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Introduction: Fractures are crucial to the development of shale oil and gas
because they operate as a seepage pathway. The key to ensuring effective
development is the fractures strong connection. Therefore, it is of great
significance to carry out experimental research on the development of shale
fractures.

Methods: This research thoroughly assesses the quantitative features of
shale fractures using a number of criteria by combining the indoor uniaxial
compression test with 3D CT reconstruction.

Results and discussion: The findings indicate that the bedding angle has a
significant impact on the distribution characteristics of shale fractures and
that its quantitative features cannot be well described by a single metric.
The volume weight of many fractures can be used to determine the new
fracture angle and complexity coefficient, which more accurately reflect the
actual fracture distribution given the complexity of fracture growth under
3D reconstruction. The connectivity examination also shows that the axial
shear and radial tensile mixed fractures have higher connection than the
single shear fracture, suggesting that the radial tensile fracture may lead to a
higher overall connectedness. The parameters (fracture rate, fracture complexity
coefficient, connectivity) used in this paper have a good correlation with the
fractal dimension correlation coefficient R2 > 0.7, which indicates that these
parameters are suitable parameters for quantitative characterization of shale
fracture distribution characteristics. The influence mechanism of bedding angle
on shale fractures is also suggested based on experimental results and earlier
research. This mechanism is that the bedding angle will alter the effect of
principal stress on interlayer micro-pores, micro-fractures, and cementation
of bedding planes, leading to a significant anisotropy of fracture morphology
created by macroscopic fracture.

KEYWORDS

shale, uniaxial compression, CT scanning, fractal theory, fracture

1 Introduction

China has enormous development potential and abundant shale oil/gas resources. It
is primarily found in the Songliao, Ordos, Sichuan, and Bohai Bay basins. The main
development strata of shale oil/gas are Yanchang, Qingshankou, Fengcheng, Lucaogou,
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Wufeng-Longmaxi, and Qiongzhusi Formation (Hu et al., 2021).
However, the development of shale is confronted with numerous
challenges because of its significant heterogeneity and poor seepage
qualities (Zhao et al., 2019; Zhang et al., 2021; He Q. et al.,
2021; Hu et al., 2024a). These difficulties make the reservoir
reconstruction process an indispensable and important project for
the shale oil/gas development process. Therefore, it is particularly
crucial to research the mechanical properties of shale reservoirs
and the development law of fracture networks to enhance the
impact of reservoir rebuilding and the effectiveness of shale oil/gas
utilization (Hu et al., 2025).

At present, the most widely utilized monitoring techniques in
the rock field are electron microscope scanning, CT scanning, and
acoustic emission (Wang F. et al., 2023; Dai et al., 2024; Xu et al.,
2024; Qian et al., 2024; Zhu et al., 2024; Hu et al., 2024b). CT
scanning is one of these non-destructive monitoring techniques
that is useful for tracking the formation of rock fissures. Therefore,
the most widely used research technique in the field of rock
failure characteristics is the combination of CT scanning with
contemporary image technology. The mechanical characteristics
andmicro-fracture process of shale have been revealed by numerous
domestic and international researchers through the combination
of mechanical testing and other monitoring methods. Shale
mechanical properties and fracture initiation behavior are correlated
with its bedding angle, by findings of Liu et al. (2021) from an indoor
uniaxial compression test of shale with varying bedding angles.
Numerous investigations have also been conducted on uniaxial
compression trials using shale samples that have been cored at
various angles (Jie et al., 2021; Zhai et al., 2022; Zhang et al., 2023;
Wu et al., 2023). It is discovered that the Longmaxi shale shows
significant micro-heterogeneity and macro-mechanical anisotropy
under the impact of bedding planes when combined with field
emission scanning electron microscopy, atomic force microscopy
observation investigations, and wave velocity tests. In addition,
many scholars have further studied and observed the morphology
and internal structure of fractures through CT scanning technology.
Zhang et al. (2022) studied the effects of bedding characteristics
and horizontal stress differences on fracture propagation and
fracture networkmorphology by acoustic emission andCT scanning
techniques. He et al. (2017) used microscope and X-ray CT scanner
to observe the initiation, propagation and closure process of shale
fractures in hydraulic fracturing. To create a three-dimensional
(3D) model, some researchers used finite element calculations, CT
scanning technologies, and indoor mechanical testing on shale
(Wu et al., 2024; Wang Y. B. et al., 2023; Hu et al., 2023; He X. et al.,
2021). The mechanical characteristics and microscopic failure
process of shale, as well as the temporal and spatial evolution of
shale micro-fractures, were examined from the viewpoint of various
beddings andmineral composition.Through 3D reconstruction and
visualization of internal fracture CT scanning image technology,
Wang F. et al. (2023) and He Q. et al. (2021) analyzed the fracture
distribution characteristics under different conditions, and provided
an effective method for quantitative characterization of shale
fractures. The above research has carried out a lot of research
on the mechanical characteristics and micro-failure mechanism of
shale and achieved many results. Nonetheless, the aforementioned
research virtually remains in the visualization research by utilizing
CT scanning and 3D reconstruction technologies. The quantitative

