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ABSTRACT: Slick-water fracturing is the most routine form of well stimulation in shales; however N», LPG and CO; have all
been used as “exotic” stimulants in various hydrocarbon reservoirs. We explore the use of these gases as stimulants on Green
River shale to compare the form and behavior of fractures in shale driven by different gas compositions and states and indexed by
breakdown pressure and the resulting morphology of the fracture networks. Fracturing is completed on cylindrical samples
containing a single blind axial borehole under simple triaxial conditions with confining pressure ranging from 10~25MPa and axial
stress ranging from 0-35MPa (o, > 0, = 0, ). Results show that: 1) under the same stress conditions, CO: returns the highest

breakdown pressure, followed by N2, and with H->O exhibiting the lowest breakdown pressure; 2) CO- fracturing, compared to other
fracturing fluids, creates nominally the most complex fracturing patterns as well as the coarsest fracture surface and with the
greatest apparent local damage; 3) under conditions of constant injection rate, the CO; pressure build-up record exhibits
condensation between ~5-7MPa and transits from gas to liquid through a mixed-phase region rather than directly to liquid as for
H>0 and N; which do not; 4) there is a positive correlation between minimum principal stress and breakdown pressure for failure

both by transverse fracturing ( ; axial) and by longitudinal fracturing ( , radial) for each fracturing fluid with CO: having the

highest correlation coefficient/slope and lowest for H>O. We explain these results in terms of a mechanistic understanding of
breakdown, and through correlations with the specific properties of the stimulating fluids.

with N> or CO, to improve the efficiency, eg.
coupling solids-free viscoelastic surfactants (VES)
with a carbon dioxide (CO2)-emulsified system to
further enhance cleanup in a depleted reservoir,
extend the application to water-sensitive formations,
and maintain reservoir gas saturation to prevent any
potential water blockage (Hall, et al., 2005); or
incorporating low-polymer-loading carboxymethyl
guar polymer and a zirconium-based crosslinker to
minimize the damage and maximize production
(Gupta, et al., 2009). For unconventional reservoirs
in arid areas the availability of water is sparse. In
these cases, N, liquefied petroleum gas (LPG) or
CO2 may become an “exotic” option for stimulation

1 INTRODUCTION

Hydraulic fracturing is a mature completion
technique which has been extensively applied in
tight and unconventional gas reservoirs. For
unconventional reservoirs such as shale with
extremely low permeability, long horizontal laterals
with multi-staged hydraulic fractures are necessary
to deliver economic production. The introduction of
hydraulic fractures significantly increases flow rate
because of large surface contact area between
fractures and the reservoir, enhanced permeability
around the wellbore, and reduced fluid diffusion

lengths (King, 2010; Vincent , 2010; Faraj &
Brown, 2010).

Water-based fluids have become the predominant
type of fracturing fluid. Sometimes N> or CO» gas is
combined with the fracturing fluids to form foam as
the base fluid. Other additives can also be combined

fluid. For example, fracturing with CO> has been
used in places such as Wyoming where carbon

dioxide supply and infrastructure are available
(Bullis, 2013).

Using CO; or N> as stimulation fluid has a number



of potential advantages. Not only can it eliminate
the need for large volume of water — approximately
5 million gallons per treatment — but it can also
reduce the amount of wastewater produced and
therefore reduce the environmental footprint of
these operations. Energized fluids with a gas
component can facilitate gas flowback in tight,
depleted or water sensitive formations and may be
required when drawdown pressures are smaller than
the capillary forces in the formation (Friehauf &
Sharma, 2009; Friehauf, 2009). Some recent studies
suggest that using carbon dioxide can also result in
a more extensive and interconnected network of
fractures, making it easier to extract the resource
(Ishida, et al., 2012; Alpern et al., 2013; Gan et al.,
2013).

Classic geomechanics models suggest that
breakdown pressure is independent of fluid type
(composition) or state (gas or liquid) in that failure
is controlled by effective stress, alone for a given
rock tensile strength (Hubbert & Willis, 1957; Biot,
1941; Haimson & Fairhurst, 1967). However recent
research suggests that fluid composition and/or state
may have great influence on breakdown pressure
(Alpern, et al., 2012; Gan, et al., 2013). This study
explores the development and behavior of fractures
in Green River shale when injected with H,O, CO»
and N, — with respect to breakdown pressures and
the morphology of the resulting fracture network.

