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Quantitative characterization of the pore throat structures and reservoir properties of the
tight sandstone in Fuyu oil layers of Sanzhao Sag, Songliao Basin, NE China was carried out
using cast thin section (CTS), scanning electron microscopy (SEM) and high-pressure
mercury intrusion (HPMI) combined with fractal theory. cast thin section and scanning
electron microscopy describe the composition, pore filing, cementation, and connectivity
of tight sandstones. Six different fractal models, i.e. 2D capillary model, 3D spherical model,
3D capillary model, geometric model, thermodynamic model, and wetting phase model
are used to calculate the fractal dimension of pore size distribution using capillary pressure
data of high-pressure mercury intrusion, and their correlations with reservoir properties
were analyzed. The images of CTS and SEM show that the main lithology of this oil reservoir
is tight sandstone, and the pore types are mainly intergranular dissolved pores and
intragranular dissolved pores, with uneven pore distribution and poor connectivity. The
study of the HPMI data shows that the throat sorting coefficient is the main influencing
factor of tight sandstone permeability. The fractal dimensions calculated from the HPMI
capillary pressure data using the 3D capillary model and the wetting phase fractal model
have the strongest correlations with the reservoir properties compared with the other fractal
model. As the fractal dimension increases, the pore throat structures become more
heterogenous and reservoir properties become poorer. For the wetting phase fractal
model, the calculated fractal dimension is positively correlated with the heterogeneity of the
pore throat structure of tight sandstone, which is contrary to the fractal theory and is not
suitable for analyzing pore throat structures. The fractal dimensions calculated from the
thermodynamic model have no obvious correlations with reservoir properties and cannot
quantitatively characterize the heterogeneity of tight sandstone.
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1 Introduction

The resource reserves of tight oil are abundant but the
effective development of tight oil reservoir is difficult that is
due to ultralow porosity and permeability of reservoir formation.
The permeability of the tight oil reservoir with overburden
pressure is generally lower than 0.1 mD, porosity is less than
10% as usual, and pore throat diameter is typically less than 1 um
(Jia et al., 2012). The apparent permeability of tight oil reservoir
decreases with the decreasing pore diameters (Xu et al., 2019).
There are approximately 66 basins worldwide buried with tight
oil. Currently, the geological resource reserves of the main basins
in China are 10.67-11.15 billion tons (Jia et al., 2012). In China,
the tight oil reserves are mainly distributed in Ordos, Junggar,
and Songliao basins, and the confirmed tight oil reserves are
more than 600 million tons (Jia et al., 2012). However, the
ultimate oil recovery factor of the tight oil reservoir is
generally low (Sheng, 2015), and the characterization of pore
throat structures and reservoir formation properties are
significant to developing tight oil reservoirs.

TABLE 1 The basic information about the cores.

Well No. Depth ¢ K Structure
No. coefficient
(m) (%) (mD)

7602-9 YG09- 1774.00 13.1 0.49 2.454
297

7602-10  YGO09- 1877.40 123 0.73 6.793
368

ZF59-45  YGO09- 180460 6.5 0.09 0.831
208
YG09- 1851.00 10.5 0.52 5.428
209
YG09- 1855.80 10.3 023 2.207
210

ZF81-49  YGO09- 1792.00 124 0.62 1.101
207

7F86-54  YGO09- 1731.40 10.5 0.12 1.221
363
YG09- 1839.40 114 035 8.621
364

ZF59-51 1 177400 4514 0.00078 0354
3 178476  6.532 0.0115 1.911
5 179600  7.586 0.00083 15852
7 183415 27 0.00042 0304
8 183460  9.263 0.0007 0.973
9 1834.72 15389 0.68 6.408
11 1839.18 12465 035 1.105
13 1839.85 11336 011 1.798
15 184040  5.746 0.0013 0.633

