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COy) holds great promise as an emerging fracturing fluid, owing to its unique advantages in reducing
breakdown pressure, forming high-roughness fractures, and inducing multiple fractures. However, the
influence of geo-stress conditions on the 3D fracture characteristics and propagation behavior of shale
using SC-CO; fracturing remains poorly understood and merits further investigation. In this study,

Edited by Min Li laboratory-scale true triaxial fracturing tests were conducted on Longmaxi Formation shale, with variables

including fluid type, horizontal stress difference, and stress regime. Deep learning methods offer signifi-
Keywords: cant advantages in accurately identifying minute fractures induced by SC-CO; fracturing, and thus the U-
Shale Net deep learning model and computed tomography (CT) technology were combined in this study to
Supercritical carbon dioxide fracturing conduct 3D reconstruction and digital quantitative analysis of fractures. Additionally, acoustic emission
Three-dimensional fracture characteristics (AE) signals of fractures during the shale fracturing process were collected and analyzed. The results

Fracture propagation behavior

< indicated that: (1) The ability of SC-CO, to activate bedding planes and the phase transition effect of CO,
Geo-stress condition

were the two core mechanisms responsible for the generation of such rough and complex fractures during
SC-CO; fracturing. (2) A large horizontal stress difference coefficient would reduce the roughness and
complexity of fractures induced by SC-CO, fracturing. As the horizontal stress difference increased, the
fracture propagation behavior of shale in SC-CO; fracturing experiments gradually shifted from being
dominated by bedding planes to being dominated by geo-stress. (3) The stress regimes (normal faulting or
strike-slip faulting) exerted minimal influence on the complexity of the fracture network induced by SC-
CO; fracturing because of the small magnitude difference between the maximum and intermediate
principal stresses. The fracture propagation behavior of shale under the above two stress regimes
remained significantly governed by the bedding plane. (4) The fracture propagation patterns when a
fracture induced by SC-CO, fracturing approached a shale bedding plane were summarized as follows:
activating, deflecting, penetrating, or composite. These findings provided a reference for the optimized

design of SC-CO,, fracturing schemes for shale reservoirs under different geo-stress conditions.
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1. Introduction

Against the backdrop of the growing global energy demand,
prioritizing the vigorous development of clean, efficient, and
abundant shale gas resources is a reliable approach (Stueck et al.,
2016). Hydraulic fracturing technology for reservoir stimulation
is widely recognized as one of the key steps in current shale gas
extraction projects (Josifovic et al.,, 2016). Among various frac-
turing fluids, slick-water, the most common water-based frac-
turing fluid used in commercial shale gas development (Estrada
et al., 2016), requires a large amount of water during its prepara-
tion. However, according to a report by the World Resources
Institute, the global distribution of shale gas resources is uneven,
and most shale gas resources are not located in water-abundant
areas (Reig et al., 2014). The massive water consumption will
obviously restrict shale gas production in water-scarce areas (Nicot
and Scanlon, 2012; Scanlon et al., 2014; Shi et al., 2020). Moreover,
the flowback rate of water-based fracturing fluids is usually low.
This not only may cause reservoir damage and thus reduce shale
gas recovery but also may lead to environmental issues related to
water pollution (Estrada et al., 2016; Yang et al., 2024; Zhang et al.,
2024). Therefore, the development of waterless fracturing tech-
nologies has become an urgent need in the field of shale gas
development.

Meanwhile, the continuous increase in atmospheric CO, con-
centration has intensified the issue of global warming and caused a
series of environmental disasters, such as rising sea levels, an in-
crease in extreme weather events, and ecological imbalances (IPCC
et al., 2022). Coincidentally, carbon dioxide, a major component of
greenhouse gases, exhibits unique physicochemical properties
when it reaches a supercritical state, including liquid-like density,
gas-like viscosity, no capillary force, and good compatibility with
hydrocarbons, which is expected to contribute to shale gas pro-
duction (Lyu et al., 2021; Zang et al., 2024). SC-CO, fracturing has
the following advantages over traditional hydraulic fracturing: (1)
SC-CO; fracturing generates a rougher and more complex fracture
network, leading to higher permeability. (2) No water is involved
in SC-CO; fracturing, which not only conserves water resources but
also reduces reservoir damage caused by water. (3) The adsorption
capacity of SC-CO; in shale is higher than that of methane. This can
improve single-well production and recovery by displacing
methane molecules adsorbed in shale. (4) After SC-CO; fracturing,
part of the CO, is retained in the formation through mechanisms
such as diffusion, displacement, and adsorption, thereby achieving
geological sequestration of carbon dioxide (Middleton et al., 2014,
2015; Rubin et al., 2015; Rani et al., 2019; Zhou et al., 2019; Mojid
et al., 2021; Zhao et al., 2023; Yang et al., 2025a). In summary, in
the face of the dual challenges of energy shortage and global
warming, the application of SC-CO; in shale gas extraction has
enormous potential value (Ishida et al., 2012; Pei et al., 2015; Hu
et al,, 2019; Kumar et al., 2024). It not only reduces the high
dependence on water resources during shale gas reservoir frac-
turing but also helps accelerate the global carbon neutrality
process.

In shale gas development projects, fractures formed by frac-
turing are the main flow channels for natural gas. Shale gas pro-
duction is directly determined by the fracture characteristics and
propagation behavior, which have become a research hotspot
nowadays. At the laboratory scale, the most commonly used
analytical methods for fractures currently include profile gauges,
3D laser scanning, AE monitoring, CT scanning, and high-speed
cameras. Many scholars observed that the fracture surfaces
generated by SC-CO, fracturing were more complex and rugged
than those generated by hydraulic fracturing by using the digital
radiography (Zhang et al., 2017; Yang et al., 2025b), profile gauge
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(Jia et al., 2018), and 3D laser scanning (Zhao et al., 2018). Based on
slices of the CT scanning, scholars found that SC-CO, fracturing
fractures were irregular multi-fractures, with the potential to
connect with natural fractures and bedding planes, forming a
complex fracture network (Zhou et al., 2016; Zhang et al.,, 2017).
And the initiation position and propagation directions of SC-CO,
fracturing fractures were primarily along the weak structural
planes in shale or the directions of pre-existing fractures (Jiang
et al., 2018). However, limited fracture complexity was observed
in specimens without pre-existing cracks (Al Shafloot et al., 2021).
Furthermore, the fracture propagation behavior exhibited phased
characteristics, as demonstrated by AE monitoring during SC-CO,
fracturing (Zhou et al., 2018a). The fracturing process in trans-
parent specimens was recorded by means of a high-speed camera,
and the fracture propagation speed of SC-CO; fracturing was found
to be two orders of magnitude greater than that of hydraulic
fracturing (Zhou et al., 2018b).

For the quantitative analysis of fractures in CT images, it is
necessary to separate fracture voxels from non-fracture constitu-
ents such as minerals and pores, a procedure referred to as seg-
mentation. The traditional threshold segmentation method is
widely used for CT image segmentation (lassonov et al., 2009;
Ramandi et al., 2016; Van Eijnatten et al., 2018), but this method
usually requires manual operation, which is time-consuming and
may lead to significant errors (Lei and Fan, 2024). In recent years,
deep learning methods have become powerful processing tools for
detecting and segmenting cracks in CT images. A fully convolu-
tional neural network (U-Net) deep learning segmentation algo-
rithm was introduced for high-resolution CT images to accurately
distinguish the pore space and fractures (Pham et al., 2023; He
et al., 2024), and even various minerals in rocks (Tang et al.,
2022). However, obtaining high-resolution CT images typically
means high scanning costs, complex scanning procedures, and
smaller sample sizes. In laboratory scale model experiments in the
field of petroleum engineering, the size of rock samples was usu-
ally large, which usually resulted in reduced CT scanning resolu-
tion. Furthermore, the fractures induced by SC-CO, fracturing
were extremely narrow, with a fracture width typically less than
50 pm (Li and Zhang, 2019), making it difficult to extract fractures
completely using conventional segmentation methods. Therefore,
how to identify minute fractures in these low-resolution CT scans
remains a challenging task.

Shale is characterized by the presence of discontinuities,
including bedding planes, lithologic interfaces and natural frac-
tures. The connectivity between these discontinuities and frac-
turing fractures affects the complexity of the resulting fracture
network, thereby significantly influencing the stimulated reservoir
volume of shale formations (Ranjith et al., 2019; Tan et al., 2024;
Zhong et al., 2024; Gong et al., 2025). Consequently, extensive
research has been conducted to elucidate the interaction mecha-
nisms between fracturing fractures and discontinuities, yielding
important insights (Dan et al., 2015; Llanos et al., 2017; Hou et al.,
2018; Zhang et al., 2022; Cong et al., 2024). When a fracturing
fracture encounters an interface, four possible propagation pat-
terns may occur near the bedding plane: arresting pattern,
deflecting pattern, penetrating pattern and composite pattern
(Zhang et al., 2023). Furthermore, the interaction mechanism be-
tween fracturing fractures and discontinuities is influenced by
factors such as in-situ stress, the cement strength of bedding
planes, fracturing fluid type and approach angle between hy-
draulic fractures and discontinuities (Tan et al., 2018). For the in-
situ stress differences, at low stress differences, hydraulic frac-
tures tended to deflect toward natural fractures and bedding
planes; conversely, larger stress differences facilitated hydraulic
fractures to cross discontinuities (Hou and Cui, 2023; Li et al,,
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(b) Schematic of shale specimens for fracturing test with two bedding inclinations

Fig. 1. Sampling locations and processing schematic of shale blocks.

