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ABSTRACT

Supercritical CO; (SC-CO;) fracturing stands out a promising waterless stimulation technique in the
development of unconventional resources. While numerous studies have delved into the induced-
fracture mechanism of SC-CO,, the small scale of rock samples and synthetic materials used in many
studies have limited a comprehensive understanding of fracture propagation in unconventional forma-
tions. In this study, cubic tight sandstone samples with dimensions of 300 mm were employed to
conduct SC-CO; fracturing experiments under true-triaxial stress conditions. The spatial morphology and
quantitative attributes of fracture induced by water and SC-CO, fracturing were compared, while the
impact of in-situ stress on fracture propagation was also investigated. The results indicate that the SC-
CO; fracturing takes approximately ten times longer than water fracturing. Furthermore, under identical
stress condition, the breakdown pressure (BP) for SC-CO, fracturing is nearly 25% lower than that for
water fracturing. A quantitative analysis of fracture morphology reveals that water fracturing typically
produces relatively simple fracture pattern, with the primary fracture distribution predominantly
controlled by bedding planes. In contrast, SC-CO, fracturing results in a more complex fracture
morphology. As the differential of horizontal principal stress increases, the BP for SC-CO fractured rock
exhibits a downward trend, and the induced fracture morphology becomes more simplified. Moreover,
the presence of abnormal in-situ stress leads to a further increase in the BP for SC-CO, fracturing,
simultaneously enhancing the development of a more conductive fracture network. These findings
provide critical insights into the efficiency and behavior of SC-CO, fracturing in comparison to traditional
water-based fracturing, offering valuable implication for its potential applications in unconventional
reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

development. Tight sandstone gas, considered an important un-
conventional resource, has a resource of approximately

As a major energy-consuming country, China is actively pro-
moting the exploration and development of unconventional oil and
gas resources that are closely related to national economic
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21 x 10'? m? in China. It is primarily distributed in the Paleozoic of
the Ordos Basin, the Xujiahe Formation of the Sichuan Basin, the
Jurassic of the Turpan-Hami Basin, and the deep layers of Songliao
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and Bohai Bay Basins (Wang and Zhou, 2022). However, the proven
reserves of onshore tight gas in China only accounted for about 25%
of the tight gas resources by the end of 2020. Therefore, acceler-
ating the exploration and development of tight gas resources is of
great significance (Jia et al., 2012, 2022). Hydraulic fracturing is one
of the most important oil and gas stimulation methods, and it has
been widely applied around the world in recent years (Liu, 2021).
However, despite its benefits to oil and gas production, hydraulic
fracturing still poses many issues regarding reservoir and envi-
ronmental protection. Large-scale hydraulic fracturing requires
substantial amounts of water, which presents significant challenges
in arid regions (Xia and Wu, 2021). Additionally, abundant chemical
additives in the water-based fracturing fluid can contaminate the
shallow aquifer and surface environment (Small et al., 2014;
Sakmar, 2011). Furthermore, the water-based fracturing fluid can
cause clay minerals to swell, resulting in formation damage
(Anderson et al., 2010). Therefore, to solve these problems, water-
less fracturing is gradually proposed as an essential way to develop
unconventional hydrocarbons. With the proposed carbon capture,
utilization and storage (CCUS) project, CO; is gradually being
regarded as a resource for oil and gas development (Sinal and
Lancaster, 1987; Wang et al., 2012). When the temperature and
pressure of subsurface environment exceed 31.1 °C and 7.38 MPa,
respectively, the injected CO, reaches supercritical state (Span and
Wagner, 1996; Gupta et al., 2005). Supercritical CO, (SC-CO2) has
many particular properties, such as water-like density and gas-like
viscosity, almost zero surface tension, etc. As a result, SC-CO5 is
considered a waterless fracturing fluid for exploiting unconven-
tional hydrocarbon (Kolle, 2000; Liu et al., 2013; Yang et al., 2023).
Recently, various investigations have been performed to explore
the feasibility and mechanism of SC-CO, fracturing.

Initially, (Ishida et al., 2012, 2013, 2016) and Inui et al. (2014)
successively carried out fracturing experiments on granite using
different fluids, including viscous oil, water, liquid CO, and SC-CO»,
to monitor the fracture propagation process. The results showed
that low-viscosity fluids such as liquid and SC-CO; can induce more
complex fractures compared to high-viscosity fluids like water and
oil. Further, low-viscosity fluids mainly induce shear fractures,
while high-viscosity fluids induce tensile fractures. Chen et al.
(2015) and Bennour et al. (2015) conducted true-triaxial hydraulic
fracturing experiments on anisotropic granite and shale samples
with fluids of different viscosities, and confirmed the influence of
fluid viscosity on fracture propagation mode. They discovered that
relatively complex fracture networks are formed in the rock when
using low-viscosity fluids like SC-CO5. Fractures induced by SC-CO;
mainly propagate along mineral boundaries, while fractures
generated by water and oil often penetrate through mineral par-
ticles. Wang et al. (2017) also conducted gas- and SC-CO; fracturing
experiments on naturally fractured Niobrara shale samples. The
results suggested that the breakdown pressure of shale fractured by
SC-CO; is far below the theoretical prediction value and that of slick
water fracturing, and some even fell below the minimum hori-
zontal stress. Furthermore, Zou et al. (2018) studied the behavior of
SC-COy-induced fractures in layered tight sandstones. They
concluded that the fractures induced by SC-CO, are mainly shear
failures, and most of the fracture branches induced by SC-CO,
fracturing are narrower than those induced by water fracturing,
which may hinder the transportation of proppants. Since SC-CO,
has an extremely high leakage rate, a large pumping rate is
necessary to maintain a high injection pressure, allowing the
fractures to open widely and persistently.

