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ABSTRACT

Supercritical CO; (SC-CO;) fracturing, being a waterless fracturing technology, has garnered increasing
attention in the shale oil reservoir exploitation industry. Recently, a novel pre-SC-CO; hybrid fracturing
method has been proposed, which combines the advantages of SC-CO, fracturing and hydraulic frac-
turing. However, the specific impacts of different pre—SC-CO, injection conditions on the physical pa-
rameters, mechanical properties, and crack propagation behavior of shale reservoirs remain unclear. In
this study, we utilize a newly developed “pre-SC-CO; injection — water-based fracturing” integrated
experimental device. Through experimentation under in-situ conditions, the impact of pre-SC-CO; in-
jection displacement and volume on the shale mineral composition, mechanical parameters, and fracture
propagation behavior are investigated. The findings of the study demonstrate that the pre-injection SC-
CO; leads to a reduction in clay and carbonate mineral content, while increasing the quartz content. The
correlation between quartz content and SC-CO, injection volume is positive, while a negative correlation
is observed with injection displacement. The elastic modulus and compressive strength exhibit a
declining trend, while Poisson's ratio shows an increasing trend. The weakening of shale mechanics
caused by pre-injection of SC-CO, is positively correlated with the injection displacement and volume.
Additionally, pre-injection of SC-CO, enhances the plastic deformation behavior of shale, and its
breakdown pressure is 16.6% lower than that of hydraulic fracturing. The breakdown pressure demon-
strates a non-linear downward trend with the gradual increase of pre-SC-CO, injection parameters.
Unlike hydraulic fracturing, which typically generates primary fractures along the direction of the
maximum principal stress, pre-SC-CO; hybrid fracturing leads to a more complex fracture network. With
increasing pre-SC-CO; injection displacement, intersecting double Y-shaped complex fractures are
formed along the vertical axis. On the other hand, increasing the injection rate generates secondary
fractures along the direction of non-principal stress. The insights gained from this study are valuable for
guiding the design of preSC-CO, hybrid fracturing in shale oil reservoirs.
© 2024 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

verified geological reserves of approximately 6.24 x 108 t, ac-
counting for 90% of the entire onshore oil reserves (Hu et al., 2020;

Over the past century, China's petroleum industry exploration
practices have consistently shown that onshore stratum remains
the primary resource and serves as the principal foundation for
both exploration and development efforts (Zou and Zhu, 2019).
China boasts substantial continental shale oil resources, with
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Wang et al., 2022). Shale oil constitutes a significant substitute
resource that plays a crucial role in guaranteeing China's oil secu-
rity. To achieve efficient and large-scale development of shale
reservoirs, hydraulic fracturing has been a popular technique,
leading to significant breakthroughs in early-stage shale gas
development (Lampe and Stolz, 2015). However, this method also
presents certain drawbacks, including high water consumption,
low flowback rates, and substantial damage to water-sensitive
reservoirs (Warpinski et al., 2009).
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To overcome these concerns, recent research efforts have
focused on developing anhydrous fracturing fluids, with SC-CO,
emerging as a promising alternative to water-based fracturing
fluids. SC-CO, possesses a range of beneficial characteristics,
including low viscosity, excellent fluidity, and extremely low sur-
face tension. After immersion in supercritical CO,, new cracks and
pores appeared in the rock due to the dissolution of minerals (Li
et al., 2022). Moreover, it can reduce the pressure required to
fracture rocks andthe volume of rock fractured by ScCO, is several
times larger than that of hydraulic fracturing, making it an ideal
choice for stimulating unconventional reservoirs (Wang et al.,
2020; Zhou et al., 2019). However, the field development results
in the oil industry suggest that using SC-CO> as the only fracturing
fluid for reservoir stimulation is not an ideal approach, as its low
viscosity and limited sand-carrying ability lead to suboptimal re-
sults (Mojid et al., 2021; Zheng et al., 2022).

