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Based on porosity and permeability tests, high-pressure mercury injection (HPMI),
nuclear magnetic resonance (NMR) and centrifugal experiments, this study
comprehensively analyzed the quality, pore structure and fractal characteristics
of tight sandstone reservoir in meandering stream facies. The purpose is to reveal
the relationship between physical properties, geometry and topological
parameters of pores, fluid mobility and heterogeneity of pore system of tight
sandstone reservoirs in meandering stream facies. The results show that the
second member of the Middle Jurassic Shaximiao Formation (J2S

2) in the
central Sichuan Basin has developed tight sandstone reservoir of meandering
fluvial facies, the pore radius of type I reservoir (K>0.3 mD) is mainly distributed at
0.01 μm~2 μm, the tortuosity ranges between 2.571 and 2.869, and the average
movable fluid saturation is 70.12%. The pore radius of type II reservoir
(0.08mD<K<0.3 mD) is mainly 0.003 μm~1 μm, the tortuosity ranges between
2.401 and 3.224, the averagemovable fluid saturation is 57.59%. The pore radius of
type III reservoir (K<0.08 mD) is mainly 0.001 μm~0.4 μm, the tortuosity ranges
between 0.905 and 2.195, and the average movable fluid saturation is 13.46%.
Capillary-Paraachor point (CP point) and T2 cut-off value (T2cutoff) are used to
divide the fractal interval of capillary pressure curve and T2 spectrum. The fractal
dimensionDh2 of small pores calculated by HPMI through 3D capillary tubemodel,
the fractal dimension Dn1 of large pores and Dn2 of small pores calculated by NMR
through wetting phase model can effectively characterize the heterogeneity of
reservoir pores. Among them, Dn1 has a strong negative correlation with porosity,
permeability, pore radius andmovable fluid saturation, indicating that the reservoir
capacity, seepage capacity and pore size are mainly controlled by large pores,
therefore, Dn1 can be used as an effective reservoir evaluation parameter.
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Introduction

In the past few decades, conventional oil and gas resources have
continued to decrease. In view of the growing global demand for
fossil energy, unconventional oil and gas resources such as tight gas
have received widespread attention (Nelson, 2009; Zou et al., 2012a;
Qu et al., 2020; Awan et al., 2021). China is rich in tight gas resources
with reserves of about 21.85×1012m3 (Sun et al., 2019). Unlike
conventional oil and gas bearing sandstone, the tight sandstone
are characterized by low porosity and low permeability, and usually
have complex micro-nano-scale pore systems and strong
heterogeneity (Xiao et al., 2017; Li et al., 2018b; Zang et al.,
2022a). Therefore, there are great challenges in the exploration
and development of tight sandstone oil and gas reservoirs.
Decades of production practice results show that pore structure
is critical to the storage and seepage capacity of tight sandstone
reservoir, and controls the distribution of oil and gas reservoir
productivity and production effect (Wang et al., 2018b; Huang
et al., 2018; Qu et al., 2020). Therefore, the study of pore
structure and heterogeneity of tight sandstone is helpful to reveal
the migration and enrichment mechanism of tight oil and gas and is
of great significance to realize efficient development (Li et al., 2017;
Nie et al., 2021).

In recent years, the pore structure characterization technology of
tight sandstone has been developed rapidly, and many technical
means have been used to study the two-dimensional and three-
dimensional pore characteristics of tight reservoirs, mainly
including image analysis technology, fluid injection technology
and radiation detection technology (Li et al., 2019; Wu et al.,
2022a). Through image analysis technology, the geometric
characteristics such as pore throat shape and size, as well as the
topological characteristics such as connectivity and coordination
number of tight sandstone can be directly observed, and the main
technologies include X-ray computed tomography (CT), scanning
electron microscope (SEM), cast thin sections (CTS), etc (Zou et al.,
2012b). Fluid injection technology is mainly used to characterize
pore size and pore size distribution (PSD), and the main technical
means include low-pressure nitrogen gas adsorption (N2GA), high-
pressure mercury intrusion (HPMI) and constant-rate mercury
injection (CRMI) (Nooruddin et al., 2014; Li et al., 2019; Wu
et al., 2022b). At present, the relatively widely used radiation
detection technology in the quantitative study of unconventional
reservoir pore structure is mainly small-angle scattering (SAS) and
nuclear magnetic resonance (NMR), which also mainly
characterizes geometric parameters such as pore size and
distribution (Clarkson et al., 2012; Wu et al., 2022a). However,
the pore size that can be characterized by any test technology is
limited, and the full-size pore distribution cannot be characterized
by a single method. Therefore, it is necessary to combine various
means to describe the pore structure characteristics of the reservoir
more comprehensively (Wang and Wang, 2022). The combination
of HPMI and NMR is the most commonly used characterization
method of full-size pore distribution in previous studies. Some
scholars have proposed different methods to convert T2 spectrum
into PSD based on HPMI(Dai et al., 2019; Huang et al., 2020). In
addition, the geometric parameters and topological parameters of
pore throat can be obtained through the above techniques, but

neither can directly and quantitatively characterize the heterogeneity
of pores (Cui et al., 2022).

Fractal theory was proposed by Mandelbrot andWheeler (1983)
and was initially used to overcome the defects of Euclidean geometry
in describing self-similar geometric structures. Pfeiferper and Avnir
(1983) first introduced it into the study of porous media. Previous
studies have demonstrated that the pore volume and PSD in
sedimentary rocks have self-similarity, and its complexity can be
evaluated by fractal dimension D) (Mandelbrot et al., 1984; Pfeifer,
1984). Fractal dimension is considered to be the bridge between
micro heterogeneity and macro physical properties of reservoir (Li,
2010; Zhang and Weller, 2014; Li et al., 2017), which can be
calculated based on NMR, HPMI, N2GA and other experimental
data (Amadu and Pegg, 2018; Schmitt Rahner et al., 2018; Cui et al.,
2022). Generally, the fractal dimension of sandstone pore space is
between 2.0 and 3.0 (Li and Horne, 2006). The larger the fractal
dimension is, the stronger the pore heterogeneity is. It has obvious
correlation with physical properties, pore size, PSD and connectivity
(Amadu and Pegg, 2018; Zang et al., 2022a).

At present, the research on pore fractal characteristics of tight
sandstone mainly focuses on the delta sedimentary environment,
especially the underwater distributary channel sand in the delta
front of the Triassic Yanchang Formation in the Ordos Basin, China.
Many scholars have adopted a variety of fractal dimension
calculation models, including geometry model, thermodynamics
model, 3D capillary tube model, wetting phase model, etc.,
(Wang et al., 2018a; Wang et al., 2019; Wang et al., 2021b), to
calculated the fractal dimension of pore-throat in different intervals
based on the data obtained from HPMI, NMR, CRMI and other
experiments, the applicability of different models is discussed, and
the relationship between fractal dimension and mineral
composition, reservoir physical properties, pore-throat structural
parameters (Song et al., 2018; Guo et al., 2020; Qu et al., 2020; Zang
et al., 2022a) and oil and gas properties (Cui et al., 2022) is deeply
studied, and a reservoir evaluation scheme considering fractal
characteristics is proposed. At present, a large number of
academic achievements have been published. In addition, there
are also some reports on fractal characteristics of pore throat of
tight sandstone formed by lacustrine gravity flow (Guo et al., 2020;
Wu et al., 2022a), however, the fractal characteristics of tight
sandstone in meandering stream facies are still less studied.

