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To investigate the fracture propagation mechanism during supercritical CO2 fracturing in shale reservoirs, a numerical model was
proposed based on the displacement discontinuity method. The Peng–Robinson equation was introduced to determine the
variations in CO2 properties during the fracturing process. Considering natural fracture distribution in shale reservoirs, the
fracture propagation mechanisms during supercritical CO2 fracturing in shale reservoirs under different horizontal stress
differences and matrix permeabilities were analyzed. The influence of the proportion of CO2 preenergizing on fracture
morphology was discussed. The results obtained via numerical simulation show that supercritical CO2 is beneficial to create a
more complex fracture network by activating natural fractures under the same horizontal stress difference. CO2 easily
penetrates into the matrix near the fracture surfaces, increasing reservoir energy. However, when the permeability of shale
reservoirs exceeds 0:04 × 10−3 μm2, substantial filtration of CO2 into the reservoir matrix occurs near the well bore, limiting the
activation of natural fractures around the fracture tip. A higher proportion of CO2 preenergizing during fracturing is
conducive to improve the fracture complexity while reducing the fracture aperture.

1. Introduction

Large-scale hydraulic fracturing is a key technology for the
development of unconventional reservoirs, such as shale res-
ervoirs [1–7]. The anhydrous fracturing technology using
supercritical CO2 has attracted much attention because it
saves water resources and mitigates the reservoir pollution
caused by a conventional water-based fracturing fluid
[8–10]. In addition to saving water resources and ensuring
environmental protection, supercritical CO2 has consider-
able advantages in improving the effect of reservoir stimula-
tion [11, 12]. Supercritical CO2 has low viscosity and good
diffusion, easily entering the microfractures of shale reser-
voirs, promoting their opening, and forming a more com-
plex fracture network [13]. Conversely, CO2 dissolves in
crude oil, reducing the oil’s viscosity and supplementing res-

ervoir energy [14]. However, the phase and physical proper-
ties of supercritical CO2 fracturing are complex, and the
mechanism of hydraulic fractures generated by supercritical
CO2 fracturing is still unclear.

Scholars have conducted many laboratory experiments
and numerical simulations to study the supercritical CO2
fracturing mechanisms. Verdon true [14] compared reser-
voirs stimulated by supercritical CO2 fracturing as well as
hydraulic fracturing and microseismically monitored the
fracturing process. Studies have shown that supercritical
CO2 fracturing can achieve the stimulation effect of hydrau-
lic fracturing under the same injection conditions. Li true
[15] found that under the same conditions, supercritical
CO2 fracturing has a stronger stimulation effect than
hydraulic fracturing. Tsuyoshi et al. [16] performed supercrit-
ical CO2 fracturing experiments with granite and obtained and
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reported results similar to those of Verdon true [14]. Zou true
[17] integrated the fracturing physical simulation experiment
and the acoustic emission monitoring system. The results
showed that the acoustic emission events induced by super-
critical CO2 fracturing of tight sandstones weremainly catego-
rized as shear events. [18] used fractal theory to compare the
complexity of fractures produced by supercritical CO2 as well
as sliding hydraulic fracturing and demonstrated that the frac-
ture surfaces obtained using supercritical CO2 as a fracturing
fluid were rougher. [19] added pore pressure to the classic
fracturing pressure calculation model and found that CO2
could reduce fracturing pressure. Overall, supercritical CO2
properties considerably differ from those of the conventional
hydraulic fracturing fluids. Moreover, as a fracturing fluid,
supercritical CO2 shows some advantages in reducing fracture
initiation pressure and forming complex fractures.

However, current numerical models mainly focus on the
influence of low-viscosity CO2 on the propagation morphol-
ogy of a single hydraulic fracture [20, 21]. This considerably
differs from the complex natural fracture networks of
unconventional reservoirs [22–24]. In addition, the physical
properties are sensitive to changes in temperature and pres-
sure caused by supercritical CO2 fracturing [25]. However,
existing fracture propagation models often neglect the phys-
ical properties of CO2 to simplify the solving process.

