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Abstract: Analyzing and mastering the fractal features of coal-measure sedimentary rocks is crucial
for accurately describing the pore structure of coalbed methane resources. In this work, mercury
intrusion porosimetry (MIP) and nuclear magnetic resonance (NMR) are performed on coal-measure
sedimentary rocks (i.e., shale, mudstone, and sandstone) to analyze their pore structure. Pore size
distributions (PSDs) and the multifractal dimensions of the investigated samples are discussed.
Moreover, multivariable linear regression models of multifractal dimensions are established through
a comprehensive analysis of multifractal characteristics. The results show that sandstone (SS-1) and
clay rocks are dominated by nanopores of 0.01 to 1 µm, while sandstone (SS-2) is mostly mesopores
and macropores in the range of 1 to 10 µm. The fractal characteristics of the investigated rock
samples show a prominent multifractal characteristic, in which DA reflects the surface structure of
micropores, while DS represents the pore structure of macropores. Multifractal dimension is affected
by many factors, in which the DA is greatly influenced by the pore surface features and mineral
components and the DS by average pore diameters. Moreover, multivariate linear regression models
of adsorption pore and seepage pore are established, which have a better correlation effect on the
multifractal dimension.

Keywords: coal-measure sedimentary rocks; pore structure; mercury intrusion porosimetry (MIP);
nuclear magnetic resonance (NMR); multifractal dimensions

1. Introduction

Coal-measure sedimentary rocks, i.e., mudstone, shale, and tight sandstone, with low
porosity and permeability as well as complex pore structure, are rich in petroleum resources,
which has turned into an investigation hotspot in recent years [1]. Poor connectivity
and strong heterogeneity of pore-throat structure are tough issues restricting the efficient
exploitation of coal-measure sedimentary rocks [2]. Hence, studying and mastering the
pore structure features of coal-measure sedimentary rocks play a valuable, guiding role for
the safe and efficient exploitation and utilization of mineral resources [3].

According to Loucks’s pore size scale [4], pores can be divided into five parts: picopore
(<1 nm), nanopore (1 nm–1 µm), micropore (1 µm–62.5 µm), mesopore (62.5 µm–4 mm), and
macropore (4 mm–256 mm). In recent years, a series of experimental methods, i.e., gas ad-
sorption experiment (N2/CO2) [5–7], X-ray computed tomography (CT) [8–10], field-emission
scanning electron microscope (FE-SEM) [11–14], mercury intrusion porosimetry (MIP) [15,16],
nuclear magnetic resonance (NMR) [17–22], and NMR cryoporometry (NMRC) [23], have
been carried out to explore the micropore structure of common coal-measure sedimentary
rocks. However, limited by the testing principles, each of the aforementioned experimental
methodologies has certain restrictions. Although micropore structures can be measured
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precisely using the gas adsorption technique (N2/CO2), the range is relatively narrow. The
CO2 adsorption technique measures over a range of 2 nm, while the N2 adsorption technique
measures over a range of 2–100 nm [14]. Hence, measuring mesopores and macropores
with gas adsorption is not possible. SEM experiments and CT imaging technologies can
directly observe rock samples [10]. SEM experiments are limited to qualitative analysis of
rock samples, whereas CT experiments can perform quantitative analysis and reconstruct rock
cores. However, limited by instrument resolution, CT experiments cannot guarantee both
resolution and field of view [24]. In the evaluation of the quality of coal-measure sedimentary
rocks, MIP measurements can directly obtain the pore structure parameters, i.e., the pore size
distributions (PSDs), median, and average pore diameter [15,25,26]. Meanwhile, NMR is used
to determine the fluid distribution and pore structure features, including the T2 distribution,
PSD curves, and other physical parameters of reservoir rocks, because it is non-destructive
and highly efficient [17,27]. Nowadays, MIP and NMR measurements are extensively used to
analyze the pore structure features of coal-measure sedimentary reservoir rocks [15,18,21,26].
Li et al. [28] used a combination of MIP and NMR methods to analyze the pore structure
characteristics of coal and verified the accuracy of the measurement results using various
methods. Wang et al. [29] analyzed tight oil sandstone’s pore structure and fractal characteris-
tics by combining MIP and NMR. Research shows that the combination of NMR and MIP can
improve the accuracy of pore structure characterization. The fractal dimension calculated by
the NMR T2 spectrum is practical for rock physical property analysis.

