclastic coals; and S2, S3, S5, S7, and S8 are granulated coals. Detailed data of the
coal samples are shown in Table 1.

Table 1. Data on maceral composition (vitrinite and inertinite), maximum vitrinite reflectance (Ro,max,
%), proximate analysis parameters including moisture content (Mad, %), ash yield (Aad, %), volatile
matter yield (Vad, %), and fixed carbon content (FCad, %), as well as the quantified Coal Structure
Index (CSI) of the coal samples.

Sample Vitrinite (%) Inertinite (%) Ro,max (%) Mad (%) Aad (%) Vad (%) FCad (%) CSI

S1 79.2 20.8 0.93 0.97 10.69 22.85 65.7 41.28
S2 74.4 25.6 1.02 1.21 3.66 24.32 71.17 61.63
S3 67.2 32.8 0.96 0.96 11.55 32.4 55.36 55.19
S4 69.2 30.8 0.82 0.95 22.86 23.83 52.29 30.35
S5 67.8 32.2 1.06 1.02 10.58 27.73 60.74 58.16
S6 70.8 29.2 0.83 0.69 15.7 28.19 55.15 18.69
S7 75.2 24.8 1.63 0.85 11.93 28.94 57.92 52.19
S8 66.8 33.2 1.64 0.76 9.73 29.73 59.57 49.57

Considering the averaged multifractal parameters across micropores, mesopores, and
macropores (Table 2), the coal samples show H values ranging from 0.891 to 0.911, α0 from
1.32 to 1.39, ∆D from 1.01 to 1.14, D1 from 0.86 to 0.88, and ∆α from 1.23 to 1.37. These
results indicate that all samples exhibit pronounced multifractal characteristics, although
certain inter-sample differences are still evident. Among them, S1 has the lowest H value,
suggesting relatively poor connectivity of its pore system, whereas S8 shows the highest
H value, indicating relatively better pore connectivity. In terms of α0, S5 has the lowest
value, while S4 has the highest, implying that the dominant pore types in S4 are more
strongly concentrated in local spatial domains. Meanwhile, S4 exhibits the highest ∆D and
∆α values, whereas S2 shows the lowest ∆D and ∆α values, reflecting that the former has
stronger pore structure differences between regions of different probabilities and greater
local heterogeneity. As for D1, S1 shows the lowest value and S8 the highest, further
indicating that the overall homogeneity of PSD in S8 is better than that in S1.

Table 2. The averaged multifractal parameters (H, α0, ∆D, D1, and ∆α) of the coal samples. All
parameters are dimensionless.

Sample H α0 ∆D D1 ∆α

S1 0.891 1.382 1.103 0.86 1.326
S2 0.902 1.332 1.014 0.875 1.228

https://doi.org/10.3390/fractalfract10050280

https://doi.org/10.3390/fractalfract10050280


Fractal Fract. 2026, 10, 280 12 of 30

Table 2. Cont.

Sample H α0 ∆D D1 ∆α

S3 0.910 1.355 1.064 0.883 1.283
S4 0.909 1.393 1.142 0.880 1.37
S5 0.909 1.325 1.017 0.883 1.234
S6 0.900 1.370 1.094 0.872 1.315
S7 0.908 1.330 1.020 0.882 1.238
S8 0.911 1.340 1.034 0.884 1.253

3.2. Cross-Scale Analysis of Pores and Fissures in Coals
3.2.1. Analysis of Low-Temperature CO2 Adsorption

The CO2 adsorption volume gradually increases with rising relative pressure, exhibit-
ing the higher adsorption rate and region of adsorption predominance at the low-pressure
stage (P/P0 ≤ 0.01), while the adsorption rate gradually slows as pressure enters the
medium-to-high-pressure stage (P/P0 > 0.01). The adsorption curves of the eight coal
samples generally conform to a logarithmic function distribution, with the maximum CO2

adsorption volume ranging from 7.41 to 13.27 cm3/g (Figure 4a).

Figure 4. LT-CO2A results of the coal samples. (a) CO2 adsorption isotherms of samples S1–S8, show-
ing adsorbed volume as a function of relative pressure (P/P0); (b) micropore pore size distribution
(PSD) curves, showing the variation in pore volume with pore diameter in the micropore range.

The DFT model was employed to characterize the microporous structure within the range
of 0.3 to 2.0 nm, revealing similar PSDs across all coal samples, with pore volume generally
decreasing as pore diameter increases and exhibiting a peak at approximately 0.55 nm, where
pore volume is predominantly concentrated within the 0.45–0.65 nm range. As the pore
diameter increases further, the rate of change in pore volume tends to stabilize (Figure 4b).

3.2.2. Analysis of Low-Temperature N2 Adsorption

The morphology and connectivity of pores can be characterized by the features of LT-
N2A isotherms. According to the IUPAC classification (Figure 1), adsorption isotherms are
categorized into six types [25]. The adsorption–desorption curves for all samples (Figure 5a)
belong to type IV isotherms. At low relative pressure (0 < P/P1 ≤ 0.4), the isotherm reflects
the interaction between N2 molecules and the pore wall surface. At medium relative pressure
(0.4 < P/P1 < 0.8), the isotherm exhibits monolayer to multilayer adsorption along with
capillary condensation, forming a hysteresis loop, and the steep rise in the curve indicates
well-developed mesopores with a relatively homogeneous PSD compared to other pore
sizes. At high relative pressure (0.8 ≤ P/P1 < 1), the adsorbed volume continues to increase
with rising pressure, demonstrating the presence of macropores larger than 50 nm.
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Figure 5. LT-N2A results of the coal samples. (a) N2 adsorption–desorption isotherms of samples
S1–S8, illustrating adsorption behavior and hysteresis characteristics over the relative pressure range;
(b) mesopore pore size distribution (PSD) curves, showing the variation in pore volume with pore
diameter in the mesopore range.