To overcome these challenges, this study establishes a
boundary element model suitable for demonstrating fracture
propagation mechanism in shale reservoirs based on the
displacement discontinuity method (DDM). The Pen–
Robinson equation is used to characterize the changes in
CO2 properties caused by temperature and pressure fluctua-
tions during fracturing. Based on the comparison of fracture
morphology formed during hydraulic fracturing and super-
critical CO2 fracturing under different reservoir conditions,
the influence of the proportion of CO2 preenergizing on
composite fracture propagation is further discussed. The
results obtained via this study can provide guidance for the
design of supercritical CO2 fracturing systems.

2. Fracture Propagation Model for Supercritical
CO2 Fracturing

In the process of fracturing, the cross-scale problem from
reservoir to fracture is involved, and the strong coupling
between solid and liquid is also considered. Therefore, the
existing technology is difficult to simulate the mechanical
process of fracture network propagation. The displacement
discontinuity-boundary element method is to generate grids
at fractures, which is more flexible and more accurate than
other traditional methods. Therefore, in order to study the
mechanism of supercritical CO2 fracturing in shale reser-
voirs, a numerical model of fracture propagation in super-
critical CO2 fracturing was established by a displacement
discontinuity method. The model assumes that the rock is
homogeneously isotropic and that the natural fractures have
a minimum opening, allowing fluid to pass through but
without stress and deformation. The diffusion of CO2 in
pores and the physical and chemical effects of CO2 on pores
and pore fluids are not considered.

2.1. Solid Equation. Considering the normal and shear dis-
placement discontinuities (DDs) of each fracture element,
the total normal and shear stresses caused by the opening
and sliding of the fracture system comprising N elements
can be given as follows [26]:

σn xð Þ = 〠
N

i=1

ðli
0
G11 x, sð Þw sð Þ +G12 x, sð Þv sð Þ½ �K x, sð Þds,

τs xð Þ = 〠
N

i=1

ð li
0
G21 x, sð Þw sð Þ + G22 x, sð Þv sð Þ½ �K x, sð Þds,

ð1Þ

where x = ðx, yÞ is the coordinate; w and v are the normal
and shear DDs, respectively; li is the length of fracture i;
Gij are the hypersingular Green’s functions, which are pro-
portional to the plane strain Young’s modulus; σn and τs
are the normal and shear stresses, respectively; and K is
the three-dimensional correction coefficient.

To successfully solve the DDM equation in Equation (1),
we should first define the boundary conditions. The shear
and normal stresses for fracture element i are the boundary
conditions, which can be written as follows:

σn = pi − σh sin2θi − σH cos2θi,

τs = −
1
2

σh − σHð Þ sin 2θi,
ð2Þ

where σh and σH represent the minimum and maximum in
situ stresses, respectively; θi is the angle of the fracture ele-
ment, moving counterclockwise from σh to element i; and
pi represents the fluid pressure acting on element i.

2.2. Flow Equation. Assume that the flow in a fracture sat-
isfies the following equation:

q = −
w3

12μ
∇p, ð3Þ

where q is volume flow rate, μ is viscosity, and w is the open-
ing of the fracture.

The continuity equation that imposes the conservation
of mass in one-dimensional flow can be given as follows:

∂
∂t

δvf
δL

� �
+∇q = 0, ð4Þ

where vf is the fluid volume, L is the fracture segment
length, and q is the fluid volumetric flux.

Owing to the development of natural fractures in shale
reservoirs, numerous randomly distributed natural fractures
should be preset in the model. The original permeability of
natural fractures usually considerably exceeds that of the
shale matrix. Therefore, the natural fractures are assumed
to have an initial fracture width w0, namely, the minimum
opening of the element.
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2.3. Fracture Propagation Criterion. Based on the theory of
fracture mechanics, the following maximum circumferential
stress criterion is used to determine the propagation of frac-
ture tip:

1
2
cos

θ0
2

K I 1 + cos θ0ð Þ − 3K II sin θ0½ � = KIC, ð5Þ

where KI is the stress intensity factor of a type-I fracture, K II
is the stress intensity factor of a type-II fracture, and θ is the
propagation direction of the fracture tip.

