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Abstract: Pore and fracture structure heterogeneity is the basis for coalbed methane production
capacity. In this paper, high-pressure mercury intrusion test curves of 16 coal samples from the
Taiyuan Formation in the Linxing area are studied. Based on the fractal dimension values of mercury
intrusion and retreat curves, the correlation between the two different fractal parameters is studied.
Then, the permeability variation of different types of coal samples is studied using overlying pressure
pore permeability tests. The correlation between the permeability variation of coal samples and
dimension values is explored, and the results are as follows. (1) Based on porosity and mercury
removal efficiency, all coal samples can be divided into three types, that is, types A, B, and C. Among
them, Type A samples are characterized by lower total pore volume, with pore volume percentages
ranging from 1000 to 10,000 nm not exceeding 15%. (2) During the mercury injection stage, both the
M-model and S-model can reflect the heterogeneity of seepage pore distribution. In the mercury
removal stage, the M-model cannot characterize the heterogeneity of pore size distribution in each
stage, which is slightly different from the mercury injection stage. (3) The permeability of Type A
samples is most sensitive to pressure, with a permeability loss rate of up to 96%. The original pore
and fracture structure of this type of coal sample is relatively developed, resulting in a high initial
permeability. (4) There is no significant relationship between compressibility and fractal dimension of
mercury injection and mercury removal, which may be due to the comprehensive influence of pore
structure on the compressibility of the sample.

Keywords: coalbed methane reservoirs; pore and fracture structure; mercury intrusion; mercury
removal; fractal dimension

1. Introduction

Over the past 20 years, exploration and development of coalbed methane in China has
gradually shifted from shallow formations (less than 2000 m) to deep formations [1–5]. Differ-
ing from shallow coal seams, deep coal reservoirs are characterized by higher temperature,
pressure, and gas saturation [6–9]. The special temperature and pressure conditions make the
production capacity of deep coalbed methane more complex. The pore size distribution of
coal reservoirs and structural heterogeneity under these constraints have become one of the
key factors restricting the production capacity of deep coalbed methane [10–12]. Therefore,
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the quantitative characterization of pore–fracture structures in coal reservoirs is the basis for
revealing the production process of coalbed methane.

High-pressure mercury intrusion testing has become one of the commonly used meth-
ods to characterize pore and fracture structures of unconventional reservoirs [13–18]. Based
on high-pressure mercury intrusion testing data, single and multifractal models have been
used to calculate the fractal dimension value D [19–22]. The quantitative characterization
of pore and fracture structures has been achieved using the fractal dimension, and corre-
lation between fractal dimension and pore-structure parameters have been studied. The
results show that the fractal dimension of seepage pores controls the sample’s percolation
capacity, while the fractal dimension value of adsorption pores mainly affects the sample’s
adsorption capacity [14,15,23–26]. Meanwhile, the applicability of different fractal models
(Menger model, Sierpinski model, multi-fractal model, and so on) in characterizing the
heterogeneity of pore volume distribution has been studied [20,27–30]. Zhang et al. (2022)
and Yao et al. (2024) show that the S-model could characterize distribution heterogeneity of
seepage pores and macropores, which is consistent with the mercury injection stage [30,31].
However, the M-model cannot characterize heterogeneity of pore size distribution in each
stage [32–34].

Above all, some research has been conducted on pore and fracture structure hetero-
geneity in coal reservoirs, and some conclusions have been reached. However, there are
still some problems in this field. Firstly, the mercury intrusion curve is often used for fractal
dimension calculation. The process of coalbed methane extraction is often consistent with
the mercury removal process, and the calculation of the fractal dimension for the mercury
removal curve needs to be studied. Secondly, while the fractal dimension is the main
parameter for quantitatively characterizing pore and fracture structure, it has not yet been
studied for its influence on the dynamic variation of permeability in coal reservoirs.

In this paper, high-pressure mercury intrusion test curves of 16 coal samples from
the Taiyuan Formation in the Linxing area are the research objects. Based on the fractal
dimension values of mercury intrusion and retreat curves, the correlation among the two
different fractal parameters is studied. Then, the permeability variation of different types of
coal samples are studied using overlying pressure pore permeability tests. The correlation
between the permeability variation of coal samples and dimension values is explored.

2. Experimental Tests and Fractal Theory
2.1. Sample Preparation and Experimental Testing

Linxing area is located in Linxian and Xingxian counties in the west of Shanxi Province.
It is tectonically located in the Yishan slope of the Ordos Basin and Jinxi flexural belt, and it
is generally a monoclinal structure. Coal-bearing strata of the Upper Carboniferous series
and Lower Triassic series are found in the area, and the depth of strata buried gradually
increases from east to west, and then the depth of strata buried in the southwest side of the
block is greater than 2000 m.

