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ABSTRACT: The theory of effective stress suggests that the breakdown pressure of a borehole should be a function of ambient
stress and strength of the rock, alone. However, our experiments on finite boreholes indicate that the breakdown pressure is a strong
function of fracturing fluid type/state as well. We explain reasons for this behavior including the roles of different fluid types and
state in controlling the breakdown process. We propose that the fluid interfacial tension controls whether fluid invades pore space
at the borehole wall and this in turn changes the local stress regime hence breakdown pressure. Interfacial tension is modulated by
fluid state, as sub- or supercritical, and thus gas type and state influence the breakdown pressure. We develop expressions for the
breakdown pressure in circular section boreholes of both infinite and finite length to validate our hypothesis. Importantly, the
analysis accommodates the influence of fluid infiltration or exclusion into the borehole wall. For the development of a radial
hydraulic fracture (longitudinal failure) the solutions are those of Defournay and Cheng (1992) and show a higher breakdown
pressure for impermeable (Hubbert and Willis, 1957) relative to permeable (Haimson and Fairhurst, 1967). A similar difference in
breakdown pressure exists for failure on a transverse fracture that is perpendicular to the borehole axis, in this case modulated by a
parameter77 =v /(1 =v)a, where v is Poisson ratio and & the Biot coefficient. A numerical solution is obtained for this finite
length borehole to define tensile stresses at the borehole wall due to a decomposed loading from an external confining stress and
interior pressurization. Numerical results agree with the breakdown pressure records recovered for experiments for pressurization
by CO, and argon:

1. INTRODUCTION 'Fwo different bounding values: The breakdown pressure
in permeable rock is always lower than that in
The breakdown pressure is the critical pressure where impermeable rock.
failure occurs during borehole pressurization. Numerous .
. This
attempts have been made to forecast the magnitude of
breakdown pressure by analytical, semi-analytical and
numerical approaches [1, 2, 3].

approach provides a pathway to explore
pressurization rate effect on the breakdown process.
Experimental approaches have shown that that a higher
pressurization rates, the breakdown pressure is also

Initial attempts focused on an analytical formula to elevated. [7, 8, 9, 10]. This observation may be

predict the breakdown pressure in impermeable rocks
[4]. Subsequent analyses extended this formula for fluid
pressurization in permeable rocks [5]. In this solution
thermoelastic stressing was used as an analog to
represent fluid pressurization[6]. The results from these
two approaches and for these two conditions —
impermeable versus permeable borehole walls- show

explained as the influence of a pressure diffusion
mechanism [11, 12], that requires a critical diffusive
pressure to envelop a critical flaw length in the borehole
wall.

All these approaches rely on Terzaghi's theory of
effective stress [13], which predicts that failure will



occur when the effective stress is equal to the tensile
strength. Furthermore, this suggests that breakdown
pressures should be invariant of fluid type (composition)
or state (gas or liquid) since failure is mediated by
effective stress, alone. However recent results [18]
suggest that fluid composition and/or state may
influence breakdown pressure in an important manner.
In this work, we develop an approach to explain the role
of fluid composition/state on breakdown pressure based
on prior observations of permeable versus impermeable
borehole walls. In this approach the physical
characteristics of the borehole remain the same for all
fluid compositions, but the feasibility of the fluid either
invading the borehole wall or being excluded from it
changes with fluid state (subcritical or supercritical). We
develop an approach based on Biot effective stress, to
define breakdown pressure for supercritical/subcritical
gas fracturing. The critical entry-pore pressure is
governed by fluid interfacial tension [14, 15, 16, 17],
and the subcritical fluid breakdown pressure is shown to
scales with critical pressure. These breakdown pressures
agree with experimental observations.

2. EXPERIMENTAL OBSERVATIONS

Fracturing experiments have been conducted on a
homogeneous cube of Polymethyl methacralate
(PMMA) [18]. The pressurized fracturing fluid is
injected through a drilled channel, which is analog to the
borehole. The borehole's diameter was 3.66 mm; the
cubes were under biaxial and triaxial stress load. The
borehole is typically parallel to the minimum principal
stress.

Six different fracturing fluids are injected in separate
experiments under same room temperature, and the
borehole is pressurized to fail. These fluids include
helium (He), nitrogen (N;), carbon dioxide (CO,), argon
(Ar), sulfur hexafluoride (SF¢), and water (H,O). Fig. 1
illustrates the injected fluids states based on the
experiment data. The nitrogen, helium and argon are
supercritical, while sulfur hexafluoride, CO, and water
are subcritical. The CO, experiments return largest
breakdown pressure of 70 MPa, while the helium,
nitrogen and argon failed at less than 33 MPa (Fig. 2).
The tensile strength of PMMA is ~70 MPa.

