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Abstract: Tight sandstone reservoirs, as typical unconventional reservoirs, have attracted more and
more attention worldwide. Compared to conventional reservoirs, the complex microscopic pore
structures and micro-fractures of the tight reservoirs are developed, and fluid flow in the tight
sandstone reservoir is very complicated. Therefore, studying the influence of fractures on the rock
topological structure and the flow characteristics between micro-fractures and the matrix is critical
to the development of tight sandstone reservoirs. In light of the intricate nature of micro-fractures,
digital rock analysis technology is utilized to address this issue instead of traditional experimental
methods. Firstly, the selected tight rock is scanned by X-ray computed tomography (XCT), and then
the natural tight digital rock is reconstructed by filtering and binary segmentation. Secondly, micro-
fracture with different shapes is added to the digital rock. Then, a pore network model extracted
by the maximum ball method is adopted to conduct the flow simulation. The study finds that the
distribution of pore throat radius changes with increasing fracture aperture and length and that the
permeability and capillary pressure curves are influenced by fracture aperture and length in the
direction of connectivity. The impact of micro-fracture dip angle on pore throat structure is significant
with changes in permeability and fluid flow in different directions. Overall, the study emphasizes
the importance of fracture aperture and length in determining the properties and behavior of tight
sandstone reservoirs and highlights the usefulness of digital rock analysis technology in providing
insights into complex microstructures.

Keywords: tight sandstones reservoirs; micro-fracture; pore scale modeling; digital rock; roughness

1. Introduction

In recent years, unconventional reservoirs, such as tight sandstone oil and gas, have
become increasingly popular in the petroleum industry due to their wide distribution and
abundance of subsurface reserves [1–4]. Tight sandstone reservoirs contain oil and gas with
low connectivity between pores, ranging in size from nano-scale to micro-scale, resulting in
low porosity and permeability [5,6]. Horizontal drilling and hydraulic fracturing technol-
ogy have become essential due to the complexity of the naturally formed micro-fractures
and the artificial fractures created by stimulating the reservoir volume [7]. These fractures
significantly impact the fluid flow patterns and the capacity of extraction [8]. For this
reason, geologists and engineers must study the micro-fracture’s effect on petrophysical
properties [9].

The presence of micro-fractures can enhance the porosity and permeability of rock by
altering the connection of tight sandstone reservoirs. However, whether micro-fractures
cause pore structure changes in tight sandstone reservoirs is unclear. The petrophysical
properties include permeability, capillary pressure, and relative permeability which are
functions of pore structure [10] and are the most important parameters to describe fluid
flow within micro-fractures. Furthermore, it is common to apply the cubic law to describe
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fluid flow within micro-fractures which are viewed as parallel plates with impermeable
and smooth walls [11]. On the other hand, the oil and gas flow between micro-fractures
and matrix pores are not considered [12]. In reality, due to filling with mineral cement or
proppant, complicated micro-fractures tend to be coarse and curved [13]. Hence, to accu-
rately describe the oil and gas flow within micro-fractures, the impact of surface roughness,
aperture distribution, length, and matrix-fractures transfer must be accounted for.

Recently, many researchers have conducted experiments [13] and developed numerical
models [14,15] to investigate the oil and gas flow in micro-fractures at the pore scale which
was initially simplified by reducing the parallel plates to single fractures and deriving the
well-known cubic law. However, experiments have revealed the micro-fractures’ complex-
ity, ranging from the distribution of aperture and roughness to length and inclination. This
stresses the significance of quantifying the roughness in order to accurately capture the
effect of the fractures’ structure on the capacity to transport fluids. Several experiments
have been conducted to explore the fluid flow in rough-walled micro-fractures which have
reported favored flow channels and convoluted pathways [16]. The majority of such studies
use single flows and artificial samples, though pore-scale experimental measurements are
often challenging, costly, and time-consuming.

Beyond experiment technology, a numerical model can also provide a tool to measure
and describe the oil and gas flow in micro-fracture with the microstructure of fracture.
More recently, with the development of visualization and computer techniques, pore-scale
modeling, as a recent approach, has been used to investigate the petrophysical properties
of porous media. According to the numerical approaches used to simulate oil and gas flow
processes, these can be divided into two classes: pore-scale modeling with image-based
data and pore network modeling [17,18]. Pore-scale modeling with image-based methods
includes particle-based methods, such as the lattice Boltzmann method (LBM) [19,20], and
mesh-based approaches, such as finite difference [21], finite volume [22], and finite element
method [23]. Additionally, for multi-phase flow, the level set [24], phase field [25], and
smoothed-particle hydrodynamic (SPH) methods [26] can be used to define an interface
between fluids and track their movement. On the other hand, pore network modeling [27]
involves extracting an idealized and representative pore network from the image, followed
by the computation of relevant petrophysical properties and oil and gas flow simulations.