characterization of fractures is currently lacking, and few research
have looked closely at the pertinent quantitative features of
macro-fractures. Therefore, the author will further investigate the
quantitative characterization of shale macro fractures, which is
conducive to providing reference value for the transformation
process of shale oil/gas reservoirs.

The research selects outcrop rock samples from the Silurian
Longmaxi Formation to perform uniaxial compression tests of shale
with varying bedding angles (β = 0°, 45°, 60°, and 90°) to more
thoroughly examine the complexity, morphology, and distribution
characteristics of fractures from a macro perspective. The internal
fractures of the samples are observed and the necessary quantitative
data is produced when combined with CT scanning and 3D
reconstruction technologies. Multiple quantitative parameters (3D
fractal dimension, fracture rate, redefined complexity coefficient and
connectivity) are used to comprehensively characterize the fracture-
related characteristics and propose the influence mechanism of
different bedding angles on shale fracture morphology (axial shear
fracture and radial tensile fracture).

2 Samples and experiments

2.1 Samples

Theshale is created in the outcrop shale of the Silurian Longmaxi
Formation, and the samples come from various bedding angles (β).
The bedding angle β is taken to be 0°, 45°, 60°, and 90°, and the
sample is a conventional Φ50 × 100 mm cylindrical sample. Three
shale samples are taken at each bedding angle. Consequently, a
total of twelve samples are gathered. The sample core diagram is
displayed in Figure 1A.

2.2 Experiments

This uniaxial compression test is carried out on the test machine
TAW-2000 developed by Changchun Chaoyang Test Instrument
Co., Ltd., using constant speed displacement control, loading rate is
0.3 mm/s. The maximum load of the instrument reaches 2000KN,
and the deformation range of the sample can be measured: the
axial deformation is 0–10 mm, and the radial deformation is 0 ∼
5 mm. The test accuracy can reach ±1%, which can well meet the
requirements of this mechanical test. The CT scanning experiment
was completed byGEPhoenixV | tome |X S240CT testing equipment
developed by Youer Hongxin South China Testing Company. Its
resolution can reach 1um and can withstand a maximum sample
weight of 10kg, as shown in Figure 1B.

Shale samples with comparatively full preservation following
mechanical testing were chosen to increase the accuracy of 3D
reconstruction. The rubber ring serves as reinforcement, and the
falling fragments are secured with a tiny bit of adhesive to guarantee
that the shale samples may successfully complete the CT scanning
experiment following the experiment. A preliminary screening of
the integrity of the shale after the reinforcement treatment after
all the mechanical experiments was observed by the human eye.
The samples after preliminary screening were weighed to compare
the weight difference before and after the mechanical test, and the
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FIGURE 1
Sample and mechanical instrument. (A): Shale sample coring schematic diagram; (B): The diagram of CT scanning instrument.

samples with a difference range of less than 10% were selected.
Millimeter-level CT scanning studies were conducted on a single
shale sample chosen for each of the following bedding angles: 0°,
45°, 60°, and 90°. The CT scan yielded 400 slices of data for each
sample. Using various software modules, Avizo can reconstruct
these slices in three dimensions, allowing for the display of shale
fractures in three dimensions and the acquisition of data required
for quantitative parameter calculation.