In 1975, the fractal theory was put forward by Mandelbrot to depict the micropore
structure of porous media and has been widely used to investigate the pore structure of
reservoir rocks, i.e., coals, tight sandstones, and shales [15,23,29–32]. Currently, many schol-
ars have found that the fractal theory can accurately describe pore structure heterogeneity
by using N2-GA, MIP, NMR, and NMRC [33–36]. Due to the limitation in measurement
accuracy and calculation theory of a single experimental method, a combination of multiple
experimental methods is often used to illustrate the complex geometric features of pore
structure. Research shows that the fractal dimensions of pore structures vary significantly
with different pore sizes, indicating remarkable multifractal characteristics of reservoir
rocks. Meanwhile, the multifractal dimensions are affected considerably by petrophysical
properties and mineral composition [37,38]. At present, the calculation and influencing fac-
tors of fractal dimension are indistinct because of the complex pore structure characteristics
and mineral composition with strong regional differences. In addition, few quantitative
studies on the influencing factors of fractal dimensions are based on MIP and NMR.

This study aims to analyze pore structure and fractal characteristics of representative
coal-measure sedimentary rocks using MIP and NMR techniques. Meanwhile, multifractal
dimensions of MIP and NMR are calculated, and a corresponding multivariate linear re-
gression model is established. Moreover, the relationship between the physical parameters,
mineral components, and multifractal dimensions is discussed systematically. The results
can provide a basis for reservoir evaluation of coal-measure sedimentary rocks in this
research area.

2. Materials and Methods
2.1. Samples

The research area is located in Daqiang and Jiahe Coal Mines, in Liaoning and Jiangsu
Provinces, China. Twelve common fine sedimentary rock samples with three lithologies (i.e.,
shale, mudstone, and sandstone) were collected from the coal-measure strata of the research
area. After sampling, rock samples were sealed in self-sealing bags and immediately sealed
with wax after being transported to the ground, which were processed into cylindrical
cores with a uniform size of 25 mm × 35 mm in the laboratory. The macromorphological
characteristics are shown in Table 1.

The density of all the investigated samples was determined based on their dry weights
and bulk volume. The water porosity and gas permeability were obtained based on the
ISO/WD 19990 [39]. The water porosities (ϕ) were measured through water saturation
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method, and the permeability (K) was determined using a gas permeability testing ap-
paratus by flowing high-purity nitrogen through the rock samples. According to ISO
10370:2014 [40] and ISO 14689:2017 [41], Bruker D8 Discover X-ray diffractometer and Leco
CS-230 determinator were used to perform the total organic carbon (TOC) and X-ray diffrac-
tion (XRD) measurements. Then, the TOC contents and the mineralogical compositions of
all the core samples could be obtained based on the results of TOC and XRD testing. The
X-ray fluorescence measurements of the rock samples are shown in Figure 1. In addition,
the mineral composition of the rock sample is primarily quartz and clay minerals, with a
trace of K-feldspar and Plagioclase. The clay mineral composition is mainly kaolinite, with
trace amounts of chlorite, illite, and an illite/smectite mixed layer (I/S).

Table 1. Macromorphological characteristics of the rock samples.

Sample No. Lithology Petrographic Characteristics

SS-1
sandstone

Caesious sandstone with good gradation and fine psephicity of grains
SS-2 Grey–white fine sandstone with good gradation of detrital grains

SH-1

shale

Brown laminar shale with noticeable rhyolitic structure
SH-2 Dark-grey laminated silty shale
SH-3 Grey laminated silty shale
SH-4 Brown laminated silty shale

MS-1

mudstone

Gray massive mudstone
MS-2 Gray massive mudstone
MS-3 Yellow–gray massive mudstone
MS-4 Gray massive mudstone
MS-5 Dark-gray massive mudstone
MS-6 Gray massive mudstone

Table 2 lists the TOC contents and the mineralogical compositions of all the core
samples.

Table 2. Total organic carbon (TOC) contents and mineralogical compositions of the investigated rock
samples [11].

Sample No. TOC (%)
Minerals (%) Clay Minerals (%)

Clay Minerals Quartz K-Feldspar Plagioclase Kaolinite Chlorite Illite I/S %S

SS-1 0.03 30 43 8 19 77 9 4 10 30
SS-2 0.06 12 54 11 17 89 6 3 2 25
SH-1 10.81 26 52 5 13 60 10 7 23 25
SH-2 5.18 34 24 3 6 55 23 11 11 25
SH-3 2.92 43 41 4 12 49 20 9 22 25
SH-4 3.29 25 16 1 2 46 23 13 18 25
MS-1 1.73 55 35 3 7 34 26 14 26 20
MS-2 0.84 49 35 4 12 44 25 12 19 25
MS-3 0.62 42 39 4 12 45 26 10 19 25
MS-4 0.73 50 38 3 9 39 25 13 23 25
MS-5 1.08 47 37 4 12 45 23 13 19 25
MS-6 1.21 44 41 3 12 44 25 12 19 25