In addition to the aforementioned research, SC-CO; fracturing
experiments on artificial cement samples and transparent acrylic
materials were carried out by Zhou et al. (2018a, 2018b). They
discovered that the energy release rate in SC-CO> fracturing is 1—3
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orders of magnitude higher than that of water fracturing. There-
fore, it would lead to the formation of multi-branched fractures
due to the high amount of accumulated energy that could be
converted into a driving force. Also, the SC-CO, phase transition is
an important cause of forming complex fractures in the fracturing
process. Similarly, Zhang et al., (2019) conducted SC-CO, frac-
turing experiment on shale considering the effect of anisotropy. It
was found that as the bedding angle increases, the breakdown
pressure of rock generally shows a downward trend. Additionally,
the breakdown pressure of shale increases gradually with the
increase in fluid injection rate. Recent study (Shafloot et al., 2021)
on fracturing behavior of SC-CO, and water with Green River shale
demonstrated that the breakdown pressure of water fracturing
was two to three times greater than that of SC-CO,. Under the
isotropic horizontal stress, SC-CO,-induced fracture propagation
hardly depends on the bedding plane. In comparison, Yang et al.
(20214, 2021b, 2024) proposed a fracture-quantification method
based on micro-CT images to investigate the fracture initiation
mechanism of tight sandstone formation. The results indicated
that SC-CO; fracturing tended to form more complex fracture
mode, with lager roughness, fractal dimension, fracture volume
fraction, etc., compared to water. Zang et al. (2023a, 2023b) con-
ducted pre-CO, fracturing in tight sandstone using digital image
correlation (DIC) method. They found that low-viscosity fluid like
SC-CO; more tend to induce micro-fractures, and the fracture
modes are main I-Il composite fractures. The DIC method is
regarded as an intuitive, accurate, and effective method for
quantifying fracture characteristics. However, these rock sample
used in the laboratory research is quasi-three-dimensional rock
slab, and the true triaxial stress condition of the subsurface cannot
be realized. Zhao et al. (2022) established a workflow that com-
bines machine learning algorithms with the three-dimensional
lattice method to investigate the fracture propagation process in
four main shale fabric facies. Meanwhile, sensitivity analyses were
also carried out to quantify the impacts of different control pa-
rameters on fracture propagation. Liu et al. (2023) proposed four
indicators for describing wellbore deflection based on fracture
morphology. Then, several fracturing designs, including stage
arrangement, fracturing sequence and fracturing techniques,
were applied to study the feasibility of the fan-shaped well factory
design. Zhang et al. (2024) utilized the lattice method to conduct
multi-scale fracture propagation in layered media and verified it
through laboratory fracturing observations and field microseismic
monitoring. In addition, they carried out a creep analysis of CO-
fracturing in natural gas hydrates, and this research is of great
significance for the long-term prediction of the geomechanical
response during natural gas extraction (Tang et al., 2024).

While numerous studies have explored the fracturing process of
SC-CO,, research related to the tight sandstone formation remains
scarce. Current research on the fracturing of tight sandstone using
supercritical CO: faces the issue of small sample sizes, typically less
than 100 mm, which limits the fracture propagation area (Li et al.,
2019; Yang et al., 2022). Although Zou et al. (2018) increased the
sample size in their study, their quantitative analysis methods were
insufficient. They performed a qualitative analysis of fracture dis-
tribution using CT imaging but did not conduct a quantitative
assessment of the spatial parameters of the fractures. Therefore, it
is crucial to investigate the fracture propagation characteristics of
tight sandstone induced by SC-CO, fracturing, particularly with
larger rock samples simulating in-situ stress conditions. This paper
aims to carry out SC-CO, fracturing experiments on tight sandstone
under true-triaxial conditions and reconstruct the fracture
morphology. Additionally, fracture parameters such as roughness
and fractal dimension will be obtained using quantitative algo-
rithms to explore the fracture propagation characteristics. The
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results are expected to provide theoretical guidance for SC-CO;
fracturing craft design.

2. Experimental
2.1. Apparatus

The SC-CO, fracturing experiment is carried out using a true-
triaxial stress system (as shown in Fig. 1) that has been improved
based on the SC-CO- jet equipment (Wang et al., 2018). The frac-
turing experimental system comprises a SC-CO, generation and
injection unit, a true-triaxial stress loading unit, and a control &
data monitoring unit. This system can replicate formation tem-
perature and stress conditions and conduct fracturing experiments
with a variety of fluids such as water, CO3, Ny, etc.

The SC-CO; generation and injection system is composed of a
CO; container, a cooling box, a high-pressure syringe pump, and a
constant-temperature heating tank. The CO, container serves as
the fluid source for fracturing experiments, and multiple gas cyl-
inders are prepared to ensure an adequate supply of CO,. The
cooling box is used to liquefy the gaseous CO,, which includes a
refrigeration unit, a water-bath cold box, coolant, and a tempera-
ture control device. Once the CO, reaches a liquid state, it is pres-
surized by a high-pressure syringe pump and heated by a heating
tank to exceed the critical pressure and temperature of CO;
(7.38 MPa and 31.1 °C, respectively).

The true-triaxial stress loading unit is a crucial module of the
fracturing experimental system and consists of a rock sample
holder, a hydraulic loading unit, and an operation control unit. As
shown in Fig. 2, the rock sample holder can accommodate cube rock
samples with side lengths ranging from 100 to 400 mm. The
heating rods situated on the side of the stress-loading cover plate
are used to heat the rock sample, which can be heated up to 300 °C.
The triaxial stress is independently applied along the x-, y-, and z-
directions by the hydraulic unit and can provide a maximum
triaxial stress of 60 MPa. During the experiment, the control unit
enables the expected stress value and experimental temperature to
be set to simulate reservoir conditions.

The control and data monitoring unit mainly control the
experimental process using various sensors and data lines, and
record parameters such as fluid pressure and triaxial stress in real
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Fig. 2. Rock sample holder.

time. It is also used to address various abnormal conditions to
ensure the progress of the experiment and the handling of safety
emergencies.

