
lable at ScienceDirect

Journal of Natural Gas Science and Engineering 45 (2017) 291e306
Contents lists avai
Journal of Natural Gas Science and Engineering

journal homepage: www.elsevier .com/locate/ jngse
Impact of water, nitrogen and CO2 fracturing fluids on fracturing
initiation pressure and flow pattern in anisotropic shale reservoirs

Xiangxiang Zhang a, J.G. Wang a, b, *, Feng Gao a, b, Yang Ju a, c

a School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou 221116, China
b State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou 221116, China
c State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology at Beijing, Beijing 100083, China
a r t i c l e i n f o

Article history:
Received 10 July 2016
Received in revised form
2 June 2017
Accepted 2 June 2017
Available online 3 June 2017

Keywords:
Anisotropic shale
Fracturing fluid
Moving mesh
Fracturing initiation pressure
Seepage area
* Corresponding author. School of Mechanics and
versity of Mining and Technology, China.

E-mail address: nuswjg@yahoo.com (J.G. Wang).

http://dx.doi.org/10.1016/j.jngse.2017.06.002
1875-5100/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t

Water-based fluids are currently main fracturing fluids but have some unavoidable limitation. Alternative
options include nitrogen and CO2 in some new fracturing methods. However, the fracturing mechanism
with water, CO2 and nitrogen has not been clear so far. This paper proposes a numerical model to
investigate the impact of water, CO2 and nitrogen fluids on fracturing initiation pressure and seepage
area of a shale reservoir. First, the governing equations for anisotropic deformation and anisotropic
seepage are further extended for bedding shale. Second, a moving seepage boundary is used for frac-
turing fluid permeation. Third, a fracture initiation criterion is established based on the stress intensity
factor of mode I crack. Fourth, a complex parameter is suggested to express the combined effect of shale
permeability, fluid viscosity and pressurization rate. This numerical model is then verified with two sets
of experimental data and numerical simulations available in literature. Finally, the impacts of the
complex parameter, Biot's coefficient, confining pressure, and critical state on fracturing initiation
pressure and seepage area are investigated. The permeability evolution during fracturing initiation
process is discussed. It is found that this numerical model has the capability to simulate the hydraulic
fracturing process with water, CO2 and nitrogen. Complex parameter, Biot's coefficient and confining
pressure have significant impacts on fracturing initiation pressure and seepage area. The fracturing
initiation pressure decreases with complex parameter and Biot's coefficient but increases with confining
pressure regardless of fracturing fluid type. Water has the highest fracturing initiation pressure and the
smallest seepage area. These differences are from the change of effective stress in seepage area,
particularly nearby the permeation front. CO2 and nitrogen are good alternative fluids for hydraulic
fracturing under the same condition of complex parameter, Biot's coefficient and confining pressure
because they have lower fracturing initiation pressure and larger seepage area compared to water.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Hydraulic fracturing is an effective technology by fluid injection
into fracture geologic formations for the enhancement of formation
permeability (Britt, 2012; Stringfellow et al., 2014). Water-based
fluids are the main fracturing fluids but water source is usually
scarce in the area of shale gas development. Hence, some new
fracturing methods have been proposed by using waterless frac-
turing fluids such as nitrogen, CO2, or liquefied petroleum gas (LPG)
(Grundmann et al., 1998; Sinal and Lancaster, 1987; Soni, 2014;
Civil Engineering, China Uni-
Zhang et al., 2017). The supercritical CO2 (SC-CO2) has been used
in oil and gas explorations due to its superior properties of high
density, strong diffusion capacity, low viscosity, and no pollution to
reservoirs (Wang et al., 2015a). It has been demonstrated that using
nitrogen and CO2 can reduce the usage of water. A CO2-based
stimulation can reduce formation damage and residual fracturing
fluid (Liao et al., 2009; Wang et al., 2016b). However, the perme-
ation mechanisms of water-based fluids and waterless fluids into
the formation rock and their impacts on fracturing initiation
pressure and seepage area are not clear so far.

Fracturing initiation pressure is one of the most important pa-
rameters to hydraulic fracturing. It is impacted by some key factors
including Biot's coefficient, pressurization rate, viscosity, confining
pressure, and rock permeability (Hubbert and Willis, 1957;
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Haimson and Fairhurst, 1967; Zoback et al., 1977; Bruno and
Nakagawa, 1991; Ito and Hayashi, 1991; Matsunaga et al., 1993;
Detournay and Carbonell, 1997; Lu et al., 2013; Gan et al., 2015).
In these studies, water-based fluids are the main focus. The impacts
of each single factor on fracturing initiation pressure were inves-
tigated. The evolution of fracturing initiation pressure has not been
studied if different fracturing fluids such as waterless fluids are
used. Further, the impacts of each factor may not be independent.
Their combined effect has not been explored. Therefore, it is
necessary to investigate the impacts of fracturing fluid type on
fracturing initiation pressure.

The fracturing behaviors induced by different fracturing fluids
have been experimentally investigated (Ishida et al., 2012; Gomaa
et al., 2014; Chen et al., 2015b; Li et al., 2016; Zhang et al., 2017).
These studies observed that fracturing initiation pressure varies
significantly with the type of fracturing fluids. Based on experi-
mental results, some criteria have also been proposed to predict the
fracturing initiation pressure in porous rocks (Detournay and
Carbonell, 1997). These criteria partially consider the above-
mentioned influence factors through a theoretical equation. Frac-
turing fluid type is too complex to be expressed by a theoretical
equation or criterion. It is necessary to propose a new criterion
which can consider most of the factors for the impacts of both
water-based fluids and waterless fluids on fracturing initiation
pressure.

The fracturing fluid permeation has an important effect on the
fracturing mechanism of the rock around the borehole (Solberg
et al., 1980; Schmitt and Zoback, 1992; Matsunaga et al., 1993;
Chen et al., 2015b; Zhang et al., 2017). Based on the experimental
study of hydraulic fracturing and SC-CO2 fracturing, Zhang et al.
(2017) found that the fracturing initiation pressure is significantly
reduced by using SC-CO2. This is due to larger permeation depth
and bigger seepage area. After comparing the fracturing experi-
ments using water, oil and SC-CO2, Chen et al. (2015b) observed
that fracture pattern and branch vary with the permeation ability of
fracturing fluid. However, a quantitative analysis of fluid perme-
ation has not been conducted.