2.2. MIP Measurements

MIP is a conventional method to obtain pore structure features. Pore size distribution
and some other parameters, including total pore volume/area and average pore diameter,
were all determined using MIP tests using AutoPore IV 9500 Porosimeter in this study.
According to ISO 15901-1:2016 [42], the investigated samples were measured with mercury
injection pressure steps within the scope of 0.5 and 60,000 psia, which corresponds to
pore-throat diameters from 3 nm to 36 5 µm. Pore parameters including total pore area
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and average pore diameter were obtained based on MIP measurements. Meanwhile, pore
radius can be obtained in MIP tests (Equation (1)):

Pc =
2σcos θ

r
(1)

where Pc, σ, θ, and r refer to the capillary pressure (MPa), the surface tension, the contact
angle (◦), and the pore radius (µm), respectively.
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2.3. NMR Measurements

Longitudinal (T1) and transverse (T2) relaxation time can provide similar pore distri-
bution information in a low-frequency magnetic field [43], while the T2 measurement is
much faster than the T1 measurement; hence, the T2 measurement is often used to obtain
pore distribution information [44]. The T2 cutoff (T2c) determined by the centrifugal cali-
bration method is the critical parameter in NMR tests, which is the threshold to identify
the adsorption pore and the seepage pore. Meanwhile, in an external force, the fluid in
the seepage pore can flow freely, while in the adsorption pore, it is difficult to flow by the
capillary action.

Based on ASTM E2977-14 [45], RecCore-04 NMR sample analyzer was used to perform
the NMR tests, with a spectrometer frequency of 3.84 MHz and a constant magnetic field
strength of 1200 gauss. The full water-saturated (Sw) samples were measured using NMR
measurements at a room temperature of −25 ◦C to obtain the T2 spectra. In addition, the
test parameters were set as follows: echo spacing, 0.5 ms; waiting time, 3 s; number of
echoes, 1024; and number of scans, 64. Pore parameters including porosity and permeability
were obtained based on NMR measurements.

3. Results
3.1. TOC and Mineralogical Compositions

As shown in Table 2, the TOC contents are within the scope of 0.03% (SS-1) to 10.81%
(SH-1), reflecting the abundance of organic matter. The total organic carbon averages of
sandstone, mudstone, and shale are 0.05%, 1.04%, and 5.55%, respectively. Meanwhile,
organic matter in clay rocks is significantly more plentiful than that of sandstone. On the
one hand, the enrichment of organic matter originates from the input of terrigenous clast.
On the other hand, the oxidation–reduction environment plays a vital role in preserving
organic matter during diagenetic processes [4,46].

The mineral composition of the investigated rock is dominated by clay minerals and
quartz. The main composition of the clay minerals is kaolinite, ranging from 34% (MS-1) to
89% (SS-2), and the average is 37.9%. Among all samples, the quartz content ranges from
16% (SH-4) to 54% (SS-2); the average is 37.9%. Meanwhile, the content of clay mineral
averages 38.1%, ranging from 12% (SS-2) to 55% (MS-1). The clay mineral content of
mudstone and shale is significantly higher than sandstone, which is between 25% and 55%.

3.2. Petrophysical Properties

As shown in Table 3, the sandstone samples collected from the two coal mines have
a massive difference in petrophysical properties. The total porosity and permeability of
sandstone are remarkably higher than that of the clay rock samples in the Daqiang Coal
Mine. In contrast, rock samples of the Jiahe Coal Mine have similar properties. Among
all the rock samples, the porosity range of clay rock samples is 1.40–13.40%, with an
average of 7.24%. In addition, low permeability reservoir rocks, i.e., shale and mudstone
samples, have poor permeability values, ranging from 0.0003 mD (SH-1) to 0.0048 mD
(MS-2). The permeability of SH-2 and MS-3 is significantly lower than that of others with
similar porosity because the poor connectivity of the pore structure hinders the fluid flows
in the pore throat.

Table 3. Petrophysical properties of the investigated rock samples [11].