2.2. Sample preparation

To explore the fracture propagation characteristics of SC-CO,
fracturing under reservoir conditions, tight sandstone outcrops
were collected from the Chang 6 Member of Yanchang Oilfield in
Shaanxi Province. The mechanical properties of the rock sample
from outcrops are detailed in Table 1. To facilitate better observa-
tion of fracture morphology and considering the original size of the
outcrop, a standard sample with a side length of 300 mm was
selected as the experimental specimen. Subsequently, a simulated
borehole, perpendicular to the bedding plane, was drilled with a
depth of 160 mm and a diameter of 16 mm. A steel pipe, with an
outer diameter of 14 mm and a length of 140 mm, was affixed to the
borehole to serve as a channel for fluid injection. As illustrated in
Fig. 3, a 20 mm open-hole section at bottom of the borehole was

Control and data

Sensor s
acquisition system

Pressure gage

Heating tank
Syringe pump

)=

Wellbore

ol

Rock sample

Triaxial-loading system

Cooling tank

Loading plate

/

Heating rod

Fig. 1. Diagram of the true-triaxial fracturing system.
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Table 1
Mechanical properties of tight sandstone collected from Chang 6 Member.
Density, g/cm® Compressive strength, MPa Tensile strength, MPa Elastic modulus, GPa Poisson's ratio Permeability, 10~'? m? Porosity, %
2.67 186.5 53 13.826 0.276 0.01115 4.89
to the desired testing temperature according to the experimental

®8 mm

o O o O = O R«

300 mm

‘M

(m)

Fig. 3. Diagram of standard rock sample.

intentionally left after cementing.

2.3. Experimental procedure

To investigate the fracture propagation behavior, fracturing ex-
periments were conducted using water and SC-CO, under various
in-situ stress conditions. Based on the geological data from the tight
reservoir of Chang 6 Member in Yanchang Oilfield, the maximum
horizontal principal stress is distributed within the range of
40—47 MPa, the minimum horizontal principal stress falls within
34—38 MPa, and the difference in the horizontal principal stress is
distributed in the range of 2—9 MPa. Therefore, to simulate the
geological stress conditions, a similar horizontal stress difference
was applied in the experimental process. The experimental scheme
is outlined in Table 2.

This paper presents a detailed description of the experimental
procedures employed to investigate the fracture characteristics of
rock samples subjected to SC-CO; injection. The experimental pro-
tocol consists of the following key steps: (1) Experimental prepa-
ration. This stage involves preparing CO, source, ensuring the
pipeline's tightness, and vacuuming the pipeline to remove any
impurities and air. Additionally, the tight sandstone sample is heated

Table 2
Experimental schemes of fracturing with water and SC-CO,.

plan. (2) Rock sample installation and stress loading. The prepared
rock sample is placed into the triaixal holder, then the heating unit of
triaxial loading system is activated to maintain the required tem-
perature. Triaxial stress is then applied to the rock sample, beginning
with the application of the minimum horizontal principal stress to a
specified value, followed by applying the maximum principal stress
at the same loading rate. The principal stresses in two horizontal
directions are brought to the target pressure through alternate
loading. Finally, the vertical stress is applied. (3) SC-CO, generation
and injection. CO, is released from a steel cylinder and passed
through a cooling unit to convert it into a liquid state. The liquid CO,
is then pumped into a heating tank to elevate its temperature to the
supercritical state, which is the desired phase for injection into the
wellbore. (4) Data monitoring and experimental control. Throughout
the injection of fracturing fluid, the entire experiment is monitored
and controlled by a control system, various parameters such as
temperature, pressure, and other relevant data are continuously
monitored in real-time. (5) Dye fluid injection. After rock is frac-
tured, unload the triaxial stress is applied to the rock samples. Dye
fluid is injected into the fractured rock sample with a low injection
rate, pressure variations and fluid flow trajectories of dye fluid are
recorded to capture the fracture propagation characteristics. (6)
Fracture surface scanning. The fracture surfaces are eventually
scanned using a contactless micromorphological scanner, a series of
algorithms are then employed to analyze the quantitative properties
of fracture surfaces.

2.4. Quantitative algorithm for fracture morphology

This section delves into the examination of the topographical
attributes of fractures induced by SC-CO, through a contactless
micromorphological scanner. The stereo images depicting the
fracture surface are presented in Fig. 4. To acquire quantitative
insight into these fractures, we derive the areal roughness and
complexity parameters from height images utilizing a series of al-
gorithms. The roughness of fracture surface is quantified by the
maximum height of surface (S;), and the root mean square (RMS)
(Sq) of the height distribution. The S is defined as height difference
between the highest peak and the deepest valley within the spec-
ified sampling area. The RMS (Sq) is characterized as standard de-
viation of the height distribution (Jia et al., 2018), and can be
calculated using the following formula:

Number Fluid Temperature T, °C Injection rate Q, mL/min ovy/ou/on, MPa
YO Water 40 20 16/12/8

Y1, Y2 SC-CO, 40 40 16/12/12

Y3, Y4 16/12/10

Y5, Y6 16/12/8

Y7, Y8 16/12/6

Y9, Y10 16/12/4

Y11 16/18/12

Y12 16/18/16

Note: gy-vertical principal stress; oy-maximum horizontal principal stress; oy-minimum horizontal principal stress.
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Fig. 4. Micromorphological scanning image analysis of fracture surface.

where A represents the sampling area of fracture surface; z(x, y)
denotes the maximum height in different position.

The complexity of fracture morphology is delineated through
the parameter of fractal dimension (FD). It is a statistical index of
complexity comparing how detail in a fractal pattern change with
the scale at which it is measured (Yang et al., 2021a). In this study, a
box-counting method is employed to calculate fractal dimension
(FD), which is expressed as follows (Bonnet et al., 2001; Falconer,
2014):

o In(Ny)
FD =l

(2)
where N; corresponds to the number of boxes with size r needed to
cover the structure. For a 3D fracture surface, 2 < FD < 3 and a larger
FD value means a relatively complex surface, while a smaller FD
describes a surface with less complexity (Dutilleul et al., 2015).

Furthermore, tortuosity (Tp) serves as another crucial parameter
for characterizing fracture morphology. It is defined as the ratio of
the total length (Lf) to the linear length (Lp) between the two ends
of fracture, which can be obtained using the methodology illus-
trated in Fig. 5 and Eq. (3) (Li et al., 2019).

Lg

TO :E

(3)

3. Experimental results of water and SC-CO fracturing

In this section, the fluid pressure curves for both water and SC-
CO, fracturing are recorded, and breakdown pressures (BP) under
various in-situ stress conditions are discussed. Subsequently, the
spatial morphologies of induced fractures are reconstructed for a
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comprehensive understanding of the fracturing process. The
quantitative characteristics of fracture surface are investigated us-
ing advanced algorithms, providing insights into the intricate de-
tails of the fractures. Furthermore, the fracture propagation
characteristics of SC-CO» fracturing in tight reservoirs are analyzed.

