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Abstract

Due to the diverse origins of shale reservoirs, the coal measure shales of the Wuxiang block,
Qinshui Basin typically exhibit fractal pore structures, which significantly influence shale
gas occurrence and migration. Clarifying the fractal nature of pore structures is significant
for the efficient development and utilization of shale gas. In this study, mercury intrusion
porosimetry and liquid nitrogen adsorption experiments were conducted to develop a
method that integrates pore compressibility correction and nitrogen adsorption for pore
structure characterization. On this basis, this study analyzed the fractal characteristics
of coal measure shale pore structures across multiple scales. The results reveal that coal
measure shale pores exhibit a three-stage fractal pattern, consisting of three regions with
pore diameters >65 nm (seepage pores), 6-65 nm (transition pores), and <6 nm (microp-
ores). Samples with fractal dimensions of seepage pores (D,) exceeding 2.9 and transition
pores (D) exceeding 2.5 tend to have larger specific surface areas and more complex pore
structures; this is indicated by the increased surface roughness of large-scale pores, which
hinders gas seepage. Samples with lower fractal dimension of micropores (D;)—in the
range of 2.2-2.8—exhibit higher micropore development, larger specific surface area, and
simpler pore structures, as demonstrated by a greater number of micropores and a more
uniform pore distribution, which promotes gas adsorption.

Keywords: coal measure shale; pore structure; fractal dimension; mercury intrusion
porosimetry; liquid nitrogen adsorption method

1. Introduction

The efficient development and use of unconventional natural gas in coal measures
can help to mitigate the scarcity of conventional oil and gas supplies through supplemen-
tary clean energy provision, alleviate coal mine disaster risk, and optimize production
economics. Simultaneously, it significantly contributes to greenhouse gas reduction and
supports China’s “dual carbon” strategic objectives [1-3]. Recent advancements in shale
gas exploration and development in China have resulted in a continuous increase in pro-
duction [4,5]. Numerous studies have demonstrated that shale gas reservoirs in China
have complex origins and a wide variety of types. Their pore structures exhibit complex
features, with significant differences in pore size distributions. Consequently, the extraction
of coalbed methane resources from these reservoirs is challenging [6,7]. Shale reservoirs
are rich in nano- and micro-scale pores and fractures, which intersect to form an intricate
pore—fracture network with low porosity, low permeability, and heterogeneity [8-10]. These
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features influence the shale gas’s adsorption/desorption, diffusion, and seepage properties
to varying degrees. Among them, the fine description and quantitative characterization
of reservoir properties are limited by the qualitative evaluation of the complexity of the
shale’s pore structures, which is typically performed using traditional testing methods.
For natural reservoirs, many pore structure characterization methods and theoretical
models have been proposed. There are three main ways to characterize the pore space.
Image-based approaches, such as X-ray computed micro-tomography (micro-CT) [11],
focused ion beams (FIBs), and scanning electron microscopy (SEM) [12,13], reconstruct the
pore space by superimposing image information from core samples to create highly accurate
models that approximate the actual pore structure. Conceptual models that use skeleton
particles, including the capillary (bundle) model [14] and spherical particle model [15],
can explain the physicochemical properties of porous media, such as their mechanics,
specific surface area, and adsorption behavior. Statistical models employ mathematical
and statistical methodologies to construct porous media by extracting structural parame-
ters from limited test images or experimental data, including simulated annealing [16,17],
process-based simulation methods [18,19], multiple-point geostatistics [20,21], and machine
learning approaches [22,23]. When constructing statistical models, establishing a porous
hyperelastic constitutive model helps to describe finite deformation behaviors in porous
materials under arbitrary initial stress conditions [24]. However, image-based approaches
are limited by measurement accuracy and cannot fully reflect the overall structural charac-
teristics of reservoirs. In contrast, statistical models rely on understanding the geometric
morphology, pore distribution, and scale variation patterns of pore structures. A key
direction in this field is the construction of full-scale porous media models using statistical
fractal models based on complexity assembly patterns of actual pore structures.
Numerous studies have shown that unconventional natural gas reservoirs, as porous
media, exhibit fractal features in their pore structure. Fractal geometry theory effectively re-
veals the complex and heterogeneous nature of reservoir pore structures [25-27]. Previous
studies have quantitatively analyzed the pore surface roughness, distribution heterogene-
ity, and structural complexity using the fractal dimension of porous media. A fractal
dimension approaching 2 indicates a smoother pore surface and less complex pore struc-
ture [28-30]. Fractal geometry theory has been applied to the classification of reservoir pore
structures [31-33], quantitative characterization of pore structures [34-36], and prediction
of permeability [37,38]. Specifically, fractal models have been validated for equivalently
characterizing complex pore structures in fractal porous media, including the particle-filled
fractal (pore solid fractal, PSF) model [39], intermingled fractal unit (IFU) model [40], fractal
capillary bundle model [41], pore network models (such as in fracture/pore/fracture fractal
porous media) [27,42], and pore-throat-solid-network-connectivity fractal porous media
(PTSNCF) model [43]. Nevertheless, the precise construction of fractal porous media fun-
damentally requires a comprehensive analysis of the pore structure’s fractal characteristics.
Clarifying the variation in pore size and its controlling factors in the multi-scale pore fractal
distribution can significantly enhance the evaluation effectiveness of complex reservoirs.
To accurately evaluate shale gas reservoir characteristics, extensive studies have fo-
cused on developing fractal dimension calculation models for shale pore structures and
their relationship with reservoir properties. Significant attention has been given to im-
proving the applicability of these models for determining the fractal dimension. Using
mercury intrusion porosimetry (MIP) and gas adsorption tests, the suitability of the Menger
sponge [44], Frenkel-Halsey-Hill (FHH) [45], and pore volume-Specific surface area (V-S)
models have been investigated in determining the fractal dimensions of three kinds of pores
in shale gas reservoirs [46]. Therefore, the applicable fractal dimension calculation model
varies with different pore structure testing methods. Table 1 summarizes and compares
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the studies above. Future research should clarify the most appropriate model for each
experimental method, considering reservoir lithology and physical properties.