3 Results and discussion

3.1 3D fractal characteristics of fracture
network

The 3D reconstruction uses Avizo software, and uses
its “Interactive Threshoiding” module to perform threshold
segmentation on the main fractures, and then enhances the fracture
structure display through the “Compute Ambient Occlusion”
module. The tiny fractures are accurately extracted and identified to
further ensure the continuity of the fractures and reduce the error.
In addition, the accuracy of the 3D reconstructed fracture model is
observed by the “Volume Rendering” module, and whether some of
the small independent parts are noise points is analyzed. “Removing
small spots” sets the range value (200–500) of noise point removal.
A portion of the model body will be eliminated if the range is too
large, and a lot of interference noise points will show up in the
model if the range is too tiny. An excessive amount of noise in the
model will make it rougher and cause a significant inaccuracy in the
fractal dimension estimate. To guarantee the accuracy of the three-
dimensional reconstruction model, it must be regularly monitored
and modified. The whole process is shown in Figure 2.

The concept of fractal was first proposed by Mandelbrot
(1984). It is fractal geometry, which mainly studies the quantitative
description of extremely irregular and seemingly disordered
complex structures in nature. The most important measure of
fractal geometry is fractal dimension. At present, there are many
calculation methods of fractal dimension, and the box-counting
dimension method based on capacity dimension is widely used in
the calculation of fractal dimension in various fields because of

its intuitive and convenient calculation. Therefore, this paper also
uses box-counting dimension to calculate the fractal dimension
of fractures. The box-counting method was previously used by
researchers to determine the fractal dimensions of rock fractures
(Wilson, 2001; Li et al., 2018; Walsh and Watterson, 1993). These
researches are essentially derived from computations on two-
dimensional planes. The research uses the operation module of
Avizo software and the counting concept of the box dimension
technique to calculate the 3D fractal dimension of the shale fracture
model based on the 3D reconstruction of the model. The physical
definition of fractal dimension states that 3D fractal dimension is
more accurate in representing the intricacy of shale fractures in three
dimensions, which is more consistent with reality.The box-counting
dimension calculation formula is as follows:

D = lim
n→∞

lnNδk(F)
−lnδk

(1)

Where, D is the 3D fractal dimension; F is the cube covering the
fracture; δk is the characteristic size of the cube; Nδk is the number
of cubes covering the whole fracture.

The 3D box counting process assumes that a cube box with a
side length of δk covers the entire fracture image, calculates the
number of cube boxes required to cover the entire fracture, and
changes the side length of the cube box several times to obtain a
series of δk and corresponding Nδk data. In the double logarithmic
coordinates, the slope of Nδk and δk is the fractal dimension
(Sui et al., 2016) (Figure 3).

The fracture networks formed inside shale with varying bedding
angles under axial load are significantly diverse (Figure 4). When
β = 0°, the sample forms more than two primary shear fractures
that run through it, and numerous radial fractures surround the
shear fractures. The distribution is more complicated when looking
at the entire fracture network. When β = 45°, it is evident that the
sample has nearly no radial fractures formed along the bedding
plane and numerous major shear fractures along the bedding plane
direction.The distribution of fractures in the sample is simple when
β = 60°; essentially no secondary fractures exist, and only one shear
fracture has formed along the bedding plane direction. Numerous
shear main fractures form in the direction of the bedding plane in
the sample when β = 90°.Themajor fissures are surrounded by a few
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FIGURE 2
3D reconstruction process diagram. (i) represents the gray part is shale matrix (ii) represents that the blue part is shale fracture (iii) represents the
complete shale model.

FIGURE 3
3D box-counting dimension process diagram.
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FIGURE 4
3D reconstruction of shale fractures with different bedding angles under uniaxial compression. The gray part is shale matrix, and the blue part is
shale fracture.

smaller ones as well. The fracture distribution almost occupies the
whole sample, and the distribution state is complex. The 3D fractal
dimensions calculated by Avizo (Formula 1) are: 2.279, 2.235, 2.133,
and 2.198. According to the physical meaning of fractal dimension,
the greater the fractal dimension, the higher the degree of self-
similarity of the fracture, themore complex the fracture distribution,
the greater the energy required for fracture, and the higher the
strength of the sample. The fractal dimension of shale samples with
β = 60° is therefore the smallest, and the fracture morphology is
comparatively simple, as can be seen from the fluctuation of the 3D
fractal size with the bedding angle (Figure 5A). The bedding plane
will preferentially experience a large-angle shear slip to generate a
macroscopic failure, which lowers the strength of the entire sample,
when the axial load and the bedding plane form a large angle,
as demonstrated by earlier research (Zhai et al., 2022; Zhu et al.,
2025). The bedding plane is perpendicular to the axial force
when β = 0°, and the strength of the entire sample is not
significantly impacted by the bedding plane weakening. The sample
is therefore stronger at this bedding angle, which also means that
a larger load is required to cause it to rupture. This leads to
rise to the most severe rupture and the formation of a complex
fracture network.