3.1. The curve of fluid pressure during water and SC-CO; fracturing

The fluid pressure responses during water and SC-CO, frac-
turing, conducted under identical stress conditions, are depicted
and compared in Fig. 6. During the initial stage of water fracturing,
the fluid pressure exhibited a gradual increase characterized by a
modest growth rate. Subsequently, it transitioned to a second stage
within a very brief timeframe, marked by a pronounced and
accelerated increase in pressure. Upon reaching a fluid pressure of
17.1 MPa, a transient pressure drop ensued, signaling the initiation
of localized fractures within the rock mass. Following this pressure
fluctuation, there was a subsequent rise in fluid pressure, mani-
festing two distinct effects: firstly, the expansion of pre-existing
fractures, and secondly, continued pressurization of the fluid in
the unfractured region, leading to the initiation of additional frac-
tures. This dynamic pressure behavior indicates that the larger-
sized rock sample offers a relatively ample space conducive to
effective fracture propagation under true-triaxial conditions.

Unlike water fracturing, the pressure evolution during SC-CO,
fracturing can be delineated into three distinct stages: In the initial
phase of fluid injection, the pump pressure undergoes a linear and
gradual increase until surpassing the critical pressure of CO,,
constituting approximately half of the entire experimental process
(around 15 min). This prolonged duration is attributed to the pro-
nounced compressibility of CO,, necessitating considerable time for
fluid compression. Consequently, the pressure experiences a rela-
tively low growth rate before reaching the critical value. Upon fluid
injection, there is a swift escalation in pressure until the rock un-
dergoes breakdown, represented by the peak of the pressure curve.
This stage exhibits a higher-pressure growth rate compared to the
initial phase, and the time required is only about a quarter of the
initial period. This phenomenon signifies that CO, has attained its
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Photograph of the fractured sample
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Side view of the fracture reconstruction

Fig. 5. The schematic of tortuosity calculation method for fractured rock sample.

35

—— SC-CO, fracturing

—— Water fracturing
30 1

26.3 MPa
25

171 MFe 19.7 MPa

20

Fluid pressure, MPa

0 T T T
25 30

Time, min

Fig. 6. Fluid pressure profiles in water and SC-CO, fracturing.

compression limit during this stage, leading to a rapid elevation in
fluid pressure through continuous compression of fluid volume.
Following rock breakdown, SC-CO; is released from the fracture to
the outlet of the sample holder. The pressure curve undergoes an
instantaneously drop, accompanied by the observation of white
smoky solid—liquid miscible CO, at the outlet. The phenomenon is
attributed to the dynamics of fluid volume expansion during the
instantaneous release process, leading to a significant temperature
drop.

This temperature decrease triggers the phase transition of SC-
CO; due to the Joule—Thomson effect. As the fluid volume is com-
pressed, SC-CO, would accumulate and pressurize in the wellbore,
penetrating into the inner rock formations (Zhou et al., 2019). The
critical turning point in this process occurs when the BP of the rock
is reached. At this juncture, high-energy CO; is released instanta-
neously. This sudden release induces the rapid propagation of
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fractures throughout the rock, extending to the rock boundary,
accompanied by a sharp decline in fluid pressure. This distinctive
process sets SC-CO; fracturing apart from water fracturing. It serves
as additional confirmation that SC-CO; has the capability to reduce
the BP of rocks. The magnitude of this reduction is quantified at
approximately 25.1%, as detailed in Table 3. This reduction in BP
further highlights the efficacy of SC-CO; as a fracturing fluid with
potential advantages over traditional water-based methods.

3.2. The effect of in-situ stress on breakdown pressure

In accordance with the fluid pressure curve, the BP of rocks
subjected to SC-CO, induced fractures under varying in-situ
stresses has been determined and is presented in both Table 3
and Fig. 7. The key observation is that, while keeping the vertical
stress and the maximum horizontal principal stress constant, an
increase in the horizontal principal stress difference (HPSD) results
in a gradual decrease in the BP of the rock. Specifically, at an HPSD
of 8 MPa, the rock exhibits heightened susceptibility to fracturing,
attaining an average BP of 15.1 MPa. Conversely, at an HPSD of
0 MPa, the average BP of rock samples fractured by SC-CO, is
recorded at 23.6 MPa. The significant reduction in BP becomes
evident when the HPSD increases from O to 8 MPa, resulting in a
nearly 36% decrease in the BP of the rock. This result aligns with
classical fracture mechanics principles (Hubbert and Willis, 1957).

The fractures induced by SC-CO; in rock samples Y11 and Y12
were investigated under abnormal in-situ stress conditions. The
findings demonstrate that elevating the maximum horizontal
principal stress to 18 MPa, based on the Y1 rock sample, results in a
notable 76% increase in the BP of the rock. Furthermore, proceeding
from rock sample Y11, an additional increase in the minimum
horizontal principal stress to 16 MPa (Y12) is implemented, align-
ing it with the vertical stress magnitude. It is discerned that the BP
of the rock continues to escalate, registering a 6.3% increment over
that of the Y11 rock specimen. This empirical evidence underscores
the pronounced influence of in-situ stress conditions on the BP of
the rock.
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Table 3
Breakdown pressure (BP) under different in-situ stresses.

Petroleum Science 22 (2025) 1670—1685

Number Fluid Temperature T, °C Flow rate Q, mL/min ovy/ou/on, MPa Average BP, MPa
YO Water 40 20 16/12/8 26.3
Y1, Y2 SC-CO, 40 40 16/12/12 23.6
Y3, Y4 16/12/10 220
Y5, Y6 16/12/8 19.7
Y7, Y8 16/12/6 175
Y9, Y10 16/12/4 15.1
Y11 16/18/12 25.4
Y12 16/18/16 27.0

30

Breakdown pressure, MPa

0 2 4 6 8

Stress difference, MPa

Fig. 7. The change of breakdown pressure of rock with HPSD.

3.3. Fracture geometry induced by SC-CO, under different in-situ
stresses

After a rock is fractured, dyed tracer fluid was injected into the
fractured rock at a low injection rate, and the trajectory of the tracer
fluid flow was meticulously recorded as the fracture propagation

Fig. 8. Fracture obtained through dye fluid injection.