With pore-scale modeling and an image-based approach, the processes of reactive trans-
port [28], multi-phase fluid flow [29], and heat transfer [30] were simulated in micro-fractures.
However, the micro-fracture model assumptions are too simple. Other researchers used
the pore network modeling method to investigate multi-phase fluid flow in horizontal,
rough-walled micro-fractures [31]. They disregarded the effects of gravity and viscous
forces and also believed that the impact of local fracture wall convergence or divergence
could be disregarded. They looked at the combined impact of the two main curvature radii,
in plane and aperture induced. Pore-scale imaging and modeling have also been used to
explore how contact angles and void structures affect capillary pressure and relative perme-
ability properties. However, there were some shortcomings: (1) The effect of rough-walled
micro-fractures on single- and multi-phase flow is not evaluated. (2) The description of
micro-fractures roughness in current models is not accurate. (3) The transmission relation
between the matrix and the micro-fracture should be considered in the process of heat
and mass simulation. Actually, the petrophysical properties are the function of the pore
structure of the matrix and micro-fractures.

In fact, the real micro-fractures have variable apertures, lengths, and inclinations
which create roughness for fluid to flow [32–34]. It is discovered that non-Euclidian fractal
geometry with a self-affine law may adequately explain the intricate geometry of micro-
fractures surface. The fractal dimension is a useful parameter to describe the real surface
behavior of micro-fractures.

This paper is organized as follows: First, X-ray computed tomography (XCT) imaging
technology was used to scan the rock sample from tight sandstone reservoirs. The represen-
tative elementary volume of digital rock was obtained using image processing, including
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filtering and segmentation. Secondly, the method was introduced to generate a rough sur-
face. The related parameters were determined to reconstruct rough-walled micro-fractures
for the next simulation. Thirdly, the approaches to computing pore structure and petrophys-
ical properties were introduced in Section 2. Micro-fracture digital rocks were generated,
combining random rough surfaces with the digital rock. In Section 3, the micro-fracture
parameters, such as aperture, length, and dip angle, were considered to carry out the effect
of the micro-fracture on the pore structure and petrophysical properties. In Section 4, the
conclusions were obtained.

2. Materials and Methods
2.1. XCT Imaging and Processing

Due to its non-destructive nature in three-dimension, XCT has evolved into a widely
employed technique for visualizing and characterizing geological specimens in three-
dimension. The tight rock sample we used in this study was sampled from the Long 7 well
of the extension group developed in the center of the Ordos Basin Lake Basin in China which
is generally composed of various minerals (such as quartz, feldspar, pyrite, and others)
and significant pores and micro-fractures, see Figure 1a. Tomographic datasets, which are
series of images based on gray-scale value, were obtained and analyzed using an X-ray
Micro-CT-400 made by the Xradia Company. The resolution is 1.0 µm/voxel, and the voxel
size is 1024 × 1024 × 1024. Some scholars had begun to explore multi-phase segmentation
considering multi-minerals [35–37]; however, the focus of this study was to investigate
the impact of micro-fracture characteristics on petrophysical properties. Therefore, the
study applied the two-step method to identify the pore and grain space. A non-local means
filtering, a nonlinear filter used to enhance the signal-to-noise ratio and preserve the edges
between pore and grain phases in XCT images, was utilized. Subsequently, a marker-seeded
watershed algorithm [38] was employed to segment the images into pore and grain phases,
as shown in Figure 1b. This method depends on the image’s intensity field and intensity
gradient magnitudes with the seed markers produced using 2D histograms.
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Figure 1. The sample of tight sandstone. (a) is the gray-scale image of the tight sample, (b) is the
tight digital rock. The red color represents pore space and purple color indicates grain space.

For the convenience of subsequent simulations, a representative elementary volume
(REV) should be selected. The REV of the tight samples refers to the smallest unit that
can effectively characterize the tight sample’s physical properties. The physical properties
calculated from the REV of the tight sample are the same as the physical properties of the
whole tight sample.

In this paper, the size of the REV of the tight sample is obtained by analyzing the
porosity variation with the tight digital rock size. The specific method is as follows: First,
locating a voxel point arbitrarily in the tight digital rock; selecting a cube of a certain variable
length at the center of the voxel point and counting its porosity and permeability, gradually
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increasing the side length of the cube and calculating the porosity and permeability of
each side length rock cube; making the variation law curve of porosity and permeability
with the side length of tight digital rock (see Figure 2); locating different voxel centers
and repeating the above steps. However, the minimum rock edge length corresponding to
the stabilization of all the curves is the size of the REV. The core voxel size selected after
analysis is 5003.
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(b) is for permeability.

2.2. Embedding a Random Surface of Micro-Fracture

Tight sandstone reservoir develops a large number of micro-fractures after hydraulic
fracturing. In this paper, the artificial surface roughness is characterized by its spatial
frequency content. The random artificial surface can be considered as many elementary
waves. A sum of trigonometric functions is employed to construct the random artificial
surface, which is analogous to a Fourier series expansion. Each term in the sum represents
a specific frequency oscillation in space. The artificial surface can be described as follows.

f (x, y) = Amn ×
M

∑
m=−M

N

∑
n=−N

sin(π(mx + ny) + φ(m, n)), (1)

Amn =
M

∑
m=−M

N

∑
n=−N

1

|m2 + n2| fD
. (2)

In this equation, f (x, y) represents the artificial random surface data with amplitude.
Amn, m and n are the numbers of waves in the X and Y directions, respectively. M and N
represent the largest numbers of waves in the X and Y directions, respectively. fD is the
surface fractal dimension, and φ(m, n) are phase angles. Although the equation is expressed
in sinusoidal functions, the inclusion of phase angles allows for a general trigonometric
series to be expressed according to the angle sum rule.