Seismic exploration shows that the area can be further divided into three tectonic units.
Among them, the east and middle are uplift areas affected by intrusive rocks, and the faults
are developed and distributed in a ring radial pattern. The central part is a syncline area
developed around the uplift, which is distributed in a ring. The west, north, and south are
gentle fold areas with little dip. The relatively simple monoclinal structure in the region is
generally conducive to CBM enrichment, and the Zijinshan fault development area in the
east and central region is unfavorable to CBM preservation. However, due to its relatively
good reservoir physical properties, there may be high CBM enrichment production areas in
some areas.

The depth of coal seams in the study area is large, with most being greater than 1500 m.
The buried depth of the No. 5 coal seam is 1018~2046 m, with an average of 1833 m. The
buried depth of the No. 9 coal seam is 1087~2102 m, with an average of 1902 m. The buried
depth of the coal seams gradually increases from the northeast to southwest in general, and
the buried depth is less in the central and eastern uplift area, about 1000 m.
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Experimental Methods

First, the experimental samples were ground into powder form and tested for their
industrial and microscopic composition. Then, the polished samples were placed at 60 ◦C
to dry for 48 h. Secondly, the pore rupture test was carried out on the sample using the
9520 mercury porosimeter; the maximum experimental pressure was 100 MP, the pore size
measurement range was 0.019–280.310 µm, and the test temperature was room temperature.
By constantly changing the magnitude of the pressure, the pore size distribution and
specific surface area of the samples were measured. The pore diameter distribution of all
the coal samples is as follows in Table 1.

Table 1. Pore diameter distribution of all the coal samples.

Sample No.
Pore Volume Percentage Total Pore Volume

(cm3.g−1)1000~10,000 nm 100~1000 nm <100 nm

Sample 1 0.350940 0.439858 0.162607 0.62

Sample 2 0.342581 0.342581 0.109484 0.72

Sample 3 0.058558 0.706110 0.196726 0.45

Sample 4 0.027623 0.601304 0.281899 0.61

Sample 5 0.411441 0.430599 0.121557 0.72

Sample 6 0.121634 0.517105 0.322312 1.01

Sample 7 0.364601 0.393557 0.202819 1.25

Sample 8 0.436466 0.216497 0.303412 1.07

Sample 9 0.286781 0.414983 0.242208 0.78

Sample 10 0.378117 0.292714 0.251814 0.25

Sample 11 0.543533 0.343387 0.061794 1.23

Sample 12 0.562847 0.281068 0.093983 1.27

Sample 13 0.078906 0.093010 0.634251 0.61

Sample 14 0.588606 0.285951 0.065170 1.34

Sample 15 0.541624 0.321347 0.075186 1.09

Sample 16 0.012191 0.453752 0.474507 0.56

2.2. Fractal Theory

The Menger model (M-model) is shown in Equation (1) [35].

lg(dv/dp) ∝ (D − 4)lg(p) (1)

where DM is a fractal dimension and is dimensionless; P is the intrusion pressure, MPa;
and V is the total intrusion volume, cm3·g−1.

The Sierpinski model (S-model) is shown in Equation (2) [36].

ln(v) = (3 − D) ln(p − pt + lna) (2)

where V is the volume of mercury injected into the sample, ml; P is the intrusion pressure,
Mpa; Pt is the threshold pressure, Mpa; DS is the fractal dimension; and a is a constant.

q~D(q) is a set of basic languages to describe the local features of multifractals, and the
formula for calculating D(q) is as follows:

D(q) =
τ(q)
q − 1

(3)

where τ(q) is the mass index function and q is the statistical order of moments.
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To quantitatively describe the effect of effective stress on permeability, the dimen-
sionless parameter permeability loss rate Dk was introduced to describe the permeability
sensitivity [37]. Dk is defined as follows:

Dk =
k0 − ki

k0
× 100% (4)

where k0 is the permeability of the coal sample under the initial confining pressure, mD;
and ki is the permeability of the coal sample after applying confining pressure i times, mD.

The Cf calculation method can be verified by the DP-P test,

C f =
− ln(k/k0)

3(σ − σ0)
(5)

where Cf is the pore compressibility coefficient under the change in horizontal effective
stress, MPa−1; k is the permeability after the horizontal stress changes to σ Mpa, mD; and
k0 is the initial permeability, mD.