In recent years, CO; has been frequently used as a pre-fracturing
fluid combined with water-based fracturing fluids to achieve
optimal fracturing effects in field operations. The primary concept
behind this approach is injecting high-pressure CO, into the
reservoir to create a fracture network, thereby maintaining reser-
voir pressure and preventing fluid flow blockages in the fractures.
Or inject SC-CO; at a low discharge rate to weaken the mechanical
properties of the reservoir. Subsequently, a water-based fracturing
fluid containing proppants is introduced into the reservoir to prop
open the fractures, enabling the release of hydrocarbons (Ribeiro
et al., 2022). The pre-CO, hybrid fracturing method has been suc-
cessfully applied in various field operations, including the Yan-
chang Oilfield (Xiao et al., 2022), the Daqing oilfield (Sun et al.,
2020), the Changging oilfield, the Xinjiang oilfield (Yi et al,
2022), the Dagang Oilfield (Sun et al., 2020). This method has dis-
played significant potential for enhancing production rates in un-
conventional reservoirs. During the hybrid fracturing process,
specific physical and chemical reactions occur between the pre-
injected SC-CO; and formation fluids, which can influence shale
wettability, micro-pore structure, and mechanical properties
(Wang et al., 2018). Ultimately, these factors can impact the imbi-
bition of reservoir fluids and subsequent water-based fracturing,
thereby affecting the productivity of shale oil reservoirs (Ao et al.,
2020). Consequently, a comprehensive investigation into the ef-
fects of pre-injecting SC-CO, on the mechanical characteristics of
shale reservoirs is essential before proceeding with hybrid
fracturing.

Up to the present time, a significant cohort of academics has
undertaken investigations on the interaction mechanism between
SC-CO; and host rocks. Lu et al. (2022) employed X-ray computed
tomography (CT), low-pressure nitrogen gas adsorption (N,GA),
mercury intrusion porosimetry (MIP), and field emission scanning
electron microscopy (FE-SEM) to analyze the SC-CO,-slick-water
coupling effect on the shale pore structure. Memon et al. (2022)
conducted SC-CO,; fracturing tests on cubic shale samples by true
triaxial stress cell (TTSC), and quantitative evaluation of rock
characteristics by CT imaging and N2GA. Li et al. (2021) analyzed
the effect of SC-CO, on pores and rock minerals through nuclear
magnetic resonance (NMR), X-ray-diffraction (XRD), and SEM ex-
periments. Zhang K. et al. (2021) investigated changes in caprock
pore-fracture structure, permeability and mechanical strength
under SC-CO,-H,0 environment by using a high-temperature and
high-pressure airtight reaction platform. Chen et al. (2021) used N/
CO, adsorption and XRD methods to quantitatively evaluate the
changes in pore structure and mineral content of lignite, bitumi-
nous coal and anthracite coal after exposure to SC-CO; fluid. Fatah
et al. (2021) treated the Eagle Ford and Mancos shale samples with
SC-CO, at 70 °C and 18 MPa for 30 days, and evaluated the
geochemical interaction by XRD, SEM, Fourier Transform Infrared
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Spectroscopy (FTIR) method. As mentioned above, SC-CO; has a
significant impact on the physical characteristics of shale through
three primary mechanisms: (1) extraction of shale organic matter
by SC-CO,, (2) the reaction between SC-CO, and reservoir fluid,
leading to the formation of carbonic acid and subsequent shale
mineral reactions, and (3) adsorption of CO, by the shale matrix
mineral, resulting in changes in the potential energy of the shale
surface. Currently, most laboratory experimental research methods
utilize static immersion experimental devices, immersing
powdered shale samples in an SC-CO, environment. However, this
approach does not allow for the examination of the effects of
physical and chemical reactions on shale's mechanical properties.
Moreover, the main focus of the aforementioned studies is on CO,
sequestration, which entails relatively long CO, exposure times,
while in shale fracturing operations, formations are exposed to CO,
for relatively short periods. In summary, the fundamental mecha-
nism of the effect of pre-SC-CO; injection on changes in mechanical
properties during the process of shale hybrid fracturing remains
unclear.

At present, on-site fracturing in oilfields mostly relies on expe-
rience and lacks corresponding theoretical basis. To address this
problem, we develop a novel “pre-SC-CO; injection — water-based
fracturing” integrated experimental device. This research is carried
out in two distinct steps: i) First, simulate the process of pre-SC-CO;
injection into the reservoir, and use small-sized cores (25 x 50 mm)
to investigate the effects of engineering parameters such as pre-SC-
CO3 injection displacement and injection volume. The influence of
the basic mechanical properties of the layer is quantitatively eval-
uated by uniaxial compression test, uniaxial tensile test and other
methods; ii) In the second part, we simulate the pre-SC-CO; hybrid
fracturing process by employing large-scale cores (50 x 100 mm) to
study the fractures propagation under various engineering pa-
rameters. This study analyzes the mechanism of action of SC-CO,-
shale and discusses its subsequent impact on the development of
hybrid fracturing. The aim is to provide theoretical guidance for the
development of oilfield shale reservoirs.

