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Relative to water-based ﬂuids, non-aqueous fracturing ﬂuids have the potential to increase production, reduce
water requirements, and to minimize environmental impacts. Since the viscosity of supercritical CO2 is one-tenth
that of water, its density is close to that of water, and is capable of promoting sorptive rejection of methane, it is
an attractive substitute for water in the extraction of shale gas and coalbed methane. The following deﬁnes a
geomechanical model accommodating the interaction of ﬂuid ﬂow, adsorption-induced swelling stress, solid
deformation and damage to quantify rock-gas interactions during supercritical CO2 fracturing for shale gas
production. The architecture of the shale is accommodated that includes both pore- and micro-crack-based
porosity. According to the microcrack model representing shales with low porosity, both analytical and numerical results show that the effective stress coefﬁcient is much smaller than unity. We analyze the potential advantages of fracturing using supercritical CO2 including enhanced fracturing and fracture propagation, increased
desorption of methane adsorbed in organic-rich portions of the shale and the potential for partial carbon
sequestration. Rock-gas interactions include both the linear poroelastic response and the chemo-mechanical
interaction due to sorption. Simulation results demonstrate that supercritical CO2 fracturing indeed has a
lower fracture initiation pressure and a signiﬁcantly lower breakdown pressure, as observed in experiments, and
that fractures with greater complexity than those developed with liquid CO2 and water fracturing result. With
increasing dynamic viscosity of the fracturing ﬂuids, the predicted breakdown pressure also increases, consistent
with experimental observations.

1. Introduction
Hydraulic fracturing is used for the production of hydrocarbons but
also for the recovery of deep geothermal ﬂuids. The development of
massive hydraulic fracturing has substantially increased shale oil and gas
production, generated an energy boom in the US and signiﬁcantly lowered hydrocarbon costs (Middleton et al., 2015; Yuan et al., 2015a,
2017). However, its use in low permeability (tight) gas reservoirs has
presented signiﬁcant challenges (Pijaudier-Cabot, 2013; Ye et al., 2017;
Yuan et al., 2015b). The permeabilities of such reservoirs are typically in
the nanodarcy range (1021 m2) prohibiting efﬁcient recovery (Javadpour, 2009; Sheng et al., 2015; Wu et al., 2015). Mechanisms of gas
recovery by hydraulic fracturing (Middleton et al., 2015) are shown in
Fig. 1. These highlights that various length scales involved in shale gas
production cover thirteen orders of magnitude, ranging from nanometer
size pores where methane is trapped to kilometer-scale hydraulic

fractures that are conduits to the production well (Davies et al., 2012).
Currently, water is the only fracturing ﬂuid widely used in commercial shale gas and shale oil production. This is principally due to its low
cost, availability, and its suitability for fracturing. However, a representative shale gas well needs to inject from 2 to 4 million gallons of water
into the deep reservoir (API, 2010; Scanlon et al., 2014). In the initial
stages of gas recovery, about 15%–80% of ﬂow-back water is recovered
(GWPC, 2009; EPA, 2010). Meanwhile, ﬂow-back water is contaminated
with secondary components, which are added to the water to induce
fracture generation (Jackson et al., 2013). This ﬂow-back water must be
disposed, usually through deep re-injection into geologic formations.
Large-scale water re-injection has been related to triggered seismicity
that induces low-level earthquakes (Vidic et al., 2013; Ellsworth, 2013;
Elsworth et al., 2016). In this respect, using non-aqueous ﬂuids is
promising to solve large volumes of water re-injection. In addition, water
from the conventional water-based fracturing ﬂuids will be trapped in the
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environmental groups. This possible reduction has stimulated investigation into the use of non-aqueous fracturing ﬂuids, including hydrocarbons and supercritical CO2 (Wang et al., 2012, 2015).
The fracture path and breakdown pressure vary with the composition
and state of the fracturing ﬂuid (Ishida et al., 2012; Alpern et al., 2012;
Gan et al., 2015). Therefore, determining the mechanics of these interactions is important. The penetration of the fracturing ﬂuid within the
network of existing cracks depends directly on its viscosity and interfacial
characteristics. By reducing the resistance indexed through these parameters, ﬂuids will penetrate more easily in the existing cracks and
apply pressure to reactivate them. Thus, the issue is to determine the
“right” ﬂuid. There are many candidate ﬂuids, including propane, nitrogen and carbon dioxide.
Supercritical CO2 is one such potential ﬂuid. CO2 is of potential interest as a class of energized ﬂuid or foam, particularly as the drawbacks
of conventional fracturing ﬂuids become more obvious (Gupta and
Bobier, 1998; Gupta, 2011). Supercritical CO2 offers several signiﬁcant
advantages over water, as well as some potential drawbacks. Key potential advantages for CO2 contain increased methane (CH4) and hydrocarbon production, reduced pressurization requirements, enhanced
fracturing properties, effective gas displacement from fractures,
enhanced desorption of CH4 from organics and the reduction or

Fig. 1. Schematic of a fracturing system highlighting induced and natural
fractures and three primary gas-in-place origins of methane. An alternative
fracturing ﬂuid such as CO2 may more efﬁciently extract gas from (1) and (2)
since CO2 is miscible with hydrocarbons thereby preventing multi-phase ﬂow
blocking and from (3) since CO2 can exchange with methane that is absorbed
in the kerogen (Middleton et al., 2015).