7102 8 1955.85  9.485 0.016 2,519

Sample 5 - - 13.621 0.2 2.147
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Fractal geometry theory refers to phenomena in which an
object exhibits similarity to the whole at each of its own scales,
and widely exists in nature (Mandelbrot and Mandelbrot, 1982).
Mandelbrot (Mandelbrot and Mandelbrot, 1982) firstly proposed
the fractal theory in the 1980s. Compared with traditional
Euclidean geometry, fractal geometry can more accurately
analyze and describe the complex pore structure. The fractal
theory has been widely used in the analysis and research of pore
throat characteristics, and the physical properties of reservoir
formations are negatively correlated with fractal dimensions
(Wang et al, 2018a; Wang et al., 2018b; Wang et al., 2019;
Wang et al,, 2021). The larger the fractal dimension, the more
complex the pore throat characteristics of reservoir formations
(Shi et al., 2018). With the development of pore throat structure
description technology, many methods are applied to the
description and analysis of pore throat characteristics in tight
oil reservoirs, such as HPMI, constant-rate mercury injection, CT
scanning, SEM, CTS, etc. As we all know, HPMI is widely used to
analyze pore throat structures. The constant-rate mercury
injection method can inject mercury into pore space at

Throat P Pso I'so I'max Displacement
sorting pressure
coefficient

(um)  (MPa)  (um) (um) (MPa)

2.927 0.271 4.527 0.165 1.057 0.696
3.326 0.568 4.134 0.180 2.086 0.352
1.681 0.096 11.088 0.068 0.353 2.081
3.201 0.464 3.789 0.203 1.528 0.481
2.668 0.199 5.645 0.131 0.532 1.382
2.737 0.21 7171 0.104 0.703 1.046
2.356 0.047 16.199 0.047 0.354 2.074
3.188 0.46 3.609 0.213 1.528 0.481
0.007 0.011 63.478 0.012 0.0534 13.780
0.106 0.098 9.16 0.080 1.0815 0.68
0.075 0.071 15917 0.046 0.5407 1.36
0.005 0.008 96.36 0.008 0.0356 20.66
0.008 0.011 69.4 0.011 0.0667 11.03
0.997 0.893 1.758 0.418 5.2529 0.14
0.327 0.327 2.705 0.272 1.5647 0.47
0.237 0.241 4.401 0.167 2.7237 0.27
0.017 0.018 49.93 0.015 1.5647 0.47
0.115 0.104 10.411 0.071 0.1340 5.49
0.315 0.256 6.635 0.111 1.0815 0.68
02 frontiersin.org
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FIGURE 1

CTS image of No. 3 core of Zhoufu 59-51 well (A) The pore system is dominated by intergranular solvable pores with single-polarized light
image (B) Gray-bearing medium fine-grained feldspar debris sandstone with orthogonal polarization image.

FIGURE 2

CTS image of No. 5 core of Zhoufu 59-51 well (A) The pore system is dominated by intergranular and intragranular solvable pores, single-
polarized light image (B) Medium and fine-grained feldspar debris sandstone, orthogonal polarization image.

constant and low rates, and it can give a more detailed
of the pore throat than
conventional mercury intrusion methods (He et al, 2011; Li
et al, 2012; Chen et al, 2013). However, it is hard to
quantitatively characterize the pore throat structure with a

description core structure

pore size less than 0.12 um in ultra-low permeability tight
reservoir (Zhang et al., 2021). CT scanning can build a 3D
digital rock without damaging the core and has been widely
used to describe the characteristics of pore throat (Knackstedt
et al, 2007; Arzilli et al, 2016). The CTS refers to injecting
colored liquid gel into the pore space of core samples and making
cores into thin sections after gel solidification. It has the
advantages of simple and easy experiments, low requirements,
and a short experimental cycle, while CTS cannot directly
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describe the pore throat characteristics in characterizing dense
cores. Similar to CT scanning and CTS, the pore throat
characteristics and composition can also be obtained from
SEM images. The structural characteristics of different pore
throats can be comprehensively studied with HPMI, X-CT,
SEM, and other methods (Wang et al., 2018a), (Gutierrez and
Jose, 2006; Martinez et al., 2010; Jouini et al., 2011).