The data source of the above fractal model is the mercury intrusion curve, and the
pore–fracture structure heterogeneity of the reservoir is discussed by calculating the fractal
dimension. Whether the mercury removal curve has fractal characteristics and its limita-
tions on porosity and permeability changes are open to discussion. Based on the mercury
regression curves of the same sample, the fractal dimensions of the three fractal dimensions
were calculated. The difference in fractal characteristics between the mercury intrusion
curve and the mercury removal curve of the same sample is discussed.

3. Results and Discussion
3.1. Pore and Fracture Distribution Based on High-Pressure Mercury Test

Based on the basic information of the samples and the experimental parameters of high-
pressure mercury, the 16 samples were divided into three types, A, B, and C, by the porosity
and total pore volume. This is because the mercury removal efficiency reflects the uniformity of
the pore throat distribution. In contrast, porosity reflects the reservoir capacity, permeability,
pore water pressure, and lithology identification of rocks, which is an important indicator of
rock pore properties. Among the types, Type A comprises samples with a lower total pore
volume and lower percentage of pore volumes within the 1000–10,000 nm range, with the
total pore volume ranging from 0.2 to 1.0 cc and the percentage of pore volumes within the
1000–10,000 nm range not exceeding 15%. Type B comprises samples with a lower total pore
volume and a higher percentage of pore volumes within the 1000–10,000 nm range, with the
total pore volume ranging from 0.2 to 0.8 cc and the percentage of pore volumes within the
1000–10,000 nm range exceeding 25%. Type C comprises the samples with a high total pore
volume and a large percentage of pore volumes at 1000~10,000 nm, whose total pore volume is
0.8~1.4 cc and pore volume percentage at 1000~10,000 nm is greater than 30% (Figure 1).

Figure 2a shows that when the mercury intrusion pressure is less than 1 MPa, the
mercury intrusion curves of all samples are relatively slow. When the mercury intrusion
pressure is between 1 and 100 MPa, the mercury intrusion curves of all samples increase,
indicating that the samples have extensive microscopic pores. Figure 2b shows that in Type
B when the mercury intrusion pressure is less than 0.3 MPa, the mercury intrusion curves
for all samples are relatively slow. When the mercury intrusion pressure is between 0.3
and 100 MPa, the mercury intrusion curves for all samples increase. During the mercury
removal process, the curves are relatively steep, indicating that the connectivity of the
pore throats in all samples is good. Figure 2c shows that in Type C when the mercury
intrusion pressure is less than 0.3 MPa, the mercury intrusion curves for all samples are
relatively slow. The mercury intrusion pressure was increased from 0.3 to 100 MPa during
the mercury intrusion process, and the mercury intrusion curves of all samples increased.
During the mercury removal process, the mercury removal curves were relatively flat, and
the mercury removal efficiency was low, indicating that the connectivity of the pore and
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fracture system in all samples was poor. According to the differences in research objectives,
the relevant literature has classified sample types based on factors such as pore structure
parameters and mineral composition. Figure 2d–f show that all samples can be divided
into three categories based on pore structure parameters (total pore volume, percent of
pores with diameters of 10~100 nm and >100 nm) and porosity. To achieve a fine-scale
characterization of the pore–fracture system in coal reservoirs, the pore–fracture system
was divided into macropores (with diameters of 1000~10,000 nm), seepage pores (with
diameters of 100~1000 nm), and adsorption pores (with diameters less than 100 nm).
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Figure 1. Parametric subsample results of high-pressure mercury testing. 
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Figure 2. Pressure–mercury curves of different samples and their pore distribution characteristics.
(a,d) High pressure mercury intrusion curve and pore size distribution of type A sample; (b,e) High
pressure mercury intrusion curve and pore size distribution of type B sample; (c,f) High pressure
mercury intrusion curve and pore size distribution of type C sample.

The percentage of seepage pore volume of Type B samples is 30~50%, which is larger
than that of Type C samples and smaller than that of Type A samples. The percentage of
macropore volume of Type C samples was 30–60%, larger than that of Type B samples,
but the percentage of macropore volume of Type B samples was much higher than that
of Type A samples (Figure 3). In general, the seepage pores and adsorption pores of Type
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A samples are more developed, while the macropores of Type B and Type C samples are
more developed.
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Figure 3. Comparison of pore distribution characteristics of different types of samples. (a) Distribution
of pores with pore sizes ranging from 1000 to 10,000 in different samples; (b) Distribution of pores
with pore sizes ranging from 100 to 1000 in different samples; (c) Distribution of pores with pore sizes
ranging from 2 to 100 nm in different samples.

