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ABSTRACT: Deep shale reservoirs are often associated with extreme geological conditions, including high tem-
peratures, substantial horizontal stress differences, elevated closure stresses, and high breakdown pressures. These
factors pose significant challenges to conventional hydraulic fracturing with water-based fluids, which may induce
formation damage and fail to generate complex fracture networks. Supercritical carbon dioxide (SC-CO,), with its
low viscosity, high diffusivity, low surface tension, and minimal water sensitivity, has attracted growing attention
as an alternative fracturing fluid for deep shale stimulation. This study presents a series of true triaxial large-scale
physical experiments using shale samples from the Longmaxi Formation in the southern Sichuan Basin to investigate
fracture initiation and propagation behavior under different fracturing fluids. The results show that, under identical
experimental conditions, SC-CO, fracturing results in a significantly lower breakdown pressure compared to slick
water and promotes the formation of more complex fracture geometries. These advantages are attributed to both the
favorable flow characteristics of SC-CO, and its potential chemical interactions with shale minerals. The findings not
only confirm the effectiveness of SC-CO, as a fracturing fluid in deep shale environments but also provide new insights
into its fracture propagation mechanisms.
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1 Introduction

With the continuous and rapid advancement of shale gas exploration and development, an annual
production capacity of 20 billion cubic meters has been established in marine shale formations at burial
depths shallower than 3500 m. Shale gas is gradually becoming the main driver of domestic natural gas
production growth. Deep shale formations with burial depths exceeding 3500 m are expected to be the
primary contributors to future production increases [1,2]. In particular, in certain deep shale regions, deep
shale resources buried between 3500-4000 m account for approximately 80% of the total shale gas resources
at depths shallower than 4500 m. However, these deep shale formations pose significantly greater challenges
and require higher development costs due to their greater depths, more complex geological conditions, and
well-developed fault systems [3,4].

Traditional water-based fracturing fluids have played a critical role in unconventional reservoir stim-
ulation. Large-scale hydraulic fracturing is commonly employed in shale gas extraction, which typically
consumes massive amounts of water and proppant, described as “thousands of cubic meters of proppant
and tens of thousands of cubic meters of water”. This practice leads to concerns such as reservoir damage,
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groundwater contamination, and substantial water consumption [5]. Moreover, shale reservoirs often
contain high clay mineral content, and water-based fracturing fluids can cause clay swelling upon hydration,
resulting in formation damage and reduced stimulation effectiveness [6,7]. SC-CO, fracturing has emerged
as a promising technology for unconventional oil and gas reservoirs, offering minimal water usage and
enhanced fracture generation capacity. Replacing conventional water-based fluids with SC-CO, is currently
a focus of intense research for efficient shale gas development [8-11]. Moreover, recent field pilot studies
and numerical simulations have provided further evidence of SC-CO, effectiveness in deep shale reservoirs,
underscoring the importance of this work. Supercritical CO, (SC-CO,) fracturing has attracted increasing
interest in recent years due to its unique physical and chemical properties, such as low viscosity, high
diftusivity, and the ability to reduce reservoir damage and enhance gas desorption. These characteristics
make SC-CO, fracturing particularly promising for unconventional reservoirs like deep shale formations.
However, field-scale application of SC-CO, fracturing still faces several limitations: (1) Transporting and
storing large volumes of liquid or supercritical CO, in remote field locations requires specialized high-
pressure equipment and infrastructure, which can significantly complicate operations and increase logistical
burdens. (2) Safety Concerns: CO, is a colorless, odorless, and asphyxiating gas at high concentrations.
Any leakage during compression, transportation, or fracturing operations may pose serious safety hazards
to personnel and equipment, necessitating stringent monitoring and control measures. (3) Economic Cost:
The cost of producing, compressing, transporting, and maintaining supercritical CO, conditions in the
field is considerably higher than that of traditional water-based fracturing fluids. Without economies of
scale or integration with carbon capture, utilization, and storage (CCUS) strategies, its widespread adoption
remains economically challenging. (4) Operational Limitations: SC-CO,’s low viscosity limits its sand-
carrying capacity, which may affect proppant transport and placement, especially in long horizontal wells.
Additional techniques or additives may be required to enhance its effectiveness in practical operations.
Despite these limitations, the environmental benefits and enhanced recovery potential of SC-CO, fracturing
justify further research and pilot-scale field trials. Integrating SC-CO, fracturing with CO, sequestration
strategies may provide dual benefits of energy production and carbon management in the future [12-14].