2. Experimental methodology
2.1. Specimen preparation

The rock samples used in the experiment came from a typical
shale oil formation in China. To ensure the consistency of me-
chanical properties, all samples are taken from a shale layer in the
Bohai Bay Basin at a depth of 2920—2990 m (Fig. 1(a)). For the basic
mechanical property measurement experiment (Fig. 1(b)), the
samples are cut into cylinders with a diameter of 25 mm and a
height of 50 mm using a computer numerical control (CNC) sand
wire cutting machine. For the triaxial hydraulic fracturing experi-
ment, cylinders with a diameter of 50 mm and a height of 100 mm
are employed (Fig. 1(c)). To avoid stress concentration during the
experiment, both sections of the samples are ground flat, ensuring
the vertical deviation does not exceed 0.05°. Moreover, to simulate
the wellbore, an injection hole with a diameter of 9 mm and a
length of 45 mm is drilled at the center of the top circle of the larger
sample. A high-strength stainless steel tube with an outer diameter
of 8 mm and a length of 35 mm is fixed to the eyelet using epoxy
adhesive, leaving a 10 mm open-hole section. To achieve optimal
sealing, the samples are placed at a constant temperature for 48 h
prior to the test. This process aimed to ensure the best sealing effect
for accurate experimental results.

The shale sample powders are tested by XRD (Siemens D5000,
Germany). D5000 X-ray Diffraction equipment fitted with a cobalt
X-ray tube is used to test 200 mesh powder samples to determine
the shale mineral composition before SC-CO; injection. Meanwhile,
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Fig. 1. Rock sample preparation.

the basic mechanical properties of shale samples, including elastic
modulus (Es), Poisson's ratio, compressive strength, and tensile
strength are obtained through the uniaxial tensile and compression
experiments. Three sets of parallel tests are carried out for each
parameter test, and the average values of the parameters are shown
in Table 1.

2.2. Experiment apparatus

The independently developed experimental system, as depicted
in Fig. 2(a), comprises six sub-modules: gas source supply (such as
CO,, N3), water source supply, data control device, constant tem-
perature water bath, three-axis servo control, and data acquisition.
This system is capable of conducting fracturing experiments
involving different fluids. Notably, the maximum pressure of the
plunger pump is 50 MPa, which can be combined with the water
bath system to control the temperature and pressure of CO»,
enabling the alteration of CO,'s phase state to either a liquid or
supercritical state. The data control device operates the motor and
vacuum pump while simultaneously recording the changes in
pressure and temperature over time using the data acquisition
device. The pressure sensor has a measurement range of 0—50 MPa
with an accuracy of +0.1 MPa, while the temperature sensor has a
measurement range of 0—80 °C with an accuracy of +0.1 °C.

The device's innovation lies in its capability to in-situ conduct an
integrated “pre-SC-CO, injection — water-based fracturing”
experiment. The triaxial core support serves as a pivotal compo-
nent of the fracturing system, enabling core clamping and appli-
cation of axial pressure and confining pressure. This integral part is
constructed entirely from stainless steel, making it suitable for
high-temperature and high-pressure experimental conditions, thus
facilitating triaxial fracturing experiments at a depth of 5000 m
(150 °C, 50 MPa). The core holder is designed to accommodate
cylindrical specimens measuring either 25 mm in diameter and
50 mm in height or 50 mm in diameter and 100 mm in height. The