Fig. 4. Changes in effective stress coefﬁcient with porosity and Poisson ratio.

Table 1
The impact of β and ν on effective stress coefﬁcient at ϕ ¼ 0.01.

Fig. 2. Illustration of the single crack microelement.

near-wellbore region during the fracturing processes, which may impede
gas to ﬂow to the wells. This adverse effect is observed in many reservoirs
(Al-Anazi et al., 2002; Mahadevan et al., 2007; Parekh and Sharma,
2004). For these reasons, reducing the use of water in hydraulic fracturing is a high priority for industry, policy makers, and concerned
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Table 2
Physico-mechanical parameters for simulations.
Symbol

Value

Physical meanings

Unit

m
E0
fc

10
33
190

Homogeneity index
Mean value of the elasticity modulus
Mean value of uniaxial compressive strength

GPa
MPa

ft

23

Mean value of uniaxial tensile strength

MPa

0.35
0.01
1.0  1018
7.46  105
2.03  105
4.688  104
2.3

Poisson ratio
Initial porosity
Initial permeability
Dynamic viscosity of liquid CO2
Dynamic viscosity of supercritical CO2
Dynamic viscosity of water
Langmuir pressure constant for supercritical
CO2
Langmuir strain constant for supercritical CO2
Langmuir volume constant for supercritical
CO2
Initial pore pressure

–
–
m2

ν

ϕ0
k0

μlCO2
μSCCO2
μw
PL

εL
VL

0.035
0.02702

p0

101.325

Pa⋅s
Pa⋅s
Pa⋅s

MPa
–
m3/
kg
KPa

Fig. 5. The constitutive law of rock under uniaxial stress condition.

Fig. 7. Density-pressure curves under experimental conditions.

behaviors, they assume the rock is homogeneous and elastic, which is
generally not the case of the formation rocks. In this study, a fully
coupled hydraulic-geomechanical fracture model has been built. In this
modeling, the concept of FEM-based damage mechanics, that combine
the maximum tensile stress theory and the Mohr-Coulomb theory, is
introduced together to predict fracture propagation behavior in heterogeneous rocks.
The following addresses the potential effectiveness of using supercritical CO2 as an alternative fracturing ﬂuid for shale gas production,
including a comparison between fracturing via supercritical CO2, liquid
CO2, and water. A coupled model of mechanics, rock damage and gas
ﬂow is proposed to explore key gas fracturing processes, in which an
equation-of-state of CO2 is included. This inclusion is essential to explore
the roles of rock-gas interactions on the progressive propagation of
fractures and to demonstrate whether and how supercritical CO2 could
signiﬁcantly increase shale gas production.

Fig. 6. Numerical model for fracturing experiments.

elimination of injection and ﬂow-back water (Middleton et al., 2015).
Furthermore, if CO2 is an effective fracturing ﬂuid, then shale gas reservoirs would likely become a major utilization option for carbon
storage.
Speciﬁcally, CO2 could expand production through enhanced fracturing and fracture propagation, reduced ﬂow-blocking to gas ﬂow by the
fracturing ﬂuid and increased desorption of methane adsorbed in
organic-rich parts of the shale (Jung et al., 2015; Heller and Zoback,
2014). Moreover, CO2-based fracturing offers the potential for CO2
sequestration (Stauffer et al., 2011; Middleton et al., 2012; Li and Elsworth, 2015) both during the fracturing phase and after production has
concluded. Thus, supercritical CO2 is a promising alternative to water for
shale gas fracturing (Middleton et al., 2014).
In the past few years, many researchers have made constant efforts to
investigate the fracturing process based on the numerical simulation
method with various models, which mainly including complex fracture
network (CFN) model (Olson, 2008; Ren et al., 2016), discrete fracture
network (DFN) model based on discrete element method (Rogers et al.,
2010), and cohesive zone model (CZM) (Elices et al., 2002). These
models reveal the important role of viscous ﬂow on rock stress distribution and have the capability to predict hydraulic fracture propagation

2. Pore and microcrack model
Shale is a clastic sedimentary rock that has lithiﬁed during burial and
diagenesis. These processes control the evolved pore-structure and architecture that in turn affect gas generation, adsorption and migration.
The following documents a microcrack model that accurately deﬁnes this
architecture and resulting mechanical response.
The concept of effective stress is useful in describing the effect of pore
pressure on the mechanical response of porous materials. Following
93
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Fig. 8. Fracture patterns obtained from experiments (upper) (Zhang et al., 2017) and
numerical simulations (lower) during injection of different fracturing ﬂuids. (a) Shale
specimen fractured with water, (b) shale
specimen fractured with liquid CO2. (c)
Shale specimen fractured with supercritical
CO2.

