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Abstract: The characteristics of the nanopore structure in shale, tight sandstone and mudstone
from the Ordos Basin of China were investigated by X-ray diffraction (XRD) analysis, porosity and
permeability tests and low-pressure nitrogen adsorption experiments. Fractal dimensions D and D,
were determined from the low relative pressure range (0 < P/Py < 0.4) and the high relative pressure
range (0.4 < P/Py < 1) of nitrogen adsorption data, respectively, using the Frenkel-Halsey—Hill
(FHH) model. Relationships between pore structure parameters, mineral compositions and fractal
dimensions were investigated. According to the International Union of Pure and Applied Chemistry
(IUPAC) isotherm classification standard, the morphologies of the nitrogen adsorption curves of
these 14 samples belong to the H2 and H3 types. Relationships among average pore diameter,
Brunner-Emmet-Teller (BET) specific surface area, pore volume, porosity and permeability have been
discussed. The heterogeneities of shale nanopore structures were verified, and nanopore size mainly
concentrates under 30 nm. The average fractal dimension D of all the samples is 2.1187, varying
from 1.1755 to 2.6122, and the average fractal dimension D is 2.4645, with the range from 2.2144 to
2.7362. Compared with Dj, D, has stronger relationships with pore structure parameters, and can be
used for analyzing pore structure characteristics.
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1. Introduction

In recent years, global energy shortages have led to more attention being paid to unconventional
oil and gas sources, such as tight oil and shale gas [1,2]. The pore-size of unconventional reservoir
formations such as shale and tight sandstone generally spans from micropore to mesopore and
macropore. In shale a very complicated pore structure is the result of a wide pore-size distribution
and abundant organic matter [3]. Therefore, it is a huge challenge to explore unconventional resources
effectively. The study of nanopore structure characteristics of unconventional reservoirs is important
for their effective development, as nanopores can contain huge amounts of oil and gas.

There exist various techniques to investigate the characteristics of shale and tight sandstone
and their respective nanopore structures, e.g., via mercury intrusion [4,5], field emission scanning
electron microscopy, transmission electron microscopy (TEM), and gas adsorption analysis [6].
For example, Ghanbarian et al. analyzed 18 tight-gas sandstones from Texas by mercury intrusion
experiments, and the EMA model was used to estimate bulk electrical conductivity and permeability [7].
Low-pressure gas adsorption measurements are very important for characterization of the gas shale
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pore system. Based on scanning electron microscopy and nitrogen adsorption experiments, Chen et al.
found that most of the pores in shale are composed of organic pores and the pores in clay mineral
layers [8]. Millan et al. proposed a truncated version of the fractal Frenkel-Halsey-Hill (FHH) model
for describing H,O-vapor adsorption and 48 H,O-vapor adsorption isotherm data was used to verify
the model [9]. Yang et al. conducted low-pressure nitrogen adsorption studies on eight core samples
from upper Ordovician lower Silurian oil reservoirs in the south of Sichuan Basin to better understand
the reservoir characteristics of organic-rich shale [10]. In addition, fractal theory has been used to
evaluate the pore structure in porous media. Wang et al. compared six different fractal models
for calculating the fractal dimensions from mercury intrusion capillary pressures, and an optimal
fractal model for analyzing petrophysical properties was recommended [11]. Based on nitrogen
adsorption experiments, Ming et al. found that the fractal dimensions of shale have a good positive
correlation with total pore volume, micropore volume and mesopore volume, but a poor correlation
with macropore volume [12]. Xiong et al. used the FHH model to calculate surface fractal dimensions
and volume fractal dimensions from nitrogen adsorption data [13]. Shao et al. analyzed the pore
throat structure and fractal characteristics of Longmaxi shale with a series of experiments, and found
that shale pore structure is mainly determined by total organic carbon content and thermal maturity,
which also affects the value of the fractal dimensions [14]. Li et al. used the FHH model to obtain
the fractal dimensions of shale, and the relationships between the calculated fractal dimensions and
shale composition and total organic matter content were studied [15]. In this paper, fractal theory was
used to study the nanopore structure characteristics of shale, tight sandstone and mudstone from the
Yanchang Formation in the Ordos Basin of China based on the nitrogen adsorption experiments. The
relationships between the calculated fractal dimensions and pore structure parameters, such as pore
diameter and pore volume, were investigated.

2. Core samples and Experiment Results

2.1. Core samples

A total of 14 core samples, including 10 shale core samples, three tight sandstone core samples
and one mudstone core sample collected from the Ordos Basin of China were selected in this study.

All samples are taken from fresh cores of different underground depths. The parameters of the
collected samples are summarized in Table 1.