To achieve a natural-looking surface, a suitably small portion should be “cut out” by
limiting the variation of x and y to specific values as the periodicity of the synthesized
data will otherwise be evident given the periodic nature of the function by definition. In
three-dimensional space, the micro-fracture has two sides. Two random surfaces need to
be constructed with different random phase angles to generate a whole micro-fracture. On
the other hand, the relative parameters should be selected to generate a natural-looking
micro-fracture. The numbers of waves affect the intensity of the amplitude. To synthesize a
surface with no preferred direction of oscillations, we can assign both positive and negative
values to m and n with equal probabilities. The surface fractal dimension influences
surface roughness.

In order to choose reasonable parameters, different artificial random surfaces are
generated in Figures 3 and 4. In Figure 3, the largest number of waves in different directions



Appl. Sci. 2023, 13, 5237 5 of 17

is equivalent to 50. In Figure 3a–d, the surface fractal dimensions differ with 0.5, 1.0,
1.5, and 1.8. In Figure 3, the surface fractal dimensions are 1.5, and the largest waves in
different directions are equivalent. In Figure 4a–d, the largest numbers of the waves are
different with 20, 40, 60, and 80. By comparing Figures 3 and 4, the largest number of the
waves in different directions are equivalent to selecting 40. The surface fractal dimensions
are determined at 1.6. In the following study, the artificial random micro-fractures are
constructed with the largest numbers of waves and the surface fractal dimensions to ensure
the micro-fracture’s surface is natural looking. The phase angles will be used randomly to
generate the random surface.
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Figure 3. The rough-walled surface with different surface fractal dimensions. (a) shows the random
fracture surface for fD = 0.5, (b) is the random fracture surface for fD = 1.0, (c) represents the random
fracture surface for fD = 1.5, and (d) displays the random fracture surface for fD = 1.8.
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Figure 4. The rough-walled surface with different numbers of waves. (a) shows the random fracture
surface for M = 20, (b) is the random fracture surface for M = 40, (c) represents the random fracture
surface for M = 60, and (d) displays the random fracture surface for M = 80.

2.3. Pore structure and Petrophysical Properties Analysis

Pore-scale modeling with pore network can quantitatively describe the pore structure
and simulate fluid flow. The pore network is a reduced-dimension representation of the
pore space and, in its simplest form, consists of an interconnected set of pore nodes and
bonds. Pore-scale modeling with pore network is computationally much more efficient
than the direct simulation approaches.

2.3.1. Extraction of Pore Network

For pore network models to accurately predict multi-phase displacement mechanisms,
it is essential to accurately characterize the pore structure. The process of pore network
extraction can be divided into two stages: splitting the pore space representation into
discrete elements and measuring the geometric properties of each network element. These
properties, such as inscribed radius, length, volume, and shape parameters, are then used
in flow modeling. Firstly, the medial axis was obtained to represent the pore space via
skeletonization in the context of topology-based analysis [39]. Subsequently, the well-
known morphology-based method is the extraction of maximal balls, the largest inscribed
spheres that touch the grain or boundary and are centered on each image voxel. The fully
contained spheres are then removed. The maximal balls describe the pore space without
redundancy and are clustered into families based on their size and overlap with other
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maximal balls. The largest maximal balls identify pores, while the smallest, which belong
to more than one family and connect the pores identified by these families are throats [40].
Then the pore network was obtained from digital rock. In this study, a pore network was
used to characterize pore structure and simulate fluid flow processes due to the presence of
micro-fractures.

2.3.2. Porosity, Permeability and Capillary Pressure

To quantitatively characterize the effect of micro-fractures on fluid flow, we have
selected porosity, permeability, and capillary pressure as key parameters. Specifically,
the porosity is calculated as the percentage of pore pixels in relation to the total number
of pixels.

Through the application of mass conservation in each pore throat of the pore network
model, we can analyze the single-phase fluid flow in each direction of the network and
calculate the permeability using Darcy’s law. The boundary condition is a constant pressure
boundary condition; only the value of the pressure drop needs to be considered, and the
general value can be taken as a reference.

Ki =
µqiL

A(Pin − Pout)
, (3)

where Ki is the absolute permeability in i direction, µm2, µ is the viscosity of the fluid,
mPa·s; qi is the total flow at the pressure difference across the model when the model is
fully saturated, cm3/s; L is the length, cm; A is the cross-sectional area, cm2.

For mercury intrusion, the mercury is injected at a constant rate from the inlet, the whole
pressure will be computed. The capillary pressure curves can be obtained in each direction.

3. Results

To study the effect of micro-fractures on the pore structure and petrophysical properties
of tight sandstone reservoirs, a single micro-fracture is selected because a single micro-
fracture is the most basic unit in the discrete fracture network of tight sandstone reservoirs.
In the low-resolution of the rock sample in tight sandstone reservoirs, the fractures were
complex. The values of aperture, length, and dip angle were summarized from low-
resolution CT images. Based on the acquired digital rock of tight sandstone reservoirs,
embedding a single fracture of different aperture, length, and dip and then studying the
impact of micro-fracture on the pore structure, permeability, and capillary pressure.