The propagation direction of the fracture tip satisfies the
following condition:

K I sin θ + K II 3 cos θ − 1ð Þ = 0: ð6Þ

The stress intensity factors of different fracture modes are
estimated by the displacement of the fracture tip element [27].

KI =
0:806G

4
w

ffiffiffi
π

l

r
,

K II =
0:806G

4
v

ffiffiffi
π

l

r
,

ð7Þ

where w and v are the normal and shear displacements of the
fracture tip element, respectively, and l is the length of the frac-
ture tip element.

For unopened natural fractures, natural fractures may
occur because of shear failures. According to the Mohr–
Coulomb criterion, when a shear failure occurs, it satisfies
the following condition:

τj j ≤ μf σn − pð Þ, ð8Þ

where τ is the shear stress on the closed fracture surface, μf

is friction coefficient for fractured surfaces, σn is normal
stress on closed fracture surfaces, and p is fluid pressure in
fractures.

2.4. Physical Properties of CO2. During supercritical CO2
fracturing, with the change in temperature and pressure,
the density and viscosity of CO2 will considerably change,
further affecting the fracture propagation.

In this study, the Peng–Robinson equation is used to
describe the change in the density of CO2 [28, 29]. The
Peng–Robinson equation for CO2 can be expressed as fol-
lows:

p =
8:314T

V − 26:667
−
396306:77 × 1 + 0:707979 1 −

ffiffiffiffiffi
Tr

p� �h i2
V V + 26:667ð Þ + 26:667 V − 26:667ð Þ ,

ð9Þ

where T andV are the absolute temperature and molar vol-
ume of CO2, respectively, and Tr is the relative temperature,
which is the ratio of absolute temperature T to critical tem-
perature Tc, for CO2, Tc = 304:13K.

After the volume of CO2 is determined according to
Equation (9), the CO2 density under this temperature and
pressure can be further obtained.

The viscosity (η) of CO2 is determined using a previous
study [29].

η =
36:344η∗

ffiffiffiffiffiffiffiffiffiffi
MTc

p
ffiffiffiffiffiffi
V2

c
3
p ,

η∗ =
ffiffiffiffiffiffi
T∗

p

Ωu
Fc

1
G2

+ E6y
� �	 


+η∗∗,

T∗ = 1:2593Tr ,

Fc = 1 − 0:2756ω + 0:059035μ4r + ψ,

y =
ρVe

6
,

G1 =
1 − 0:5y
1 − yð Þ3 ,

G2 =
E1 1 − exp −E4yð Þ½ �/y + E2G1 exp E5yð Þ − E3G1

E1E4 + E2 + E3
,

η∗∗ = E7y
2G2 exp E8 +

E9
T∗ +

E10

T∗2

� �
,

Ei = f i ω, ψð Þ i = 1, 2, 3,⋯, 10,

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð10Þ

whereM is the molar mass, Vc is the critical volume of CO2,
Ωu is the collision integral, μr is the reduced dipole moment,
ω is the acentric factor, ψ is the associate factor for high
polar substances, and ρ is the mole number per unit volume.

Based on the aforementioned basic equations, we can
describe the changes in physical parameters during the
supercritical CO2 fracturing and analyze their influence on
fracture propagation. The model, shown in Figure 1, is
solved using MATLAB.

The modeling method was verified and validated;
the details had been already discussed in our previous
studies [19, 30].

