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Abstract

The microfractured tight reservoirs in Yongjin Oilfield have low permeability and a complex
pore structure. The development of microfractures in reservoirs is crucial for their impact
on productivity. To understand the impact of pore structure and microfracture develop-
ment on permeability and productivity, research on the fractal dimension and classification
evaluation of microfractured tight reservoirs is proposed. Micropore and microfracture pa-
rameter characteristics are determined via CT scanning and mercury intrusion experiments.
Based on the fractal theory and box counting dimension methods, the fractal dimension of
pores and fractures in microfractured tight reservoirs are calculated, which can be used
as an evaluation index. Then, a comprehensive quantitative evaluation method (REI) is
conducted on the microfractured tight reservoir of Yongjin Oilfield to determine the classi-
fication boundary of evaluation indicators and reservoir classification results. The research
results show that the microfractured tight reservoirs in Yongjin Oilfield can be classified
into three types based on their development effect from good to poor. The comprehensive
evaluation index (REI) of type I reservoirs is greater than 0.7, and the fractal dimension of
pores and fractures is less than 2.4. The comprehensive evaluation index (REI) of type II
reservoirs ranges from 0.4 to 0.7, and the fractal dimension of pores and fractures ranges
from 2.4 to 2.6. The comprehensive evaluation index (REI) of type III reservoirs is less than
0.4, and the fractal dimension of pores and fractures is greater than 2.6. The classification
results are consistent with the dynamic data, and this achievement can provide a scientific
basis for rapid reservoir evaluation and development strategy formulation.

Keywords: microfractures; tight reservoir; microscopic parameter characteristics; fractal
dimension; classification evaluation; reservoir modification

1. Introduction
Yongjin Oilfield is located in the hinterland of Junggar Basin, under the jurisdiction

of Shengli Oilfield, and the main target layer is the Middle–Late Jurassic formation with
a burial depth of more than 5800 m, which is a typical ultra-deep tight sandstone oil
and gas formation [1–3]. Most of the tight oil reservoirs in Shengli Oilfield are below
3000 m in depth, and the reservoir microfractures are generally not developed, while field
coring in Yongjin Oilfield found that the reservoir microfractures are more developed and
have a greater impact on the production capacity [4–6]. Therefore, the microstructure
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of the microfractured tight reservoirs in Yongjin Oilfield has a significant impact on the
evaluation and development of oil and gas reservoirs, and the accurate evaluation of the
microstructural characteristics of pores and microfractures in tight reservoirs is of great
significance for the utilization of microfractured tight reservoirs and the evaluation of
production capacity in Yongjin Oilfield.

Focusing on tight reservoirs, some scholars at home and abroad have carried out
relevant research work on micropore structure characteristics, such as pore throat geometry,
type, size distribution, and connectivity, and they have gained a certain understanding. For
example, Ma Shizhong et al. [7–10] chose various methods such as high-pressure mercury
intrusion and constant-velocity mercury injection combined with cast thin-section observa-
tion and scanning electron microscopy to quantitatively characterize the size of the pore
structure of dense reservoirs, which was classified into five types. Wang Xu et al. [11–13]
chose various methods such as cast thin section, scanning electron microscopy, physical
analysis, and high-pressure mercury to classify reservoir types into four categories, i.e.,
extra-low-porosity and low-permeability dense reservoirs with micropores, fine throats,
and high discharge and driving pressures, reservoirs with microfracture development,
reservoirs with solvation pore development and good connectivity, and reservoirs with
localized solvation pore development but surrounded and sealed off by dense reservoirs.
Yin Daiyin et al. [14,15] quantitatively described the influence of microscopic pore param-
eters, such as pore radius, throat radius, and pore–throat ratio, on the permeability and
development effect of extra-low-permeability reservoirs by using high-pressure mercury
compression and constant-velocity mercury compression experimental methods. Most of
the above studies were conducted to characterize the microscopic storage space and pore
structure characteristics of tight reservoirs by indoor experimental methods, and relatively
few studies have been conducted to characterize and comprehensively evaluate the mi-
crofracture structure of tight reservoirs [16,17]. Considering the important role of tight
reservoir fracturing operations in reservoir transformation, it is necessary to deepen the
understanding of the impact of reservoir modification on development effectiveness [18,19].
In addition, previous studies have found that besides permeability, the influence of the
micropore structure cannot be ignored as the main factor affecting the development effect of
tight reservoirs [20–23]. In order to quantitatively describe the microscopic composition of
the pore size, a fractal dimension can be introduced to characterize the heterogeneity of the
pore structure, but there are few reports on this parameter for reservoir evaluation [24–26].
To this end, based on extensive research on microstructure characterization methods, indoor
experiments were conducted using environmental scanning electron microscopy, mercury
intrusion porosimetry, CT scanning, and small-angle-scattering methods to determine the
micropore and microfracture structure parameters of microfractured cores in ultra-deep
tight sandstone reservoirs in Yongjin Oilfield. A fractal dimension calculation method for
microfractured tight reservoirs was established to determine the comprehensive evaluation
system, evaluation system boundaries, and evaluation classification results of microfrac-
tured tight reservoirs in Yongjin Oilfield, more accurately revealing the microstructure and
permeability characteristics of the reservoir and providing a scientific basis for reservoir
evaluation and efficient development.