3.2 Fracture rate

The present research may determine the volume of the fracture
model and the overall volume of the sample using “Labor Analysis”
module of Avizo to more precisely describe the distribution features
of shale fractures under axial load. Thus, we may acquire fresh
quantitative data on fracture rate (Table 1) based on the definition of
fracture rate, which is the ratio of fracture volume to total volume of
the sample (Wang et al., 2021).The fracture rate calculation formula
is as follows:

φ =
V f

Vs
(2)

Where,V f is the fracture volume, mm3;V s is the total volume of the
sample, mm3.

Shale samples with varying bedding angles show significantly
variable fracture volume changes in Table 1. The sample has the
biggest internal fracture volume when β = 0°. In comparison to β
= 0°, which results in a reduction of 20.782%, the fracture volume
is reduced by 3527.362 mm3 when β = 45°. The fracture volume
drops to a minimum of 4308.980 mm3 at β = 60°.It is reduced by
9136.818 mm3 and 67.953% as compared to β = 45°. However, the
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FIGURE 5
The relationship between parameters and β. (A): Fractal dimension and β relationship (B): Fracture rate and β relationship (C): Fracture complexity
coefficient and β relationship (D): Euler number and β relationship.

TABLE 1 Fracture rate calculation results.

Bedding angle (°) Fracture volume (mm3) Total volume of sample (mm3) Fracture rate (%)

0 16973.160 196109.540 8.655

45 13445.798 195697.296 6.871

60 4308.980 193149.405 2.231

90 14163.550 194272.571 7.291

fracture volume increased by 228.698%, or 9854.570 mm3, at β =
90°.The fracture volume reduction rate is highest at β = 60°, and the
fracture space volume, which represents the entire sample volume, is
lowest when the bedding plane and the axial load form a large angle
(60° >β>45°).This indicates that the bedding angle has the strongest
effect on the formation of the fracture network in this range. The
fracture volume also increases significantly when β rises from 60° to
90°, suggesting that the detrimental influence of bedding angle on
shale fracture volume lessens.

Concurrently, the fracture rate calculated according to
Formula 2 also shows the same rule (Figure 5B).The sample fracture
rate reaches its maximum value of 8.655% when β = 0°. Large shear

fractures that are nearly perpendicular to the bedding plane are
visible inside the sample at the bedding angle, along with radial
tensile fractures that have developed along the bedding plane.This is
in addition to the difference between the fracture 3D reconstruction
model at this bedding angle and the fracture 3D reconstruction
model at other angles. The fracture rate is 6.871% for β = 45°. The
shale fracture rate at this angle is 1.784% lower than for β = 0°,
suggesting that the shale is less damaged. However, the fracture rate
reaches the lowest value of 2.231% at β = 60°.This demonstrates that
the weakening effect of the bedding plane has the greatest influence
on the overall strength of the sample when the axial load and the
bedding plane form a large angle, which reduces the overall damage
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degree of the sample and produces the smallest fracture space.When
β = 90°, the fracture rate increased by 5.060% compared with β =
60°, reaching 7.291%. The change rule of fracture rate is almost
consistent with the change rule of fractal dimension. Both show that
when β and principal stress form a certain angle (0° > β > 90°), the
overall strength of shale will be weakened, resulting in more severe
damage to form a more complex fracture network. The results of
earlier research also support these findings. Zhang et al. (2022)
used acoustic emission technology and the calculation and fracture
classification method based on JCMS-III b5706 to calculate the
acoustic emission parameters of fractured samples, and obtained
RA and AF values to monitor the fracture initiation and damage
process inside the shale. This was proved by them. They obtained
that the proportion of shear fractures was much higher than other
angles when β = 60°. Zhai et al. (2022) also used acoustic emission
technology to explore the influence of the total number of AE events
and the proportion of shear sources (one of the types of acoustic
emission sources, the proportion of shear sources can be regarded
as an index that can reflect the influence of layer orientation on
the fracturing mechanism) on the development of fractures. The
results show that as the bedding angle increases, the proportion of
shear sources and the total AE number show the same ‘V-shaped’
distribution trend.The difference in the proportion of shear sources
indicates that when 30° > β > 90°, the existence of bedding planes
promotes the development of shear fractures.