Sandstone gas reservoirs of meandering stream facies developed
in the second member of Middle Jurassic Shaximiao Formation (J2S

2

member) are important tight gas exploration targets in Sichuan
Basin, and the main gas producing blocks are located in the central
area of Sichuan Basin. Since 2020, 724.16×108 m3 of proved reserves
have been discovered, which is at the initial stage of development,
and the understanding of pore structure of reservoir has not been
deepened. Therefore, this study takes J2S

2 tight sandstone as the
research object and takes its pore structure and fractal characteristics
as the research content. The main research objectives include: 1)
Combining HPMI and NMR to quantitatively characterize the pore
structure of J2S

2 tight sandstone in the study area; 2) Propose a
reasonable pore type and fractal interval division scheme based on
pore connectivity and fluid mobility; 3) Obtain fractal dimensions of
different types of pores based on different experiments, and clarify
the relationship between fractal dimensions and reservoir physical
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FIGURE 1
Location of the study area: (A). Location of Sichuan Basin in China; (B). Regional overview of the Sichuan Basin and the location of the study area; (C).
Location of sampling well and bottom structure of J2s

2 member.

FIGURE 2
Stratigraphy and sedimentary characteristics of J2S

2 member in the study area: (A). Stratigraphic division and lithological characteristics; (B).
Sedimentary structure and environment based on Well QL16.
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properties, geometric and topological parameters of pores, and fluid
mobility.

Geological background

Sichuan Basin is located in southwest China (Figure 1A), with an
area of about 19×105km2, is one of the most important petroliferous
basins in China. The interior of the basin can be divided into
6 tectonic belts, including the Western Sichuan Depression, the
northern tectonic belt, the central low flat zone, the southwestern
low steep zone, the southern low steep zone, the eastern high-steep
fold belt(Figure 1B) (Wang et al., 2021a). The location of the study
area is shown in Figure 1B, which is located at the intersection of the
southwest of the northern tectonic belt and the northwest of the
central low flat zone. Since the Indosinian period, the tectonic
movement in central Sichuan has been dominated by overall rise
and fall. The current structural form of the target layer is generally a
large gentle slope, with local nose bulge, In J2s

2 member of the study
area, a row of nose bulges is developed along the line from Well
QL17 to Well QL205, and several faults are developed near the
QL17 well block at the axis of the nose bulge (Figure 1C).

In the Late Triassic, under the influence of Indosinian tectonic
movement, the collision between the North China Block and the South
China Block caused the overall uplift of the Sichuan Basin (Li et al.,
2020), ending the marine sedimentary stage of about 300 Ma from the
Sinian to the Late Triassic, and opening the continental sedimentary
stage of 65Ma from the Late Triassic to the Late Cretaceous. During the
sedimentary period of the Middle Jurassic Shaximiao Formation,
meandering river deposits developed in the study area, forming a
red stratum with a thickness of about 1500 m, mainly composed of
purplish red mudstone, mixed with gray-green mudstone and gray
sandstone (Figure 2A). A set of black shale with a thickness of about 2 m
and rich in fossils is developed in the Shaximiao Formation in this area,
representing a rapid lake transgression-lake regression. Taking the top
of this set of shale as the boundary, the Shaximiao Formation can be
divided into Sha1 member (J2s

1) and Sha2 member (J2s
2) from bottom

to top. The thick sand body of J2S
2 member is generally 15 m~20m,

with typical sedimentary characteristics of point bar in meandering
stream. It is formed by the superposition of multiple sets of single sand
bodies with positive grain sequence, and mainly develops parallel
bedding. Scour surface is generally developed between single sand
bodies, the purplish red and gray-green mudstone gravels can be
seen at the bottom (Figure 2B).

Samples and experiments

Samples

A total of 12 tight sandstone samples from 5 wells in the study
area are used in this paper and the location of the sample source
wells are shown in Figure 1C. All samples are drilled on the core of
J2S

2 member, with burial depth of 2100 m~2400 m, and their initial
shape are cylinder with a diameter of about 2.5 cm. Among them,
Sample QL202-63 belongs to the riverbed sand body, Sample QL16-
15 and QL203-13 belong to the overbank sand body, and the other
samples are all point bar sand bodies.

Experiments

Based on the above samples, four tests including permeability
and porosity measurement, NMR and HPMI were carried out
successively, of which the permeability and porosity tests were
carried out according to the National Standard of the PRC GB/T
29172-2012, the NMR was accroding to oil and gas industry
standard of the RPC SY/T 6490-2014, and the HPMI was
accroding to National Standard of the PRC GB/T 29171-2012.
Before the test, the residual oil in all samples was cleaned with
dichloromethane and distilled water, and then the samples were
dried (110°C, 24 h). Also, the diameter, length and mass of the
samples were accurately measured. In addition, all samples shall be
dried once (110°C, 24 h) after each test.

Permeability test

The permeability of the sample was measured with the GRT-1
gas permeability tester, and heliumwas used as the carrier gas during
the experiment. The final test results were not corrected for the
Klinkenberg effect.

Porosity test

The porosity of the sample was determined by alcohol saturation
method. Because the lithology of the sample is dense, it is necessary
to vacuumize these samples for 18 h with vacuumizing instrument,
then the alcohol was degassed and injected into a vacuum container
containing above samples, which is maintained for 24 h under the
pressure of 20 MPa to ensure that the samples were completely
saturated. Then take out the samples, immerse them in alcohol,
weigh them in turn with a hanging scale, and measure the density of
alcohol. After weighing, take the samples out of the alcohol, carefully
remove the excess liquid on the surface of samples, and weigh them
in the air. The porosity of the sample can be calculated according to
the following formula:

φ � m1 −m2

m1 −m0
× 100% (1)

Where: φ is the porosity, %; m1 is the weight of the rock sample
saturated with alcohol measured in the air, g;m2 is the weight of the
rock sample immersed in alcohol measured by the hanging scale, g;
m0 is the weight of dry rock sample, g.

NMR

Before the NMR experiment, the dry rock samples were
vacuumized and saturated in the same way, the difference is
that the saturated liquid used in the NMR experiment is
deionized water. After the rock samples were completely
saturated, take them out of the deionized water, carefully
remove the excess water on the surface, and then weigh them
in the air. Then the rock samples were wrapped in plastic paper and
T2 spectrums were determined by NMRC12-010V low field
nuclear magnetic resonance instrument produced by Niumac.
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The main parameters in the measurement process are set as
follows: the test temperature is 32°C, the resonance frequency is
12 MHz, the number of echoes is 9000, the waiting time is 6000 ms,
and the echo interval is 0.1 ms.

After the T2 spectrum of the saturated samples are determined,
they were placed in the centrifuge for centrifugation to determine
the saturation of the movable fluid and the cut-off value of the
relaxation time T2(T2cutoff). In the process of centrifugation, low
centrifugal force or short centrifugal duration will cause some
movable fluid to be unusable, while high centrifugal force will
cause some bound fluid to come out, so it is necessary to select
appropriate centrifugal force and centrifugal duration. In previous
studies, the centrifugal force selected for tight sandstone is mostly
200~450psi, and the centrifugal duration is mostly 1~3 h (Liu et al.,
2019; Wu et al., 2022b; Zang et al., 2022b; Dong et al., 2023). The
centrifugal force selected for the tight sandstone of Yanchang
Formation in Ordos Basin, which is close to the physical
properties of the samples in this study, is usually 400~420 psi,
and the centrifugal time is mostly 1~1.5 h. Therefore, in this
experiment, the centrifugal force is 417psi and the centrifugal
duration is 1.5 h.