Water-based fluids andwaterless fluids havemain differences in
their compressibility, viscosity and density, if the chemical effect is
ignored. For instances, the property difference may change the
magnitude and distribution of pore pressure in rock and then
impact the fracturing mechanism in the hydraulic fracturing pro-
cess. In addition, these properties of a waterless fluid usually vary
with physical state (temperature and pressure), while the proper-
ties of a water-based fluid have almost no change with physical
state. For example, CO2 has the critical temperature of 30.1 �C and
the critical pressure of 7.38 MPa. This critical state is easily reached
in operations. Its density and viscosity change significantly nearby
the critical state (Fenghour et al., 1998; Kestin et al., 1980), which
may significantly affect the fluid permeation during hydraulic
fracturing. Therefore, it is important to include the property dif-
ference when seepage and fracture patterns between water-based
fluids and waterless fluids are investigated in the hydraulic frac-
turing process.

The anisotropy is one of the most distinct features of shale. This
feature generally originates from the mineral foliation, stratifica-
tion, and discontinuities in the micro-scale rock mass (Cho et al.,
2012; Zhang, 2016). In the bedding shale, the anisotropy of defor-
mation properties (Niandou et al., 1997) and fracture toughness
(Chen et al., 1998) are significantly impacted by the weak cemen-
tation strength and high compressibility of bedding planes (Chong
et al., 1987; Chen et al., 1998; Shen et al., 2015; Zhong et al., 2015).
The shale permeability is of direction-dependence because the
bedding planes havemuch higher permeability and compressibility
than the orthogonal planes (Chen et al., 2015a). The change of
effective stress induced by the fracturing fluid permeation causes
the variation of permeability. Several models have recently pro-
posed to describe the evolution of induced anisotropic permeability
(Liu et al., 2010;Wu et al., 2010; Chen et al., 2012;Wang et al., 2013,
2015b). These previous models partially considered the anisotropy
of shale deformation and permeability. Hence, it is essential to take
the effect of anisotropy on hydraulic fracturing into full accounts.

In this study, a numerical model is proposed to comparatively
investigate the impacts of water, nitrogen and CO2 on fracturing
initiation pressure and seepage area. This numerical model con-
siders the anisotropy of shale deformation and permeability, the
property of fracturing fluid and the moving boundary in the hy-
draulic fracturing process. A fracture initiation criterion is estab-
lished based on the stress intensity factor of mode I crack and
incorporated into this numerical model. This numerical model is
then verified through the comparison with experimental data and
numerical simulation results available in literature. Finally, this
numerical model is used for parametric study to simulate the
fracturing processes by injecting water, nitrogen and CO2. A com-
plex parameter is proposed to comprehensively consider the
combined effect of permeability, viscosity and pressurization rate.
The impacts of this complex parameter, Biot's coefficient, confining
pressure and fracturing fluid type on the fracturing initiation
pressure and seepage area are analyzed. The effects of critical state
of fracturing fluids on permeability evolution, compressibility co-
efficient and viscosity are observed around the borehole.

2. Governing equations for each physical process

Before any development of governing equations, the following
assumptions aremade for a shale formation: (1) Shale is continuous
and anisotropic. (2) The deformation and strain of shale formation
are infinitesimal. (3) The sorption of shale matrix is not considered
due to the short time of injection process. (4) The fluid seepage in
the shale satisfies the Darcy's law. (5) The chemical effect of water,
nitrogen and CO2 within the shale is ignored. (6) All processes
involved are isothermal.

2.1. Governing equation for the deformation of orthotropic porous
media

For orthotropic linear elastic rocks, the constitutive model is
expressed as
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The compliance matrix has nine independent elastic constants.
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The term Ei is the elastic modulus in the ith direction. The term nij is
the Poisson's ratio that characterizes the strain response in the ith
direction to a stress acting to the jth direction. The term Gij is the
shear modulus in the jth directionwhose normal direction is in the
ith direction. seij is the effective stress component and εij is the strain

component.
The effective stress is expressed as

seij ¼ sij � apdij (3)

where sij is the total stress component of a shale element; p is the
pore pressure; the Biot's coefficient is a ¼ 1� K=Ks; K is the bulk
modulus of the shale; Ks is the bulk modulus of grains and dij is
Kronecker delta.

For a pseudo-static deformation process, the equation of motion
is

seij;j þ ap;i þ fi ¼ 0 (4)

where fi is the body force per unit volume in the ith direction.
Fig. 1. Deformation of fractured shale element.
2.2. Porosity and permeability of anisotropic porous medium

2.2.1. Porosity model for porous medium
A general porosity model for porous medium is (Zhang et al.,

2008; Wang et al., 2012)

f

f0
¼ 1þ ð1� RmÞDεe (5)

where Rm ¼ a=f0 and the change of effective volumetric strain is

Dεe ¼ S0 � S
1þ S

(6)

Without considering the sorption of matrix, the current and
initial effective volumetric strains are defined by

S ¼ εv þ p
Ks
; S0 ¼ ε0 þ

p0
Ks

(7)

where εv is the current volumetric strain; ε0 is the initial volumetric
strain. f is the current porosity; f0 is the initial porosity; p0 is the
initial pore pressure.

The change of f with respect to time t is
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¼ a� f
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vεv
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�
(8)
2.2.2. Directional permeability model for anisotropic porous
medium

The shale consists of fracture and matrix. It is a typical hetero-
geneous porous medium in themicro-scale. Fig. 1 presents a typical
one-dimensional deformation and its fracture deformation is
expressed by

Dboj ¼
�
sj þ boj

�
Dεej � sjDεemj (9)

This equation is reformulated as
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The local fracture strain is then obtained as
Dboj
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¼
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where

boj
sj

¼ ff0

.
n for nD case (12)

Dεej is the increment of average effective strain in a representative
length; Dεem is the increment of effective strain of matrix.
Rmj ¼ Dεemj=Dεej is the strain ratio of matrix to the whole element
in the ith direction; boj is the initial aperture of the fractures in the
ith direction and sj is the spacing of fractures in the jth direction.
The strain ratio is defined as Rmj ¼ Dεemj=Dεej by assuming that the
matrix elastic modulus is anisotropic, which is different from the
formulas proposed by Wang et al. (2013).