Table 1. The information of collected samples in this study.

Core No. Top Depth Bottom Depth Lithology
2 2069.88 2070.00 Shale
8 2070.77 2070.87 Shale
10 2071.08 2071.25 Shale
17 2071.98 2072.08 Shale
26 2073.18 2073.30 Shale
33 2074.19 2074.35 Shale
14 2000.78 2000.94 Silty mudstone
53-54 2005.19 2005.40 Sandstone
42 2028.72 2029.00 Fine sandstone
58 2049.93 2050.09 Shale
24 2054.12 2054.33 Sandstone
32 2073.93 2074.19 Shale
322 2073.93 2074.19 Shale
58-2 2049.93 2050.09 Shale

2.2. X-ray diffraction (XRD) measurements

XRD is an effective technique to analyze mineral composition and content. Its theoretical basis
is that X-rays will diffract in different directions and the mineral composition and structure can be
determined by measuring the intensities and angles of these diffracted X-ray beams. As shown
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in Table 2, the contents of each component in shale and tight sandstone are significantly different.
Although the four samples are both rich in clay minerals and quartz, the clay content in shale is greater
than in tight sandstone. The clay content for shale samples ranged from 24.8% to 35.0%, while for tight
sandstone the clay content varied from 13.3% to 19.8%. The shale quartz content is between 23.3% and
37.2%, and less than that in sandstone, which varies between 60.9% and 61.3%. The content of potash
feldspar in shale and sandstone is not that much, with contents between 0.5%-2.0% and 0.3%—1.4%,
respectively. Plagioclase feldspar contained in shale is not as abundant as in sandstone, which is about
6% more than shale. The shale also contains a large proportion of pyrite, and sample 32 even contains
42.5% pyrite, while no pyrite can be found in sandstone. In general, the total amount of clay minerals
and non-clay minerals in shale and sandstone samples are significantly different.

Table 2. Mineralogical composition results and total clay.

Mineralogical Composition Results (%)

Core Lithology Total
Clay (%) Quartz  Potash Feldspar  Plagioclase Feldspar Calcite Dolomite  Pyrite
24 Sandstone 19.8 60.9 14 11.5 1.7 4.7 /
32 Shale 24.8 23.3 2.0 47 1.6 1.1 42.5
58 Shale 35.0 372 0.5 4.5 / 13.5 9.3
53 Sandstone 13.3 61.3 0.3 11.0 24 11.7 /

The relative contents of clay minerals of the four samples are given in Table 3. The samples do
not contain S and C/S, but I and I/S are the most abundant. The content of I is 41%—-80% in shale and
40%—46% in tight sandstone. In addition to sample 32 without I/S, the I/S of the other three samples
is about 40%. This sample also contains certain kaolinite and chlorite. The content of kaolinite in
shale is higher than that in tight sandstone, but the content of chlorite in shale is less than that in tight
sandstone. The mixed-layer ratio of I/S in the sandstone is about 10%, but C/S mixed-layer is not
found in tight sandstone and shale samples.

Table 3. Relative clay mineral contents and mixed-layer ratio.

Sample Lithology Relative Clay Mineral Contents (%) Mixed-Layer Ratio (%)
o S /s I K cC «s Us C/s
24 Sandstone / 39 46 / 15 / 10 /
32 Shale / / 80 20 / / / /
58 Shale / 40 41 7 12 / 10 /
53 Sandstone / 34 40 6 20 / 10 /

Note: S: smectite; I/S: illite smectite mixed layer; I: illite; K: kaolinite; C: chlorite; C/S: chlorite smectite mixed-layer.

2.3. Low-Pressure Nitrogen Adsorption-Desorption Experiments

Low-pressure nitrogen adsorption-desorption experiments were conducted using an automatic
specific surface area & pore size analyzer produced by Quantachrome Instruments (Boynton Beach, FL,
USA). The shapes of the nitrogen adsorption-desorption isotherms can be used to analyze pore shapes.
Also, nitrogen adsorption-desorption data can be used to calculate the pore structure parameters.
For example, total pore volume can be calculated as the liquid molar volume of adsorbed nitrogen
at the relative pressure of 0.99. Total pore volume and pore size distribution can be calculated based
on the Barrett-Joyner-Halenda (BJH) model [16]. The principle of nitrogen adsorption is that the gas
adsorbed on a certain surface is taken as a function of the relative pressure of the adsorbent. Under the
constant temperature, the relationship between gas adsorption and gas balance relative pressure is the
adsorption isotherm.