3.1. Embedding an Artificial Micro-Fracture with Different Aperture

Based on the digital rock of the tight sandstone reservoir obtained from XCT technol-
ogy, the artificial micro-fracture model is added with a dip of 0 degrees and a length of
500 voxels (penetrating), followed by a voxel ranging from 2 voxels to 50 voxels with a
resolution of 1.0 µm/voxel to form a multi-scale digital rock as shown in Figure 5. Due to
the artificial micro-fracture surface’s roughness, some spots have closed micro-fractures
while others have larger micro-fracture apertures than desired. However, the average aper-
ture of the micro-fracture is the set value. The micro-fracture is close to the real situation.
Figure 4 also shows the pore network model for multi-scale digital rock extraction of tight
sandstone reservoirs using the maximal balls method with 0.6 h. The micro-fracture was
treated as a series of interconnected pores and throats.

In order to further analyze the effect of micro-fracture on the pore structure for tight
sandstone reservoirs, the pore radius, and throat radius distribution were plotted, see
Figures 6a and 6b, respectively. In Figure 6, different colors represent different models
for where the original model obtained from XCT technology is red, while the green, blue,
and pink hues embody models with micro-fracture apertures of 10 µm, 30 µm, and 50 µm,
respectively. All curves for pore radius and throat radius distribution have a similar trend.
For pore radius distribution, the size of the pore expands as the micro-fracture aperture
increases, especially if the micro-fracture aperture is more than 10 µm. For throat radius
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distribution, the size of the throat expands as the micro-fracture aperture increases due to
the existence of the micro-fracture.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 17 
 

the artificial micro-fracture surface’s roughness, some spots have closed micro-fractures 
while others have larger micro-fracture apertures than desired. However, the average ap-
erture of the micro-fracture is the set value. The micro-fracture is close to the real situation. 
Figure 4 also shows the pore network model for multi-scale digital rock extraction of tight 
sandstone reservoirs using the maximal balls method with 0.6 h. The micro-fracture was 
treated as a series of interconnected pores and throats. 

    
(a) aperture = 2 µm (b) aperture = 10 µm (c) aperture = 30 µm (d) aperture = 50 µm 

Figure 5. The digital rocks embedding an artificial fracture with a different aperture and pore net-
works extracted using the maximal balls method. (a) shows the digital rock and pore network with 
the micro-fracture whose aperture is 2 µm, (b) is the digital rock and pore network with the micro-
fracture whose aperture is 10 µm, (c) represents the digital rock and pore network with the micro-
fracture whose aperture is 30 µm, and (d) displays the digital rock and pore network with the micro-
fracture whose aperture is 50 µm. 

In order to further analyze the effect of micro-fracture on the pore structure for tight 
sandstone reservoirs, the pore radius, and throat radius distribution were plotted, see Fig-
ure 6a and Figure 6b, respectively. In Figure 6, different colors represent different models 
for where the original model obtained from XCT technology is red, while the green, blue, 
and pink hues embody models with micro-fracture apertures of 10 µm, 30 µm, and 50 µm, 
respectively. All curves for pore radius and throat radius distribution have a similar trend. 
For pore radius distribution, the size of the pore expands as the micro-fracture aperture 
increases, especially if the micro-fracture aperture is more than 10 µm. For throat radius 
distribution, the size of the throat expands as the micro-fracture aperture increases due to 
the existence of the micro-fracture. 

  
(a) Pore radius distribution (b) Throat radius distribution 

Figure 6. The pore structure distribution of the embedding an artificial fracture with different aper-
ture. (a) is the pore radius distribution, and (b) is the throat radius distribution. 

The presence of the micro-fracture significantly changed the pore structure of tight 
sandstone reservoirs. Altering the radius of the pores and throats can substantially en-
hance the fluid flow conditions. This factor also underscores the significance of hydraulic 
fracturing in enhancing recovery. To further assess the significance of quantitatively eval-
uating the micro-fracture, the impact of varying pore and throat radii on permeability was 

Figure 5. The digital rocks embedding an artificial fracture with a different aperture and pore
networks extracted using the maximal balls method. (a) shows the digital rock and pore network
with the micro-fracture whose aperture is 2 µm, (b) is the digital rock and pore network with the
micro-fracture whose aperture is 10 µm, (c) represents the digital rock and pore network with the
micro-fracture whose aperture is 30 µm, and (d) displays the digital rock and pore network with the
micro-fracture whose aperture is 50 µm.
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Figure 6. The pore structure distribution of the embedding an artificial fracture with different
aperture. (a) is the pore radius distribution, and (b) is the throat radius distribution.