According to the IUPAC classification of hysteresis loops (Figure 2), the hysteresis
loops are gentle in shape and belong to type H3 (corresponding to wedge-shaped pore ge-
ometry) [25]. The hysteresis loops of some samples (e.g., S4) are considerably narrower, and
their shapes approach that of type III isotherms, indicating a lower mesopore development
degree in these samples and a predominance of semi-open pore structures.

Based on the LT-N2A, the BJH total pore volume and SSA results (Table 3) show
that the BJH total pore volume of the samples ranges from 0.004 to 0.006 cm3/g, with an
average value of 0.0049 cm3/g. The SSA calculated using the BET multilayer adsorption
model reveals that sample S3 has a maximum value of 1.51 m2/g, a minimum value of
0.95 m2/g, and an average value of 1.27 m2/g. Further analysis of the pore size–pore
volume distribution plots (Figure 5b) indicates that the pore structure of all samples is
dominated by mesopores and micropores, while macropores account for a minor proportion
and contribute relatively limitedly to the overall pore system. Integrating these results
with the LT-CO2A findings indicates that the pore structure of the samples is dominated by
micropores, followed by mesopores, with macropores making the smallest contribution.

Table 3. Pore structure characteristics of coal samples obtained from LT-CO2A, LT-N2A, and HMIP,
where Vtotal is the total pore volume obtained from LT-CO2A (mL/g), Stotal is the total specific
surface area obtained from LT-CO2A (m2/g), VBJH is the BJH total pore volume (mL/g), SBET is the
BET-specific surface area (m2/g).

Sample

LT-CO2A LT-N2A HMIP

Vtotal (mL/g) Stotal (m2/g) VBJH (mL/g) SBET (m2/g)
Median Pore
Radius (µm)

Mercury
Intrusion

Saturation (%)

Mercury
Extrusion

Efficiency (%)

S1 0.033 101.810 0.004 1.154 0.009 95.976 91.760
S2 0.039 122.870 0.004 0.951 0.009 94.960 87.690
S3 0.027 83.006 0.005 1.513 0.010 95.068 79.250
S4 0.024 74.427 0.004 0.994 0.011 93.364 75.980
S5 0.033 104.56 0.005 1.373 0.010 96.358 77.520
S6 0.031 94.847 0.005 1.266 0.009 91.434 83.590
S7 0.043 137.12 0.006 1.504 0.010 95.853 80.550
S8 0.036 114.26 0.006 1.394 0.009 94.29 79.84
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3.2.3. Analysis of Mercury Intrusion Porosimetry

The mercury intrusion curves of all coal samples (Figure 6) show a relatively slow
intrusion rate at pressures < 10 MPa, which increases significantly at pressures > 10 MPa,
reflecting a high displacement pressure and a pore structure dominated by mesopores
and a lower proportion of macropores. The narrow hysteresis loop between the mercury
intrusion and extrusion curves, with the small volume difference, indicates that semi-closed
pores dominate the pore structure, resulting in relatively limited storage potential.

Figure 6. HMIP results of the coal samples. Mercury intrusion pore size distribution (PSD) histograms
and intrusion–extrusion curves of samples S1–S8, showing the distribution of macropores.

The HMIP data (Table 3) further indicate that S1 exhibits the highest mercury extrusion
efficiency (91.76%), reflecting better pore connectivity conducive to fluid flowback, while
the efficiencies of the remaining samples range from 75.98% to 87.69%, remaining at a
relatively high level overall. Furthermore, the mercury intrusion saturation for all samples
is >90%, further confirming generally favorable internal pore connectivity in the coal
samples. The median pore radius of the samples ranges from 0.009 to 0.011 µm, with an
average of 0.0096 µm, indicating that pore throat sizes across the samples are relatively
similar, with well-developed fine throats. The PSD results (Figure 6) reveal that mesopores
and micropores account for 76.10% to 84.86% of the coal samples, whereas macropores
constitute a smaller proportion, ranging only from 15.14% to 28.07%.

3.3. Characteristics of the Generalized Fractal Dimension Spectrum for Coal Pores

Multifractal analysis was conducted on the pore structures of micropores, mesopores,
and macropores based on low-temperature gas adsorption and HMIP data. The relation-
ship between the mass exponent τ(q) and the variable q can be used to reflect the fractal
characteristics of PSD: if τ(q) exhibits a linear relationship with q, it indicates a homoge-
neous pore system lacking fractal features [43]. In this study, all samples displayed clear
nonlinear behavior in the τ(q)-q plots (Figure 7). Specifically, in the low-probability regions
(q < 0), τ(q) increased significantly with increasing q; in the high-probability regions (q > 0),
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τ(q) still increased with q, but the growth trend gradually flattened. This variation indicates
that the pore systems of all samples are inhomogeneously distributed and exhibit distinct
multifractal characteristics. The Dq-q spectrum can be used to characterize the complexity
and local structural differences in PSDs [16,37]. The generalized fractal dimension spectra
for micropores, mesopores, and macropores in the coal samples all show a monotonically
decreasing, inverse sigmoidal trend (Figure 8). Based on the variation features, the curves
can be divided into two segments: when q < 0, Dq decreases rapidly with increasing q;
when q > 0, Dq decreases slowly with increasing q, and the absolute value of the curve slope
gradually decreases. This inverse sigmoidal shape further confirms that all coal samples
possess multifractal characteristics.