The permeability of a fracture is calculated by Levine (1996).

k0i ¼
b3oj
12sj

; isj (13)

If the fracture aperture boj has some change of Dboj due to
swelling or compaction or both, the current permeability ki is then
expressed as

ki ¼
�
boj þ Dboj

�3
12sj

; isj (14)

In a two-dimensional domain, the directional permeability of
fractures is associated with the effective strain in its perpendicular
direction as
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¼
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The permeability anisotropy ratio is expressed as

Ar ¼ ki
kj

(16)
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2.3. Governing equation for fluid flow in anisotropic porous
medium

The fluid flow in the shale satisfies the mass conservation law as

vm
vt

þ V,ðr v!Þ ¼ Qs (17)

wherem is the fluid mass content in the shale, r is the fluid density
under in-situ conditions; r ¼ rw for water and r ¼ rg for gas; v! is
the fluid velocity vector; Qs is the fluid source by distributive in-
jection or other methods.

Without considering the sorption of matrix, the fluid mass
content m is expressed by

m ¼ rf (18)

where f is the shale porosity.
This fluid flow in the shale is described by the Darcy's law

(without gravity effect) (Burton et al., 2008; Lu et al., 2013; Zhu
et al., 2016; Wang et al., 2016a) as

v!i ¼ �ki
m
Vip (19)

where m is the dynamic viscosity of the fracturing fluid; ki is the
shale permeability in the ith direction. Vip denotes the directional
pressure gradient in the ith direction.

Vip ¼ vp
vxi

(20)

As no fluid source is considered, Eq. (17) becomes
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The isothermal coefficient of compressibility is defined as
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Fig. 2. CO2 compressibility factor (Z) and viscosity (m) with the reduced pressure (pr).

Table 1
Tuned coefficients in Eq. (26).

f A1 A2

Z pr&1 �2.61556E-4 �2.8701E-48
pr > 1 �3.606 0

m pr&1 0.04744 0
pr > 1 �2.29081E7 �141.52906
cr ¼ 1
r

vr

vp
(22)

Applying Eqs. (8) and (22) to Eq. (21) yields
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For water, the density is usually constant and cr ¼ 0.
For gas, the density varies with temperature and pressure as

rg ¼ Mg

ZRT
p (24)

where Z (dimensionless) is the real gas compressibility factor;Mg is
the molar mass of gas; R is the universal gas constant; T is the
temperature. Therefore, the isothermal coefficient of compress-
ibility is defined as (Civan et al., 2011)

cr ¼ 1
rg

vrg
vp

¼ 1
p
� 1
Z
vZ
vp

(25)

From Eq. (23), the salient difference among different fracturing
fluids is the isothermal coefficient of compressibility cr and vis-
cosity m, which are the functions of temperature and pressure. It
may exhibit a strong impact on the fluid flow in the porousmedium
and result in a decisive influence on themagnitude and distribution
of pore pressure.

Under the critical temperature, the CO2 compressibility factor
and viscosity change dramatically nearby its critical state as shown
in Fig. 2. They are expressed as

f ¼ A1e
pr=t1 þ A2e

pr=t2 þ A3pr þ A4 (26)

where f is either Z or viscosity m. The viscosity is in mPa; pr is the
reduced pressure of CO2 and pr ¼ p=pc; pc is the critical pressure of
CO2; Tc is the critical temperature of CO2. The tuned coefficients
used in Eq. (26) are listed in Table 1.
2.4. Moving front of injection fluid

During hydraulic fracturing, the boundary or front of fracturing
fluid moves forward and the seepage zone expands with the vol-
ume of injection fluid. Therefore, the fracturing fluid flow is a
moving boundary problem and the seepage front moves forward
elliptically due to permeability anisotropy. Numerical computa-
tions usually use a fixed boundary and domain for fracturing fluid
flow as shown in Fig. 3(a). Such a treatment may induce some er-
rors in the magnitude and distribution of pore pressure. Fig. 3(b)
presents a typical 1D moving boundary problem. The seepage front
and domain should be determined during the fracturing process. A
simple approach to predict the moving speed of seepage front is
described as (Wang et al., 2016a)
A3 A4 t1 t2

�0.43915 1.00157 0.15155 0.00927
0 3.66 �26.704 ~
0 15.2715 0.2003 ~
0 186.689 �0.0717 �7.8103



Fig. 3. Two treatment methods for seepage front boundary.
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v!bi ¼
vxi
vt

¼ �ki
m

vp
vxi

(27)

Eq. (27) shows that the moving speed of seepage front is
controlled by the permeability, viscosity and directional gradient of
pore pressure. The seepage domain can be determined by the
seepage front. In this study, the seepage area is denoted by A, which
is the area of the seepage domain at the time of fracture initiation.
The seepage area is used to investigate the flowpattern for different
fracturing fluids.

3. Fracture initiation criterion

3.1. Classical solutions for fracturing initiation pressure

The earlier foundational studies on the fracture initiation cri-
terion have been comprehensively summarized by Detournay and
Carbonell (1997). For isotropic porous media, two classical criteria
are used to calculate the fracturing initiation pressure (breakdown
pressure) in terms of far-field stress at two extreme cases. If the
fracturing fluid does not permeate into the rock, the Hub-
berteWillis solution (Hubbert and Willis, 1957) gives the break-
down pressure as

PHW ¼ st � 3s3 þ s1 � p0 (28)

If the fracturing fluid completely permeates into the rock, the
HaimsoneFairhurst solution (Haimson and Fairhurst, 1967) gives
the breakdown pressure as

PHF ¼ st � 3s3 þ s1 � 2p0
2� að1� 2nÞ=ð1� nÞ þ p0 (29)

where s1 and s3 are the first and the third principal stresses in the
far-field (js1j> js3j); st is the tensile strength. n is the Poisson's ratio
of rock. PHW and PHF are the fracturing initiation pressures obtained
under extreme cases: either impermeable or completely perme-
able. They do not consider the impact of pore pressure distribution,
permeability, pressurization rate, and viscosity.