Isothermal adsorption and desorption curves were obtained by nitrogen adsorption experiment
with relative pressure P/Py as abscissa and adsorption amount as ordinate. The nitrogen adsorption
curves of 10 shale samples and one mudstone sample are shown in Figure 1, while the nitrogen
adsorption curves of three sandstone samples are given in Figure 2.
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Nitrogen adsorption-desorption curves can be used to characterize the characteristics of pore
complexity and shape. Figures 1 and 2 show that the adsorption-desorption curves of each sample
are slightly different in morphology, but the whole curve is inverted S-type. The adsorption process
can be divided into three stages: The first stage (0 < P/Py < 0.4) is the nitrogen adsorption of low
pressure stage, where the gas adsorption quantity increases slowly, and the adsorption isotherm is
a gentle upward convex shape. The first stage is the single-layer adsorption of nitrogen on the pore
surface, and the nitrogen adsorption curve appeared inflection point for monolayer adsorption to
the transition of multilayer adsorption [17]. In the second stage (0.4 < P/Py < 0.9), the adsorption
volume of the sample increases rapidly with the increase of relative pressure, and nitrogen adsorption
isotherm rises rapidly, which leads to a hysteresis loop, and this stage is a multi-molecular layer stage.
In the third stage (P/Pg > 0.9), with the increase of relative pressure, the amount of gas adsorption
increases dramatically.
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Figure 1. Nitrogen adsorption-desorption curve of samples of shale and mudstone.



Energies 2019, 12, 583 50f 18

25

w
~

~ Core 24 ~ Core 42 ~ Core 53-54
20 o5 1 20
o 2 o o P/Py o = 0.9939 rg 1.6 P/Py oy = 0.9945
E E Fpax = 314.52nm 5 Foay = 350.85nm
- - 2t -
= 15 ¢ = = 12 F
3 3 K
f —e—adsorption f 1.5 | —e—adsorption ‘E —e—adsorption
=] =] =]
2 1 [ —=—desorption 4 —o—desorption 2z 0.8 [ —=—desorption
] < 1r ]
g g g
£ 0.5 £ 05 E 0.4
= = =
= = =

0 poe—poay n . 0 ¢ ! . . 0 : ! .

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative pressure P/P Relative pressure P/P Relative pressure P/P

Figure 2. Nitrogen adsorption-desorption curve of three sandstone samples.

When the relative pressure was close to the saturated vapor pressure, there is no adsorption
saturation phenomenon, and this is the capillary condensation stage of the sample. Due to the complex
pore structure of the experimental samples, capillary condensation phenomena happen in the substrate
surface, and the isothermal desorption curves of the samples show more obvious desorption hysteresis.
The desorption amount is far less than the adsorption amount, and then hysteresis loop appeared.
There are significant differences in the development morphology and connectivity of small pores and
the adsorption of nitrogen is not fully enclosed [18].

According to IUPAC isotherm classification standard, the morphology of the nitrogen adsorption
curves of the 10 shale samples and a mudstone one (sample 14) belong to the H2 and H3 type,
indicating that the pore morphologies of shale are mainly similar to ink bottle holes and sheet granular
matrix. As shown in Figure 2, the nitrogen adsorption curves of the sandstone samples are similar
to H3 type, which indicates that the sandstone pores are mainly composed of sheet particles with
non-rigid aggregate groove holes. As the pore openness is associated with increased rate of adsorption
line, the larger the increasing rate is, the larger the opening of sandstone pore will be.

3. Pore Size Distribution from Nitrogen Adsorption-Desorption Isotherms
3.1. Methods

3.1.1. Specific Surface Area

The BET equation derived by Brunauer, Emmett and Teller was used to calculate the specific
surface area with the range of relative pressure of 0.05-0.35 [19]. The surface area of porous media
can be calculated by the amount of gas monolayer adsorption according to the Langmuir monolayer
adsorption theory:

SBeT = ViuNa A /22400W 1)

where N4 is Avogadro constant; A, is the cross section area of adsorbed gas nitrogen molecule; W is
the quality of the medium; V,;, is the nitrogen saturation adsorption amount in a single layer and can
be calculated by the BET equation:

1 1 C-1p

+ L
V(po/p—1)  VuC  VuC po

@

where V is total volume of adsorbed gases and C is a constant relating to adsorption.

3.1.2. Pore Size

The recurrence method is usually used to calculate the pore radius of different pore size intervals
based on the Kelvin principle based on the assumption of cylindrical pore [20]. Assume the thickness
of film adsorbed on the pore surface is ¢, and the internal radius of the pore with the radius 7, is
reduced to 7, — t, and can be calculated by [21]:
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=29V
In(p/po) = m ®3)

where v is the surface tension at the boiling point of nitrogen; V,, is the molar volume of liquid
nitrogen; R is the gas constant; T is the boiling points (77K); p/py is the relative pressure of nitrogen.
The thickness of the liquid film adsorbed on the pore surface can be calculated by [22]:

13.99 1/2
t= (503 = log(p/po)] @)

3.1.3. Pore Size Distribution

There are three different widely used methods for pore size distribution calculation based on
gas adsorption isotherm, including the BJH method, HK method and DFT method [23,24]. The three
method are introduced, respectively, and this paper uses the BJH model to calculate the pore
size distribution.