2. Characteristics of Micro-Parameters of Tight Reservoirs in
Yongjin Oilfield

Microfractures in the reservoirs of the tight reservoirs at about a 3000 m depth in
Shengli Yongjin Oilfield generally did not develop in the early stage of development, but as
the tight reservoirs of Yongjin Oilfield with a burial depth of about 4000 m were gradually
put into development, it was found that microfractures in the reservoirs locally developed



Processes 2025, 13, 2228 3 of 16

and had a significant impact on production capacity. In order to accurately grasp the
classification and comprehensive evaluation results of this type of reservoir, it is necessary
to study the characteristics of the microfracture tight reservoir matrix and microfracture
microscopic parameters separately.

2.1. Microscopic Pore Structure Parameters

The pore–throat radius (pore radius, throat radius), pore–throat ratio, coordination
number, tortuosity, shape factor, and so on, are the main parameters used to characterize
the microscopic pore structure, and the pore structure parameters of the microfractured
dense reservoir in Yongjin Oilfield can be obtained by experimental means such as constant-
velocity mercury injection, high-pressure mercury intrusion, and CT scanning. Pore models
of type I, II, and III cores are established respectively, and the pore models for each type of
core are shown in Figure 1.

     
(a)  (b)  (c) 

Figure 1. Pore models of cores. (a) Type I (No. #55). (b) Type II (No. #45). (c)Type III (No. #126).

The distribution characteristics of each microscopic pore structure parameter of the
microfractured cores of the tight reservoir were studied, as is shown in Figure 2 and Table 1.

The pore radius of microfractured cores in the tight reservoirs is normally distributed,
with a distribution range between 0.1–100 µm. The pore radii of cores of class I, II and
III are not very different, with the peak value slightly shifted to the left; the mean value
decreases from 40.46 µm to 33.25 µm, and the porosity decreases from 9.6% to 5.7%.

The tight reservoir microfractured core throat radius demonstrates a left-skewed
normal distribution, the distribution range is mainly concentrated between 0.2–1.0 µm, the
peak value is between 0.25–0.75 µm, the I, II, and III core throat radius distribution interval
becomes smaller, the peak value is shifted to the left, and the value increases significantly,
the average value is reduced from 0.73 µm to 0.32 µm, the permeability is reduced to
0.1 × 10−3 µm2 after the average throat radius decreases, and the proportion of micro-fine
throats and micro-throats smaller than 0.5 µm exceeds 50%.

Table 1. Distribution characteristics of microscopic pore structure.

Permeability
(10−3 µm2)

Number
of Cores Value Pore Radius

(µm)
Avg. Throat
Radius (µm)

Avg. Pore–Throat
Ratio

Coordination
Number Tortuosity Shape Factor

<0.1 6
Range 28.94–37.85 0.05–0.54 131.32–175.37 1.45–2.09 5.73–6.01 0.017–0.019

Average 33.25 0.32 150.12 1.70 5.89 0.018

0.1–1 3
Range 33.83–40.16 0.05–1.07 104.15–132.08 1.93–2.38 4.86–5.34 0.020–0.024

Average 37.37 0.46 118.32 2.20 5.09 0.022

>1 2
Range 36.62–43.90 0.05–1.52 79.87–98.71 2.33–2.65 4.44–4.72 0.023–0.025

Average 40.46 0.73 89.29 2.49 4.58 0.024
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(a)  (b)  (c) 

   
(d)  (e)  (f) 

Figure 2. Distribution characteristics of microscopic pore structure: (a) pore radius, (b) throat radius,
(c) pore–throat ratio, (d) coordination number (e), Tortuosity, (f) shape factor.

The pore–throat ratio of the microfractured cores in the tight reservoirs shows a normal
distribution, with a wide span of the distribution range and a peak value ranging from
81 to 155. The distribution range of the pore–throat ratio of cores of class I, II, and III
becomes wider, the peak value decreases, and the mean value increases sharply from
89.29 to 150.12.

The coordination number of the microfracture cores in the tight reservoirs shows a
skewed normal distribution, and the distribution range is mainly concentrated between
2–4, with the peak coordination number of the type I, II, and III cores increasing, and the
coordination number corresponds to a decreasing peak, with the mean value decreasing
from 2.49 to 1.70.