Based on HPMI, CTS, and SEM tests, the pore throat
characteristics of tight sandstones in Fuyu oil layers of Sanzhao
Sag, Songliao Basin, NE China were characterized and analyzed by
six fractal models, and the main influencing factors of permeability
in other physical properties are analyzed as well. The pore throat and
composition of tight sandstone are characterized and explored
through CTS and SEM images, and the fractal dimensions of six
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FIGURE 3

CTS image of No. 9 core of Zhoufu 59-51 well. (A) The pore system is dominated by intergranular and intragranular solvable pores, single-
polarized light image (B) very fine-grained Feldspar chip sandstone contains mud, orthogonal polarization image.

FIGURE 4

CTS of core 11 of Zhoufu 59-51 well. (A) The pore system is dominated by intergranular and intragranular solvable pores, single-polarized light
image (B) Fine medium-grained feldspar debris sandstone, orthogonal polarization image.

different fractal models are calculated from HPMI capillary pressure
data. The applicability of using fractal dimensions calculated from
different models to characterize the pore throat characteristics and
the correlation between fractal dimensions and reservoir physical
parameters were analyzed.

2 Core samples

In this experiment, 19 low-permeability core samples were
taken from the Klq4 layer from 1731.4m to 1955.85m in the
Songliao Basin and tested for HPMI. The porosity of the sample
cores ranged from 2.7% to 15.389%, and the permeability was
between 0.00042 mD and 0.73 mD. The basic information about
the cores is shown in Table 1.

Frontiers in Energy Research

2.1 Core analysis

The distribution of clay minerals in the reservoir is
anisotropic, seriously affecting oil generation, reserves,
flow, exploration, and development of oil and gas
reservoirs. Core SEM images and thin section images can
reflect the effect of clay mineral particle morphology and pore
development.

2.1.1 Analysis of CTS images

The CTS images of core 3 of well Zhoufu 59-51 are shown
in Figure 1, and the particles are in a medium fine grain
structure. The intermediate basic rock debris is mainly
andesite, and the metamorphic rock debris is mainly
composed of quartzite and phyllite. Argillaceous matrix is
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FIGURE 5
SEM image of No. 3 core of Zhoufu 59-51 well.

filled with intergranular, and anhydrite and calcite are filled in
pores and replaced particles, and pyrite is distributed in
patches. It can be seen that the pores are unevenly
distributed, and it is mainly intergranular dissolved pores
with poor connectivity.

Figure 2 is a thin section photo of the cast body of No.
5 core of Zhoufu 59-51 well, and the particles are in a medium
fine grain structure. Sedimentary debris is mainly micrite
limestone, and metamorphic debris is mainly phyllite and
distributed
intergranular, and calcite and anhydrite fill pores and

quartzite. Argillaceous matrix is among
replace grains. Common quartz secondary enlargement can
be seen, and pyrite shows a patchy distribution. Intergranular
and intragranular dissolved pores are developed with poor
connectivity.

Core 9 of well Zhoufu 59-51 is shown in Figure 3, and the
particles are of acceptable to excellent structure. The rock debris
is mainly acid extrusive rocks. The argillaceous matrix is
distributed among intergranular, and a small amount of
calcite fills the pores and replaces the grains. Illite is
distributed at the edge of grains, and pyrite is distributed in
patches. There are a few inter-granular and intra-granular

dissolved pores with poor connectivity.

Frontiers in Energy Research

According to Figure 4, it can be seen that the core of well
Zhoufu 59-51 No. 11 is fine and medium grinding a small
number of excellent particles. The intermediate bare cuttings
are mainly andesite, and the metamorphic mainly consists of
phyllite and quartzite. Argillaceous matrix is distributed among
grains, and anhydrite is used to fill pores and replace grains. It
can be also seen common quartz secondary enlargement. The
pores are mainly intragranular dissolved pores and intergranular
dissolved pores with poor connectivity.