Figure 7. Mass exponent spectrum τ(q)-q of coal pores in different pore size ranges: (a) micropores
characterized by LT-CO2A; (b) mesopores characterized by LT-N2A; (c) macropores characterized
by HMIP. The x-axis represents the moment order q, where q < 0 emphasizes low-probability pore
regions and q > 0 emphasizes high-probability pore regions, and the y-axis represents the mass
exponent τ(q). The nonlinear increase in τ(q) with q indicates that the pore systems are heterogeneous
and exhibit clear multifractal characteristics. All parameters are dimensionless.

Figure 8. Generalized fractal dimension spectrum D(q)-q of coal pores in different pore size ranges:
(a) micropores characterized by LT-CO2A; (b) mesopores characterized by LT-N2A; (c) macropores
characterized by HMIP. The x-axis represents the moment order q, where q < 0 emphasizes low-
probability pore regions and q > 0 emphasizes high-probability pore regions, and the y-axis represents
the generalized fractal dimension D(q), which characterizes the structural complexity and local
variability of the PSD. The monotonically decreasing inverse sigmoidal curves indicate pronounced
heterogeneity and multifractal behavior of the pore systems. All parameters are dimensionless.

∆D−10, ∆D10, ∆τ(−10), and ∆τ(10) are respectively defined as max(D−10) − min(D−10),
max(D10) − min(D10), max(τ(−10)) − min(τ(−10)), and max(τ(10)) − min(τ(10)), with their
corresponding values for each pore size listed in Table 4. The τ(q)-q and Dq-q curves
of the coal samples exhibit significant branching differences (Figures 7 and 8): in the
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micropore and mesopore ranges, ∆D−10 and ∆τ(−10) are notably larger than ∆D10 and
∆τ(10), indicating that the left branch (q < 0), representing low-probability regions, is
broader, while the right branch (q > 0), representing high-probability regions, is narrower.
The left branch exhibits a significant variation, indicating a significantly different PSD
of smaller pores within the corresponding pore size ranges, whereas the right branch
displays a gentle variation, which tends toward a straight line, reflecting a similar PSD
of larger pores. By comparison, for the macropore range, the values of ∆D−10, ∆τ(−10),
∆D10, and ∆τ(10) are close to each other. This indicates that their τ(q)-q and Dq-q curves
do not show the distinct “wide-left, narrow-right” morphology but instead approximate
a “wide-left, wide-right” characteristic, suggesting that the PSDs of macropores exhibit
significant differences for both relatively smaller and larger pores.

Table 4. Branch parameters of the τ(q) − q and Dq − q curves for different pore size ranges. Here,
∆D−10 and ∆D10 denote the inter-sample ranges of D(q) at q = −10 and q = 10, respectively, while
∆τ(−10) and ∆τ(10) denote the inter-sample ranges of τ(q) at q = −10 and q = 10, respectively. All
parameters are dimensionless.

Pore Size ∆D−10 ∆D10 ∆τ(−10) ∆τ(10)

Micropore 0.243 0.072 2.673 0.651
Mesopore 0.214 0.070 2.356 0.628
Macropore 0.172 0.157 1.890 1.414

3.4. Singularity Spectrum Characteristics of Coal Pores

The heterogeneity of the pore system and the distribution characteristics of high-and
low-probability regions can be quantitatively characterized by the multifractal singularity
spectrum [16,37]. The morphology and symmetry of the multifractal spectrum reflect the
singularity information of the pore structure, which defines the concentration degree in
physical quantity distribution at arbitrarily small scales [43]. All samples exhibit asymmet-
ric inverted parabola-shaped multifractal spectra (Figure 9), each divisible into left and
right branches: the left branch corresponds to the high-probability region with a rapidly as-
cending f(α), while the right branch represents the low-probability region characterized by
a slowly descending f(α). The symmetry differences in the f(α) − α spectra further confirm
the multifractal characteristics of the PSD. The symmetry of the singularity spectrum can
also be quantified by the parameter Rd, calculated as follows [44,45]:

Rd = [α(0)− α(10)]− [α(−10)− α(0)], (20)

When Rd > 0, the singularity spectrum exhibits a leftward-tilting trend, indicating
that the system’s properties are predominantly controlled by high-probability regions;
conversely, when Rd < 0, the spectrum shows a rightward-tilting trend, reflecting a more
significant influence from low-probability regions. Based on the singularity spectrum
symmetry parameters (Table 5), the Rd in the coal samples are >0, indicating that the PSD
is primarily influenced by high-probability regions. Notably, the Rd for macropores is sig-
nificantly higher, suggesting that the macropore distribution is extremely inhomogeneous,
with pore volume being highly concentrated in localized areas, potentially forming the
“hot spot” regions.
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Figure 9. Multifractal singularity spectrum f(α)−α of coal pores in different pore size ranges:
(a) micropores characterized by LT-CO2A; (b) mesopores characterized by LT-N2A; (c) macropores
characterized by HMIP. The x-axis represents the singularity strength α, and the y-axis represents the
spectrum function f(α), i.e., the fractal dimension of the subset associated with α. The left branch
corresponds to high-probability pore regions, whereas the right branch corresponds to low-probability
pore regions. The asymmetry of the spectra reflects the degree of pore structure heterogeneity. All
parameters are dimensionless.

Table 5. Multifractal parameters for different pore size ranges, where Mic represents micropores, Mes
represents mesopores, and Mac represents macropores. All parameters are dimensionless.