Table 1. Pore structure characterization methods and models.

Classification Methods/Models Advantages Limitations
. High-resolution images of coal rock Limited observation scales and
Micro-CT . - . . S
Image-based FIB surface can be obtained, providing small field of view, resulting in
approaches SEM direct visual insight on the actual incomplete pore
pore structure. distribution information.

Abstracts pore, pore throat, or fracture The pore structure is usually
into capillary or spherical particles, simplified based on idealized

Conceptual Capillary (bundle) model which helps to explain the mechanism geometric shapes, making it

models Spherical particle model of diffusion and seepage, mechanics of difficult to fully describe its
porous media, etc. complexity and changeability.
. . Establish a porous mec}la. model using The simulation results depend
Simulated annealing mathematical and statistical methods n
- . : ! on the accuracy of the initial
Statistical Process-based simulation based on a small amount of slice model and constraint
models Multiple-point geostatistics images or test data, with low cost, high " .
. . . s condition and involve a degree
Machine learning efficiency, and adaptability for of randomness
different types of pore structures. '
PSF model . .
IFU model Capable of characterizing complexity The adaptability range of

and heterogeneity of fractal porous
media under the guidance of
statistical models.

different fractal porous media
model is limited.

Fractal capillary bundle model
Pore network models
PTSNCF model

Fractal models
Calculation model of fractal dimension

Menger sponge model based on MIP and gas adsorption tests Ictallscglc; tt;PPtllllCeaEl:Cf[Zi‘
FHH model data, which is useful for the dimensiongo £ full-scale
V-S model quantitative evaluation of fractal

L ore structures.
characteristics of pore structures. p

The primary controlling factors of pore structure fractal characteristics in shales across
different regions and types are diverse and exhibit certain differences. Recent studies
have suggested that the fractal dimension of reservoir pore structures is significantly influ-
enced by mineral components, source rock thermal maturity, organic matter abundance,
and reservoir burial depth [47-49]. Fractal analysis can also help in comprehending the
relationship between the fractal features of shale pore structures and their adsorption
capability [50]. In addition, for deep shale, the latest research [51] clarified the key factors
influencing its pore structure heterogeneity through TOC, XRD, and gas adsorption experi-
ments, highlighting the significant impact of micropores on the development of irregular
pore structures. Therefore, it is necessary to conduct targeted research on the variables
affecting the complexity of shale pore structures.

The limited quantitative and evaluative studies on the complexity of coal measure
shale pore structures in the Wuxiang block of Qinshui Basin restrict comprehensive evalua-
tions of regional shale gas potential. A previous study investigated the applicability of MIP
and the low-temperature nitrogen adsorption method in characterizing the pore structure
of high-rank coal [52] and identified a suitable range of tiny pore sizes in high-rank coal for
characterization. The study thus provided theoretical and practical approaches for finely
characterizing these pore structures. Therefore, this study quantitatively characterizes the
fractal features of multi-scale pore structures in coal measure shales from the Wuxiang
block using MIP data (before and after matrix compression correction), low-temperature
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nitrogen adsorption data, and appropriate fractal dimension calculation models. This study
reveals the relationship between the complexity of coal measure shale pore structure and
its physical properties, including porosity and specific surface area, and aims to enhance
the understanding of multi-scale pore characteristics in the region’s coal measure shales,
providing a reference for evaluating shale gas occurrence and transport properties.