Sample No. Density
(g/cm3)

Total Porosity
ϕ (%)

Permeability
K (mD)

Total Pore Area
(m2/g)

Average Pore
Diameter (nm)

SS-1 2.57 3.70 0.0046 10.61 10.60
SS-2 2.17 17.50 2.4133 5.20 230.40
SH-1 2.53 1.40 0.0003 10.83 9.5
SH-2 2.64 6.30 0.0006 9.65 11.1
SH-3 2.36 8.20 0.0015 9.18 11.3
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Table 3. Cont.

Sample No. Density
(g/cm3)

Total Porosity
ϕ (%)

Permeability
K (mD)

Total Pore Area
(m2/g)

Average Pore
Diameter (nm)

SH-4 2.51 13.40 0.0028 11.17 10.3
MS-1 2.44 4.70 0.0018 9.62 13
MS-2 2.46 5.80 0.0048 9.42 13.2
MS-3 2.40 6.40 0.0008 8.1 15.6
MS-4 2.40 7.70 0.0017 10.36 13.6
MS-5 2.40 8.30 0.0012 9.75 14.7
MS-6 2.37 10.20 0.0026 8.27 15.8

3.3. Pore Size Distributions (PSDs) Determined by MIP

Pore structure features, i.e., total pore area and average pore diameter determined
by MIP tests, are listed in Table 3. The results show that total pore areas are in the range
of 1.20 m2/g (SS-2) to 12.17 m2/g (SH-4), and the average pore diameters range from
6.7 nm (MS-1) to 230.40 nm (SS-2). The sandstone samples have lower total pore areas
with higher average pore diameters than clay rock samples. The average pore diameter of
SS-2 is significantly higher than that of the other rock samples, indicating it has stronger
pore volumes.

According to the data of the MIP tests, the PSD curves shown in Figure 2 demonstrate
the distribution of pore structure. The pore types of experimental samples are dominated by
nanopores (r < 1 µm) and micropores (1 µm < r < 62.5 µm). Meanwhile, the pore volumes
of the investigated samples are within the scope of 0.0074 mL/g (SH-1) to 0.069 mL/g
(SS-2). The PSD curves contain three types. The PSD of most clay rock samples has a similar
trend that the total pore volume increases rapidly within the scope of 0.01 µm to 0.1 µm
while increasing weak in the rest of the pore size range, which indicates the pore types of
rock samples are dominated by nanopores ranging from 0.01 µm to 0.1 µm. Meanwhile,
the cumulative pore volume of sandstone samples (SS-2) is significantly larger than that
of the others, indicating that SS-2 has the greatest porosity. In addition, the PSD curve of
SS-2 increases rapidly in the range of 0.01–10 µm, while it is relatively smooth in other pore
sizes, indicating the dominant pore size of SS-2 ranges from 0.01 µm to 10 µm. Moreover,
the PSD curves of samples (SS-1 and SH-1) maintain a weak variation range in the full pore
size range, only increasing slightly when the pore size is less than 0.1 µm, which indicates
that the dominant pore type of SS-1 and SH-1 is a nanopore.
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3.4. T2 Distributions and PSD Determined by NMR

The T2 distribution is commonly used in the NMR measurement, which is expressed
as [43,47]:

1
T2

=
1

T2B
+

1
T2D

+
1

T2S
(2)

where T2 is the total transverse NMR relaxation time; T2B, T2D, and T2S are the bulk,
diffusion, and surface relaxation time, respectively. The T2 spectrums of the investigated
sample are presented in Figure 3, which depicts the full spectrum pore distributions of
the investigated samples. It can be found that the T2 spectra of all the numbered samples
exhibit a single peak distribution, with significant differences in the positions and scales
of the peaks. The peak of SS-1 is located at 1 ms, with the prominent peak distributed at
0.1–10 ms, while the peak of SS-2 occurs at 100 ms, with the prominent peak ranging from
1 to 1000 ms. It indicates that SS-1 consists mainly of micropores with a comparatively
low pore content, whereas SS-2 predominantly comprises mesopores with an extensive
pore size distribution. The peak of the clay rock samples generally appears at 1 ms, with
the primary peak distributed between 0.1 and 10 ms, indicating that the clay rock samples
consist primarily of micropores. The pore size distribution of the mudstone samples is
comparable, as well as the micropore content of the mudstone samples is typically greater
than that of the shale samples. Among the shale samples, SH-1 has the highest micropore
contents within the range of 0.1–10 ms, whereas the other three samples have comparatively
low micropore contents, with a small number of pores greater than 10 ms.
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On the basis of the principle of NMR measurement [23], the bulk and diffusion
relaxation can be ignored, and the T2 spectra and pore radius, r, show a linear correlation
in Equation (3):