Since the development of CO, fracturing technology, scholars have continuously improved true
triaxial laboratory testing devices and methods to investigate the fracture initiation mechanisms and
propagation patterns of SC-CO, fracturing. Comparative studies involving water-based, oil-based, and other
fracturing fluids have revealed that SC-CO, generally exhibits lower breakdown pressures and promotes
the formation of more complex and branched fracture networks [15,16]. Verdon et al. [17] conducted
simultaneous fracturing experiments using CO, and water-based fluids, demonstrating that CO, can achieve
comparable fracturing performance. Ishida et al. [18] performed true triaxial fracturing experiments on
granite and observed that the low viscosity of SC-CO, facilitates the development of complex fractures
at lower breakdown pressures. Li et al. [19] explored the effects of different fracturing fluids on fracture
morphology in shale and found that, under the same conditions, the breakdown pressures followed the
order CO, > N, > water, and that fracture roughness and local damage were greatest with CO,. However,
CO, was not in a supercritical state in that study, and thus its unique fracturing characteristics were not
fully represented. Zhang et al. [20] compared SC-CO, and water-based fracturing in shale and found
that SC-CO, reduced breakdown pressure by more than 50%. It also more effectively induced secondary
fractures and connected natural fractures and bedding planes to form complex fracture networks. Wang
et al. [21] observed in Niobrara shale that SC-CO, injection caused instantaneous fracturing accompanied
by a notable temperature drop, although the presence of pre-existing fractures may have influenced the
results. Hu et al. [22] conducted SC-CO, and water-based fracturing experiments on shale and synthetic
sandstone, revealing that SC-CO, required lower breakdown pressures and generated acoustic emission
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energy one to two orders of magnitude higher than hydraulic fracturing. Avanthi Isaka et al. [23] performed
a series of SC-CO, fracturing experiments on Harcourt granite under varying confining pressures and
temperatures, confirming that SC-CO, exhibits lower breakdown pressures than water-based fluids and
more easily produces narrow, branched fractures under high temperatures. He et al. [24] conducted uniaxial
fracturing tests and SEM analyses, showing that bedding planes influence fracture morphology and initiation
pressure, and that SC-CO, promotes micro-shear slip, leading to complex fracture networks. Al Shafloot
etal. [25] reported higher breakdown pressure for SC-CO, than for water in Green River shale, attributing the
difference to fluid-rock interactions, a finding inconsistent with most other studies. Hu et al. [26] compared
fracturing effects of water, liquid CO,, and SC-CO, on tight sandstone, and found that SC-CO, significantly
increased post-fracturing porosity and permeability. While water-based fracturing produced smooth, planar
fractures, liquid CO, created short main fractures with some microcracks, and SC-CO, generated localized
fracture networks with the lowest breakdown pressure. Li et al. [27] further investigated the dominant factors
controlling SC-CO, fracture propagation via physical experiments. Although most experimental studies have
shown that SC-CO, fracturing results in a lower breakdown pressure compared to water fracturing [12,22],
some studies have reported that SC-CO, may exhibit a higher breakdown pressure [25], leading to key
controversies regarding its fracture initiation mechanism. Researchers suggest that such discrepancies may
be closely related to factors such as injection rate, experimental temperature and pressure conditions, rock
type, and structural characteristics. In particular, chemical interactions between SC-CO, and rock-such as
carbonate dissolution or the weakening of clay mineral structures-may play an important role in reducing
rock strength and promoting fracture propagation [16,28]. Therefore, a deeper understanding of fluid-rock
coupling effects during SC-CO, fracturing and their influence on breakdown behavior remains a crucial
direction for future research.