Ito and Hayashi (1991) proposed an alternative with a charac-
teristic length d0 to express the impacts of borehole size and
pressurization rate during the tensile-failure process. The frac-
turing initiation pressure has following upper and lower limits:
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where KIC is the fracture toughness; Rb is the radius of the borehole.
It is noted that the type and property of fracturing fluid are still not
considered although these are important to hydraulic fracturing.
3.2. Our fracture initiation criterion

The fracture initiation is affected by the type and property of
fracturing fluid, rock permeability and pressurization rate. These
factors mainly impact the fracturing fluid permeation and result in
different magnitudes and distributions of pore pressure. The pore
pressure in the seepage region modifies the effective stress around
the borehole and thus enhances fracture initiation. Therefore, both
the magnitude and the distribution of pore pressure are important
to fracture initiation but few fracture initiation criteria consider
these effects. In this study, a fracture initiation criterion is proposed
with the consideration of pore pressure during hydraulic fracturing
process.

The cracks at the initial state are almost closed. Both pore
pressure and in-situ stress determine the effective stress on the
crack surface. Hydraulic fracture initiation is a mode I crack prob-
lem. Before fracture initiation, the stress distribution along the
crack surface is shown in Fig. 4. Its stress intensity factor at the
crack tip is solved by using the superposition principle as

KI ¼ Ks0
I þ Ksp

I (33)

where the components of stress intensity factor are Ks0
I for the in-

situ stress and injection pressure of fracturing fluid (Fig. 4b); Ksp

I for
the pore pressure (Fig. 4c), respectively.

The normal stress on the crack surface is calculated from the
Fairhurst equation (Fairhurst, 1968). The stress intensity factor
under the in-situ stress and the injection pressure is

Ks0
I ¼ ðF1s3 þ F2PÞ

ffiffiffiffiffiffi
pa

p
(34)

where F1 and F2 are the geometric factors which can be determined
by b (a=R), specimen size and s1=s3 (Nowman, 1971); P is the in-
jection pressure in the borehole; a is the length of the initial crack



Fig. 4. Stress intensity factor model of a crack: (a) original problem; (b) induced by in-situ stress and injection pressure; (c) induced by pore pressure.
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as shown in Fig. 4.
By using the integral method and the principle of effective

stress, one can obtain the stress intensity factor induced by the pore
pressure as

Ksp

І ¼
Za
RB

apðr; tÞffiffiffiffiffiffi
pa

p
 ffiffiffiffiffiffiffiffiffiffiffi

aþ r
a� r

r
þ

ffiffiffiffiffiffiffiffiffiffiffi
a� r
aþ r

r !
dr (35)

where r is the distance away from the borehole center. From Eq.
(35), this stress intensity factor is determined by themagnitude and
distribution of pore pressure. The total stress intensity factor at the
crack tip can be obtained as

KI ¼ ðF1s3 þ F2PÞ
ffiffiffiffiffiffi
pa

p þ
Za
RB

apðr; tÞffiffiffiffiffiffi
pa

p
 ffiffiffiffiffiffiffiffiffiffiffi

aþ r
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r
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a� r
aþ r

r !
dr

(36)

Due to the anisotropy of shale, the tensile strength and fracture
toughness vary with the direction of fracture initiation (Cho et al.,
2012; Heng et al., 2015). There are a large number of initial cracks
distributed around the borehole. When the stress intensity factor of
the crack in a potential direction firstly reaches the fracture
toughness, this crack will initiate and propagate. Thus, the fracture
initiation criterion is expressed as

ðKIÞ4 � ðKICÞ4 (37)

where 4 is the potential initiation angle between the potential
fracturing crack and bedding plane. Under the same in-situ stress
and injection pressure, ðKIÞ4 varies with direction.
Fig. 5. Cross-coupling among rock deformation, fracturing fluid flow, moving bound-
ary and fracture initiation criterion in hydraulic fracturing process.
3.3. Fracturing initiation pressure in two extreme cases

Impermeable and highly-permeable rocks are two extreme
cases. For the impermeable rock, its fracturing initiation pressure is
obtained as

Pmax ¼ 1
F2

�ðKICÞ4ffiffiffiffiffiffi
pa

p � F1s3

�
� 2a
pF2

�
p

2
� arcsin

1
b

�
p0 (38)

For highly-permeable rock, its fracturing initiation pressure is

Pmin ¼
ðKICÞ4ffiffiffiffiffi

pa
p � F1s3

F2 þ a� 2a
p arcsin 1

b

(39)
Eqs. (28)e(30) and (38) and (39) give the critical pressures for
anisotropic porous rock. These equations all consider the in-situ
stress, injection pressure and the magnitude of pore pressure in
the rockwhich can be predicted by different methods. Eqs. (38) and
(39) calculated by our criterion introduce the fracture toughness,
distribution of pore pressure and initial crack length.
4. Numerical model verification and application

4.1. Numerical computation procedure

The numerical model is composed of the deformation of
orthotropic porous media (Eqs. (1)e(4)), the Darcy flow of frac-
turing fluid (Eq. (23)), the moving boundary (Eq. (27)) and the
fracture initiation criterion (Eq. (37)). Fig. 5 illustrates the cross-
coupling and interaction in this numerical model. After the incor-
poration of these constitutive laws in Eqs. (5) and (15), this model
can be implemented for numerical simulations of the fracturing
initiation pressure and fluid flow in the rock. In each time incre-
ment, the governing equations for rock deformation, fracturing
fluid flow, and moving boundary are simultaneously solved by
COMSOL Multiphysics, and the fracturing initiation criterion is
checked by MATLAB. Particularly, the Darcy's flow equation is
implemented through the PDE module with the moving boundary
problem and solved by Deformed Geometry module. The defor-
mation equations for rocks are solved by Solid Mechanics module.
The entire numerical iteration is carried out through COMSOL with
MATLAB, a commercial software to connect COMSOL Multiphysics
to the MATLAB scripting environment. The computational
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schematic process is shown in Fig. 6 and has three steps. Firstly, the
couplings of rock deformation, fracturing fluid flow and moving
boundary are solved for the given boundary conditions and pa-
rameters. Secondly, the results from the first step are used in the
fracture initiation criterion to judge fracture initiation. Thirdly, the
computational procedure is ended if the fracture initiation criterion
is satisfied. Otherwise, the boundary conditions are updated and
the computational procedure returns to the first step.
4.2. Model verification with experimental data