The tortuosity of the microfractured cores of the dense reservoir conforms to a skewed
normal distribution, the distribution range is between 0 and 10, and the mean value is
concentrated between 2 and 8. The pore structure of type I, II, and III cores is more complex,
the line through which the fluids flow is tortuous, the peak value is shifted to the left, and
the mean value of the tortuosity increases from 4.58 to 5.89, with an increase of about 28%.

The shape factor of the microfracture cores in the tight reservoirs follows a normal
distribution, with a distribution ranging from 0 to 0.06 and a peak value ranging from 0.008
to 0.020. The peak value of the shape factor curves of the class I, II, and III cores is shifted
to the left, the value is increased, and the mean value is reduced from 0.024 to 0.018.

2.2. Microfracture Parameters

Fracture inclination, fracture length, fracture aperture, fracture density, fracture wall
roughness, etc., are the main parameters used to characterize the microscopic fracture
structure, and the microscopic fracture parameters of the microfractured tight reservoirs
in the Yongjin Oilfield microfractures can be obtained by experimental means, such as CT
scanning, casting thin-section observation, and small-angle neutron scattering, etc. The
fracture distribution model of the cores was set up (Figure 3) to study the distribution
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characteristics of the various microfracture parameters of the microfractured cores of the
tight reservoirs (Table 2).

 
(a)  (b) 

Figure 3. Fracture model of core (No. #146). Red represents pores; others represent fractures. (a) Two
aperture elements. (b) Fracture network.

Table 2. Distribution characteristics of microfractures.

Permeability
(10−3 µm2)

Number
of Cores Value Fracture Length

(µm)
Fracture Aperture

(µm)
Fracture Density

(Bars/cm)
Fracture Wall

Roughness

<0.1 6
Range 4.5–21.7 14.4–23.7 0.02–0.08 7.63–8.78

Average 13.16 18.87 0.04 8.08

0.1–1 3
Range 28.6–44.3 26.9–35.7 0.08–0.12 8.57–9.34

Average 36.80 31.13 0.11 8.86

>1 2
Range 48.2–55.8 38.3–40.9 0.14–0.16 9.34–9.92

Average 52.00 39.60 0.15 9.63

Microfractures in deep tight oil reservoirs mainly manifest as two types of laminated
joints and tectonic joints, in which laminated joints are mainly horizontal joints or small-
inclination joints with an inclination angle of less than 30◦, and tectonic joints are mainly
vertical fractures and high-inclination joints with an inclination angle of more than 60◦.
Since the CT-scanned cores were obtained after the processing of full-diameter cores, the
direction of fracture development is no longer certain; therefore, the dip angle of the
microfractures can only be determined by observing the development of dominant tectonic
fractures in full-diameter cores, and the direction of tectonic micro-fractures is generally
the same as the direction of tectonic dominant joints, i.e., the angle of the dominant tectonic
joints is the angle of the micro-fractures.

The obtained thirty-eight cast thin sections from five coring wells in the tight reser-
voir of Yongjin Oilfield show that intra-grain and through-grain fractures are commonly
developed. The microfracture type is dominated by transgranular fractures, accounting for
68% of the total number of microfractures, including intergranular fractures and through-
grain fractures. Intergranular fractures develop between mineral particles, are distributed
along the edges of the particles, do not cut through the mineral particles, their extension is
irregular in shape, and their extension length is between 200 µm and 2000 µm. The fracture
morphology of through-grain fractures is mostly flat and straight, their extension length is
the longest, ranging from 500 to 6000 µm, the maximum degree of openness is between
10–50 µm, they can cut through mineral particles along the direction of seam extension,
their connectivity is better, and the formation of fractures is closely related to geological
structure and anomalous high pressure. Intragranular fractures are mainly quartz, feldspar,
and calcite fractures and cleavage fractures, they only develop in mineral particles, their
extension length is limited to between 100 and 500 µm, their degree of openness is small
as the same size as the mineral particle, generally less than 20 µm, and they have poor
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connectivity between each other. The greywacke grain edge microfractures extend the
oolitic grain development, the microfractures are curved, the level of development of
microfractures is larger than at the scale of intragranular fractures, and the length of the
seam is between 100 and 800 µm.

The microfracture aperture is quantitatively characterized by the distance between
the two walls of the microfracture through the 3D visualization software Avizo 2019.
Digital cores are imported into the software to complete the image processing, and 3D
Length commands are applied to measure the length and openness of the fractures. The
microfracture openness of the microfractured cores of the tight reservoirs ranges from
3.8 to 58.9 µm, and the average openness ranges from 6.3 to 49.4 µm, with a concentration
of 10–40 µm and an average value of 26.2 µm.