The presence of the micro-fracture significantly changed the pore structure of tight
sandstone reservoirs. Altering the radius of the pores and throats can substantially enhance
the fluid flow conditions. This factor also underscores the significance of hydraulic fractur-
ing in enhancing recovery. To further assess the significance of quantitatively evaluating the
micro-fracture, the impact of varying pore and throat radii on permeability was computed
and graphed. The formula used to calculate the influence of distinct pore and throat radii
on permeability is expressed as follows:

∆Ki =
r2

i ∗ αi

∑ r2
i ∗ αi

. (4)

For the i th interval, the permeability contribution value is denoted by ∆Ki, the
corresponding pore or throat radius value is represented by ri, and its frequency is given
by αi.

The impact of varying pore and throat radii on permeability was plotted in Figure 6a,b.
In Figure 7, different colors represent different models. In comparison with the initial digital
rock model, the curves of the digital rock with a different aperture for pore and throat are
bimodal distributions. In Figure 7a,b, as the micro-fracture aperture increases, a new peak
emerges in the curve, indicating that the fracture is beginning to impact the permeability.
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Once the micro-fracture aperture exceeds 10 µm, the influence of the micro-fracture on
permeability outweighs the impact of the initial model on permeability.
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The evaluation of the impact of pore and throat permeability is currently limited to
theoretical analysis. One approach to calculating the porosity and permeability of various
models involves the utilization of pore network modeling methods. The effect of the micro-
fracture aperture on the permeability of the tight sandstone reservoir in different directions
is shown in Table 1. The time needed for each pore network model is 0.1 h. The porosity of
a rock can increase as micro-fractures within the rock become more open. This is due to
the fact that micro-fractures can greatly enhance the connectivity between pores within the
rock, allowing fluids to flow more freely, see Figure 5. As the fractures widen, the volume of
open space within the digital rock also increases, increasing overall porosity. It is important
to note that the relationship between fracture opening and porosity can be complex and
depends on various factors. Analyzing the permeability in different directions can provide
valuable insights into how micro-fractures affect fluid flow. It is easy to find that with the
increase in micro-fracture aperture, the permeability increases significantly in the X and Y
directions, and the permeability in the Z direction also increases, but the magnitude is
significantly smaller than that in the X and Y directions. As a general trend, when a micro-
fracture is parallel to the flow direction, it can significantly increase the permeability in that
direction. This is because the micro-fracture provides a clear and unobstructed pathway for
fluid flow. On the other hand, when a micro-fracture is perpendicular to the flow direction,
the increase in permeability may not be as noticeable. This is because the micro-fracture
does not provide as direct a pathway for fluid flow in that direction.

Table 1. The porosity and permeability of the embedding an artificial fracture with different aperture.

Different Aperture Porosity/% Permeability/10−3 µm2

X Direction Y Direction Z Direction

Initial 3.21 0.17 0.01 0.10
Ap = 2 µm 7.99 1.33 2.80 1.67

Ap = 10 µm 8.55 18.33 21.92 2.87
Ap = 30 µm 16.17 2625.91 2968.03 2.98
Ap = 50 µm 23.76 6356.13 7066.84 2.99

To further examine the influence of micro-fracture on fluid flow, capillary pressure
curves in different directions which were presented in Figure 8. The data reveals that,
compared to the original model, the capillary pressure curves in the X and Y directions shift
towards the left as the micro-fracture opening widens. Furthermore, the capillary pressure
curves in these directions exhibit significant changes when the micro-fracture opening
exceeds 10 µm. However, as observed in the permeability at different directions, the
capillary pressure curves in the Z direction display minimal changes. This phenomenon is
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attributed to micro-fractures that run parallel to the XY plane. Capillary pressure curves are
frequently utilized to assess the pore structure characteristics of rocks and can be beneficial
for predicting fluid flow behavior in porous media. By comparing the capillary pressure
curves in different directions, it is possible to establish the relationship between the curves
and the direction of fluid flow. It is essential to consider the orientation of micro-fractures
when analyzing the pore structure of cores that contain such micro-fractures indirectly
through capillary force curves.
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3.2. Embedding an Artificial Micro-Fracture with Different Length

To further investigate the impact of micro-fracture length on tight sandstone reservoirs,
we incorporated a single fracture into the digital rock of the reservoir with an inclination of
0 degrees and an aperture of 10 voxels. The fracture length varied from 50 to 450 voxels in
a sequential manner, resulting in a multi-scale digital rock as illustrated in Figure 9. The
pore network model of the resulting tight sandstone reservoir multi-scale digital rock was
then extracted using the maximal balls method with 0.6 h, as depicted in Figure 9.

Figure 10 shows the pore structure distribution of the embedding of artificial fracture
with different lengths, demonstrating the influence of micro-fracture length on the pore
throat structure. As illustrated, the distribution of pore and throat radius shifts from a
single-peaked Gaussian distribution to a double-peaked and multi-peaked distribution
with increasing fracture length. Notably, this is particularly evident in the distribution of
throat radius.

