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ABSTRACT: The commercial production from tight oil and gas reservoirs has been facilitated by the multistage hydraulic
fracturing of horizontal wells. This process typically requires the pumping of large amounts of slick water into the subsurface, and
this could be challenging in areas with a limited supply of water. Despite the commercial success of hydraulic fracturing with water, it
still faces the problem of clay swelling and potential contamination of underground water. This has led to research studies and field
applications of liquid or supercritical carbon dioxide (SC-CO2) fracturing in unconventional oil and gas resources. Considering that
the propagation and characteristics of these man-made fractures are controlled by the fracturing fluid and mechanical state of the
reservoir, we performed a series of fracturing experiments on tight sandstones using water and SC-CO2 at different stress
magnitudes. To explore the morphology of the fractures and quantify their attributes, we proposed a novel full-sample fracture
analysis approach, which is based on microcomputed tomography (CT) imaging. The results of this study indicate that the
breakdown pressure is a linear function of the minimum principal stress and tensile strength. We observe that the pattern and
geometry of the fractures created from SC-CO2 fracturing is more complex than those of water fracturing under the same stress
conditions. Our experimental results also indicate that smaller differential stresses lead to the creation of more fracture branches and
that fracture propagation is significantly affected by the presence of initial bedding planes. Furthermore, our quantification of the
fracture attributes (based on fracture extraction and digitization) indicates that SC-CO2 fracturing leads to the creation of more
complex fractures with rougher surfaces than water fracturing. This experimental study proposes a new full-sample fracture
quantification approach, which can be implemented to analyze fracture attributes precisely and effectively. The results from this work
could provide insights and guidance for the field application of SC-CO2 fracturing in unconventional oil and gas resources.

1. INTRODUCTION

The significant decline in the production of conventional oil
and gas reservoirs around the world has led to the commercial
development of unconventional resources, such as tight sands.
However, the efficient development of these resources still
faces numerous challenges.1−3 As of this writing, the
commercial development of unconventional oil and gas
reservoirs typically involves the multistage hydraulic fracturing
of horizontal wells by injecting a mixture of water and chemical
additives (known as slickwater) at high pressures.4 This
inevitably leads to problems such as clay swelling (in
formations with clay minerals), environmental contamination,
and formation damage, among others.5−7 Therefore, various
researchers have considered the use of other fracturing fluids
that minimize formation damage and are more environ-
mentally friendly. One of such potential fracturing fluids is
supercritical CO2 (SC-CO2), which is an anhydrous CO2 that
is obtained when the temperature and pressure exceed 31.1 °C
and 7.38 MPa, respectively. Due to its special physical and
chemical properties, SC-CO2 has been considered as an
alternative working fluid for the hydraulic fracturing of
unconventional resources.8−12 It is also well-known that SC-
CO2 fracturing can help to avoid clay swelling in the high-clay

reservoirs and minimizes the contamination of the surface
environment and subsurface aquifers.13,14 It is also applicable
in arid regions where the supply of water is limited.15−17

Consequently, the development of unconventional resources
using SC-CO2 is regarded as promising technology re-
cently.18−21

Recently, a great number of simulation and experimental
studies have been performed on SC-CO2 fracturing. Several
researchers have studied the effect of viscosity on the hydraulic
fracturing mechanism. Ishida et al. (2004; 2012), Inui et al.
(2014), Bennour et al. (2015), Li et al. (2016), Zhang et al.
(2017), and Wang et al. (2018)22−28 performed fracturing
experiments and simulations with different fluids (such as oil,
water, CO2, etc.) to investigate the fracturing characteristics.
Their results indicated that fluids with lower viscosities create a
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smaller formation breakdown pressure (FBP) than those with
high viscosities. They also show that low-viscosity fracturing
fluids (such as SC-CO2) tend to induce shear-dominant
fractures, whereas viscous fluids are more likely to induce
tensile-dominant fractures. On this basis, Zhang et al. (2020)29

concluded that shear deformation can enhance the flow
conductivity more than in cases without shear deformation.
More recently, Zhou et al. (2016), Li et al. (2016), Jia et al.
(2018), Li et al, (2019), and Yang et al. (2020)27,30−33

conducted fracturing experiments to characterize the morphol-
ogy and other attributes of these fractures. The results show
that SC-CO2 can induce more complex fracture geometries
with a higher fracture surface roughness than in fractures
generated by water fracturing. Additionally, Li et al. (2016)
indicate that a positive relation may exist between the
minimum principal stress and the formation breakdown
pressure. The fracturing experiments (using water and SC-
CO2) performed by Zhang et al. (2017), He et al. (2020),
Zhao et al. (2018), and Hu et al. (2019)34−37 suggest that the
fracturing process is influenced not only by fluids but also by
the bedding planes, pre-existing natural fractures, in situ
stresses, etc.
It is inevitable that the stress loading (state) in the

subsurface will have a significant impact on the fracture
initiation and propagation. Even though several researchers
have studied the effect of the in situ stress state on fracture
initiation and propagation,26 the study of the fracturing
characteristics in rocks with different geomechanical properties
still appears to be far from being conclusive. Therefore, in this
work, we investigate the mechanical response and fracture
propagation when the rock samples are applied to different
stress states. Although several tools and fracture description
methods (such as optical observation, AE monitoring, two-
dimensional CT scanning, profilometry techniques, etc.) have
been employed in previous studies to characterize fracture
properties (such as the morphology, complexity, roughness,
etc.),32,34,36−38 these tools either lack measurement accuracy or
cannot be applied on an entire core plug or sample.33 To
achieve a full-sample quantitative analysis of fracturing, we
propose a more accurate and nondestructive method to
investigate the fracture morphology.
In this study, we perform hydraulic fracturing experiments