2014; Bennour et al., 2015). For the cement strength of bedding
planes, hydraulic fractures can penetrate strongly cemented in-
terfaces but open sufficient weak cemented interfaces to allow
fracturing fluid to migrate within them (Tan et al., 2017). For the
fracturing fluid type, in the case of coal-rock masses, hydraulic
fracturing produced a single and straight fracture that directly
penetrates the coal-rock interface. In contrast, SC-CO, fracturing
formed complex fractures with numerous secondary fractures, but
failed to penetrate the coal-rock interface (Jiang et al., 2023).
However, in the case of the tight sandstone specimens containing
multiple bedding planes and natural fractures, SC-CO, likely pro-
moted the dilation or shearing of bedding planes and natural
fractures, resulting in a complex fracture network even under a
high horizontal differential stress (Zou et al., 2018). For the
approach angle between hydraulic fractures and discontinuities,
the inclination of natural fractures was conducive to the formation
of shear fractures and thus to the deflection of the expansion di-
rection of hydraulic fractures (Qiu et al., 2024). In addition, the
main fracture propagating almost parallel to the bedding plane
corresponded to a lower breakdown pressure, whereas the main
fracture propagating almost perpendicularly to the bedding plane
corresponded to a higher breakdown pressure (Zhang et al., 2019;
Guo et al.,, 2021).

In summary, previous studies have concentrated on the local
characteristics of fracture surfaces induced by SC-CO; fracturing.
However, the fracture propagation behavior of shale using SC-CO,
fracturing under different geo-stress conditions from a 3D
perspective has not been thoroughly studied. Therefore, this study
conducted laboratory-scale true triaxial fracturing tests on Long-
maxi Formation shale. After that, the deep learning method
combined with CT technology was used for the 3D reconstruction
and digital quantitative analysis of fractures. Combined with AE
analysis techniques, three critical variables, namely fluid type,
horizontal stress difference, and stress regime, were selected as
the core focus of this study to clarify their respective impacts on
the fracturing-induced fracture characteristics and propagation
behavior of shale specimens. This study could provide references
for the optimized design of SC-CO, fracturing schemes for shale
reservoirs under different geo-stress conditions in engineering
practice.

2. Experimental materials and methods
2.1. Shale specimens

The shale specimens tested in this study were collected from an
open-pit mine near Well Ning-201 in the Changning Shale Gas
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Field. The shale specimens belong to the Lower Silurian Longmaxi
Formation, the key stratum for shale gas exploration in China.
Previous studies showed that existing faults, fractures, and weak
layer interfaces may significantly impact the propagation of hy-
draulic fractures in practical scenarios (Wang et al., 2017; Yang et
al., 2020; Xie et al., 2023). Therefore, to minimize the interfer-
ence of natural cracks in the test results, relatively intact outcrop
shale blocks were chosen. As illustrated in Fig. 1, these blocks
exhibited no obvious fractures, featured well-cemented bedding
planes, and were structurally intact. Subsequently, the shale blocks
underwent cutting, drilling, and surface grinding processes.
Finally, shale specimens with different bedding inclinations (3 = 0°
or 90°) were obtained for laboratory fracturing experiments. The
shale specimen exhibiting parallel bedding planes was designated
as # = 0°; and the shale specimen displaying vertical bedding
planes was designated as g = 90°.

As shown in Fig. 2, the preparation process of shale specimens
for laboratory fracturing experiments involves approximately four
steps: (I) Process the shale block into a cube measuring
100 x 100 x 100 mm, grind the end faces of the specimen to be flat,
and drill a simulated wellbore with a diameter of 10 mm and a
depth of 55 mm on the top surface of the block. (II) Use a steel tube
to simulate the perforation tunnels. The steel tube has an outer
diameter of 6 mm and an inner diameter of 4 mm. Two O-rings are
installed on the steel tube: the upper O-ring is used to fix the
position of the steel tube in the fracturing hole, while the lower O-
ring is used to prevent the epoxy structural adhesive from flowing
into the cavity. (III) Seal the gap between the steel tube and the
fracturing hole with epoxy structural adhesive. (IV) Let the shale
specimen sealed with adhesive stand for 3 days before conducting
the fracturing experiment.

2.2. Experimental equipment

The laboratory fracturing experiments conducted in this study
were performed on a true triaxial SC-CO5 fracturing test system. As
shown in Fig. 3, the test system consisted of three primary mod-
ules, including the SC-CO; generation and injection system, the
true triaxial stress loading system, and the AE monitoring system.
Specifically, (1) The SC-CO, generation and injection system was
mainly composed of a CO, gas cylinder, a gas booster pump, a gas
heating device, a high-pressure storage tank, a plunger pump, and
injection pipelines. Among them, the CO, gas cylinder contained
industrial-grade carbon dioxide gas with a purity of more than
99.5%, and multiple CO, gas cylinders were prepared to ensure
sufficient gas supply. The gas booster pump was capable of pres-
surizing the CO, gas to the predetermined initial pressure,
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Fig. 2. Schematic diagram of the preparation process and internal structure of shale specimens for laboratory fracturing experiments.
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Fig. 3. True triaxial SC-CO; rock fracturing test system.

subsequently storing it in the high-pressure storage tank. Two
initial pressures were established in the present study: 2 and
8 MPa. The former process enabled CO; to undergo phase change
and enter the supercritical state during the injection process,
while the latter process enabled CO, to reach the supercritical
state directly in the high-pressure storage tank. By using the gas
heating device, the high-pressure storage tank was heated at 90 °C
for 3 h to ensure sufficient heating of the CO,. In order to reduce
heat loss during the process of fluid injection, the injection pipe-
lines were heated with a strip heater and wrapped layer by layer
with tinfoil and insulating tape. In addition, a pressure sensor was
installed within the high-pressure storage tank. The function of
this sensor was to record the injection fluid pressure in real time
during the test. The plunger pump used in this study was a dual-
cylinder design, capable of maintaining a constant flow rate
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during fluid injection. (2) The true triaxial stress loading system
was composed of three plunger pumps, which could realize stress
loading in three directions, with a maximum loading stress of
50 MPa in each direction. (3) The AE monitoring system mainly
included AE probes, preamplifiers, a signal analyzer, and a data
acquisition device, among which the AE probes were installed in a
customized mold behind the pressure plate. This system could
apply true triaxial stress to rock samples, while realizing the
generation and injection of SC-CO,, and monitoring the AE signals
of rock samples during the fracturing process.

2.3. Fracturing experiment scheme and procedures

In order to explore the potential of SC-CO; in enhancing shale
gas development, this study set three key parameters: fluid type,
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Table 1
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Experimental scheme for SC-CO, fracturing of shale specimens under true triaxial stress conditions.

Specimen number Bedding inclination (), ° Fluid type Triaxial stress Horizontal stress difference Injection rate, mL/min
(m,/o'H/o'h), MPa (a‘Hfﬁh), MPa
S1 0 water 14/12/10 2 10
S41 0 SC-CO, 14/12/10 2 40
S39 90 water 14/12/10 2 10
S33 90 SC-CO, 14/12/10 2 40
S50 0 SC-CO, 14/12/12 0 40
S43 0 SC-CO, 14/12/8 4 40
S44 0 SC-CO, 14/12/6 6 40
S46 0 SC-CO, 14/12/4 8 40
S47 0 SC-CO, 12/14/10 - 40

geo-stress conditions, and bedding inclination. The fracturing test
scheme was outlined in Table 1. It should be noted that, for the
shale specimen at g = 90°, the minimum principal stress direction
was uniformly set parallel to the bedding plane during the sample
loading process. According to the test scheme, the experimental
procedures of this study were as follows:

(1) Heating process: to bring CO, into the supercritical state,
both its temperature and pressure must reach the above
critical values simultaneously (i.e., ambient temperature
above 31.1 °C and pressure above 7.38 MPa). Therefore, in
laboratory fracturing tests, both the test pipelines and
specimens were preheated. Shale specimens were placed in
a heating box and heated at 60 °C for 12 h. The gas heating
device and pipeline heating were turned on 12 h before the
experiment, with the gas heating device set to 60 °C. Addi-
tionally, preheating of specimens and activation of the gas
heating device were not required for water fracturing tests.

(2) Loading process: in SC-CO; shale fracturing experiments, to
reduce heat loss from specimens, preheated rock samples
were quickly loaded into the triaxial cell, and injection
pipelines were connected. Subsequently, the stress servo
software was operated to first load the triaxial stress of the
specimens to the target value of the minimum principal
stress, followed by sequential application of the intermedi-
ate and maximum principal stresses to their respective
target values.