3.3 Fracture angle and complexity
coefficient

The intricacy of fractures cannot be adequately described by
the fractal dimension alone, according to numerous earlier research
(Zhang et al., 2022; He Q. et al., 2021; Tian et al., 2024).Therefore, it
is necessary to combine fractal features and more quantitative data.
Among them, the fracture complexity coefficient is a more intuitive
and accurate description of the fracture complexity among many
parameters. Its calculation formula is as follows:

Fc = D×
α
90

(3)

Where, Fc is the coefficient of rock fracture complexity; D is the
fractal dimension; α is the fracture angle of rock.

According to Formula 3, the fracture angle of rock is an
important parameter to determine the complexity coefficient of
fracture. According to previous studies (Zhen and Li, 2021), most
of them use a major fracture as the basis for measuring the rupture
angle. However, according to the model after 3D reconstruction
of fractures, there is more than one main fracture in the sample,
usually multiple main fractures intersect and the fracture angle
varies greatly. Thus, to more accurately calculate the fracture angle
value based on the 3D reconstructionmodel, we divided each sample
fracture into several main fractures using “Extract Subvolume”
module of Avizo, calculate the fracture angle for each main fracture,
and then determine the volume weight of each main fracture to
define a new fracture angle α∗, as indicated in Table 2. The primary
differentiation is based on the fracture volume size (less than 10%
of the fracture has minimal impact on the overall computation
and does not significantly divide, according to the maximum shale

fracture volume.The fracture is less than 1,000 mm3 and is ignored),
the fracture angle difference (the reference fracture is the first main
fracture divided, and the quotient of the fracture angle difference
between the two main fractures and the fracture angle of the
reference main fracture is larger than 10%). Figure 6 displays the
division findings. The division findings show that the minimum
fracture angle difference between the main cracks is 16.679%, and
the minimum volume of the divided main cracks is 1,006.200 mm3.
The division results satisfy the requirements. Since there is only
one major shear fracture in the sample at β = 60°, no unnecessary
division is made. The calculation formula is as follows:

α∗ =
n

∑
i=1

αi ×
Vi

V f
(4)

Where, α∗is the newly defined fracture angle; αi is the fracture angle
of eachmain fracture, °;V i is the volumeof eachmain fracture,mm3;
V f is the total volume of the sample, mm3.

Table 2 demonstrates that the change of fracture angle is almost
consistent with the change of fractal dimension. When β = 60°,
the fracture angle of the sample is closest to the bedding angle.
This indicates that the fracture develops along the bedding plane,
which is consistent with the visual observation results of the 3D
reconstructed fracture model. The research conducted by Zhai et al.
(2022) also shows similar findings. They found that the bedding
plane mostly controls sample failure in the cases of β = 60° and
90° by numerical simulation of shale. Additionally, the failure is
characterized by preferred shear generation along the bedding plane
and the least number of fractures overall when β = 60°.

According to Formulas 3, 4, the complexity coefficient can
be calculated, as shown in Figure 5C. The fracture complexity
coefficient shows a downward trend with the increase of β. When
β is large (90° > β > 60°), the fracture complexity coefficient is
significantly lower than that when β is small. From this parameter,
we can intuitively see the complex situation of fractures. Although
the volume of fractures accounts for the largest proportion when β
= 0°, its rupture angle is smaller than that of samples with β = 45°.
The relationship between the fracture complexity coefficient and β
is not entirely consistent with the change rule of fractal dimension,
and when the fractal dimension is used to evaluate it, the fracture
fractal dimension of the sample with β = 0° is greater than that of the
sample with β = 45°. The fact that the fracture distribution features
cannot be accurately described by fractal dimension alone is further
demonstrated by this. Furthermore, it is evident from the fracture
complexity coefficient calculation principle that fracture angle and
fractal dimension have a major influence on the coefficient’s value.
Shale has fractal dimensions of 2.279, 2.235, 2.133, and 2.198 at
various bedding angles. The difference between fractal dimensions
is basically within 0.1. Therefore, the key factor to determine the
fracture complexity coefficient is the fracture angle. According to
the physical meaning of fractal dimension, its main representation is
the effectiveness of complex objects occupying space, and it cannot
effectively characterize the fracture angle caused by shale fracture.
The occurrence of fracture angle depends largely on the strength of
shale, and the existence of bedding planemakes the strength of shale
in this area low, and fracture will occur preferentially under external
load. This also shows that the fracture network generated by shale
under external load is complex, and its regularity still has the value
of further research.