2. Samples and Methods
2.1. Sample Collection

The Qinshui Basin, situated within the North China Fault Block-Taihangshan Fault
Block, is an intermontane faulted basin that formed through the differential uplift of faulted
blocks following the Late Paleozoic coal-forming period in North China (Figure 1a). A large-
scale synclinore structure with an NNE-SSW orientation makes up Qinshui Basin’s main
body [49]. The internal structural lines primarily extend in the NNE direction and are
dominated by open short-axis folds and high-angle normal faults.
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Figure 1. Tectonic map of the Wuxiang block in Qinshui Basin (modified from [49]). (a) Regional
tectonic setting of Qinshui Basin, showing the location of Qinshui Basin, Wuxiang block, and the
composite syncline structure. (b) Regional setting of the study area, showing the well locations of
samples and the distribution of main and secondary faults.

The Wuxiang block, located in the eastern Qinshui Basin, serves as the study area.
This region primarily comprises Paleozoic, Mesozoic, and Cenozoic strata and is rich in
mineral resources, such as coal and aluminum, as well as animal and plant fossils [53].
The main coal seams in this region are located in the coal-bearing shale strata of the
Taiyuan Formation (Upper Carboniferous-Lower Permian) and Shanxi Formation (Lower
Permian) [54]. The thickness of the Shanxi Formation ranges from 36.83 m to 108.95 m,
with an average thickness of 62.76 m. It comprises dark gray sandstone, mudstone, sandy
mudstone, and coal seams, totaling four layers arranged from bottom to top as coal seam
4% through 1*. The thickness of the Taiyuan Formation ranges from 102.85 to 184.15 meters.
There are eleven coal seams in this formation, numbered 16* through 5% from bottom to
top. The coal seams in the Taiyuan Formation primarily formed in a tidal flat depositional
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environment with limestone-sand mudstone facies, and that in the Shanxi Formation
formed in a deltaic interdistributary bay depositional environment, characterized by a
mixed facies of mudstone, siltstone, peat, and black mudstone. More details of the coal
seams can be found in [53].

Coal measure shale samples (W4-5, W18-6, W20-5, W23-1, W27-6, and W28-5) were
collected from six gas wells in the Wuxiang block (Figure 1b), and their petrographic photos
are shown in Figure 2. The specific depth of each sample is approximately 957 m(3*),
1597 m(3%), 1651 m(3*), 1763 m(15*), 1539 m(3¥), and 1902 m(15%), respectively. The samples
were primarily distributed in the top and bottom plates of the 3* and 15 coal seams. The 3%
coal seam, located in the Shanxi Formation, is the primary coal seam within this formation,
exhibiting stable occurrence with a thickness ranging from 0.38 m to 5.84 m. The 15%
coal seam is located in the bottom clastic rock strata of the Taiyuan Formation, primarily
composed of bioclastic micrite and sandy mudstone.

Figure 2. Photos of coal measure shale samples.

2.2. Testing and Processing Methods

We performed MIP and low-temperature nitrogen adsorption tests on the selected
samples to investigate the pore structure characteristics of the reservoir in this region. MIP
tests were conducted using the AutoPore9500 fully automatic mercury porosimeter, manu-
factured by Micromeritics Instrument Corporation (Norcross, GA, USA). It can measure
pore diameter ranging from 5 nm to 1000 pm with a maximum pressure of 33,000 psi
(228 MPa). Its key analytical capabilities include the measurement of pore size distribu-
tion, total pore volume, total pore area, bulk/true density, and fluid transport properties.
An experiment was carried out following standard CB/T 21650.1-2008 [55]. Prior to MIP
testing, the coal samples were crushed to achieve a uniform particle size of approximately
1 cm, dried at 110 °C for 24 h, and then placed in a desiccator to cool to room tempera-
ture. Then, a stepwise pressurization approach was adopted to test 99 pressure points,
respectively, with a stabilization time of 10 s for each pressure point. According to the
mercury injection pressure P, the pore diameter A was deduced using the Washburn
equation: Pc(A) = —47 cos @/ A, where 7 is the surface tension of mercury (N/m), and 6 is
the mercury contact angle with a solid surface (set to be 130°). The SA distribution was
obtained using the Young-Dupré equation: yields W, = (1 4 cosf)), where W, represents
the work of adhesion between a liquid and a solid.