After centrifugation, weigh the rock samples in the air and
measure the T2 spectrums. The movable fluid saturation can be
obtained from the change of rock sample weight before and after
centrifugation:

Swm � m3 −m4

m3 −m0
× 100% (2)

Where: Swm is the saturation of movable fluid,%; m3 is the
weight of saturated rock sample measured in the air, g; m4 is the
weight of rock sample after centrifugation, g. Put the
cumulative porosity curve or cumulative signal curve of T2

spectrum before and after centrifugation in the same coordinate
system, extend the platform section of the cumulative curve of
T2 spectrum after centrifugation (Ge et al., 2015), and the
corresponding relaxation time T2 at the intersection of the
cumulative curve of T2 spectrum of saturated sample is the
Tcutoff (Figure 3).

HPMI

AutoPore Ⅳ 9500mercury porosimeter is used in HPMI
experiment, and the maximum mercury injection pressure is
200 MPa. The capillary pressure curve of samples obtained in the
experiment can be converted into pore size by Washburn equation
(Washburn, 1921), which is as follows:

Pc � 2σ cos θ
r

(3)

Where: Pc is the capillary pressure, MPa; σ is the interfacial
tension between mercury and air, which is 0.48N/m in this
experiment; θ is the wetting angle of mercury and rock, which is
140° in this experiment; r is the pore radius, μm.

Methology description

Fitting method of NMR and mercury
injection

According to NMR theory, the total relaxation time is the
superposition of volume relaxation ( 1

T2B
), surface relaxation (ρ S

V)
and diffusion relaxation (D(γGTE)2

12 ), which can be expressed as:

1
T2

� 1
T2B

+ ρ
S

V
+ D γGTE( )2

12
(4)

Where: T2 is the relaxation time, ms; T2B is the volume
relaxation time, ms; ρ is the surface relaxation strength, μm/ms;
S is the pore surface area, μm2; V is the pore volume, μm3; D is the
diffusion coefficient, μm2/ms; γ is the rotational magnetic ratio,
(Tms)-1; G is the average magnetic field gradient, 10-4T/cm; TE is the
echo time, ms.

For pores saturated by single-phase fluid in uniform magnetic
field, the echo time is short enough, and the volume relaxation and
diffusion relaxation are negligible, so Eq. 4 can be simplified as:

1
T2

� ρ
S

V
(5)

For simplified spherical and cylindrical pores, the relationship
between specific surface area and pore radius can be expressed as:

S

V
� Fs

r
(6)

Where: Fs is the pore shape factor, Fs � 2 for cylindrical pores,
Fs � 3 for spherical pores, dimensionless.

Combining Eq.5–6, the following formula can be obtained:

T2 � r

ρFs
(7)

The relationship between pore radius and relaxation time T2 in
the above formula is linear. However, previous research results show
that there is a power function between relaxation time T2 and pore
radius and could be expressed as below:

T2 � rn

ρFs
(8)

Where: n is the power index, dimensionless. Transform Eq. 8 as
follows:

FIGURE 3
Illustration of the method to calculate the T2 cutoff value, based
on sample QL16-11.
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r � T2ρFs( ) 1
n � T2

1
n · ρFs( ) 1

n (9)
It can be obtained by defining C � (ρFs) 1

n :

r � CT2
1
n (10)

According to Eq. 10, the relaxation time T2 can be converted into
pore radius r by determining the values of C and n. According to HPMI
theory, mercury is a non-wetting phase for rocks. Driven by external
pressure, mercury preferentially enters macropores and gradually enters
smaller pores with the increase of pressure. Therefore, the increase of
mercury saturation in capillary pressure curve is the accumulation from
large pores to small pores. According to Eq. 8, the relaxation time T2 is
positively correlated with the pore radius, so the value obtained by
accumulating the NMR signal frequency in the order of relaxation time
T2 from small to large still represents the accumulation from large pores
to small pores. The cumulative curves obtained by the two methods
have corresponding relaxation time T2(i) and pore radius r(i) at the
same node Sc(i) (Figure 4A). The conversion relationship between
relaxation time T2 and pore radius can be obtained by power function
regression. According to this relationship, T2 spectrum can be converted
into full-size pore distribution. It should be noted that in the power
function regression analysis of the relaxation time and the
corresponding pore radius, there is often an obvious turning point
between the macropore and the micropore, dividing the scatter point
into two parts with completely different trends (Figure 4B). Therefore, it
is necessary to carry out regression analysis on large pores and small
pores respectively to obtain more accurate pore size distribution curve.

Fractal theory

The pore space of tight sandstone has been proved to have self-
similarity, according to fractal theory, this self-similarity can be
described as the relationship between the number of pores and the
radius of pores:

N > r( ) � ∫
r max

r

f r( )∝ r−Df (11)

Where: N(> r) is the number of pores with radius larger than r;
r max is the maximum pore radius, μm; f(r) is the density function of

pore radius, %; Df is the fractal dimension. Take the logarithm of
both sides of Eq. 11:

lg N > r( ) � −Df · lg r (12)

According to Eq. 11, through the regression analysis of pore
number and pore radius in double logarithmic coordinates, the
fractal dimension can be described as:

Df � −K (13)

Where: K is the slope of lg N(> r) -lg r curve.

Fractal dimension based on HPMI

Many models for calculating pore fractal dimension based on
capillary pressure curve have been proposed, including geometry
model, thermodynamic model, 2D capillary tube model, 3D sphere
model, 3D capillary tube model and wetting phase model, etc.,
(Wang et al., 2018a; Wang et al., 2018b; Wang et al., 2021b). In
previous studies, the 3D capillary tube model and wetting phase
model are the most commonly used. The 3D capillary model can be
described by the relationship between the number of equivalent
pores and the mercury saturated radius, or by the relationship
between the mercury saturation and the mercury injection
pressure. The comprehensive fractal dimensions obtained by
these two expressions are consistent, but due to the differences
in the data sets used, the results calculated based on mercury
saturation and mercury injection pressure often have obvious
multiple fractal intervals corresponding to different types of
pores, while the results calculated based on the number of
equivalent pores and mercury saturated radius generally do not
have multi-segment fractal characteristics. In essence, the wetting
phase model is to replace the wetting phase saturation with the non-
mercury injection saturation, and calculates the fractal dimension
through the relationship between the wetting phase saturation and
capillary pressure. Many scholars have calculated the pore fractal
dimension of tight sandstone based on the wetting phase model,
and analyzed the relationship between fractal dimension and
physical properties, pore structure parameters (Qu et al., 2020;
Wu et al., 2022a; Wu et al., 2022b; Cui et al., 2022). At the same

FIGURE 4
Conversion from NMR T2 of Sample QL16-11 to pore–throat radius. (A) The corresponding relationship between T2 and pore radius at a certain
cumulative saturation. (B) The conversion relationship between the relaxation time and pore radius of different types of pores.
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time, some scholars have also proposed that the model is only
applicable to the process of wetting phase fluid injection into porous
media, and it is not appropriate to replace the wetting phase
saturation with non-mercury injection saturation. The wetting
phase model essentially calculates the fractal dimension of the
remaining pore throat without mercury injection, and is not
applicable to characterizing the pore throat fractal characteristics
(Washburn, 1921; Zhang et al., 2017; Liu et al., 2018; Song et al.,
2018).