3.2. Pore–Fracture Distribution Heterogeneity by Using Mercury Intrusion Curves

The DM value can be calculated by the sponge model. The fractal curve can reflect the
obvious linear negative correlation between lgp and lg (dv/dp), which indicates that the
mercury intrusion fractal characteristics of the sample can be well reflected by the model.
The linear fit of Type A samples ranges from 0.08 to 0.74, and the DM value ranges from
3.1 to 4.4. The linear fit of Type B samples ranges from 0.96 to 0.99, and DM values range
from 2.3 to 2.7 (Figure 4). The linear fit of Type C samples ranges from 0.89 to 0.99, and DM
values range from 2.3 to 2.9 (Figure 4). By comparison, the DM value of Type B is similar to
that of Type C samples, indicating that the heterogeneity of pore structure distributions of
Type B and C samples are similar.

The DS value is calculated from the S-model. The fractal curve can reflect that there is
an obvious linear positive correlation between lnp and lnv, which indicates that the fractal
characteristics of samples can be well reflected by the model. The linear fit of Type A
samples ranges from 0.86 to 0.97, and DS values range from 1.9 to 2.2. The linear fit of Type
B samples ranges from 0.73 to 0.95, and DS values range from 2.5 to 2.7 (Figure 5). The
linear fit of Type C samples ranges from 0.89 to 0.99, and DS values range from 2.6 to 2.8
(Figure 5). By comparison, the DS value of Type B is similar to that of the Type C samples,
indicating that the heterogeneity of pore structure distribution of Type B and C samples is
similar. The calculated results of this model are consistent with those of the sponge model.

As can be seen from Figure 6, the q~D(q) spectra of all samples show an obvious inverse
S-model, indicating that the pore size distribution of the coal samples is characterized by
multifractal characteristics, and the pore structure of such samples is heterogeneous. The
range of D−10–D0 for Type A samples is 1.15~1.88, and the range of D0–D10 is 0.07~1.01.
The range of D−10–D0 for Type B samples is 1.21~1.34, and the range of D0–D10 is 0.26~0.80.
The range of D−10–D0 for Type C samples is 1.18~1.39, and the range of D0–D10 is 0.15~0.60.
The relevant literature shows that the left spectral width represents the heterogeneity in the
low-value pore volume region, and the right spectral width represents the heterogeneity
in the high-value pore volume region. The curve on the left side of the Type A samples
is larger than that of the Type B and Type C samples, indicating that Type A has a strong
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heterogeneity of pore volume distribution. The curve on the right side of Type A is larger
than that of Type B and Type C, indicating that the distribution of macropore volume in
Type A is more heterogeneous.
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(a) Single fractal dimension of type A sample S model; (b) Single fractal dimension of type B sample 
S model; (c) Single fractal dimension of type C sample S model; (d) Single fractal dimension. 
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Figure 6. Comparison of multiple fractal parameters based on different types of samples at the mer-
cury inlet stage. (a) Multifractal characterization of pores in type A samples; (b) Multifractal char-
acterization of pores in type B samples; (c) Multifractal characterization of pores in type C samples. 
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(a) Single fractal dimension of type A sample S model; (b) Single fractal dimension of type B sample 
S model; (c) Single fractal dimension of type C sample S model; (d) Single fractal dimension. 

-10 -5 0 5 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2 Sample 3

Sample 4
Sample 6
Sample 13
Sample 16

D0-Dmax

Dmin-D0

D0

q

D(q)

a

 
-10 -5 0 5 10

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2 Sample 1

Sample 2
Sample 5
Sample 9
Sample 10

D0-Dmax

Dmin-D0

D0

q

D(q)

b

 
-10 -5 0 5 10

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2 Sample 7

Sample 8
Sample 11
Sample 12
Sample 14
Sample 15

D0-Dmax

Dmin-D0

D0

q

D(q)

c

 
Figure 6. Comparison of multiple fractal parameters based on different types of samples at the mer-
cury inlet stage. (a) Multifractal characterization of pores in type A samples; (b) Multifractal char-
acterization of pores in type B samples; (c) Multifractal characterization of pores in type C samples. 
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Type A samples is stronger than that of the Type B and Type C samples, which is con-
sistent with the results of Figure 6. 

Figure 6. Comparison of multiple fractal parameters based on different types of samples at the
mercury inlet stage. (a) Multifractal characterization of pores in type A samples; (b) Multifractal
characterization of pores in type B samples; (c) Multifractal characterization of pores in type C
samples.