To compensate for the accuracy limitations of mercury intrusion porosimetry, we also
conducted low-temperature nitrogen adsorption experiments. The automatic physical and
chemical adsorption analyzer ASAP 2020 was chosen for specific surface area and pore size
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analysis, manufactured by the Micromeritics Instrument Corporation (Norcross, GA, USA).
Its measurement capabilities mainly include ultra-low surface area detection (0.0001 m?/g),
pore size analysis (1.7-300 nm), and modular upgrades (chemisorption, vapor adsorption).
The experiment was conducted in accordance with standard SY /T 6154-1995 [56]. Prior
to testing, six samples were crushed and ground to a particle size range of 0.3-0.45 mm.
Then, they were dried in a vacuum oven at 80 °C for 24 h. Subsequently, they were purged
with nitrogen and heated for degassing for 24 h to remove volatile substances on the pore
wall surface. Afterwards, N, adsorption/desorption isotherms were measured at 77 K,
and their relative pressure (p/po) ranged from 0.011 to 0.993. The specific surface area
(SA), pore diameter, and pore volume (PV) of the samples were determined using BJH and
BET methods.

2.3. Models for Calculating Fractal Dimensions of Pore Structures

Due to differences in fundamental principles, it is essential to use suitable models for
calculating the fractal dimension of pore structures using different testing methods. Based
on previous research results from different tests and their applicable fractal models [46,49],
it is observed that the fractal dimension of macropores (>50 nm) is generally above 2.7,
mesopores (2-50 nm), with an approximate range between 2.3 and 2.7. In addition, micro-
pores (<2 nm) typically fall within a range of 2.0-2.2. These data were obtained through
MIP and low-temperature nitrogen adsorption and carbon dioxide adsorption tests, respec-
tively. Considering measurement accuracy, these findings suggest that higher precision
measurements correspond to lower fractal dimensions.

However, the pore structure classifications in the aforementioned studies are primarily
based on the IUPAC classification methodology. This approach relies on the physical
adsorption of N, molecules in porous adsorbents, which has limitations when applied to
coalbed methane reservoirs [57]. Consequently, to ensure measurement accuracy and result
consistency, it is imperative to establish a precise classification of pore structures based on
their fractal characteristics within the scale range of current tests.

(1) Mercury intrusion volume—pressure fractal model

Drawing inspiration from the construction of the Menger sponge model, a fractal
model for determining fractal dimensions using mercury intrusion volume and pressure
data from an MIP experiment was proposed [44], expressed as

av D—4
dP. R M

where dV /dP. corresponds to the relative change in mercury intrusion volume with
pressure. The slope K is obtained by fitting the log-log plot of dV /d P, and P.. The frac-
tal dimension for pore structures with large-scale pore sizes can be determined using
D = 4 + K. This model can be applied to calculate the pore volume fractal dimensions with
a pore diameter greater than 50 nm.

(2) Adsorption volume—pressure fractal model

The fractal dimension of the pore volume from the gas adsorption experiment on
fractal porous media is commonly calculated using the FHH fractal model [45], which is

In(V,q) = K[ln(ln(?))} e )

where p represents the equilibrium pressure, V,q denotes the pore volume or quantity

expressed as

adsorbed, pg represents the gas saturation pressure, and C serves as the constant term.
For gas adsorption in fractal porous media, K = D — 3 during capillary condensation,
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and K = (D —3)/3 when van der Waals interaction is involved. Based on previous
studies [49,58], the applicable pore diameter range of the adsorption volume—pressure
fractal model is approximately 2-100 nm.

2.4. Correction Method of MIP Experiments

Numerous studies have demonstrated that the high-pressure stage in mercury in-
trusion porosimetry experiments can deform matrix particles and pores in rock samples,
resulting in a significant deviation between the pore volumes measured at high pressure
and the actual situation [59-61].

Currently, the widely accepted correction method uses gas adsorption to obtain PV dis-
tribution data in the high-pressure range, and is then used to derive the matrix compression
coefficient of shale [59], k.:

~dW.
¢ VPR’

where V. represents the matrix volume, d P, denotes the mercury intrusion pressure incre-

)

ment, and dV./dPF, reflects the change in matrix volume with pressure.

For compressible porous media, the variation in apparent mercury intrusion vol-
ume AV, is primarily influenced by coal matrix compression effects and pore-filling
effects, satisfying

AV = AV + AV, (4)

where AV represents the increment in actual pore volume or mercury intrusion volume
after correction, and AV, represents the compressive volume of the coal matrix. Combined
with Equation (4), the value of dV../dP. can be calculated as the difference between AV,
and AV with the change in pressure, approximately satisfying

dV./dP. &~ AViys/AP. — AV /AP (5)

Previous studies [59,60] have demonstrated a strong linear relationship between mer-
cury intrusion volume and pressure exceeding 10 MPa. Based on the observed deformation
in the high-pressure stage and the linear relationship described by Equation (3), it can be
inferred that this section represents the elastic deformation zone of matrix pores under high
pressure. Therefore, the variation in mercury intrusion volume with pressure AV, /AP, in
this range can be regarded as a constant C. The actual pore volume can be calculated using
the N adsorption test data with a pore diameter range from 5.5 to 120 nm. In substituting
Equation (5) into Equation (3), the expression of k. can be approximated as

_ 1 Yaam AV

In combining Equations (3) and (6) with the observed increment in mercury intru-
sion volume AV, the corrected increment in mercury intrusion volume satisfies the
relationship AV = AVgpg — ko Ve /AP..