Fig. 9. Comparisons of breakdown pressure between experimental and numerical results.
Fig. 10. The numerical model of ﬂuid fracturing.

Terzaghi (1923), Biot (1941), Walsh (1965), Nur and Byerlee (1971),
Carroll (1979), and others, we propose a narrow microcrack model to
represent rock with low porosity. As shown in Fig. 2, the total stress, σ , is
applied on the external boundaries of a microelement, and pore pressure,
p, is applied internally. Assuming that cracks in the shale are sparse and
are distributed randomly, each microelement contains a single crack.
Therefore, the interactions between microcracks are ignored.
We ﬁrst, analyze the deformation of a microelement, under the
combined action of total stress and pore pressure. From Fig. 3, the
deformation caused by total stress and pore pressure can be decomposed
by the superposition of deformations (see Fig. 3(b) and (c)) resulting
from hydrostatic pressure, p, and external stress, σ -p, respectively.
Thus, the volume strain of the microelement (see Fig. 3(c)) is:
Δc vt σ  p Δc vp
¼
þ
KI
vt
vt

where vt is the total volume of the microelement (see Fig. 3(c)) and vp is
the crack volume. The strain energy of the crack is:
wc ¼ ðσ  pÞΔh vp

(2)

Combining Eq. (1) and Eq. (2) yields
Δc v t σ  p
wc
¼
þ
KI
vt
ðσ  pÞvt

(3)

Applying the principle of superposition yields the whole volume
strain of the microelement (see Fig. 3(a)):
Δa v t
σ
wc
¼ þ
vt
KI ðσ  pÞvt

(1)
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Table 3
Physico-mechanical parameters of rock and ﬂuids.
Symbol

Value

Physical meanings

Unit

m
E0
fc

5
22
200

Homogeneity index
Mean value of the elasticity modulus
Mean value of the uniaxial compressive strength

GPa
MPa

ft

25

Mean value of the uniaxial tensile strength

MPa

0.33
0.01
1.0  1019
1.38  105
9.25  105
4.04  105
1.0  103
2.12

–
–
m2

ν

VL

0.047
0.03226

Poisson ratio
Initial porosity
Initial permeability
Dynamic viscosity of gaseous CO2
Dynamic viscosity of liquid CO2
Dynamic viscosity of supercritical CO2
Dynamic viscosity of water
Langmuir pressure constant for supercritical
CO2
Langmuir strain constant for supercritical CO2
Langmuir volume constant for supercritical CO2

p0

0.1

Initial pore pressure

ϕ0
k0

μgCO2
μlCO2
μSCCO2
μw
PL

εL

Pa⋅s
Pa⋅s
Pa⋅s
Pa⋅s

MPa
–
m3 /
kg
MPa

Fig. 12. The density-pressure
ﬁrst derivative.

curve

of

supercritical

CO2

and

its

Δa Vt
σ 2π ð1  ν2 Þðσ  pÞ X 3
c
¼ þ
3KI ð1  2νÞVt
Vt
KI

(9)

Deﬁning the average crack length and average microelement volume,
P
P
then, Nc3 ¼ c3 ; Nvt ¼ vt ¼ Vt , and Eq. (9) can be written as:
N

N

Δa Vt
σ 2π ð1  ν Þðσ  pÞc3
¼ þ
Vt
KI
3KI ð1  2νÞvt
2

(10)

Assuming that the thickness of the element is c, the volume of the
elliptical crack is π βc3 . Therefore, the porosity can be written as
ϕ ¼ π β c3 =vt . β is the aspect ratio of the crack. The total volume strain
can thus be expressed as:


Δa Vt
σ
2ϕð1  ν2 Þ
2ϕð1  ν2 Þ

p
¼
1þ
3βð1  2νÞ
3KI βð1  2νÞ
Vt
KI

(11)

Arranging Eq. (11) into the form of effective stresses:
KI
2

ν Þ
1 þ 2ϕð1
3βð12νÞ

α¼1

The volume increment of the microelement is:

σ
KI

vt þ

wc

Summing of all volume increments of the microelements, the total
volume increment can be expressed as:
Δa Vt ¼

X

Δa vt ¼

σX
KI

vt þ

1

σp

X

wc ¼

σ
KI

Vt þ

1

σp

X

wc

(6)

2π ð1  ν2 Þðσ  pÞ2 c3
3KI ð1  2νÞ

(13)

During ﬂuid-driven fracturing, supercritical CO2 will penetrate into
the rock around borehole easier and faster than higher viscosity and
interfacial tension ﬂuids. The initiation and evolution of ﬂuid-driven
fractures is a coupled phenomenon involving ﬂuid ﬂow, solid deformation and damage. In the following, a set of governing equations are
developed for rock deformation and ﬂuid ﬂow that represent the
macroscopic scale and include the deﬁnition of a damage evolution law
(Zhu and Tang, 2004).