on tight sandstone samples (under the triaxial stress condition)
using water and SC-CO2. We investigate the fracture
characteristics of the sample, when subjected to various
magnitudes and states of stress. We also applied a full-sample
nonintrusive fracture analysis33 (based on micro-CT scanning)
to characterize the fracture morphology and quantitative
attributes. This work facilitates an understanding of the effect
of the magnitude and states of stress on fracture propagation
during SC-CO2 fracturing of tight sandstones. It could also lay
a foundation for the field application of SC-CO2 fracturing in
tight sands and other unconventional resources.

2. EXPERIMENTAL METHODS
2.1. Rock Sample Preparation. To investigate the mechanical

response and the fracture characteristics when hydraulic fracturing is
performed in tight formations, representative tight sandstone outcrops
were collected from the Yanchang oil field in China. Standard
cylindrical core plugs or samples (with diameters and heights of 50
and 100 mm, respectively) were then cored from these outcrops in a
direction perpendicular to the bedding plane. To mimic the
conventional wellbore into which fracturing fluids are injected, we
drilled a borehole with a diameter of 9 mm and a depth of 45 mm in

the center of the core sample. Furthermore, we attached a stainless-
steel casing with a diameter of 8 mm and a depth of 35 mm to the
borehole using epoxy resin adhesives. This left an open-hole section of
10 mm at the bottom of borehole.

Prior to the fracturing experiment, we performed a series of rock
tests to determine the mechanical properties of the rock, such as
uniaxial compressive strength and splitting tensile strength, among
others. The mineral composition and natural structure of the samples
were acquired using an X-ray diffractometer and casting slice analysis.
The basic petrophysical properties of the rock sample is summarized
in Table 1. Figure 1 presents a rock slice and composition analysis,

which reveals that the main average particle size ranges from 0.14 to
0.24 mm and that the dominant contact type between the particles is
linear. Generally, the whole rock is relatively dense, with a small
number of primary intergranular pores.

We also performed a full-sample CT scanning of a representative
rock sample using a CT setup33 before conducting the fracturing
experiment. As shown in Figure 2, the rock sample is composed of
different particles, which are distinguished by different grayscale
values.39 These grayscale values are a function of the value of the
attenuation coefficient (μ), which is typically referred to as the CT
number (CTN). According to the definition of CTN39,40 the scanned
sandstone sample in this work (Figure 2b) is fairly dense and the
degree of cementation is also strong. The scattered white particles and
linear bands inside the rock indicate that it contains minerals with
different properties, distributions, and particle sizes. We also observed
the presence of natural bedding planes in this sample. From the
images shown in Figures 1 and 2, we can conclude that the tight
sandstone used in this work is a type of laminated sandstone and has
initial bedding planes that are approximately in the transverse
direction of the core.

2.2. Experimental Equipment. 2.2.1. SC-CO2 Hydraulic
Fracturing Setup. We used a laboratory fracturing system that is
designed for multiple fluids (such as CO2 and water).33,41 The setup
consists of a pump, triaxial-loading system, sample holder, constant-
temperature water bath system, control/measurement system, etc. (as
shown in Figure 3). The pump is a plunger type and has a maximum
pressure of 50 MPa. The triaxial-loading system is pressurized through

Table 1. Basic Mechanical Properties of the Core Sample

density (g/cm3) 2.67
compressive strength (MPa) 186.5
tensile strength (MPa) 5.27
elastic modulus (GPa) 13.4
poisson’s ratio 0.246
permeability (10−12 m2) 0.057
porosity (%) 11.49

Figure 1. Rock slice and compositional analysis shows that the rock
contains 68% quartz, 9% Na-feldspar, and 12% mica, among other
minerals.
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a hydraulic pump that can load the specimen up to 80 MPa in the
longitudinal direction (axial stress, σa) and in the circumferential
direction (confining stress or pressure, Pc). The measurement system
can control the electric machine and vacuum pump and record
pressure and temperature as they vary with time. The accuracy of the
pressure measurement is ±0.1 MPa (1%) and that of temperature is
±0.1 °C (1%).
2.2.2. CT Scanning Setup. The “Zeiss Xradia 510 Versa” CT

scanning system was used in this study and was discussed by Yang et
al. (2020).33 The resolution was 53 μm at an X-ray working voltage of
120 kV and current of 62.5 μA as used in this work. The CT scanning
system works by emitting X-rays through rock samples and measuring
their attenuation on the downstream end of the sample. The radiation
intensity can be expressed by CTN, which reflects the details on the
interior structure of the sample.42 The entire rock sample can be
scanned by this system before and after the fracturing experiment.
2.3. Experimental Procedures. Table 2 summarizes the different

fracturing experiments that weare performed with water and SC-CO2
under different stress states. The sample was first heated to 40 °C in

an oven for 24 h before the experiment. The experimental sample was
then placed in the triaxial core holder, and the target confining and
axial stresses were applied to the sample. The vacuum pump was then
triggered to test for blocking or leakage issues in all connecting
pipelines. Next, CO2 was injected into the booster pump until it was
stabilized (normal pressure is 5.5−7.0 MPa). The constant-temper-
ature water bath system was circulated to maintain the booster
cylinder of the pump and sample holder at a specified temperature.
Finally, the motor was triggered to inject fluid into the sample, and
the pressure and temperature were recorded every 0.1 s until the rock
broke and the pressure droped sharply. After fracturing, we ran CT
scans on the fractured samples in order to analyze the fracture
morphology. Finally, we note that the experiments were repeated
whenever we suspected an equipment error or the results did not
appear consistent. This was to ensure that our fracture experiments
and analyses are repeatable and representative of what happens in the
subsurface.