Based on the analysis of the advantages and disadvantages of
the 3D capillary model and the wetting phase model, this paper
selects the 3D capillary model described by the mercury
injection saturation and pressure to calculate the fractal
dimension to determine the heterogeneity of the pore
structure. The basic assumption of the 3D capillary tube
model is that the pores in the rock are composed of
capillaries with different radius r and length l, and the pore
volume V can be expressed as:

V � πr2l (14)
Since mercury preferentially enters large pores in rocks, the pore

volume with radius greater than r is replaced by the cumulative
mercury volume, and the number of pore throats with radius greater
than r can be expressed as:

N > r( ) � VHg r( )
πr2l

(15)

The number of pores N(> r) obtained at this time is not true,
but is actually the equivalent number of pores required for filling the
accumulated mercury volume VHg(r) with a capillary with radius
equal to r. This model is the theoretical basis of 3D capillary tube
model. Li (2010) combined the definition of self-similarity and
washburn equation to transform the model, first, combining
Eq.10–14:

VHg r( )
πr2l

∝ r−Dh (16)

Where: Dh is the fractal dimension obtained based on HPMI.
According to the algorithm, Eq. 16 can be simplified as:

VHg r( )∝ r−Dh (17)

Substitute the pore radius expressed byWashburn equation into
Eq. 17:

VHg r( )∝Pc
− 2−Dh( ) (18)

The cumulative volume of mercury can be expressed by the
following formula:

VHg r( ) � SHg · Vp (19)

Where SHg is the mercury saturation,%; Vp is the sample pore
volume. Combining Eq.18–19:

SHg ∝ aPc
− 2−Dh( ) (20)

Take the logarithm of both sides of Eq. 20:

lg SHg ∝ Dh − 2( )lg Pc + b (21)

Where b is the newly obtained constant. Linear regression is
performed on lg SHg and lg p in double logarithmic coordinates.
Assuming the slope of the straight line isKh, the fractal dimension is
Dh � 2 + Kh.

Fractal dimension based on NMR

Deionized water is used as detection fluid in NMR experiment,
which is usually a wetting phase fluid for rocks and enters into small
pores preferentially, so the pore fractal dimension can be calculated
using the wetting phase model. The pore in the wetting phase model
is assumed to be spherical (Huang et al., 2017), and the accumulated
pore volume of the wetting phase fluid can be expressed as:

V < r( ) � ∫
r

r min

f r( ) 4
3
πr3dr (22)

Where, V(< r) is the pore volume with radius less than r; r min is
the minimum pore radius. According to Eq. 11, f(r) can be
expressed as:

f r( ) � dN > r( )
dr

∝ −Dnr
−Dn−1 (23)

Where: Dn is the fractal dimension obtained based on NMR,
dimensionless. Substitute Eq. 22 into Eq. 21:

V < r( ) � 4Dn

3 3 −Dn( )r
3−Df

r
r min

� 4Dn

3 3 −Dn( ) r3−Dn − r 3−Dn
min( )

∣∣∣∣∣∣∣∣ (24)

Similarly, the total pore volume can be expressed as:

V � 4Dn

3 3 −Dn( ) r 3−Dn
max − r 3−Dn

min( ) (25)

Where r max is the maximum pore radius. Based on Eq.22–25,
wetting phase saturation can be expressed as:

Sw � V < r( )
V

� r3−Dn − r 3−Dn
min

r 3−Dn
max − r 3−Dn

min

(26)

Where Sw is the saturation of wetting phase,%. Since
r min ≪ r max, Eq. 26 can be simplified as follows:

Sw � r

r max
( )

3−Dn

(27)

By substituting Eq. 6 into Eq. 26, the following formula can be
obtained:

Sw � T2

T2max
( )

3−Dn

(28)

Where, T2max is the maximum relaxation time, ms. Take the
logarithm of both sides of Eq. 28:

lg Sw � 3 −Dn( )lg T2 − 3 −Dn( )lg T2max (29)
Linear fitting of lg T2 and lg Sw in double-logarithm

coordination, assuming that the slope of the straight line is Kn,
then Dn � 3 −Kn.
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TABLE 1 Characteristic of physical property and pore structure parameters measured by HPMI and NMR.

Reservoir
type

Sample
ID

Depth
m)

Porosity
(%)

Permeability
(mD)

Swm
(%)

HPMI NMR

Pd
(MPa)

rd
(μm)

P50
(MPa)

r50
(μm)

SHg
(%)

Sorting
coefficient

Skew
coefficient

T2 spectrum
morphology

rmax

(μm)
rmedian

(μm)
rmean

(μm)
τ T2cutoff

(ms)

Ⅰ QL16-13 2421.66 12.940 0.778 68.92 0.415 1.773 1.364 0.539 95.669 2.258 1.602 Bimodal 1.911 0.562 0.564 2.571 0.850

QL17-1 2166.20 14.120 0.423 71.32 0.409 1.798 1.778 0.414 92.842 2.252 1.700 Bimodal 2.536 0.396 0.444 2.869 1.290

Ⅱ QL17-9 2177.40 12.740 0.235 67.43 0.685 1.072 2.162 0.340 94.999 2.175 1.632 Bimodal 1.698 0.337 0.367 3.020 0.740

QL202-125 2276.90 11.710 0.167 65.61 0.680 1.081 2.872 0.256 93.015 2.084 1.783 Bimodal 1.673 0.242 0.302 2.832 1.047

QL16-11 2415.93 11.700 0.104 54.19 1.118 0.657 3.525 0.209 92.409 2.091 1.810 Multi-modal 1.061 0.179 0.222 2.633 0.912

QL203-5 2246.80 11.630 0.111 56.48 0.682 1.078 2.724 0.270 92.759 2.093 1.894 Bimodal 1.260 0.217 0.282 3.224 0.977

QL205-1-41 2365.28 9.960 0.212 62.11 0.681 1.080 2.518 0.292 83.572 2.600 2.081 Multi-modal 1.081 0.283 0.315 2.416 1.203

QL205-1-56 2368.36 8.530 0.129 39.7 0.681 1.079 2.901 0.253 89.345 2.158 1.927 Bimodal 0.923 0.237 0.264 2.401 2.583

Ⅲ QL202-69 2267.15 8.960 0.045 17.95 1.122 0.655 7.542 0.098 87.944 2.246 1.811 Unimodal 0.836 0.081 0.139 2.195 1.290

QL202-63 2266.16 6.480 0.020 9.10 1.122 0.655 16.946 0.043 86.816 2.380 1.624 Unimodal 0.690 0.004 0.045 0.906 2.583

QL16-15 2423.65 4.150 0.024 13.45 1.133 0.649 50.746 0.015 70.782 3.825 1.595 Unimodal 0.903 0.018 0.101 1.491 1.123

QL203-13 2253.56 3.480 0.016 14.06 2.904 0.253 53.661 0.014 66.704 4.059 1.422 Unimodal 0.598 0.011 0.054 0.905 5.941
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Results

Petro-physical characteristics

The porosity and permeability of each sample are shown in
Table 1. The result shows that typical tight sandstone is developed
in J2S

2 member of central Sichuan Basin, the porosity of sample ranges
3.48%~14.12%, with an average of 9.7%, and the permeability ranges
0.016 mD~0.778 mD, with an average of 0.189 mD. In semi-
logarithmic coordinates, porosity and permeability have relatively
high positive correlation (Figure 5), and the coefficient of
determination is 0.8021. With permeability as the main basis and
porosity as the secondary reference, the reservoirs in J2S

2 section of the
study area can be divided into three types. The permeability of Class I
reservoir is more than 0.3 mD, and the porosity is mainly more than
12%. The permeability of Class II reservoir is 0.08~0.3 mD, and the
porosity is mainly 8%~12%. The permeability of Class III reservoir is
less than 0.08 mD, and the porosity is mainly below 8%.