(7)

Under condition of plane strain, the strain energy of a narrow elliptical crack loaded by external stress, σ -p, is (Grifﬁth, 1921)
wc ¼

2

3. Governing equations

The total volume strain is:
X
Δa Vt
σ
1
wc
¼ þ
Vt
KI ðσ  pÞVt

1
ν Þ
1 þ 2ϕð1
3βð12νÞ

According to Fig. 4, the effective stress coefﬁcient increases with an
increase in porosity but asymptotes at high porosities and increases with
Poisson ratio (see Fig. 4 and Table 1). As indicated in Table 1, the
effective stress increases with the aspect ratio of the cracks. Importantly,
for shales with low porosity, both the analytical and numerical results
show that the effective stress coefﬁcient is much smaller than 1.

(5)

σp

(12)

3βð12νÞ

Finally, this expression deﬁnes the effective stress coefﬁcient as:

Fig. 11. The density-pressure curves of CO2 for numerical input.

Δa v t ¼

0
1
Δa Vt
1
Ap
¼ σ  @1 
2
Vt
1 þ 2ϕð1ν Þ

(8)

where c is half-length of the fracture (narrow elliptical crack).
3.1. Deformation
From poroelasticity theory, the constitutive relation for the deformed
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Fig. 13. Fracturing patterns under different injected ﬂuids when lateral pressure coefﬁcient λ ¼ 1.

The ﬁrst term on the right-hand side represents the free-phase gas in
the fractures and the second the adsorbed gas. The loading induced by
supercritical CO2 injection includes both the poromechanical effect and
the swelling effect. Despite responding to two distinct mechanisms, rock
damage ensues in exactly the same way.
Applying mass conservation and the Darcy velocity to the gas phase
gives:

rock may be expressed as:




εij ¼

1
1
1
α
1

pδij þ εs δij
σ ij 
σ kk δij þ
2G
6G 9K
3
3K

(14)

where G is the shear modulus of the rock, K is the bulk modulus, p is the
pore pressure, α is the effective stress coefﬁcient, δij is the Kronecker delta
and εs is the gas sorption-induced strain.
Applying the Langmuir isotherm to obtain the gas sorption-induced
strain yields:

εs ¼

εL p
p þ PL



G
uj;ji  αp;i  K εs;i þ f;i ¼ 0
1  2ν

!

(16)



(19)

Under the isothermal condition, the CO2 density varies signiﬁcantly
with pressure but may be described to considerable accuracy through the
equation of state proposed by Span and Wagner (1996). The
Span-Wagner EOS explicitly includes the Helmholtz free energy but the
CO2 density is only related to the residual part of it, which can be written
as:

3.2. CO2 ﬂow in fracture networks
Gas exists in both free-phase and absorbed states. The gas mass can be
thus deﬁned as:

φr ðδ; τÞ ¼

7
X

ni δdi τti þ

i¼1

VL p
p þ PL



∂ρ ρga ρc VL PL ∂p
k
þ r⋅  ρrp ¼ Qs
ϕ þ
μ
∂p ðp þ PL Þ2 ∂t

where Eq. (16) is the governing equation for rock deformation.

m ¼ ϕρ þ ρga ρc

(18)

where m is the gas content in the rock, k is the fracture permeability, μ is
viscosity and Qs is a gas source or sink. Substituting Eq. (17) into Eq. (18)
yields the governing equation of gas ﬂow in the fracture networks as:

(15)

where εL is the Langmuir strain constant and PL is the Langmuir pressure
constant.
From this, the Navier-type constitutive relation may be expressed as:
Gui;jj þ



∂m
k
þ r⋅  ρrp ¼ Qs
∂t
μ

(17)

þ

42
X

34
X

ni δdi τti eδ þ
ci

i¼8

39
X

2

ni δdi τti eαi ðδεi Þ

βi ðτγ i Þ2

i¼35
2

ni Δbi δeCi ðδ1Þ

Di ðτ1Þ2

(20)

i¼40

where ρ is the gas density under fracturing pressure, ρga is the gas density
at atmospheric pressure, ρc is the density of the rock, VL is the Langmuir
volume constant and PL is the Langmuir pressure constant.