Figure 7 indicates that the heterogeneity of adsorption pores and macropores of the
Type A samples is stronger than that of the Type B and Type C samples, which is consistent
with the results of Figure 6.
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Figure 7. Comparison of multiple fractal characteristics of different types of samples at the mercury
inlet stage. (a) Comparison of pore low value distinguishing shape dimension; (b) Comparison of
pore high value distinguishing shape dimension; (c) Multiple fractal dimension.

The results of the multifractal calculation show that the relationship between D−10–D0
and D−10–D10, D0–D10 and D−10–D10, D−10–D0, and D0–D10 is positive, and the relation-
ship between D−10–D0 and Dv10–D10 is more significant. This also indicates that the low
pore volume region controls the heterogeneity of the overall pore distribution of the sample
(Figure 8).



Processes 2024, 12, 1434 9 of 19

Processes 2024, 12, x FOR PEER REVIEW 9 of 21 
 

 

The results of the multifractal calculation show that the relationship between D−10–D0 and 
D−10–D10, D0–D10 and D−10–D10, D−10–D0, and D0–D10 is positive, and the relationship between 
D−10–D0 and Dv10–D10 is more significant. This also indicates that the low pore volume region 
controls the heterogeneity of the overall pore distribution of the sample (Figure 8). 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Type CType BType A

 

 

 
D-10–D0

a

 
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Type CType BType A

 

 

 
D0–D10

b

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Type C

c

Type BType A

 

 

 

D

 
Figure 7. Comparison of multiple fractal characteristics of different types of samples at the mercury 
inlet stage. (a) Comparison of pore low value distinguishing shape dimension; (b) Comparison of 
pore high value distinguishing shape dimension; (c) Multiple fractal dimension. 

0.0 0.2 0.4 0.6 0.8
0.0

0.4

0.8

1.2

1.6

2.0

D
-1

0–
D

10

 
D-10–D0

a

 
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.0

0.4

0.8

1.2

1.6

2.0

y=0.92812x+0.2911
R2=0.68364

D
-1

0–
D

10  

 
D0–D10

b

 

0.0 0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

D
0–

D
10 

 
D-10–D0

c

 
Figure 8. Multi-fractal variation of different types of samples at the mercury inlet stage. (a) The 
linear relationship between D−10–D10 and D−10–D0; (b) The linear relationship between D−10–D10 and 
D0–D−10; (c) The linear relationship between D0–D10 and D−10–D0. 
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3.3. Pore and Fracture Structure Heterogeneity by Using Mercury Removal Curves

The DM value can be calculated according to the sponge model. The fractal curve can
reflect the obvious linear negative correlation between logp and log (dv/dp), indicating that the
sample mercury removal curve has fractal characteristics. The linear fit of Type A samples
ranges from 1.15 to 1.37, and the DM values range from 2.6 to 2.8. The linear fit of Type B samples
ranges from 1.0 to 1.4, and the DM value ranges from 2.6 to 3.0 (Figure 9). By comparison, the
DM value of Type B is higher than that of Type A, indicating that the heterogeneity of pore
structure distribution of the Type B samples is stronger than that of the Type A samples.

The DS value is calculated using the Sierpinski model. The fractal curves could reflect an
obvious linear positive correlation between lnp and lnv, indicating that the model can also be
used to characterize the fractal characteristics of mercury removal curves. The linear fit of Type
A samples ranges from 0.07 to 0.12, and DS values range from 2.88 to 2.93. The linear fit of
Type B samples ranges from 0.04 to 0.06, and DS values range from 2.94 to 2.96 (Figure 10). In
comparison, it is evident that the DS value of Type B exceeds that of Type A, consistent with
Figure 9 but divergent from Figure 5. This further indicates a high level of consistency in the
calculation results of the fractal model based on the mercury removal curve.

Figure 11a and b show that q~D(q) spectra of all samples show an inverse S-model,
indicating that the pore size distribution based on mercury removal curves also has mul-
tifractal characteristics. The range of D−10–D0 for the Type A samples is 0.4~0.6, and the
range of D0–D10 is 0.73~0.86. The D−10–D0 range of the Type B samples is 0.5~1.1, and
the D0–D10 range is 0.9~0.97. The relevant literature shows that the left spectral width
represents heterogeneity in the low-value pore volume region, and the right spectral width
represents heterogeneity in the high-value pore volume region. The curve on the left side
of the Type B samples is larger than that of the Type A samples, indicating that the distri-
bution of small pores in the Type B samples is more heterogeneous. This understanding
is consistent with the understanding of the mercury intrusion curve. The curve on the
right side of Type A is larger than that of Type B, indicating that macropore diameter
distribution in Type A is more heterogeneous. This result is inconsistent with that of the
mercury intrusion curve.
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Figure 9. Comparison of dimensionality values for different types of samples based on removal curves. 
(a) Single fractal dimension of type A sample M model; (b) Single fractal dimension of type B sample M 
model; (c) Single fractal dimension of type C sample M model; (d) Single fractal dimension. 