Currently, laboratory SC-CO, fracturing experiments have reached maximum test temperatures of
300°C [23], confining pressures of up to 52.5 MPa [29], and horizontal stress differences of up to 10 MPa [30].
However, these conditions still fall short of replicating the true in-situ environment of deep marine shale
formations, which typically exhibit temperatures of 110°C-145°C, closure stresses of 80-95 MPa, horizontal
stress differences of 15-25 MPa, and pore pressures of 60-80 MPa. As a result, the fracture propagation
behavior of SC-CO, under actual deep shale conditions remains unclear. Furthermore, most existing physical
experiments have focused on describing experimental phenomena, with limited analysis of the underlying
mechanisms. Based on a review of prior experimental conditions and findings, a series of laboratory
experiments is designed and conducted using different fracturing fluids on deep shale samples from the
Luzhou block in southern Sichuan, with the aim of investigating the fracture propagation mechanisms of
SC-CO,; fracturing under deep shale reservoir conditions.

2 Experiment and Methods
2.1 Shale Specimen Preparation and Fracturing Test Apparatus

The shale specimens used in this study were obtained from a representative deep shale formation char-
acterized by well-developed bedding planes and complex structural features. The in-situ three-dimensional
stress state of the deep shale in the selected region was previously determined based on wellbore data.
The results indicate that the maximum horizontal principal stress exceeds the vertical stress, which in turn
is greater than the minimum horizontal stress. Specifically, the maximum horizontal stress ranges from
98.15 to 116.93 MPa, with an average of 105.24 MPa; the minimum horizontal stress ranges from 84.28 to
104.28 MPa, with an average of 92.06 MPa; and the vertical stress varies from 89.75 to 112.08 MPa, averaging
99.11 MPa. The horizontal stress difference ranges between 11.49 and 18.61 MPa, with a mean value of
13.81 MPa.
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For the rock mechanics testing, core samples were obtained from typical deep burial depths ranging
from approximately 3800 to 4200 m. Uniaxial compression tests were conducted to determine mechanical
properties. The Young’s modulus of the shale ranged from 21.31 to 69,060 MPa, with an average of
38,700 MPa. The Poisson’s ratio ranged from 0.188 to 0.393, with an average of 0.259. The tensile strength
of shale samples from the Luzhou block was found to be in the ranged of 4.61-21.06 MPa, with an average
of 11.40 MPa. Outcrop samples of the Longmaxi Formation shale from the Luzhou block were selected
and precision-cut into four cubic specimens measuring 300 mm x 300 mm x 300 mm using a wire-
cutting machine. The porosity and pore size distribution of the standard cores were measured using Nuclear
Magnetic Resonance (NMR) analysis. the measured porosity is 6.79%, indicating a medium porosity level.
The pore structure is dominated by mesopores and micropores. The presence of microfractures and bedding
planes may contribute to the relatively high porosity. The gas permeability was measured at 0.095 mD,
classifying the shale as a low-permeability rock with poor fluid mobility. The outcrop samples exhibited a
Young’s modulus of 30,330 MPa, a Poisson’s ratio of 0.27, and a tensile strength of 8.59 MPa. By comparing
the mineral compositions of outcrop shale and deep shale, it is found that there is no significant difference
between the two, and both exhibit a high content of brittle minerals (Table 1).

Table 1: Comparison of mineral composition between outcrop shale and deep shale

Sample type Mineral content/% Clay mineral content/%

Quartz Clay Carbonates Others Illite-smectite Illite  Kaolinite Chlorite

mixed layer
Outcrop shale 572 131 16.2 13.5 45 41 5 9
Deep shale 54.1 17.9 17.3 10.7 50 33 7 10

The experimental apparatus used in this study is a self-developed physical simulation system for
hydraulic fracturing of shale outcrops. The system mainly consists of a true triaxial fracturing chamber,
safety valves, check valves, tubing and valve assemblies, lifting equipment, a triaxial hydraulic loading
system, borehole drilling equipment, sealing sleeves, acoustic monitoring system, pressure transducers,
digital control panels, a constant-rate and constant-pressure fracturing pump, curing agent containers,
piston vessels, rubber sleeves, an electrical control cabinet, and a data acquisition and processing system.
A photograph of the experimental setup is shown in Fig. 1, and the layout of the acoustic emission sensors
is illustrated in Fig. 2. The schematic diagrams of the experimental system are shown in Fig. 3. The stress
loading unit consists of a high-pressure gas cylinder connected to a gas-liquid transition cylinder, which is
further connected to a triaxial hydraulic system. A pressure transmitter is installed on the triaxial hydraulic
system to control the intake and release of hydraulic fluid. In addition, three pressure sensors are mounted
on the triaxial hydraulic system to monitor stress loading in the X, Y, and Z directions. Each sensor has a
measurement range of 0-70 MPa with an accuracy of 0.1% full scale (ES). Before using the stress loading
apparatus, the rock core should be securely clamped. Then, the vent valve on the gas-liquid transition cylinder
is closed, and the pressure transmitter is switched on. The nitrogen cylinder is slightly opened to allow
gas flow. A pressure gauge installed on the gas-liquid transition cylinder (range: 0-10 MPa) is used for
monitoring. Once the pressure reaches 4-6 MPa, the rear valve of the pressure transmitter is closed. The
triaxial servo-hydraulic system is then activated to pump high-pressure fluid into the X, Y, and Z direction
bearing plates, thereby applying the required confining pressure.