3. RESULTS AND DISCUSSIONS

In this section, the results of our fracturing experiment with
water and SC-CO2 under various stress states are analyzed. We
also discuss the formation breakdown pressure and recon-
struction of the fracture patterns based on the CT images
obtained. We then quantify the fracture properties using
quantities (such as fractal dimension, area ratio, standard
deviation of fracture aperture, etc.) that were estimated from
the digital images. Furthermore, fracture attributes such as
complexity, roughness, and fracture-induced capacity are
characterized using this approach.

3.1. Breakdown Pressure under Different Stress
States. 3.1.1. Theoretical Description. As discussed in the
introduction, fracture initiation and morphology may be
influenced by several factors, such as the fracturing fluid,
stress magnitudes, and rock heterogeneity, among others.
Conventional fracture mechanics and continuum mechanics
typically expresses fracture initiation as a function of the stress
loading and tensile strength of the rock. Under a triaxial
condition, the plane of fracture or parting first tends to be

Figure 2. CT scanning image of sample before fracturing experiment:
(a) external structure of full rock sample and (b) internal structure of
middle-slice segmentation.

Figure 3. Schematic of the multiple fluid fracturing device.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c03554
Energy Fuels 2021, 35, 1308−1321

1310

https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03554?ref=pdf


perpendicular to the least principal stress.26,43 The formation
breakdown pressure (Pb) can be expressed as,44

σ σ σ= − + −P P3b h H t p (1)

where σh and σH refer to the least and greatest horizontal
stresses, respectively, σt is the tensile strength of rock, and Pp is
the pore pressure. If the core sample is treated as an elastic
medium with no pore spaces or pore pressure, Pb can be
simplified as

σ σ σ= − +P 3b h H t (2)

However, if there is natural pore pressure or fluid permeating
into rock, the above equation (H−W) can be modified as,45,46

σ σ σ η
η

=
− + −

−
P

P3 2

2(1 )b
h H t p

(3)

where η = α (1 − 2υ)/(1 − υ) is a function of α and υ. The
symbol α refers to the Biot constant, while υ represents the
Poisson ratio.
For the impermeable case (α = 0, Pp = 0), this equation is

expressed as

σ σ σ= − +P (3 )/2b h H t (4)

Considering that our SC-CO2 fracturing experiments were
performed on cylindrical rock samples (as in Figure 4), we can

have three possible stress states. The first case is a triaxial
compression test, where the least and intermediate horizontal
stresses are equal and applied as the confining stress, which is
less than the axial stress (that is, σmin = σh = σH = Pc < σa). The
second case is a triaxial extension test, where the confining
stress is greater than the axial stress applied (that is, σa < Pc).
The third and final case is a hydrostatic test, where the
confining and axial stresses are equal (that is, Pc = σa).

47

Considering the stress states discussed above, the revised
expression for formation breakdown pressure can be given as,

σ σ σ
η

=
+ +

−
P

A B C
2b

a c t

(5)

where σa and σc stand for the axial and confining stresses,
respectively, and A, B, and C refer to the coefficients of axial
stress, confining stress, and tensile strength, respectively.

3.1.2. Experiment Results of Fracturing with Water and
SC-CO2. 3.1.2.1. Breakdown Pressure of Rock Fractured by
Water and SC-CO2. The pump pressure was monitored and
recorded against time during the injection of the fracturing
fluid into rock. When the pressure reached the threshold
strength of rock, the rock failed and the pressure declined
sharply. Figure 5 gives the plot of the inlet pump pressure
against time for both water and SC-CO2 fracturing. It shows
that the pressurization processes are different for water and
SC-CO2, even though both processes are conducted at the
same stress state. The pump pressure for water fracturing goes
through two pressurization processes before it reaches the
formation breakdown pressure. It increases slightly at the initial
stage, then increases linearly for the remainder of the
experiment, as shown. The results also show that the rock
eventually fails (gets fractured) and the pressure drops
abruptly. It is worth noting that the duration of the entire
water fracturing process (40 s) is much shorter than that of the
SC-CO2 (Figure 5b) fracturing process, which lasts for 22 min.
This could be attributed to the much lower compressibility of
water in comparison to that of SC-CO2. Unlike the water
fracturing process, the plot of the pump pressure for SC-CO2
fracturing (Figure 5b) can be divided into three stages: the
fluid pressure increases linearly and slowly for the first 12 min
of the test, then the pressure increases rapidly until the
formation breakdown pressure is reached, and finally the rock
fails. After the rock fails in the third and final stage, the CO2
leaks and expands from the borehole to the outlet of sample
chamber.
The formation breakdown pressures of the rocks fractured

by water and SC-CO2 are shown in Table 3. It is notable that
the rocks fractured by water have a higher breakdown pressure
than those fractured by SC-CO2. The average magnitude of the
formation breakdown pressure from SC-CO2 fracturing was
∼62% less than that from water fracturing, which means that
SC-CO2 can effectively decrease the formation breakdown
pressure under the same stress conditions. This is because SC-
CO2 has a much lower viscosity and surface tension but a
higher diffusivity than water. This makes it more likely to
penetrate into the rock matrix and contribute to the buildup of
local stresses in small pores, resulting in the reduction of
effective normal stress. This consequently leads to a reduction
in the formation breakdown pressure.27,48 Similar results have
been reported on fracturing experiments conducted on tight