2 EXPERIMENTAL METHOD

The introduction and behavior of induced fractures
in shale by H>O, COz and N> are investigated with
respect to breakdown pressures and morphology of
the resulting fracture networks. These experiments
are conducted on Green River shale.

2.1 Approach

Hydraulic fracturing experiments are conducted
using intact cylindrical cores containing a blind
central borehole (~1/10-inch-diameter to depth of 1-
inch). These experiments measure breakdown
pressure and examine the morphology of the
resulting fracture. Cores are 1-inch diameter and 2-
inches long, sheathed in a jacket, and subjected to
mean and deviatoric stresses in a simple triaxial
configuration. Multiple cores of Green River shale
are tested with H,O, CO; and N».

2.2 Apparatus

All experiments in this study are completed using a
standard triaxial apparatus configured for hydraulic
fracturing as shown in Figs. 1 & 2. The triaxial core
holder (Temco) accommodates the membrane-
sheathed cylindrical samples (1-inch diameter and
2-inches long) and applies independent loading in
the radial and axial directions via syringe pumps.

Fig. 1: Hydraulic fracturing system. Containment vessel with
platen and fluid feed assembly and cell end-caps in
foreground.
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Fig. 2: Schematic of pulse test transient/hydraulic fracturing
system (Wang, et al., 2011).

2.3 Sample Design and Seal Method

The samples are prepared as 1-inch diameter and 2-
inch long cylindrical plugs with a blind borehole
drilled axially to the sample mid-point (Fig. 3).
Calibration experiments are conducted with 27
samples of Green River shale to explore the
effectiveness of the method of sealing the sample,
especially with corrosive and low viscosity COs.
Calibration experiments are performed with three
methods of sealing (Fig. 4) to ensure congruent
results — with the simplest and least invasive of the
methods used for the experimental suite. The
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sealing methods are: (i) a platen with a single
concentric O-ring encircling the central injection
port (Fig 3(b)) (ii)) a double O-ring design (Fig
3(c)); and (iii) use of a Swagelok fitting epoxied
into the top borehole within the sample (Fig 3(d)).
Of these, the double O-ring design is the preferred
method — simple and adequate. The single O-ring is
an effective seal for H>O but not for CO. The
fitting is an effective but unnecessary seal compared
to the dual O-ring design.

O, - - * ¢

Fig. 4. Sealing methods: A): Single O-ring seal within the
platen; B): Double O-ring seal; C): Fitting design; D): Close-
up of the fitting with barbs that are epoxied into the blind
borehole within the sample.

2.4 Sample Preparation

Green River shale samples are trimmed by saw to a
length of 2-inches and then end-ground. A central
borehole is machine-shop drilled (~1/10-inch-
diameter to depth of 1-inch) to half depth of the
sample.

2.5 Standard Test Procedure

The jacketed sample is placed in the apparatus and
axial and confining stresses are applied. Once at the
desired pressure, the axial stress is held constant
and the pump controlling the confining stress set to
constant volume with a pressure relaxation ~0.6%.
With confining stress set to constant volume, a
rapid increase in confining pressure can also be

used as a sign for sample failure. Fluid is then
injected into the blind borehole at a constant flow
rate (1 ml/min for HyO; 5 ml/min for CO, and N»).
Breakdown in the sample is observed as a rapid
drop in the borehole pressure and a simultaneous
jump in the confining pressure (Fig. 5). This defines
the breakdown pressure with a typical log shown in
Fig. 5.
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Fig. 5. Typical pressure response during an hydraulic
fracturing experiment. (Sample: Green River shale; Stimulant:

CO,; Confining stress: 10 MPa; Axial stress: 20 MPa;
Breakdown pressure: 19.3 MPa)

3 RESULTS

Previous studies (Alpern, et al., 2012; Gan, et al.,
2013) have shown that the breakdown pressures and
morphology of induced fractures are dependent on
both the fracturing fluid and the applied stress
regime. We explore the mechanistic underpinnings
of these observations in the following, together with
their consistency with the observed results in this
study.