Fluid Dyn Mater Process. 2025;21(8) 1921

[ ] ;3 ;1

s3 A S4 F
52 51
o Y L ] .

S7 Fss
D C B D A
E
c |2 s1

[ ] L [ ] L
" N S6 55

+ 2 S B S5 .
| S ox L : 57 S8
e L .

Figure 2: Schematic diagram of the acoustic emission sensor layout and orientation
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Figure 3: Schematic diagram of the experimental system
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In hydraulic fracturing physical experiments, similarity theory is commonly employed to establish
similarity criteria, ensuring that the physical and mechanical behavior of the laboratory model accurately
represents field-scale conditions. This approach enhances the applicability and generalization of experi-
mental results. A set of similarity criteria for true triaxial hydraulic fracturing physical simulation was first
proposed based on the dimensionless form of the three-dimensional fracture propagation control equation.
These criteria include similarity indices for injection volume, injection rate, and bottomhole pressure [31].

Building upon this foundation, Hou et al. [32,33] further calculated the correspondence between
laboratory injection parameters and field-scale construction parameters under specific burial depths and
triaxial in-situ stress conditions in shale formations. Guo et al. [34], based on the second similarity theorem,
derived similarity criteria for perforated well hydraulic fracturing experiments by non-dimensionalizing
both the fracture initiation and propagation equations. They also established the scaling ratios for relevant
physical quantities. The similarity method is a scientific approach for generalizing the results obtained from
a specific model (the laboratory scale) to its corresponding prototype (the field scale). When the single-
valued boundary conditions of similar physical phenomena are alike, and the corresponding similarity
criteria (composed of relevant physical quantities) are equal, the two phenomena can be considered
physically similar.

According to the second similarity theorem, if a physical problem involves #n independent variables that
can be expressed in terms of k fundamental dimensions (e.g., length, mass, time), then the problem can be
fully described by n — k dimensionless groups, known as w-numbers, which characterize the essential physics
of the system. The general form of any physical equation can be written as:

f(x,%2,...,%,) =0 1

According to the Buckingham 7 theorem in dimensional analysis, the following relationship can be
established:

f(m,my. . k) =0 (2)

If the model and the prototype are similar, then at corresponding points and corresponding times,
the similarity criteria must take the same values and follow the same functional relationships. That is,
for the prototype: f(ﬂl,ﬂz,...,ﬂn_k)p =0, and for the model: f (m,m,...,my—k),, =0, To ensure
similarity, the following condition must be satisfied:

Ti,m = Ti,p> Vi=12,...,n—-k 3)

Based on the similarity theory described above, the physical simulation of fracture propagation in
true triaxial hydraulic fracturing experiments and the actual field-scale prototype share the same governing
equations. The governing model adopted in this study is based on the relationship between fracture width
and internal fracture pressure, derived under the assumptions of linear elasticity, isotropic rock behavior,
and dislocation theory.

(1) Stress Equilibrium Equation

39(0) = (s 02) = 2oy < b [f[ {2102 I 120 Cns)]

o |1dw(x,y,2)
+az [R 5 ]} dxdydz (4)
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where p(x, y,z) is the net pressure of the fracturing fluid inside the fracture, ¢ (x, y,z) is the normal
stress on the fracture surface prior to fracturing, E, is the effective elastic modulus calculated by Eq. (5), R
is the distance between the integrand and the evaluation point calculated by Eq. (6), and w(x, y,z) is the
fracture width.