Barrett et al. analyzed the desorption process and proposed the BJH method to calculation pore
size distribution [16]. According to the desorption line of isothermal adsorption curve, the pore size
distribution is obtained by calculating the nitrogen adsorption amount when the relative pressure is
0.99. The calculation formula is as follows:

Ton 2 n—1
Vin = (WAtn) AV, — Aty Z% Agj 5)

j—

where Vy, is the pore volume; 1, is the maximum pore radius; ry, is the capillary radius; V), is capillary
volume; t,, is the adsorbed nitrogen layer thickness; ch is the area after the emptying.
Horvath et al. proposed the HK method to calculation pore size distribution [25]:

w/Weo = f(I — da) (6)

where w is the mass of nitrogen adsorbed on the pore surface; we, is the maximum amount of nitrogen
adsorbed into the pores at P/ Py = 0.9; [ is the distance between the nuclei of the two layers; d, is the
diameter of adsorbent. According to the adsorption capacity of different pore sizes, the pore size
distribution f can be obtained by plotting the curve of w/we versus (I — d,).

Seaton et al. [26] calculated the pore size distribution by the adsorption isotherm using the DFT
method firstly. Pore size distribution can be obtained by solving the following equation:

Dmax
Nesp(P/P0) = [ ™ Nppr(P/Py, D) f(D)dD )
where Nexp(P/Pp) is the experimental isotherm; Nprr(P/Py,D) is the theoretical isotherm; D is the pore
size; f(D) is the pore size distribution.

3.2. Analysis of Experimental Results

The calculated specific surface area, pore volume and pore size of shale, tight sandstone and
mudstone are introduced respectively. Table 4 shows the calculation results for shale samples. It can
be observed that BET specific surface area of the 10 shale samples is distributed between 0.05175 m?/g
and 0.8988 m? /g, with an average of 0.2345 m?/g. The pore volume of BJH is distributed between
4.359 x 107* cc/g and 27.18 x 107* cc/g, with an average of 12.7 x 10~% cc/g. The weighted
average pore diameter is between 12.72 nm and 63.8 nm, with an average of 30.9 nm. Shale has
the characteristics of small pore size and large BET specific surface area, which is similar to the results
presented in Literature [19].
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Table 4. The calculated specific surface area, pore volume and pore size of shale samples.

Core Specific Surface Area (102 m?/g) Pore Volume (104 cc/g) Pore Diameter (nm)
No. Langmuir = Weighted Average

BET BJH DFT BJH DFT Volume Pore Diameter BJH DFT
2 28.30 28.60 27.67 2158  14.21 1371.6 30.06 5.625  6.556
8 89.88 49.88 67.31 27.18  21.06 1886.5 13.02 3414  4.887
10 2222 16.08 16.45 6.808  5.161 455.5 12.72 3454  6.079
17 20.22 17.31 18.84 9.686  7.641 640.7 19.66 3414  6.079
26 24.24 20.83 24.61 17.50  12.68 1134.3 29.03 9.592  9.098
33 5.175 12.94 6.435 8922  1.625 532.3 63.80 3.834 9416
58 8.572 8.76 9.775 9419  5.909 608.9 44.06 7.816 1049
32 7.474 6.30 6.827 4359  3.284 283.9 23.56 5.638  7.310
32-2 8.011 8.48 8.551 9.686  6.135 609.5 47.19 6.543  11.68
58-2 20.36 16.34 14.68 1261  6.218 813 24.76 3451  6.079
Average 23.45 18. 55 20.11 12.7 8.39 833.62 30.9 5.28 7.77

The pore structure parameters of the three tight sandstone samples obtained from the nitrogen
adsorption-desorption isotherms are listed in Table 5.

Table 5. The calculated specific surface area, pore volume and pore size of tight sandstone samples.