Table 1

Mechanical properties of the specimens.
Parameters Technique Values
Elastic modulus, GPa Uniaxial tensile test 17.42
Poisson's ratio, - Uniaxial tensile test 0.154
Tensile strength, MPa Uniaxial tensile test 3.67
Compressive strength, MPa Uniaxial compression test 220.12

triaxial core holder is meticulously designed to accommodate two
distinct loading modes: rigid loading and flexible loading. Under
the rigid loading mode, the core holder can withstand a maximum
axial pressure of 40 MPa and a maximum confining pressure of
50 MPa. This design impeccably fulfills the specifications for spec-
imens subjected to diverse experimental conditions. Both upper
and lower ends of the holder are sealed with stainless steel end
caps. These end caps feature one or two connecting holes on their
respective sides, which enable the injection and discharge of frac-
turing fluid. To ensure sealing of the sample's side wall and allow
for the application of confining pressure, the core sample is
enveloped in a Buna rubber cartridge. The application of axial
pressure and confining pressure to the core is achieved through a
manual hydraulic cylinder, employing a multi-directional syn-
chronous stress loading method. This experimental setup thus
enables the realization of the integrated “pre-SC-CO, injection —
water-based fracturing” experiment, presenting opportunities for
conducting comprehensive investigations in shale reservoir
fracturing.

2.3. Experimental procedure
The entire experimental process consists of five steps (Fig. 3):

(1) Sample preparation. Cut the experimental sample to a suit-
able size, and place the sample at a constant temperature for
48 h to achieve the optimal sealing effect.

(2) Stress loading. The cylindrical core is positioned within the
newly designed core holder, which is pressurized axially and
circumferentially by the manual hydraulic pump. Further-
more, to ensure a consistent and stable SC-CO; injection with
a fixed displacement, a separate manual hydraulic pump is
employed to apply back stress during the pre-SC-CO injec-
tion stage.

(3) SC-CO;, generation. The gaseous CO, is pressurized and
heated to 7.5 MPa and 40 °C through the plunger pump and
the water bath to reach the supercritical state. Since the
pipeline of the equipment in this study is short and the
pipeline is covered with insulation tape, the pressure and
temperature drops of CO; during the experiment are negli-
gible, allowing CO, to maintain its supercritical state.

(4) Hydraulic fracturing. This step is divided into two stages:

i) Pre-injection of SC-CO,. Open Valve 1 and close Valve 2.
SC-COy is uniformly injected from the bottom of the rock
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sample, and the red Connecting hole 2 displayed in the constant flow pump and stabilizes for a specific
Fig. 2(c) serves as the CO, discharge end. The stable in- duration;
jection of SC-CO5 is considered achieved when the pres- ii) Water-based fluid fracturing. Close Valve 1 and open
sure gauge reading aligns with the injection pressure of Valve 2. Activate the ISCO injection pump (Tele-dyne
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Fig. 3. Experimental sample size and test method.

ISCO, Inc. USA) to pump water-based fracturing fluid into
the wellbore through the blue Connecting hole 2. The
hydraulic fracturing process is considered complete when
a sudden drop in the pressure gauge is observed.

(5) Data collection and analyze. After the above treatment, the
core samples undergo a 48-h drying period in a regulated
drying oven set at 80 °C. Subsequently, rock samples
measuring 25 x 50 mm are subjected to a comprehensive
evaluation of basic mechanical properties using triaxial
compression equipment. Simultaneously, rock samples
measuring 50 x 100 mm post-hybrid fracturing undergo a
comparative analysis to assess crack reorganization. To delve
into changes in mineral composition, the crushed rock
samples resulting from the fracturing process are finely
processed into 200 mesh powder for subsequent XRD
testing.

2.4. Experimental scheme

The primary objective of this study is to propose the advantages
of pre-SC-CO, hybrid fracturing, and quantitatively analyze the
influence of engineering parameters, such as pre-SC-CO, injection
displacement and injection volume, on the expansion of fracturing
fractures. To design the experimental setups, we consider the
reservoir block conditions and relevant fracturing construction
experience reported in previous literature (Tian et al., 2021; Li et al.,
2020). The confining stress is set at 15 MPa, and the axial stress is
determined to be 10 MPa. Utilizing the principles of orthogonal
testing, we formulate eleven distinct schemes, as presented in
Table 2. Among these schemes, Samples #1—3, Samples #2, 4, 5
respectively analyze the influence of pre-SC-CO, injection
displacement and injection volume on the mineral composition
and mechanical properties of shale; Samples #6—8, Samples # 7, 9,
10 respectively consider the impact of pre-SC-CO, injection
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displacement and injection volume on the expansion of hybrid
fracturing fractures. Furthermore, we compare and analyze the
effect of employing single water-based fracturing fluid (Sample
#11) for comparative evaluation.