1676

path, as depicted in Fig. 8. The spatial morphology of the induced
fracture under varying in-situ stress conditions was reconstructed
based on the delineated dye-marked areas. The original fractured
sample and the three-dimensional (3D) reconstruction results of
the same size are visually presented in Figs. 9—16. Fig. 9 indicates
that water-induced fractures tend to propagate predominantly
along the horizontal bedding direction, with a notable fracture
branch emerging at the boundary of the minimum horizontal
principal stress direction. However, this observation appears to
deviate from the predictions of classical fracture mechanics theory,
where fractures are expected to propagate orthogonally to the
minimum principal stress direction. The apparent inconsistency is
hypothesized to be rooted in the composition of the original rock
bedding, which contains clay minerals. The introduction of water
induces clay swelling, consequently diminishing the strength of the
rock. Another contributing factor could be the weak cementation
present in the initial bedding plane. Consequently, it renders the
fractures more prone to initiation and propagation along the
inherently feeble surfaces of the bedding.

Under identical experimental conditions, the fracture
morphology induced by SC-CO, is illustrated in Fig. 12. It is
discernible that primary fractures initiate proximate to the well-
bore and subsequently propagate approximately along the diagonal
direction, accompanied by the presence of numerous micro-
fractures around the wellbore vicinity. Moreover, two secondary
fractures intersecting with the principal fracture are observed. The
spatial distribution characteristics of these fractures align with the
overarching principles of classical fracture mechanics theory.

Figs. 10—14 illustrate the spatial morphology of fractures
induced by SC-CO, under various stress differentials. Analysis of
Fig. 10 reveals that, in conditions where the maximum and mini-
mum horizontal principal stresses are equivalent (HPSD is 0), SC-
CO; initiates complex fracture networks within the rock matrix.
Predominantly, a curved primary fracture, oriented approximately
perpendicular to the wellbore, emerges in proximity to the well-
bore and extends laterally through the entire rock sample. Addi-
tionally, a secondary fracture, roughly parallel to the horizontal
bedding plane, develops in the upper segment of the primary
fracture; however, this secondary fracture only propagates halfway
through the rock sample. Further, numerous branching fractures,
intersecting the direction of the maximum horizontal principal
stress, manifest adjacent to the main fracture. These observations
indicate that under an HPSD of 0, fracture propagation is influenced
not only by the bedding plane, which leads to the formation of
horizontal fractures nearly vertical to the wellbore; but also by the
in-situ stress, leading to the development of secondary fractures
that are approximately perpendicular to a specific horizontal
principal stress direction. Overall, the fracture morphologies
exhibit diversity and complexity under this stress scenario. Con-
trastingly, when the HPSD is elevated to 2 MPa (as shown in Fig. 11),
distinct fracture propagation patterns are observed, albeit with
fewer fractures compared to the Y1 rock sample. As the HPSD
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Fig. 9. The picture of fractured rock and the fracture reconstruction profile induced by water (YO: oy/oy/oy, of 16/12/8 MPa).

Fig. 10. The picture of fractured rock and the fracture reconstruction profile induced by SC-CO, under oy/oy/oy, of 16/12/12 MPa (Y1).

increases further, there is a gradual decline in the number of
induced fractures, and the spatial configuration of the fractures
simplifies.

Moreover, as depicted in Figs. 13 and 14, with continued esca-
lation of the HPSD, SC-CO, tends to induce a main fracture propa-
gating along the diagonal axis, accompanied by a limited amount of
secondary fractures generated on one side of the primary fracture.
Summarily, an increase in the HPSD applied to the rock contributes
to a reduction in the BP of the rock. However, this escalation in
HPSD is associated with a tendency to generate a singular fracture
pattern, highlighting a pronounced influence of in-situ stress dif-
ferences on fracture propagation. Conversely, as the HPSD de-
creases, SC-CO, tends to induce complex fracture networks,
characterized by more diverse propagation directions. This sug-
gests that the fracture propagation process is affected by a combi-
nation of rock properties and in-situ stress conditions.

Additionally, abnormal stress significantly impacts fracture
morphology. Figs. 15 and 16 illustrate the fracture propagation
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patterns under conditions where the maximum horizontal prin-
cipal stress exceeds the vertical stress. In Fig. 15, with the maximum
horizontal principal stress acting as the predominant stress on the
rock, the difference between the vertical stress and the minimum
horizontal principal stress is 4 MPa. Under these conditions, SC-CO,
induces two intersecting fractures near the wellbore. The fractures’
wings are symmetrically distributed, intersecting or perpendicular
to the wellbore. The fracture intersecting the wellbore (depicted in
yellow) aligns closely with classical fracture mechanics theory.
However, the presence of another fracture distribution, approxi-
mately perpendicular to the wellbore, indicates the vital influence
of bedding planes on fracture propagation. When the minimum
horizontal principal stress is increased to equate the vertical stress,
as illustrated in Fig. 16, the spatial distribution of fractures is
revealed. Numerous approximately parallel fractures intersect the
wellbore, predominantly propagating obliquely. This observation
underscores the collaborative impact of original bedding planes
and applied stress conditions on fracture propagation. Importantly,
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Fig. 11. The picture of fractured rock and the fracture reconstruction profile induced by SC-CO, under oy/ay/oy, of 16/12/10 MPa (Y3).

Fig. 12. The picture of fractured rock and the fracture reconstruction profile induced by SC-CO, under oy/oy/oy, of 16/12/8 MPa (Y5).

this outcome parallels findings from sample Y1, substantiating that
smaller stress differences contribute to the induction of more
intricate fracture patterns.

3.4. Quantitative topography characteristics of fracture induced by
SC-CO>

3.4.1. Quantitative properties of fractures induced by water and SC-
(€0)}

Fig. 17 displays the three-dimensional (3D) morphology of local
fracture surface produced by water and SC-CO, fracturing.
Leveraging the 3D fracture surface morphology and employing a set
of quantitative calculation methods, parameters such as Sq, FD and
Tp are subsequently obtained. As depicted in Fig. 18, it can be found
that, under identical stress conditions, the average maximum
height (S;) and RMS (Sq) of the fracture surface induced by SC-CO,
fracturing are higher than those of water fracturing. Specifically, the
Sq for the fracture surface induced by SC-CO, (220.5 pm) is 2.49
times greater than that of water fracturing (88.58 um), indicating a
higher degree of roughness in the fracture surface induced by SC-
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CO,. Additionally, Fig. 19 shows the FD of fractures induced by the
two different fluids. The FD of the fracture induced by SC-CO,
fracturing (2.2825) is observed to be 6.5% higher than that induced
by water fracturing (2.144). This finding manifests the heightened
complexity of fractures induced by SC-CO, compared to those
induced by water, as indicated by the higher FD value. These
quantitative results contribute to a comprehensive understanding
of the distinct morphological characteristics and complexities
associated with fractures induced by water and SC-CO, fracturing
processes.