Core Specific Surface Area (1072 m?/g) Pore Volume (104 cc/g) Pore Diameter (nm)
No. BET BJH DFT BjH  DFr  Lansmuir  AveragePore g ey
Volume Diameter
24 23.70 17.23 23.54 3125 1536 2029.4 53.20 4644 2940
42 40.90 42.24 61.23 41.14  24.67 2624.1 39.79 6.547  12.55
53-54 18.60 20.17 30.10 2484  12.04 1596.6 53.12 3.826  8.145
Average 27.73 26.55 38.29 3241  17.36 2083.37 48.70 5.01 16.70

It is shown that the BET specific surface area of the three sandstone samples is distributed between
0.1864 m? /g and 0.4091 m? /g, with an average of 0.2231 m?/g. The pore volume of BJH is distributed
between 0.002484 cc/g and 0.004114 cc/g, with an average of 0.003241 cc/g. The average pore diameter
ranges from 39.79 nm to 53.20 nm, and the average pore diameter is 48.70 nm. Compared with shale,
BET specific surface area of the sandstone sample is smaller than that of the shale, and the pore volume
and the average pore diameter are larger than those of the shale.

The experimental data of the silty mudstone sample is shown in Table 6. The BET specific surface
area of the mudstone sample is 6.33 m? /g, the BJH pore volume is 93.46 x 10~* cc/g, and the average
pore diameter is 7.272 nm. Compared with the shale and sandstone samples, the BET specific surface
area of the mudstone sample is much larger, and the pore volume and average pore diameter are
much smaller.

Table 6. The calculated specific surface area, pore volume and pore size of mudstone sample.

C Specific Surface Area (m?/g) Pore Volume (104 cc/g) Pore Diameter (nm)
ore
No. BET BJH DFT  BjH DFr  Lansmuir  AveragePore g ppp
Volume Diameter
14 6.33 2.689 5.738 93.46 103 7421.1 7.272 3.819 3.78

The pore size distributions of the 10 shales, one mudstone and three sandstones obtained from
the BJH method are shown in Figures 3-5, respectively. The abscissa value of the peak was marked
in the figures. As Figure 3 shows, the pore size distribution of shale has a certain heterogeneity, and
mainly concentrated under 30 nm, with at least one obvious peak value distributed in the range of
about 3-10 nm. Figure 4 shows that the pore size distribution of mudstone sample has only one peak
value which is not obvious, and the pore distribution is relatively uniform, and the pore diameter
are mainly below 30 nm. As shown in Figure 5, the pore distribution of the three sandstone samples
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mostly had two peaks from 3 nm to 10 nm, which was similar to shale. The peak value of No. 24 is
around 50 nm. Compared with shale and mudstone, the heterogeneities of tight sandstone pore are
relatively large, which also indicated that large and medium pores were the main contributors to gas

storage space.
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Figure 3. The pore size distribution of shale calculated by BJH method (The peak values of pore size
distribution are marked by black circles, and the corresponding pore sizes are displayed).
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Figure 4. The pore size distribution of mudstone calculated by BJH method (The peak values of pore
size distribution are marked by black circles, and the corresponding pore sizes are displayed).
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Figure 5. The pore size distribution of sandstone calculated by BJH method (the peak values of pore

size distribution are marked by black circles, and the corresponding pore sizes are displayed).

3.3. Pore parameter Relationships

The relationship between average pore diameter and pore volume of the 10 shale samples is
shown in Figure 6. It shows that there was no significant correlation between average pore diameter
and pore volume of shale. As shown in Figure 7, the BET specific surface area of shale sample is
negatively correlated with the average pore diameter, indicating that with the increase of average
pore size, shale pore heterogeneity as well as the roughness decreases, and the specific surface area
decreases. The relationship between shale pore volume and BET specific surface area is shown in
Figure 8. The specific surface area increases with increasing total pore volume, and the correlation
coefficient is nearly 0.7.
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Figure 6. Relationship between average pore diameter and pore volume of shale samples.
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Figure 7. Relationship between average pore diameter and BET specific surface area of shale samples.

Porosity and permeability of four core samples including three tight sandstone samples and
one mudstone sample were measured, as shown in Table 7. The porosity and permeability of the
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mudstone sample are ultra-low. The permeability of mudstone is one order of magnitude smaller
that of tight sandstone, and the porosity of mudstone is only slightly greater than 1%. Figure 9 shows
BET specific surface area decreases with the increase of permeability. The reason is that the larger the
permeability is, the larger the corresponding average pore size will be, and it can be verified with
Figure 10, which shows that the average pore size is positively correlated to the gas permeability.

a I L]
E o8 | y=00288x-0.1339
g R =0.6931
g ,
v 0.6 .
2 ’
& I
= P
2 04 f
2 -’
= L - .
8 A
2 02 L
w ’,
: i . //’,.Q
=] 0 a N X
0 10 20 30

Pore volume (cc/g)
Figure 8. Relationship between pore volume and BET specific surface area of shale samples.