3.1 Theoretical Considerations

Hydraulic fractures initiated from a cylindrical
borehole in a simple-triaxial stress regime will open
against the minimum principal stress (i.e. in the
plane of the maximum principal stress). In our
configuration, the fractures should develop either
across the borehole (Fig. 6-left) when the axial
stress is less than the confining stress, or along the
borehole (Fig. 6-right) when the axial stress is the
maximum stress.

When the axial stress is the maximum principal
stress (Fig. 6-right), failure is based on the Hubbert
and Willis (H-W) hydraulic fracturing criterion
where the fracture evolves perpendicular to the
local minimum principal stress at the borehole wall,
when the rock tensile strength is exceeded. If there
is no initial pore pressure in the rock, and assuming



an elastic medium, the breakdown pressure is given
by:

Py =30,  — 0O, T (1)
where pyis breakdown pressure, g;, . is minimum
horizontal stress and @, is maximum horizontal

stress (both perpendicular to the borehole), and a; is
the tensile strength of the rock.
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Fig 6. Potential failure modes for stress

configurations.

In our experiments, and for the specific case of the
longitudinal  fracture of Case 2  then

0y = 0, =0, and the breakdown pressure is
given by

p, =20, + 0, (2)
pressure

where o, is  the  confining

(0, =0, =0, Thus, for these cylindrical
samples, the breakdown pressure should be solely a
function of confining pressure for a defined tensile

strength.

When the axial stress is the minimum principal
stress (Fig. 6-left), the sample fails transversely to
the borehole. In this case the stress concentration
around the tip of the borehole is undefined at the
sharp boundary of the borehole termination — acting
as a stress concentrator. Although theoretically
undefined and large, it will be limited by blunting of
the termination geometry and local failure. In this
case the breakdown pressure may be defined
generically as

p, = Ag, — Bo, + Co, 3)
where A, B and C are coefficients for axial stress,
confining stress and tensile strength. Thus a similar
arrangement may be applied to the H-W solution for
a longitudinal fracture, with only the magnitudes of
the coefficients A and B changing. Absent a stress
concentration, the coefficients for Case 1 (when the

confining stress is larger) would be A = (C =1 and
B =0, and for Case 2 (when the axial stress is
larger), A=0,B=-2(C =1.

The results for the above equations are for the case
that no fluid penetrates the borehole wall (Hubbert
& Willis, 1957). Where fluid penetration occurs,
based on poroelastic theory considering the
poroelastic stress induced by the fluid permeation
into rocks (Haimson & Fairhurst, 1967), the revised
expression for both Cases 1 and 2 may be redefined
as:
1

I+n

p,=(A'c,+B'o, +C'o,) 4)

Vo
0 (5)
where A’ is the coefficient for axial stress; B' is the
coefficient for confining stress and C’ is the
coefficient on the tensile strength (always unity); v
is the Poisson ratio and a is the Biot coefficient
which reflects the poroelastic effect (Biot, 1941);

1
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allowed entry into the borehole wall with =1, a=1
and ©v=0.5) and 1 (impermeable, where fluid is
excluded from the borehole wall with =0 and a=0
which results in Eqn. (4) collapsed into Eqn. (3)).
Similar to the impermeable cases, when o-<a, the
coefficients A'=0 and B'=2 for longitudinal fracture
(Case 2) ; when o.>0, and neglecting the stress
concentration effect, 4'=1 and B'=0 for transverse
fracture (Case 1). In addition, if critical invasion
pressure p., which is also known as capillary
pressure, is known, we can compare it with the
breakdown pressure of permeable and impermeable
solution to decide if supercritical fluid would indeed
have a lower breakdown pressure than subcritical
fluid (Fig. 7) (Gan, et al., 2013, 2015).
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Fig. 7 Critical pressure vs. breakdown pressure under different
invasion pressure P. values (Gan, et al., 2013).