The contribution of pore and throat radius to permeability is depicted in the relation-
ship curves shown in Figure 11. These curves reveal that the range in which pore and
throat radius contribute to the larger permeability value is relatively similar to that of the
original digital rock. However, the contribution to permeability at 5 µm becomes more
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significant with increasing fracture length which aligns with the proportion increase at
5 µm illustrated in the figure.
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Figure 9. The digital rocks embedding an artificial fracture with a different length and pore networks
extracted using the maximal balls method. (a) shows the digital rock and pore network with the
micro-fracture whose length is 50 µm, (b) is the digital rock and pore network with the micro-fracture
whose length is 200 µm, (c) represents the digital rock and pore network with the micro-fracture
whose length is 300 µm, and (d) displays the digital rock and pore network with the micro-fracture
whose length is 50 µm.
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(a) is the pore radius distribution, and (b) is the throat radius distribution.
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Figure 11. The contribution for permeability of embedding an artificial fracture with different lengths.
The pore’s contribution to permeability is (a), while the throat’s contribution to permeability is (b).

The effect of micro-fracture length on the permeability of a tight sandstone reservoir
in different directions was summarized in Table 2. The time needed for each pore network
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model is 0.1 h. Table 2 demonstrates that increasing the length of micro-fractures within
the rock can lead to increased porosity. Increasing the length of micro-fractures within the
rock can lead to increased permeability. Analyzing the permeability in different directions
can provide valuable insights into how micro-fractures affect fluid flow.

Table 2. The porosity and permeability of the embedding an artificial fracture with different length.

Different Aperture Porosity/% Permeability/10−3 µm2

X Direction Y Direction Z Direction

Initial 3.21 0.17 0.01 0.10
Le = 50 µm 4.60 0.56 1.46 0.57

Le = 200 µm 5.89 3.77 14.63 1.77
Le = 300 µm 7.66 5.65 572.53 2.82
Le = 450 µm 10.70 298.63 1136.91 2.92

In this study, we investigate the effect of micro-fracture aperture on the permeability
of a tight sandstone reservoir in different directions. Our results in Table 2 demonstrate that
increasing the aperture of micro-fractures within the rock can lead to increased permeability.
This is because micro-fractures significantly enhance the connectivity between pores which
allows fluids to flow more freely, as illustrated in Figure 9. Additionally, as the fractures
widen, the volume of open space within the digital rock increases, contributing to an
overall increase in porosity. However, the relationship between porosity and micro-fracture
length is close to linear. Analyzing the permeability in different directions can provide
valuable insights into how micro-fractures affect fluid flow. Table 2 shows that as micro-
fracture length increases, permeability significantly increases in the X and Y directions. The
permeability in the Z direction also increases but much less than in the X and Y directions.
As a general trend, micro-fractures that are parallel to the flow direction significantly
increase permeability in that direction. This is because micro-fractures provide a clear and
unobstructed pathway for fluid flow. However, when a micro-fracture is perpendicular to
the flow direction, the increase in permeability may not be as noticeable. This is because
micro-fractures do not provide a direct pathway for fluid flow in that direction.

To investigate the impact of micro-fractures length on fluid flow, capillary pressure
curves were analyzed in different directions, as shown in Figure 12. The data revealed
that, compared to the original model, the capillary pressure curves shifted to the left in the
X and Y directions as the micro-fracture length increased. Moreover, significant changes in
the capillary pressure curves were observed in these directions when the micro-fracture
length, 200 µm. However, the capillary pressure curves in the Z direction showed minimal
changes, possibly due to the presence of micro-fractures that run parallel to the XY plane.
The relationship between the curves and the direction of fluid flow can be established by
comparing the capillary pressure curves in different directions. It is crucial to consider
the orientation of micro-fractures when indirectly analyzing the pore structure of cores
containing such micro-fractures through capillary pressure curves.

3.3. Embedding an Artificial Micro-Fracture with Different Dip Angle

The direction of fluid flow in tight sandstone reservoirs with micro-fracture can
significantly impact their permeability. To investigate this, we added a single micro-fracture
to a digital rock of tight sandstone reservoir with an aperture of 10 voxels, a length of
500 voxels, and a dip angle ranging from 0 to 40 degrees. This produced a multi-scale
digital rock of the tight sandstone reservoir which is illustrated in Figure 13. The pore
network model of the multi-scale digital rock was extracted using the maximal balls method
with 0.6 h, as shown in Figure 13.
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Figure 13. The digital rocks embedding an artificial fracture with a different dip angle and pore
networks extracted using the maximal balls method. (a) shows the digital rock and pore network
with the micro-fracture whose dip angle is 10◦, (b) is the digital rock and pore network with the
micro-fracture whose dip angle is 20◦, (c) represents the digital rock and pore network with the
micro-fracture whose dip angle is 30◦, and (d) displays the digital rock and pore network with the
micro-fracture whose dip angle is 40◦.

The impact of the fracture dip angle on the pore throat structure can be observed in
Figure 14. The figure clearly indicates that as the fracture dip angle increases, the pore radius
distribution remains relatively stable. In contrast, the distribution of throat radius changes
from a simple, single-peaked Gaussian distribution to a more complex, double-peaked,
or multi-peaked distribution. By examining the values of pore structure contribution to
permeability, as depicted in Figure 15, it can be concluded that the intervals with higher
contributions to permeability for pore and throat radius are not significantly different from
the original core intervals. However, there are more noticeable changes in the intervals
with higher contributions to permeability for throat radius.