This numerical model is verified through the comparison of its
simulation results with those experimental data obtained by
Zoback et al. (1977). In the experiments, the Weber sandstone
specimens (6 cm in length and 3 cm in diameter) were loaded by an
axial stress s1 of about 40 MPa and a confining stress of about
10 MPa. Oil as fracturing fluid was injected into the axial hole
(2e3 mm in diameter) through the base-plate of the triaxial pres-
sure vessel. The pressurization rates were between 10�4 and
102 MPa/s. The main rock properties were taken from the publi-
cation by Rice and Cleary (1976). The viscosity of fracturing fluid
was assumed as 50mPa,s and the fracture toughness of the sand-
stone was assumed as 0.6 MPa m1/2 in a possible range (Van
Eekelen, 1982). All of computational parameters for these experi-
ments were listed in Table 2. Fig. 7 compares our simulation results
with these experimental data by Zoback et al. (1977). This figure
indicates that the evolution of fracturing initiation pressure by our
numerical simulations is in good agreement with the experimental
data of theWeber sandstone. Those critical pressures for theWeber
sandstone evaluated by Eqs. (28)e(30) and (38) and (39) are also
plotted in Fig. 7. This figure shows that Pmax > Pupper > PHW and
Pmin > Plower > PHF . The critical pressures evaluated by ourmodel are
Table 2
Computational parameters for Weber sandstone.

Parameter value

Viscosity of fracturing fluid, m (mPa$s) 50
Shear modulus of sandstone, G (GPa) 12.2
Bulk modulus of rock grain, Ks (GPa) 36
Sandstone Poisson's ratio, n 0.15
Initial porosity, f0 0.06
Initial permeability of sandstone, k0 (mD) 1
Pressurization rate, lP (MPa/s) 10�3-102

Length of initial crack, a (mm) 3

Tensile strength, st (MPa) 9.5

Fracture toughness, KIC (MPa$m1/2) 0.6
more consistent with the experimental data.
In order to further verify this numerical model, the simulation

results of this model are compared with the experimental data
obtained by Song et al. (2001). The experiments were carried out on
the Tablerock sandstone. The specimen was a cylinder with an
external diameter of 10.2 cm, a length of 13 cm, and an injection
hole diameter of 1.3 cm. The specimen was placed in a triaxial
pressure chamber and the confining pressure was equal to the pore
pressure. Borehole fluid (viscosity: 2.5 Pa s at 20 �C) was injected at
a constant flow rate until a peak pressure was achieved. The main
physical properties of the Tablerock sandstone were taken from the
publication by Song et al. (2001), but our Biot's coefficient was
assumed as 0.9 due to the extremely large porosity and perme-
ability of this sandstone. The fracture toughness of the sandstone
was assumed as 0.55 MPa m1/2 in a possible range (Van Eekelen,
1982). All computational parameters used in our simulations for
these experiments were listed in Table 3. Fig. 8 is the comparison of
our simulations with their experimental data. The critical pressures
evaluated from Eqs. (28)e(30) and (38) and (39) are also plotted in
the figure. The Plower is almost equal to PHW and the critical pres-
sures predicted by our model are more reasonable. As a whole, our
simulations are in good agreement with the experimental data and
can express the linear relationship between fracturing initiation
pressure and confining pressure. This also shows that our numer-
ical model has the capacity to investigate the impacts of confining
pressure.
4.3. Model verification with Lu et al. simulation results

Our model also compares with the numerical simulations con-
ducted by Lu et al. (2013). They numerically investigated the effect
of rock permeability on hydraulic fracturing through a damage
model. Table 4 lists the computational parameters used in our
simulations. The fracturing fluid was water. Fig. 9 is the comparison
between our simulation results with their simulations. Both sim-
ulations show that the fracturing initiation pressure decreases with
rock permeability. When the rock permeability is larger than 1mD,
the fracturing initiation pressure obtained by Lu et al.’s model
almost keeps a constant, but the fracturing initiation pressure ob-
tained by our model still decreases with the rock permeability and
tends to be a smaller constant. On the whole, the evolution of
fracturing initiation pressure obtained by our model was in good
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Table 3
Computational parameters for Tablerock sandstone.

Parameter value

Viscosity of fracturing fluid, m (Pa$s) 2.5
Shear modulus of sandstone, G (GPa) 15.3
Biot's coefficient, a 0.9
Sandstone Poisson's ratio, n 0.2
Initial porosity, f0 0.26
Initial permeability of sandstone, k0 (D) 0.12
Pressurization rate, lP (MPa/s) 15
Length of initial crack, a (mm) 13

Tensile strength, st (MPa) 4.4

Fracture toughness, KIC (MPa$m1/2) 0.55
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agreement with that obtained by Lu et al.’s model. The critical
pressures evaluated from Eqs. (28)e(30) and (38) and (39) are
shown in Fig. 9, respectively. The simulation results are between
Pmax and Pmin predicted by our model.
4.4. Comparison of fracturing initiation pressure induced by oil,
water and CO2

In order to investigate the impact of fracturing fluid type on
fracture initiation, our numerical model is used to simulate the
hydraulic fracturing in the previous two section but the original
fracturing fluids are replaced by CO2 in simulations. The simulation
results are plotted in Figs. 7e9 respectively for comparison. Fig. 7
shows that the fracturing initiation pressure for CO2 almost
Table 4
Computational parameters for the problem in Lu et al. (2013).