Table 7. Summary of pore parameters of 3 sandstone samples and 1 mudstone sample.

Core Litholo Porosity = Permeability BET Specific Surface Average Pore Pore Volume
No. 8y (%) (mD) Area (m?/g) Diameter (nm) (1073 cc/g)
53-54 Tight sandstone 8.07 0.09 0.1864 53.12 2.48
42 Tight sandstone 6.49 0.027 0.4091 39.79 4.11
24 Tight sandstone 8.07 0.056 0.2366 53.20 3.13
14 Mudstone 1.05 0.0053 6.330 72.72 9.35
7
ot
2
s 5
@ .
s \
g 4
& L y=0.0062x128
5 3L\ R2=0.9569
I NN
= “
= 1r
2 e .
0 1 1 Pl ===~

0 0.02 0.04 0.06 0.08 0.1
Permeability (mD)

Figure 9. The relationship between gas permeability and specific surface area of 3 tight sandstone
samples and 1 mudstone sample.
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Figure 10. The relationship between gas permeability and average pore diameter of 3 tight sandstone
samples and 1 mudstone sample.
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4. Fractal Analysis of Nitrogen Adsorption Isotherms

4.1. Principle and Fractal Dimension Calculation Process

Fractal theory has been widely used to characterize the pore structures of unconventional
reservoirs [27-30]. Fractal dimensions can quantitatively evaluate the heterogeneity of pore structure,
and generally, pore heterogeneity increases with the increasing fractal dimension [31]. There are many
models for calculating fractal dimension from nitrogen adsorption isotherms, including BET model,
FHH model, fractal Langmuir model and thermodynamic method, and the FHH model is the one
widely applied [32]. According to the FHH model, the fractal dimension D can be calculated from
nitrogen adsorption experiments with the following equation:

LnV = KLn[Ln(Py/P)] + C ®)

where P is the equilibrium pressure; V is the volume of adsorbed gas corresponding to equilibrium
pressure P; Py is the saturation pressure, K is the slope of the logarithmic curve, which is related to the
adsorption mechanism and K = D — 3; C is a constant. If the pores has fractal characteristics, InV and
In(In(Py/P)) will have a linear relationship [18].

The fractal dimension processes of the 10 shale samples are shown in Figure 11. The adsorption
and desorption curves of the experimental samples produce hysteresis loops when relative pressure is
about 0.4, indicating that there is a large difference in porosity before and after this relative pressure due
to different adsorption behaviors. There are two fractal characteristics in the study area. In this paper,
the fractal dimension calculated from the low relative pressure range of 0 < P/P( < 0.4 is denoted as Dy,
and the fractal dimension calculated from the high relative pressure range of 0.4 < P/Pj < 1 is denoted
as D,. The fractal dimension D characterizes the effect of van der Waals force and reflects the surface
roughness. The fractal dimension D, represents properties of multi-layer adsorption, which can be used
to describe the spatial roughness and irregularity of pore structures [33,34]. Ghanbarian and Daigle
found that the cut-off values of the upper and lower boundaries of fractal regions have a significant
impact on the results of fractal dimension calculation [35]. Meanwhile, when the curve is segmented,
the boundaries of relative pressure is not constant at 0.4. In order to ensure the accuracy of fractal
dimension calculation, this paper divides the curve according to the change of slope. The segmentation
points of the curve are shown in Table 8.

Table 8. The upper and lower boundaries of relative pressure for fractal dimension calculation.

Upper and Lower Boundaries of Relative Pressure for Each Fractal Regime

Core No.
Initial Point Segmentation Point Ending Point
2 0.0099 0.4990 0.9954
8 0.0096 0.3001 0.9896
10 0.0101 0.4035 0.9944
17 0.0100 0.4004 0.9948
26 0.0099 0.4493 0.9943
33 0.0098 0.3990 0.9953
14 0.0098 0.4003 0.9943
24 0.0099 0.3010 0.9938
32 0.0098 0.2995 0.9944
32-2 0.0095 0.3998 0.9938
42 0.0098 0.4011 0.9888
53-54 0.0096 0.4016 0.9945
58 0.0097 0.2999 0.9941
58-2 0.0545 0.3146 0.9947

In Figure 11, the curves for calculating fractal dimension Dy and D; are displayed. For the core 2,
core 26 and core 33, the slopes of the two curves before and after the segmentation points are close
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to each other can be fitted by a straight line. The reason is that the pore radii of these cores are small
and their distributions are concentrated, which leads to that their surface fractal dimensions are close
to the volume fractal dimension. For the core 32-2, the curve of D, calculation is not linear and the
linear correlation is very poor. Therefore, the fractal dimension D, of core 32-2 was not calculated.
The values of D and D, are shown in Table 9. Dj is distributed between 1.67 and 2.5265 with an
average value of 2.1975, D;, is distributed between 2.3076-2.6463 with an average value of 2.4791.
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Figure 11. The curves of fractal dimension calculation for 10 shale samples.