2.1.2 Analysis of SEM images

Figure 5 is the scanning electron microscope image of No.
3 fine sandstone core of Zhoufu 59-51 well. It can be seen that
the overall structure of the rock is relatively loose, the quartz
crystal particles are secondarily enlarged and tend to be self-
shaped, the secondary quartz crystals and hairy illite
aggregates are attached to the particle surface, and the
secondary albite crystals, hairy illite aggregates, calcite
crystals, and honeycomb-like illite smectite are filled in the
inter-granular pores. And residual intergranular pores can
be seen.

Figure 6 shows the scanning electron microscope image of
the No. 5 siltstone core of Zhoufu 59-51 well. It can be seen that
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FIGURE 6
SEM image of core 5 of Zhoufu 59-51 well.

the overall structure of the rock is relatively loose, and the
arrangement of clastic particles is slightly directional. Flake-
like and hairy illite aggregates are filled in clastic particles and
intergranular pores. Intergranular micro-fractures are developed.
The clastic particles are in mosaic contact, and inter-granular
dissolution pores are found. Feldspar particles are broken and
hetero-basic by dissolution, and hairy illite aggregates are mixed
with hetero-base. Dissolution micro-pores are developed, and
secondary albite crystals are found in dissolution pores.

Figure 7 is the scanning electron microscope image of No. 9 fine
sandstone core of well Zhoufu 59-51. It can be seen that the overall
structure of the rock is loose. Secondary quartz crystals and leaf-like
chlorite aggregates with a film structure are attached to the surface of
clastic particles and filled in clastic particles. Residual intergranular
pores and fissures are developed. The lamellar chlorite aggregate and
asphaltene are filled in the intergranular pores, and the chlorite
aggregate is mixed with quartz crystals.

Figure 8 is a scanning electron microscope image of the core of
No. 11 siltstone in Zhoufu 59-51 well. It can be seen that the overall
structure of the rock is loose, some flake-like and hairy illite
aggregates and leaf-like chlorite aggregates with thin film
structures are attached to the surface of debris particles. And
secondary quartz crystals, asphaltene, and leaf-like chlorite
aggregates are filled in the pores of debris particles and particles,
which can be seen developed intergranular pores. Feldspar particles
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are dissolved and broken along the cleavage with heterogeneity, and
micro-dissolved pores are set in the particles.

3 Calculation of fractal dimension
with HPMI data

According to the fractal theory, porous media have a fractal
structure with a power rate relationship between scale € and the
number N(e):

N(e)oce™Ps

1

Where Dy is fractal dimension.

3.1 Method |-2D capillary model

Assuming that the pore space is made up of capillary tube
with the same length [ under different radius r (Purcell, 1949),
then:

7 max

o AV g, (1)

. nr2l

N(>r) = J n(r)ydr = J dr 2)

r

Where r is the pore radius, um, N(7) is the total number of pores
with pore radius less than r, n(r) is the number of pores at the
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FIGURE 7
SEM image of No. 9 core of Zhoufu 59-51 well.

radius of 7, AVy,(r) is the volume of mercury intake at the radius
of r, cm?, 1 is the length of the rock sample, cm.

When the pore diameter in the reservoir is greater than r, the
total number of pores is N(r), and the logarithm of radius r and pore
number N(7) is a linear relationship (Katz and Thompson, 1985):

IgN (r) < — Dylgr (3

Then Dy, is the fractal dimension calculated by this method. It
represents the fractal dimension of the cross-section of the rock sample
and equals the opposite slope of the N(r)-r in the logarithm plot.

3.2 Method IlI- 3D sphere model

If the pore space is made up of spheres with different radii,
then:
r r AV
3 r

N(>r):j n(r)dr:j 4)

7 max 7 max

Dp, the fractal dimension obtained by this method, reflects
the 3D distribution characteristics of rock pore space, and equals
the opposite slope of the N(r)-r curve in the logarithm plot.