3. Results and Discussion
3.1. Compressibility Correction of MIP Data
The pore volume distribution before and after the compressibility correction of MIP

tests on the six samples is shown in Figure 3. The results in Figure 3a indicate a significant
linear positive correlation between the cumulative mercury intrusion volume before correc-
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tion and the mercury intrusion pressure of shale samples in the range of 10.32-227 MPa

(corresponding to a pore diameter of 5.5-120 nm).

Before correction
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Figure 3. Plots of cumulative mercury intrusion volume for coal measure shale samples as a function
of pressure (a) before and (b) after compressibility correction.

The results of the corrected MIP data are shown in Figure 3b. These findings indicate
that the curve at the high-pressure stage reflects a linear increase before correction, while it
transforms into a relatively stable horizontal line after correction. This fully verifies that the
pore structures of the reservoir underwent elastic deformation during the high-pressure
mercury intrusion stage.

Therefore, mercury intrusion volume data without compressibility correction were
not applicable for extracting the fractal features of the pore structure. Meanwhile, the cor-
rected matrix compressibility coefficients of the samples ranged between 1.121 x 10~ 1°
and 1.968 x 1071 m? . N—! (Table 2), which is consistent with previous studies [62,63]. In
addition, the results indicate that the k. value of W27-6 is much higher than that of the
other samples. Furthermore, the high adsorption volume may be attributed to the high
transition pore and micropore content of the samples. Nevertheless, the combined effects
of coal rank, coal lithotype, moisture content, microhardness, and tectonic deformation on
k. cannot be ruled out.

Table 2. Matrix compressibility and pore structure parameters of coal measure shale samples.

Mercury Intrusion Porosimetry N2 Adsorption

Sample ID

P

(8-em™?)

ke

(10—10 . mZ . N—l)

W

(ml-g~1)

Va

(ml-g™1)

\%

(ml-g~1)

W4-5
W18-6
W20-5
W23-1
W27-6
W28-5

1.533
1.378
1.504
1.505
1.654
1.415

1.252
1.352
1.121
1.282
1.968
1.312

0.02081
0.01934
0.01752
0.01722
0.03207
0.02254

0.00336
0.00266
0.00166
0.00132
0.00759
0.00297

0.00329
0.00205
0.00153
0.00077
0.00657
0.00328

Va and W, the mercury intrusion volume after and before correction, respectively; V, the adsorption volume.

However, it should be noted that the liquid nitrogen adsorption data for some samples
did not fully include the 5.5-120 nm pore distribution information. Therefore, to ensure
consistency, the mercury intrusion pressure range and the average pore size range must
align with the selected liquid nitrogen adsorption data when calculating PV in this range.
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dV/dPc /em?-g'-MPa! dV/dPc /em?-g'-MPa™!

dV/dPc /em?-g'-MPa™!

3.2. Fractal Analysis of Pore Structures Using MIP Data

Based on MIP data, the distribution curves for mercury intrusion volume and pressure
were plotted for coal measure shale samples both before and after correction, with the pore
diameter ranging from 5.5 to 100,000 nm, according to Equation (1). In Figure 4, the value of
dV /dP. in Equation (1) was calculated as AV,,s /AP and AV /AP, approximately, which
reflects the change in mercury intrusion volume (before and after correction) with pressure.
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Figure 4. Log-log plots of dV /dP. versus P for coal measure shale samples (a) W4-5, (b) W18-6,
(c) W20-5, (d) W23-1, (e) W27-6, and (f) W28-5.

The results indicate the following: (i) The correlation of the corrected MIP data in-
creased significantly within the entire pressure range. (ii) The correlation coefficient of
the MIP data before and after correction was high within a low-pressure range, while
notable differentiation within a high-pressure range (approximately > 10 Mpa). The log-log
curves before correction of dV /dP. versus P, for all samples exhibit a stable trend in the
high-pressure range, indicating coexisting pore structure characteristics across different
scales. The corrected curves show significantly improved correlation, and the two types
of structure characteristics are no longer evident. These results support the expectation
of a uniform fractal pore structure background and highlight the difficulty in detecting