Sample Coal Texture CSI Pore Size H α0 ∆D D1 ∆α Rd

S1 Cataclastic 41.28
Mic 0.919 1.454 1.222 0.889 1.46 0.071
Mes 0.931 1.151 0.679 0.925 0.877 0.175
Mac 0.824 1.541 1.408 0.766 1.642 0.545

S2 Granulated 61.63
Mic 0.941 1.348 1 0.917 1.222 −0.022
Mes 0.91 1.175 0.76 0.905 0.956 0.276
Mac 0.854 1.472 1.281 0.802 1.506 0.396

S3 Granulated 55.19
Mic 0.93 1.445 1.158 0.901 1.395 0.076
Mes 0.917 1.199 0.804 0.907 0.996 0.136
Mac 0.882 1.422 1.23 0.84 1.459 0.231

S4 Cataclastic 30.35
Mic 0.922 1.439 1.162 0.891 1.4 0.12
Mes 0.912 1.251 0.898 0.896 1.098 0.124
Mac 0.893 1.488 1.366 0.853 1.612 0.156

S5 Granulated 58.16
Mic 0.927 1.326 0.969 0.903 1.183 0.056
Mes 0.915 1.219 0.851 0.903 1.059 0.193
Mac 0.884 1.429 1.23 0.842 1.459 0.223

S6 undeformed 18.69
Mic 0.919 1.432 1.123 0.887 1.357 0.169
Mes 0.904 1.212 0.846 0.894 1.039 0.214
Mac 0.878 1.465 1.312 0.834 1.55 0.259

S7 Granulated 52.19
Mic 0.928 1.327 0.971 0.903 1.186 0.055
Mes 0.919 1.174 0.764 0.913 0.966 0.215
Mac 0.876 1.49 1.326 0.829 1.562 0.274

S8 Granulated 49.57
Mic 0.931 1.331 0.942 0.906 1.153 0.053
Mes 0.926 1.201 0.811 0.915 1.021 0.136
Mac 0.877 1.488 1.348 0.831 1.585 0.237

4. Discussion
4.1. Multifractal Characteristics of Different Pore Sizes

In this study, pore heterogeneity is not represented by a single parameter, but is quan-
tified using a combination of generalized dimension spectrum parameters and singularity
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spectrum parameters. Specifically, D1 and H mainly reflect the bulk homogeneity and
connectivity of the PSD. In contrast, α0/∆D/∆α mainly characterize local structural differ-
ences. Therefore, the “heterogeneity” discussed in this study includes not only the bulk
coal, but also local concentration. Within the generalized dimension spectrum, key charac-
teristic parameters include D0, D1, D2, and ∆D (the difference between D−10 and D10). D0

is an indicator that measures the number of nonempty boxes containing pores at different
scales, independent of their specific distribution and merely reflecting the pore presence
or absence within each box [16]. The D0 across the entire pore size range is one (Figure 8),
indicating that every box contains pores, which satisfies the box-partition criterion in
multifractal theory. D1 characterizes the homogeneity of PSD, with values approaching
one indicating a more homogeneous pore system overall [46]. The D1 for micropores,
mesopores, and macropores range from 0.766 to 0.925 (Table 5), with the relatively lower D1

of macropores indicating that their PSDs tend to concentrate in local parts of the coal mass,
whereas micropores and mesopores exhibit more dispersed distribution characteristics. ∆D
represents the pore structure variation degree from the lowest to the highest probability
regions in local parts of the coal mass; a higher ∆D indicates a greater structure variation
degree [16]. The comparison of ∆D—mesopores < micropores < macropores—indicates that
macropores have the highest pore structure variation degree, while mesopores exhibit the
lowest degree—a finding consistent with the morphology of the N2 adsorption–desorption
isotherms. D2 can be further described by the Hurst exponent (H), which reflects the
connectivity among pores [47,48]. The H for the coal samples is close to one, indicating a
strong correlation between different pore sizes, and relatively favorable pore connectivity.

Within the singularity spectrum parameters, key characteristic parameters include α0,
Rd, and ∆α (the difference between α(−10) and α(10)). The α0 parameter can assess the
local concentration of the dominant pore type (i.e., the pore types with the most prevalent
singularity in space), where a higher α0 corresponds to greater variation in dominant
pore volume, a narrower PSD range, and increased pore structure complexity [37]. Rd

describes the symmetry of the singularity spectrum, reflecting the degree to which the
PSD is influenced by high- or low-probability regions [45]. Rd > 0 indicates that the PSD
is controlled by high-probability regions; a larger value signifies a greater influence from
high-probability regions. Conversely, Rd < 0 indicates a distribution controlled by low-
probability regions; a smaller value indicates a greater influence from low-probability
regions. ∆α and ∆D can be used to characterize the variation degree in pore structure from
the lowest to the highest probability regions in local parts of the coal mass; a larger value
indicates a greater pore structure variation degree [16,19].

Rd > 0 for all pore size ranges, indicating a significant influence of high-probability
regions on the PSD (Table 5). Macropores exhibit lower H/D1 and higher α0/∆D/∆α,
whereas micropores and mesopores exhibit higher H/D1 with lower α0/∆D/∆α, suggest-
ing that macropores probably exhibit significant aggregation, resulting in inhomogeneous
distribution and poorer connectivity; in contrast, micropores and mesopores display more
homogeneous distribution and superior connectivity, which has been supported by the
symmetry parameter Rd. The opposite trends observed between H/D1 and α0/∆D/∆α

indicate that simpler pore structures contribute to improved pore connectivity, and the
connectivity generally increases as heterogeneity decreases, which aligns with previous
research findings [4].

The detection ranges of LT-CO2A, LT-N2A, and HMIP differ, leading to differences
in the revealed heterogeneity of pore structures. The heterogeneity indicated by HMIP
is greater than that by the LT-CO2A, which in turn exceeds that by the LT-N2A, probably
due to the contribution of macropores, whereas micropores and mesopores are relatively
homogeneously distributed with macropores tending to be locally concentrated. LT-N2A
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primarily probes mesopores, HMIP targets macropores, and LT-CO2A covers the microp-
ore range, with these three methods exhibiting minimal overlap in their respective pore
size detection ranges [37]. Consequently, combining these techniques enables a more
comprehensive characterization of the pore structure and its heterogeneity in coal samples.