where δ ¼ ρ=ρc is the reduced density, τ ¼ Tc =T is the inverse reduced
temperature, Δ ¼ fð1  τÞ þ Ai ½ðδ  1Þ2 1=ð2βi Þ g2 þ Bi ½ðδ  1Þ2 ai , ρc is the
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Fig. 14. Fracturing patterns under different injected ﬂuids when lateral pressure coefﬁcient λ ¼ 2.

critical density, Tc is the critical temperature and the other parameters
are all constants, the coefﬁcients are selected from Span and Wagner
(1996).
The fundamental equation of CO2 given in this study is expressed in
form of the Helmholtz free energy A with the two independent variables
density ρ and temperature T. The dimensionless Helmholtz free energy
ϕ ¼ A=ðRTÞ is commonly split into a part depending on the ideal-gas
behavior ϕ0 and a part which takes into account the residual ﬂuid
behavior ϕr . Since the Helmholtz free energy as a function of density and
temperature is one form of a fundamental equation, all the thermodynamic properties of CO2 can be obtained. The relation between CO2
density and pressure can be deﬁned as (Span, 2000):


pðδ; τÞ ¼ 1 þ δφrδ ðρRTÞ

where m is the mass of water in the rock, ρw is the water density and Qs is
a source or sink.
Assuming that the rock is water saturated, the ﬂuid mass can be
expressed as m ¼ ρw ϕ where ϕ is rock porosity. The rock compressibility
can be expressed as cp ¼ ϕ1
cw ¼

and the water compressibility coefﬁcient as

Thus, the total compressibility coefﬁcient is ct ¼ cp þ cw .

as:


ϕct

(21)



∂p
k
þ r⋅  rp ¼ Qs
∂t
μ

(23)

3.4. Damage evolution law
The nonlinear stress-strain relation for the rock under the conditions
of uniaxial tension and compression can be simpliﬁed as a piecewise
function, as shown in Fig. 5 (positive for compression). Damage in tension or shear is initiated when the stress state in an REV satisﬁes the
maximum tensile stress criterion or the Mohr-Coulomb criterion
respectively, as (Zhu and Tang, 2004):
F1 ¼ σ 3  ft0 ¼ 0 or F2 ¼ σ 1  σ 3

3.3. Water ﬂow in fracture networks

1 þ sin θ
 fc0 ¼ 0
1  sin θ

(24)

where σ 1 and σ 3 are the maximum and minimum principal stresses,
respectively, ft0 and fc0 are the uniaxial tensile and compressive
strengths, respectively, θ is the internal frictional angle, F1 and F2 are two
damage threshold functions.
The elastic modulus of an REV will decrease monotonically with the
evolution of damage and may be expressed as:

Applying mass conservation and inserting the Darcy velocity for the
water phase, the governing equation for water ﬂow in the fracture
network can be expressed as:


dϕ
dp ,

Combining these relations yields the water ﬂow equation expressed

Where φrδ is the derivative of the residual part of the Helmholtz free
energy with respect to the reduced density and R is the universal gas
constant.
Since the density of CO2 cannot be calculated analytically from Eqs.
(20) and (21), we use a numerical method. We use cubic spline interpolation to obtain the relationship between density and pressure and
deﬁne the density-pressure curve as shown as Fig. 4. This is used on the
distributed parameter model.



∂m
k
þ r⋅  ρw rp ¼ Qs
∂t
μ

1 dρw
ρw dp .

(22)
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Fig. 15. Fracturing patterns under different injected ﬂuids when lateral pressure coefﬁcient λ ¼ 5.

E ¼ ð1  DÞE0

(25)

where E0 and E are the elastic modulus of an REV both before and after
the initiation of damage and D is the damage variable (0–1). According to
the constitutive law, as illustrated in Fig. 5, the damage variable can be
deﬁned as (Zhu et al., 2018):

D¼

8
0
>
>
>
 2
>
>
>
< 1  εt0

ε3

>
>
 2
>
>
>
ε
>
: 1  c0

ε1

F1 < 0 and

F2 < 0

F1 ¼ 0 and

dF1 > 0

F2 ¼ 0 and

dF2 > 0

(26)

where εt0 and εc0 are maximum tensile and compressive principal strains,
respectively. In the numerical implementation of Eq. (24), the tensile
damage is checked ﬁrst with the maximum tensile stress criterion, and
only the REVs that are not damaged in tensile mode will be evaluated as
to whether they are damaged in shear, or not, via the Mohr-Coulomb
criterion.
After the initiation of damage, some other physico-mechanical parameters will change as the damage evolves. Eq. (25) represents the
impact of damage on the elastic modulus of the medium with the
permeability also a sensitive function of damage. Since the evolution of
permeability with damage is complex, here we describe this relation as
the following exponential function:
k ¼ k0 expðαk DÞ

Fig. 16. The variations of SDamage area/SToal at different load steps during the
injection of water, liquid CO2, and supercritical CO2.