Table 2. Experimental Schemes for the Fracturing Experimentsa

number fluid type Tf/°C Tr/°C Qi (mL/min) σc × σa/MPa CT scanning

A-0/1 water 25 25 10 10 × 15 A-0/1
A-2/3 SC-CO2 40 40 40 10 × 15 A-2/3
A-4/···A-8 SC-CO2 40 40 40 5 × 5/10 × 10/15 × 15/20 × 20/25 × 25 A-7
A-9/···/A-13 SC-CO2 40 40 40 5 × 10/10 × 20/15 × 20/15 × 25/20 × 25 A-10
A-14/···/A-18 SC-CO2 40 40 40 10 × 5/15 × 10/20 × 10/ 20 ×15/25 × 20 A-16/A-17

aTf, fluid temperature; Tr, rock temperature; Qi, fluid injection rate; σc, confining stress; σa, axial stress.

Figure 4. Schematic of stress loading on rock sample.
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sandstone,32 shale,25 and granite49 samples, as well as in
numerical simulations.27,50

3.1.2.2. Effect of Different Stress States on Formation
Breakdown Pressure. A series of sandstone specimens (listed
in Table 2: A2−A18) were prepared for SC-CO2 fracturing
experiments under various stress conditions. To ensure the
accuracy/reproducibility of the experiment, some of the tests
were repeated when the experiment either failed or gave results
with large deviations from the other experimental data. Table 3
outlines the formation breakdown pressures obtained when the
fracturing experiment was conducted for the different samples
under different stresses.
In case 1 (where the confining stress is less than the axial

stress), the fracture tends to propagate along the borehole

(longitudinally) because fractures tend to open against the
least principal stresses. This ensures that the energy needed to
create a fracture is minimized. In this case, the least principal
stress to be overcome by the injected fluid pressure is the
confining stress, which acts horizontally. So, the fracture opens
vertically against this minimum horizontal stress. As presented
in Figure 6a, the value of breakdown pressure varies linearly
with the confining pressure. In case 2 (where the confining
stress is greater than the axial stress), the fracture may
propagate horizontally across the borehole (transversely). This
is because the least principal stress to be overcome by the
injected fluid pressure is the axial stress, which acts vertically.
Figure 6b shows that the formation breakdown pressure is a
linear function of the axial stress. In case 3 (where the
confining stress is equal to the axial stress), the breakdown
pressure is a linear function of the confining or axial stress
because they are equal in magnitude. The results are shown in
Figure 6c. The fitting linear functions (from Figure 6) for each
of these three cases are as follows: When the least principal
stress is the confining stress (σmin = σc < σa):

σ= +P 0.9655 14.748b min (6)

When the least principal stress is the axial stress (σmin = σa <
σc):

σ= +P 1.3792 9.7692b min (7)

When the least principal stress is the confining or axial stress
(σmin = σa = σc):

σ= +P 0.94 12.56b min (8)

According to classical fracture mechanics, the reason for the
change of breakdown pressure is that the injection pressure is
used to overcome the least principal stress and some or all of
the tensile strength of the rock, thereby causing rock failure.
However, due to the applied stresses, the rock sample will
rupture or open against the least principal stress. The linear
relationship from the experimental results indicates that the
pressure of the injected fluid needs to overcome both the rock
tensile strength and the least principal stress.45 The scatter in
the plots in Figure 6 can be attributed to the heterogeneity in
the material properties (such as rock tensile strength,

Figure 5. Plots of pump pressure versus time when fracturing with (a) water and (b) SC-CO2.

Table 3. Breakdown Pressure of Rocks Fractured by Water
and SC-CO2 at Different Stress States

group
fracturing
fluid σc/MPa σa/MPa breakdown pressure/MPa

A-0/1 water 10 15 37.1
35.4

A-2/3 SC-CO2 10 15 22
22.8

case 1:
σc < σa

SC-CO2 5 10 21.5

10 20 24.3
15 20 28.1
15 25 29.6
20 25 35.4

case 2:
σc > σa

SC-CO2 10 5 16.5

15 10 23.4
20 10 25.6
20 15 27.2
25 20 38.9

case 3:
σc = σa

SC-CO2 5 5 17.9

10 10 21.3
15 15 27.5
20 20 28.9
25 25 37.6
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permeability, etc.), which could lead to stress concentrations in
the rock and influence the formation breakdown pressure
during the SC-CO2 fracturing experiment.26

Additionally, from the experimental results in Figure 7, we
observe that the formation breakdown pressure increases when
one of the two stresses (say confining stress) is fixed and the
other (say axial stress) is increased. When the axial stress is
maintained at 10 and 20 MPa, the breakdown pressure
increases (by 6% and 18%, respectively) as the confining stress
increases (as shown in Figure 7a). Similarly, when the
confining stress is fixed at 10, 15, and 20 MPa, the breakdown
pressure approximately increases linearly as a function of the

axial stress and the average breakdown pressure increases by
14%, 8%, and 14%, respectively.