The DS value is calculated using the Sierpinski model. The fractal curves could reflect 
an obvious linear positive correlation between lnp and lnv, indicating that the model can also 
be used to characterize the fractal characteristics of mercury removal curves. The linear fit of 
Type A samples ranges from 0.07 to 0.12, and DS values range from 2.88 to 2.93. The linear fit 
of Type B samples ranges from 0.04 to 0.06, and DS values range from 2.94 to 2.96 (Figure 10). 
In comparison, it is evident that the DS value of Type B exceeds that of Type A, consistent with 
Figure 9 but divergent from Figure 5. This further indicates a high level of consistency in the 
calculation results of the fractal model based on the mercury removal curve. 

Figure 9. Comparison of dimensionality values for different types of samples based on removal
curves. (a) Single fractal dimension of type A sample M model; (b) Single fractal dimension of type B
sample M model; (c) Single fractal dimension of type C sample M model; (d) Single fractal dimension.
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Figure 10. Comparison of dimensionality values for different types of samples based on the S-model. 
(a) Single fractal dimension of type A sample S model; (b) Single fractal dimension of type B sample 
S model; (c) Single fractal dimension of type C sample S model; (d) Single fractal dimension. 

Figure 11a and b show that q~D(q) spectra of all samples show an inverse S-model, 
indicating that the pore size distribution based on mercury removal curves also has mul-
tifractal characteristics. The range of D−10–D0 for the Type A samples is 0.4~0.6, and the 
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of the Type B samples is larger than that of the Type A samples, indicating that the distri-
bution of small pores in the Type B samples is more heterogeneous. This understanding 
is consistent with the understanding of the mercury intrusion curve. The curve on the 
right side of Type A is larger than that of Type B, indicating that macropore diameter 
distribution in Type A is more heterogeneous. This result is inconsistent with that of the 
mercury intrusion curve. 

Figure 12 shows that the variation range of D−10–D0 of the Type B samples is larger 
than that of the Type A samples, which indicates that the heterogeneity of smaller pores 
of the Type B samples is greater than that of the Type A samples. This result is consistent 
with Figure 7. The variation range of D0–D10 of the Type A samples is greater than that of 
the Type B samples, which indicates that the heterogeneity of the macropores of the Type 
A samples is greater than that of the Type B samples. This result is inconsistent with the 
result in Figure 7. 

Figure 10. Comparison of dimensionality values for different types of samples based on the S-model.
(a) Single fractal dimension of type A sample S model; (b) Single fractal dimension of type B sample
S model; (c) Single fractal dimension of type C sample S model; (d) Single fractal dimension.

Figure 12 shows that the variation range of D−10–D0 of the Type B samples is larger than
that of the Type A samples, which indicates that the heterogeneity of smaller pores of the Type
B samples is greater than that of the Type A samples. This result is consistent with Figure 7.
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The variation range of D0–D10 of the Type A samples is greater than that of the Type B samples,
which indicates that the heterogeneity of the macropores of the Type A samples is greater than
that of the Type B samples. This result is inconsistent with the result in Figure 7.
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Figure 12. Multiple fractal characterization of sample pores based on mercury removal curves. (a) 
Comparison of pore low value distinguishing shape dimension; (b) Comparison of pore high value 
distinguishing shape dimension; (c) Multiple fractal dimension. 

Figure 11. Multiple fractal characterization of sample pores based on mercury removal curves.
(a) Multifractal characterization of pores in type A samples; (b) Multifractal characterization of pores
in type B samples; (c) Multifractal characterization of pores in type C samples.
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Figure 12. Multiple fractal characterization of sample pores based on mercury removal curves. (a) 
Comparison of pore low value distinguishing shape dimension; (b) Comparison of pore high value 
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Figure 12. Multiple fractal characterization of sample pores based on mercury removal curves.
(a) Comparison of pore low value distinguishing shape dimension; (b) Comparison of pore high
value distinguishing shape dimension; (c) Multiple fractal dimension.
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Figure 13 shows that there is no correlation between D−10–D0 and D0–D10, D−10–D0 is
positively correlated with D−10–D10, and D0–D10 is positively correlated with D−10–D10. The
correlation between D−10–D0 and D−10–D10 is stronger. It indicates that the lower value area of
pore volume areas controls the overall pore diameter distribution of coal reservoirs.
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Figure 13. Multiple fractal parameters for different types of samples based on mercury removal 
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Figure 13. Multiple fractal parameters for different types of samples based on mercury removal
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between D−10–D10 and D0–D−10; (c) The linear relationship between D0–D10 and D−10–D0.