3. Fracture Propagation Simulation

The 200m × 200m geometric model established in this
study is depicted in Figure 2. Two sets of orthogonal natural
fractures are present in the model (short blue lines in
Figure 2). In the model, the angle between the direction of
the long natural fractures and the maximum principal stress
is 0:4π. The injection point is located at the center of the
model. Under the simulated displacement of 10m3/min,
the injection rate obtained according to the simulated reser-
voir thickness of 50m is 0.2m3/(min·m). The elastic modu-
lus of the shale matrix is 23GPa, Poisson’s ratio is 0.25, and
the critical stress intensity factor of type-I fractures is
1.0MPa·m1/2. The horizontal minimum principal stress is
40MPa along the x-axis, and the horizontal maximum prin-
cipal stress is 42.5–52.5MPa along the y-axis.
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3.1. Influence of Horizontal Stress Difference. Horizontal
stress difference is crucial in the activation of natural frac-
tures. When considering the influence of horizontal stress
difference on fracture propagation, the reservoir matrix per-
meability is set to 0:04 × 10−3 μm2. Under the conditions of
horizontal stress differences of 2.5, 5.0, 7.5, and 12.5MPa,
the results obtained via fracture morphology simulation of
slick water fracturing as well as supercritical CO2 fracturing
are shown in Figure 3.

Figure 3 shows that the fracture morphology of shale is
jointly controlled by in situ stress and natural fracture distri-
bution. The long-axis direction of the fracture network is
roughly along the direction of the horizontal maximum
principal stress. The complexity of the fracture morphol-
ogies generated by both fluids decreases with the increasing
horizontal stress difference. When slick water is used for
fracturing, under horizontal stress differences of 2.5 and
5MPa, the main fractures connect with several natural
fractures and deflect laterally to form multibranch fractures
(Figures 3(a) and 3(b), left). When the horizontal stress
difference exceeds 5MPa, the number of branch fractures
is considerably reduced (Figure 3(c), left) and gradually
transforms to a single morphology of hydraulic fractures
(Figure 3(d), left).

Under the same horizontal stress difference, supercritical
CO2 fracturing can considerably improve the complexity of
fractures. This is mainly because supercritical CO2 easily
enters the matrix pores as well as induced fractures and pro-
motes breaking the matrix and the opening of induced frac-
tures, thereby increasing the number of branch fractures and
forming a complex fracture network. Compared with slick
water, supercritical CO2 can more effectively overcome the
influence of the high stress difference of 7.5MPa and form
two roughly parallel branch fractures (Figure 3(c), right).

In addition, owing to the differences in fluid properties,
the distribution of fluid pressure is different. Slick water with
relatively high viscosity has difficulty filtering into the matrix
and induced fractures. Therefore, the fluid pressure after
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Figure 1: The calculation flowchart of fracture propagation model.
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fracturing is mainly distributed inside the hydraulic frac-
tures. Considering Figure 3(a) as an example, the fluid pres-
sure in the shale matrix around the hydraulic fractures and
unopened natural fractures considerably increased.

The aforementioned differences show that the filtration
effect in supercritical CO2 fracturing is more apparent than

that in slick water hydraulic fracturing. The effect of CO2 fil-
tration on the fracturing has two mechanisms. CO2 filtration
into the matrix and microfractures reduces the effective
stress of the surrounding rock, promoting the fracture of
the matrix and the opening of microfractures, thereby reduc-
ing the fracture and operating pressures. At the same time, it
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Figure 3: The influence of horizontal stress difference on fracture morphology.
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can increase reservoir energy and reduce oil viscosity. Con-
versely, the filtration of CO2 yields a lower fluid pressure
in the fractures and smaller fracture openings, thus affecting
the fracture efficiency of fracturing fluid.

3.2. Influence of the Reservoir Matrix Permeability. The fil-
tration of CO2 is closely associated with the reservoir matrix
permeability. For a horizontal stress difference of 5MPa, the
fracture propagation was simulated under three matrix
permeabilities (0:02 × 10−3 μm2, 0:04 × 10−3 μm2, and 0:08 ×
10−3 μm2). When the matrix permeability is 0:04 × 10−3 μm2,
see Figure 3(b). For slick water fracturing, caused by the rela-
tively high fluid viscosity, the filtration rate increases slightly
with the increase in permeability; however, the filtration effect
is not obvious. The reservoir matrix permeability has little
effect on the fracture morphology; thus, the fluid pressure is
still relatively high and exerted mainly inside the fractures.
Under the same reservoir matrix permeability, the filtration
effect of supercritical CO2 considerably exceeded that of water.
As shown in Figure 4(a), when the reservoir matrix permeabil-
ity is 0:02 × 10−3 μm2, the filtration of CO2 into the matrix