3.2. Fracture Patterns and Morphologies Induced by
Water and SC-CO2. In this section, the fracture morphologies
generated by water and SC-CO2 fracturing are investigated
using CT image reconstruction. We also characterized the
effects of the differential stress (σ1−σ3) on the fracture patterns
obtained from SC-CO2 fracturing. Since the initial data
collected from the CT scanning setup are a series of two-
dimension (2D) slice images, we reconstructed the fracture
using a post-processing software package that combines all
these 2D images into a 3D rock model. However, it is difficult

Figure 6. Breakdown pressure with confining/axial stress in various cases.

Figure 7. Breakdown pressure varied with confining and axial stress: (a) axial stress is fixed and (b) confining stress is fixed.
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to view the fracture clearly from this 3D model since the
fracture inside the rock is covered by the rock matrix. To view
the fractures clearly, we applied a threshold method that
allowed us to distinguish between the fracture and the rock
matrix.51 The CT scanner works by obtaining different count
numbers (CTNs), which could be represented as grayscale
values that vary from 0 to 255, indicating the variation in the
components and properties of the rock. We typically
differentiate between the fracture and matrix on the basis of
these grayscale values. After the rock and fracture were
reconstructed, we set all the fractures to a grayscale value of 1
and the matrix to a grayscale value 0, after which the fracture

can be easily segmented from the matrix.33 Figure 8 shows the
3D reconstructed fracture morphologies obtained from water
and SC-CO2 fracturing under different stress states.

3.2.1. Fracture Induced by Water and SC-CO2. Figure 8a,b
shows the reconstructed fracture generated by water and SC-
CO2 fracturing under identical stress states (σc and σa of 10
and 15 MPa, respectively). It can be seen from the different
view directions that the rock fractured by water initiates from
the bottom of borehole and then propagates transversely and
longitudinally along two different directions. Besides this main
fracture, one thin fracture branch along the longitudinal
distribution is also induced near the main fracture. Although

Figure 8. Full-sample reconstructed fracture morphologies under diversified differential stresses: (a) water fracturing at σc and σa of 10 and 15 MPa,
respectively; (b) SC-CO2 fracturing at σc and σa of 10 and 15 MPa, respectively; (c−f) SC-CO2 fracturing under the σc and σa of 20 × 20, 20 × 15,
20 × 10, and 10 × 20 MPa, respectively.
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classical fracture mechanics theory indicates that the fractures
should propagate along the longitudinal direction in this stress
state (for homogeneous materials), the fracture actually
propagates along the transverse direction because its
propagation path is influenced by the presence of pre-existing
bedding planes in an actual rock sample. Since rocks typically
contain bedding planes, fractures are more likely to propagate
along these planes of weakness in actual rocks. This indicates
that the process of fracture propagation is controlled not only
by the applied stresses but also by the heterogeneity in the
material properties of the rock.
In comparison to the rock fractured by water (Figure 8a),

the rock fractured by SC-CO2 (Figure 8b) has a more
complicated fracture geometry and morphology. The main
fracture that initiated from the bottom of borehole has a
similar propagation pattern to that induced by water. It first
propagates through the transverse direction and nearly
horizontal bedding plane. However, unlike with the rock
fractured by water, we observed seven fracture branches or
secondary fractures (besides the main fracture), most of which
distribute in the subhorizontal direction. This result indicates
that rocks fractured by SC-CO2 can induce more fracture
branches and more complicated fracture networks in
comparison to those fractured by water. Furthermore, the
rock heterogeneity shows a greater effect on the fracture
propagation than the stress state in this work. The reason that
SC-CO2 induced more complicated fracture patterns can be
attributed to its special properties, such as zero surface tension
and strong mobility, which makes it easy to percolate into
smaller pore spaces and contributes to the buildup of local
stress concentrations. SC-CO2 can realize local pressurization
as the duration of the experiment is longer, resulting in more
secondary and branching fractures. This can be confirmed by
the fact that some of the secondary fractures are not directly
connected with the main fracture.
3.2.2. Effect of Differential Stress on the Fracture

Patterns. In order to investigate the effect of the applied
differential stress on fracture propagation induced by SC-CO2,
the representative rock samples were scanned to analyze the
fracture morphology. Figure 8c−f shows the reconstructed 3D
fracture morphology under differential stresses of 0, 5, and 10
MPa. When the confining stress is equal to the axial stress
(Figure 8c), a main fracture initiates from the bottom of the
borehole and propagates obliquely to the rock boundary. At
the same time, nearly 10 secondary and branching fractures are

generated, most of which have a similar propagation direction,
which is along the horizontal direction in general. This
indicates that, when the stress difference is 0, fracture networks
with several branches are formed and the propagation
directions are roughly identical. When the stress difference is
5 MPa (Figure 8b,d), the main fracture propagation direction
conforms to the classical fracture mechanics, which indicates
that fractures should propagate along the direction of the
maximum principal stress. Besides, there are five branching
fractures (Figure 8d) induced as well, and the direction of
propagation is nearly transverse. When the stress difference is
10 MPa (Figure 8e,f), the fractures generated under two
different stresses show that the main fractures propagate
approximately along the direction of the maximum principal
stress, while the branching fractures are similarly affected by
rock heterogeneity and propagate in the transverse direction.
The reconstructed fracture morphologies under various stress
states suggest that small differential stresses tend to induce
fracture networks with more branches, whereas large differ-
ential stresses create relatively simple fracture patterns. More
importantly, the initial bedding planes and pre-existence of thin
fractures have a significant impact on the fracture propagation.
These experimental results with respect to the effect of stress
state on laminated tight sandstone are in agreement with the
previous investigation results reported by Zhang et al. (2017)
and He et al. (2020).34,35