Parameter value

Radius of the borehole, RB (mm) 10
Viscosity of water, mw (mPa$s) 1
Young's modulus of rock, E (GPa) 10
Bulk modulus of rock grain, Ks (GPa) 40
Shale Poisson's ratio, n 0.25
Initial porosity, f0 0.05
Initial permeability of shale, k0 (mD) 10�1-104

Pressurization rate, lP (MPa/s) 0.5
Length of initial crack, a (mm) 18.9

Fracture toughness, KIC (MPa$m1/2) 1.1
keeps constant with the increase of pressurization rate. When the
pressurization rate is larger than 0.1 MPa/s, the difference of
fracturing initiation pressures between oil and CO2 becomes
bigger. This indicates that the effect of pressurization rate on
fracture initiation varies with the type of fracturing fluids. In
comparison with the oil fluid in Fig. 8, the fracturing initiation
pressure for CO2 also increases linearly with confining pressure,
but its value and slope are smaller. This indicates that the effect of
confining pressure on fracture initiation varies with the type of
fracturing fluids. In Fig. 9, the fracturing initiation pressure for CO2
is smaller than that for water. This fracturing initiation pressure
decreases with the increase of permeability. In the same range of
permeability, the change of fracturing initiation pressure for CO2 is
different from that for water. This indicates that the effect of
permeability on fracture initiation also varies with the type of
fracturing fluids.
5. Numerical performances in hydraulic fracturing process

5.1. Computational model

A computational model is presented in Fig. 10 to simulate the
fracturing fluid flow before fracture initiation in the injection pro-
cess. The simulation geometry is a square of 100� 100mm with a
borehole of 5 mm in radius. The confining pressure is the same in
Fig. 10. Computational model for the anisotropic shale.
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both horizontal and vertical directions. The elastic modulus, Pois-
son's ratio, fracture toughness and permeability are anisotropic.
The fracture toughness is taken as 0:566MPa,m1=2 when 4 ¼ 0+

(Heng et al., 2015). The fluid pressurization rate is 0:1MPa=s. Frac-
turing fluids are water, nitrogen and CO2, respectively. Their
computational parameters are listed in Table 5. The CO2 fracturing
fluid is taken as a sample to investigate the fracture initiation di-
rection. The confining pressure is taken as 10 MPa. Fig. 11 presents
the change of stress intensity factor induced by pore pressure with
direction at different injection time. The stress intensity factor in-
creases with injection time and potential initiation angles. Under
the same injection time, the stress intensity factor is the largest in
the direction of 4 ¼ 0+. As the fracture toughness has the minimum
value along the direction of bedding plane (4 ¼ 0+), the stress in-
tensity factor firstly reaches the fracture toughness in this direction.
This indicates that the fracture initiation direction is along the
bedding plane.
Table 5
Computational parameters for the anisotropic shale.

Parameter value

Model size (m) 0.1 � 0.1
Radius of the borehole, R (mm) 5
Density of shale, rs (Kg/m3) 2230
Temperature, T (Κ) 304
Viscosity of water, mw (mPa$s) 1
Viscosity of nitrogen, mn (mPa$s) 0.018
Young's modulus of shale, E (GPa) Ex ¼ Ez ¼ 25, Ey ¼ 14
Shale Poisson's ratio, n nxy ¼ 0.2, nyz ¼ 0.36, nxz ¼ 0.3
Initial porosity of shale, f0 0.03
Initial permeability of shale, k0 (mD) kx0 ¼ 0.6, ky0 ¼ 0.1
Pressurization rate, lP(MPa/s) 0.1
Length of initial crack, a (mm) 10

Tensile strength, st (MPa) 3.2

Fracture toughness, KIC (MPa$m1/2) 0.566

Fig. 11. Chang of pore pressure induced stress intensity factor (Ksp

I ) with potential
initiation angle at different injection time.

Table 6
Range of computational parameters for parametric study.

Frac fluid ky0 (mD) m (Pa*s)

Water 0.1e1000 0.001e0.01
Nitrogen 0.01e10 1.8 � 10�5~18 � 10
CO2 0.01e10 1.6 � 10�5~7.0 � 10
5.2. Impact of a complex parameter

As mentioned above, the fracture initiation is influenced by
fracturing fluid viscosity, pressurization rate and permeability. The
impact of each single parameter on fracture initiation has been
investigated (Zoback et al., 1977; Bruno and Nakagawa, 1991; Ito
and Hayashi, 1991; Matsunaga et al., 1993; Detournay and
Carbonell, 1997; Lu et al., 2013; Gomaa et al., 2014). It is found
that the fracturing initiation pressure decreases with the increase
of permeability and the decrease of viscosity and pressurization
rate. However, their impacts on the fracture initiation are not in-
dependent and these parameters influence each other. Therefore,
the following complex parameter is proposed to investigate the
combined effect of permeability, viscosity and pressurization rate:

k ¼ ky
mlp

(40)

where ky=m is themobility of fracturing fluid, which largely controls
fracturing fluid permeation and pore pressure in a porous medium
(Batzle et al., 2006). The increase of pressurization rate lp decreases
the injection time to achieve the same injection pressure, and then
reduces the fracturing fluid permeation. Therefore, this complex
parameter k is a new parameter to represent the mobility of frac-
turing fluid. As discussed above, the fracturing fluid permeation
controls the magnitude and distribution of pore pressure, which is
important to fracture initiation. Thus, this complex parameter is a
useful parameter to express the comprehensive impacts on hy-
draulic fracturing process.

The permeability (ky0), viscosity and pressurization rate (lp) vary
in a range as listed in Table 6. The confining pressure is 0.1 MPa. The
CO2 viscosity varies with pressure so the viscosity for k calculation
is under the injection pressure. The changes of fracturing initiation
pressure and seepage area with this complex parameter are pre-
sented in Fig. 12. This figure shows that the same k induces the
same fracturing initiation pressure and seepage area even if
permeability, viscosity or pressurization rates are different. This
figure also shows that the fracturing initiation pressure decreases
and the seepage area increases with the increase of k. This is
because larger k enhances fracturing fluid permeation and in-
creases the pore pressure around the borehole. For the same k, the
fracturing initiation pressure is the largest and the seepage area is
the smallest for water. These differences are mainly induced by the
low compressibility of water. Fig. 13 shows the pore pressure along
x direction with the similar k for different fracturing fluids. Due to
the low compressibility of water, the pore-pressure distribution is
linear and its pore-pressure gradient at the seepage front is lower
than that of nitrogen and CO2. It induces the moving distance of
water seepage front shorter and the seepage area smaller. Fig. 14
shows the evolution of stress intensity factor induced by the pore
pressure (Ksp

I ) with the complex parameter under the injection

pressure of 5 MPa. It shows that Ksp

I is the smallest for water and
thus the fracturing initiation pressure is the largest for water. When

the complex parameter is larger than 1� 10�19m2=Pa2, the frac-
turing initiation pressure and the seepage area are almost the same
for nitrogen and CO2. When the complex parameter is smaller than
lP (MPa/s) k (m2/Pa2)

0.1e1 1 � 10�17e1 � 10�23

�5

�5
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1� 10�19m2=Pa2, the fracturing initiation pressure becomes
smaller and the seepage area becomes larger for CO2 than for ni-
trogen. This is because the CO2 viscosity increases significantly with
the increase of injection pressure and induces the complex
parameter decrease. Therefore, the complex parameter k can
comprehensively consider the combined effect of parameters ky, m
and lp when fracturing initiation pressure and seepage area are
concerned. CO2 has the smallest fracturing initiation pressure and
the largest seepage area for the same complex parameter.