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2025.1561760
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao and Zhu 10.3389/feart.2025.1561760

TABLE 2 Fracture angle of sample.

Bedding angle (°) Number of fracture sequences The sum of weight angles (°)

1 2 3 4

0

Fracture volume (mm3)
Volume weight angle (°)

6082.033 2669.274 7966.700 —
94.721

35.072 18.655 40.995 —

45
8681.430 4679.950 — —

106.456
66.321 40.135 — —

60
4308.980 — — —

69.820
69.820 — — —

90
5123.850 3600.440 1964.235 1,006.200

82.862
34.582 28.814 12.417 7.049

FIGURE 6
Diagram of fracture division. The blue part of the black box is the complete shale fracture model, and the purple part of the shale fracture model in the
purple box is the divided main fracture.

3.4 Fracture connectivity

The fracture network of shale is important for its development
of oil and gas, which can provide an effective flow channel for shale

oil and gas flow (Li et al., 2024). Therefore, the connectivity of
shale fractures largely determines the efficiency of its development.
The Euler number is used to quantitatively describe the fracture
connectivity in accordance with the earlier characterization of rock
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and coal fractures. The 3D complex pore and fracture connectivity
in porous materials is indicated by this metric (Wang et al., 2021).
Therefore, the Euler number is also used in this paper to describe
the fracture connectivity of shale samples.The “Euler 3D”module in
Avizo can be used to determine the Euler number of the 3D fracture
model. The following are the primary principles of calculation:

Eu = β0 − β1 + β2 (5)

Where, β0 is the number of isolated fractures; β1 is the number of
connecting fractures; β2 is the number of closed fractures. According
to this principle, when the number of connecting fractures is
greater than the number of isolated and closed fractures, the Euler
number is negative. Therefore, this demonstrates that the size of the
fracture connection is determined by the positive and negative Euler
numbers. Additionally, when the Euler number is positive, the more
the absolute value of the positive number, theworse the connectivity;
conversely, the higher the absolute value of the negative number, the
better the fracture connection.

The Euler number calculated according to Formula 5 shows that
when β = 0°, the Euler number is the smallest (Figure 5D). This
indicates that the fracture network has the highest connectivity,
and the more connected the network, the more favorable it is
for the development of shale oil and gas. The Euler number rises
dramatically at β = 60° and is significantly greater than that of
samples with β = 0° and β = 45°, suggesting that its connectedness
is significantly lower than those of the first two. When β = 60°,
the fracture inside the sample is single, according to the research
of the 3D rebuilt fracture model. The major shear fracture passes
across the entire sample, but the connectivity is quite weak, making
it difficult for gas and oil to flow freely. For the production of
shale oil and gas. In addition, the difference between the sample
fractures at this bedding angle and the first two is that there are
almost no radial tensile fractures. It can be reasonably speculated
that radial fractures and connectivity are inextricably linked, and the
first two with radial fractures have better connectivity. Therefore, it
is speculated that radial fractures will increase the connectivity of
fractures.