4.2. Interrelationship Between Coal Deformation and Pore Multifractal Characteristics
4.2.1. Comparison of Micropore Characteristics in Various Deformed Coals

D1 characterizes the overall distribution homogeneity of the pore system, while H
is a quantitative indicator of pore structure connectivity, and an increase in their values
indicates that after coal deformation, the PSD becomes more homogeneous overall and
the connectivity between pores as well as with the external environment is improved.
Figure 10a indicates that with increasing CSI, both D1 and H show a significant upward
trend (with correlation coefficients of 0.74 and 0.64, respectively). In the brittle deformation
stage (CSI ≤ 45), tectonic action intensifies the irregularity and fragmentation of the original
pores in the coal mass [49,50]. Under stress, weak points such as macropores and mesopores
are prone to shear off; as these brittlely deformed points break into micropores, the original
pore throats are damaged, accompanied by chemical bond rupture, ultimately forming a
micropore network with shorter transport pathways [51]. These newly formed micropores,
on one hand, increase local micropore concentration, while on the other hand, they probably
slightly disperse the originally concentrated micropore distribution. Consequently, the
overall homogeneity parameter (D1) and connectivity parameter (H) only increase slightly,
remain unchanged, or even decrease. In the ductile deformation stage (CSI > 45), the
mean values of H (0.931) and D1 (0.906) are significantly higher than those in the brittle
deformation stage (CSI < 45), where H averages 0.920 and D1 averages 0.889. The coal mass
elongation and flattening promote a more homogeneous spatial distribution of both residual
and newly formed micropores, thereby enhancing the homogeneity of PSD. Additionally,
during the ductile deformation stage, tectonic stress induces polycondensation of coal
macromolecular structures, resulting in the directional alignment of aromatic lamellae, a
reduction in interlayer spacing, and consequently, the generation of numerous micropores
dominated by interlayer molecular pores [19]. This pore type exhibits homogeneous
distribution and certain directionality, which helps reduce local differences in micropore
structure, further enhancing their homogeneity and connectivity. As shown in Figure 10,
when the CSI reaches 61.63, the numerous micropores generated by polycondensation
significantly increase the H and D1 values, reaching their maximums of 0.941 and 0.917,
respectively.

Figure 10. Relationship between the CSI and multifractal parameters for micropores: (a) Relation-
ship between CSI and H/D1/Rd; (b) Relationship between CSI and α0/∆D/∆α. All parameters
are dimensionless.
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Rd indicates the symmetry of the singularity spectrum; α0 is used to assess the local
concentration degree in the distribution of the dominant pore type, where a larger α0

indicates more significant fluctuation in the local distribution, a narrower distribution
range, and the presence of localized pore concentration; ∆D and ∆α jointly reflect the
variation degree from the lowest to the highest probability regions. The analysis indicates a
strong linear negative correlation between Rd and the CSI (Figure 10a), with a correlation
coefficient of 0.82, whereas α0/∆D/∆α exhibit inverted U-shaped relationships with the
CSI (Figure 10b), showing lower correlation coefficients of 0.4, 0.36, and 0.35, respectively.
The weaker correlation of α0/∆D/∆α with the CSI is primarily because they are influenced
not only by tectonic deformation but also by multiple factors such as maceral composition
and ash content, often exhibiting certain fluctuations [36]. The initial increase and subse-
quent decrease in α0/∆D/∆α suggest that the local micropore concentration degree first
increases and then weakens. This is attributed to the fact that during the brittle deformation
stage, tectonic stress induces shearing and fracturing within the coal mass, generating
numerous new pores and resulting in a multimodal distribution of local pore spaces. For
example, in the late stage of brittle deformation, sample S1 (with a CSI of 41.28) exhibits the
highest values of α0/∆D/∆α, reaching 1.454, 1.222, and 1.459, respectively. In the ductile
deformation stage, the coal mass elongation and flattening make locally concentrated pores
more spatially homogeneous. The strong transformation effect of tectonic stress on the coal
mass is significant in this stage, causing the rates of decrease for α0/∆D/∆α during ductile
deformation to be faster than increase during brittle deformation; i.e., the decreasing slope
is much larger than the increasing slope (Figure 10b). With the exception of S2, the Rd > 0
indicates that the micropore size distribution is primarily controlled by the high-probability
region, and the influence of this region progressively diminishes with increasing the defor-
mation degree. When the CSI > 61, the PSD becomes dominated by low-probability regions,
which further indicates that intense tectonic deformation facilitates the homogenization of
micropore distribution and the connectivity improvement.

4.2.2. Comparison of Mesopore Characteristics in Various Deformed Coals

Figure 11 indicates that the CSI exhibits an inverted U-shaped relationship with H and
D1 (with correlation coefficients of 0.80 and 0.60, respectively), while it shows a U-shaped
relationship with Rd (correlation coefficient of 0.52). This indicates that with increasing the
coal deformation degree, both pore connectivity and distribution homogeneity initially in-
crease and then decrease, a trend consistent with previous studies [49], and is accompanied
by the phenomenon that the influence of the high-probability region weakens during brittle
deformation but intensifies during ductile deformation. The trend is closely related to the
structural evolution mechanisms at different deformation stages. In the brittle deformation
stage (CSI ≤ 45), tectonic stress induces vertical directional compression of mesopores [19],
resulting in a more homogeneous pore structure with improved connectivity between
mesopores. For example, in the late stage of brittle deformation, sample S1 (with the CSI
of 41.28) exhibits the highest H and D1 values for mesopores, reaching 0.931 and 0.925,
respectively. Upon entering the ductile deformation stage (CSI > 45), intense tectonic
activity exerts a strong transformative effect [52], triggering microscopic deformations
such as aromatic core dislocation and aromatic layer slippage, which generate numerous
secondary structural defects dominated by micropores [53]; this process is accompanied by
localized fragmentation, pulverization, and even ductile flow of the coal mass, ultimately
leading to the larger mesopore formation. Simultaneously, secondary structural defects
interconnect under stress and evolve into mesopores [19], thereby amplifying the difference
in the mesopore structure, which leads to increased complexity of the pore network and a
reduction in both homogeneity and connectivity. Additionally, coal deformation causes
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coal metamorphism, resulting in the generation of abundant thermogenic pores (10–50 nm)
that are susceptible to blockage, thereby further impairing mesopore connectivity [54].