In addition, the T2cutoff and movable fluid saturation of each
sample were obtained through the centrifugal experiment. The result
showes that the T2cutoff of the sample had an increasing trend with the
deterioration of physical properties, on the contrary, the movable fluid
saturation had a decreasing trend with the deterioration of physical
properties. T2cutoff of type I reservoir ranges 0.850 ms~1.290 ms, with
an average of 1.070 ms, and the movable fluid saturation ranges
68.92%~71.32%, with an average of 70.12%. T2cutoff of type Ⅱ
reservoir ranges 0.740 ms~2.583 ms, with an average of 1.244 ms,
and the movable fluid saturation ranges 39.70%~67.43%, with an
average of 57.59%. T2cutoff of type Ⅲ reservoir ranges
1.123 ms~5.941 ms, with an average of 2.734 ms, and the movable
fluid saturation ranges 9.10%~17.95%, with an average of 13.46%.

Pore-throat structure parameters obtained
by HPMI

The pore structure parameters, capillary pressure curve and pore
size distribution curve obtained from HPMI experiment are shown

in Table 1 and Figure 6. With the deterioration of reservoir physical
properties, the platform section of capillary pressure curve gradually
disappears (Figure 6A,C,E), the displacement pressure (Pd) and
median pressure (P50) gradually increase, and the maximum pore
radius (rd) and median pore radius (r50-h) decrease accordingly. At
the same time, the maximum mercury saturation (Sh) shows a
decreasing trend, indicating that the total volume of pores
decreases correspondingly, and the degree of connectivity
decreases gradually. The displacement pressure of type Ⅰ reservoir
ranges 0.409 MPa~0.415MPa, with an average of 0.412 MPa, and the
median pressure ranges 1.364 MPa~1.778 MPa, with an average of
1.571 MPa. The corresponding maximum pore radius ranges
1.773 μm~1.798 μm, with an average of 1.785μm, the median
pore radius ranges 0.414 μm~0.539 μm, with an average of
0.476 μm, the main pore radius is distributed at 0.5 μm~1.7 μm
(Figure 6B), and the maximum mercury saturation is between
92.842% and 95.669%, with an average of 94.256%, indicating
that the pore volume is large and the connectivity is good. The
displacement pressure of type Ⅱ reservoir ranges
0.680 MPa~1.118MPa, with an average of 0.755 MPa, and the
median pressure ranges 2.162 MPa~3.525MPa, with an average of
2.784 MPa. The corresponding maximum pore radius ranges
0.657 μm~1.081 μm, with an average of 1.008 μm, the median
pore radius ranges 0.209 μm~0.340 μm, with an average of
0.270 μm, the main pore radius is distributed at 0.2 μm~1.8 μm
(Figure 6D), and the maximum mercury saturation is between
83.572% and 94.999%, with an average of 91.017%, indicating
that the pore volume is reduced and the connectivity is
deteriorated compared with Type Ⅰ reservoir. The displacement
pressure of type Ⅲ reservoir ranges 1.122 MPa~2.904 MPa, with
an average of 1.570 MPa, and the median pressure ranges
7.542 MPa~53.661MPa, with an average of 32.224 MPa. The
corresponding maximum pore radius ranges 0.253 μm~0.655 μm,
with an average of 0.553 μm, the median pore radius ranges
0.014 μm~0.098 μm, with an average of 0.042 μm, the main pore
radius is distributed at 0.05 μm~0.4 μm (Figure 6F), and the
maximum mercury saturation is between 66.704% and 87.944%,
with an average of 78.062%, indicating that the pore volume is small
and the connectivity is poor.

Sorting coefficient and skewness coefficient are important
parameters to describe the characteristics of pore size
distribution, and their values have no obvious linear relationship
with physical properties. The sorting coefficient reflects the
concentration degree of pore distribution. The smaller the sorting
coefficient, the higher the concentration degree of pore size within a
certain size range. The sorting coefficient ranges 2.252~2.258 in type
I reservoir, with an average of 2.255, and ranges 2.084~2.600 in type
II reservoir, with an average of 2.200, and ranges 2.246~4.059 in type
III reservoir, with an average of 3.128. The range of sorting
coefficient of type II reservoir is significantly larger than that of
type I reservoir, but the average value of the two types of reservoirs is
close, mainly because the sorting coefficient of type II reservoir
sample QL205-1-41 is significantly higher than that of other similar
samples, and the sorting coefficient of the remaining type II reservoir
samples is below 2.2. In general, the pore size distribution of type II
reservoir is more concentrated than that of type I reservoir. The
range and average value of sorting coefficient of type III reservoir are
significantly larger than those of type I and II reservoirs, indicating

FIGURE 5
Relationship between porosity and permeability.
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that the pore size distribution of type III reservoir is more dispersed.
The skewness coefficient reflects the asymmetry of the PSD curve.
When the skewness coefficient is greater than 0, it’s coarse skewness,
indicating that the PSD is more inclined to large pores compared to
the average pore size, and when it is less than 0, it’s fine skewness,
indicating that the PSD is more inclined to small pores compared to
the average pore size. The PSD of all kinds of reservoirs in J2S

2

member shows coarse skewness, the skewness coefficient ranges
1.602~1.700 in type I reservoir, with an average of 1.651, and ranges
1.632~2.081 in type II reservoir, with an average of 1.854, and ranges
1.422~1.811 in type III reservoir, with an average of 1.613.

Pore-throat structure parameters obtained by NMR.
The pore structure parameters, T2 spectrum obtained from

NMR experiments and the full-size pore distribution curve
obtained from fitting the capillary pressure curve are shown in
Table 1 and Figure 7. The relaxation time of T2 spectrum of water-
saturated samples is between 0.01 and 1000 ms, and the T2 spectrum
of Type I and Type II reservoirs are mostly bimodal, with 8 ms as the
dividing point of left and right peaks. Although the T2 spectrum of

Sample QL205-1-41 and Sample QL16-11 are multi-modal with
three obvious peaks. The T2 spectrum of type III reservoir is
unimodal distribution, characterized by absolute predominance of
left peak(Figure 7A,C,E). In general, with the physical properties of
the sample getting worse, the peak value of T2 spectrum has a
tendency to decrease, and the right peak with relaxation time larger
than 8 ms decreases rapidly, making T2 spectrum transition from
bimodal or multi-modal to unimodal.

The range of PSD obtained by NMR and HPMI fitting method is
significantly wider than that calculated by Washburn equation, and
the characterized pore size is more extensive, so the relatively real
maximum pore radius (rmax), median pore radius (rmedian) and
average pore radius (rmean) can be obtained. Pore radius of type I
reservoir mainly ranges 0.01 μm~2 μm (Figure 7B), The maximum
pore radius ranges 1.911 μm~2.536 μm With an average of
2.224 μm, The median pore radius ranges 0.396 μm~0.562 μm,
with an average of 0.479 μm, the weighted mean pore radius
ranges 0.444 μm~0.564 μm, with an average of 0.504 μm. Pore
radius of type Ⅱ reservoir mainly ranges

FIGURE 6
Capillary pressure curve and pore size distribution calculated by HPMI: (A) and (B). Type Ⅰ; (C) and (D). Type Ⅱ; (E) and (F). Type Ⅲ.
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0.003 μm~1 μm(Figure 7D), The maximum pore radius ranges
0.923 μm~1.698 μm, with an average of 1.283μm, The median
pore radius ranges 0.179 μm~0.337μm, with an average of
0.249 μm, the weighted mean pore radius ranges
0.222 μm~0.367 μm, with an average of 0.292 μm. Pore radius of
type Ⅲ reservoir mainly ranges 0.001 μm~0.4 μm (Figure 7F), only
the main pore radius distribution of sample QL202-63 is
significantly different from other similar samples with a range
from 0.05 nm to 0.08 μm.The maximum pore radius of type III
reservoir ranges 0.598 μm~0.903 μm, with an average of 0.757 μm,
the median pore radius ranges 0.081 μm~0.114 μm, with an average
of 0.029 μm, the weighted mean pore radius ranges
0.045 μm~0.139 μm, with an average of 0.085 μm.