T2 =
r

ρ× F
(3)

where F is the pore shape factor, and r refers to the pore radius, µm.
The quantitative division of adsorption pore and seepage pore is particularly important

for reservoir quality evaluation. The fluid in the adsorption pore flows with difficulty due
to electrostatic and capillary forces, while the fluid in the seepage pore can flow freely
under certain pressure. Commonly, the pore size threshold of adsorption and seepage pores
is 0.1 µm [11]. In this study, the analyzed samples’ T2 distributions are converted into PSD
curves based on Equation (3). Figure 4 displays the range of pore diameter distribution
and the different pore types found in each sample based on the converted PSD curves. As
shown in Figure 4 and Table 4, all the PSD curves are unimodal distributions. The peak of
sandstone (SS-1), shale, and mudstone are distributed, ranging from 0.01 µm to 1 µm, with
the peak points concentrated on about 0.1 µm. The peak area ratios of ≤0.1 µm, 0.1–1 µm,
and >1 µm are 38.87–82.14%, 5.20–61.13%, and 0–12.66%, respectively. Moreover the peak
area ratio of ≤1 µm is 87.34–100%, indicating that the dominant pore sizes of sandstone
(SS-1), mudstone, and shale range from 0.01 to 1 µm and adsorption pores are the dominant
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pores. The peak of sandstone (SS-2) is distributed within the scope of 1 µm to 100 µm,
with the peak point focused on about 10 µm, and the peak area ratio of >1 µm accounts for
67.92%, indicating that the dominant pore size of sandstone (SS-2) is in the range of 1 µm
to 100 µm and seepage pores are the dominant pores.
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Sample No.

Semaphore Amplitude/a.u.

Adsorption Pores Seepage Pores

R ≤ 0.1 µm Proportion/% 0.1 µr < r ≤ 1 µm Proportion/% R > 1 µm Proportion/%

SS-1 1724.89 78.93% 256.98 11.76% 203.38 9.31%
SS-2 127.32 1.11% 3562.99 30.98% 7811.42 67.92%
SH-1 1008.98 82.14% 63.92 5.20% 155.51 12.66%
SH-2 2440.47 53.63% 2047.11 44.99% 62.64 1.38%
SH-3 2208.56 49.31% 1992.96 44.50% 277 6.19%
SH-4 6739.31 56.14% 5166.55 43.04% 98.14 0.82%
MS-1 3167.79 45.49% 3796.23 54.51% 0 0.00%
MS-2 3800.55 77.68% 1033.72 21.13% 58.47 1.20%
MS-3 2947.82 44.62% 3638.8 55.08% 19.36 0.29%
MS-4 3073.61 43.69% 3891.42 55.32% 69.54 0.99%
MS-5 3305.6 48.37% 3528.63 51.63% 0 0.00%
MS-6 2793.11 38.87% 4392.15 61.13% 0 0.00%

3.5. Fractal Dimension Calculated Using MIP

The fractal equation is shown as follows based on the fractal geometry [30]:

SHg =

[
r

rmax

]3−DMIP

(4)

Equation (4) can be converted as:

lgSHg = (3−DMIP)lgr + (DMIP − 3)lgrmax (5)

where r; rmax; SHg; and DMIP refer to pore-throat radius, µm; maximum pore-throat radius,
µm; cumulative pore volume (<r), %; and fractal dimension, respectively.

Figure 5 shows the double logarithmic relationship of all rock samples between r and
SHg, in which an apparent difference exists in the tangent slope between the two sides of the
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experimental sample at r = 0.1 µm. Hence, the curves are divided into two parts, and the
multifractal dimensions of the adsorption pore (r < 0.1 µm) and seepage pore (r ≥ 0.1 µm)
are calculated. Table 5 shows the correlation effect of multifractal dimensions and that
the average correlation coefficients of the adsorption pore and seepage pore are 0.843 and
0.871, respectively. The relationship between DMIP is DA < Df < DS, which has prominent
multifractal characteristics. The values of DA (r < 0.1 µm) range from 2.045 (SH-3) to
2.540 (SH-1), with an average of 2.274. Meanwhile, those of DS (r ≥ 0.1 µm) are between
2.877 (SH-1) and 2.907 (SH-2), with an average of 2.933.
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3.6. Fractal Dimension Calculation Using NMR

The total relaxation mechanism of NMR can be simplified as follows [43]:

1
T2
≈ 1

T2S
= ρ

(
S
V

)
= ρ

Fs

r
(6)

where T2S refers to the transverse volume relaxation, ms; ρ refers to the T2 surface intensity,
µm/ms; and F refers to where ρ, F, and r refer to the T2 surface intensity, µm/ms, the pore
shape factor and the pore radius, µm, respectively.