Among these schemes, to establish a correlation between the
field prototype and the experimental model, the pressure loaded
and the injection parameters are determined based on the simi-
larity criterion (Eq. (1)) used in hydraulic fracturing simulation
experiments (Liu et al, 2000). It is noteworthy that in pre-
construction SC-CO, injection in oilfields, both domestic and in-
ternational practices do not consider fracture creation, hence the
injection displacement is relatively low, approximately 2—4 m?/
min (Xiao et al., 2022; Ribeiro et al., 2022). Consequently, the in-
jection displacement chosen for this experimental simulation is set
to range from 0.05 to 0.2 mL/min.

3

C c CyC
7L=1,C1( ad 7777(2:]
L 3
CQCT CQ CLCp
0
Co _ % _ 4 (1)
Ce Ce Cg
2
CLCEi CVCL,]
a
k]c

Among them, the similarity ratio coefficient, denoted as ¢y, =
Vinodel/ Vseld» Signifies the ratio of the same physical quantity be-
tween the model and the prototype. Here, V represents various
single-valued conditional quantities, including L (length, m), E
(Young's modulus, GPa), Q (flow rate, m?/min), T (temperature, °C),
K (leak-off coefficient, m/ v/min), 5 (viscosity, mPa-s), p (pressure,
Pa), p; (fracture pressure, Pa), 6%, (confining stress, Pa), v (shear
modulus, Pa), K¢ (fracture toughness, MN/m>/?), and other relevant
parameters.

3. Results and discussion

In this section, we perform XRD tests on shale powder samples
both before and after SC-CO, injection. Additionally, conduct a
comparative analysis of the changes in the mechanical properties
under various pre-SC-CO, injection displacement and injection
volume, based on data obtained from the uniaxial tensile test and
uniaxial compressive test. Furthermore, by employing pumping
pressure-time curves and fracture recombination, among other
methods, we conduct a comparative analysis of fracture propaga-
tion characteristics under conditions of hybrid fracturing and single
water-based fracturing fluid.

3.1. Changes of mineral composition

Fig. 4 illustrates the impact of pre-SC-CO, injection on the
mineral composition of shale. XRD analyses of the original rock
samples revealed that quartz (20.1%) and clay minerals (31.8%)
constituted the predominant minerals, accompanied by calcite
(15.8%), dolomite (11.4%), feldspar (4.8%), and other minor com-
ponents (16.8%). Following pre-SC-CO; injection, SC-CO, comes
into full contact with the shale, leading to changes in the shale's
mineral composition (Eq. (2)—(6)) (Li et al., 2021; Yang et al., 2023;
Wu et al., 2021). Under various injection displacements, the shale's
content of feldspar, calcite, dolomite, and clay minerals decreases
by 56.1%, 17.1%, 5.3%, and 2.2%, respectively. Simultaneously, the
relative content of quartz experiences an increase of 9.5%. Addi-
tionally, under different injection volumes, shale feldspar, calcite,
dolomite, and clay minerals decrease by 14.6%, 12.0%, 12.3%, and
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Table 2
Experimental schemes.
Sample Size, mm Injection displacement, mL/min Injection volume, PV Fluid type
#1/2/3 25 x 50 0.05/0.1/0.15 3 SC-CO,
# 4[5 0.1 5/7
#6/7/8 50 x 100 0.2/0.35/0.5 — 5 (water) 3 SC-CO, — water
#9/10 0.35 — 5 (water) 5/7
#11 5 — water
0c X 03 X 0p = 15 x 10 x 8 MPa (g.: confining stress; ¢,: axial stress; a,: back stress).
:l Quartz |:| Feldspar :l Calcite :l Quartz I:I Feldspar I:l Calcite
- :l Dolomite |:| Clay minerals \:l Others - \:] Dolomite I:I Clay minerals \:l Others
0.15 22% 2% 13% 1% 31% 21% 7 23% 4% 14% 10% 29% 20%
0.10 24% 3% 12% 10% 30% 21% 5 22% 4% 14% 10% 30% 20%

L
I\
|

2%

0.05 25% 10% 9% 30% 24%

Injection displacement, mL/min

4%

20 40 60 80

Initial 20% 16% 1% 32% 17%

Percentage, %

(a) With injection displacement

100

21% 4% 15% 1% 31% 19%

Injection volume, PV

Initial 20% 4% 16% 1% 32% 17%

40 60 80 100
Percentage, %

(b) With injection volume

Fig. 4. Mineral content changes under pre-SC-CO, injection.