The tortuosity is a description of the connectivity and
complexity of the pores, and is one of the important pore
topology parameters, which can be calculated by the following
formula

τ2 � 125φr2

K
(30)

Where, τ is the tortuosity, dimensionless; K is the permeability,
mD. The calculation results show that the tortuosity of pores
increases with the increase of reservoir physical properties, which
is consistent with the results obtained by Qiao et al. (2020). The
tortuosity of type I reservoir ranges 2.571~2.869, with an average of
2.720. The tortuosity of type II reservoir ranges 2.401~3.224, with an

average of 2.754. The tortuosity of type III reservoir ranges
0.905~2.195, with an average of 1.374. Qiao et al. (2020)
proposed that with the improvement of the physical properties of
tight sandstone reservoirs, the coordination number of percolation
channels increased, resulting in higher tortuosity of high-quality
reservoirs.

Fractal dimensions based on HPMI

According to previous studies, when calculating the pore fractal
dimension of tight sandstone by 3D capillary tube model described
by mercury saturation and mercury injection pressure, there are
generally two fractal intervals. Liu et al. (2018) proposed that when
calculating fractal dimension based on this model, Capillary-
Paraachor point (CPpoint) can be used as the segmentation point
of different fractal intervals to better describe the fractal
characteristics of pores in tight sandstone. According to the
definition by Guo et al. (2004), the position of the maximum
value of the plot of Sh/Pc

2 versus Sh is the CPpoint, which
represents the node of transition from a well connected pores to
poorly connected pores. According to the above theory, the
CPpoints of capillary pressure curves of each sample are
calculated respectively, and lg (Pc) and lg (Sh) are linearly fitted,
and the fractal dimension corresponding to each fractal interval is
calculated through 3D capillary tube model. The CPpoints of Sample

FIGURE 7
T2 spectrum and full-size distribution of pores: (A) and (B). Type Ⅰ; (C) and (D). Type Ⅱ; (E) and (F). Type Ⅲ.
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QL17-1, Sample QL17-9 and Sample QL17-12 and the
corresponding segmentation points in the plot of lg (Pc) versus lg
(Sh) are shown in Figure 8. The results show that the position of the
segmentation point of the capillary pressure curve of different
samples is different. The fractal dimension of the large pores
(Dh1) can be calculated according to the slope of the left line
segment of CPpoint, and the fractal dimension of the small pores
(Dh2) can be calculated according to the slope of the right line
segment.

The fractal dimension calculation results of each sample
based on HPMI data and the corresponding pore radius of
fractal interval segmentation points (SPh) are shown in
Table 2, where Dh1 ranges 4.3505~7.1684, with an average of
6.055 and the determination coefficient ranges 0.9477~0.9982.
Dh2 ranges from 2.1004 to 2.3841, with an average of 2.1758 and
the coefficient of determination ranges 0.9094~0.9902.
According to the fractal theory, the fractal dimension of a
three-dimensional object is 2~3, when the fractal dimension is

greater than 3 or less than 2 indicates that the object has no fractal
characteristics. In the calculation results of this study, small pores
have ideal fractal characteristics, while the fractal dimension of
large pores is greater than 3; Lai and Wang (2015); Song et al.
(2018) also used 3D capillary model to calculate the fractal
dimension of pores in tight sandstone, and the fractal
dimension of large pores obtained is also greater than 3. In
fact, at present, most scholars believe that this phenomenon is
not caused by the pore itself, but the assumption that the pore is
regarded as a cylindrical capillary in the model is too simplified.
When the mercury injection pressure is high, the pore size is
small and close to the throat radius, so the ideal fractal dimension
can be obtained through the 3D capillary tube model. When the
mercury injection pressure is low, the pore radius is significantly
larger than the throat radius, and the shape of the pore throat is
similar to bead-string model (Zhu et al., 2019), Therefore, 3D
capillary model is not suitable for calculating the fractal
dimension of large pores in rocks.

FIGURE 8
(A) TheCP point of SampleQL17-1. (B)Cross-plot of Lg(Pc) vs. Lg(SH) based on SampleQL17-1. (C) The CP point of SampleQL17-9. (D)Cross-plot of
Lg(Pc) vs. Lg(SH) based on Sample QL17-9. (E) The CP point of Sample QL17-12. (F) Cross-plot of Lg(Pc) vs. Lg(SH) based on Sample QL17-12. The red and
blue circles represent the large pores and small pores, respectively.
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TABLE 2 Fractal dimensions of samples based on HPMI and NMR data.

Reservoir type Sample ID HPMI NMR

Large pores SPh (μm) Small pores Large pores SPn1 (μm) Small pores SPn2 (μm) Micropores

Dh1 R2 Dh2 R2 Dn1 R2 Dn2 R2 Dn3 R2

Ⅰ QL16-13 6.7917 0.9477 0.652 2.1076 0.9701 2.8714 0.9413 0.849 2.7957 0.9278 0.121 0.5949 0.8659

QL17-1 6.8152 0.9531 0.655 2.1327 0.9586 2.8522 0.9723 0.752 2.8208 0.9601 0.105 0.685 0.877

Ⅱ QL17-9 6.6719 0.9537 0.407 2.1174 0.9821 2.908 0.9282 0.581 2.7602 0.9127 0.089 0.5 0.8715

QL202-125 5.6993 0.9791 0.407 2.1433 0.9266 2.8967 0.9722 0.582 2.8004 0.8811 0.076 0.4767 0.8916

QL16-11 5.7881 0.9781 0.253 2.1425 0.9757 2.9082 0.8197 0.396 2.8397 0.8709 0.128 0.6382 0.8615

QL203-5 7.1684 0.9605 0.406 2.1251 0.9613 2.9298 0.9572 0.519 2.8342 0.9236 0.182 0.6402 0.8649

QL205-1-41 6.5595 0.9543 0.406 2.1004 0.9712 2.906 0.9727 0.599 2.8265 0.988 0.099 0.7538 0.8568

QL205-1-56 6.9297 0.9982 0.253 2.1417 0.9565 2.9085 0.9833 0.423 2.8779 0.9717 0.258 1.0562 0.8452

Ⅲ QL202-69 5.9661 0.9896 0.253 2.2073 0.9094 2.9483 0.9675 0.312 2.8176 0.8946 0.098 0.6872 0.8709

QL202-63 4.9878 0.9904 0.161 2.2814 0.9479 2.9908 0.9807 0.411 2.9598 0.9913 0.042 1.8052 0.8258

QL16-15 4.9291 0.9943 0.252 2.2257 0.9902 2.993 0.9945 0.587 2.9822 0.9097 0.270 0.813 0.834

QL203-13 4.3505 0.9903 0.161 2.3841 0.9709 2.9918 0.9276 0.370 2.9592 0.9481 0.196 1.5851 0.733
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Fractal dimensions based on NMR