(3) Fracturing process: after all the triaxial stresses reached the
target values, a plunger pump was used to inject fluid at a
constant rate, and AE monitoring was activated simulta-
neously. The pump was shut down after the pressure
dropped rapidly, and test data were saved. It was worth
noting that, based on previous studies and preliminary tests
in this study, the width of fractures induced by SC-CO,
fracturing in shale was extremely small, typically ranging
from 1 to 50 pm (Li and Zhang, 2019). Currently, SC-CO; has
poor proppant-carrying capacity due to the lack of suitable
viscosifiers (Zheng et al., 2024; Sun et al., 2025), making it
difficult to obtain the 3D morphology of fractures. Therefore,
to appropriately increase fracture width without altering
the original fracture morphology, a small amount of 140-
mesh ceramic sand proppant was pre-added into the frac-
turing hole before the test. After the fracturing test, the
triaxial stress was first unloaded via the stress servo system.
Then, after replacing the injection pipeline, the injection
system was controlled to inject fracturing fluid containing
1% guar gum into the specimen at a constant pressure of
1 MPa for 1 min. After injection, the fractured specimens
with appropriately widened fractures were subjected to CT
scanning.
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3. A methodology for 3D fracture characteristics analysis via
U-Net model coupled with CT technology

3.1. A methodology for 3D fracture reconstruction

3.1.1. Reasons for using U-Net model coupled with CT technology to
identify fractures

CT scanning enables the comprehensive acquisition of the 3D
spatial information of fractures within a sample in a non-
destructive manner. To investigate the characteristics of frac-
turing fractures in shale specimens after fracturing, this study
employed an advanced micron-scale CT scanning system to scan
the fractured shale specimens. However, the relatively large
thickness and density of the shale specimens used in the fracturing
tests resulted in a reduction in the resolution of CT scanning im-
ages. The voxel resolution of CT scans in this study was approxi-
mately 53 pm. The fracture width of the shale specimen was
moderately enlarged without altering its original fracture
morphology, whereas the width remained small after enlarge-
ment. When performing traditional threshold segmentation on CT
slice images, the thresholds for pores and fractures in the spec-
imen were found to be extremely close, thereby complicating the
effective extraction of fractures. Furthermore, the presence of
minute fractures may be obscured by the threshold of the rock
matrix, resulting in inaccuracies in fracture extraction.

With the rapid development of deep learning methods, the U-
Net model has performed excellently in image segmentation tasks
in the medical field, achieving numerous significant results (Yeung
et al., 2023). Therefore, to address the difficulty in 3D recon-
struction of minute fractures, this study introduced the U-Net
model to process CT slices, enabling the construction of more
realistic and reliable 3D fracture models. As shown in Fig. 4, the U-
Net model adopted a “U-shaped” network structure, consisting of
two parts: an encoder and a decoder (Ronneberger et al., 2015).
The encoder was mainly used for downsampling the image to
extract deep features of the image; the decoder was mainly used
for upsampling to restore the extracted deep features into an im-
age for representation. Moreover, after each upsampling, feature
fusion was performed with the corresponding downsampling re-
sults, ensuring that the feature maps of each layer could effectively
participate in subsequent calculations and improving the accuracy
of the final prediction results. After a single image is processed by
the encoder and decoder, a segmentation prediction map of the
target can be generated; subsequently, this prediction map (cor-
responding to predicted values) and the label map (corresponding
to true values) were input into the loss function for calculation to
obtain the corresponding loss value, thus completing the forward
propagation process of a single image (Tian et al., 2025). Then, the
Adam gradient descent algorithm was used to approximate the
loss function value to the minimum (Kingma and Ba, 2014), and
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Fig. 4. Schematic diagram of the U-Net architecture.

the error gradient was backpropagated through the back-
propagation algorithm to update the model weights (Rumelhart
et al., 1986), thereby realizing the backward learning process of a
single image. After multiple rounds of iterative learning, the loss
value will eventually converge, and the similarity between the
prediction map and the label map will gradually increase, thus
achieving the target segmentation task. The steps for using U-Net
to identify minute fractures in CT slices can be divided into three
steps: (I) Data construction; (II) Model training; (III) Performance
evaluation. The subsequent sections would provide a detailed
introduction to these steps.

3.1.2. Dataset construction

Deep learning models require large datasets for iterative
training to acquire the ability to accurately identify fractures. The
dataset largely influences the accuracy of fracture identification by
the model. Abundant fracture images and precise label maps could
improve the identification performance of deep learning models.
In this study, image segmentation and data augmentation were
performed on CT slices, and label maps for minute fractures were
drawn using a point-by-point labeling method, thereby con-
structing a dataset of extremely fine fractures to meet the training
requirements of the deep learning model. The specific steps for
constructing the dataset were as follows:

(I) Fiji software was used to export CT slices of shale specimens,
and 163 CT slices with extremely fine fractures were
selected as typical images;

(II) Each of the 163 original large images was segmented into
small images with a size of 224 pixels x 224 pixels, and only
the small images containing extremely fine fractures were
retained, thus initially establishing an original image library
containing 2080 small images;

(II) Labelme software was used for fine labeling of fractures in
the original image library, resulting in 2080 label maps that
can reflect fracture characteristics. Among them, fracture
regions were labeled in white, and non-fracture regions in

black. These label maps, together with the original images,
constitute the basic dataset. To enhance the credibility of the
minute fracture annotation results in the dataset, a consis-
tency verification was performed on the annotations from
three independent annotators using the Fleiss' Kappa coef-
ficient, which was one of the most common indices to
quantify the agreement with multiple raters (Fleiss et al.,
2003). The consistency of the annotation results was
determined by evaluating both the label information (i.e.,
fracture or matrix) and location information of each pixel.
Ultimately, the calculated Fleiss' Kappa coefficient reached
0.72. This result demonstrated that the annotation out-
comes of different annotators for the same target were
highly consistent, indicating that the annotation results in
this study were relatively objective and accurate.

(IV) In order to enhance the diversity of the dataset, images in
the basic dataset were subjected to data augmentation,
yielding a total of 20,800 images. The data augmentation
strategies included random flipping, random rotation,
random scaling, and random contrast adjustment. Specif-
ically, random flipping referred to horizontal or vertical
flipping of the images; random rotation was configured to
rotate the images within the range of 0°-180°; the scaling
factor was set to vary the image size from 0.5 to 2 times the
original dimensions; and the contrast was randomly
adjusted within a range of 0.85-1.15 times the original
contrast level. These augmentation operations were then
applied to the original images via permutation and combi-
nation. Finally, a training set containing 16,640 images and a
validation set containing 4160 images were established,
where the training set was used for model training and the
validation set for hyperparameter optimization.

3.1.3. Model training
Once the dataset was constructed, training could be initiated
using the U-Net model. Considering that the pixel proportion of
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fractures in rock fracture images was generally low, the fracture
segmentation task could be categorized as a class imbalance
problem. Therefore, the Cross-Entropy loss function (Lcg) was
combined with the Dice loss function (Lpjc) to train the U-Net
model. The hybrid loss function (Lita)) could be expressed as (Li
et al.,, 2024).

1M E
Lee = — > " Yiclog (piic)
i=1 c=1
N (p. y. ;
Lpice =1 L1 2 (pl,cyz,c) (1)

N N
C o ylibic + XitaVic
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where N is the total number of instances; i iterates over each pixel;
C is the number of categories; c is the current category; y;. uses a
one-hot encoding scheme corresponding to the ground-truth la-
bels; p;. represents the predicted output generated by the model
for each category.

Following extensive hyperparameter tuning, the optimal
hyperparameter configuration that delivered the best training
performance was identified. The U-Net model was trained for 300
epochs with an initial learning rate of 0.0005 and a batch size of 16,
using the Adam optimizer (Kingma and Ba, 2014). The learning rate
was reduced by 50% each time the validation loss remained stag-
nant over 10 consecutive epochs (Tang et al., 2022). The training
dataset was randomly shuffled before each epoch to alleviate batch
sampling order bias, enabling the model to capture generalized
fracture features. As illustrated in Fig. 5, with the increase in the
number of epochs, the loss values of both the training and valida-
tion sets exhibited a rapid declining trend and ultimately
converged to stable values. These results demonstrated that the
model could effectively capture and reconstruct the deep semantic
features in the images, thus indicating satisfactory training
performance.

3.14. Performance evaluation

To enable the U-Net model to capture the morphological fea-
tures of minute fractures, both original and data-augmented im-
ages were incorporated into the training and validation sets.
However, it was important to note that the objectivity of the
evaluation results may be compromised if the original and data-
augmented images were also included in the test set. In order to
directly reflect the performance of the model in real applications,
an additional 30 representative original CT slices were randomly
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Fig. 5. Loss results of the training and validation phases for the U-Net model in this

study.
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selected as the test set. After that, manual fracture annotation was
performed on the original CT slices to generate reference images,
which served as the definitive benchmark for evaluating algorithm
recognition performance. Subsequently, a series of comparison
tests were conducted using the following methods: interactive
thresholding segmentation, edge detection algorithm, and U-Net
model. Finally, the performance of these models in recognizing
minute fractures was evaluated by four quantitative metrics:
precision, recall, dice score, and Intersection over Union (IoU). The
formulations of these metrics are provided below (Pham et al.,
2023; He et al., 2024).

TP
TP + FP
TP
TP + FN

Precision =

Recall =

2TP @

2TP + FP + FN
TP
“ TP+ FP + FN

Dice score =

IoU

where TP, FP and FN are true positive, false positive and false
negative areas, respectively.

Table 2 presents the visual qualitative evaluation of the perfor-
mance of various algorithms in identifying minute fractures in CT
slices. It can be concluded that, for minute fractures in low-
resolution CT slices, interactive thresholding segmentation
methods were susceptible to incorrectly identifying metal arte-
facts, drill holes, and background noise as fractures due to the
minute difference in grey scale. The edge detection algorithm also
encountered issues such as the inability to completely recognize
minute fractures and erroneous identifications. In comparison, the
U-Net model applied in this study effectively excluded the effects of
most interferences, resulting in relatively complete and accurate
identification of minute fractures. To quantitatively evaluate the
generalization performance of the model, that is, to accurately
obtain the recognition accuracy of minute fractures in images
outside the dataset, Table 3 presents a summary of the quantitative
evaluation of the recognition effect of various algorithms on minute
fractures. It can be observed that, compared to the interactive
thresholding segmentation method and edge detection algorithm,
the U-Net model achieved the highest scores in various indicators.
Overall, the U-Net model exhibited good recognition results, and
possessed the ability to accurately identify minute fractures in low-
resolution CT slices. Subsequently, the batch-identified CT images
were used for 3D reconstruction and digital quantitative analysis of
the fractures.