4. Veriﬁcation against experimental observations
The proposed numerical model is validated against observations of
supercritical CO2 fracturing (Zhang et al., 2017). The geometries and
loading conditions of the shale specimen are deﬁned as shown in Fig. 6.
The cubic shale specimen is 200 mm on edge with a 15 mm diameter
borehole. The experiments were conducted under different horizontal
stress conditions using water, liquid CO2, and supercritical CO2 as fracturing ﬂuids. The boundary conditions correspond to conﬁning pressure
σ H ¼ 10 MPa applied on the top boundary and σ h ¼ 8 MPa applied on the

(27)

where k0 is the initial permeability and αk is 5.0, representing a so-called
damaged-permeability effect coefﬁcient to indicate the effect of damage
on the permeability.
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et al., 2016; Zhang et al., 2017) (see Fig. 7).
Fig. 8 shows the comparisons of experimental and numerical results
in the case where the three ﬂuids (water, liquid CO2, and supercritical
CO2) are injected into shale samples. This demonstrates, at least qualitatively, that fracturing by supercritical CO2 is a viable method to
introduce improved complexity in fracturing. According to Fig. 8, fractures induced by supercritical CO2 are irregular multiple branching
fractures of different widths and lengths that form a complex fracture
network. Supercritical CO2 and liquid CO2 can induce two or more
transverse fractures, apparently as an “X”-shape or “Y”-shape fracture
pattern, while fractures induced by hydraulic fracturing present themselves as a single main “I”-shape along a single plane. Furthermore, the
width of supercritical CO2 fractured cracks is larger than those of the
cracks formed by liquid CO2 and hydraulic fracturing. In terms of fracture
morphology, supercritical CO2 has an apparent advantage over liquid
CO2 and water fracturing. As shown in Fig. 9, the breakdown pressure of
supercritical CO2 is smaller than the pressures required for liquid CO2
and water. What's more, not only the fracture patterns of numerical
fracturing experiments but also the breakdown pressures compare well
with the experimental observations. Therefore, it is reasonable to
conclude that the proposed model is effective in simulating fracturing
process.
5. Numerical simulation of ﬂuid-driven fracturing
The two-dimensional ﬂuid fracturing problem comprises a crosssection through a cubic specimen containing a vertical borehole
(Fig. 10) and with an applied anisotropic stress ﬁeld. The pressurizing
ﬂuids are two states of single-phase gas (supercritical and liquid CO2)
injected into the borehole until breakdown (unstable fracture propagation occurs) at a maximum pressure results. This may be represented in 2D as a problem of plane strain and of transient state ﬂuid ﬂow.
5.1. Model geometry
Fig. 17. The initiation and breakdown pressures during injection of water,
liquid CO2 and supercritical CO2.

According to the experiments conducted by Ishida et al. (2004, 2012),
the geometries and loading conditions of the model are deﬁned as shown
in Fig. 10. The cubic rock specimen is 190 cm on edge with a 20 cm
diameter borehole. The boundary conditions correspond to conﬁning
stresses applied on the top boundary (σ 1) and right boundary (σ 3) and
rollers on opposite faces. All boundaries are non-ﬂux boundaries except
for the borehole on which a monotonic increasing ﬂuid injection pressure
is applied. In addition, in order to investigate the effects of principal
stress and stress differences on fracturing process, λ ¼ σ 3/σ 1 is deﬁned to
describe stress boundaries.
To representing the realistic heterogeneity in rock, we assume that
the elastic modulus and strength follow the Weibull distribution. This
takes the form of a probability density function as:
f ðuÞ ¼

  m 
 m1
m u
u
exp 
u0 u0
u0

(28)

where u is the elastic modulus or strength for the REV, u0 is the average
value of elastic modulus or strength and m describes the shape of the
distribution function. In this study, the homogeneity index m is set to 5,
and the other physico-mechanical parameters of the rock and ﬂuids are
assigned according to Table 3.
Fig. 18. The relationship between breakdown
pore pressure.

pressure

and initial

5.2. Phase response for CO2

right boundary with rollers along the left side and base. All boundaries
are non-ﬂux boundaries except for the borehole on which a constant ﬂuid
injection rate is applied. The ﬂuid injection rate in the experiments is
30 ml min1. The water and supercritical CO2 fracturing experiments
were conducted in a thermal bath, kept at 60  C (333.15 K). Input parameters for the simulations are listed in Table 2 (Ma et al., 2016; Wu