The curves of fractal dimension calculation for the three tight sandstone samples and one
mudstone sample are shown in Figures 12 and 13, respectively, and the calculated fractal dimensions
D; and D, are shown in Tables 10 and 11, respectively.
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Table 9. The calculated fractal dimensions of 10 shale samples.

0<P/Py<04 04<P/Py<1
Core No.
K1 D1=3+k1 R2 K2 D2=3+K2 RZ
2 —0.4735 2.5265 0.951 —0.5561 2.4439 0.9855
8 —0.8963 2.1037 0.9845 —0.3592 2.6408 0.9988
10 —-1.33 1.67 0.9872 —0.3537 2.6463 0.9877
17 —0.7072 2.2928 0.9922 —0.4524 2.5476 0.9958
26 —0.5364 2.4636 0.982 —0.6123 2.3877 0.981
33 —0.7461 2.2539 0.9775 —0.6924 2.3076 0.9684
58 —0.7611 2.2389 0.9816 —0.6147 2.3853 0.9967
32 —0.9693 2.0307 0.9746 - - -
32-2 —0.3878 2.6122 0.7652 —0.7856 2.2144 0.9962
58-2 —1.8245 1.1755 0.9783 —0.464 2.536 0.9923
Average —0.8632 2.1368 0.9574 —0.5416 2.4584 0.9898
2 r 2 r 1
| Core 24 Core 42 Core 53-54
ol . '. 0.
e o T, -t T
> 2L - 6-;,__“_‘.‘.. . | ~,n_.._.‘... > . 0......."'
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Figure 12. The curves of fractal dimension calculation for 3 tight sandstone samples.
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Figure 13. The curves of fractal dimension calculation for 1 mudstone sample.

Table 10. The calculated fractal dimensions of three tight sandstone samples.

0<P/Py<04 0.4 <P/Py<1
Core No.
K; D=3+ R? K; D, =3+K, R?
53-54 —1.1952 1.8048 0.9646 —0.5907 2.4093 0.9971
42 —0.8474 2.1526 0.9169 —0.6247 2.3753 0.994
24 —1.2059 1.7941 0.9525 —0.6013 2.3987 0.9611
Average —1.0828 19172 0.9447 —0.6056 2.3944 0.9841
Table 11. The calculated fractal dimensions of one mudstone sample.
0<P/Py<04 04<P/Py<1
Core No. 0 0
Kl D1=3+k1 Rz K2 D2=3+K2 R2

14 —0.4577 2.5423 0.9978 —0.2638 2.7362 0.9856
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For the tight sandstone samples, the calculated D; changes from 1.7941 to 2.1526 with an average
value of 1.9172, and D, varies from 2.3753 to 2.4093 with an average value of 2.3944. The correlation
coefficient R? is close to 1, indicating that the pores in tight sandstone has good fractal characteristics.
For the mudstone sample, the calculated D is 2.5423 and the calculated D, is 2.7362. It can be found
that the values of Dy and D; of mudstone are largest, followed by shale, and the values of Dy and D,
of tight sandstone are smallest.

As shown in Tables 9-11, it can be found that the surface fractal dimension D; is generally less
than the volume fractal dimension D,. The relationship between the fractal dimension D; and D, for
shale samples is shown in Figure 14. The fractal dimension D, decreases with the fractal dimension D
increasing. The surface fractal dimensions D; of the cores 10, 24, 53-54, 58-2 are less than 2 which are
not in the typical range: 2 < D < 3 for three-dimensional space. Ghanbarian-Alavijeh et al. believed that
the fractal dimension can be -co when the pore size is the same, and demonstrated that theoretically
fractal dimension can range between —oco and 3 [36]. Therefore, the fractal dimension D less than 2
is acceptable.

3
y = 2.9079¢0-079%
2.8 R2=10.3591
2.6 I . .................. ) |
d\l | ., ....‘.............. :
o e
22 .
2 | I | I I I I
1 1.5 2 . 3
D,

Figure 14. Relationship between the fractal dimension D; and D, of shale samples.

4.2. Relationship between Fractal Dimensions and Pore Structure Parameters

A summary of fractal dimensions and pore parameters of shale, sandstone and mudstone samples
as shown in Table 12. The relationships between the calculated fractal dimensions and pore structure
parameters will be studied below.

Table 12. Summary of fractal dimensions and pore parameters of shale, sandstone and mudstone.