3.2. An analytical method for 3D fracture characteristics

A thorough analysis of the fracture characteristics of fracture
surfaces could facilitate a more comprehensive understanding of
the hydrocarbon transport capacity of fractures. Generally, using a
3D laser scanner to obtain point cloud data of fracture surfaces was
an effective method for fracture characteristics analysis. However,
some post-fracturing specimens contained multiple intersecting
fracture surfaces, and some fractures might not penetrate the
entire specimen. When using a 3D laser scanner, it was imperative
to manually open the fracture surface of the specimen to ensure
effective detection. This procedure had the potential to compro-
mise the accuracy of both the surface morphology information and
the spatial position information of the fracture surface. Therefore,
in this study, point cloud data were obtained from the 3D fracture
reconstruction results, and then fracture characteristics were
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Identification results of minute fractures in low-resolution CT slices via various segmentation algorithms.

Image sequence Original CT slices Reference image

Interactive thresholding
segmentation

Edge detection U-Net model

algorithm

Table 3
Quantitative evaluation of the recognition performance of various algorithms for
minute fracture identification.

Segmentation algorithms Precision Recall Dice score IoU

Interactive thresholding segmentation 0.190 0.242 0213 0.119
Edge detection algorithm 0.273 0.625 0.380 0.235
U-Net model 0.947 0.828 0.884 0.791

analyzed from the point cloud data. The specific steps were as
follows: (I) Skeletonization was performed on the identified
binarized images containing fractures, i.e., thinning the fracture
regions to a single-pixel width while retaining the topological
structure of the fractures; (II) 3D reconstruction of the fractures
was performed using the processed images, and a meshed surface
was generated; (III) Point cloud data of the fracture network were
obtained by sampling points on the meshed surface; (IV) The
fracture network was segmented to obtain point cloud data of each
individual fracture surface. In this study, the area ratio, deviation
angle, fractal dimension, and surface roughness were utilized to
evaluate the morphological characteristics and complexity of
fractures.

3.2.1. Area ratio

The area ratio (AR) can characterize the complexity of a fracture
surface. AR is defined as the ratio of the fracture surface area
(Asurface) to the projected area (Aprojected)- The calculation is derived
from the following formula (Li et al., 2019).
Asurface

AR= 3)

Apro jected

where Agyrface iS calculated by Avizo software based on CT data;
Aprojected is the larger value of the two areas obtained by vertically
projecting the fracture surface onto the bottom surface or the side
surface of the rock specimen.
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3.2.2. Deviation angle

The fracture surface deviation angle (8) can be quantitatively
calculated to characterize the spatial tortuosity of fractures. This
can facilitate an in-depth analysis of the factors governing fracture
propagation. ¢ is defined as the minimum angle between the
normal vector of the fracture surface and the direction of the
maximum principal stress. It can be calculated using the following
formula (Yang et al., 2021).

o ()

I
where n; denotes the normal vector of the medial skeleton points;
n,, denotes the direction of the maximum principal stress, which
corresponds to the positive direction of oy in this study. In order to
emphasize the minimum spatial deviation of the physically
meaningful fracture surface relative to the direction of the
maximum principal stress, when 90° < ¢ < 180°, the calculated
value will be converted to the range of 0° to 90° by taking the
supplementary angle.

ng-np

(4)

3.2.3. Fractal dimension

The fractal dimension is considered a reliable metric for
quantifying and comparing surface roughness. It has been
demonstrated that the fractal dimension is closely related to the
irregularity of the surface. Furthermore, the box-counting method,
which is characterized by simple mathematical calculation and
intuitive physical meaning, is one of the most commonly utilized
methods for calculating the fractal dimension. The fundamental
concept of this algorithm is to utilize a uniformly spaced grid to
cover the entire fractal structure, and subsequently, to determine
the number of boxes necessary to achieve this coverage. By
changing the box size, the number of boxes under different sizes
can be obtained, and the fractal dimension can be calculated based
on the trend of the number of boxes as the box size gradually
decreases. Fig. 6(a) shows a schematic diagram of the calculation
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Fig. 6. Schematic diagram of the calculation principle for the fracture fractal dimension and surface roughness.

principle of the box-counting dimension method for rough sur-
faces. A regular cubic grid exists on the XOY plane; in each grid unit
with size §, the four intersection points correspond to the four
heights of the fracture surface: hq(i, j), ho(i, j+1), ha(i+1, j), ha(i+1,
Jj+1). Obviously, when covering this shaded area with cubic boxes
of side length &, the number of cubes (N;;) required to cover the
shaded area is determined by the maximum difference between
the above four height coordinates. Therefore, the specific calcu-
lation formula for N;; is as follows (Ai et al., 2014).

o -1
N‘J“NT{5 [—min(hﬂi,j),hz(i,n1>,h3<i+1,j>,h4<i+1,j+

where INT is the integer function, whose function is to round down
a real number to the nearest integer. Further, the total number of
cubes (N(5)) required to cover the entire rough surface is:

n-1
8)=>_ N (6)
ii=1

where n is the number of measurement points on each edge, and
satisfies 1 < i, j < n—1. Finally, the fractal dimension (Ds) of the
entire fracture surface is calculated by the following formula:

In N(3)

Df - 6-0 ln(é)

(7)

3.2.4. Surface roughness

To better describe the detailed morphological characteristics of
rough surfaces, the surface roughness coefficient (R.) is used to
quantify the roughness of each fracture surface in the specimen.
Fig. 6(b) shows a schematic diagram of the calculation principle
for surface roughness. This calculation method is based on the 2D
root-mean-square roughness coefficient and uses a 3D form of
surface roughness that can characterize the 3D height fluctuations
of fracture surfaces (Gadelmawla et al., 2002). This algorithm has
the advantages of simple concepts and high calculation accuracy. A

max(h] (17])7h2(l7]+ 1)7h3(l+ 17])ah4(l+ 17]+ 1))

1)
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larger R. value indicates greater fluctuations in the fracture sur-
face. The specific calculation formula for R. is as follows (Zhou

et al., 2023).
(hmax mm)z

cf

ZZ

i=1 j=1

- N (8)

where Ny denotes the number of grids in the X-axis direction, and
Ny denotes the number of grids in the Y-axis direction; hpax de-
notes the maximum height of the area covered by the (i, j) unit grid
on the reference plane XOY, while hpyj, denotes the minimum
height; Ax denotes the sampling interval, which is set to 1 mm.

4. Experimental results and analysis
4.1. Influence of fluid type on 3D fracture characteristics of shale

For the shale specimens with horizontal bedding planes (4= 0°),
as shown in Fig. 7(a), when water was used as the fracturing fluid,
the injection pressure rose rapidly in the initial stage. The specimen
reached the breakdown pressure (36.82 MPa) at approximately
272 s, and the injection pressure immediately dropped to around
3.4 MPa. When SC-CO; was used as the fracturing fluid, the injec-
tion pressure increased slowly in the initial stage due to the high
compressibility of gaseous CO,. After the injection pressure
exceeded 7.38 MPa, CO, entered the supercritical state, and the rate
of pressure increase accelerated. At an injection time of approxi-
mately 1407 s, the specimen reached the breakdown pressure
(21.91 MPa), and the injection pressure dropped rapidly. After the
specimen failed, aloud sound of instantaneous gas leakage could be
heard near the triaxial cell. This occurred because after the rapid
drop ininjection pressure, the fluid pressure in the fractures quickly
fell below the critical pressure, causing the supercritical CO, to
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Fig. 7. Injection pressure versus injection time for different fracturing fluids (water or SC-CO;). (a) The shale specimens with g = 0° (specimens S1 and S41), (b) the shale

specimens with g = 90° (specimens S39 and S33).

transition into gaseous CO». Similarly, Fig. 7(b) shows the fracturing
curves of shale specimens with vertical bedding planes (8 = 90°)
under different fluid types, and their overall trends are roughly
consistent with those of specimens with parallel bedding planes. It
should be noted that, to allow CO; to reach the supercritical state
earlier, the initial injection pressure was increased from 2 to 8 MPa
during SC-CO; fracturing of this specimen, which reached the
breakdown pressure (19.78 MPa) at approximately 1068 s. This
indicated that increasing the initial injection pressure could slightly
shorten the time required for SC-CO, fracturing. In summary,
compared with water as the fracturing fluid, SC-CO, fracturing
reduced the breakdown pressure of shale by approximately
34%-40%, although it required a longer injection time.