Based on the experiment results, we have the following
observations:

1. Breakdown pressure scales only weakly with
molecular weight of the gas but not uniquely.

2. The maximum breakdown pressure is for CO,,
and is approximately equal to the tensile
strength of the PMMA (~70 MPa).

3. The breakdown pressure for helium and nitrogen
are approximately half of this tensile strength.

From these observations, we hypothesize that (1) the
factor of two differential in the breakdown stresses
results from infiltration versus exclusion of fluids from
the borehole wall and that (2) the different behaviors of
infiltration versus exclusion result from the state of the
fluid, super-critical versus sub-critical.
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Fig. 1. Gas state and properties under experiment condition
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Fig. 2. Data sets for experiments with the same applied
stresses [18]

We explore this hypothesis by firstly identifying the
difference in breakdown pressure for infiltrating versus
non-infiltrating fluids and then relate the propensity for
infiltration to entry pressures in the borehole wall.

3. ANALYTICAL SOLUTIONS



Consider a finite radius r, borehole in an elastic domain
(external radius r,) under internal fluid pressure p , with

the domain confined under applied stresses 0, and 0,, .

We define breakdown pressure for fracture both
longitudinal to the borehole and transverse and for
conditions where fluid infiltration is either excluded or
allowed.

3.1. Fracture

fracture)
For the longitudinal hydraulic fracture, the breakdown
occurs when the effective tangential stress is equals to
the tensile strength. When the matrix is impermeable,
there is no poroelastic effect and the formula would keep
the same as H-W expression:

Along  Borehole (longitudinal

b, = _3022 +0,,+0; )

Where o, is the minimum principal stress, O,, is the
maximum principal stress, O, is the rock tensile

strength, and p is required breakdown fluid pressure.

When the matrix is permeable, the Biot coefficient a
reflects the poroelastic effect. It shows the strongest
poroelastic effect when o=1.

The tangential total stress §,, is defined relative to the

effective tangential stress o, and Biot coefficient o:

Sy = Ogp — D, )

The total stresses at the wellbore boundary are obtained
by superposition of the stress fields [5] due to the total

stresses O, and 0,,, fluid pressure p , and Poisson

ratio v as):
1-2v
Spp =30y, -0, —-py+p,-ap, 3)
l-v
The effective tangential stress at the wellbore r, is:
v
O =0y =3022_011_po+pw+1 Uapw “)
The breakdown pressure:
-30,,+0,, + p, +O.
p. = T O TP TOr (5)
l+n
Where 77 = La
I-v
3.2. Fracture Across Borehole (transverse

fracture)
For the condition of fluid infiltration, the radial stress is
defined as:

Orr = _(1 - a)pw (6)

The stress-strain relationship is defined from Hooke’s
law:

1
t==7% [azz ~v(o, +0,, )] ()

Since the longitudinal strain &_ is zero, the longitudinal

stress is:

UT = Uzz = U(O—rr + UHH)

v
=v| (30, -0, - py) + Py +Eapw -(l-a)p,

v
0. =v(@B0y, -0, -py)+ l_apW (8)
Therefore the breakdown pressure in terms of
longitudinal stress is equal to:
-v(30,, -0,, + p,) + O
D = » "% TP T 9)

n

Comparing equations (5) and (9) illustrates that the
breakdown pressure p, for longitudinal fracture is
smaller than that for the transverse fracture. Therefore,
fractures will always occur in the longitudinal direction
before it can occur in the transverse direction since:

L (radial) < l (longitudinal)
l+7 n

4. NUMERICAL MODEL

The prior expressions define the breakdown pressures
for boreholes in infinite media. However the laboratory
experiments are for blind and finite boreholes in cubic
specimens. Therefore we use COMSOL Multiphysics to
simulate coupled process of fluid-solid interaction in
geometries similar to the experiments. We explore 2-D
problems to validate the model and 3-D geometries to
replicate the experiments and to then interpret the
experimental observations.

4.1. 2-D Model (plane strain)

A 2-D poromechanical model is used to represent the
behavior with a central borehole within a square contour.
The governing equations and boundary conditions are as
follows.

Governing equation: Two governing equations
represent separately the fluid flow and solid deformation
processes. Darcy flow model is applied to represent fluid
flow with the Biot-Willis coefficient defined as:

a=1-X% (10)

N



where K¢ and K are identified as the grain and solid
bulk modulus.