CO2 is in a gaseous state at the beginning of the injection, and then
becomes supercritical state when the temperature and pressure exceed
the critical point (304.1 K and 7.38 MPa). The density-pressure curves for
the three different liquids are shown in Fig. 11. Notably, the density of
supercritical CO2 increases signiﬁcantly in the pressure range 6–10 MPa.
According to Fig. 12, the ﬁrst derivative of the density also changes
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those induced by supercritical CO2 are the most complex and are most
widely distributed at any single injection (driving) pressure, followed by
those induced by liquid CO2 and then water. These results since there are
many REVs with a relatively low strength in the region around the main
fractures. As the fracturing ﬂuids invade the rock, those REVs are
ruptured by the increasing pore pressure and will coalesce into a main
fracture as they self-connect. With a much lower dynamic viscosity, supercritical CO2 can ﬂow rapidly and transfer the pore pressure distal from
the borehole, rather than liquid CO2 and water under the same injection
pressure. This makes the fracture patterns complex and widely distributed. More importantly, compared to liquid CO2 and water, supercritical
CO2 has a greater adsorptive potential, which eventually creates larger
internal swelling stresses and induces larger damage. This is consistent
with experimental observations in the literature (Ishida et al., 2004,
2012; Ranathunga et al., 2016).

signiﬁcantly when pressure exceeds critical pressure. This is an important
feature/factor in our novel fracturing model, as shown in Eq. (19).
In the numerical simulation of supercritical CO2 induced fracturing,
the temperature T is kept at 318.15 K (45  C) to ensure that the supercritical state will endure after the injection pressure reaches 7.38 MPa
and before unstable fracture propagation occurs. For fracturing with
liquid CO2, the temperature is set to room temperature (293.15 K; 20  C)
and the vapor pressure may be evaluated as (Span and Wagner, 1996):
"
 

t #
4
ps
Tc X
T i
ln
ai 1 
¼
Tc
pc
T i¼1

(29)

where ps is the vapor pressure, T is the temperature, pc and Tc are the
critical pressure and temperature, respectively, with the other parameters remaining constant. Substituting T ¼ 293.15 K to Eq. (29) yields a
vapor pressure of 5.74 MPa.
To simplify the simulation, we assume that the dynamic viscosity of
CO2 remains unchanged until its phase state changes. In the numerical
implementation, the phase state of CO2 is determined by comparing the
injection pressure with critical pressure and vapor pressure.

5.5. Critical pressures and the effect of dynamic viscosity on fracturing
In order to investigate the critical pressures resulting in breakdown,
we calculate the ratio of the area of the damage zone to the total area.
According to experimental observations, there are two critical pressures
to distinguish the different stages of the hydraulic fracturing processes
(Detournay and Carbonell, 1994). One is the fracture initiation pressure,
from which the fractures begin to propagate, and the other is the
breakdown pressure, under which unstable fracture propagation occurs.
Fig. 16 shows the variations of SDamage area/STotal with different load steps
during fracturing by water, liquid CO2, and supercritical CO2. Supercritical CO2 fracturing produces a larger relative damage zones than that
due to liquid CO2 and water fracturing. Otherwise, liquid CO2 fracturing
only has a slight advantage over water fracturing. Supercritical CO2, with
the lowest viscosity penetrates the cracks more rapidly than either liquid
CO2 or water. As a result, supercritical CO2 has the lowest fracture
initiation pressure, followed by liquid CO2 and then water.
Similarly, supercritical CO2 has the lowest breakdown pressure, followed by liquid CO2 and water. Actually, the difference in the fracture
initiation pressures between supercritical CO2, liquid CO2, and water is
not obvious. While, the breakdown pressures of supercritical CO2, liquid
CO2, and water are signiﬁcantly different.
Fig. 17 presents the results of fracture initiation pressure and breakdown pressure for the specimens with water, liquid CO2, and supercritical
CO2. It is demonstrated that with increasing dynamic viscosity, the
breakdown pressure increases signiﬁcantly but the fracture initiation
pressure increases only slightly. This can also be explained since the
ﬂuids with lower dynamic viscosity can ﬂow farther under the same injection pressure, with observation supported by experimental observations (Ishida et al., 2004, 2012; Garagash and Detournay, 1997). In
addition, the stress difference has a signiﬁcant effect on fracture initiation pressure and breakdown pressure. The greater the stress difference
is, the smaller the fracture initiation pressure is, and more easy to
fracture.