In order to elucidate the fracture characteristics and propa-
gation behavior of shale during fracturing with distinct fluid
types, Fig. 8 presents the 3D fracture reconstruction of shale
specimens with g = 0° after fracturing with water and SC-CO,,
respectively. Additionally, the 3D fractal dimension value of the
specimen after fracturing is provided above the 3D reconstruction
diagram, and the intersecting fracture surfaces are divided into
several small fracture surfaces. Herein, the main fracture surfaces
formed by water fracturing are called hydraulic fractures (HF);
the main fracture surfaces formed by SC-CO, fracturing are
termed SC-CO, fracturing fractures (SCF); and the fracture sur-
faces roughly parallel to the bedding plane direction are collec-
tively referred to as bedding fractures (BF). As shown in Fig. 8(al),
water fracturing resulted in the formation of three intersecting
main fracture surfaces in the specimen. It was observed that the
propagation directions of HF; and HFs3 initially formed a certain
angle with the bedding plane orientation, subsequently gradually
shifting to become parallel with the bedding plane, while HF, was
approximately perpendicular to the bedding plane orientation.
From Fig. 8(a2)-(a4), water fracturing initially resulted in the
creation of a relatively rough surface near the injected open hole
in the specimen, subsequently giving rise to a relatively flat sur-
face at the specimen’s edge. This corresponded to water frac-
turing generating more tensile cracks near the wellbore in the
initial stage, and more shear cracks after the fracturing fluid
propagated along the bedding plane. As shown in Fig. 8(b1), the
process of SC-CO, fracturing resulted in the creation of both
bedding fractures and fracture surfaces that crossed obliquely
through the bedding planes. As demonstrated in Fig. 8(b2)-(b3),
the bedding fracture surfaces that formed in proximity to the
wellbore still exhibited a certain degree of roughness. Further-
more, the process of SC-CO, fracturing was observed to result in
the formation of rough surfaces in locations distant from the
wellbore. The aforementioned phenomena were consistent with
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conclusions derived from previous studies that employed AE
monitoring techniques. SC-CO; fracturing primarily induced more
shear cracks during the initial stage of crack initiation, while
generating more tensile cracks during the crack propagation stage
(Wu et al., 2022).

In the case of shale specimens with vertical bedding planes, as
illustrated in Fig. 9(a1), water fracturing resulted in the formation
of an inclined primary fracture plane, designated as HF, within the
specimen. During the initial propagation phase, the propagation
direction of HF formed an angle with the vertical bedding plane. By
the late propagation stage, beneath the specimen, the fracture
propagation direction gradually shifted to become parallel with
the bedding plane. This finding suggested that fractures initially
obliquely penetrated the bedding planes during the early propa-
gation stage, subsequently activating a small part of BF in the late
propagation stage. However, BF exhibited extremely poor con-
nectivity. As demonstrated in Fig. 9(a2)-(a3), water fracturing
yielded a rough surface with a surface roughness of 0.413, while
the surface roughness of the incompletely opened bedding planes
was minimal at 0.143. It should be noted that the direction of HF
was not perpendicular to the direction of minimum principal
stress; rather, it was close to perpendicular to the direction of in-
termediate principal stress. This finding is consistent with the
experimental results of previous studies (Abdelaziz et al., 2024).
This is because shale is a transversely isotropic material, and
fractures in such materials tend to occur along bedding planes,
thereby interfering with the control of in-situ stress on fracture
direction. As demonstrated in Fig. 9(b1), the process of SC-CO,
fracturing resulted in the formation of three distinct fracture sur-
faces in the specimen. Among these, SCF; emerged as the main
fracture surface, with SCF, and SCFs; acting as branch fracture
surfaces. During the initial stage of fracture propagation, SCF;
obliquely penetrated the bedding plane. In the later phase of
fracture propagation, complex interactions occurred at the
bedding plane, including deflecting and penetrating. Combined
with Fig. 9(b2)-(b4), it can be found that the main fracture surface,
designated SCF;, exhibited a large roughness, with a magnitude of
0.851. This was due to the fact that, in the area distal to the in-
jection open hole, the specimen produced many branch fractures,
and the bedding planes BP; and BP, well connected SCF; with
some branch fractures, thus rendering these branch fractures part
of the SCF; surface. In a similar manner, the repeated “deflecting-
then-penetrating” interactions that occurred when branch frac-
tures encountered bedding planes led to SCF; presenting a stepped
curved shape, which resulted in its relatively large roughness,
reaching 0.631. Conversely, the roughness of SCF3 was compara-
tively minimal, with a value of 0.217.
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Fig. 8. 3D fracture reconstruction results of shale specimens with g = 0° after water or SC-CO; fracturing.

As demonstrated in Fig. 10(a) and (c), in comparison with water
as the fracturing fluid, the area ratio, fractal dimension and surface
roughness of the fracture surface in the g = 90° specimen were all
enhanced following fracturing with SC-CO». In other words, the
fractures generated by SC-CO, fracturing demonstrated higher
levels of roughness and complexity in comparison to those
generated by water fracturing. Furthermore, evidence from the 3D
fracture surface indicated a correlation between the enhancement
of fracture characteristic parameters in the g = 90° specimen and
the phase transition of CO,. The energy stored in CO, was released
intensively when the fracture extended close to the specimen end
face, and the phase transition of CO; enhanced the driving force for
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unstable fracture propagation. However, following the fracturing
process involving SC-CO-, the fractal dimension of the fracture
surface of the g = 0° specimen exhibited only a marginal increase
in comparison to water fracturing. Furthermore, the area ratio and
surface roughness exhibited a decline. The underlying reason for
this phenomenon was that the g = 0° specimen formed an opened
bedding plane in one side of the specimen due to the effect of SC-
CO; fracturing. This resulted in the rapid leakage of CO; from the
bedding plane, thereby hindering the phase transition of CO, from
amplifying the fracturing effect. Furthermore, as demonstrated in
Fig.10(b), the mean deflection angles of the fracture surfaces of the
B = 0° specimen were 30.11° and 27.34°, respectively, while those



W.-X. Hong, S.-Q. Yang, B.-W. Sun et al.

D;=2.073

(a1) Water fracturing, g = 90°,
(specimen S39)

(b1) SC-CO; fracturing,
£ =90°, (specimen S33)

(a2) The surface map and
elevation contour map of HF

(b2) The surface map and
elevation contour map of SCF;,

Petroleum Science 23 (2026) 7578-7601

Elevation, Elevation,

mm mm
15 o 5
14
13
12 4
"
10
9 3
8
7
6 2
5
4
3 o 1
2
1
0 0
(a3) The surface map and
elevation contour map of BF
Elevation, Elevation,
mm mm

28 6
24 5
20

4
16

3
12

2
8

A -4 1

0 0

(b3) The surface map and
elevation contour map of SCF,

Elevation,
mm

(b4) The surface map and
elevation contour map of SCF;

Fig. 9. 3D fracture reconstruction results of shale specimens with g = 90° after water or SC-CO, fracturing.

of the g = 90° specimen were 60.13° and 51.04°, respectively.
Irrespective of the type of fracturing fluid utilized, specimens with
the same bedding inclination demonstrated similar average
deflection angles of the fracture surfaces. This finding suggested
that, under conditions of minor horizontal geo-stress differences,
the effect of bedding inclination on the fracture propagation di-
rection during fracturing appeared to be more significant than that
of fluid type.

In a word, the results of 3D fracture reconstruction in this study
clearly demonstrated that the ability of SC-CO, to activate bedding
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planes and the phase transition effect of CO, were the two core
mechanisms responsible for the generation of such rough and
complex fractures during SC-CO; fracturing. Firstly, the low vis-
cosity and high diffusion capacity of SC-CO, enabled it to induce
the development of fractures along bedding planes, which could
intersect with the primary fracture. Secondly, during fracture
propagation, rapid pressure drops inside the fracture drove the
instantaneous phase conversion of SC-CO; into a gaseous state.
This phase transition was accompanied by intense volume
expansion, which provided sufficient driving force for the rapid
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Fig. 10. Digital quantification of 3D fracture characteristics in shale after water or SC-CO, fracturing.

and unstable propagation of fractures. However, if SC-CO, frac-
turing activated highly connected weak bedding planes in shale,
the CO; fluid might leak directly along the opened bedding planes,
thereby greatly weakening the enhanced fracturing effect induced
by CO, phase transition.

4.2. Influence of horizontal stress difference on 3D fracture
characteristics of shale

The magnitude and direction of in-situ stress significantly in-
fluence the propagation direction and range of fracturing fractures.
Therefore, different horizontal stress differences (cy—on = 0, 2, 4,
6, 8 MPa) were set in this study, and the specific scheme can be
seen in Table 1.

Fig. 11 shows the SC-CO, fracturing curves of shale under
different horizontal stress differences. It can be seen that the
horizontal stress difference did not significantly affect the overall
shape of the fracturing curves of the specimens. As the injection
time increased, the injection pressure initially rose gradually and
then accelerated rapidly. This was followed by a precipitous
decline in pressure once the breakdown pressure was attained. As
demonstrated in Fig. 11(a), in the absence of a horizontal stress
difference, the AE system detected a substantial number of signals
during thefracture initiation stage and fracture propagation stage.
This finding indicated that the fracture propagation behavior
exhibited obvious staged characteristics at a horizontal stress
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difference of 0 MPa. However, as illustrated in Fig. 11(b)-(e), when
a horizontal stress difference existed, it was only when the injec-
tion pressure approached its peak value that a substantial increase
in AE energy became evident. This finding indicated that under
conditions of a large horizontal stress difference, the formation of
microcracks in the specimens was suppressed during the early
stages. The energy tended to be released intensively and instan-
taneously upon the initiation of a macroscopic fracture.

As illustrated in Fig. 12, the 3D reconstruction results of frac-
tures facilitated a more intuitive comprehension of the fracture
propagation under varying horizontal stress differences in shale
specimens. As shown in Fig. 12(al)-(a4), when the horizontal
stress difference was 0 MPa, the process of SC-CO, fracturing gave
rise to the formation of three intersecting main fracture surfaces
in the specimen. Specifically, the process of SC-CO, fracturing
opened the weak bedding plane (BF) near the wellbore, and then
the fracture surface continued to penetrate the bedding plane
obliquely on both sides simultaneously on the basis of this BF,
eventually forming two very similar fracture surfaces (SCF; and
SCF,) distributed on both sides of the injection open hole. Among
them, the surface roughness of SCF; and SCF, was very close, both
around 0.62. As shown in Fig. 8(b1)-(b3), when the horizontal
stress difference reached 2 MPa, SC-CO, fracturing also opened
the weak bedding plane (BF) near the wellbore. However, only one
oblique fracture surface (SCF) crossing the bedding plane was
formed on the lower side of the injection cavity. As shown in



W.-X. Hong, S.-Q. Yang, B.-W. Sun et al.