5.3. Effect of the Biot's coefficient

Effect of the Biot's coefficient varies with shale and fracturing
process. A typical range of Biot's coefficient is taken from 0.4 to 0.9.
In this computation, the confining pressure is taken as 10 MPa.
Fig. 15 presents the variations of fracturing initiation pressure and
seepage area with the Biot's coefficient. This figure shows that
larger Biot's coefficient implies larger effective stress, easier frac-
ture initiation, shorter time and less seepage area for the same
fracturing fluid. The fracturing initiation pressure is the largest for
water and the smallest for nitrogen. These curves are nonlinear. The
nonlinearity is more obvious for nitrogen or CO2 than for water.
With the same Biot's coefficient, the seepage area for water is the
smallest. The difference of seepage area for nitrogen and for CO2 is
complex. For CO2, the seepage area is smaller than that for nitrogen
with the small Biot's coefficient and becomes larger with the in-
crease of Biot's coefficient. Fig. 16 shows the pore pressure distri-
bution of nitrogen and CO2 at different injection times. Their
differences increasewith injection time. The pore pressure near the
borehole is higher for CO2 than for nitrogen when the injection
pressure is low and becomes lower with the increase of injection
pressure. This is because the CO2 viscosity increases significantly
with the injection pressure nearby the critical state. The viscosity
increment changes the distribution of pore pressure near the
borehole. Therefore, both fracturing initiation pressure and seepage
area are larger for CO2 than for nitrogen. Fig. 17 shows the evolution
of stress intensity factor induced by the pore pressure (Ksp

I ) with

injection time. Under the same injection pressure, the Ksp

I varies
with fracturing fluid. It indicates that the pore pressure distribution



Fig. 15. Effect of Biot's coefficient on fracturing initiation pressure and seepage area
under confining pressure of 10 MPa.
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near the borehole has a significant influence on fracture initiation.
As a summary, the Biot's coefficient has significant impacts on
fracture initiation and seepage area. The distribution of pore pres-
sure is the main mechanism to impact the fracturing initiation
pressure.
5.4. Impact of confining pressure

The impact of confining pressure on fracturing process is
investigated. In the computation, confining pressure varies from 0.1
to 20 MPa and the Biot's coefficient is taken as 0.67. Fig. 18 presents
the changes of fracturing initiation pressure and seepage area with
confining pressure. They almost linearly increase with confining
pressure regardless of fracturing fluid type. Further, the slope and
absolute value are the largest for water and the smallest for ni-
trogen. Under low confining pressure, the fracturing initiation
pressure is larger for nitrogen than for CO2. When the confining
pressure is higher than 2 MPa, the fracturing initiation pressure
becomes smaller for nitrogen than for CO2. This is because the CO2
viscosity is lower and its compressibility factor is larger than those
of nitrogen under low pressure. It induces higher pore pressure
around the borehole and larger stress intensity factor. On this sense,
shale is more easily fractured by CO2 than by nitrogen. Further-
more, lower viscosity and higher compressibility factor cause
higher flow velocity of fracturing fluid. Therefore, the seepage area
is larger for CO2 than for nitrogen when the confining pressure is
lower than 12.5 MPa. It becomes smaller for CO2 than for nitrogen
when the confining pressure is higher than 12.5 MPa. The seepage
area for water is the smallest. These indicate that confining pres-
sure increases fracturing initiation pressure and seepage area. Ni-
trogen and CO2 have smaller fracturing initiation pressure and
larger seepage area than water.
Fig. 19. Permeability distribution along x direction under different confining pressures.
5.5. Permeability evolution during fracturing process

At the beginning of hydraulic fracture, the shale permeability
distribution along x direction varies with the increase of confining
pressure as shown in Fig. 19 (kr is the radial permeability; kr0 is the
initial radial permeability; kq is the hoop permeability; kq0 is the
initial hoop permeability). With the increase of confining pressure,
the radial permeability along x direction decreases and the change
is significant nearby the borehole. However, the hoop permeability
along x direction increases near the borehole but decreases in the
far field. Fig. 20 presents the change of permeability along x di-
rection during CO2 fracturing process under the confining pressure
of 10 MPa. With the increase of injection time, the radial perme-
ability increases and the hoop permeability decreases. A significant
change also occurs near the borehole. The hoop permeability
curves are not always smooth. There are some inflection points in
the hoop permeability curves, which corresponds to the seepage
front. This is because the pore pressuremodifies the effective stress,
compresses the shale grain and thus changes the permeability.

In order to investigate the impact of pore pressure on the
permeability, the simulation is conducted on the impermeable rock
with zero pore pressure. Fig. 21 shows the difference of perme-
ability along xth direction between permeable rock (considering
fracturing fluid permeation) and impermeable rock (ignoring
fracturing fluid permeation). The pore pressure significantly in-
creases the radial permeability near the borehole and slightly de-
creases the radial permeability in the far field. However, the hoop
permeability decreases significantly along x direction in permeable
rock. The inflection point in the permeability curves is also induced
by the seepage front. This indicates that the impacts of pore pres-
sure on the permeability evolution vary with direction.
The permeability evolution by using different fracturing fluids is
studied under the confining pressure of 10MPa. Fig. 22 presents the
permeability evolution at the point near the borehole. The radial
permeability increases and the hoop permeability decreases more
rapidly for nitrogen and CO2 than for water. Fig. 23 presents the
permeability along x direction at the injection time of t ¼ 199s
when fracturing fluid is water, CO2 and nitrogen, respectively. On
the whole, the radial and hoop permeabilities along x direction are
lower for water than those for nitrogen and CO2. They are also a
little lower for CO2 than for nitrogen, but the difference is very
small. Therefore, pore pressure has significant impacts on the
permeability. Nitrogen and CO2 are more effective to increase the
permeability than water.