Furthermore, the tortuosity (Tp) of fractures induced by water
and SC-CO, fracturing, as shown in Fig. 20, is examined from
different view perspectives. Notably, the Ty of fractures induced by
SC-CO;, fracturing (ranging from 1.042 to 1.223) is higher than that
of water fracturing (ranging from 1.018 to 1.032). Specifically, the Ty
obtained from the side view are on average 2.6% higher for SC-CO,-
induced fractures compared to water-induced fractures. This
observation implies that SC-CO; has a tendency to induce curved
fractures. The spatial distribution of fractures induced by SC-CO; is
noted to be more complex, and this complexity is deemed
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Fig. 14. The picture of fractured rock and the fracture reconstruction profile induced by SC-CO, under oy/oy/oy, of 16/12/4 MPa (Y9).

advantageous for facilitating communication with the original pore
channels of the formation.

The presented results indicate that SC-CO, fracturing can
engender complex fracture patterns characterized by a rougher
surface and a more heterogeneous spatial distribution. This result
can be attributed primarily to the distinctive properties of fluid
viscosity, permeability, and compressibility. In contrast to con-
ventional water-based fracturing fluids, SC-CO, exhibits notably
low viscosity coupled with robust permeability. This unique fluid
behavior facilitates its penetration into minuscule rock pores,
consequently inducing localized increases in pore pressure
throughout the fracturing process. This localized pressurization
leads to a reduction in the BP of the rock and, consequently, a
heightened incidence of micro-fractures (Yang et al, 2021b).
Additionally, the pronounced compressibility of SC-CO, extends the
duration of the fracturing process, allowing the fluid to more
thoroughly permeate the formation and facilitate local pressuri-
zation. This extended and comprehensive fluid interaction
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contributes to the induction of more tortuous and complex fracture
morphologies.

3.4.2. The impact of in-situ stress conditions on the quantitative
characteristics of fracture

Fractures induced by SC-CO, fracturing under diverse in-situ
stress conditions were systematically examined and analyzed.
Employing the quantitative characterization method for fractures
(Egs. (1)—(3)), essential parameters including the maximum height
(Sz), RMS of fracture height (Sg), fractal dimension (FD) and the
tortuosity (Tp) were derived, with the results presented in
Figs. (21)—(23).

It is evident from the findings that all four quantitative param-
eters exhibit a consistent decrease with the increment of HPSD, as
illustrated in Fig. 21. Specifically, as HPSD increases from O to 8 MPa,
both S, and Sq register reductions of approximately 66.7% and
65.0%, respectively. This phenomenon indicates a diminishing
roughness of the fracture surface in response to the augmentation
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Fig. 15. The fracture reconstruction profile induced by SC-CO, under oy/oy/oy, of 16/18/12 MPa (Y11).

Fig. 16. The fracture reconstruction profile induced by SC-CO, under oy/oy/oy, of 16/18/16 MPa (Y12).

of stress difference. Furthermore, the FD of fractures exhibits a
declining trend with the increase in HPSD, as demonstrated in
Fig. 22. When the stress difference varies from 0 to 8 MPa, the FD
declines by nearly 6.2%, indicating that higher stress difference can
induce a simpler fractures pattern. This deduction is further sub-
stantiated by the analysis of fracture tortuosity results (refer to
Fig. 23). The findings reveal that with the improvement of HPSD,
the mean value of Ty obtained from various perspectives tends to
decrease. Specifically, when HPSD is 0, the mean tortuosity is 1.121,
and with an increase in HPSD to 8 MPa, the average tortuosity
decreases by about 7%. These results collectively indicate that
higher stress differentials tend to produce flatter fractures.

When the maximum horizontal principal stress is held constant,
a greater stress difference implies a lesser minimum horizontal
principal stress, resulting in lower constrained strength applied to
the rock sample. As concluded in Section 3.1, under these condi-
tions, rock samples exhibit a smaller BP, making the induced frac-
tures more prone to propagate perpendicular to the minimum
principal stress direction. Consequently, the spatial distribution of
fractures is relative simple, and the magnitude of tortuosity and
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complexity is lower. Conversely, when the stress difference de-
creases, indicating that the minimum horizontal stress is closer to
the maximum stress, the rock experiences a higher degree of
external stress loads during fracturing. As a result, the SC-CO; fluid
needs to overcome more energy to induce rock breakdown, leading
to an increase in rock BP. Additionally, with the instantaneous
release of high-energy CO, fluid, the induced fractures propagate in
diversified directions, causing the spatial distribution of fractures to
become more random and complex. Consequently, the roughness
and tortuosity of fracture surfaces increase as well.

4. Discussion
4.1. The comparison between water and SC-CO; fracturing

During water fracturing, significant fluctuations in pressure
curve are observed, indicating the existence of localized fracture
initiation upon fluid injection into rock. Subsequently, the fluid
pressure continues to rise until reaching the BP of the rock sample,
causing the entire sample to be fractured. This dynamic pressure
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Fig. 17. The fracture surface morphology induced by water (a) and SC-CO; (b).
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Fig.18. The S, (a) and Sq (b) of fracture surface induced by water and SC-CO, (the triangle represents S, or Sq value of a single fracture, and the bar represents the mean value of S, or

Sq).

behavior indicates that the larger-sized rock sample offers a rela-
tively ample space conducive to effective fracture propagation
under true-triaxial conditions. The heterogeneity or microstruc-
tural differences within the rock significantly influence the frac-
turing results. Conversely, such phenomena are absent in small-
scale rock samples (Li et al., 2019). These findings contribute to a
nuanced understanding of the complex interplay between fluid
pressures and fracture initiation in the context of hydraulic frac-
turing in geological formations.