The effective elastic modulus can be expressed as:

G
- 5
an(1-V) ®)
where G is the shear modulus, and v is the Poisson’s ratio.
R=\/(x-x')2+(y-y)+(z-2')> 6)

(2) Continuity Equation for Fluid Flow

P-py
2 op oh\] @ op  oh a[ (8p ah)] 2Ki ol aw (x o x)
A DY Lo | B DY /A | AN D [ e - -
ax[l(ax ylax)]+ay[ly(8y ylay)]+8x oz Vo)l i ot 1

7)

where A;, A;,, and A, are the fluid mobility, calculated by Eq. (8); y; is the specific weight of the fluid; & is
the height; K| is the instantaneous fluid leak-off velocity per unit area and unit time, calculated by Eq. (9);
pr is the pore fluid pressure; ¢ is the leak-off time; 7 is the contact time between the fracture surface and the
fracturing fluid; and q; is the injection velocity of the fluid.

The directional fluid mobility can be expressed as follows:

ki
Ai=—(i=x,9,2) (8)
Hi

where k; is the permeability in the x, y, or z direction, and y; is the fluid viscosity.

Based on the work of Williams et al. [35], the initial instantaneous leak-off velocity can be expressed as:

2CK
VE-T;

where cx is the fluid leak-off volume per unit area, and 7; is the time when the fracture surface first comes
into contact with the fracturing fluid.

Ky = %)

The fracture initiation pressure for a perforated well can be calculated using the following equation:

1
Py =‘Z[9ah—3aH—av+2V(0H—0h)—Pf+0t] 1o

where oy is the maximum horizontal in-situ stress, o, is the minimum horizontal in-situ stress, o, is the
vertical in-situ stress, and oy is the tensile strength of the rock.

Based on the governing equations and single-valued boundary conditions described above, the required
experimental parameters for constructing the physical model can be derived using similarity theory. By
denoting prototype quantities with an asterisk “*” and model quantities without a symbol, the physical
quantities involved in the similarity relationships in the above equation have the following units:

" o _E
E —CP,E —CUB,E—E

z
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By substituting the prototype physical quantities with the product of the corresponding model quantities
and their similarity constants, and then comparing with Eqgs. (4)-(10), the following relationships can be
obtained:

Cp=Cy0 =Cp, =CE C—q—ﬂ—CKL—c —CP——CHCq—c

=Cgpo = =cp,—+="1"-= =c,,+ = =

p z Pr s ¢ /e, q ¢ c? VI
¢

cqzc—,cp:cgﬂzcgh=cJV:chgh=cpf:cg, (12)
t

By rearranging the expressions, the similarity indices of each parameter form the following dimension-
less relationships:

CUH Cah CUV CP CEe Cpf

_ — == — = —— = — = — = CV = ]_

Co, Co, Co, Co'h Cgh Co'h

CpC CK,\/Ct CqCy CyCl

Pl v oM g 2o 13)

The above equations represent the similarity criteria for perforated well fracturing simulation experi-
ments, derived based on the second similarity theorem. The experimental parameters were determined by
converting field-scale values according to these criteria.

2.2 Methods

The maximum horizontal stress is set to 105 MPa, the minimum horizontal stress to 92 MPa, and the
vertical stress to 100 MPa. The fracturing fluid injection rate is set to 10 m’/min, and the experimental
temperature is set at 120°C. According to the established similarity criteria, the corresponding experimental
parameters are converted as follows (Table 2):

Table 2: Experimental parameters

Parameters Value Parameters Value

Maximum horizontal stress 48 MPa Minimum horizontal stress 35 MPa
Vertical stress 40 MPa Injection rate 120 — /min
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The detailed experimental steps are as follows:

Pre-experiment sonic velocity calibration was conducted using probe self-check and lead-break tests.
Sensor positioning and assembly: Grooves were machined at the designated sensor locations to fit
the acoustic emission (AE) sensors. The AE system was installed, and the true triaxial experimental
apparatus was assembled. A vertical borehole was drilled into the center of a pre-cut 300 mm x 300 mm
x 300 mm shale outcrop cube to place an artificial wellbore, with a 15 mm open-hole section reserved.
The wellbore was sealed with adhesive to complete the preparation of the test specimen. Sonic velocity
testing was then performed on the sample. The AE acquisition software was launched, and waveform
data acquisition parameters were configured. The specimen was lifted and positioned between the X
and Y loading plates. Eight AE sensors were installed by first applying coupling gel (to enhance signal
transmission) to each probe and mounting them on the Y-direction loading plate. The opposite ends
of the sensors were connected to signal receivers. Finally, the Z-direction loading plate was lifted and
placed on top of the specimen.