Processes 2025, 13, 3214

10 of 19

the micropore region under high pressure. (iii) The boundary between the two pore types
before correction (blue dotted line) varies greatly, with pressures of 59.18 Mpa, 38.51 Mpa,
10.32 Mpa, 6.81 Mpa, 72.95 Mpa, and 59.18 Mpa, respectively. This inconsistency highlights
the limitation of relying solely on the difference in pore fractal characteristics before cor-
rection to define the pore size ranges of the two pore types in shale samples. Through the
comparison of the differences in log-log curves before and after correction, it was observed
that most inflection points at which the mercury intrusion volume undergoes considerable
changes before and after correction were approximately at a narrow space with a pore
diameter ranging from 50 to 77 nm, except for sample W20-5. As shown in Figure 4c,
the pressure of sample W20-5 at the inflection points is less than 10 MPa, whereas the
pressures of other samples are above 10 MPa. The statistical result shows that the average
value of the pore diameters corresponding to the inflection points of the five samples is
approximately 67 nm.

In earlier studies, 65 nm is identified as the boundary for pore structure characteristics
(seepage pore (>65 nm) and diffusion pore (<65 nm)) [31], based on their studies on the
fractal classification of coal pore structure. This study used MIP testing data from 146 coal
samples in China, including a subset of coal samples from this study area, which can
partially address the issue of insufficient test samples in the present research. Utilizing
this knowledge, we calculated the pore volume fractal dimensions at a pore diameter with
>65 nm, <65 nm, and 5.5-10° nm before and after correction and list them in Table 3.

Table 3. Fractal dimensions of coal measure shale samples based on mercury intrusion data.

Db D,
Sample ID 5 .
5.5-10° nm  >65nm <65 nm >65 nm <65nm  5.5-10° nm
W4-5 3.204 3.105 3.7 3.062 2.396 2911
W18-6 2.927 2.75 3.862 2.713 2.591 2.639
W20-5 3.346 3.077 3.818 2.769 2.667 2.848
W23-1 3.239 2.962 3.818 2.813 2.556 2.840
W27-6 3.178 3.098 3.504 3.063 2.118 2.966
W28-5 3.261 3.075 3.77 3.006 2.369 2917

The results demonstrate the following: (1) The difference between the fractal dimen-
sions of seepage pores before and after correction in the six samples was small. Additionally,
the fractal dimension after correction D, was generally smaller than that before correction
Dy, indicating that the pore structure of this type of pores was affected by matrix compres-
sion to a certain extent. (2) The fractal dimensions of diffusion pores showed a significant
difference before and after the correction of MIP data. Before correction, the fractal dimen-
sions were all greater than 3, while less than 2.7 after correction, aligning more closely with
reality. In summary, mercury intrusion porosimetry was only effective in characterizing
the pore structure of seepage pores. Other methods must be used to characterize the pore
structure of smaller pores.

3.3. Fractal Analysis of Pore Structures Using Liquid Nitrogen Data

The pore structure characteristics of diffusion pores (<65 nm) were determined by
constructing log-log plots of adsorption volume versus relative pressure for each sample
according to Equation (2), as shown in Figure 5. Except for samples W4-5 and W27-6,
which exhibited minimal overall change, the slopes of the fractal curves for other samples
show significant variation within the relative pressure p/py ranging from 0.65 to 0.7
(approximately 6 nm). This indicates notable variations in the characteristics of pore
structures. At a low range of In(In(po/p)), corresponding to a high relative pressure range
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(0.65 < p/po < 0.98), the In-In plots of V,q versus In(pg/p) for all samples show a good
linear decreasing relationship. However, at a high range of In(In(pg/p)), corresponding to
a low relative pressure range (0.2 < p/pg < 0.65), there are distinct differences between the
two groups of samples. The first group includes samples W4-5, W20-5, and W27-6, and the
results show that there is a good decreasing relationship between In(V,4) and In(In(po/p)),
which is consistent with that at a low range of In(In(py/p)). In contrast, the results in
the second group, including samples W18-6, W23-1, and W28-5, show a good increasing
relationship. This indicates that the adsorption capacity of the pores in the low relative
pressure range of the second group is significantly weaker than that of the pores in the
high pressure stage, and even the adsorption capacity is less than the desorption capacity,
resulting in a decrease in the adsorption capacity.
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Figure 5. Ln—Ln plots of V,q versus In(pg/p) for coal measure shale samples (a) W4-5, (b) W18-6,
(c) W20-5, (d) W23-1, (e) W27-6, and (f) W28-5.

Based on a previous pore size classification of coal [57], the pore diameter range of
transition pores varies greatly due to the differences in experimental types and analytical
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methods, such as 10-100 nm, 15-50 nm, 1.2-30 nm, etc., which are generally in the range
of 2-100 nm. Therefore, by referring to the current classification standard for the pore
diameter range of transition pores, we further classified the diffusion pores of the coal
measure shale in this region into transition pores (6-65 nm) and micropores (< 6 nm) based
on the fractal characteristics of pore structures and the sudden change observed in the pore
volume distribution curve. The PV fractal dimensions D; for each sample at the relative
pressure p/pg ranging from 0.98 to 0.65 (665 nm) and the PV fractal dimension D, at
p/po < 0.65 (2-6 nm) are listed in Table 4.