Appl. Sci. 2023, 13, 5237 13 of 17

Appl. Sci. 2021, 11, x FOR PEER REVIEW 13 of 17 
 

Figure 13. The digital rocks embedding an artificial fracture with a different dip angle and pore 
networks extracted using the maximal balls method. (a) shows the digital rock and pore network 
with the micro-fracture whose dip angle is 10°, (b) is the digital rock and pore network with the 
micro-fracture whose dip angle is 20°, (c) represents the digital rock and pore network with the 
micro-fracture whose dip angle is 30°, and (d) displays the digital rock and pore network with the 
micro-fracture whose dip angle is 40°. 

The impact of the fracture dip angle on the pore throat structure can be observed in 
Figure 14. The figure clearly indicates that as the fracture dip angle increases, the pore 
radius distribution remains relatively stable. In contrast, the distribution of throat radius 
changes from a simple, single-peaked Gaussian distribution to a more complex, double-
peaked, or multi-peaked distribution. By examining the values of pore structure contribu-
tion to permeability, as depicted in Figure 15, it can be concluded that the intervals with 
higher contributions to permeability for pore and throat radius are not significantly dif-
ferent from the original core intervals. However, there are more noticeable changes in the 
intervals with higher contributions to permeability for throat radius. 

0 5 10 15

0.00

0.05

0.10

0.15

0.20
 Initial
 di=10°
 di=20° 
 di=30°
 di=40°  

Fr
eq

ue
nc

y

Pore Size/μm  
0 5 10 15 20 25 30 35

0.00

0.05

0.10

0.15

0.20

Fr
eq

ue
nc

y

Throat Size/μm

 Initial    
 di=10°
 di=20°  
 di=30°
 di=40°

 
(a) Pore radius distribution (b) Throat radius distribution 

Figure 14. The pore structure distribution of the embedding an artificial fracture with different dip 
angles. (a) pore radius distribution and (b) throat radius distribution. 

0 5 10 15

0.0

0.1

0.2

0.3

Fr
eq

ue
nc

y

Pore Size/μm

 Initial
 di=10°
 di=20°
 di=30°
 di=40°

 
0 5 10 15 20 25

0.00

0.05

0.10

0.15

0.20

Fr
eq

ue
nc

y

Throat Size/μm

 Initial
 di=10°
 di=20°
 di=30°
 di=40°

 
(a) The contribution for permeability of pore (b) The contribution for permeability of throat 

Figure 15. The contribution for permeability of embedding an artificial fracture with different dip 
angles. The pore’s contribution to permeability is (a) while the throat’s contribution to permeabil-
ity is (b). 

Table 3 summarizes the effects of micro-fracture dip angle on the permeability of a 
tight sandstone reservoir in different directions. The time needed for each pore network 
model is 0.1 h. As the dip angle of the micro-fracture increases, the permeability in both 
the X and Y directions initially increases before eventually decreasing. This results from 
the fact that when the micro-dip fracture’s angle grows so does the dip angle between it 
and the flow directions along the X and Y axes which impacts the permeability in those 
directions. The permeability in the Z direction remains constant regardless of the dip an-
gle of the micro-fracture. 

Figure 14. The pore structure distribution of the embedding an artificial fracture with different dip
angles. (a) pore radius distribution and (b) throat radius distribution.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 13 of 17 
 

Figure 13. The digital rocks embedding an artificial fracture with a different dip angle and pore 
networks extracted using the maximal balls method. (a) shows the digital rock and pore network 
with the micro-fracture whose dip angle is 10°, (b) is the digital rock and pore network with the 
micro-fracture whose dip angle is 20°, (c) represents the digital rock and pore network with the 
micro-fracture whose dip angle is 30°, and (d) displays the digital rock and pore network with the 
micro-fracture whose dip angle is 40°. 

The impact of the fracture dip angle on the pore throat structure can be observed in 
Figure 14. The figure clearly indicates that as the fracture dip angle increases, the pore 
radius distribution remains relatively stable. In contrast, the distribution of throat radius 
changes from a simple, single-peaked Gaussian distribution to a more complex, double-
peaked, or multi-peaked distribution. By examining the values of pore structure contribu-
tion to permeability, as depicted in Figure 15, it can be concluded that the intervals with 
higher contributions to permeability for pore and throat radius are not significantly dif-
ferent from the original core intervals. However, there are more noticeable changes in the 
intervals with higher contributions to permeability for throat radius. 

0 5 10 15

0.00

0.05

0.10

0.15

0.20
 Initial
 di=10°
 di=20° 
 di=30°
 di=40°  

Fr
eq

ue
nc

y

Pore Size/μm  
0 5 10 15 20 25 30 35

0.00

0.05

0.10

0.15

0.20

Fr
eq

ue
nc

y

Throat Size/μm

 Initial    
 di=10°
 di=20°  
 di=30°
 di=40°

 
(a) Pore radius distribution (b) Throat radius distribution 

Figure 14. The pore structure distribution of the embedding an artificial fracture with different dip 
angles. (a) pore radius distribution and (b) throat radius distribution. 