When calculating fractal dimension based on NMR data, it is
also necessary to consider the difference of fractal dimension in
different intervals, that is, the difference of fractal characteristics of
pores with different sizes. Guo et al. (2019) and Wu et al. (2022a)
divide the reservoir pores into two types, namely, large pore and
small pore, with T2cutoff as the segmentation point. Wang andWang.
(2022) divided the pores into three types, namely, macropores,
mesopores and micropores, with T2cutoff and 9T2cutoff as the
segmentation point. By comparing the T2 spectra of samples before
and after centrifugation, Wang and Zeng. (2020) divided the pores
into three types according to the content of movable fluid: fully
movable macropores, partially movable mesopores and completely
immovable micropores. Some researchers did not consider the
mobility of the fluid when calculating the fractal dimension of
pores with different sizes, but based on the full-size pore size
distribution, taking the actual pore size as the dividing standard.
Wu et al. (2022b) put 5 μm、1 μm, 0.1 μm as the segmentation
point, the pores are divided into four types from large to small,
namely, macropores, mesopores, micropores and ultra-micro pores.
Zang et al. (2022a) takes 1 μm, 0.1 μm as the segmentation point,
then the pores are divided into three types from large to small,
namely, micron pores, submicron pores and nanopores. In fact,
taking the pore size as the segmentation standard has only
mathematical significance, and cannot accurately reflect the
difference of pore seepage capacity. In addition, due to the
existence of experimental error, the left peak of the T2 spectrum
of the same sample before and after centrifugation may cross each
other, which will affect the pore classification results. Therefore,
considering the mobility of fluid and the connectivity of pores, this
paper proposes a new method of pore type classification based on
the full size pore size distribution.

Firstly, pores with relaxation time less than T2cutoff are divided
into micropores. Then, based on the full-size pore distribution, the
pore radius is converted into the non-wetting phase fluid injection
pressure (Pn) through the Washburn equation, and the cumulative
frequency (Sc) is taken as the non-wetting phase fluid saturation
according to the order of pore size from large to small, then the
position of the maximum value in the plot of Sc/Pn

2-Sc is the CP
point, representing the segmentation point between the pores with
good connectivity and poor connectivity. The relaxation time

corresponding to this point is expressed as T2CP, the pores with
relaxation time greater than TCP are defined as large pores, and the
pores with relaxation time between T2cutoff and T2CP are defined as
small pores.

The process of obtaining fractal dimensions of different types of
pores based on NMR data of sample QL16-13 is shown in Figure 9.
First, determine the T2cutoff and T2CP values of each sample, and
divide the pores into large pores, small pores and micropores,
corresponding to three fractal intervals respectively. According to
the order of relaxation time from small to large, the cumulative
frequency value is taken as the wetting phase fluid saturation (Sw),
and linear regression analysis is performed on the lg (T2); lg (Sw) in
different fractal intervals to obtain various pores fractal dimensions.
The fractal dimension of each sample calculated based on NMR data
and the corresponding pore radius of fractal interval segmentation
points (SPn1, SPn2) are shown in Table 2. The fractal dimension
(Dn1) of large pores ranges 2.8522~2.993, with an average of 2.9254,
and the determination coefficient is 0.8197~0.9945, with an average
of 0.9514; The fractal dimension (Dn2) of small pores ranges
2.7602~2.9822, with an average of 2.8562, and the determination
coefficient is 0.8709~0.9913, with an average of 0.9316; The fractal
dimension (Dn3) of micropores ranges 0.4767~1.8052, with an
average of 0.8530, and the determination coefficient is
0.7330~0.8916, with an average of 0.8498. The results show that
with the decrease of pore size, the fractal dimension also gradually
decreases, indicating that the heterogeneity gradually weakens. In
addition, in this study, the fractal dimension of micropores is less
than 2. In the study of pore fractal characteristics of tight sandstone
by Guo et al. (2019), Wang and Wang (2022) and Wu et al. (2022a)
based on NMR data, the fractal dimension of micropores is also less
than 2. Shao et al. (2017) and Li et al. (2018a) believe that the main
reason for this result is that the effect of the surface roughness of
micropores on the relaxation time is greater than the specific surface
area. Therefore, the fractal dimension of micropores mainly reflects
the surface structure characteristics, but cannot effectively
characterize the spatial structure characteristics of micropores.

Discussion

According to the fractal theory, the fractal dimension Dh1 of
large pores based on HPMI and Dn3 of micropores based on NMR

FIGURE 9
(A) The T2cutoff of Sample QL16-13. (B) The CP point of Sample QL16-13. (C) The plot of lg(T2) vs. lg(Sw) based on NMR of Sample QL16-13. The grey,
blue and red circles represent the large pores (T2 greater than T2CP), small pores (T2 between T2cutoff and T2CP) and micropores (T2 less than T2cutoff),
respectively.
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cannot truly reflect the fractal dimension of pores. Therefore, this
study will take the fractal dimension Dh2 of small pores based on
HPMI, Dn1 and Dn2 of large pores and small pores based on NMR as
the main discussion objects.

Relationship between fractal dimension and
physical properties

The correlation between fractal dimensions Dh2, Dn1 and Dn2

and physical properties is shown in Figure 10. The porosity,
permeability, mobile fluid saturationand and fractal dimension of
the reservoir are negatively correlated, indicating that with the
increase of heterogeneity of same kind of pores, the reservoir
quality gradually becomes worse and the fluid mobility gradually
weakens. The relationship between reservoir porosity and Dh2 is a
power function (Figure 10A), while the relationship with Dn1 and
Dn2 is linear (Figure 10B,C). The correlation between Dn1 and Dn2

and porosity is strong, and their determination coefficients are
0.8337 and 0.8166, respectively, indicating that the reservoir
capacity is jointly controlled by large pores and small pores. The
relationship between permeability and fractal dimension is power
function (Figure 10D,E,F) and the correlation between Dn2 and

permeability is the strongest, with a determination coefficient of
0.9211. The correlation between Dh1 and Dn2 and permeability is
weak, and their determination coefficients are 0.7569 and
0.6834 respectively, indicating that large pores are the most
important seepage channels of the reservoir and play a decisive
role in the seepage capacity of the reservoir. The saturation of
movable fluid has a power function relationship with Dh2, and a
linear relationship with Dn1 andDn2 (Figure 10G,H,I). Among them,
the correlation between movable fluid saturation and Dn1 is the
highest, with the determination coefficient of 0.8460, and the
correlation with Dh1 and Dn2 is weak, with the determination
coefficient of 0.7573 and 0.7035 respectively, indicating that the
large pore throat is the main occurrence space of movable fluid in the
reservoir.

At the same time, the fractal dimension Dn1 has a good
correspondence with different types of reservoirs (Figure 10E).
According to the regression equation between reservoir
permeability and Dn1, the fractal dimension of large poreof type
I reservoir is less than 2.880, the fractal dimension of large pore of
type II reservoir is between 2.88 and 2.935, and the fractal
dimension of large pore of type III reservoir is more than
2.935. Therefore, Dn1 can be used as one of the parameters for
reservoir quality evaluation.