5.3. Numerical implementation of the model
This physical system is nonlinear both in space and time domain,
precluding the possibility of an analytical solution. The complete set of
coupled equations is solved by FEM. This approach requires that the
damage variable and the damage-induced alterations in elastic modulus
and permeability are continually updated with load. The summary of the
basic procedures are as follows.
(1) After the establishment of the model geometry, the geomechanical
model is discretized into a series of REVs. Then the initial mechanical and hydraulic properties are deﬁned and the initial
boundary conditions are applied.
(2) A fully coupled analysis is performed by FEM via COMSOL Multiphysics, and the stress, strain, and pore pressure for all the REVs
are obtained.
(3) Effective stresses are calculated from Biot theory and Langmuir
equation, are used to check if a damage threshold has been
reached for the REVs (Eq. (25)).
(4) Effective stresses in the damaged REVs are substituted into Eq.
(26) to calculate the damage variable. Then, the elastic modulus
and permeability of these REVs are modiﬁed following Eqs. (25)
and (27).
(5) The ﬁnite element model with the updated material parameters is
analyzed and the result is compared with the prior state. If the
damage zone extends, steps (3)–(5) are repeated, otherwise, step
(6) is implemented.
(6) The boundary conditions are updated with the next load
increment.

5.6. The effect of pore pressure on breakdown pressure

The fully coupled procedures are implemented in MATLAB to obtain
the mechanical parameters related to damage and implemented into
COMSOL Multiphysics, to complete the FEM analysis.

In this section, a series of numerical simulations are conducted to
investigate the effect of initial pore pressure on breakdown pressure. An
increase of pore pressure can decrease static friction and thereby facilitate fracture propagation on favourably oriented planes, when deviatoric
stress ﬁeld is present. As shown in Fig. 18, in the numerical simulations,
the resulting Pb-P0 of Supercritical CO2 fracturing is signiﬁcantly
different from water-based fracturing. For the water-based fracturing, the
resulting Pb-P0 linearly decreased with the increase of initial pore pressure. However, for the Supercritical CO2 fracturing, the resulting Pb-P0
indicated a nonlinear decrease with the increase of initial pore pressure.
The effects of Supercritical CO2 penetration complicates the explanation
of the fracturing process. The Supercritical CO2 penetration not only
changes the pore pressure in the formation, but also the adsorption-

5.4. Evolution of fractures
We now focus on the evolution of fractures driven by the pressurization of supercritical CO2 and compare them with those induced by
liquid CO2 and water. Figs. 13–15 display the evolving fracture patterns
induced by supercritical CO2, liquid CO2, and water respectively. The
fractures grow progressively in the direction of the maximum principal
stress. However, due to the heterogeneity of the mechanical properties of
the rock, the fracture patterns are relatively non-planar and irregular.
Comparing the fracture patterns induced by the three kinds of ﬂuids,
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induced strain alters the mechanical properties of the formation.
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6. Conclusions
Currently, water with additives is the primary ﬂuid used in commercial shale gas and oil reservoir stimulation. However, the continued
use of water as a fracturing ﬂuid poses some problems. These relate to
water-availability, post-fracturing treatment and disposal. In the foregoing, we present a novel coupled model using supercritical CO2 as a
fracturing ﬂuid for shale gas production. This is based on linking ﬂuid
ﬂow, adsorption-induced internal swelling stress, solid deformation and
damage into a distributed-parameter model. According to various numerical experiments, the following conclusions are drawn.
Based on the microcrack model representing shales with low porosity,
the analytical and numerical results show that the effective stress coefﬁcient is much smaller than unity. The patterns of fractures induced by
supercritical CO2 are more complex and more widely distributed than
those induced by liquid CO2 and water under the same injection pressure.
This may be partly due to the lower dynamic viscosity of the supercritical
ﬂuid that can ﬂow and project pore pressures further from the borehole.
Moreover, supercritical CO2 has a greater adsorptive potential, which
eventually creates larger internal swelling stresses and induces larger
damage. In addition, fractures grow progressively in the direction of the
maximum principal stress. Due to the heterogeneity of rock mechanical
properties, the fracture patterns are relatively irregular.
The dynamic viscosity of fracturing ﬂuid has a great effect on the
breakdown pressure. Supercritical CO2 fracturing indeed has a lower
fracture initiation pressure and a much lower breakdown pressure, as
observed in experiments. With increasing dynamic viscosity, the breakdown pressure increases signiﬁcantly, explained as above. However, the
fracture initiation pressure only rises slightly as the dynamic viscosity
increases. Furthermore, the stress difference also has a signiﬁcant impact
on fracture initiation pressure and breakdown pressure. The greater the
stress difference is, the smaller the fracture initiation pressure and
breakdown pressure are. The effects of Supercritical CO2 penetration
complicates the explanation of the fracturing process. For the Supercritical CO2 fracturing, the resulting Pb-P0 nonlinearly decreased with the
increase of initial pore pressure. The Supercritical CO2 penetration not
only changes the pore pressure in the formation, but also the adsorptioninduced damage alters the mechanical properties of the formation.
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