The Sv (cumulative pore volume fraction) can be expressed as:

Sv =
V(< r)

V
=

r3−D − r3−D
min

r3−D
max − r3−D

min

(7)
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When rmin << rmax, Equation (7) can be simplified as:

Sv =

(
r

rmax

)3−D
(8)

Then, Equation (8) can be converted as:

Sv =

(
T2max

T2

)D−3
(9)

Equation (10) can be expressed as:

lgSv = (3−D)lgT2 + (D− 3)lgT2max (10)

where T2max, D, and SV refer to the maximal transverse relaxation, the fractal dimension,
and the cumulative pore volume fraction, respectively.

As shown in Figure 6, the double logarithmic relationship of all rock samples between
T2 and SV, in which an apparent difference exists in the tangent slope between the two
sides of the experimental sample at T2 = 1 ms. Hence, the pore size is divided into two
parts: T2 < 1 ms and T2 ≥ 1 ms, and the multifractal dimensions of the adsorption pore
(T2 < 1 ms) and seepage pore (T2 ≥ 1 ms) are calculated, respectively.
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Figure 6. Double logarithmic relationship between T2 and Sv of NMR.

As shown in Table 6, the DA is in the range of 2.036 (MS-3) to 2.456 (MS-1), with an
average of 2.133. The DS is between 2.881 (MS-6) and 2.998 (SH-4), with an average of
2.933, denoting the prominent multifractal characteristics of the core samples. Moreover,
the relationship of DNMR is DA (adsorption pore) < Df (full-size pore) < DS (seepage pore),
Meanwhile, multifractal dimensions are calculated, in which the DA is close to 2, as well as
the DS is close to 3. This implies that the adsorption pores have good homogeneity, while
the seepage pore structure is relatively complex and has strong heterogeneity. Moreover,
SS-2 has a wide distribution of the T2 spectrum with a bit of change in the correlation curve
of the full pore size, indicating that the fractal dimension of the sandstone sample SS-2
shows good continuity.

A comparison of the calculated results of DMIP and DNMR is shown in Figure 7.
As mentioned above, both DMIP and DNMR exhibit obvious multifractal characteristics,
in which the DA is substantially lower than DS, demonstrating great homogeneity of
adsorption pores. The results of DMIP and DNMR are comparable when calculating the
fractal dimension of seepage pores, although the DA estimated by the MIP experiment is
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typically higher than that determined by the NMR experiment. This may be due to the
principle of MIP experiments. The measuring aperture and mercury injection pressure
in MIP testing are inversely related. The mercury injection pressure used to evaluate the
seepage pores is minimal and will not cause damage to the pore structure. However,
the pore size of the adsorption pore is typically tiny, and the mercury injection pressure
required for measurement is significant. The pore structure will be harmed by the excessive
mercury injection pressure, and the pore structure’s increased heterogeneity will lead
to measurement inaccuracies. The NMR experiment has the characteristic of being non-
destructive, so the results are fairly precise when determining the adsorption pore’s size.

Table 6. Calculation results of DNMR.

Sample
No.

Porosity
ϕ (%)

Permeability
K (mD)

TOC
(%) Df

Correlation
Coefficient DA (T2 ≤ 1 ms) Correlation

Coefficient DS (T2 > 1 ms) Correlation
Coefficient

SS-1 3.70 0.0046 0.03 2.795 0.425 2.235 0.84 2.988 0.812
SS-2 17.50 2.4133 0.06 2.507 0.766 / / / /
SH-1 1.40 0.0003 10.81 2.834 0.391 2.456 0.773 2.985 0.817
SH-2 6.30 0.0006 5.18 2.786 0.423 2.165 0.871 2.997 0.45
SH-3 8.20 0.0015 2.92 2.724 0.48 2.041 0.913 2.986 0.509
SH-4 13.40 0.0028 3.29 2.811 0.391 2.256 0.841 2.998 0.794
MS-1 4.70 0.0018 1.73 2.764 0.425 2.048 0.877 2.955 0.793
MS-2 5.80 0.0048 0.84 2.728 0.436 2.056 0.889 2.998 0.33
MS-3 6.40 0.0008 0.62 2.725 0.451 2.036 0.887 2.879 0.905
MS-4 7.70 0.0017 0.73 2.75 0.44 2.078 0.889 2.997 0.41
MS-5 8.30 0.0012 1.08 2.76 0.435 2.041 0.888 2.923 0.89
MS-6 10.20 0.0026 1.21 2.729 0.446 2.053 0.88 2.881 0.88
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4. Discussion

The experimental rock samples present apparent multifractal characteristics on the
basis of the calculation results of fractal dimensions. This section analyzes the influencing
factors of the multifractal dimensions of 10 clay rock samples. Because the MIP experiment
is affected by the mercury inlet pressure when measuring micropores, this section selects
the DNMR for discussion [23].