3.3. Fracture Quantification Based on Reconstruction
of CT Images. Fracture complexity and roughness are two
significant characteristics used to describe fracture morphol-
ogy.52 In this section, we quantitatively analyze the fracture
characteristics based on CT image digitization and a related
algorithm. The fractal dimension, fracture volume, and
standard deviation of aperture and fracture area ratio are
used to investigate the fracture attributes of the entire rock
sample. After the fracture phase is extracted from reconstructed
rock through the threshold approach, fracture digitization and
other post-processing were further performed to obtain
quantitative results.33

3.3.1. Quantification Description and Algorithm.
3.3.1.1. Fractal Dimension. As a geometry analysis parameter,
the fractal dimension (FD) is a ratio that provides a statistical
index of complexity, which can be employed to evaluate the
complexity of a fracture.53 The box-counting method was used
to calculate the fractal dimension in this work because it is not
limited by any dimension or patterns with or without self-

Figure 9. Thickness map of fractures induced by (a) water and (b) SC-CO2.
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similarity.54 This method was realized by filling boxes (cubic)
with different sizes (h) into a geometry and then acquiring the
relation between the box number, Nh, and size h. The FD is
defined mathematically as

=
→ ( )

N
FD lim

ln( )

lnh

h

h
0 1

(9)

Due to the fact that the image is represented by voxels, a
fracture can be digitized by setting the voxel size s (unit size of
each voxel, which is resolution, r, in this work).55 Additionally,
the variables Nh and h can be obtained by filling boxes with
different sizes into the digitized fracture and plotting Nh against
h in a log−log plot. The FD was obtained as the slope of the
straight line in this log−log plot.56−58

3.3.1.2. Fracture Aperture and Standard Deviation.
Fracture aperture, t, is a significant parameter that is used to
describe the fracturing characteristic. In previous publications,
the aperture was also determined by different methods, such as
an optical measurement from an ordinary rock picture38 and
obtaining the fracture aperture from local 3D X-ray scans of
the fracture surface.31,32 However, these two methods are
either not accurate or cannot collect data for an entire fracture.
In this study, the aperture of the whole fracture can be
obtained on the basis of fracture digitization. The fracture is
digitized by several voxels of size r, which means that the
fracture is represented by small cubic boxes. So, the aperture of
fracture can be calculated by

= ×t r n (10)

where r is the resolution of the setup (which is 53 μm in this
work), while n refers to the number of voxels in the direction
of the normal to a fracture surface (making up the fracture
aperture). As shown in Figure 9, the aperture map calculated
from a commercial software package depicts the fracture
thickness at different locations on the fracture surface. We also
obtained basic descriptive statistical data on the fracture
aperture (such as minimum, maximum, and mean of the
fracture aperture). Considering that the fracture aperture is
composed of a large amount of data at different locations, the
standard deviation (SD) of the aperture was calculated to
quantify the degree of deviation of the fracture aperture from
its average value. This standard deviation can be used to
indicate the roughness of the fracture surface and is given as
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(11)

where N refers to the statistical number of fracture aperture, ti
is the fracture aperture of each statistical point, and t ̅ is the
average value of the fracture aperture.36

3.3.1.3. Fracture Volume and Volume Fraction. Fracture
volume is a significant parameter for evaluating fracturing
performance. As the extracted fractures are digitized by a series
of voxels, the fracture volume can be calculated by taking the
sum of the volume all the voxels that comprise the full fracture.
The total fracture volume Vt is obtained as

= ×V V Nt 0 t (12)

where Nt is the total number of voxels and V0 is the volume of
each voxel, which is given as V0 = r3. The fracture volume
fraction (α) was determined to evaluate the fracture-induced
capacity for different fluids or under different stress states. It is

a ratio of the volume of the fracture network (Vt) to the
effective volume of the scanned rock sample:

α = V V/t s (13)

where Vs is the effective volume of scanned rock sample (Vs =
V − Vb), V refers to the total volume of the scanned sample,
and Vb refers to the borehole volume contained in the scanned
sample.

3.3.1.4. Fracture Area Ratio. The fracture area ratio (AR) is
defined as the ratio of the actual fracture area (sf) to the
projected area (sp). The common approach for obtaining the
fracture area sf is by calculating the ratio of the total fracture
volume to the average fracture thickness, but this may result in
some errors. In order to estimate the fracture area more
accurately, a fracture skeleton (or fracture medial surface) is
introduced to represent the fracture area. The medial skeleton
of a shape is a thin version of that shape, which is typically used
to emphasize geometrical and topological properties of the
shape, such as its connectivity, topology, length, direction, and
width.59 In this work, the most popular method, named
homotopic thinning,60−63 was used to obtain the fracture
skeleton. The projected area (sp) is the cross-sectional area of
the rock minus the area of the borehole, if the fracture passes
through the borehole. Both AR and SD of fracture aperture
were used to characterize fracture complexity,26,36,48

=
s
s

AR f

p (14)

where sf is the fracture area, which can be obtained by taking
the sum of the area of each pixel in the medial skeleton.