16 3.0
14 4 Injection pressure
LEL“ —<— AE energy 25 E
s 12 S
g 40 oy = 14 MPa r20 E
2 e
o F15 *
S =
5 S
2 10 @
g @
Q0 w
£ 05 <
0 T * T T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800
Injection time, s
(a) ou—0, = 0 MPa (specimen S50)
35 40
Injection pressure |
& 30 1 —— AE energy 35 @
= 251 30 =
= oy =14 MPa L o5 o
2 o
2 =
© r20 X
Q. >
(2]
3 158
3 1o °
€ <
r5
0 T T T T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800

Injection time, s

(c) ow—a, = 4 MPa (specimen S43)

Petroleum Science 23 (2026) 7578-7601

25 20
Injection pressure
E 20 | —=— AE energy g
; 15 >
o o =14 MPa E
2 <)
o -
[} F10 X
a =
S =
o Q
3 5]
2 5w
= <<
0 T T T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800
Injection time, s
(b) oy~ = 2 MPa (specimen S41)
25 70
Injection pressure 60
—— AE ener r %)
g 201 B £
= I 50 E
g | oy =14 MPa -
2 15 F40 2
o) X
a 30 3
S <y
kel o
*g 20 §
Q2 w
= L1 <
0 T T T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800

Injection time, s

(d) 64—0n = 6 MPa (specimen S44)

60 25
Injection pressure

4 —=— AE ener 17}
E 50 9y Lo £
= >
o 40 _ €
5 oy = 14 MPa 15 2
[ -
o 301 X
a >
c r10 2
S 204 o
5 o)
Q0 L w
£ 10 5 <

0 T T T T T T T T 0

0 200 400 600 800 1000 1200 1400 1600 1800

Injection time, s

(e) ou—a, = 8 MPa (specimen S46)

Fig. 11. Variation curves of injection pressure and AE energy with injection time during SC-CO, fracturing under different horizontal stress differences.

Fig. 12(b1)-(b5), when the horizontal stress difference increased
to 4 MPa, SC-CO; fracturing resulted in the formation of one main
fracture surface (SCF;) and three branch fracture surfaces (SCFs,
SCF3, and SCF4) in the specimen. The three branch fractures were
all distributed near the surface of the specimen. It was noteworthy
that the main fracture surface (SCF;) underwent a deflection to-
wards the upper left during its propagation, which accounted for
the relatively high roughness of the fracture surface. In addition,
SCF; and SCF, were connected by an open bedding plane fracture
(BF). The generation of numerous branch fracture surfaces in the
specimen may be related to the phase transition of CO,. When the
specimen fractured, the volume of SC-CO, expanded instanta-
neously due to the phase transition that occurred during the
sudden pressure drop. This violent expansion significantly
enhanced the fracture propagation capability at the specimen
edges. As shown in Fig. 12(c1)-(c3), when the horizontal stress
difference further increased to 6 MPa, SC-CO, fracturing
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generated one main fracture surface (SCF;) in the specimen and
opened one bedding plane (BF) near the specimen surface. It was
worth noting that the orientation of SCF; began to approach the
direction perpendicular to the minimum principal stress. As
demonstrated in Fig. 12(d1)-(d2), when the horizontal stress
difference further increased to 8 MPa, SC-CO; fracturing merely
resulted in the formation of a single main fracture surface (SCF) in
the specimen. Moreover, the SCF was perpendicular to the di-
rection of the minimum principal stress. In a word, the horizontal
stress difference was a key factor regulating the propagation
pattern of SC-CO; fracturing fractures. Specifically, under low
stress difference, SC-CO, fracturing tended to open bedding
planes first, and then the fracture turned and ran obliquely across
the bedding plane. As the horizontal stress difference gradually
increased, SC-CO; fracturing could still well cross the bedding
planes, but its ability to activate bedding planes weakened. Under
high stress difference, SC-CO, fracturing tended to induce a single
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Fig. 12. 3D fracture reconstruction results of shale specimens after SC-CO, fracturing under different horizontal stress differences.

main fracture perpendicular to the minimum principal stress in
the shale specimen.

By reviewing the relationship between the propagation direc-
tion of the main fracture surface and the principal stress direction
in this study, it was found that the propagation direction of the
main fracture surface was basically consistent with the direction of
the maximum principal stress. However, under low horizontal
stress differences, the fracture surface was generally not strictly
perpendicular to the minimum principal stress direction. This was
because the low horizontal stress difference was insufficient to
fully control the propagation direction of SC-CO, fracturing frac-
tures. At this time, the influence of shale’s own structural char-
acteristics (such as bedding planes, natural fractures) and SC-CO;’s
low viscosity and high permeability on the fracture propagation
direction became more prominent. As the horizontal stress dif-
ference gradually increased, the propagation direction of SC-CO,
fracturing fractures was gradually controlled by the large hori-
zontal stress difference, and the main fracture surface was basi-
cally perpendicular to the minimum principal stress direction.

As demonstrated in Fig. 13, as the horizontal stress difference
gradually increased, the breakdown pressure of the specimen
exhibited an overall upward trend. Combined with the 3D recon-
struction results of fractures under different in-situ stress condi-
tions, as the horizontal in-situ stress difference increased, the
fracture propagation direction of the specimen was gradually
dominated by the stress field. Under the in-situ stress-dominated
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Fig. 13. Relationship between breakdown pressure and horizontal stress difference in
SC-CO; fracturing tests.

condition, the fractures tended to propagate perpendicular to the
minimum principal stress, which in this study meant that the
fractures had to penetrate the intact shale matrix vertically.
Evidently, fracturing the intact shale matrix requires a much
higher injection pressure compared with activating the relatively
weak bedding planes. Notably, at a horizontal stress difference of
6 MPa, the propagating fractures encountered weak horizontal
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Fig. 14. Digital quantification of 3D fracture characteristics in shale after SC-CO, fracturing under different horizontal stress differences.

bedding planes and consequently deflected from their original
path. Since the resistance to fracture propagation along the
bedding planes was considerably lower than that for fracture
propagation through the intact shale matrix, this specimen dis-
played a marked reduction in breakdown pressure.

As presented in Fig. 14(a) and (c), under conditions of low hor-
izontal stress difference (0, 2, and 4 MPa), the fractal dimension and
surface roughness of fractures were relatively high, and the varia-
tion trends of various fracture parameters with increasing hori-
zontal stress difference were inconsistent. It seemed that a smaller
horizontal stress difference had no significant influence on the
fracture parameters. In contrast, when the horizontal stress dif-
ference was increased further (6 and 8 MPa), the area ratio, fractal
dimension, and surface roughness of the fracture surface simulta-
neously exhibited a decreasing trend with increasing horizontal
stress difference. This finding suggested that a high horizontal
stress difference coefficient can reduce the roughness and
complexity of fractures induced by SC-CO, fracturing. As demon-
strated in Fig. 14(b), with the increase of the horizontal stress dif-
ference, the mean deviation angle of the specimens exhibited an
overall upward trend, which signifies that the fracture propagation
direction of the specimens gradually became perpendicular to the
direction of the minimum principal stress. This finding indicated
that the fracture propagation mechanism of the shale specimens
shifted progressively from being dominated by bedding planes to
being stress-dominated as the horizontal stress difference
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increased. It should be noted that the fluctuation in the mean de-
viation angle was attributable to the presence of horizontal fracture
surfaces within the fracture networks of individual specimens.
These fracture surfaces exhibited deflection angles close to 0°, thus
reducing the overall average deflection angle of the shale
specimens.

4.3. Influence of stress regime on 3D fracture characteristics of
shale

Two stress regimes were prevalent in shale gas reservoirs,
namely normal faulting (eyv > oy > on) and strike-slip faulting
(64 > ov > on) (Hossain et al., 2000; Zou et al., 2016). To eluci-
date the influence of stress regimes on the fracture propagation
behavior of shale in SC-CO; fracturing, two stress regimes were
adopted in this study: normal faulting (ov 14 MPa,
oy = 12 MPa, o1, = 10 MPa) and strike-slip faulting (oy = 12 MPa,
oy = 14 MPa, o, = 10 MPa). As shown in Fig. 8(b1), under the
normal faulting stress regime, the SCF of the specimen basically
propagated along the direction of the maximum principal stress;
however, due to the small horizontal stress difference, the
propagation direction was not strictly perpendicular to the di-
rection of the minimum principal stress. As illustrated in
Fig. 15(a)<(c), under the strike-slip faulting stress regime, SC-
CO; fracturing generated a main fracture surface (SCF) in the
specimen and opened bedding fractures (BF) near the specimen
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Fig. 15. 3D fracture reconstruction results of shale specimens after SC-CO, fracturing under strike-slip faulting stress regime.
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Fig. 16. Digital quantification of 3D fracture characteristics in shale after SC-CO, fracturing under different stress regimes.

edge. oy became a key driving factor, guiding the fractures to
propagate along its orientation.