4.1. Correlation between Physical Properties and Multifractal Dimensions

To explore the role of physical properties on the fractal features of the experiment
samples, the correlation between multifractal dimensions, and the total pore area, the
average pore diameter is plotted in Figure 8.

As can be observed, the numbered samples possess remarkable multifractal character-
istics, which are affected considerably by petrophysical properties. The Df, DA, DS, and
total pore area show a positive correlation, and the correlation coefficients are 0.687, 0.675,
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and 0.511, respectively. The relationship of multifractal dimensions is DA < DS, indicating
that the seepage pore has a more heterogonous pore structure. Meanwhile, both DA and
DS increase with increasing total pore area, which may be due to the fact that the change in
the pore space and specific surface area leads to the rise in the heterogeneity of the pore
structure [48]. The correlation of DA with the total pore area is better than that of DS with
the total pore area, which is consistent with previous studies [19,23,49]. For adsorption
pores, DA mainly reflects the surface structure of micropores, greatly influenced by the
roughness and specific surface area of the pore surface.
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Additionally, the Df, DA, and DS negatively correlate with the average pore diameter,
with correlation coefficients of 0.597, 0.609, and 0.651, respectively. Both DA and DS increase
with decreasing average pore diameters, indicating that rock samples with tiny average pore
diameters may comprise more throats and micropores, resulting in increasing heterogeneity
and more complex pore structures. The DS shows a better correlation with average pore
diameters than DA. For seepage pores, DS may best depict the pore structure fractal
dimension, which is more susceptible to the average pore diameter than DA. Multifractal
dimensions can better characterize the heterogeneity of rock samples, in which DA reflects
the surface structure of micropores, while DS represents the pore structure of macropores.

4.2. Correlation between Minerals and Multifractal Dimensions

The correlations between the multifractal dimensions and the TOC content, clay
minerals, quartz, chlorite, and illite are shown in Figure 9. The Df and DA positively
correlate with TOC content with correlation coefficients of 0.646 and 0.845, respectively,
whereas the DS inconspicuously correlates with TOC content. TOC content reflects the
abundance of organic matter. Rock samples with high TOC content have more micropores,
which leads to a more complex pore structure of adsorption pores, resulting in an increase
in DA [50].

Due to the interaction of multiple factors, i.e., depositional environment, pore type, and
the type and content of mineralogical compositions, different mineralogical compositions
have diverse mechanical properties and chemical stability, which have various effects on the
fractal dimensions. The content of quartz and kaolinite have no apparent correlation with
fractal dimensions for some reason, whereas the content of the clay mineral composition
shows a negative correlation with the Df and DA but an inconspicuous correlation with
DS. Moreover, the content of chlorite and illite shows no apparent correlation with Df
and DS but a negative correlation with DA. Clay minerals, including chlorite and illite,
mainly contained in the adsorption pores with relatively small pore sizes, are the main
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factors affecting the pore structure of reservoir rocks. Hence, the influence of clay mineral
composition on the adsorption pores is significant. After reacting with the fluid, the surface
of the clay minerals becomes uniform, and the pore heterogeneity is weakened, leading to
a decrease in fractal dimensions.
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4.3. Fractal Dimension Mathematical Model

As shown in Figures 3 and 4, the experimental samples exhibit prominent multifractal
characteristics. The multifractal dimensions are affected by many factors with complex
mechanisms. In this paper, the mechanism of action is simplified in order to quantitatively
study the effects of various factors on the multifractal dimension. It is assumed that
each linearly independent factor linearly correlates with the fractal dimension. Based on
correlation analysis, total pore area, and average pore diameter, the content of TOC and clay
minerals are selected as the main factor affecting multifractal dimensions. A multivariate
linear regression analysis of fractal dimensions was carried out using SPSS, a statistical
software for multivariate statistics, to establish the corresponding multivariable linear
regression model.