5.6. Compressibility and viscosity evolutions in fracturing process

The coefficient of compressibility plays an important role in
fracturing fluid flow. Fig. 24 shows the variations of compressibility
coefficient and pore pressure along x direction at the injection time
of t ¼ 199s. The coefficient of compressibility (cg) keeps the con-
stant of 0 for water, while it increases along x direction for both
nitrogen and CO2. It is larger for CO2 than for nitrogen when the
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pore pressure is lower than pr ¼ 1. This is because the compress-
ibility factor (Z) decreases with pressure for CO2 but keeps constant
for nitrogen. The difference of cg between nitrogen and CO2 is the
largest when CO2 reaches the critical state. Fig. 25 shows the
change of viscosity along the x direction. The viscosities of water
and nitrogen keep constant, while the CO2 viscosity decreases with
the pore pressure in the seepage zone and keeps constant outside.
The most salient change of CO2 viscosity is also observed at the
point where the CO2 reaches the critical state and CO2 viscosity
decreases from 63:5mPa at the point (0.013, 0) to 20:3mPa at the
point (0.015, 0). The salient changes of viscosity and compressibility
induce the different pore pressure distributions among water, ni-
trogen and CO2. Above the critical state of CO2, the pore pressure for
CO2 almost linearly distributes, which is similar to that for water.
Below the critical state of CO2, the pore-pressure distribution is
similar to that for nitrogen but the pore pressure value is lower for
CO2 than for nitrogen. Therefore, the critical state of fracturing fluid
has significant impacts on seepage area, pore pressure, effective
stress, and the evolution of permeability nearby the moving front if
the reservoir pressure is below the critical pressure. This effect
cannot be ignored in the simulation for fracture initiation if the
critical state is passed through.

6. Conclusions

A numerical model is proposed in this study to comparatively
investigate the impact of water, nitrogen and CO2 as fracturing
fluids on fracturing initiation pressure and flow pattern. This model
considers the anisotropy of shale deformation and permeability,
the property of fracturing fluid and the moving boundary in the
hydraulic fracturing process. A fracture initiation criterion is
established based on the stress intensity factor of mode I crack and
incorporated into the numerical model. The fracturing processes by
injecting water, nitrogen and CO2 are numerically studied. A com-
plex parameter is proposed to consider the combined effect of
viscosity, permeability and pressurization rate. The impacts of this
complex parameter, Biot's coefficient, confining pressure and
fracturing fluid type on the fracturing initiation pressure and
seepage area are investigated. Further, the permeability evolution,
compressibility coefficient, and viscosity around the borehole are
explored. Based on these preliminary studies, following conclu-
sions can be drawn.

First, the numerical model in this study is able to simulate the
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Fig. 22. Permeability evolution in the fracturing process at the point near the borehole.
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Fig. 23. Permeability distribution along x direction at the injection time of t ¼ 199s.
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fracturing process with the fracturing fluid of water, CO2 and ni-
trogen in anisotropic shale. It can describe the flow pattern of
fracturing fluid and the evolution of permeability in the fracturing
process. Further, the fracture initiation criterion can predict the
fracturing initiation pressure.

Second, the complex parameter k can comprehensively consider
the combined effect of permeability, viscosity and pressurization
rate when the fracturing initiation pressure and seepage area are
concerned. The fracturing initiation pressure decreases and the
seepage area increases with the increase of complex parameter.

When the complex parameter is smaller than 1� 10�19m2=Pa2, the
fracturing initiation pressure becomes the lowest for CO2. Further,
the pore pressure distribution varies with fluid compressibility.
Water has the largest fracturing initiation pressure and smallest
seepage area.

Third, the Biot's coefficient and confining pressure have signif-
icant impact on the fracturing initiation pressure and seepage area.
Both fracturing initiation pressure and seepage area decrease with
the Biot's coefficient but increase with confining pressure even
fracturing fluid is water, nitrogen, or CO2. Under the same Biot's
coefficient and confining pressure, the fracturing initiation pressure
is larger and the seepage area is smaller for water than those for
nitrogen and CO2. In general, the fracturing initiation pressure is
larger for CO2 than that for nitrogen. The seepage area is smaller for
CO2 than that for nitrogen only when the fracturing initiation
pressure is larger than about 25 MPa.

Fourth, confining pressure reduces the radial permeability and
increases the hoop permeability near the borehole. With the in-
jection of fracturing fluid, the radial permeability increases and the
hoop permeability decreases. The permeability evolution varies
with fracturing fluids mainly due to different magnitude and dis-
tribution of pore pressure nearby themoving front. Under the same
injection pressure, the radial and hoop permeabilities along x di-
rection are lower for water than those for nitrogen and CO2.

Fifth, during fracturing process, compressibility coefficient and
viscosity for water keep constant, while those for CO2 change
significantly in the seepage domain, especially at the point where
the pore pressure is approximately equal to the critical pressure.
This obvious difference of viscosity and compressibility induces the
different distributions of pore pressure for water, nitrogen and CO2.

Finally, under the same condition of complex parameter, Biot's
coefficient and confining pressure, the fracturing initiation pressure
is lower and seepage area is larger for CO2 and nitrogen than those
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for water. On these senses, nitrogen and CO2 are the better choices
of fracturing fluid than water. Under the same complex parameter,
CO2 more easily fractures the shale than nitrogen. With the same
confining pressure or Biot's coefficient, nitrogen seems better than
CO2. Nitrogen and CO2 have small difference of fracturing initiation
pressure and seepage area. However, as the critical state of CO2 is
easily reached in operations, CO2 is more easily pressurized than
nitrogen when the required pressure is large. Therefore, CO2 is
more suitable than nitrogen when large fracturing initiation pres-
sure is required.
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