7.5%, respectively, while the relative content of quartz shows a
significant increase of 13.4%. Notably, the increment in shale quartz
content exhibits a positive correlation with SC-CO; injection vol-
ume, while it demonstrates a negative correlation with SC-CO,
injection displacement.

C0,+H,0 - H™+HCO3 (2)
CaCO3+H*+HCO3 —Ca®t+2HCO3 (3)
CaMg(CO3),+2H* — Ca?*+Mg?* +2HCO3 (4)
Ca*"+HCO3 — CaCOs+H" (5)
Mg?*+HCO3 —MgCO3+H* (6)

3.2. Changes of mechanical properties

Fig. 5 presents stress-strain curves for shale samples subjected
to different pre-SC-CO, injection displacements and injection vol-
umes. The curve can be categorized into four distinct stages: initial
linear elastic stage, strain hardening stage, yield stage, and defor-
mation stage (Roylance, 2001). During uniaxial compression, the
initial rock sample experienced brittle failure, characterized by a
sudden stress peak followed by a rapid decline. However, after pre-
injection of SC-CO», a significant alteration is observed in the local
deformation stage of the shale sample. This change suggests that
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SC-CO, undergoes both physical and chemical reactions with the
rock sample, leading to a weakening of its mechanical properties.
Consequently, the failure mode shifts from brittle shear failure to
plastic failure, as reported in the relevant literature (Memon et al.,
2022; Pan et al., 2018; Middleton et al., 2015).

Table 3 presents the changes in the mechanical properties of
shale samples before and after SC-CO, injection. The extent of
damage can be ascertained by comparing the Es, compressive
strength and Poisson's ratio under varying SC-CO; injection con-
ditions (Qin et al., 2016). The variations in mechanical properties
are found to be closely linked to both the SC-CO, injection
displacement and injection volume. When subjected to different
SC-CO; injection displacements, the elastic modulus of shale ex-
hibits a decreasing trend, declining by 4.9%, 11.5%, and 14.5%
compared to its initial condition. Additionally, the compressive
strength shows a similar downward trend, decreasing by 3.1%, 6.2%,
and 7.9% respectively, compared to its initial condition. However,
Young's modulus displays an increasing trend, showing increments
of 5.2%, 11.0%, and 19.5% compared to its initial condition.
Furthermore, when considering various SC-CO, injection volumes,
the elastic modulus demonstrates reductions of 11.5%, 18.3%, and
26.9% relative to its initial state. Additionally, the compressive
strength displays decreases of 6.2%, 8.6%, and 9.2% compared to its
initial condition. In contrast, Young's modulus consistently in-
creases under different injection volumes, exhibiting increments of
11.0%, 24.0%, and 32.5%, respectively, compared to its initial con-
dition. The study identifies that continuous SC-CO, injection
enhanced the dissolution of inorganic minerals within the shale
samples, with injection volume exerting a more pronounced effect
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Fig. 5. Stress-strain curves change under pre-SC-CO, injection.

Table 3
Mechanical parameters variations under pre-SC-CO, injection.

Treatment Es, GPa Compressive strength, MPa Poisson's ratio, -
_ Initial 17.42 220.12 0.154
Injection displacement, mL/min 0.05 16.56 213.21 0.162
0.1 15.42 206.57 0.171
0.15 14.89 202.83 0.184
Injection volume, 3 15.42 206.57 0.171
PV 5 14.24 201.24 0.191
7 12.74 199.78 0.204

on the mechanical properties. These findings align with previous
research trends (Su et al., 2020; Lu et al., 2019; Middleton et al.,
2015); however, this research observes a more conspicuous de-
gree of change in mechanical properties. This increased significance
can be attributed to the dynamic SC-CO, injection process, where
the fluid's enhanced fluidity intensifies physical and chemical re-
actions during the interactions.
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3.3. Pumping pressure-injection time curves

In the process of hydraulic fracturing, Fig. 6 illustrates the
changes in pumping pressure over time, and the fracture pressure
of the formation under different pre-SC-CO; injection parameters.
All curves can be segmented into three distinct phases: i) the
pressure rise phase; ii) the pressure drop phase; iii) the fracture
growth and stabilization phase. When an abrupt reduction in
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Fig. 6. Pumping pressure-injection time curves change under pre-SC-CO, injection.
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E——

Sample#6 0.2 mL/min CO,-water

Sample#7 0.35 mL/min CO,-water

Sample#8 0.5 mL/min CO,-water

Fig. 7. Schematic diagram of crack reconstruction (water/SC-CO, injection displacement).

pumping pressure occurs, it can be inferred that the rock undergoes
fracturing at that moment. The maximum pumping pressure prior
to the abrupt pressure drop is referred to as the formation break-
down pressure (Zhao et al., 2019).