Figure 11. Relationship between the CSI and multifractal parameters for mesopores. All parameters
are dimensionless.

4.2.3. Comparison of Macropore Characteristics in Various Deformed Coals

Figure 12 shows that the CSI exhibits inverted U-shaped relationships with ∆α/∆D/α0

with correlation coefficients of 0.70, 0.66, and 0.43, respectively, indicating that the three
parameters initially increase and then decrease with increasing deformation. In the brittle
deformation stage, tectonic processes exacerbate the irregularity and fragmentation of
the original macropores in the coal, leading to increased structural complexity [49,50].
Specifically, tectonic stress induces destroy and deformation in the coal mass, forming
structures such as breccia, granules, and slickensides, which in turn develop numerous
associated pores and fissures. The pore sizes are predominantly concentrated within the
100–10,000 nm range, falling into the macropore [53]. The introduction of these newly
formed macropores significantly increases the complexity in local parts of the coal mass,
enhances the local concentration, and consequently intensifies the local heterogeneity. For
example, in the late stage of brittle deformation, sample S1 (with the CSI of 41.28) exhibits
the highest values of α0/∆D/∆α, reaching 1.541, 1.408, and 1.642, respectively. Multifractal
analysis results indicate that macropores in both undeformed-brittle and ductile coals
exhibit distinct concentration characteristics. As the coal enters the ductile deformation
stage, the coal mass undergoes softening accompanied by elongated deformation, leading
to a reduction in the heterogeneity of macropores compared to the brittle deformation stage.
However, the heterogeneity of macropores remains significantly stronger than micropores
and mesopores. For example, in the ductile deformation stage, the average values of
α0/∆D/∆α for macropores (1.460, 1.283, and 1.514, respectively) are higher than those for
micropores (1.355, 1.008, and 1.228) and mesopores (1.193, 0.798, and 0.999). Considering
the bulk coal, there is no clear correlation between the connectivity and homogeneity
of macropore and the deformation. This indicates that during tectonic deformation, the
localized formation of new macropores enhances pore size heterogeneity in local parts
of the coal mass; however, such deformation also shears macropores into mesopores and
micropores, while the infilling of the coal fines and associated chemical interactions with
the coal mass further reduce the proportion of macropores, thereby diminishing the overall
homogeneity of the macropore and resulting in an indistinct relationship between the
homogeneity of the macropore and deformation for bulk coal.
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Figure 12. Relationship between the CSI and multifractal parameters for macropores. All parameters
are dimensionless.

For the macropore range, the multifractal parameters (α0/∆D/∆α) evaluating the
local parts of the coal mass show better correlation with the CSI; however, their correlation
coefficients are significantly lower for the micropore and mesopore (Figures 10–12). This
indicates that the CSI has a smaller influence on the local PSD of micropores and mesopores,
but a greater influence on the local macropores’ PSD. The multifractal parameters H/D1/Rd

for bulk coal exhibit different trends across different pore size ranges: in the micropore
range, increasing CSI leads to more homogeneous distribution and improved connectivity;
in the mesopore range, both connectivity and homogeneity initially increase and then
decrease with rising CSI; whereas in the macropore range, no clear trend is observed for
overall pore connectivity and homogeneity. Figure 13 illustrates the influence of vitrinite
reflectance (Ro), maceral composition, Aad, and FCad on the different pore sizes, with
the most pronounced effect and strongest correlation observed for micropores (average
correlation coefficient of 0.44), an intermediate effect for mesopores (average correlation
coefficient of 0.31), and the weakest influence on macropores (average correlation coefficient
of 0.24). Since Pearson correlation analysis primarily examines linear relationships, and
in conjunction with Figures 10–12, it can be concluded that multiple factors—including
Ro, maceral composition, Aad, FCad, and deformation intensity—collectively influence the
PSD for bulk coal; however, in local parts of the coal mass, macropores are predominantly
affected by tectonic activity, while micropores and mesopores are similarly affected by the
combination of these factors.

 

Figure 13. Pearson correlation coefficients between petrographic characteristics and multifractal
parameters for different pore sizes. All correlation coefficients are dimensionless.
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4.3. Influence of Pore Fractal Characteristics and Coal Deformation on Hydraulic Fracturing

Hydraulic fracturing, as a primary technique for CBM extraction, generates and prop-
agates artificial fracture networks whose pathways are governed by the coal’s inherent
pore-fissure system. Therefore, a detailed investigation of how coal pore structure charac-
teristics influence fracture morphology and breakdown pressure holds key guidance for
optimizing fracturing design and enhancing productivity.

4.3.1. Relationship Between Multifractal Characteristics and Types of Fracturing Curves

Key fracturing parameters, including pressure, displacement, and sand ratio, reflect
fracture connectivity and propagation behavior within the reservoir, and when analyzed
with the treatment logs, they allow for further assessing human-induced impacts on stimu-
lation effectiveness. The formation of high-conductivity fractures requires that the fractures
created by fracturing have sufficient length and that the proppant can effectively support
the formation. Therefore, the fracturing curve during the sand injection process intuitively
reflects the effectiveness of the fracturing and directly determines the gas production
capacity of the well.