Frontiers in Energy Research

3.3 Method IlI-3D capillary model

Assuming that the radius of the rock sample is 7, the ratio of the
total mercury injection volume V() under this radius to the total
volume of the core under this radius is the 3D capillary model, namely:

VHg (1’)

N(>n)= nr?l

®)

where Dys is the fractal dimension calculated by this method, is
opposite to the slope of N(r)-r curve in the double logarithm plot.
The fractal dimension calculated with this method can reflect the
fractal characteristics of pore space in 3D space.

The saturation of mercury is:

_Vuy

v, (6)

N
where V/, is the pore volume of the whole core system, cm’, Sy is
the saturation of mercury content, %.

Combining Egs. 3, 5, 6, it can be seen that there is a power-
law relationship between mercury saturation and capillary
pressure, namely:

Sig o< P~ (7Pr) )
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FIGURE 8

SEM image of core 11 of Zhoufu 59-51 well.
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TABLE 2 Fractal dimension values calculated by different models.

Well No.act No. Method I Method II Method III Method IV Method V Method VI
Dy Dy, Dy; Dy, Dys Dy
7602-9 YG09-297 2.123 3.039 2.609 2.641 2.745 2.549
7602-10 YG09-368 1.823 2.783 2.478 2.833 2.799 2.705
7F59-45 YG09-208 2.175 3.057 2.955 2.980 2.955 2.202
YG09-209 1.767 2.729 2.520 2.828 2.724 2.654
YG09-210 1.730 2.641 2.659 2.596 2.718 2.578
ZF81-49 YG09-207 1.786 2.724 2.580 2.839 2.734 2.581
7F86-54 YG09-363 1.955 2.843 2.750 2.837 2.825 2,637
YG09-364 1.733 2.693 2.531 2792 2.704 2.663
7F59-51 1 2.405 3.133 3.231 1.019 2.685 2.158
3 1.680 2,619 2.580 2.598 2.657 2.442
5 1.686 2.577 2.642 2,518 2,672 2.384
7 3.308 4179 3.776 2.905 2.827 1.670
8 2.270 3.062 3.442 1.931 2.765 2.292
9 1.730 2.690 2177 2.753 2.657 2.700
11 1.740 2.730 2.251 2.751 2.629 2.416
13 — 2,628 2.388 2.680 2.638 2.751
15 1.681 2.636 2.375 2.703 2.638 2.504
7102 8 2.065 2.950 3.121 2.761 2.779 2.154
Sample 5 - 1.881 2.843 2.540 2.920 2.699 2.453
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Relationship between porosity and fractal dimension calculated by six methods.
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Relationship between permeability and fractal dimension calculated by six methods.

where P, is capillary pressure, MPa. According to the formula, it
is easy to see that the slope of Sy,-P, logarithmic curve plus 2 is
the fractal dimension obtained by this method.

3.4 Method IV- geometric model

Assume that the pore radius r is a function of V, derivative

concerning 7, then:
av,
dr

o Pr (8)

Combining (7) and (8) to obtain:

dSHg -(4+-D

_ r) 9
dp. © pe )
From this formula, it can be seen that the slope of the d;;”—pc

curve in double logarithm plus 4 equals Dg,.
3.5 Method V- thermodynamic model

When mercury intrudes into pore pace, the surface energy is
directly proportional to the amount of mercury intrusion,
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therefore there is a certain correlation between the number of
pores and surface energy of mercury intrusion into rocks (Zhang
and Li, 1995):

In(W,) = C +1n(Q,) (10)
Q, =r2Pvbs (11)
W, = iEAV,- (12)

i=1

where W, is cumulative increase in surface energy during
mercury intrusion, KJ, P; is the average pressure, MPa, AV;
is the

interval, cm?®.

intruded mercury volume in the pressure
Combined with Eqgs. 10-12, the following equation can be
changed into (Zhang et al., 2006):

In(W,/r})=C+Ds xIn(V)’[r,) (13)

Dys is the fractal dimension calculated by this method,
which represents the roughness of the pore face, then
the slope of the graph In(W,/r?)—In(VY3/r,) is opposite
to Df5.
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Relationship between structure coefficient and fractal dimension calculated by six methods.