The advantages of the pre-SC-CO; injection hybrid fracturing
process become evident when comparing the pumping pressure
curves of Sample #7 and #11. It is evident that the pumping pres-
sure curve for hydraulic fracturing rises more rapidly, which can be
attributed to the lower compression degree of water-based frac-
turing fluid compared to SC-CO,. Additionally, SC-CO, exhibits
characteristics such as low viscosity and almost zero interfacial
tension, leading to significant fluid loss during fracturing. These
observations align with findings from previous studies (Zhang C.
et al, 2021). It is noteworthy that the breakdown pressure de-
creases from 20.89 to 17.42 MPa, indicating a reduction of 16.6%.

In the pumping pressure curves present in Fig. 6(a) for various
pre-SC-CO; injection displacements (Sample #6/7/8), it is evident
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that the breakdown pressure exhibits a nonlinear decrease with
increasing displacement. Specifically, when compared to the con-
dition of 0.2 mL/min displacement, the breakdown pressure at 0.35
and 0.5 mL/min displacements are reduced by 8.5% and 13.4%,
respectively. Additionally, it is essential to note that the increase in
pumping pressure of pre-SC-CO, hybrid fracturing is minimal, and
the rate of increase demonstrates a downward trend with the rise
of SC-CO, injection displacement. Moving on to Fig. 6(b), the
pumping curves related to the pre-SC-CO, injection volume exhibit
a similar trend (Sample #7/9/10). In comparison to the condition of
3 PV, the breakdown pressure is reduced by 6.3% and 41.8% when
the injection volume is 5 and 7 PV, respectively. Among these ob-
servations, when the initial SC-CO, injection volume is 7 PV, the
injection pressure exhibits a zigzag pattern during the fracturing
process. Notably, when the injection pressure reaches the first peak,
a second secondary peak emerges later, indicating the generation of
secondary fractures during the propagation of primary fractures.
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Sample#11 water

Sample#7 3 PV CO,-water

Sample#9 5 PV CO,-water

Sample#10 7 PV CO,-water

Fig. 8. Schematic diagram of crack reconstruction (water/SC-CO, injection volume).

Building upon the research findings delineated in the previous
section of this paper, the observed decline in breakdown pressure
can be attributed to three principal factors: (1) Chemical interac-
tion. Pre-injected SC-CO; interacts chemically with the reservoir
minerals, leading to a downward trend in reservoir mechanical
properties (Es and compressive strength); (2) Micro-fracture
introduction: The shale reservoir already contains well-developed
bedding and natural fractures. With the continuous injection of
low-displacement SC-CO,, the gas infiltrates the tiny pores within
the reservoir. As the local fracture pressure is reached, the reservoir
fractures, forming new tiny fractures or connecting with existing
natural fractures; (3) Thermal damage: pre-injected high-temper-
ature SC-CO;, causes thermal damage to the reservoir. Temperature-
induced thermal stress plays a significant role in internal rock
damage, often leading to the initiation and propagation of cracks
(Isaka et al., 2019; Esteves et al., 2019). However, considering the
relatively small injection volume of pre-SC-CO,, the impact of this
factor may be limited.

3555

3.4. Fracture propagation characteristics

Owing to the small sample size, the crack distribution and
morphology after fracturing can be determined by examining the
crack textures on the top, bottom, and sides of the cylinder spec-
imen. Utilizing SolidWorks software (Kurowski, 2013) for internal
crack reconstruction, a clear observation of crack development
under various working conditions is attainable, as depicted in
Figs. 7 and 8. Due to severe cracking of the sample upon removal
from the core holder, it is meticulously reassembled using trans-
parent plastic tape. Additionally, to indicate the locations of frac-
tures resulting from hydraulic fracturing, distinct markings are
applied using blue color.