The fracture density is expressed as the line density or surface density. According to the
calculation of the surface density, the surface density of the intra-grain fractures is between
10 and 50 µm/cm2, that of the intergranular fractures is between 50 and 300 µm/cm2, and
that of the through-grain fractures is between 200 and 800 µm/cm2, and their development
degree is consistent with the development degree of the macroscopic fracture line density
and bulk density. The intergranular joints and through-grain joints are formed by laminar
action or tectonic stress, and the overall development degree of the microfractures is high.
As calculated by the line density, the line density of the microfractures in the deep tight oil
reservoirs ranges from 0.02 to 0.16 lines/cm, among which the line density of intra-grain
joints ranges from 0.02 to 0.1 lines/cm, that of intragranular fractures ranges from 0.06 to
0.16 lines/cm, and that of penetrating-grain joints ranges from 0.08 to 0.14 lines/cm.

The fracture wall roughness reflects the smoothness of the fracture wall, and the
shape of the fracture surface and the level of roughness have an important effect on the
flow characteristics at the microscale. Through CT scanning and the small-angle neutron
scattering image reconstruction method, the undulation state of different profiles of the
fracture can be reproduced, and then the roughness of each profile can be obtained through
a programming calculation. The roughness on each profile is averaged to be the roughness
of the wall of the fracture, and according to the results of the calculations, the roughness of
the microfractures of the dense core is between 7 and 10, with little fluctuation.

3. Pore-Fracture Fractal Dimension in Microfractured Tight Reservoirs
The most significant feature of a fractal object is that it has self-similarity. According

to the similarity relationship between a line segment, a square, and a cube, the fractal
dimension calculation method of a fractal body is refined, and the fractal dimension can
measure the degree of regularity of a complex shape. When the fractal dimension is
higher, the complexity of the fractal body is higher, and the fractal theory is more effective
in quantitatively describing the complexity of the pore structure. Based on the micro-
parameter characteristics of the tight reservoirs in Yongjin Oilfield mentioned above, the
fractal dimensions of microcracks and pores were calculated using fractal theory and the
box counting method, respectively. Then, a method for calculating the fractal dimension
of the pores and fractures was established. Compared with simply calculating the fractal
dimension of pores as was carried out in the past, the newly established pore fracture
analysis dimension can reflect the influence of microfracture development in tight reservoirs
on the fractal dimension.

3.1. Calculation Method of Pore-Fracture Fractal Dimension

According to the basic principle of fractal geometry, if the distribution of the pore
throat radii of microfractured cores in a tight reservoir conforms to a fractal structure, the
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cumulative volume of the pore throat radius > r conforms to a power function relationship
with the radius r:

Nr =
∫ rmax

r
f (r)dr = ar−D (1)

In the equation, f (r) is the pore radius distribution density function;
rmax is the maximum pore radius;
a is the fractal coefficient;
D is the pore fractal dimension.
Taking the derivative of Equation (1) with respect to r gives:

f (r) =
dNr

dr
= −Dar−D−1 (2)

Assuming that the pores are spherical, the spherical model is substituted into
Formula (2), and the cumulative volume of the pores in the rock with a pore
radius < r can be obtained as:

V1 =
∫ r

rmin

f (r)br3dr =
−Dab
3 − D

(r3−D − r3−D
min ) (3)

In the equation, rmin is the minimum pore radius;
b is the proportionality coefficient for the sphere. If the pores are cubic, b = 1; if they

are spherical, b = 4π/3.
From Equation (3), the total pore throat volume of the reservoir is:

V2 =
∫ rmax

rmin

f (r)br3dr =
−Dab
3 − D

(r3−D
max − r3−D

min ) (4)

By comparing Equations (3) and (4), the cumulative volume fraction of pores with
radius < r is obtained as:

S =
V1

V2
=

r3−D − r3−D
min

r3−D
max − r3−D

min

(5)

In the equation, S is the wetting-phase saturation (condition: cumulative volume
fraction of pores with radius < r).