(1) The multivariable linear regression model is established as Equation (11):

D = a + bS + cr + d1CT + d2CC (11)

where D is the multifractal dimension; a is const; b, c, d1, and d2 are the weighting factors
of total pore area, average pore diameter, and the content of TOC and clay minerals,
respectively; S is the total pore area; r is the average pore diameter; and CT and CC are the
absolute content ratios of TOC and clay minerals, respectively.

(2) Entering the parameters after the standardization process, a multivariate linear
regression analysis of multifractal dimensions was conducted using SPSS to establish the
corresponding multivariable linear regression model, which is shown in Table 7.
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Table 7. Parameters of multivariable linear regression models.

Model R2 F a
S r TOC Clay Minerals

Beta t Beta t Beta t Beta t

DA 0.981 31.454 1.648 0.413 2.877 0.274 1.530 0.578 3.642 −0.390 −2.906
DS 0.933 8.371 3.148 0.282 1.068 −1.154 −3.491 −0.474 −1.622 0.302 1.221

The parameters of the multivariable linear regression models are presented in Table 6,
in which R2 is the correlation coefficient, F is the statistical value of F-test, and a is const.
In this section, ten rock samples from the Daqiang Coal Mine are selected for analysis,
and the relationship between the total pore area, average pore diameter, TOC content,
clay mineral content, and multifractal dimensions is discussed. Therefore, the number
of samples and independent variables is 10 and 4, respectively. Moreover, the degree of
freedom is determined by the number of samples and independent variables, and 0.05 is
selected as the level of significance in a significance test.

(1) Firstly, the significance test of the whole regression model should be conducted
before the significance test of each regression coefficient, which is the joint hypotheses test
(F-test). The F-test is used to determine whether the model has a regression relationship.
After determining the number of independent variables, degrees of freedom, and the level
of a significance test, the critical value of the F-test can be obtained by the critical table, in
which F0.05(4, 5) = 5.192. When |F| ≥ |F0.05(4, 5)|, there is a linear regression relationship
between influence factors and multifractal dimensions. Moreover, it can be found that there
is a linear regression relationship between Df, DA, DS, and influence factors.

(2) Secondly, a Student’s t-test (t-test) is carried out on the model parameters of each
factor to judge the significance of each independent variable to the dependent variable, of
which the degree of freedom and the level of a significance test are 5 and 0.05, respectively.
After determining the degree of freedom, and the level of a significance test, the critical
value of the T-test can be obtained using the critical table. The critical table of the t-test
shows that t5(0.05) = 2.571; when |t| ≥ |t5(0.05)|, the influence factor has a significant effect
on multifractal dimensions.

(3) Finally, the influencing factors are quantitatively analyzed. The larger the absolute
value of the influencing weight coefficient is, the greater the prestige of the factor on the
fractal dimension is, and vice versa.

As can be observed, the correlation effect of the multivariate linear regression model
is excellent. On the one hand, for adsorption pores, the total pore area, and the contents
of TOC and clay minerals have significant effects on DA, while the average pore size has
no apparent effect. On the other hand, for seepage pores, only the average pore size has a
significant effect on the DS, while the total pore area, the contents of TOC and clay mineral
composition have no apparent effect, which confirms the above analysis. The multivariate
linear regression model of fractal dimension can be expressed as follows:

DA = 1.648 + 0.413S + 0.578CT − 0.390Cc
DS = 3.148− 1.154r

(12)

5. Conclusions

In this paper, the pore structure and fractal features of three typical coal-measure
sedimentary rocks from the Daqiang and Jiahe Coal Mines in China were investigated
using MIP and NMR experiments. The following conclusions were obtained:

(1) The investigated samples are dominated by clay minerals and quartz, with TOC
contents ranging from 0.03% to 10.81%. The main composition of clay minerals is
kaolinite and chlorite.

(2) The pore structure features of the investigated samples reveal obvious deviations. All
the PSD curves are unimodal distributions. The sandstone (SS-1), mudstone, and shale



Energies 2023, 16, 3812 15 of 17

are mainly with nanopores of 0.01–1 µm, while the sandstone (SS-2) is dominated by
mesopores and macropores of 1–100 µm.

(3) The pore structures of the investigated samples show prominent multipartite charac-
teristics using MIP and NMR tests. Multifractal dimensions can better characterize the
heterogeneity of rock samples, in which DA reflects the surface structure of micropores,
while DS represents the pore structure of macropores.

(4) Multifractal dimensions are affected by many factors, in which DA is greatly influ-
enced by the pore surface features and mineral components and DS by average pore
diameters. Moreover, the multivariate linear regression model of adsorption pores
and seepage pores were established, respectively, which has a better correlation effect
on the multifractal dimensions.
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