We ossify the 3D model of fractures using the Avizo software’s
“Auto Skeleton” module to confirm the connection between radial
fractures and connections. As seen in Figure 7, we may derive a
few positive correlations that help to explain connectedness and
radial fractures. The trace line density in the figure can reflect the
connectivity of the region. The more connected the area is, the
higher the trace line density is. Furthermore, the trace thickness is
determined by its color depth; the deeper the color, the thicker the
trace.The interior fractures of the sample are typically accompanied
by radial fractures when β is small (0° > β > 45°). These radial
fissures have a reddish tint and a trace density that is noticeably
higher than in other places. The interior fractures of the sample
with β = 60° only have massive shear fractures, and the trace
line density of the entire fracture is significantly lower than that
of the other three angles. Additionally, the trace line and the
center of the fracture nearly vanished, while the entire hue turned
dark blue. This indicates that the connectivity of the large shear
fractures formed by the sample is poor, while the connectivity
of the fractures with radial fractures is significantly higher than
that of the sample. The borders of the fracture are reddish in

hue and have a comparatively high trace density. The reason for
this is that the loading technique involves applying an axial load
upward from the instrument base, which will result in more severe
fracture at both ends of the sample and introduce some flaws
into the quantitative characterization of the fracture. Therefore,
when examining the fracture, the mistake at both ends should be
somewhat disregarded.

3.5 Correlations between fracture fracture
rate, complexity coefficient, connectivity
and fractal dimension

Quantitative assessment of fractures in shale numerous
studies have included multiple parameters for analysis in earlier
research (Xu et al., 2024; Wang F. et al., 2023; He X. et al.,
2021). However, the application of the parameters should also
be taken into account. The majority of studies in the field
of quantitative characterization of rock fractures acknowledge
the universal characteristic known as fractal dimension (Vogel
and Roth, 2001; Wang Y. B. et al., 2023; He Q. et al., 2021;
Fu et al., 2020; Gao et al., 2024). Therefore, the other three
characterization parameters are linearly fitted with fractal
dimension in this research. Their correlation with fractal
dimension is also analyzed, and their usefulness to shale fracture
characterization is discussed.

The relationship between fracture rate, complexity coefficient
and fractal dimension show a linear positive correlation, while
Euler number and fractal dimension show a linear negative
correlation (Figure 8).The three parameters have a good correlation
with the fractal dimension, and their accuracy and applicability
for the quantitative characterization of shale fractures are both
good, as evidenced by the fact that their correlation ratio is greater
than 0.7. Among them, the correlation between fracture complexity
coefficient and fractal dimension is the lowest. Combined with the
relationship between fracture complexity coefficient and bedding
angle, it can be observed that the fracture complexity coefficient
has a higher value when β = 45°. The fracture angle is greater than
that of other samples, and the main reason for this phenomenon
is that the complex situation of shear and tensile failure in the
form of failure is mixed, and the fracture angle is quite different.
Therefore, from the perspective of fracture angle, its complexity
is the highest, which leads to the increase of the complexity
coefficient of the whole fracture. It demonstrates unequivocally
that a single measure cannot be used to evaluate shale fractures.
Multiple perspectives should be used to evaluate the distribution
and complexity of fractures, as their properties cannot be adequately
described by a single parameter. Furthermore, the three fitting
results show that when β = 60°, the fracture rate and complexity
coefficient of the fracture show the minimum value, and the
connectivity is theworst.The similarity between the three also shows
that the three parameters are consistent with the accuracy of the
expression of shale failure characteristics and have good applicability
and accuracy.

Furthermore, the analysis compares all the characteristics with
the 3D model (Table 3), making it evident how the key values
change as the bedding angle increases. As the bedding angle
increases, Table 3 shows that the fractal dimension, fracture rate,
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FIGURE 7
Fracture 3D model ossification.

FIGURE 8
Correlation between parameters and fractal dimension. (A): The fitting relationship between fracture rate and fractal dimension; (B): The fitting
relationship between fracture complexity coefficient and fractal dimension; (C): The fitting relationship between Euler number and fractal dimension.

TABLE 3 The variation trend of various parameters of shale with different bedding angles.

β(°) Fracture 3D model Variation trend

Fractal dimension Fracture rate (%) Complexity coefficient Fracture connectivity

0

45

60

90
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FIGURE 9
The influence of bedding plane on fracture morphology is shown in the figure. The blue parallel line represents the bedding plane; the black arrow
represents the principal stress; the red arrow represents the deformation direction; the green line represents the cementation failure.

and complexity coefficient nearly all exhibit a “V”-shaped change,
with the change trend being constant and high at both ends
and low in the middle. The Euler number, which describes the
fracture connectivity, exhibits a “Λ” type change with low ends and
a high middle because of its positive and negative characteristics.
According to the previous analysis, the change of Euler number
with bedding angle is consistent with the meaning of other
parameters. It is evident that the shale bedding angle exhibits good
uniformity and has a substantial impact on the cracks that the
shale produces when subjected to external loads. This provides a
more comprehensive reference for the influence of different bedding
angles of shale on various parameters of shale fractures under
external load.