Due to the complex microstructure of microfractured cores in tight reservoirs, the
difference between the maximum pore throat radius and the minimum pore throat radius is
obvious, i.e., the maximum pore throat radius is much larger than the minimum pore throat
radius, with rmin << rmax, rmin << r, i.e., set rmin = 0, and Equation (5) can be simplified as:

S =

(
r

rmax

)3−D
(6)

Considering that the pore radius in the formula can be obtained from the mercury
intrusion curve and the magnitude of the pressure during the mercury intrusion experiment
reflects the difficulty of mercury entering the pore throat, i.e., based on the capillary model,
the reservoir rock obeys the Laplace equation:

pc =
2σ cos θ

r
(7)

In the equation, Pc is the capillary pressure corresponding to any pore throat radius r;
σ is the interfacial tension of the fluid in the reservoir;
θ is the contact angle between the fluid and the rock.
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Substituting Equation (7) into Equation (6) converts the ratio of pore throat radii into
the ratio of capillary pressures, thereby enabling the analysis of the pore throat structure
characteristics:

S =

(
pc

pmin

)D−3
(8)

In the equation, Pmin is the capillary pressure corresponding to the maximum pore
throat radius rmax, i.e., the mercury intrusion threshold pressure;

Taking the logarithm of both sides of Equation (8) gives:

lgS = (D − 3)lgpc + (3 − D)lgpmin (9)

It can be seen that the logarithm of the capillary pressure lg Pc and the corresponding
logarithm of the wetting-phase saturation lg S in the microfractured core of the tight
reservoir show a linear relationship, and lg Pc and lg S, corresponding to different pore
radius r, are calculated based on high-pressure mercury pressure experiments, and the pore
fractal dimension D is obtained by using a graphical method or regression analysis. If the
pore radius r and the pore fractal dimension D are fixed, the larger the fractal coefficient a is,
the larger the pore radius distribution density function f (r) is, the larger the pore volume
is, and the better the physical properties of the reservoir, the physical significance of which
reflects the degree of pore development, where the larger the value is, the more the pore
is developed.

For microfractured cores in tight reservoirs, the fractal dimensions of the fractures
can be calculated by the box-counting dimension method, which is a commonly used
method for calculating geometric fractal dimensions and intuitively reflects the degree of
the spatially extended distribution of microfractures. Based on the 3D CT scan dataset,
the number of boxes covering all the study targets is counted, and then the box size is
changed, the number of boxes N(r) is counted several times at different box sizes, and the
fractal dimension of the microfracture is calculated according to the formula of the box
counting dimension:

FD = limr→0
N(r)

r
(10)

The main approach is to take a box with side length r, cover the fractal structure to see
and count the number of non-empty boxes N(r), shorten the box side length r, count the
number of non-empty boxes N(r), repeat the above process to record a series of side lengths
r and the corresponding N(r), and generate a scatterplot in a double logarithmic coordinate
system, where the slope of the fitted straight line is the microfracture fractal dimension FD.

If the pore fractal dimension D and the microfracture fractal dimension FD are known,
porosity weighting can be applied to calculate the pore fractal dimension Dt with the
following expression:

Dt =
D · ϕm + FD · ϕ f

ϕ
(11)

In the equation, ϕ, ϕm, and ϕ f represent the total porosity, matrix porosity, and mi-
crofracture porosity, respectively.

3.2. Calculation Example of Pore Fracture Fractal Dimension

The principle of the constant-rate mercury penetration method is to ensure the occur-
rence of a quasi-static mercury penetration process at a very low speed (0.000001 mL/s).
In this process, the interface tension and contact angle are constant. The shape of every
pore in the front of the mercury inlet will change the shape of the meniscus, which will
cause a change in the capillary pressure; a typical pressure fluctuation curve is shown
in Figure 4a. Therefore, real information regarding the pore structure, such as the pore
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radius, throat radius, pore–throat ratio, etc., can be obtained by the constant-rate mercury
penetration method.

(a)  (b) 

   
(c)  (d) 

0.
00

1
0.

1
10

10
00

020406080100

P c
/M

P
a

SHg/%

Mercury…
Mercury…

Fracture

Pore

Figure 4. Fractal dimension calculation of pores and fractures. (a) Typical pressure fluctuation curve.
(b) Mercury intrusion curve. (c) lg (1 − SHg)~r. (d) Microfracture development.

As shown in Figure 4b, based on the mercury intrusion data of a microfracture core in
Yongjin Oilfield (permeability: 0.87 × 10−3 µm2; porosity: 13.6%), the pore throats were
classified into large, medium, small, microfractures were classified from large to small,
and the fractal dimensions of the pores and microfractures were calculated according to
Equations (9) and (10) respectively, and then pore fracture fractal dimension is calculated
according to Equation (11). Figure 4c shows that the pore throat radius r and the wetting-
phase saturation lg (1 − SHg) double logarithmic coordinates of the core are segmented.
The fractal dimension of large pore throats, medium pore throats, small pore throats, and
microfractures are all less than 3, with a distribution range between 2.36 and 2.79, and
the mean value is 2.52, as is shown in Table 3. From an overall point of view, the pore
fractal dimension is the highest, the microfracture fractal dimension is the smallest, and the
pore fractal dimension is between the pore fractal dimension and the microfracture fractal
dimension, and it is closer to the pore fractal dimension.