3.3.2. Quantification of Fractures Based on CT Image
Digitization. The fractal dimension of a fracture (computed
using eq 9) is based on fracture digitization. As shown in
Figure 10, the FD induced by SC-CO2 (average of 2.22) is

larger than that generated by water (average of 2.056) under
the same stress state. It indicates that SC-CO2 can create more
complex fractures than water at the conditions of this
experiment. Various researchers, such as Jia et al. (2018)31

and Li et al. (2019),32 have also presented similar results.
Furthermore, the FD of fractures induced by SC-CO2
fracturing under various differential stresses could be obtained

Figure 10. FD values of fractures induced by water and SC-CO2
under various differential stresses.
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using the same approach. Figure 10 shows that the FD tends to
drop slightly with increasing differential stress, the averages of
which are 2.354, 2.263, and 2.18 for differential stresses of 0, 5,
and 10, respectively (the specific results are listed in appendix
Table 4). This result indicates that small differential stresses
may contribute to the creation of relatively complex fractures,
while higher differential stresses tend to facilitate the creation
of simple fractures. This quantitative result is also consistent
with the fracture geometry and pattern described in section
3.2.
Additionally, the AR obtained from the fracture skeleton and

eq 14 was also used to evaluate the fracture complexity. Figure
11 indicates that SC-CO2 can create twice larger fracture areas

and AR than those induced by water (AR values of 1.47 and
3.47 for fractures induced by water and SC-CO2, respectively).
This is consistent with results published by Wang et al.
(2016),48 Zhao et al. (2018),36 Li et al. (2019),32 etc. The AR
values of fractures generated under stress differences
demonstrate that a larger stress difference can create a smaller
AR value; the average AR values of fractures induced under
stress differences of 0, 5, and 10 are 6.60, 4.24, and 2.76,
respectively. This result indicates that fractures induced by SC-
CO2 have a higher complexity in comparison to those induced
by water fracturing under the same condition. Furthermore,
larger differential stresses may induce simple fractures, whereas
smaller differential stresses tend to induce fractures with a
higher complexity. This is also consistent with the quantitative
analysis of fractal dimensions.
The fracture aperture was obtained on the basis of fracture

digitization and eq 10. The results shown in Figure 12 indicate
that the average aperture induced by water (0.409) is thicker
than that created by SC-CO2 (0.319) but that the SD of the
fracture aperture induced by water (0.124) is smaller than that
induced by SC-CO2 (0.207). This suggests that, although
water can create thicker fractures, most of the apertures
concentrate around the average value, resulting in a relatively
smaller SD in the fracture aperture. Furthermore, the
roughness of the fracture surface induced by water is smaller,
so the fracture is smoother and more uniform. On the contrary,
SC-CO2 fracturing can create fractures with lower average
fracture apertures but greater SD of fracture aperture (than
that induced by water). This means that, even though the
fractures induced by SC-CO2 fracturing are relatively narrower

than those induced by water fracturing, the distribution of the
fracture aperture is more dispersed, resulting in higher values
of surface roughness.
When the rock samples are fractured by SC-CO2 under

different stress states, the fracture aperture and SD were
calculated. The results (Figure 12) demonstrate that the
fracture aperture increases as the stress difference increases
from 0 to 10 MPa, with mean apertures of 0.295, 0.3125, and
0.348 mm, respectively (more details are given in appendix
Table 5). The SD of the fracture aperture induced under these
differential stresses shows an opposite tendency with respect to
aperture. That is, the larger stress difference can facilitate the
creation of fracture surfaces with less roughness. On the
contrary, smaller stress differences can induce narrower
fractures with more surface roughness.
The fracture volumes induced by water and SC-CO2 under

different magnitudes of differential stresses are also quantita-
tively characterized on the basis of fracture digitization and eq
12. The volume fraction is also calculated to evaluate the
fracture-induced capacity. As shown in Figure 13, fractures
generated by SC-CO2 have 4 times larger volume and volume
fraction than those induced by water fracturing under the same
stress condition (the volumes are 4053.37 and 948.15 mm3,
while the volume the fractions are 3.04 and 0.705 for SC-CO2

Figure 11. Area of fracture surface and the ratio induced by water and
SC-CO2.

Figure 12. Mean aperture and SD of aperture created by water and
SC-CO2.