As demonstrated in Fig. 16(a) and (b), the area ratio and fractal
dimension of the fracture surface under the normal faulting and
strike-slip faulting stress regimes were found to be highly close. As
demonstrated in Fig. 16(c), the mean deviation angles of cracks
under the normal faulting and strike-slip faulting stress regimes

7594

were also relatively close, at 27.34° and 20.24°, respectively.
However, under the strike-slip faulting stress regime, the distri-
bution range of 0 for the specimens was mainly between 0° and
30°, which was significantly more limited. Furthermore, the frac-
ture surfaces of specimens under the strike-slip faulting stress
regime exhibited higher surface roughness values (see Fig. 16(d)).
This phenomenon could be attributed to the fact that when the
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specimen was under the strike-slip faulting stress regime, the
bedding planes were less constrained by oy, and multiple layers at
the specimen edge were opened, resulting in greater undulations
on the fracture surface. In summary, given that the values of the
first and second principal stresses differed by a mere 2 MPa in this
study, the varying stress regimes exerted minimal influence on the
complexity of the fracture network. In conjunction with the 3D
fracture surface, it can be determined that the crack propagation
direction of specimens under the aforementioned two stress re-
gimes was still significantly influenced by bedding planes.

5. Discussions

5.1. Analysis of acoustic information during laboratory fracturing
experiments

In laboratory fracturing tests, AE acquisition equipment was
used simultaneously to collect acoustic information generated by
fracture propagation during the fracturing process. The acoustic
information provided detailed insights into fracture propagation
behavior induced by fracturing from another perspective. Fig. 17
shows the variation trend of AE energy with injection time during
water fracturing and SC-CO», fracturing. It can be observed that the
surge in AE energy signals mainly occurred during the stage when
the specimens reached the breakdown pressure and rapidly
generated fractures. The AE energy signals released during SC-CO,
fracturing of shale appeared more frequently than those during
water fracturing. Moreover, the maximum AE energy of SC-CO,
fracturing was 62% higher than that of water fracturing. In sum-
mary, compared with water fracturing, SC-CO; fracturing released
more frequent and stronger energy signals, which corresponded to
the ability of SC-CO, fracturing to form rougher and more complex
fractures in the shale specimen.

In order to better understand the mechanism of fracturing
fracture propagation, the distribution characteristics of the RA
value (rise angle, the ratio of rise time to amplitude) and the AF
value (average frequency, the ratio of ringing counts to duration)
were analyzed to determine the proportions of tensile and shear
microcracks induced by fracturing in shale specimens. In general, a
higher AF value and a lower RA value indicate tensile cracks, while
a lower AF value and a higher RA value indicate shear cracks. The
slope (k) was defined as the ratio of AF to RA. It was evident that
the k value would significantly influence the outcomes of crack
classification. As demonstrated in Fig. 18, among the k values
ranging from O to 500, the percentage of shear cracks in each
specimen was characterized by two phases, namely rapid growth
and slow growth, as the k value increased. As presented in Table 4,
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Fig. 17. AE energy versus injection time of shale specimens during water or SC-CO,
fracturing.
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Table 4
Fitting formulas and fitting effects for variation curves of shear crack proportion
with transition line slope.

Specimen number Exponential decay model R?

S1 y = —60.493902exp(—x/103.194821)+71.875 0.9521
S41 ¥ = —59.199957exp(—x/114.206686)-+62.5 0.9857
S43 y = —37.137015exp(—x/159.119646)+45.490196 0.979
S44 y = —31.902439exp(—x/148.016575)+39.02439  0.9698
S46 y = —46.600117exp(—x/307.884792)+57.042631 0.9884
S50 y = —41.196459exp(—x/96.836027)+57.647059  0.9436

the single exponential decay model was adopted to describe the
relationship between the proportion of shear cracks and the k
value, and the fitting effect was good, with a coefficient of deter-
mination greater than 0.94. It was noted that there was a critical
slope, designated ko. When the k value fell within the range of
0~kp, an increase in the k value resulted in a rapid increase in the
percentage of shear cracks. This indicated that the k value within
this range exerted a greater influence on the results of crack
classification. When k exceeded kg, the percentage of shear cracks
exhibited a slow increase, suggesting that after k had surpassed kg,
the influence of the k value on the resultant crack classification
was significantly reduced (Wang et al., 2024). Kneedle’s algorithm,
which was based on the analysis of curvature change, was suitable
for identifying the characteristic points in the above fitted curves
where the growth rate of k changed from fast to slow (Satopaa
et al., 2011). After calculation, the characteristic points were ob-
tained within the range of 114-188 for specimens in this study,
with a mean value of 148 (see Fig. 18). Consequently, the optimal
transition line between shear and tensile cracks in RA/AF param-
eter analysis was uniformly determined as 1:148. The crack clas-
sification results for each specimen were relatively accurate and
could be further analyzed.

Fig. 19 illustrates the proportions of microcracks generated
during water fracturing and SC-CO, fracturing. Taking shale
specimens with horizontal bedding planes as examples (Speci-
mens 1 and 41), the fractures generated by both water fracturing
and SC-CO;, fracturing consisted of tensile cracks and shear cracks,
and the proportions of each type exceeded 40%. This indicated that
tensile cracks and shear cracks jointly controlled the propagation
of fractures induced by fracturing in transversely isotropic mate-
rials, which was related to the bedding structure of shale.

As shown in Fig. 11(a), when the horizontal stress difference
was 0 MPa, the AE system detected a large number of signals
during both the fracture initiation stage and the fracture propa-
gation stage of SC-CO- fracturing. Accordingly, the RA/AF param-
eter analysis method was used to analyze the proportions of
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Fig. 20. Proportions of tensile and shear microcracks induced by SC-CO; fracturing in shale specimens during the fracture initiation stage and fracture propagation stage.

microcracks generated in these two stages. As shown in Fig. 20(a),
during SC-CO; fracturing, tensile cracks accounted for 42% of the
microcracks generated in the fracture initiation stage, while shear
cracks accounted for 58%. This indicated that the initially gener-
ated cracks exhibited a mixed tensile-shear type, but shear cracks
were predominant. However, as shown in Fig. 20(b), in the fracture
propagation stage, the proportion of tensile cracks increased
significantly to 67%, while the proportion of shear cracks
decreased to 33%. This showed that in the fracture propagation
stage, tensile cracks became the main form of microcrack gener-
ation. This variation in the proportions of microcracks reflected
that during SC-CO, fracturing, the fracturing mechanism differed
between different stages. The 3D reconstruction results of frac-
tures in this study (see Fig. 12(a1)) provided clear visual evidence
to validate the conclusion that, when the horizontal stress differ-
ence was 0 MPa, fracture initiation was predominantly induced by
shear action, whereas the contribution of tensile action to micro-
crack formation increased progressively as fracture propagation
proceeded. This offered an important basis for the in-depth un-
derstanding of the fracture mechanism of shale during SC-CO,
fracturing. This was consistent with previous findings: viscous
fluids tended to generate tension-dominant fractures, while low-
viscosity fracturing fluids tended to generate shear-dominant
fractures (Ishida et al., 2016).

It should be emphasized that the priority tendency of low-
viscosity SC-CO, to generate shear-dominant fractures meant
that SC-CO, had the ability to preferentially open weak bedding
planes and enhance fracture intersection. Therefore, the
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proportion of shear cracks was usually highly positively correlated
with the activation of bedding planes. The classification results of
internal fracturing microcracks in shale specimens after SC-CO,
fracturing under different stress regimes strongly supported this
conclusion. Fig. 21 shows the proportions of tensile and shear
microcracks in shale specimens after SC-CO, fracturing under
different horizontal stress differences. When the horizontal stress
difference was 0 MPa, tensile cracks accounted for 53% and shear
cracks accounted for 47%, with a relatively balanced distribution of
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Fig. 21. Proportions of tensile and shear microcracks in shale specimens induced by
SC-CO; fracturing under different horizontal stress differences.
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scatter points corresponding to the two types of cracks in the
scatter plot; however, as the horizontal stress difference progres-
sively increased to 2, 4, 6, and 8 MPa, the proportions of tensile
cracks successively reached 54%, 69%, 74%, and 74%. It can be
concluded that, with the increase of horizontal stress difference,
the proportion of tensile cracks inside shale specimens after SC-
CO; fracturing showed a gradual upward trend. This indicated that
the horizontal stress difference had an important influence on the
type of microcrack formation in shale during SC-CO, fracturing.
The larger the horizontal stress difference, the more conducive it
was to the generation of tensile cracks, which supported the
conclusion of this study that the direction of fracture propagation
was dominated by the stress field under a large horizontal stress
difference.

5.2. Fracture propagation patterns when a fracture induced by SC-
CO; fracturing approached a shale bedding plane

Many scholars believed that there was a fracture process zone
(FPZ) at the front of dynamically propagating fractures (Zhang
et al.,, 2023; Lu et al., 2025). As shown in Fig. 22(a), prior to the
intersection of fracturing fractures with bedding planes, three
types of microcracks could appear in the FPZ. Crack A was defined
as a tensile microcrack generated within the shale matrix when
tensile stresses in the FPZ in the fracture height direction exceeded

(a) Microcrack generation mechanism

Bedding plane

(b) Activating pattern

[8]+[c]

Activating

Bedding plane

(d) Penetrating pattern

[c]+[A]

Penetrating

Bedding plane
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the tensile strength of the shale matrix. Crack B was defined as a
shear microcrack on the bedding plane caused by the shear stress
in the FPZ in the fracture height direction exceeding the shear
strength of the bedding plane. Crack C was defined as a tensile
microcrack in the shale matrix caused by the tensile stress in the
FPZ in the fracture length direction exceeding the tensile strength
of the shale matrix.