Table 3. Fractal dimension calculation of pores and fractures.

Pore
Pore Fractal
Dimension

Microfracture
Fractal

Dimension

Pore Fracture
Fractal

DimensionPore Throat Proportion of
Pore Throat

Fractal
Dimension

Large Pore Throat 0.12 2.7890

2.52 2.33 2.46
Medium Pore Throat 0.25 2.7069

Small Pore Throat 0.28 2.4452
Micropore Throat 0.35 2.3658
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4. Comprehensive Evaluation Method for Microfractured
Tight Reservoirs

According to the production conditions of the wells in Yongjin Oilfield, two major
categories of reservoir microscopic pore and seam structural parameters, macroscopic
reservoir physical properties, and fluid parameters are selected as the comprehensive classi-
fication and evaluation parameters of the reservoirs, and due to the fact that there are more
studies on the factors of macroscopic reservoir physical properties and fluid parameters, a
discussion regarding this will not be presented here. However, there are fewer studies on
the factors of microscopic pore and fracture structural parameters, and a focus needs to be
placed on studying the classification boundaries. Specifically, the classification boundaries
of macroparameters are determined by the inflection point identification method based
on the relationship curve between the production capacity, physical parameters, and fluid
parameters, and the classification boundaries of micro-parameters are determined by distin-
guishing the magnitude of change based on the relationship curve between the equivalent
permeability and micro-parameters.

4.1. Classification and Evaluation Parameter Boundaries

The microscopic parameters mainly include microscopic pore parameters and micro-
scopic fracture parameters, and the throat radius, as one of the important microscopic pore
parameters, has an important influence on the seepage capacity of microfractured cores
in tight reservoirs. According to the CT scanning model, given the pressure difference,
different boundary layer thicknesses and boundary layer viscosities are set to study the
microscopic flow changes in the digital cores, as shown in Figure 5.

  Surace contour: Pressure (Pa) 

 

(a)  (b) 
Time = 1 slice 10−3 (m/s) 

 
(c)  (d) 

Theory curve 
Fitting curve 

Figure 5. Throat radius boundary. (a) CT scanning equipment. (b) Pressure field. (c)Velocity field.
(d) The influence of the boundary layer thickness on seepage (µr = 3.0).
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The experiment was conducted using a SkyScan1172 high-frequency CT scanner
manufactured by SkyScan N.V. Vluchtenburgstraat 3C 2630 (Aartselaar, Belgium). The
X-ray source operated at 20–100 kV with a rated power of 10 W and a resolution of
11 million pixels, providing a spatial resolution of 0.5 µm. The system was equipped
with corresponding software, including image acquisition software, CT-AN v.1.18 for pore
structure analysis, Nrecon v2 for 2D image reconstruction, ANT v1.10.14 for reconstruction,
and Data Viewer v4.0.1 for 3D visualization. Fluid flow within the digital rock core was
simulated using the COMSOL Multiphysics v6.0 software. The accuracy of the model was
validated against experimental data. Due to the influence of the yield stress and boundary
layer effects on fluid flow, the actual flow rate is typically lower than the theoretical flow
rate. By simulating non-Newtonian fluids and the boundary layer thickness, the flow rate
calculated by the model aligned with the experimental flow rate, thereby ensuring the
model’s accuracy.

The digital core microflux decreases exponentially with the increase in the boundary
layer thickness, and its effect on the microflux decreases significantly when the boundary
layer thickness is greater than 0.2 µm. Taking the boundary layer thickness of 0.2 µm
as the boundary, when the throat radius is 0.5 µm, the effective flow radius accounts for
60%; when the throat radius is 1.0 µm, the effective flow radius accounts for 80%, and
effective flow radius of 60% and 80% are the boundaries to determine the threshold of the
throat radius.

On this basis, the relationship between the equivalent permeability and the variation
in the microscopic fracture parameters was further investigated to determine the limits of
parameters such as the fracture length, fracture aperture, pore fracture fractal dimension,
and wall roughness, as shown in Figure 6.

   
(a)  (b) 

   
(c)  (d) 

Figure 6. Relationship between microfracture parameters and equivalent permeability. (a) Fracture
length. (b) Fracture aperture. (c) Pore fracture fractal dimension. (d) Wall roughness.