Figure 13. Fracture volume and the fraction induced by water and
SC-CO2.
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and water, respectively; additional parameters are listed in
appendix Table 6). This illustrates that, although the mean
apertures of fractures induced by SC-CO2 fracturing are
narrower, they tend to induce more fracture branches, so the
fracture volume will be more than that created by water
fracturing. It also indicates that SC-CO2 has a higher fracture-
induced capacity than water under this experimental condition.
Moreover, the fracture volume and volume fraction induced by
SC-CO2 under the various stress differences are also
computed. As shown in Figure 13, it is notable that the
fracture volume and volume fraction both decrease with
increasing differential stress. The volumes are 5615.04, 4240.8,
and 2356.07 mm3, while the volume fractions are 3.84, 3.15,
and 1.65 at differential stresses of 0, 5, and 10 MPa,
respectively. This indicates that high stress differences may
contribute to the creation of thicker but fewer fractures, and
the fracture-induced capacity is relatively worse than that
induced under low stress differences.
The creation of fracture networks that optimize oil and gas

production requires a massive number of fractures, as well as
the propagation of fractures further along the direction of
maximum principal stress. Considering that fracture prop-
agation is significantly impacted by the presence of bedding
planes and pre-existing fractures, fractures may propagate
transversely under different conditions, which is not always
toward the direction of maximum principal stress. Our
experimental results indicate that the fracture volume appears
to be a reliable indicator for fracturing capacity because all the
rock samples used in this work were cored from the same
outcrop and have similar heterogeneity.
According to the above quantification characteristics of full-

sample fractures, the fractures induced by SC-CO2 fracturing
are relatively narrower and have a larger volume fraction,
complexity, and roughness than those created by water under
the same stress condition. This may be attributed to the
difference in the fluid properties of these two fracturing fluids.
Given that SC-CO2 has a lower viscosity and zero surface
tension, it can easily penetrate to the rock matrix and smaller
pore throats and cause a localized increase in pore pressure.
This could lead to the creation of more fracture branches of
different sizes and more surface roughness and complexity.
The higher viscosity of water could create a larger fluid lag at
the fracture tip, which could create relatively smooth fracture
surfaces.31 Moreover, the low compressibility of water could
limit the supply of continuous pressure after rock breakdown
without injection, leading to the creation of relatively simple
fracture patterns. When fractures are initiated by highly
compressible SC-CO2, the energy stored in the SC-CO2 is
released to further extend the initial fractures during phase
change, resulting in high-speed fracture propagation, which
consequently leads to the creation of more complex fracture
patterns and branches.64

The results of SC-CO2 fracturing in tight sandstones under
various differential stresses show that large differential stresses
tend to produce fracture networks with larger apertures but
smaller fracture volumes and fracture complexity and lower
roughness. At small differential stresses, the induced fracture
has more branches, larger fracture volume, and higher
complexity and roughness. This could be attributed to the
fact that high differential stresses tend to release the energy of
the injected fluid along a certain direction, thus forming a small
number of fractures with large apertures. On the contrary, at
low differential stresses, the energy of the injected fluid will be

released in all directions, resulting in the generation of new
fractures that propagate in different directions. Although
fractures are relatively narrow in aperture, the presence of
several fracture branches tends to facilitate the development of
conductive fracture networks. In field applications, proppants
are pumped to keep the fractures open and further enhance oil
and gas production.2,3

4. CONCLUSIONS
In this work, we conducted fracturing experiments on tight
sandstones using water and SC-CO2 and under different stress
states. The breakdown pressures of rocks fractured by water
and SC-CO2 were investigated, and a novel fracture
reconstruction and quantification method was proposed on
the basis of full-sample rock CT images. Using this approach,
we performed a quantitative analysis of the fracture character-
istics and effects of differential stress on fracture propagation.
Our experimental results indicate that SC-CO2 fracturing

can effectively reduce the formation breakdown pressure by
approximately 60% in comparison to water fracturing. The SC-
CO2 fracturing experiments under different stress states
indicate that the formation breakdown pressure varies linearly
with the least principal stress. When the axial (or confining)
stress is kept constant, the formation breakdown pressure
shows a positive correlation with the confining (or axial) stress.
Our analysis of fracture morphology based on CT image

reconstruction indicates that SC-CO2 fracturing creates more
complex fracture networks than water fracturing. We also
observe that the complexity of the fracture geometry and
pattern induced by SC-CO2 fracturing increases as the
magnitude of differential stress decreases. In general, the
main fractures tend to propagate in the direction of the
greatest principal stress. However, fracture propagation is also
affected by the presence of bedding planes and pre-existing
fractures. The new or secondary fractures tend to preferentially
propagate along these bedding planes and fractures.
The results of our quantification of fracture morphology

suggest that SC-CO2 fracturing yields two times more fracture
complexity and more (67%) surface roughness than water
fracturing under identical stress conditions. Although the
fractures induced by SC-CO2 are relatively narrower than
those induced by water, the volume fractions (α) of the SC-
CO2 fractures are 4 times greater than those created by water
fracturing. This indicates that the SC-CO2 fractures have better
fracture-induced capacity under the same stress state. Our
experimental results also indicate that the complexity, rough-
ness, and volume fraction of fractures gradually reduce as
differential stress increases. This implies that small stress
deviations tend to create complex fracture networks, while a
large differential stress is more likely to create a simple fracture
with fewer fracture branches.
The fracture quantification approach we propose (based on

CT images) can facilitate a nondestructive analysis of fractures
induced in an entire rock sample. The fracture morphology
obtained from CT reconstruction can be applied in fracture
models for simulating real fracture networks. However, the
method is limited by the size of the rock sample and
experimental setup. At present, we can only scan rock samples
less than 100 mm in size. Furthermore, the resolution of the
scanning setup decreases with an increase in the size of the
rock sample, which in turn limits the characterization of very
small fractures. Therefore, to improve the accuracy of our
experimental results in a future study, an improvement in the
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scanning resolution and control of rock sample size will be
required.
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