Based on the definitions of the three types of microcracks
mentioned above, the 3D fracture propagation behavior when
encountering bedding planes during SC-CO, fracturing can be
systematically summarized. As shown in Fig. 22(b)-(e), when a
fracture induced by SC-CO», fracturing approached a shale bedding
plane, four distinct behaviors might occur: (1) activating, (2)
deflecting, (3) penetrating, or (4) composite. To be specific, (1)
Activating: crack B was preferentially generated on the bedding
plane in the FPZ in the fracture height direction, and subsequently,
propagation continued in the fracture height direction (crack C).
This was manifested by SC-CO, injection first activating the
bedding plane, followed by fracture propagation in the fracture
height direction. (2) Deflecting: as crack C extended to the bedding
plane, crack B formed on the bedding plane in the FPZ in the
fracture height direction. This manifested as a deflection of the
fracture along the bedding plane during its propagation. (3)
Penetrating: crack C extended along the fracture length direction,
and crack A crossed the bedding plane in the fracture height

(A) Tensile crack
in shale matrix
in the fracture
height direction

(B) Shear crack
on bedding plane

(C) Tensile crack
in shale matrix

&
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Fig. 22. Schematic diagram of microcrack generation mechanism and fracture propagation patterns when a fracture induced by SC-CO, fracturing approached a shale bedding

plane (modified from Zhang et al. (2023)).
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direction, yet the bedding plane remained stable. (4) Composite:
as the conditions for generating cracks A, B, and C were simulta-
neously satisfied, the crack not only fully penetrated the bedding
plane but also opened that bedding plane, either through activa-
tion or deflection. This classification of fracture propagation
behavior could assist in the evaluation of the propagation char-
acteristics of SC-CO; from a 3D perspective.

5.3. Implications

As shown in Fig. 23(a), helical perforation represents the
mainstream perforation-fracturing completion method for the
stimulation of deep shale reservoirs via hydraulic fracturing.
However, the applicability of this perforation technique to shale
SC-CO; fracturing remains under investigation. Constrained by the
limitations of laboratory experimental scales, operations involving
casing cementing and helical perforation are difficult to replicate
realistically. Consequently, the complex near-wellbore fractures
induced by helical perforation were neglected (Tan et al., 2017).
Therefore, as illustrated in Fig. 23(b), this study focused on the
perforation direction parallel to the vertical principal stress (ov),
and the analysis of its SC-CO, fracturing stimulation effect can
provide insights for engineering practices.

The Changning Block in southern Sichuan is a pivotal shale gas
production area in China. Based on the measured stress data from six
exploration wells, the horizontal in-situ stress difference coefficient
in this block ranges from 0.08 to 0.24 (Jin et al., 2024). The in-situ
stress difference coefficient is a key parameter for predicting the
fracturing stimulation effect of shale reservoirs. It is defined as the
ratio of the horizontal stress difference to the minimum horizontal
principal stress. A smaller value of this parameter indicates a stron-
ger capacity of the formation to develop a complex fracture network
after fracturing; conversely, a larger value leads to more unidirec-
tional fracture propagation, resulting in poor reservoir stimulation
effectiveness. Nevertheless, due to the significant spatial heteroge-
neity of the tectonic stress field in shale reservoirs (Liu et al., 2020),
the actual geo-stress conditions may vary considerably between
different wells and at different burial depths (Zhang et al., 2017). To
cover a broader range of horizontal in-situ stress difference sce-
narios, the horizontal stress difference coefficients designed in the
experiments of this study were 0, 0.2, 0.5, 1.0, and 2.0. The results of

Bedding plane

Perforation tunnels
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=)

Horizontal
wellbore

Multi-string casing Cement sheath
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(a) Helical perforation fracturing-completion model
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this study indicated that under low stress difference coefficients (0
and 0.2), SC-CO; fracturing not only opened the shale bedding planes
but also formed oblique main fractures in the shale matrix. Under
moderate stress difference coefficients (0.5 and 1.0), SC-CO, frac-
turing still generated oblique main fractures in the shale matrix, but
its ability to preferentially activate bedding planes was weakened,
with bedding plane initiation tending to occur at the edge of the
specimen. Under a high stress difference coefficient (2.0), SC-CO,
fracturing produced main fractures approximately perpendicular to
the minimum principal stress in the shale specimen.

Based on the above experimental results, engineers can opti-
mize the SC-CO, fracturing scheme according to the actual dis-
tribution of in-situ stress difference coefficients in the shale
reservoir. Specifically, for fracturing intervals with low to moder-
ate in-situ stress difference coefficients, the number of perforation
clusters in the interval can be appropriately increased to promote
the formation of complex fracture networks in the reservoir.
However, it should be noted that due to the strong diffusion ability
of SC-CO,, rapid filtration loss of SC-CO along the opened bedding
planes was observed in the experiments. In actual fracturing op-
erations, the injection rate of SC-CO, can be appropriately
increased to utilize this filtration effect, activate natural fractures
as much as possible, and expand the stimulated reservoir volume.
For fracturing intervals with high in-situ stress difference co-
efficients, the directional penetration advantage of the main
fractures should be fully utilized to increase fracture height during
reservoir stimulation. Meanwhile, the perforation density should
be appropriately reduced to mitigate filtration loss of SC-CO,,
thereby ensuring successful fracture initiation. In addition, the
experimental data of this study showed that the higher the in-situ
stress difference coefficient, the higher the corresponding reser-
voir breakdown pressure tended to be. Therefore, to avoid the risk
of overpressure operation of CO, fracturing pump trucks, it is
imperative to conduct full-process pump pressure monitoring
during the construction of fracturing intervals with high in-situ
stress difference coefficients.

5.4. Limitations

This study has two main limitations that can be addressed in
future research. Firstly, owing to the pressure limitations of the

(b) Simplified experimental model

Fig. 23. Schematic of helical perforation fracturing-completion model and simplified experimental model for horizontal section of shale gas reservoirs.
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pump employed in the experiments, the geo-stress values adopted
in the SC-CO, fracturing tests of this study were relatively low,
which was different from the actual high stress conditions of deep
shale reservoirs. The experimental results demonstrated that un-
der low geo-stress conditions, CO, phase transition induced the
formation of a multi-branched fracture network within the shale
specimens. However, the extent to which CO; phase transition
affects fracture propagation behavior under the constraints of high
geo-stress remains to be further investigated. Secondly, although
this study examined the effects of normal faulting and strike-slip
faulting stress regimes on fracture propagation behavior, the
small difference between the vertical principal stress and
maximum horizontal principal stress resulted in experimental
outcomes indicating that fracture propagation direction was still
significantly dominated by bedding planes. Therefore, future
fracturing tests can enlarge the difference between the vertical
principal stress and the maximum horizontal principal stress to
comprehensively clarify the effect of stress regimes (normal
faulting or strike-slip faulting) on fracture propagation behavior.

6. Conclusions

In this study, a series of laboratory true triaxial fracturing ex-
periments were conducted on the Longmaxi Formation shale. The
3D reconstruction of minute fractures induced by SC-CO, frac-
turing was achieved through the integration of the U-Net model
with the CT technology, and the fracture characteristics were
digitally quantified. Furthermore, the types of microcracks
generated during fracturing experiments were identified with the
help of AE technology. This study focused on the influence of the
fluid type, horizontal stress differences and stress regimes on the
fracturing-induced fracture characteristics and fracture propaga-
tion behavior of shale specimens. The main conclusions of this
study are as follows.

(1) Compared with water fracturing, SC-CO, fracturing could
significantly reduce the breakdown pressure of shale spec-
imens and was capable of forming rougher fracture surfaces
and more complex fracture networks. The results of 3D
fracture reconstruction clearly demonstrated that the ability
of SC-CO; to activate bedding planes and the phase transi-
tion effect of CO, were the two core mechanisms respon-
sible for the generation of such rough and complex fractures
during SC-CO; fracturing. However, if SC-CO, fracturing
activated highly connected weak bedding planes in shale,
the CO; fluid might leak directly along the opened bedding
planes, thereby greatly reducing the enhanced effect of
fracturing induced by CO, phase transition.

(2) As the horizontal stress difference increased, the fracture
propagation behavior of shale in SC-CO, fracturing experi-
ments gradually shifted from being dominated by bedding
planes to being dominated by geo-stress. Under low stress
difference coefficients, SC-CO, fracturing not only opened
the shale bedding planes but also formed oblique main
fractures in the shale matrix. The fracture initiation stage
was dominated by shear cracks, whose main role was to
activate bedding planes. The fracture propagation stage was
dominated by tensile cracks, which promoted the fracture
extension and network construction; under moderate stress
difference coefficients, SC-CO, fracturing still generated
oblique main fractures in the shale matrix, but its ability to
preferentially activate bedding planes was weakened; under
a high stress difference coefficient, SC-CO, fracturing pro-
duced main fractures approximately perpendicular to the
minimum principal stress. Additionally, a large horizontal
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stress difference coefficient would reduce the roughness
and complexity of fractures induced by SC-CO, fracturing.

(3) The stress regimes (normal faulting or strike-slip faulting)
exerted minimal influence on the complexity of the fracture
network because of the small magnitude difference be-
tween the maximum and intermediate principal stresses.
The fracture propagation behavior of shale under the above
two stress regimes remained significantly governed by the
bedding plane. In addition, fracture propagation patterns
when a fracture induced by SC-CO; fracturing approached a
shale bedding plane were summarized, namely activating,
deflecting, penetrating, and composite.
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