The classification boundaries of the microfracture parameters are determined based
on the speed of the change in the relationship between the microfracture parameters
and the equivalent permeability, as is shown in Table 4. The equivalent permeability
shows a logarithmic increasing trend with the increase in the fracture length. When the
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fracture length is less than 2000 µm, the increase grows rapidly. When the fracture length
is greater than 2000 µm and less than 5000 µm, the increase grows slowly. When the
fracture length is greater than 5000 µm and the fracture aperture is greater than 100 µm,
it reaches the criterion of visible fractures (bedding fractures), and when the fracture
length exceeds the visible fracture standard, the equivalent permeability does not increase
significantly with the increase in the fracture length. Equivalent permeability shows a
binomial increasing trend with increasing fracture aperture. When the fracture aperture is
less than 25 µm, the increase grows slowly. When the fracture aperture is greater than 25 µm
and less than 100 µm, the increase grows rapidly. It reaches the criterion of visible fractures
when the fracture aperture is greater than 100 µm, the equivalent permeability increases
significantly with the increase of the fracture aperture. The equivalent permeability shows a
binomial increasing trend with the increase pore fracture fractal dimension. The equivalent
permeability decreases exponentially with the increase in the fractal dimension, and the
fractal dimension is divided into three intervals of <2.4, 2.4~2.6, and >2.6 according to the
decrease in the equivalent permeability. The equivalent permeability and wall roughness
have a scattering distribution, and the correlation is not large, and the above results provide
the basis for the determination of the classification limit of the microfracture parameters
and the comprehensive evaluation of the reservoir.

Table 4. Classification and evaluation boundaries of microfractured tight reservoirs.

Classification

Microscopic Pore Structure Parameters Macroscopic Reservoir Physical Properties and Fluid Parameters
Throat
Radius
(µm)

Fractal
Dimension

Fracture
Length
(µm)

Fracture
Aperture

(µm)

Permeability
(mD)

Reservoir
Thickness

(m)

Oil
Saturation

(%)

Crude Oil
Viscosity
(mPa.s)

Type I >1.0 <2.4 >5000 >100 >1 >2 >50 <5
Type II 0.5~1.0 2.4~2.6 2000~5000 25~100 0.1~1 1~2 40~50 5~10
Type III <0.5 >2.6 <2000 <25 <0.1 <1 <40 >10

4.2. Classification Comprehensive Evaluation Index

According to the regression coefficient of each evaluation parameter in the equivalent
permeability model, the weight coefficients of the microparameters are determined; the
weights are determined according to the grey correlation analysis methods of production
capacity and macro-parameters and fluid parameters and microparameters, as shown in
Table 5, in which the porosity is given the lowest weight, and the thickness of the sand
body is given the highest weight.

Table 5. Classification and evaluation weights of microfractured tight reservoirs.

Ratio

Microscopic Pore Structure Parameters (Primary
Weighting Coefficient: 50%)

Macroscopic Reservoir Physical Properties and Fluid
Parameters (Primary Weighting Coefficient: 50%)

Throat
Radius

Rc

Fractal Di-
mension

FD

Fracture
Length

Lf

Fracture
Aperture

c

Permeability
k

Reservoir
Thickness

h

Oil Saturation
So

Crude Oil
Viscosity

µ

Grey Correlation
Degree 0.4332 0.5413 0.3071 0.4245 0.8848 0.7629 0.7985 0.7513

Secondary Weight
Coefficient 0.2539 0.3173 0.1800 0.2488 0.2767 0.2386 0.2497 0.2350

Final Weight
Coefficient 0.1270 0.1586 0.0900 0.1244 0.1384 0.1193 0.1249 0.1175

According to the correlation degree of each parameter, the comprehensive evaluation
method is applied to give the formula of the comprehensive evaluation index applicable to
the classification of the microfractured tight reservoirs in Yongjin Oilfield, which is shown
in Equation (12):
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REI = 0.1270ERc + 0.1586EFD + 0.0900EL f + 0.1244Ec

+0.1384Ek + 0.1193Eh + 0.1249Eso + 0.1175Eµo

(12)

In the equation, the positive correlation calculation formula is Ei =
Xi−Xmin

Xmax−Xmin
, and the

negative correlation calculation formula is Ei =
Xmax−Xi

Xmax−Xmin
. The selection of the maximum

and minimum values is determined based on the research object, i.e., taking the tight
reservoir of Yongjin Oilfield as the research object. The reservoir includes several research
blocks, and the evaluation parameters of each block are of different sizes. The maximum
and minimum values of each parameter in all research blocks can be summarized.

Two major categories of the reservoir microscopic pore and fracture structure parame-
ters, macroscopic reservoir physical properties, and fluid parameters are selected as the
comprehensive classification evaluation parameters of the reservoirs, and the microfrac-
tured tight reservoirs in Yongjin Oilfield are classified into three major categories of good
(class I), medium (class II), and poor (class III). The classification boundaries are substituted
into the formula to judge the classification of the reservoirs according to the comprehensive
evaluation indices, i.e., the REI of class I reservoirs is >0.7, that of class II reservoirs ranges
from 0.4–0.7, and that of class III reservoirs is < 0.4.