Core D D Specific Surface Area  Average Pore Diameter ~ Porosity =~ Langmuir Volume  Permeability
No. 1 2 (m?/g) (nm) (%) (107 cc/g) (mD)
2 2.5265  2.4439 0.283 30.06 - 1371.6 -

8 2.1037  2.6408 0.8988 13.02 - 1886.5 -
10 1.67 2.6463 0.2222 12.72 - 455.5 -
17 22928  2.5476 0.2022 19.66 - 640.7 -
26 24636 23877 0.2424 29.03 - 1134.3 -
33 22539 23076 0.05175 63.8 - 532.3 -
58 22389  2.3853 0.08572 44.06 13 608.9 -
32 2.0307 24742 0.07474 23.56 0.8 283.9 -

32-2 26122 22144 0.08011 47.19 - 609.5 -

58-2 1.1755 2.536 0.2036 24.76 - 813 -

53-54 1.8048  2.4093 0.1864 53.12 8.07 1596.6 0.09
42 21526  2.3753 0.4091 39.79 6.49 2624.1 0.027
24 1.7941 2.3987 0.2366 53.2 9.8 2029.4 0.056
14 2.5423  2.7362 6.33 7.272 1.05 7421.1 0.0053

Average 21186  2.4645 0.679 32.95 4.59 1571.9 0.0446
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4.2.1. Relationship between Fractal Dimension and Specific Surface area

The relationship between specific surface area and fractal dimension of 10 shale samples and
three sandstone samples is shown in Figure 15. There is no obvious relationship between D; and BET
specific surface area, but BET specific surface area is positively correlated with D5, indicating that the

larger the specific surface area is, the more complex pore structure will become.

4.2.2. Relationship between Fractal Dimension and Average Pore Diameter

As shown in Figure 16, average pore diameter of all samples has no obvious relationship between
Dy, but is negatively correlated with D,. With average pore diameter increasing, fractal dimension D,

decreases exponentially, indicating properties of core samples become better.
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Figure 15. Relationship between fractal dimension and specific surface area.
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Figure 16. Relationship between fractal dimension and average pore diameter of all samples.

4.2.3. Relationship between Fractal Dimension and Porosity

As shown in Figure 17, the fractal dimension Dy and D, of the three sandstone samples (Nos. 53-54,
42, 24) and one mudstone sample (No. 14) are negatively correlated with porosity.
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Figure 17. Relationship between porosity and fractal dimension of 3 sandstone samples and

1 mudstone sample.
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The fractal dimension decreases with the increasing porosity. It is reasonable as the increasing

porosity usually means the increasing pore size, and therefore properties of core samples become better.

4.2.4. Relationship between Fractal Dimension and Permeability

The relationship between permeability and fractal dimension of three sandstone samples

(Nos 53-54, 42 and 24) and one mudstone (No. 14) is shown in Figure 18. Similar to porosity,
permeability is both negatively correlated to D; and D,. Therefore, the calculated fractal dimension D,
and D; can be used for evaluating core properties.
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Figure 18. Relationship between fractal dimension and permeability of 3 sandstone samples and
1 mudstone sample.

5. Conclusions

Characteristics of nanopore structure in shale, tight sandstone and mudstone have been studied

with nitrogen adsorption experiment and fractal theory. Several conclusions could be drawn as follows:

)

)

®)

4)

®)

The morphologies of nitrogen adsorption-desorption curves of 10 shale samples belong to the H2
and H3 types according to IUPAC isotherm classification standard, while the curve of nitrogen
adsorption-desorption of three sandstone sample is closer to H3 type.

The pore sizes of the shale have certain heterogeneity, and the pore size intervals are mainly
concentrated less than 30 nm, with at least a relatively obvious peak value distributed around
3 nm-10 nm.

BET specific surface area of sandstone is smaller than that of shale, and the pore volume and
average pore diameter are much larger than those in shale. The BET specific surface area of
mudstone is much larger than that of sandstone, and the pore volume and average diameter are
much smaller than those in sandstone.

The larger the average pore size of sandstone is, the smaller the BET specific surface area will be,
and the BET specific surface area decreases with the increase of permeability. With the increase
of porosity and permeability, BET specific surface area decreases with the increasing average
pore size.

Fractal dimensions calculated from the low relative pressure range D, are generally less than
those calculated from the high relative pressure range D,. D; reflects the surface roughness
of pore structures and D, quantifies the spatial irregularity of pore spaces, and D; and D, are
negatively correlated with each other. Compared with Dy, D, has stronger relationships with pore
structure parameters and core properties. With D, increases, BET specific surface area increases
but average pore diameter, porosity and permeability decreases.
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