The SC-CO, fracturing curve illustrates that it consumes a sig-
nificant amount of time for fluid compression. However, once the
fluid reaches its compression limit, the pressure rapidly increases
until the rock fractures completely. This prolonged fluid compres-
sion facilitates CO, penetration into small pore spaces, thereby
reducing the local pressure differential. This process promotes rock
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fracturing and decreases the BP of the rock. The magnitude of this
reduction is quantified at approximately 25.1%. The pressure curve
during this fracturing process is similar to the results obtained by
Zou et al. (2018) and Li et al. (2019); however, there are differences
in the time consumed, which is determined by the injection rate of
fluid and the properties of the rock. Overall, SC-CO: can reduce the
BP of the rock compared to high-viscosity fracturing fluids. On the
other hand, upon instantaneous rock fracturing, a substantial
amount of compression energy of fluid releases, which induces the
formation of more numerous and complex fractures in the rock.
Conventional fracture mechanics and continuum mechanics
typically expresses fracture initiation as a function of the stress
loading and tensile strength of the rock. Under triaxial condition,
the plane of fracture or parting is first tended to be perpendicular to
the least principal stress. The formation BP (Py) can be expressed as
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H—W equation (Hubbert and Willis, 1957):
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Fig. 22. The FD of fracture induced by SC-CO, under different HPSD.

where ¢ is the tensile strength of rock; and Py, is the pore pressure.
If the core sample is treated as an elastic medium with no pore
spaces or pore pressure, P, can be simplified as

Pb:30'h—0’].[+(7t (5)

However, if there is natural pore pressure or fluid permeating
into rock, the above equation (H—W equation) can be modified as
H—F equation (Haimson and Fairhurst, 1967; Detournay and Cheng,
1992):

30 — 0y +0c— 29Pp

where 7 = (1 -2v)/(1 —v) is a function of « and v. The symbol «
refers to the Biot constant, while v represents the Poisson ratio.

It can be seen from Eqs. (4)—(6) that different stress conditions
considered in different fracturing processes will have an impact on
the rock's breakdown pressure. The water fracturing process can be
approximately analyzed using Eq. (4), while the supercritical CO-
fracturing process is more in line with Eq. (6). This is because SC-
CO: has stronger permeability and is more likely to enter the tiny
pore spaces of the formation, thus causing changes in pore pressure
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Fig. 21. The S, (a) and Sq (b) of fracture surface induced by SC-CO, under different HPSD.
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and resulting in a reduction in the BP. This result can also serve as
the reason for the generation of complex fractures induced by SC-
CO: fracturing.

Based on the spatial 3D distribution and quantitative parameter
analysis of fractures, it can be similarly proven that water-based
fracturing tends to propagate fractures along original bedding
planes. These fractures are fewer in number and exhibit a relatively
uniform distribution, indicating a significant influence from the
fracturing fluid and original geological structure. The complexity of
fractures induced by water-based fluid is similar to previous
research findings; however, there are differences in the distribution
patterns of the fractures. In Zou's study, the fractures induced by
slickwater could intersect with natural bedding planes (Zou et al.,
2018). The hydraulic fractures converge with some natural frac-
tures (NFs) and open NFs during the propagation process. This
behavior is influenced by the properties of the rock; in this study,
the original bonding strength of the bedding planes was relatively
low, making it more susceptible to being opened during the frac-
turing process when exposed to water. In contrast, SC-CO; frac-
turing generates fractures with more complex spatial morphologies
and diverse distribution orientations. Quantitative parameters of
fractures, such as roughness and tortuosity, exceed those observed
in water-based fracturing. It indicates that SC-CO, fracturing can
engender complex fracture patterns characterized by a rougher
surface and a more heterogeneous spatial distribution. Some frac-
ture forms do not fully adhere to classical mechanics theories,
further demonstrating that SC-CO; fracturing can surpass the lim-
itations of geological stress, resulting in complex fractures distrib-
uted in multiple directions. These findings affirm the advantages of
applying SC-CO, fracturing in unconventional low-permeability
reservoirs.

Moreover, there are also many differences compared to the re-
sults of SC-CO; fracturing for shale and coal rock. The most signif-
icant differences among these rock samples arise from variations in
mineral composition and bonding type, which lead to differences in
rock structure and mechanical properties. During the development
of shale oil and gas, it is generally recognized that shale is charac-
terized by reservoir tightness, a high content of clay minerals,
relatively strong rock brittleness, and the presence of micro-natural
fractures. Consequently, it is often easier for complex fractures to
form in shale during the fracturing process (Jiang et al., 2018; He
et al., 2019). The morphology of these fractures may not neces-
sarily adhere to traditional fracture mechanics theories; they
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exhibit diverse distribution directions and readily connect with
natural microfractures. In addition, the fracturing process of shale is
also greatly affected by in-situ stress conditions, fluid types and
natural bedding plane (Li et al., 2016).

Although coal is also relatively dense, it exhibits a rich distri-
bution of bedding and cleat structures, along with a high degree of
brittleness. Obtaining natural large-sized coal rock samples is
challenging, especially since they tend to break easily during water-
cooled manual cutting. In experiments, it is common to encase the
samples in a layer of cement for stabilization, or different rock
bonding simulated interlayers are used to carry out experiments
(Wang and Liang, 2019). The induced fractures typically propagate
along the natural layering direction and may intersect with NFs,
resulting in a favorable degree of fracture development (He et al.,
2023). In fact, the research on coal fracturing is a hot spot at pre-
sent, and the nature of coal determines that this kind of fracturing
experiment is more difficult. It is hard to obtain experimental rock
samples, and the existing experimental rock samples are small in
size and most of them are combined with other lithology or
cement, so further exploration is still needed in the future.