The flow equation is:

Saﬁ+v%-£VHl=-Qv (11)
ot u ‘

Where O, defines the time rate of change of volumetric

strain from the equation for solid displacements:

=%
O, =a*(d(u,t)+d(v,,1)) (12)
where the volume fraction of liquid changes with

deformationsu andv,. S, is specific storage defined

by coefficients of Young’s modulus E, and the
Poisson ratio v[19].

The solid deformation equation is:
E v
2(1+v)

VeVu) = a,p,gVH
s oI 20y BV =P8

where E is Young’s modulus, ©1s the displacement

vector composed of orthogonal displacements u
and v (m). The right hand side term «,p,g

represents the fluid-to-structure coupling term.
Boundary Conditions:

The 2-D plane strain model geometry is a slice-cut
across a section (Fig. 3). The left and basal boundaries
A, B are set as roller condition with zero normal
displacement. The interior circular boundary represents
the borehole where fluid pressure p, is applied
uniformly around the contour. Table 2 shows the model
inputs data. There is no confining stress applied to the
outer boundary.

Table 1 Fluid and solid boundary conditions

Stress .

Boundary Boundary Hydraulic Boundary
A.B u, =0 n-KVH =0
C,D free n-KVH =0

E fi =
ree H = Ho

I B

Fig. 3 2-D Model geometry and boundary conditions

Table 2 PMMA properties used in the simulation

Parameter Value
Tensile strength, MPa 70
Fluid pressure, MPa 10
Poison ration 0.36
Young's modulus, Pa 3.0e9
Biot coefficient 0-1
Solid compressibility, 1/Pa 8e-11

4.2.  2-D Fracture Breakdown Pressure Results
The 2-D simulation results are used to validate the
model for the two forms of fractures — longitudinal
versus transverse — evaluated previously. The likelihood
of either failure model is controlled by either the
tangential effective stress (longitudinal failure) or the
longitudinal effective stress (transverse failure).

2-D longitudinal fracture validation:

Failure occurs when the tangential effective stresses
reach the tensile strength. The blue curve in Fig. 4
reflects the tangential effective stress calculated from the
analytical solution (equation (8)). The analytical results
give satisfactory agreement with the simulation results
as shown by the red points. The curve shows that for a
stronger poroelastic effect (increasing ¢¢ ), the tangential
stress increase under the same fluid pressure.

Fig. 5 shows the effect of Poisson ratio on breakdown
pressure, where the Poisson ratio ranges from 0.1 to 0.5.
For constant Biot coefficient, a lower Poisson ratio will
elevate the required breakdown pressure. The H-W
equation for the impermeable case provides an upper
bound for the stress scaling parameter of1/(1+17). For
a Poisson ratio equivalent to that of PMMA (v=0.36),
the simulation results define a breakdown pressure for
the strongest poroelastic condition (a=1) is 0.65 times
that for impermeable case.



tangential stress validation in permeable matrix
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Fig. 4 2-D tangential stress around borehole vs biot coefficient
2-D transverse fracture validation:

Fig. 6 gives the prediction of longitudinal stress under
the constant the fluid pressure of 10 MPa, and where the
Biot coefficient varies from 0.2 to 1 for PMMA. The
longitudinal stress from the simulation mimics the
predictions from the analytical equation (9). This stress
also grows with an increasing Biot coefficient. The
maximum longitudinal stress is lower than 6 MPa, which
is half of the applied fluid pressure. The longitudinal
stress is always lower than the tangential stress.
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Fig. 5 breakdown pressure coefficient vs biot under different
Poisson ratio in permeable rocks

The proportionality of the longitudinal breakdown stress
with Biot coefficient for a transverse fracture is shown in
Fig. 7. This proportionality coefficient corresponds to
the denominator in equation (9). The magnitudes of this
coefficient are unbounded as the Biot coefficient
approaches zero, signifying zero poroelastic effect and
an infinitely large pressure required for failure. Although

longitudinal fracturing is the preferred failure mode for
infinite boreholes, for finite boreholes this may be a
significant mode.

longitudinal stress validation in permeable matrix
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Fig. 6 2-D longitudinal stress prediction vs biot coefficient
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Fig. 7 2-D breakdown pressure coefficient (longitudinal stress)

4.3. 3-D Fracture Breakdown Pressure Results

We now explore the failure conditions for a finite length
borehole. The stress accumulation at the end of borehole
will be a combination of the modes represented in the
longitudinal and transverse failure modes. The
experimental configuration is for a finite-length end-
capped borehole that terminates in the center of the
block. We represent this geometry (Fig. 8) with the
plane with red set as roller boundaries (zero normal
displacement condition).