3.6 Method VI- wetting phase model

When the minimum pore radius r,,;, is far less than r,,,,,,
the wetting phase saturation can be expressed with
capillary pressure and fractal dimension as (Wang and
Cheng, 2020):

I

Dg-3
< )
I ¢ min

where P,;, is the displacement pressure. The fractal

(14)

dimension calculated with this method can be noted
with Dg. As mercury is in the non-wetting phase, and
it can be estimated by S,, = I-Sy,. Therefore, the fractal
dimension can be derived from the slope of S,,-P, in double
logarithm plot.

3.7 Relationship between permeability and
pore structure parameters

The capillary pressure of HPMI of 19 tight sandstone core

samples is shown in Figure 9, and the calculated parameters of
pore structures are shown in Table 1.
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In this paper, permeability and porosity are derived from

core measurements. And obtain values of physical
parameters such as median radius, displacement pressure,
average throat radius, median pressure, throat sorting
coefficient, structure coefficient, and maximum radius
from HPMI data. Moreover, the correlation curve between
permeability and physical parameters are drawn to select
main relevant parameters of permeability. The correlations
between the different pore structure parameters and core
permeability of 19 cores are shown in Figure 10. From the
figure, it can be seen that the permeability is related to each
physical parameter as a power. And the index of median
pressure and the index of displacement pressure are negative
which is caused by an inverse relationship between pressure
and the radius of the pore throat. According to the
the throat has the

strongest correlations with permeability, with a correlation

comparison, sorting coefficient
coefficient of 0.8566. The median pressure, median radius
and average throat radius have slightly poor correlations
with permeability, and the corresponding correlation
coefficients are 0.8154, 0.8208 and 0.8221 respectively.
The porosity has a relatively poorer correlation with core
permeability, and the correlation coefficients is 0.6533,

respectively. The correlation between structure coefficient

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1053919

Mu et al.

10.3389/fenrg.2022.1053919

A B 1o - : C 1
- y = 1907.5¢3032x y = 2854.3¢335%
= a y=181.88¢32 | § A R2=02223 = R = 03501
§ ' a4 R*=0.2905 é Ol AA A g o A\\“‘ a
g R g 4 : \
\
3} M\\ Eﬂ A“A\\ §n A \
£ 0LE AN € 01k N g0} AN
5 \ s \ s \
Z A . s A s 2 a \
5001 F \ 2001 f *\ g 001 | \
5 Moy = A a }:‘ . aty
= =
= =
0.001 : ' : 0.001 : . 0.001 .
1 2 3 4 5 1 2 3 4 5 1 3 5
b Dy, £ D, . D,
10 10 10
N 4 4
<9 9 — L
b=} 1 E A, b 1 E A, % 1 ll
s { g / )
e W o o o " A
= ’ o0
= L L £ L Y
£ 01 S A £ ol p £ o A
G ’ s g !
! Z = 1E-07c60%31
= / A = A /I A y
go01 k4 £0.01 F " 2o0.01 D R? - 0.4836
= Fs _ N = A = 2E-07¢5-1692x = N
= F 4 y}??gi%? = Y < 0.0339 = '
0.001 L L L 0.001  — 0.001 1 L 1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Df4 DfS Df6

FIGURE 14

Relationship between throat sorting coefficient and fractal dimension calculated by six methods.

and permeability is the worst, and the correlation coefficient
is only 0.1937.

4 The correlation between fractal
dimension and reservoir properties

According to the above six fractal models, the fractal
dimension of each model is calculated, as shown in
Table 2. The fractal dimensions calculated by the models I
to VI are respectively recorded as Dy, Dy, Dgs, Dy, Dys, and
Dgs. The fractal dimension calculated by method | is mainly
between 1 and 3. The fractal dimension calculated by method
II' and method Il is mainly between 2 and 4. The fractal
dimensions calculated by method IV and method V are
primarily distributed in the range of 2-3. Meanwhile, the
difference between the fractal dimensions calculated by
method V is small, mainly in the range of 2.6-3. However,
due to the special conditions of ultra-low permeability and low
porosity of the core 7 of Zhoufu 59-51 well, the fractal
dimensions calculated by the 2D capillary model and 3D
sphere model are not in this range.