3.6 Influence of bedding angle on shale
fracture morphology

The influence theory of a corresponding reasonable bedding
angle on the fracture of shale samples under uniaxial compression
can be proposed based on the fracture model that was reconstructed
using CT, the results of fracture characterization by multiple
parameters, and some findings from earlier studies (Chen et al.,
2024; Sarout et al., 2007; Zhu et al., 2021; Wang et al., 2024).
Chen et al. (2024) and Sarout et al. (2007) found that many
micro-pores and micro-fractures were developed in shale matrix
by means of scanning electron microscopy and other detection
methods, and micro-pores and micro-fractures were especially
developed in directional bedding. The distribution of micro-
pores and micro-cracks in the bedding plane is complex and
changeable. Usually, micro-cracks are mixed with micro-pores,
resulting in large differences in the mechanical properties of
the bedding plane and weak strength (Figure 9). Therefore,
the interlayer weakening effect between the bedding planes
will have a strong anisotropic effect on the properties of
shale samples.

The interlayer effect is eliminated when β = 0° (Figure 9), since
the angle (θ1) between the bedding plane and the principal stress
is 90°. The principal stress will also cause some micro-pores and
micro-fractures between the bedding planes to close. The bedding
plane will enlarge radially as the primary stress increases, eventually
breaking and resulting in radial tensile failure. Meanwhile, a
significant number of tensile fractures will form along the major
stress path. The primary stress and the bedding plane form a wide
angle when β = 45° and θ2 = 45°.The bedding plane is affected by the
principal stress in two ways: first, shear slip will happen as a result of
the bedding plane’s poor cementation and the ongoing formation of
somemicro-fractures andmicro-pores; However, the bedding plane
will also experience some degree of radial tensile failure, leading to
some smaller radial tensile fractures, because of the sizable radial
tensile effect caused by the comparatively large primary stress angle.
Nevertheless, the weak cementation of the bedding plane, interlayer
micro-pores, and micro-fractures have the biggest impact when
β exceeds 60°, θ3 = 30°. This results in shear slip, which creates
macroscopic damage and lessens the likelihood of fractures in the
sample’s remaining sections by causing the parallel plane of the
bedding plane to conform to the direction of the bedding angle,
which is approximately consistent with the direction of the major
stress. When β = 90°, the direction of the principal stress is parallel
to the direction of the bedding plane, and the principal stress directly
acts on the cementation of the bedding plane. The micro-pores and
micro-fractures in this area are rapidly developed and connected,
resulting in the fracture of the cementation. Therefore, it can be
observed that the fractures of the samples at this bedding angle
are almost developed along the bedding plane and the direction of
principal stress.

4 Conclusion

The present study used uniaxial compression experiments and
CT scanning in conjunction with 3D reconstruction technologies
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to examine the distribution characteristics of shale fractures. When
combined with other factors, including fractal dimension, fractures
are quantitatively characterized and analyzed, and the following
findings are obtained:

(1) The development of shale fractures has strong anisotropy with
the change of bedding angle, and a single parameter cannot
accurately characterize its distribution characteristics. The
fracture development under 3D reconstruction is complex, and
the new fracture angle and complexity coefficient calculated
by using the volume weight of multiple fractures can more
truly reflect the actual fracture distribution. Furthermore, the
morphology of shale fractures is a mixed fracture of axial
shear and radial tensile when the bedding angle is modest.
In other words, radial tensile fractures may improve the total
connectedness of mixed fractures, which is significantly more
than that of single shear fractures.

(2) Fracture rate, complexity coefficient, Euler number and fractal
dimension are strongly correlated. The above parameters
are suitable parameters for quantitative characterization of
shale fracture distribution characteristics, which provide more
reference indicators for quantitative characterization of shale
fractures.

(3) The bedding angle makes the angle between the bedding plane
and the principal stress change, which leads to the change
of the effect of the principal stress on the interlayer micro-
pores, micro-fractures and cementation of the bedding plane,
resulting in a large anisotropy of the fracture morphology
formed by the macroscopic fracture.
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