3.4. Influencing Factors of Fractal Dimension and Pore Permeability Variation

Figure 14a shows that there is a positive correlation between adsorption pore volume
percentage and DM, and a negative correlation between adsorption pore volume percentage
and DS. The results show that both the M-model and S-model can reflect the heterogeneity
of seepage pore distribution. Figure 14b shows that the percentage of macropore volume
has a negative correlation with DM and a positive correlation with DS. It shows that the
M-model and S-model can reflect the heterogeneity of the macropore distribution. In
conclusion, both the M-model and S-model can reflect the heterogeneity of the distribution
of seepage pores and macropores during the mercury intrusion stage.

Figure 15a shows that there is no linear relationship between seepage pore volume
percentage and DM, while there is a linear negative correlation between seepage pore
volume percentage and DS, indicating that the heterogeneity of seepage pore distribution
cannot be characterized by the M-model. Figure 15b shows that the percentage of macropore
volume has a linear negative correlation with DM and a linear positive correlation with DS,
indicating that the M-model can be used to characterize the heterogeneity of macropore
distribution. In summary, the distribution heterogeneity of seepage pores and macropores
can be characterized by the S-model in the mercury removal stage, and the results are
consistent with those in the mercury intrusion stage. However, the M-model could not
characterize the heterogeneity of pore size distribution at each stage, and the result was
different from that at the mercury intrusion stage.

Figure 16a shows that there is a linear positive correlation between the fractal dimen-
sion DMi of the M-model in the mercury intrusion stage and the fractal dimension DMr of
the M-model in the mercury removal stage. The fractal dimension DSi of the S-model in the
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mercury intrusion stage and DSr of the S-model in the mercury removal stage also show a
linear positive correlation. This clarifies that the fractal characteristics of the M-model are
similar in the mercury intrusion stage and the mercury removal stage, and the S-model is
also similar in the characterization of the fractal characteristics of the mercury intrusion
and mercury removal curves.
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Figure 14. Pore volume parameters with fractional dimension values based on mercury inlet curves. 
(a) The pore volume percentage is between 100~1000 nm; (b) The pore volume percentage is between 
1000~10,000 nm. 
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Figure 15. Pore volume parameters with fractional dimension by using mercury removal curves. (a) 
The pore volume percentage is between 100~1000 nm; (b) The pore volume percentage is between 
1000~10,000 nm. 
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Figure 15. Pore volume parameters with fractional dimension by using mercury removal curves. (a) 
The pore volume percentage is between 100~1000 nm; (b) The pore volume percentage is between 
1000~10,000 nm. 
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Figure 17. Multiple fractal parameter relationships based on mercury inlet and removal curves. (a) 
Relationship between D10 (Removal intrusion)and D10 (Mercury intrusion); (b) Relationship between 
D−10 (Mercury removal)and D−10 (Mercury intrusion); (c) Relationship between D−10–D0 (Mercury re-
moval)and D−10–D0 (Mercury intrusion); (d) Relationship between D0–D−10 (Mercury removal)and D0–D−10 

Figure 16. Relationship between mercury inlet and removal fractal theory. (a) Relationship between
DMr and DMi; (b) Relationship between DSr and DSi.



Processes 2024, 12, 1434 14 of 19

Figure 17 shows that the fractal dimension values D10, D−10, D−10/D10, D−10–D10, and
D0–D10 of the multiple models in the mercury intrusion stage and the mercury removal
stage are linear, while there is no correlation between D−10–D0 and D−10–D10.
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Figure 16. Relationship between mercury inlet and removal fractal theory. (a) Relationship between 
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Figure 17. Multiple fractal parameter relationships based on mercury inlet and removal curves.
(a) Relationship between D10 (Removal intrusion)and D10 (Mercury intrusion); (b) Relationship
between D−10 (Mercury removal)and D−10 (Mercury intrusion); (c) Relationship between D−10–D0

(Mercury removal)and D−10–D0 (Mercury intrusion); (d) Relationship between D0–D−10 (Mercury re-
moval)and D0–D−10 (Mercury intrusion); (e) Relationship between D−10–D10 (Mercury removal)and
D−10–D10 (Mercury intrusion); (f) Relationship between D−10/D10 (Mercury removal)and D−10/D10

(Mercury intrusion).