Figure 11 shows the relationship between porosity and

fractal dimension calculated by six methods, respectively. It
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can be seen that the fractal dimension calculated by the 3D
capillary model and wetted phase model has a strong
correlation with porosity, and the wetting phase model has
the strongest correlation, with a correlation coefficient of
0.5397. The 3D capillary model is slightly worse than the
2D capillary model. The correlation between porosity and
fractal dimension calculated by the 3D spherical model and
geometric model was poorer and the correlation coefficient
was 0.2727 and 0.1242, respectively. The correlation between
the fractal dimension calculated by the thermodynamic model
and porosity was the poorest, and the correlation coefficient
was only 0.0553.

Figure 12 shows the relationship between permeability
and fractal dimensions calculated by the six methods.
Compared with porosity, the correlation between fractal
The
correlation between the wetting phase model and the 3D

dimensions and core permeability is poorer.

capillary model is slightly stronger than other methods, and
the are 0.4937 and 0.4524,

respectively. According the analysis, the
dimensions from the remaining four fractal models have

correlation coefficients

to fractal

no obvious correlation with permeability, and the correlation

coefficients are all below 0.3. The fractal dimension
calculated by the thermodynamic model has the poorest
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Relationship between average throat radius and fractal dimension calculated by six methods

correlation with permeability, and the correlation coefficient
is only 0.0002.

Figure 13 shows the relationship between the structure
coefficient and fractal dimensions calculated from six models.
It can be seen that the fractal dimensions calculated from the 2D
capillary tube model, the 3D sphere model, and the wetting phase
model have slightly stronger than that of other fractal
dimensions. The fractal dimension calculated by the 2D
capillary model has the strongest correlation with the
structure coefficient, with a correlation coefficient of 0.3991.
The correlation coefficients of Dy, and Dy are 0.3526 and
0.3476 respectively. The correlation between other fractal
and the
determination coefficient is below 0.3. The fractal dimension

dimensions and structure coefficient is poor,
calculated by the thermodynamic model has the poorest
with  the the

determination coefficient is only 0.0477.

correlation structure  coefficient, and

Figure 14 shows the relationship between the sorting
coefficient of pore throats and fractal dimension calculated
by six methods. It can be seen that the fractal dimension Dy,
calculated by the wetting phase model has the strongest
correlation with the sorting coefficient of pore throats, and
the correlation coefficient is 0.4836. The fractal dimensions

obtained by the 3D capillary model and geometric model have
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a slightly poor correlation with the sorting coefficient of pore
throats, and the correlation coefficients are 0.3591 and
0.3002 respectively. The correlation between other fractal
dimensions and the sorting coefficient of pore throats is
poor, and the determination coefficient is lower than 0.3.
The fractal dimension calculated by the thermodynamic

the
determination

correlation with
the

model has the poorest sorting

coefficient of pore throats, and
coefficient is only 0.0339.

Figure 15 shows the relationship between the average pore
throat radius and the fractal dimension calculated by six
methods. The fractal dimension Dy derived from the 3D
capillary model and the fractal dimension Dy from the
wetting phase model have the strongly correlated with the
throat relationship, the

coefficients are 0.5969 and 0.5154, respectively. Dy and Dp

mean radius and correlation
have a slightly poor correlation with the average throat radius.
The determination coefficients are 0.409 and 0.3282, respectively.
The fractal dimension obtained from the remaining fractal
method has a poor correlation with the average pore throat
radius. The correlation between the fractal dimension Dy
calculated by the thermodynamic model and the average pore
throat radius is the poorest, and the determination coefficient is

only 0.0406.
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Relationship between median pressure and fractal dimension calculated by six.