around the fractures is weak and the influence range is narrow.
At the same time, CO2 can propagate to the far well along the
main fracture and open natural fractures at greater distances.
When the reservoir matrix permeability is 0:08 × 10−3 μm2,
the filtration of CO2 into the matrix increases and there is an
obvious high-pressure area near the well. In addition, CO2 eas-
ily opens natural fractures near wells but is less effective at
opening natural fractures at greater distances.

3.3. Influence of the Proportion of CO2 Preenergizing on
Composite Fracturing. CO2 composite fracturing is a new
fracturing technology used in tight oil and gas reservoirs. It
combines the advantages of hydraulic fracturing and CO2
fracturing. CO2 preenergizing promotes the activation of
natural fractures and increases the complexity of fractures.
The proportion of CO2 preenergizing in composite fractur-
ing affects the fracture network. Therefore, different CO2
preenergizing proportion is simulated and the results are
shown in Figure 5.

Figures 5(a) and 5(b) show that when the proportion of
CO2 preenergizing is low (≤40%), only a few natural fractures
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Figure 4: The effect of reservoir permeability on fracture morphology.
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are activated near the well because of the decreased CO2
injection. The final fracture morphology is relatively simple,
and the statistical fracture lengths are 273 and 319m, respec-
tively. However, at this time, the fracture openings are larger
and the average fracture aperture can reach 2.8mm and
2.5mm. In addition, the high-pressure area is mainly distrib-
uted across a small range near the well because of CO2 filtra-
tion. As the proportion of CO2 preenergizing increases, the
number of opened natural fractures and branched fractures
considerably increases. The statistical results associated with
the fracture length show that when the proportions of CO2
preenergizing are 60% and 80%, the total lengths of fractures
are 346 and 389m, respectively. Furthermore, the reservoir
matrix near the fracture shows a fluid pressure increase.
However, owing to the decrease in injected water in the later
stages and the diversion of branch fractures, the average frac-
ture aperture is considerably reduced to approximately 2.1
and 1.8mm, respectively.

Overall, under the same reservoir stimulated scope,
increasing the proportion of CO2 preenergizing in compos-
ite fracturing improves fracture complexity and expands
the range of pressure propagation in the reservoir. However,
it limits the opening of fracturing fractures, curtailing the
migration of proppant in fractures and thereby reducing
the effectiveness of fracturing fractures. Therefore, the pro-
portion of CO2 preenergizing according to the specific reser-
voir conditions and the sand required for fracturing should
be optimized.

4. Conclusions

(1) When considering the same horizontal stress differ-
ence, supercritical CO2 is more likely to promote
the activation of natural fractures than slick water
and improve the complexity of the fractures. The
low viscosity and easy diffusibility of supercritical
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Figure 5: The effect of CO2 preenergizing proportion on fracture morphology.
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CO2 are conducive to improving the fluid pressure of
the matrix near the fracture surface and increasing
the reservoir energy

(2) When the reservoir matrix permeability is low
(0:02 × 10−3 μm2), the supercritical CO2 filtration
effect is weak and it spreads easily along the fractur-
ing fracture to the far well, opening the natural frac-
ture near the fracture tip. When the reservoir matrix
permeability is high (≥0:04 × 10−3 μm2), the near-
well area has severe filtration, the fluid pressure in
the matrix increases considerably, and the natural
fracture opening near the fracture tip is limited

(3) Increasing the CO2 preenergizing proportion in
composite fracturing is conducive to increasing the
number of natural fractures connected by hydraulic
fractures and improving the complexity of fracture
network while reducing the fracture opening widths
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