FIGURE 10
The relationship between fractal dimension, porosity, permeability andmovable fluid saturation. The relationship between porosity and Dh2, Dn1, Dn2

are shown in (A–C), respectively. The relationship between permeability and Dh2, Dn1, Dn2 are shown in (D–F), respectively. The relationship between
movable fluid saturation and Dh2, Dn1, Dn2 are shown in (G–I), respectively.
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Relationship between fractal dimension and
pore-throat structure

The maximum radius, median radius and weighted mean radius
of pores can be obtained from the full-size pore distribution curve.
The correlation between the above three parameters and Dh2, Dn1

and Dn2 is shown in Figure 11. The relationship between pore size
and fractal dimension is power function and has negative
correlation, indicating that the heterogeneity gradually increases
with the decrease of pore size of the same kind. The maximum
radius, median radius and weighted mean radius have the strongest
correlation with Dn1(Figure 11B,E,H), with the determination
coefficients of 0.7679, 0.8488 and 0.8705 respectively, followed by
the correlation with Dh1(Figure 11A,D,G), with the determination
coefficients of 0.5656, 0.8090 and 0.8503 respectively, and the
correlation with Dn2 is the worst (Figure 11C,F,I), with the
determination coefficients not exceeding 0.8. The above analysis
shows that the pore size distribution of the reservoir is mainly
controlled by the size of large pores, and the median radius and
weighted mean radius have the greatest impact on the reservoir
quality. In addition, Dn1 has a good correspondence with the

weighted mean pore radius of different types of reservoirs.
According to the regression equation between the weighted
average pore radius and Dn1, the weighted mean radius of type I
reservoirs is greater than 0.42 μm, the weighted mean radius of type
II reservoir is between 0.16 μm and 0.42 μm, the weighted mean
radius of type III reservoir is less than 0.16 μm (Figure 11H).

The correlation of sorting coefficient, skewness coefficient,
tortuosity and movable fluid saturation with Dh1, Dn1 and Dn2 is
shown in Figure 12. The correlation between sorting coefficient and
skewness and fractal dimension is weak, and the determination
coefficient between each parameter is only 0.1526~0.5593
(Figure 12A,F), indicating that PSD is not the main factor
affecting pore heterogeneity and reservoir quality. Both tortuosity
and movable fluid saturation are negatively correlated with fractal
dimension, indicating that reservoir heterogeneity increases with the
decrease of pore tortuosity and fluid mobility. The correlation
between tortuosity and fractal dimension is relatively high, with a
power function relationship with Dh1 and Dn2, and a linear
relationship with Dn1 (Figure 12C,F,I). Among them, the porosity
tortuosity has the strongest correlation with Dh1, with a
determination coefficient of 0.8503, followed by Dn2, with a

FIGURE 11
The relationship between fractal dimension and pore size. The relationship between maximum pore radius and Dh2, Dn1, Dn2 are shown in (A–C),
respectively. The relationship between median pore radius and Dh2, Dn1, Dn2 are shown in (D–F), respectively. The relationship between weighted mean
pore radius and Dh2, Dn1, Dn2 are shown in (G–I), respectively.
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determination coefficient of 0.7512, and the worst correlation with
Dn1, with a determination coefficient of only 0.6712. This
phenomenon is due to the positive correlation between tortuosity
and pore-throat coordination number, while the throat size is small,
This phenomenon is due to the positive correlation between
tortuosity and pore throat coordination number, while the throat
size is small, so the fractal dimension of large pores can not
accurately reflect the configuration of pore and throat, resulting
in poor correlation between macropores and tortuosity.

Comprehensive evaluation indicators for
reservoirs

Based on the above analysis, there is a good correlation between
the permeability, mean pore radius, and Dn1 of the reservoir, and the
differentiation between different types of reservoirs is good.
Therefore, comprehensive reservoir evaluation indicators can be
established based on the above parameters. Among them, the
permeability represents the macroscopic seepage ability of the
reservoir, the mean pore radius represents the size of the
reservoir space, and Dn1 mainly characterizes the heterogeneity
of the pore system.

As shown in Table 3, the permeability of Type I reservoir is less
than 0.3 mD, and the mean pore radius is greater than 0.42 μm, the
fractal dimension of large pores is less than 2.88; The permeability of
type II reservoir ranges from 0.08 mD to 0.3 mD, and the mean pore
radius ranges from 0.16 μm to 0.42 μm, the fractal dimension of
large pores ranges from 2.88 to 2.935; The permeability of type III
reservoir is less than 0.3 mD, and the mean pore radius is less than
0.16 μm, the fractal dimension of large pores is greater than 2.935.

FIGURE 12
The relationship between fractal dimension, sorting coefficient, skewness and tortuosity. The relationship between sorting coefficient and Dh2, Dn1,
Dn2 are shown in (A–C), respectively. The relationship between skewness and Dh2, Dn1, Dn2 are shown in (D–F), respectively. The relationship between
tortuosity and Dh2, Dn1, Dn2 are shown in (G–I), respectively.

TABLE 3 Comprehensive evaluation indicators for meandering stream facies
reservoirs in study area.

Reservoir type Permeability
(mD)

Rmean
(μm)

Dn1

Ⅰ >0.3 >0.42 <2.88

Ⅱ 0.08~0.3 0.16~0.42 2.88~2.935

Ⅲ <0.08 <0.16 >2.935
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Conclusion

This paper studies the pore structure and fractal characteristics
of J2S

2 tight sandstone in central Sichuan Basin, and the conclusions
are as follows.

1)The tight sandstone reservoir of meandering stream facies is
developed in J2S

2 member of central Sichuan Basin, with an
average porosity of 9.7% and an average permeability of
0.189 mD. Based on the difference of physical properties, the
J2S

2 reservoir in this area can be divided into three types. The
permeability of type I reservoir is more than 0.3 mD, and the
porosity is mainly more than 12%; The permeability of type II
reservoir is 0.08~0.3 mD, and the porosity is mainly 8%~12%;
The permeability of Class III reservoir is less than 0.08 mD, and
the porosity is mainly less than 8%.
2)Based on the HPMI and NMR fitting methods and centrifugal
experiments, the full-size pore distribution curve of the sample
and the saturation of movable fluid can be obtained, so as to
obtain relatively accurate pore geometry, topology parameters
and seepage capacity parameters. Pore radius of type I reservoir is
mainly distributed at 0.01 μm~2 μm. The tortuosity is between
2.571 and 2.869, the average movable fluid saturation is 70.12%,
and the pore radius of type II reservoir is mainly 0.003 μm~1 μm.
The tortuosity is between 2.401 and 3.224, the average movable
fluid saturation is 57.59%, and the pore radius of type III reservoir
is mainly 0.001 μm~0.4 μm. The tortuosity is between 0.905 and
2.195, and the average movable fluid saturation is 13.46%.
3)Taking Capillary-Paraachor point (CP point) as the
segmentation point of capillary pressure curve, pores can be
divided into two types: large pores and small pores. Taking the
relaxation time T2CP corresponding to CP point and T2cutoff as
the segmentation points of T2 spectrum, pores can be divided
into three types: large pores, small pores and micropores. The
fractal dimension Dh2 of small pore based on HPMI and the
fractal dimension Dn1 and Dn2 of large pores and small pores
based on NMR are between 2 and 3, which can effectively
characterize the heterogeneity of reservoir pores. The fractal
dimension Dh1 of large opores based on HPMI is greater than
3 due to the inapplicability of 3D capillary tube model, while the
fractal dimension Dn3 of small pores based on NMR is less than
2 due to the diffusion relaxation. Therefore, Dh1 and Dn3 cannot
characterize the heterogeneity of reservoir pores.
4)Dh2 ranges 2.1004~2.3841, with an average of 2.1758; Dn1

ranges 2.8522~2.993, with an average of 2.9254; Dn2 ranges
2.7602~2.9822, with an average of 2.8562. Among them, Dn1

has a strong negative correlation with porosity, permeability,
pore radius, and movable fluid saturation, indicating that the
reservoir’s Storage capacity, seepage capacity and pore size are
mainly controlled by the large pores, and with the reservoir
quality becoming worse, the pore size decreases, and the pore
heterogeneity increases.

5)There is a good correspondence between Dn1 and the
permeability and average pore radius of different types of
reservoirs, so Dn1 can be used as one of the effective reservoir
evaluation parameters. Meanwhile, effective comprehensive
evaluation indicators for reservoirs can be established based
on the above parameters
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