The S1 and S2 were collected from the same perforation interval in W1, while S4 and
S5 were taken from different fracturing perforation intervals in W3. Therefore, the study
involved a total of six wells. During the analysis, engineering factors such as fracturing fluid
volume and proppant type were not considered. To minimize the influence of subjective
human factors, the analysis of fracturing curves focuses on pressure variations during
the normal sand injection stage, where curves with a pressure fluctuation amplitude of
<4 MPa are classified as stable-type curves [22,55]. Based on the criteria, fracturing curves
can be categorized into four types: stable, declining, rising, and fluctuating [22]. The
gas production performance corresponding to different curve types shows significant
differences, generally following the order: declining type> stable type > rising type >
fluctuating type [55].

No stable-type curves were observed in the wells (Figure 14); therefore, the analy-
sis focuses on the multifractal characteristics corresponding to the declining, rising, and
fluctuating curve types. Figure 15 indicates that for the macropore, the declining-type
curves exhibit lower D1, while the rising- and fluctuating-type curves show higher and
relatively similar D1. ∆D and ∆α display a similar pattern: they are significantly higher for
the declining type and lower for the other two types. The declining-type curves exhibit
higher ∆D and ∆α, along with a lower D1, indicating stronger heterogeneity in the region
with the highest macropore concentration and a slightly lower homogeneity compared to
the other two types. This is because hydraulic fracturing aims to create dominant fractures
with extensive propagation and stability. During the fracturing process, macropores act as
stress-weak points and are prone to becoming the initiation points of primary fractures [56].
The higher ∆D and ∆α, the more concentrated the PSD in the highest probability regions,
indicating locally enriched pore volume and the potential existence of significant “hot
spots”. Under such conditions, fracturing operations are more probably to generate main
fractures from these macropore concentrations, facilitating the effective ingress of fracturing
fluid and thereby promoting further fracture propagation; consequently, enhanced hetero-
geneity in the highest probability macropore regions contributes to improved hydraulic
fracturing effectiveness. In contrast, the rising-type and fluctuating-type curves exhibit
higher D1, indicating a more homogeneous macropore distribution, which disperses stress
across multiple macropore concentration regions and thereby promotes the generation
of numerous branch fractures alongside the main fracture. These branch fractures have
limited propagation, which can weaken the extension length and stability of the main
fracture, hindering the formation of long, stable fracture networks and ultimately affecting
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gas production performance. Consequently, the fractal parameters for these two curve
types are correspondingly lower.

Figure 14. Representative hydraulic fracturing curves for different curve types, showing pressure
(MPa), sand ratio (%), and displacement (m3/min): (a) declining type, S1 + S2 (W1), S4 (W3); (b) rising
type, S5 (W3), S8 (W6); (c) fluctuating type, S3 (W2), S6 (W4), S7 (W5).

Figure 15. Relationship between hydraulic fracturing curve types and multifractal parameters
for different pore sizes. D, declining type; R, rising type; F, fluctuating type. All parameters
are dimensionless.

No clear pattern was observed between the multifractal parameters for the mesopore
and micropore and the fracturing effectiveness (Figure 15). This is primarily because
micropores and mesopores contribute relatively limited direct gas production, while during
hydraulic fracturing, coal fracturing is more susceptible to occurring within stress-weak
regions enriched with macropores. Therefore, the characteristics of the micropore and
mesopore size distribution have a minor influence on the actual fracturing behavior and
fracture propagation.

As the deformation degree increases, the heterogeneity of the highest probability
macropore regions shows a trend of initially increasing slowly and then decreasing rapidly
(Figure 12). When the CSI is 41, the coal is in the cataclastic coal stage and its heterogeneity
reaches its peak; as the CSI increases to 45, the coal texture enters the granulated coal stage
and heterogeneity begins to decline rapidly; by the time the CSI reaches 55, the intensified
deformation results in a heterogeneity significantly lower than that of the undeformed coal.
Since stronger heterogeneity in the highest probability macropore regions is more favorable
for enhancing the gas production effectiveness of hydraulic fracturing, cataclastic coal is
the most suitable for hydraulic fracturing, followed by undeformed coal, while granulated
coal yields the poorest fracturing performance.
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Cataclastic coal is characterized by relatively well-developed natural fractures and
commonly tends to form long and stable artificial fractures during hydraulic fracturing [33].
Its treatment curves are generally of the declining type, and the resulting fracture network
is favorable for sustained and efficient CBM production. In contrast, undeformed coal con-
tains fewer natural fractures, and fracture propagation requires higher treatment pressure.
Moreover, hydraulic fractures in undeformed coal are more likely to propagate vertically
and generate branch fractures [57], commonly forming a fracture geometry characterized
by “a long main fracture accompanied by surrounding branch fractures”. Accordingly, its
fracturing curves are generally of the stable type. Although granulated coal also exhibits rel-
atively developed natural fractures, its mechanical strength is relatively low. Consequently,
hydraulic fractures tend to propagate multi-directionally along surrounding fractures,
making it difficult for them to form a stable and long main fracture. Meanwhile, coal fines
are prone to blocking the fractures, and their fracturing curves therefore commonly exhibit
rising or fluctuating patterns [22].

4.3.2. Relationship Between Multifractal Characteristics and Breakdown Pressure

During hydraulic fracturing, fractures tend to initiate and propagate preferentially
from regions rich in macropores, suggesting a certain correlation between the multifractal
characteristics of macropores and the breakdown pressure. To quantitatively analyze this
relationship, this study employs the Hubbert–Willis equation to estimate the breakdown
pressure, with the specific expression as follows [58]:

Pc
i = 3σh − σH + T, (21)

In the equation: Pc
i is the breakdown pressure; σh is the minimum horizontal principal

stress; σH is the maximum horizontal principal stress; T is the tensile strength of the rock.
Since the burial depths of the selected coal seams range from 2151 m to 2308 m,

showing only minor variation, the influence of depth on in situ stress was not considered
in the analysis.