Enclosure and heating setup: The sealing sleeve was lowered over the specimen into the triaxial
fracturing chamber. Pumping pipelines and pressure sensors were connected to the artificial wellbore.
The sample endcap was installed, and the pre-tightening nuts were fastened. The heating system was
activated, and the target temperature was set.

Loading and pressurization: After reaching the target temperature, the vent valve on the gas-liquid
transition cylinder was closed to prevent leakage. The pressure transducer was activated, and the
nitrogen cylinder was slightly opened. When the gas pressure gauge on the transition cylinder reached
4-6 MPa, the rear valve of the pressure transducer was closed. The triaxial servo-hydraulic system
was then started to inject high-pressure fluid into the X, Y, and Z directions loading plates to apply
confining pressure in all three directions.

Fracturing fluid injection: The fluid discharge system was closed. The fracturing fluid was prepared,
and the desired injection rate was set. The injection system was activated.

Real-time monitoring and fracturing: The AE system continuously monitored the specimen in real
time. Under the action of pump pressure, the specimen fractured, and the AE system detected and
recorded signals corresponding to fracture initiation. Once confirmed, the fluid injection system was
shut down, marking the end of the experiment.

Specimen retrieval: The pre-tightening nuts were removed. The sealing sleeve, Z-direction loading
plate, and the specimen were sequentially extracted using the lifting device.

Post-experiment analysis: Photographs of the fractured specimen were taken. AE data and injection
pressure curves were processed and exported for analysis.

2.3 Results

The experiment is conducted indoors and simulates a vertical wellbore under specific boundary con-

ditions. The geological setting is simplified to represent a localized point within the formation, allowing for
in-depth investigation of the fracture initiation time, breakdown pressure, and near-tip fracture propagation
characteristics of the rock specimen under controlled conditions. During the experiment, the rock specimen

gradually accumulates stress under the action of internal fluid pressure until it reaches a critical rupture
point. At this moment, fracture initiation and propagation occur almost simultaneously, revealing the stress—
strain behavior and nonlinear mechanical response of deep shale. Specifically, as the external load increases,
internal stresses within the rock concentrate in a localized region. Once the local stress exceeds the rock’s
strength limit, microcracks rapidly expand and coalesce into macroscopic fractures.
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2.3.1 Results of Hydraulic Fracturing Experiment

The outcrop shale samples from the Longmaxi Formation in the Luzhou block, southern Sichuan Basin,
exhibit well-developed bedding planes. A vertical borehole is drilled perpendicular to the bedding direction,
and an artificial wellbore is sealed in place. In Specimen 1, a single through-going fracture appears on the
lower side of the sample, located relatively far from the base of the artificial wellbore. In Specimen 2, two
prominent through-going bonded fractures are observed-one is close to the bottom of the artificial wellbore,
while the other is farther away, as shown in Fig. 4.

Figure 4: Shale specimen used in the low-viscosity slickwater fracturing experiment. (a) Specimen 1; (b) Specimen 2;
(c) Sonic Velocity Test

Two sets of hydraulic fracturing experiments using low-viscosity slickwater are conducted to ensure
experimental repeatability.

Following the experimental procedure described earlier, hydraulic fracturing tests are conducted using
low-viscosity slickwater with a viscosity of 5 mPa-s. Figs. 5 and 6 show the post-fracturing conditions of
Specimen 1 and Specimen 2, respectively. The experimental results indicate that although both tests are
conducted under the stress regime where the maximum horizontal principal stress is greater than the
vertical stress, which in turn is greater than the minimum horizontal stress, the presence of natural fractures
and horizontal bedding planes leads to the formation of horizontal fractures rather than vertical ones. In
Specimen 2, in particular, the natural fracture located closer to the bottom of the artificial wellbore is also
activated and opened during the fracturing process.