5. Discussion
The important significance of using the fractal dimension of pores and fractures for

reservoir classification and evaluation is to distinguish the characterization of different
micropore and microfracture structures under the same permeability. A high fractal dimen-
sion (D→3) is a sign of a highly complex and irregular pore structure. This complexity
directly leads to poor pore connectivity (more dead ends and isolated pores, higher tor-
tuosity, smaller pore throat radius). The combined effect of decreased connectivity and
structural irregularity significantly reduces the absolute permeability of the medium and
strongly affects the multiphase flow behavior (higher capillary pressure, altered relative
permeability curve, higher residual saturation). A low fractal dimension (D → 2) indicates
a pore throat structure that is relatively simple, smooth, and uniform, with low flow resis-
tance. The permeability of rock cores depends on the micropore structure, but there is a
multiple solution relationship between the two. The permeability of rock cores with the
same micropore structure is the same, but the micropore structure of rock cores with the
same permeability has significant differences, which directly leads to significant differences
in the effectiveness of water flooding oil development.

Introducing the fractal dimension of pores and fractures, a comprehensive quantitative
index method was established to classify and evaluate reservoirs, and the classification
results were verified with dynamic data. To ensure the accuracy of the classification
evaluation results, sufficient representative samples should be included in the sample
selection. According to the comprehensive evaluation formula REI for tight reservoirs,
combined with the validation of the relationship between the initial daily oil production,
cumulative oil production, and REI in developed blocks, it can be seen that the classification
results are reliable, and class I oil reservoirs are high-quality reservoirs, class II oil reservoirs
are average reservoirs, and class III reservoirs are poor reservoirs, as is shown in Figure 7.

The classification and evaluation of reservoirs have crucial practical significance for
development decisions. By using the REI comprehensive evaluation index to classify
reservoirs, on the one hand, it helps to classify reservoir types and reasonably combine
layer systems, accurately quantify reservoir potential and development risks, and provide a
scientific basis for decision-making. On the other hand, customized development methods
can be developed for different types of reservoirs, prioritizing the development of high-
yield and high-quality reservoirs to achieve rapid returns, providing a scientific basis
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for optimizing development strategies, avoiding inefficient investments, and guiding
resource allocation.

 

(a)  (b) 

Figure 7. Classification results and validation of dynamic data. (a) Relationship between Qo and REI.
(b) Relationship between Np and REI. The blue scatter plot represents relationship between Qo and
REI. The green scatter plot represents relationship between Np and REI.

6. Conclusions
(1) The characteristics of pore seam parameters in microfractured tight reservoirs in

Yongjin Oilfield were clarified, with the permeability of type I, II and III cores de-
creasing sequentially, the pore radius decreasing from 40.46 µm to 33.25 µm, the
throat radius decreasing from 0.73 µm to 0.32 µm, the pore-to-throat ratio increasing
dramatically from 89.29 to 150.12, the allometry decreasing from 2.49 to 1.70, the
meandering degree decreasing from 4.58 to 5.89, and the shape factor decreasing from
0.024 to 0.018. The microfracture extension length varied from 50 µm to 6000 µm,
thefracture aperture ranged from 10 to 40 µm, the microfracture line density ranged
from 0.02 to 0.16 lines/cm, and the wall roughness ranged from 7 to 10.

(2) The main factors affecting the development effect of microfractured tight reservoirs
were identified and reduced in order of weight coefficients, including the fractal
dimension of pores and fractures, permeability, throat radius, oil saturation, fracture
aperture, reservoir thickness, crude oil viscosity, and fracture length. The weight
coefficients are 0.1586, 0.1384, 0.1270, 0.1249, 0.1244, 0.1193, 0.1175, and 0.090, re-
spectively. Combining the equivalent permeability and the trend of each factor, the
classification boundary of the reservoir was clarified, providing a basis for calculating
the classification boundary of the comprehensive evaluation index of the reservoir.

(3) A method for calculating the fractal dimension of microfractured tight reservoirs and a
comprehensive quantitative evaluation method were established. The microfractured
tight reservoirs in Yongjin Oilfield can be classified into class I, II, and III according
to their development effects. The comprehensive evaluation index (REI) of class I
reservoirs is greater than 0.7, and the fractal dimension of pores and fractures is less
than 2.4. The comprehensive evaluation index (REI) of class II reservoirs ranges from
0.4 to 0.7, and the fractal dimension of pores and fractures ranges from 2.4 to 2.6.
The comprehensive evaluation index (REI) of class III reservoirs is less than 0.4, and
the fractal dimension of pores and fractures is greater than 2.6. The classification
results are consistent with the dynamic data of the mining site. This achievement can
provide a scientific basis for the rapid evaluation of reservoirs and the formulation of
development strategies.
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