The examination of Figs. 7 and 8 reveals that during hydraulic
fracturing, main fractures primarily occur along the vertical axis of
the sample. In contrast, when pre-SC-CO, hybrid fracturing is
employed, multiple secondary fractures manifest in the sample,
resulting in the formation of a complex fracture network. Given
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Sample#11 water Sample#9 5 PV CO,-water

Fig. 9. CT scans of rock samples under different fracturing fluid injection conditions.
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Fig. 10. Fracture size characteristics under different fracturing fluid injection
conditions.

that SC-CO, readily permeates the minute pores within the rock, it
exerts an influence on the internal pore structure of the rock during
the pre-injection phase. Consequently, it becomes apparent that
certain fractures may be located at a considerable distance from the
injection point when conducting hybrid fracturing. The analysis of
fracture morphology resulting from water fracturing and pre-CO;
hybrid fracturing is conducted through image reconstruction
(Fig. 9), utilizing CT scanning equipment with the precision of
53 pm (Zeiss). When employing one single water-based fracturing
fluid, the average fracture length, fracture width, and fracture vol-
ume demonstrated increases from 5045 to 5242 mm,
0.35-0.74 mm, and 505—1264 mm?>, respectively. The increments
represent a rise of 3.9%, 111.4%, and 150.3%, as illustrated in Fig. 10.

Through comparison, it becomes evident that pre-SC-CO; in-
jection parameters significantly influence the formation of frac-
tures during the fracturing process. As illustrated in Fig. 7, when the
pre-injected SC-CO; injection displacement is low (<0.35 mL/min),
the two primary fractures primarily expand in a direction parallel to
the maximum principal stress and are located near the perforated
wellbore. However, when the SC-CO, injection displacement is
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increased to 0.5 mL/min, the fracture network becomes more
intricate, and double Y-shaped cross fractures appear along the
direction of the straight axis. Furthermore, based on the fracture
structure depicted in Fig. 8, the injected volume of SC-CO, emerges
as another pivotal parameter influencing fracture propagation. As
the injection volume increases, secondary fractures extend along
the axial direction progressively. The pre-injected CO, rapidly ac-
cumulates within the reservoir, leading to a swift increase in the
local reservoir pressure and subsequently initiating fracturing
cracks. At this juncture, the principal stress ceases to be the
dominant factor governing crack initiation and propagation. From
the foregoing observations, it is evident that higher pre-SC-CO,
injection displacement and volume lead to an augmented number
and intricacy of fractures compared to those formed under lower
injection parameters. With the increase in pre-SC-CO, injection
parameters, the mechanical properties of the shale are weakened,
and the possibility of introducing new micro-fractures rises.
Consequently, when subsequent water-based fracturing fluid is
injected for hybrid fracturing, the resulting fracture network
structure exhibits a heightened level of complexity.

4. Conclusions

By synergizing the benefits of SC-CO, and water fracturing, a
novel pre-SC-CO, hybrid fracturing method has been proposed.
Utilizing the newly designed “pre-SC-CO; injection — water-based
fracturing” integrated experimental device, a comparative analysis
of the shale mineral composition, mechanical properties and frac-
ture propagation of different pre-SC-CO, injection displacement
and injection volumes is conducted. The following conclusions can
be drawn:

(1) Pre-SC-CO, injection significantly influences the shale min-
eral composition. The injection of SC-CO, results in a
reduction of carbonate minerals and clay content in shale,
accompanied by an increase in the relative content of quartz.
Specifically, the increase in shale quartz content exhibits a
positive correlation with SC-CO, injection volume but dis-
plays a negative correlation with SC-CO, injection
displacement.

(2) Pre-SC-CO; injection initiates physical and chemical re-
actions with rock samples, leading to a declining trend in
elastic modulus and compressive strength. Additionally, the
failure mode gradually transitions from brittle shear failure
to plastic failure.

(3) The breakdown pressure of the pre-SC-CO; hybrid fracturing
formation is observed to be 16.6% lower than that of the
hydraulic fracturing, underscoring the benefits of employing
hybrid fracturing technology. Furthermore, as the displace-
ment and volume of SC-CO», injection progressively increase,
the breakdown pressure exhibits a nonlinear downward
trend.

(4) In contrast to hydraulic fracturing, which generates only
main fractures along the direction of the maximum principal
stress, pre-SC-CO; hybrid fracturing results in the formation
of a more intricate and complex fracture network.
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