Figure 5: Post-fracturing condition of Specimen 1 after low-viscosity slickwater fracturing
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Figure 6: Post-fracturing condition of Specimen 2 after low-viscosity slickwater fracturing

Fig. 7 shows the pump pressure vs. time curves for the two shale specimens under constant injection
rate. As slickwater is continuously injected, the pump pressure gradually increases. Specimen 1 reaches its
peak strength at 411 s during the fracturing test, with a fracture initiation pressure of 62.93 MPa. Specimen 2
reaches its peak strength at 562 s, with a fracture initiation pressure of 55.47 MPa. Once the fracturing fluid
enters the newly formed fractures, the peak pressure drops rapidly as more fluid is injected. The initiation
pressure of Specimen 1 is 13.45% higher than that of Specimen 2, indicating that the presence of natural
fractures near the open-hole section in Specimen 2 helps reduce the fracture initiation pressure.
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Figure 7: Pump pressure vs. time curves for Specimen 1 and Specimen 2 during low-viscosity slickwater fracturing

Figs. 8 and 9 show the acoustic emission (AE) test results for Specimen 1 and Specimen 2, respectively.
The AE event localization accounts for the anisotropy of P-wave velocity [36], with an expected spatial
accuracy of a few millimeters. Only AE events that meet the following criteria are considered [37]: (1) the P-

wave onset is detected by more than five sensors; (2) both the standard deviation and the maximum difference
between observed and calculated arrival times are within 3 microseconds.

In both experiments, the localized AE sources are concentrated on a single plane, indicating that low-
viscosity slickwater fracturing generates a single dominant fracture. The AE localization results are consistent
with the observed macroscopic fracture patterns in the rock specimens. Signal analysis further reveals that
shear failure dominates the fracturing process, primarily due to the presence of natural fractures and weak
bedding planes that are prone to shear slip. Tensile failure is also observed but occurs less frequently.
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Figure 9: Acoustic emission test results of Specimen 2

2.3.2 Supercritical CO, Fracturing Experimental Results

The shale outcrop exhibits well-developed bedding planes. A vertical borehole is drilled perpendicular
to the bedding direction, and an artificial wellbore is sealed in place according to the experimental procedure
described earlier. Specimen 3 appears relatively intact, with no visible natural fractures. In contrast, Specimen
4 has a prominent through-going bonded fracture located near the bottom of the artificial wellbore on the
lower side.

Two sets of hydraulic fracturing experiments are carried out using SC-CO, on Specimens 3 and 4
(Fig. 10) to ensure the repeatability of the results.

Before the experiment, CO, is pressurized to 10 MPa using a booster pump. The heating system is set
to 50°C, and once both pressure and temperature stabilize, supercritical CO, injection begins.
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(b)

Figure 10: Shale specimens used in the supercritical CO, fracturing experiments. (a) Specimens 3; (b) Specimens 4

Figs. 11 and 12 show the post-fracturing conditions of Specimen 3 and Specimen 4, respectively. The
experimental results indicate that under the same confining pressure and injection rate conditions as the
low-viscosity slickwater tests, SC-CO, first opens the bedding planes to form horizontal fractures. It then
gradually redirects propagation in the vertical direction and activates additional bedding planes, ultimately
forming a complex fracture network within the specimen. Here, complex fracture network’ refers to multiple
intersecting fracture branches and non-planar fracture surfaces, rather than a single planar crack.

Figure 12: Post-fracturing condition of Specimen 4 after supercritical CO, fracturing