The relationship between the median capillary pressure
and the fractal dimension calculated by the six methods is
shown in Figure 16. It can be seen that the fractal dimension
Dys calculated by the 3D capillary model and the fractal
dimension Dy, calculated by the 2D capillary model has the
strongest correlations with the capillary median pressure.
The 0.6318
0.6205 respectively. The correlation between Dy, and Dy

correlation coefficients are and

and the median capillary pressure is slightly poor, and the
0.5591 and 0.5554,
respectively. The correlation between the other two fractal

determination coefficients are
dimensions Dy, and Dys and the median capillary pressure is
poor. The correlation between the fractal dimension
calculated by the thermodynamic model and the median
capillary pressure is the poorest, and the determination
coefficient is only 0.0278.

Figure 17 shows the relationship between the maximum
pore throat radius and the fractal dimension calculated by
the six methods. It can be seen that the fractal dimension D3
calculated by the 3D capillary model has the strongest
correlation with the maximum pore throat radius, with a
correlation coefficient of 0.9317. The fractal dimensions Dy,
Df;, and Dy, have a slightly poor correlation with the
maximum pore throat radius, with correlation coefficients
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of 0.6992, 0.6313, and 0.5239 respectively. The remaining
two fractal dimensions are poorly correlated with the
maximum pore throat radius, with correlation coefficients
below 0.3.

To sum up, the fractal dimension calculated by the wetting
phase model and the 3D capillary model can well characterize
the reservoir properties. However, the fractal dimension of the
wetting phase model essentially should be calculated by using
the saturation of the wetting phase and its corresponding
intrusion pressure data. Utilizing the equation S,, = 1-Sy, to
calculate the saturation of the wetting phase leads to results
that contradict the fractal theory. This is because the method
makes an inverse relationship between the wetting and non-
wetting phases. According to Figure 12, median pressure and
fractal dimension show a positive correlation. From
P, = zaiﬂ, it can be seen that the capillary pressure is
inversely related to the pore radius. Therefore, the fractal
dimension is negatively correlated with the uniformity of pore
throat distribution. Except for the wetting phase model, every
fractal model has a negative relationship between fractal
dimension and reservoir properties. That is, the smaller the
the
corresponding rock surface is and the more uniform the

fractal dimension value, the more homogeneous

pore throat distribution is.
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Relationship between maximum pore radius and fractal dimension calculated by six methods.

5 Conclusion

The pore fillings and composition of rock samples are analyzed
through the CTS image and SEM image of tight sandstone rock
samples obtained from Fuyu oil layers of Sanzhao Sag, Songliao
Basin, NE China. And the connectivity of the rock samples is
qualitatively characterized. Based on the data of HPMI, 6 kinds
of fractal models are utilized for quantitative analysis of the samples’
heterogeneity. And the best model was filtered by comparing.
Combining the fractal models with the CTS image and SEM
image, the reservoir properties of Daqing Oilfield are Qualitative
and quantitative evaluated.

CTS and SEM images show that the lithology of the tight oil
reservoir in the Fuyu oil layers of Sanzhao Sag, Songliao Basin are
all sandstones, and the pore types are mainly inter-granular and
intra-granular pores, with uneven distribution of pores and poor
connectivity. The tight sandstone is mainly pore cemented and
filled with muddy miscellaneous bases, calcite, and other
cemented materials. Illite or chlorite is commonly found
attached to the grain surface and filled between the grains.

HPMI tests show that the tight sandstone permeability is
strongly correlated with the throat sorting coefficient. The fractal
dimensions obtained from the 3D capillary model and wetting
phase model have a strong correlation with the reservoir physical
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properties, but the trend between the fractal dimension and
reservoir proprieties are opposite to each other. The fractal
dimension obtained from the 3D capillary model is more
suitable for analyzing the reservoir properties, and there is a
negative correlation between the fractal dimension and reservoir
physical parameters. That is, the larger the fractal dimension, the
worse the reservoir physical properties. The fractal dimension
calculated by the thermodynamic model has no obvious
correlation with reservoir properties, and it is not possible to
the by the
thermodynamic model method.

quantitatively —analyze reservoir  properties
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