Table 4. Fractal dimension of samples based on low-temperature liquid nitrogen adsorption data.

Sample ID D1 =3+k R? D, =3+ 3k R?
W4-5 2.758 0.996 2414 0.998
W18-6 2.213 0.996 3.317 0.947
W20-5 2.588 0.990 2.841 0.911
W23-1 2473 0.990 3.692 0.995
W27-6 2.676 0.999 2.159 0.999
W28-5 2.582 0.987 3.126 0.907

3.4. Relationship Between Fractal Characteristics of Pore Structure and Its Physical Properties

Based on the differences in pore structure fractal characteristics, the coal measure
shales in this region have three different types of pores: seepage pores (>65 nm), transition
pores (6-65 nm), and micropores (<6 nm). According to the corrected mercury intrusion
porosimetry and nitrogen adsorption data, the PV and SA of each sample were obtained,
as shown in Table 5. Among them, sample W18-6 failed to meet the minimum data integrity
requirements for micropore analysis due to missing key parameters (such as BET surface
area and pore volume) in its pore size distribution data . This was caused by technical
issues during low-temperature liquid nitrogen adsorption testing, which prevented data
acquisition for pore diameters below 6.3 nm. Therefore, it was not considered in the
subsequent analysis.

Table 5. Measurements of the samples’ pore volume and specific surface area for three pores.

Seepage Pore Transition Pore Micropore
Sanple ID 3 ) 3 2 3 2
PV (cm°/g) SA (m“/g) PV (cm°/g) SA (m“/g) PV (cm°/g) SA (m“/g)
W4-5 0.01557 0.14033 0.00268 0.57139 0.00102 1.38307
W18-6 0.07192 0.23443 0.00148 0.21660 / /

W20-5 0.01115 0.05850 0.00116 0.19142 0.00003 0.05621
W23-1 0.00747 0.06528 0.00057 0.08914 0.00000 0.00008
W27-6 0.02637 0.25881 0.00510 1.09231 0.00157 2.01346
W28-5 0.01104 0.11664 0.00199 0.35385 0.00005 0.07845

For comparison, the PV and SA distributions of the seepage pores, transition pores,
and micropores of each sample are normalized and displayed in Figure 6. In general,
the PV proportion of transition pores in all samples is greater than that of micropores and
smaller than that of seepage pores. However, significant differences are observed in the
PV proportions across various pore types within each sample. This indicates that the PV
of coal measure shale samples in this region was mainly controlled by the seepage pores.
Conversely, the SA distribution data show that the proportion of SA of seepage pores in
each sample is generally smaller than that of transition pores and micropores.
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Figure 6. PV (a) and SA (b) proportions of three types of pores for coal measure shale samples.

To understand the effect of the fractal features of the pore structure on the porosity
and SA of coal measure shale samples, the correlation between the PV and SA of pores at
three pore scales is shown in Table 5. Moreover, their fractal dimensions are comparatively
analyzed in Figures 7-10. The results demonstrated the following:

(1) The fractal dimensions of permeable and transition pores (D, and D) in coal
measure shale samples show a positive correlation with PV and SA, respectively, as shown
in Figures 7 and 8. Among them, the correlations with SA in Figures 7b and 8b are relatively
stronger than those with PV shown in Figures 7a and 8a. Specifically, when D, > 2.9
and D; > 2.5, samples W27-6 and W4-5 show larger SA than the others, indicating that
their pore structures are more complicated. When D, < 2.9 and D; < 2.5, sample W23-1
shows a very low SA proportion. It is observed that there is a large fault and several
secondary faults distributed near the locations of W27 and W4 (in Figure 1). This can lead
to an uneven distribution of stress in the surrounding rock formations. The variability
in the arrangement of internal joints and fractures increases, significantly enhancing the
complexity of the pore structure. Therefore, the results in Figure 6 show groupings (W4-5
and W27-6) that may be affected by nearby faults. Furthermore, these results indicate that
when the complexity of the pore structure reaches a high degree, its SA is likely to grow
considerably. Combined with the PV proportion in Figure 6a, samples with smaller D,
exhibited higher relative development of seepage pores, whereas those with smaller D,
showed lower relative development of transition pores. The higher agreement between
the variations in D, and the PV proportion of coal measure shale samples indicates that
porosity was more significantly influenced by the fractal characteristics of seepage pores.
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Figure 7. Relationships between pore volume (a) and specific surface area (b) with fractal dimensions
of seepage pores.
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Figure 10. Relationships between pore volume (a) and specific surface area (b) with fractal dimensions

of micropores.