There are three scenarios depending on the critical
invasion pressure magnitude:


https://www.researchgate.net/publication/220010541_Initiation_and_Extension_of_Hydraulic_Fractures_in_Rocks?el=1_x_8&enrichId=rgreq-a40fb92d91852d65151998a1a90302de-XXX&enrichSource=Y292ZXJQYWdlOzI3NTY0MzA0MDtBUzoyMjM3MDM4NDY2NTgwNDhAMTQzMDM0NjU2MTgzMA==
https://www.researchgate.net/publication/236565485_Mechanics_of_hydraulic_fracturing_J?el=1_x_8&enrichId=rgreq-a40fb92d91852d65151998a1a90302de-XXX&enrichSource=Y292ZXJQYWdlOzI3NTY0MzA0MDtBUzoyMjM3MDM4NDY2NTgwNDhAMTQzMDM0NjU2MTgzMA==
https://www.researchgate.net/publication/236565485_Mechanics_of_hydraulic_fracturing_J?el=1_x_8&enrichId=rgreq-a40fb92d91852d65151998a1a90302de-XXX&enrichSource=Y292ZXJQYWdlOzI3NTY0MzA0MDtBUzoyMjM3MDM4NDY2NTgwNDhAMTQzMDM0NjU2MTgzMA==
https://www.researchgate.net/publication/224558403_General_Theory_of_Three-Dimensional_Consolidation?el=1_x_8&enrichId=rgreq-a40fb92d91852d65151998a1a90302de-XXX&enrichSource=Y292ZXJQYWdlOzI3NTY0MzA0MDtBUzoyMjM3MDM4NDY2NTgwNDhAMTQzMDM0NjU2MTgzMA==

1. When the invasion pressure is lower than the
breakdown pressure in the permeable case,
both supercritical and subcritical fluids have
the same magnitude of breakdown pressure
(Fig. 7-left);

2. When the invasion pressure is intermediate
between the breakdown pressure of the
permeable and impermeable cases, the
subcritical fluid invades and failure occurs at
the critical pressure. In this case,
supercritical fluids would result in a lower
breakdown pressure than the invasion
pressure (see Fig. 7-center).

3. When the invasion pressure is larger than
the breakdown pressure for both permeable
and impermeable cases, the supercritical
fluid leads to a lower breakdown pressure
than the subcritical fluid (see Fig. 7-right).

3.2 Experimental Results

A large number of experiments are completed on
Green River shale under various stress conditions.
These experiments are completed for the three
fracturing fluids H>O, CO; and N,

Results are grouped according to stress conditions
and failure modes. For those failing longitudinally
where the breakdown pressure is solely a function
of confining stress and a given constant tensile
strength, breakdown pressures are shown scaled
with confining stress (Fig. 8).

W CO2 Longitudinal Fracture B H20 Longitudinal Fracture W N2 Longitudinal Fracture

= = Linear (CO2 Longitudinal Fracture) = =Linear (N2 Longitudinal Fracture)

-
= 1.0296x+ 6.0185
= 1337500 4375 @ Y710
¥ A w-08as g
20 w0893 - Z
-

-
P J//
-

Breakdown Pressure (MPa)
3
-
A
\

0 S 10 15 20 25 30
Confining Stress (MPa)

Fig 8. Breakdown pressure as a function of confining stress
(Case 2: longitudinal fracture).

Even though the results are somewhat scattered, the
general trend is that CO; has larger breakdown
pressures than Nz which in turn as higher
breakdown pressures than H>O. If interpreted using
the concepts (Eqns. 3-5) discussed previously, the
magnitudes of the tensile strength are on the order

of 4-6 MPa and the multiplier for the confining
stress (B) is ~1-1.3.

When the samples fail in a transverse mode,
ignoring the stress concentration effect, the
breakdown pressure is principally controlled by
axial stress. Breakdown pressures are shown as a
function of axial stress in Fig. 9.
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Fig 9. Breakdown pressure as a function of axial stress (Case
1: transverse fracture).