0 5 10 15

0.0

0.1

0.2

0.3

Fr
eq

ue
nc

y

Pore Size/μm

 Initial
 di=10°
 di=20°
 di=30°
 di=40°

 
0 5 10 15 20 25

0.00

0.05

0.10

0.15

0.20
Fr

eq
ue

nc
y

Throat Size/μm

 Initial
 di=10°
 di=20°
 di=30°
 di=40°

 
(a) The contribution for permeability of pore (b) The contribution for permeability of throat 

Figure 15. The contribution for permeability of embedding an artificial fracture with different dip 
angles. The pore’s contribution to permeability is (a) while the throat’s contribution to permeabil-
ity is (b). 

Table 3 summarizes the effects of micro-fracture dip angle on the permeability of a 
tight sandstone reservoir in different directions. The time needed for each pore network 
model is 0.1 h. As the dip angle of the micro-fracture increases, the permeability in both 
the X and Y directions initially increases before eventually decreasing. This results from 
the fact that when the micro-dip fracture’s angle grows so does the dip angle between it 
and the flow directions along the X and Y axes which impacts the permeability in those 
directions. The permeability in the Z direction remains constant regardless of the dip an-
gle of the micro-fracture. 

Figure 15. The contribution for permeability of embedding an artificial fracture with different dip
angles. The pore’s contribution to permeability is (a) while the throat’s contribution to permeability
is (b).

Table 3 summarizes the effects of micro-fracture dip angle on the permeability of a
tight sandstone reservoir in different directions. The time needed for each pore network
model is 0.1 h. As the dip angle of the micro-fracture increases, the permeability in both
the X and Y directions initially increases before eventually decreasing. This results from
the fact that when the micro-dip fracture’s angle grows so does the dip angle between it
and the flow directions along the X and Y axes which impacts the permeability in those
directions. The permeability in the Z direction remains constant regardless of the dip angle
of the micro-fracture.

Table 3. The porosity and permeability of the embedding an artificial fracture with different dip angle.

Different Aperture Porosity/% Permeability/10−3 µm2

X Direction Y Direction Z Direction

Initial 3.21 0.17 0.01 0.10
di = 10◦ 9.12 220.52 222.43 0.09
di = 20◦ 9.13 106.85 107.99 0.09
di = 30◦ 10.37 92.55 93.86 0.10
di = 40◦ 10.06 0.66 1.32 0.11

The impact of micro-fracture dip angle on fluid flow was investigated by analyzing
capillary pressure curves in various directions, as depicted in Figure 16. The figure indicated
that, with increasing micro-fracture dip angle, the capillary pressure curves shifted to the
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left in the X and Y directions compared to the original model. As the micro-fracture angle
decreases, the disparity of the capillary pressure curve between the micro-fracture digital
rock and the initial digital rock increases. However, minimal changes were observed in the
Z direction. One can determine the relationship between the nature of the curves and the
direction of fluid flow by comparing capillary pressure curves in various directions.
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4. Conclusions

This paper utilizes the digital rock analysis technique to investigate tight sandstone
reservoirs’ pore structure and flow behavior, explicitly considering the impact of micro-
fracture characteristics. The study investigated how petrophysical properties are affected
by micro-fracture characteristics, such as aperture, length, and dip angle. The findings can
be summarized as follows.

1. The application of digital rock analysis technology to tight sandstone reservoirs
not only addresses the limitations of traditional experiments for analyzing complex
tight sandstone rock samples but also offers the advantages of reproducibility and
non-destructiveness. This technique provides insights into the microstructure and
flow pattern of the tight sandstone reservoirs which are crucial for understanding
their fluid flow behavior. Digital rock analysis technology offers a valuable tool
for understanding the complex microstructures of tight sandstone reservoirs and
providing critical insights into their properties and behavior.

2. With an increase in both fracture aperture and length, the distribution of the pore
throat radius in tight sandstone reservoirs shifts from a conventional Gaussian shape
to a bimodal feature, displaying multiple peaks. Furthermore, the contribution of
pore throat radius to the permeability of the reservoir remains constant with the
increase in fracture aperture and length, emphasizing the crucial role of these two
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parameters in determining the permeability. The permeability and capillary pressure
curves are significantly influenced by the fracture aperture and length in the direction
of connectivity but demonstrate a negligible relationship with these parameters in the
non-connective direction.

3. The study has revealed that the dip angle of micro-fractures has a more pronounced
effect on the pore throat structure of tight sandstone reservoirs, particularly on the
radius of the throat as opposed to the radius of the pore. The permeability and fluid
flow within the reservoir are impacted in varying ways by the dip angle of the micro-
fracture, with the permeability initially increasing and then decreasing in the X and Y
directions as the dip angle increases. This is due to the increased dip angle between
the micro-fracture and the direction of fluid flow along these axes. The influence of
the micro-fracture dip angle on fluid flow is further demonstrated by shifts observed
in the capillary pressure curves, particularly in the X and Y directions. The results
suggest a correlation between the direction of fluid flow and the characteristics of the
capillary pressure curves.

4. According to the study, an increase in both the aperture and length of micro-fractures
leads to an increase in the porosity of the tight sandstone reservoir. However, the
effect of the dip angle of micro-fractures on porosity remains uncertain. These micro-
fractures are found to improve the porosity and increase the interconnectivity of pores
within the reservoir.
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