3.5. Permeability Sensitivity by Using Overburden Pore Permeability Test

Figure 18 shows that the effective stress increases from 0 to 45 MPa, permeability
shows a good exponential function decreasing trend, and the goodness of fit reaches the
highest at 0.99. At the same time, the effect of effective stress on permeability has phases.
When the effective stress reaches 30 MPa, permeability does not change significantly with
stress and gradually it becomes stable. With the continuous increase in confining pressure,
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the compressibility of pore fractures gradually decreases, and the increase in stress only
results in the closure of some tiny pores. Therefore, the permeability of coal samples shows
a small change at the later stage of stress.
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Figure 18. Permeability variation with effective stress of different coal samples. (a) Permeability
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Figure 19 shows that the permeability loss rate of each sample ranges from 0.13 to
0.96. The permeability of Type A is the most sensitive to pressure, and the permeability
loss rate can reach 96%. According to the analysis, due to the relatively more developed
original pore fracture structure of the coal sample, the initial permeability is large. When
the high-stress stage (45 MPa) is reached, the large amount of compressible space provided
by the porous pores and fracture is fully compressed. For Type B/C, with poorly developed
pore–fracture structure, the compressible space at the high-stress stage is provided by
micropores such as adsorption pores, and the compression space is less, resulting in a
relatively small permeability loss rate (Figure 19b,c).

Compressibility could be obtained by using Equation (5). The results show that there
is a positive linear correlation between pressure p and –ln(k/k0)/3. The compressibility of
the Type A samples ranges from 0.016 to 0.026 Mpa−1, while that of the Type B samples
ranges from 0.008 to 0.017, and that of the Type C samples ranges from 0.008 to 0.010. In
general, the compressibility of the Type C samples was lower than that of the Type B and C
samples (Figure 20), which was determined by the pore structure of the samples.

Figure 21 shows that the compressibility is negatively correlated with the pore volume
at 1000–10,000 nm. It is not related to the fractal dimension of mercury intrusion and
mercury removal. There is no relationship between compressibility and mercury intrusion
fractal dimension and mercury removal fractal dimension, which may be because the
compressibility of the sample is affected by the comprehensive pore structure.
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Figure 19. Dk varies with the effective stress of different coal samples. (a) Dk varies with the effective
stress of type A coal sample; (b) Dk varies with the effective stress of type B coal sample; (c) Dk varies
with the effective stress of type C coal sample.
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Figure 20. Compression coefficients of different samples. (a) Compression coefficients of type A coal
sample; (b) Compression coefficients of type B coal sample; (c) Compression coefficients of type C
coal sample.
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Figure 21. The correlation between compressibility and fractal dimension by using mercury intrusion,
fractal dimension by using mercury removal, and pore volume. (a) The correlation between compress-
ibility and fractal dimension by using mercury intrusion; (b) The correlation between compressibility
and fractal dimension by using mercury removal; (c) The correlation between compressibility and
pore volume.

4. Conclusions

In this paper, high-pressure mercury intrusion test curves of 16 coal samples from
the Taiyuan Formation in the Linxing area are the research objects. Based on the fractal
dimension values of mercury intrusion and retreat curves, the correlation among the two
different fractal parameters is studied. Then, the permeability variation of different types
of coal samples is studied using overlying pressure pore permeability tests. The correlation
between the permeability variation of the coal samples and dimension values is explored,
and the results are as follows.

(1) Based on porosity and mercury removal efficiency, all coal samples can be divided into
three types, that is, types A, B, and C. Among them, Type A samples are characterized
by a lower total pore volume, with pore volume percentages ranging from 1000 to
10,000 nm not exceeding 15%.

(2) During the mercury injection stage, both the M-model and S-model can reflect hetero-
geneity of seepage pore distribution. In the mercury removal stage, the S-model can
characterize the distribution heterogeneity of seepage pores and macropores.

(3) Among them, the Type A samples have the strongest sensitivity of permeability to
pressure, with a permeability loss rate of up to 96%. The well-developed original
pore and fracture structure of the coal sample is the reason for the initial permeability
being relatively high.

(4) The compressibility is only linearly negatively correlated with the pore volume be-
tween 1000 and 10,000 nm. There is no relationship between fractal dimension of
mercury intrusion and fractal dimension of mercury retreat.
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Abbreviations

DSi The fractal dimension is calculated based on the mercury intrusion curve and S single model.
DSr The fractal dimension is calculated based on the mercury removal curve and S single model.
Dk Permeability loss rate
DMi The fractal dimension is calculated based on the mercury intrusion curve and M single model.
DMr The fractal dimension is calculated based on the mercury removal curve and M single model.
Cf Pore compressibility coefficient under horizontal effective stress variation
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