Again, the breakdown pressures are greatest for
COz, lower for N> and lowest for H>O. Projected
tensile strength, is in the order of 12-20 MPa. The
coefficient of the axial stress (A) is 0.7-1.2.

3.3 Application to Other Rock Types

Extensive attempts have been made to estimate the
magnitude of breakdown pressure through
analytical, semi-analytical and  numerical
approaches (Kutter, 1970; Newman, 1971; Tweed
& Rooke, 1973). The suitability of using GRS as an
analog for other rock types may be established
through comparison of index properties of strength,
deformability, porosity and permeability, as well as
organic content. These are given in Table 1. More
specifically, direct scaling of fracture breakdown is
possible when indices of extensional strength
(tensile strength) and capillary behavior (scaled
from permeability and porosity) are applied.

The Green River shale (GRS) is fine-grained, highly
laminated, and with low-grade kerogen. Its
geomechanical properties are shown in Table 1.
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Table 1. Geomechanical properties of Green River shale.

Rock type GRS
9.3MPa (load parallel to the
Tensile strength, & bedding)
gth, or 13.4MPa (load perpendicular to the
bedding)
Permeability, k ~10""m? (Culp, 2014)
Porosity, ¢ ~10% ( Morgan, et al., 2002)
30GPa (Young’s modulus) (Aadnoy
& Looyeh, 2011)
Bulk Modulus, K 3.5-5GPa (Bulk modulus of

Kerogen) (Yan & Han, 2013)

1.7-2.5GPa (Shear modulus of
Kerogen) (Yan & Han, 2013)

Poisson ratio, v 0.2 (Aadnoy & Looyeh, 2011)

Elastic moduli ratio,
mn

0.84 (Aadnoy & Looyeh, 2011)

TOC 17%~20%

The various responses for breakdown for GRS in
each of the configurations are:

Longitudinal fracture (¢, . =0, <o, .):

CO,: p,=1340 , +4.4MPa (6)
Ny,: p,=1040 . +60MPa (7)
Transverse fracture (o, =0, ., <0,):

cO,: p,=1180 . +11.8 MPa (8)
Ny: p,=0660, +19.7 MPa 9)
H,0: p,=1020_ +10.0 MPa (10)

A straightforward interpretation of these breakdown
pressure estimates is that the stress offset is
proportional or equal to the tensile strength.
Further, the variation of the estimates with different
confining or axial stresses are due to the stress
regime and the stress concentrations around the
borehole. Since the borehole configuration remains
the same in all experiments, the results should
therefore scale with confining stress and tensile
strength.

4. DISCUSSION
A large number of experiments completed in Green
River shale indicate the following:

1. Under the same applied stress conditions, CO»
returns the highest breakdown pressure,
followed by N», and then H,O;

2. The distribution in breakdown pressures is of the
order of ~25% to ~30% of the maximum
breakdown pressure for this progression of
fluids from highest (with CO,) to lowest (with

H>0).
3. Fracturing with CO,, compared to other
fracturing fluids, creates marginally more

complex fracturing patterns as well as the
coarsest fracture surface and with the greatest
apparent local damage (Fig. 10). Image analysis
would be required to quantify this (e.g. using the
Zygo NexView Optical Profilometer);

B

Fig. 10: Fracture patterns caused by A): H,O; B): CO;; C): Na.
(Sample: Green River shale; Confining stress: 25MPa; Axial
stress: 15MPa)

4. Under a constant injection rate, the CO, pressure
response exhibits a long plateau of constant
pressure due to condensation between ~5-7MPa.
This condensation period indicates that the CO»
transits from gas to liquid through a mixed-
phase region. Due to the nature of the other
gases, this is not observed for H>O and N,.(Fig.
11);
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Fig. 11: Typical fluid pressure profiles for fracturing with A)
H>O and B) CO,, which shows gas condensation behavior
between ~5-7 MPa.

5.

There is a positive correlation between
minimum principal stress and breakdown
pressure for failure in both transverse fracturing
(, axial) and longitudinal fracturing ( , radial ).

CO; has the highest correlation coefficient/slope
and H»O has the lowest. This observation can be
explained with the specific properties of the
stimulating fluids.
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