Parameters such as the ∆D/∆α/α0 can reflect the local concentration in the PSD
from different perspectives. Larger ∆D/∆α/α0 indicate a stronger variation in local pore
distribution and higher local heterogeneity. The correlation analysis results show that the
breakdown pressure has a weak correlation with the multifractal parameters of micropores
and mesopores, but a relatively strong correlation with the parameters of macropores
(Figure 16). Specifically, the breakdown pressure shows a significant negative correlation
with α0/∆D/∆α, with correlation coefficients of 0.51, 0.61, and 0.59, respectively. The
above relationships indicate that the breakdown pressure is primarily controlled by the
distribution of macropores: the stronger the local heterogeneity of macropores, the lower the
breakdown pressure. This is because during hydraulic fracturing, fractures tend to initiate
from structurally weak regions within the coal mass [56], and the localized macropore
concentration creates such local structural weaknesses, thereby promoting the initiation
and propagation of fractures. In contrast, the weak regions formed by micropores and
mesopores are extremely small, so their influence on breakdown pressure is not significant.
In summary, the local heterogeneity of macropores plays a dominant role in the breakdown
pressure during hydraulic fracturing, while the influence of micropores and mesopores is
relatively limited.
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Figure 16. Relationship between multifractal parameters of macropores and breakdown pressure.

5. Conclusions
Based on LT-CO2A (<2 nm), LT-N2A (2–50 nm), and HMIP (>50 nm), this study

achieved a multi-scale characterization of coal pore structure. By integrating multifractal
theory and the CSI, the correlation between coal fractal characteristics and the coal defor-
mation was thoroughly investigated, and its influence on hydraulic fracturing effectiveness
was further analyzed. The main conclusions are as follows:

(1) The macropore’s PSD exhibits a higher localized concentration degree, tending to
form concentration phenomena in space, with relatively inhomogeneous distribution
and poor connectivity. In contrast, micropores and mesopores demonstrate relatively
homogeneous distribution characteristics and better connectivity. In terms of the
heterogeneity reflected by different testing methods, the pore structure characterized
by HMIP shows the strongest heterogeneity, followed by LT-CO2A, while LT-N2A
exhibits the weakest heterogeneity.

(2) With increasing coal deformation, the heterogeneity of pore systems at different pore
size ranges exhibits different variation patterns at both the bulk coal and local parts
of the coal mass, rather than following a uniform trend. For micropores, intense
deformation facilitates the distribution homogenization and improved connectivity
for bulk coal; in local parts of the coal mass, however, the pore concentration fol-
lows an inverted U-shaped trend, which is collectively governed by the combined
effects of deformation intensity, maturity and composition. For mesopores, both pore
connectivity and homogeneity for bulk coal also show an inverted U-shaped trend
with increasing deformation, a pattern closely linked to the directional compression
of pores during the brittle deformation stage and the interconnection of secondary
defects alongside the generation of thermogenic pores in the ductile deformation
stage. For macropores, no clear pattern is observed for bulk coal, while in local parts
of the coal mass their concentration also follows an inverted U-shaped trend with
increasing deformation, a mechanism attributable to the development of associated
pores and fissures during brittle deformation, as well as the softening and extensional
deformation of the coal mass in the ductile deformation stage.

(3) Considering the bulk coal, the PSD is jointly regulated by multiple factors including
maturity, composition, and deformation intensity, while in local parts of the coal
mass, the macropore’s distribution is significantly influenced by the deformation
intensity, whereas the distributions of mesopores and micropores are governed by the
synergistic effects of multiple factors. Enhanced local heterogeneity of macropores
contributes to improved hydraulic fracturing effectiveness and plays a dominant
controlling role in breakdown pressure. In contrast, the distribution characteristics
of micropores and mesopores have a relatively limited influence on actual fracture
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formation and propagation during the fracturing process. Cataclastic coal exhibits the
strongest local heterogeneity in macropores, making it the most suitable for hydraulic
fracturing, followed by undeformed coal, while granulated coal demonstrates the
least effective fracturing performance.
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Abbreviations
The following abbreviations are used in this manuscript:

CBM Coalbed methane
PSD Pore size distribution
CSI Coal Structure Index (dimensionless)
LT-CO2A Low-temperature CO2 adsorption
LT-N2A Low-temperature N2 adsorption
HMIP High-pressure mercury intrusion porosimetry
T2 Transverse relaxation time (ms)
NMR Nuclear magnetic resonance
AE Acoustic emission
GSI Geological Strength Index (dimensionless)
DFT Density Functional Theory
SSA Specific surface area (m2/g)
BET Brunauer–Emmett–Teller
BJH Barrett–Joyner–Halenda
SCR Surface Condition Rating (dimensionless)
BDI Brittle Deformation Index (dimensionless)
DDI Ductile Deformation Index (dimensionless)
CSD Coal Strength Designation (dimensionless)
H Hurst exponent (dimensionless)
Ro,max Maximum vitrinite reflectance (%)
Mad Moisture content (%)
Vad Volatile matter yield (%)
Aad Ash yield (%)
FCad Fixed carbon content (%)
Vtotal Total pore volume (mL/g)
Stotal Total specific surface area (m2/g)
VBJH BJH total pore volume (mL/g)
SBET BET-specific surface area (m2/g)
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Mic Micropores
Mes Mesopores
Mac Macropores
D Declining type
R Rising type
F Fluctuating type
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