For the finite borehole condition, the induced stresses
may be shown to be a combination of the applied
confining stress and fluid pressure. The exact function



may be obtained by the superposition of confining stress
field and fluid pressure in a simplified model.

Assuming the wellbore radius is equal to a, the radial

and hoop stress for a unidirectional ) confining stress

1

arc:
2 2 2
o, a 0, a a
O =—((1-—)+—7cos26(l-—=)1-3—
=5 ( r2)+ 5 cos ( rz)( rz)
2 2
o, a o a
o, =—(1+—)-—c0s260(1+3—
4 2 ( 1’2) 2 ( 7"2)

When r=a and 6=0 and 90° , the tangential stress around
borehole is 30, and -0, . If a uniform confining stress

is applied by adding a second confining stress (a1 = 022)

then the longitudinal stress and hoop stresses are:
o, =v(20,,+0)
o, =20,

If the borehole is now pressurized by fluid then the
additional stresses are:

o.=v(p,+(-p,)
UH = _pw

Adding these two modes of solid stress and fluid
pressure give the resulting longitudinal effective stress
is:

OZ =2V(jll +pwg)

where the borehole end is capped condition (Fig. 9), the
longitudinal stress induced by internal fluid pressure will
be larger due to the effect of fluid pressures acting on the
ends of the borehole. We extend the equation of
longitudinal  stress by introducing the  stress
concentration factors B and C to calculate the maximum
longitudinal stress in mixed plane strain-plane stress
condition as:

O, =-2vB0o,+CP, (13)

where B and C are coefficients that we need to define
from the numerical modeling. We measure the
longitudinal effective stress at the end of borehole where
fluid pressure is applied to obtain the longitudinal stress
concentration factor (Fig. 9). If there is only confining
stress applied alone without fluid pressure, the geometric
scaling coefficient is B=1.32.

i i i*
R YR oL

1
O

o)

C

[ 7

Fig. 8 3-D model with finite borehole length boundary
condition

Fig. 9 shows the spatial distribution of ratio o, / P, in the

domain. The maximum value represents the coefficient
C in equation (13). Based on the above result,
Chpermeable=2.756, Cimpermeable=1.328.  Assuming the tensile
strength is 70 MPa, and then breakdown pressure under
experimental conditions is given as:

3D-impermeable scenario: p,= 0.7150‘c +52.7 (14)

3D-permeable scenario: p, = O.3440‘C +254  (15)

Isosurface: sx_smsld/wellp [1/s] Max: 2.756
M2.756
Permeable Biot=0.9
B 1.571
gt
10.387

=-0.798
Min: -0.798

Isosurface: sx_smsld/wellp [1/s Max: 1.328
u x_smsid/wellp [1/5] Max; 1,

Impermeable Biot=0

i 0.002

—-1.324

Min: -1.324
Fig. 9 ratio distribution about longitudinal stress over fluid
pressure

Equations (14) and (15) indicate that the impermeable
breakdown pressure is still approximately twice as large
as that for the permeable case, which is identical with
the experimental observations.



3-D impermeable vs permeable breakdown pressure validation
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Fig. 12 3-D permeable and impermeable breakdown pressure
solutions validation

Fig. 12 shows the match of these experimental results
with the analytical data showing excellent agreement
with the permeable solution. We conjecture that the
ability to drive fluid into the borehole wall is related to
the interfacial characteristics of the fluid. The inability
of an invading supercritical fluid to sustain an interface
with a pre-existing fluid within the porous medium is
one such mechanism to promote the exclusion of fluids
at sub-critical pressures and to allow penetration at
super-critical pressures (and temperatures).

5. CONCLUSIONS

We develop expressions based on Biot effective stress
theory to predict breakdown pressure for longitudinal
and transverse fracture on finite length boreholes. We
use these relationships to explore the physical
dependencies of fracture breakdown pressures and show
that an approximate factor of two exists in the
breakdown stress where fluids either invade or are
excluded from the borehole wall. We extend these
relationships for finite length boreholes to replicate
experimental conditions. These solutions are used to
explain observations for different breakdown stresses
where different pressurizing fluids are used in the
boreholes.

This is consistent with the observation that interfacial
tension governs fluid invasion in matrix and therefore
influences the breakdown process. The negligible
interfacial tension in supercritical fluids allow easy
invasion into the matrix, while the subcritical fluid with
larger interfacial tension requires a higher pressure to
invade and cause subsequent breakdown of the borehole.
The injected fluid's infiltration ability which is decided

by the fluid state/properties could therefore affect the
fracture breakdown process.
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