4.2. Fracture characteristics induced by SC-CO; fracturing

Based on the in-situ stress distribution of the target formation,
this study investigates the influence of HPSD on fractures induced
by SC-CO, fracturing. By maintaining the vertical principal stress
constant, the study initially analyzed the BP of rocks under different
horizontal stress conditions. The results indicate that as the HPSD
decreases (with the minimum horizontal principal stress gradually
increasing), the BP of the rocks increases accordingly; conversely,
the BP decreases as the HPSD increases. Additionally, the presence
of abnormal-high stress conditions appears to correlate with a
heightened BP in the rock. These findings can be interpreted using
classical principles of fracture mechanics. According to these
principles, when a rock is subjected to a greater applied stress, the
fluid (in this case, SC-CO;) must overcome greater strength to
induce the rock breakdown. As a result, an increase in the HPSD
contributes to a reduction in the BP of the rocks. This result can also
be explained by Eqgs. (4) or (6). When the maximum principal stress
remains constant, the HPSD can be increased by reducing the
minimum horizontal principal stress value. It will lead to a decrease
in the numerator of the formula, resulting in a slight reduction in
the BP value. At the same time, due to the changes in pore pressure
caused by the entry of SC-CO,, the degree of this reduction may be
different. This finding has implications for understanding and
optimizing the fracturing process in rock formations under
different stress conditions. These findings offer valuable insights
into the complex interplay between stress factors and the frac-
turing behavior under SC-CO,, shedding light on potential impli-
cations for optimizing fracturing processes in high-stress
environments.

The 3D reconstruction results and quantitative parameter
analysis of fractures indicate that as the HPSD increases, the spatial
distribution of fractures tends to simplify, and the number of
fractures gradually decreases. Parameters such as roughness and
tortuosity of fractures also decrease gradually. Conversely, as the
HPSD decreases, the spatial distribution of fractures becomes more
complex, and the propagation directions of fractures become more
diverse. Consequently, parameters such as roughness and tortuos-
ity of the formed fractures increase accordingly. These trends are
more pronounced under conditions of exceptionally high pressure.
It is proposed that a small HPSD, coupled with high fracturing en-
ergy, enhances the likelihood of activating discontinuities. This, in
turn, leads to the development of a complex fracture pattern, as
highlighted in previous research (Zhang et al, 2019). This
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observation underscores the intricate interplay between stress
conditions and fracturing energy in shaping the fracture
morphology within the rock matrix. In some previous studies,
stress coefficient x was introduced to analyze the fracture charac-
teristics of rock. This parameter is defined as «k = (oy — )/ op,
corresponding to the constant maximum principal stress in this
study, the stress coefficient gradually decreases with the increase of
the minimum principal stress. The larger the « value, the more
likely the fracture is to propagate along the maximum horizontal
stress direction to form the main fracture, thus reducing the
complexity of the fracture (Jiang et al., 2019).

This reaffirms the significant influence of in-situ stress on rock
fracturing results, with the SC-CO, fracturing process often capable
of overcoming higher stress conditions. This study's findings pro-
vide valuable insights for optimizing rock fracturing design and
predicting fracture development.

5. Conclusions

To investigate the characteristics of fracture propagation during
SC-CO; fracturing, a series of true-triaxial fracturing experiments
were conducted, involving the comparison of fluid pressure versus
time curves between water and SC-CO; fracturing, along with the
analysis of rock breakdown pressure (BP). Utilizing a 3D recon-
struction method for induced fractures, the spatial morphologies
and quantitative attributes of fractures were meticulously acquired.
Additionally, the influence of in-situ stress on fracture propagation
was systematically explored. The key findings can be summarized
as follows.

(1) The water fracturing process exhibits a relatively short
duration due to the weak compressibility of the fluid. A
transient fluctuation in fluid pressure can be observed,
indicating secondary fracture propagation during the frac-
turing process. The phenomenon of secondary fracture
propagation indicates that the size of the rock significantly
affects fracturing. Larger volumes may exhibit different
fracturing outcomes, this rarely observed in previous small-
scale rock samples.

(2) In contrast, the SC-CO; fracturing consumes approximately
ten times longer than the water fracturing, with more than
half of this duration dedicated to fluid compression. The
compressed fluid accumulates and pressurizes at the well-
bore bottom, penetrating into the rock matrix. These effects
contribute to a notable reduction in rock BP, with SC-CO,
fracturing capable of reducing BP of rock by nearly 25.1%. This
aligns with previous relevant studies, although there are
differences in rock sample types and experimental stress
conditions, leading to varying degrees of reduction. This
result also confirms that SC-CO, is more advantageous for
implementing fracturing operations in low-permeability
reservoirs.

(3) The macroscopic morphology and quantitative topographical
analysis of fractures reveals that fractures induced by water
fracturing propagate predominantly along the horizontal
bedding direction. Conversely, under equivalent conditions,
the fracture morphology induced by SC-CO; fracturing ex-
hibits increased complexity. It is indicated that water-based
fracturing is more constrained by rock layering and does
not strictly adhere to classical fracture mechanics principles.
SC-CO, fracturing may surpass the constraints of in-situ
stress and bedding planes, resulting in more complex frac-
ture patterns.

(4) As the vertical stress and maximum horizontal principal
stress remain constant, an increase in the horizontal
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principal stress difference (HPSD) leads to a gradual decrease
in BP of rock. As the HPSD escalates from O to 8 MPa, the BP of
rock experiences a substantial decline of nearly 36%. More-
over, with the increase in HPSD, SC-CO, fracturing is more
inclined to produce a single fracture. Conversely, as the HPSD
decreases, SC-CO, fracturing exhibits a proclivity for
inducing a complex fracture network, characterized by a
more diverse array of fracture propagation directions. This
observation suggests that the process of fracture propagation
is intricately influenced by both the inherent properties of
the rock and the in-situ stress conditions. In field applica-
tions, smaller differences in in-situ stress tend to result in a
more complex and diverse distribution of fractures, whereas
larger stress differentials often lead to relatively singular
paths of fracture propagation. It is essential to select frac-
turing fluids and operational conditions based on the specific
circumstances.

In general, the use of large-size rock samples ensures sufficient
space for fracture propagation, which is crucial for obtaining real-
istic results that mimic field conditions more closely. Moreover,
utilizing real tight sandstone instead of artificial cement rock
sample enhances the authenticity of experimental conditions,
making the findings more applicable to real geological scenarios.
However, a potential limitation is identified in the reliance on the
intrusive mode for acquiring fracture attributes, which could
impact the accuracy and reliability of the fracture data obtained.
Recognizing this limitation, in the following stage, it is essential for
further research on fracture propagation characteristics under in-
situ conditions. In-situ conditions refer to studying the fractures
within their natural environment without disturbing the sample.
This is a crucial step towards ensuring that the findings are more
representative of actual geological conditions. And, related high-
precision in-situ fracture acquisition instruments and methods
need to be proposed as well.
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