To reveal the influence of PV and SA on gas seepage, the relationship curves between
PV, SA, and the permeability of seepage pores were plotted using the permeability data
directly obtained from MIP data, as shown in Figure 9. The results indicate that the SA
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has a strong correlation with permeability, presenting a negative exponential relationship,
while the correlation between pore volume and permeability is relatively weak. Combined
with Figure 7b, higher fractal dimensions of seepage pores correlate with increased spe-
cific surface area, which leads to higher pore surface roughness and is less favorable for
gas seepage.

(2) The PV and SA of micropores in coal measure shale samples negatively correlated
with their fractal dimension D,, as shown in Figure 10. The PV and SA are basically
positively correlated with D, within the range of 2.2-2.8. This indicates that samples with
smaller D, had a higher relative development of micropores and larger SAs, which is
reflected as simpler pore structures, weaker heterogeneity of pore structures, and stronger
gas adsorption capacity. Moreover, the trend lines of Dy and SA (Figure 10b) exhibit the
highest correlation among linear relationships in Figures 7, 8 and 10. This indicates that the
effect of micropore fractal features on SA was more pronounced. Compared to Dy, D, had
a higher correlation with PV and SA proportions, indicating that micropores significantly
influenced the parameters of microscopic pore structure and related physical properties in
the diffusion pores.

(3) Combined with the results in Tables 3 and 4, the fractal dimensions of seepage
pores in Figure 7 ranged from 2.713 to 3.063 for all samples, those of transition pores
in Figure 8 ranged from 2.213 to 2.758, and those of micropores in Figure 10 fluctuated
significantly, ranging from 2.159 to 3.692. The maximum value of the difference between
the fractal dimensions of seepage pores, transition pores, and micropores was 0.253 to
1.219. The minimum value was 0.072 to 0.5, and the average value of the fractal dimensions
was generally above 2.7. This demonstrates that coal measure shales’” pore structures
in this region are highly complex, reflecting significant roughness and heterogeneity in
their entirety.

This study focuses on the innovative exploration of fractal analysis methods to quan-
titatively describe the complexity of coal measure shale pore structure in the Wuxiang
block. Beyond that, fractal analysis also has broader implications in shale gas exploration.
The fractal dimension can be used to quantify the shale heterogeneity, guiding the design
of hydraulic fracturing parameters (such as fracture spacing and fluid injection volume).
Additionally, by integrating the characterization parameters of the fractal features of pore
structures with production prediction models (such as fluid—structure interaction models
and numerical simulation methods based on machine learning), the prediction accuracy
of shale gas production can be enhanced to a certain extent. However, the systematic vali-
dation of fractal analysis in shale gas exploration and development applications requires
the combination of more field data, advanced theory, and methodology. This will be a key
focus of our work in the subsequent phase.

4. Conclusions

This contribution aimed to investigate the fractal characteristics of multi-scale pores in
the region’s coal measure shales and their influences on physical parameters. The following
conclusions can be drawn:

(1) The fractal curves of mercury intrusion volume versus pressure before and after
correction exhibited significant differences, enabling more accurate classification of pore
structure types.The pore structures of coal measure shale samples show three distinct fractal
characteristics across different scales. Consequently, the pore types of coal measure shales
in this region were classified into seepage pores (>65 nm) and diffusion pores (<65 nm).
Diffusion pores were further subdivided into transition pores (6-65 nm) and micropores
(<6 nm).
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(2) The SA proportions of samples increase significantly as their D, and D; reach high
values (D, > 2.9 and D, > 2.5), reflected by a more complicated pore structure and higher
surface roughness of large-scale pores. Samples with a lower D,—namely, within the range
of 2.2-2.8—have a comparatively higher degree of micropore development, a larger SA,
and a simpler pore structure, indicated by a greater number of micropores and a more
homogeneous pore distribution. The pore structure parameters of diffusion pores are
more significantly influenced by micropores. The three types of fractal dimensions in each
sample exhibited substantial variation, with an average value exceeding 2.7. This suggests
that the overall pore structure of coal measure shale is extremely complex, characterized by
a highly heterogeneous pore distribution and relatively high roughness.
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D, Fractal dimensions of seepage pores
D, Fractal dimensions of transition pores
D, Fractal dimensions of micropores
MIP Mercury intrusion porosimetry

SA Specific surface area

1Y% Pore volume

micro-CT  Computed micro-tomography

FIB Focused ion beams

SEM Scanning electron microscopy

TOC Total organic carbon

XRD X-Ray diffraction

FHH Frenkel-Halsey-Hill

V-S Pore volume-Specific surface area
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