Fig. 13 presents the pump pressure vs. time curves for Specimens 3 and 4 under a constant injection
rate using supercritical CO,. As the injection continues, the pump pressure gradually increases. During the
pressurization phase, the rate of pressure increase is relatively low, which is significantly different from that
observed in hydraulic fracturing with water. This phenomenon is primarily attributed to the much higher
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compressibility of supercritical CO, compared to water, resulting in a lower pressure build-up rate. For
Specimen 3, which contains no visible natural fractures, the rock reaches its peak strength at 511 s, with an
initial fracture initiation pressure of 51.96 MPa. The pressure rises again around 528 s, and at 633 s, additional
bedding planes are activated, with a secondary initiation pressure of 40.68 MPa, leading to the formation
of a more complex fracture network. For Specimen 4, which contains a natural fracture, the rock reaches
its peak strength at 462 s, with an initial fracture initiation pressure of 4718 MPa. The pressure increases
again around 481 s, and at 563 s, the natural fracture and additional bedding planes are activated, with a
secondary initiation pressure of 36.15 MPa. Subsequently, three more fracturing events occur, opening other
bedding planes and forming an even more complex fracture network. The initial fracture initiation pressure
of Specimen 3 is 10.13% higher than that of Specimen 4, and the secondary initiation pressure is 12.53% higher,
indicating that the presence of natural fractures contributes to lowering the initiation pressure and facilitates
the development of a more complex fracture network.

60 -
——Specimen 4
Specimen 3
50 4
40
=
%30 :
%)
T
2 20
w
@
1=
B
104
U -
T L 1) 5 T 3 T 25 L]
0 200 400 600 800
Time (s)

Figure 13: Pump pressure vs. time curves for Specimen 3 and Specimen 4 during SC-CO; fracturing

Figs. 14 and 15 show the acoustic emission (AE) test results for Specimens 3 and 4, respectively. In the
experiment on Specimen 3, the localized AE events are concentrated on three distinct planes, one of which
intersects with the other two. For Specimen 4, AE events are distributed across multiple intersecting planes,
indicating that supercritical CO, fracturing leads to the formation of both horizontal and vertical fractures.
The AE localization results are consistent with the observed macroscopic fracture patterns in the specimens.
Similar to hydraulic fracturing with water, the SC-CO, fracturing experiments also exhibit a large number of
shear failure events, along with the occurrence of tensile failure. Table 3 further compares the experimental
results of hydraulic fracturing using low-viscosity slickwater and supercritical carbon dioxide.
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Figure 15: Acoustic emission test results of Specimen 4

Table 3: Comparison of fracturing experiment results with different fluids

Fracturing fluid

Breakdown
pressure

Fracture complexity

Low-viscosity slickwater
(Specimen 1)
Low-viscosity slickwater
(Specimen 2)
SC-CO; (Specimen 3)
SC-CO;, (Specimen 4)

62.93 MPa

55.47 MPa

51.96 MPa
4718 MPa

Single fracture

Single fracture (natural
fracture opened)
Complex fracture

More complex fracture

(natural fracture opened)
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3 Conclusion

(1)  True triaxial physical simulation experiments are conducted on outcrop shale samples from the target
area under different fracturing fluid conditions. Under identical experimental conditions, supercritical
CO, fracturing shows a significantly lower fracture initiation pressure compared to water-based
hydraulic fracturing. This outcome is primarily attributed to the following factors: (1) Supercritical
CO,, formed under specific temperature and pressure conditions, exists in a state between gas and
liquid. It possesses low viscosity and high diffusivity, allowing it to flow more easily through fractures
and exhibit lower wettability than water. These characteristics reduce the pressure required to drive
fluid into fractures. (2) The small molecular size and high diffusivity of CO, enhance its ability to
penetrate micropores and microcracks, enabling more efficient fracture propagation at lower pressures.
(3) Chemical interactions between CO, and rock minerals may alter local mechanical properties,
weakening the rock structure and promoting fracture initiation and growth under reduced external
stress [38]. (4) Elevated injection temperatures and pressures associated with SC-CO, introduce
thermal stress, which further reduces rock strength and facilitates fracture propagation.

(2) Inaddition to lower initiation pressure, fractures generated by SC-CO, tend to be more complex than
those formed during water-based fracturing. This can be explained by the following: (1) Extremely
low viscosity allows SC-CO, to infiltrate fine fractures and rapidly diffuse throughout the formation,
contributing to the development of intricate fracture networks. (2) Chemical reactions between CO,
and mineral surfaces can weaken specific regions, making them more susceptible to fracturing. (3)
Low surface wettability reduces fluid retention, promoting more continuous and extensive fracture
propagation. (4) Altered local stress distribution, particularly the reduction in effective stress, lowers
the rock’s shear strength and facilitates crack growth. (5) Thermal effects during CO, injection induce
stress changes that further aid in crack initiation and propagation.
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