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Abstract:

In-situ stresses are highly important for wellbore stability studies during drilling, com-
pletion and production. Different methods are available to estimate the horizontal stresses
especially maximum horizontal stress. Typically, Circumferential Borehole Image Logs
can be run to determine the direction and width of breakouts and then stresses at different
depths based on the equation developed by Barton et al. (1988). This research focuses
on image logs from Harvey-1 well located in the Southern Perth basin to compare the
maximum horizontal stresses obtained by various methods. The magnitudes of stresses
from the breakout width approach (Barton’s method) exhibit a considerable offset in
comparison with elastic methods. Further investigations show that the likely reason for the
offset relates to the fundamental assumption of the breakout width approach in which shear
failures are considered to be constrained to horizontal planes. Failures within the wellbore
are not necessarily horizontal and can be developed in different non-planar trajectories
with various angles to the horizontal plane. Furthermore, the possible in-situ stresses from
regional studies are constrained by means of stress polygons against which the reliability
of results from breakout methods can be checked. Results indicate that due diligence and
special care must be exercised for determination of maximum stresses from breakouts and
more reliable methods are required than those currently used.

1. Introduction

ponents so called vertical (S,), minimum horizontal (Sj,min)

In-situ stresses play an important role in subsurface geo-
logic processes in the short-term and long-term. They control
rock and fluid movements and pressures, which in turn influ-
ence gas, oil and water movements and their production from
boreholes. It is therefore of crucial importance to have a good
knowledge of the prevailing in-situ stress impacting subsurface
zones of interest and to understand the geodynamic processes
in order to manage geological reservoirs and underground
storage sites (Heidbach et al., 2018). At a certain depth,
in-situ stresses consist of three mutually orthogonal com-

and maximum horizontal stress (Symax) (Peng and Zhang,
2007). Obviously, drilling induces stress concentrations around
the wellbore which may end up with instabilities such as
tensile fractures, breakouts and formation collapse (typically
in shales). Wellbore breakouts describe a phenomena in which
the borehole diameter increases due to the shear failure of
the rock formation being penetrated during drilling and are
responses to the compressive stress field in the vicinity of the
wellbore (Gough and Bell, 1982).

The magnitude and orientation of the in-situ stresses have
a direct effects throughout the wellbore during drilling, well
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completion and production, and need to be considered by
reservoir production simulations (Moos and Zoback, 1990).
Jeanne et al. (2016) emphasized that understanding in-situ
stresses is of paramount importance when assessing the ge-
omechanical stability of fault zones. Therefore, it is important
to characterize and quantify the in-situ stresses as part of
geomechanical model development. The comprehensive study
of well logs is typically able to provide vital information with
which to determine the in-situ stresses in the vicinity of the
wellbore, especially in tectonically active areas.

Several analytical approaches have been developed to
determine the minimum and maximum subsurface horizontal
stresses (Haimson and Cornet, 2003; Zoback et al., 2003; Fjar
et al.,, 2008). Such methods are primarily based on elastic
properties derived from compressional and shear wave travel
times. During drilling, in order to form a tension fracture,
minimum horizontal stress needs to be more than pressure
difference between the mud and the formation being penetrated
by the drill bit. In practice, minimum horizontal stress can be
obtained from formation leak off tests and extended leak off
tests, hydraulic fracturing and mini-frac tests and also mud
loss data (Zoback et al., 2003). These methods are feasible
for evaluating stresses within limited depth intervals but are
very costly and time consuming. However, the determination
of Spmax 1S more challenging because there is no direct
experimental test that can be performed to determine it. Sgmax
can be estimated analytically based on breakout widths and/or
the strengths of intersecting conjugate shear planes (Zoback
et al., 2003; Zoback, 2010; Lin et al., 2020b).

Borehole breakouts and drilling-induced fractures at shal-
low depths, in the absence of seismic data, are important
sources of information for horizontal stress identification.
Indeed, about fifteen percent of stress orientations referred
to in the world’s stress map have been determined based
on breakout information of various quality acquired from
borehole images (Heidbach et al., 2018). Moreover, a large
amount of stress orientation information in the petroleum
industry come from drilling-induced fractures associated with
breakouts. These features are prevalent in most of oil and gas
wells and can be utilized to determine the stress orientations
over a range of depths. Information about these features is
captured in image logs and it has been used for several
decades to determine in-situ stress orientations (Nie et al.,
2013; Zhang et al., 2018). Breakouts result from a complex
compressional failure when the maximum hoop stress around
the well exceeds the rock strength (Zoback, 2010). Tectonic
regime and the ratio of Sgmax/Symin influence the breakout or
drilling-induced fracture azimuth. However, breakouts tend to
occur at the azimuth of the minimum horizontal stress when
well deviation is less than 10 deg in normal faulting system
(Barton et al., 1988). This special stress status for occurrence
of breakouts makes them a possible source for estimating the
in-situ stress magnitude. In this regard, different approaches
have been proposed to relate breakout information to in-situ
stress magnitudes (Zoback et al., 1985; Haimson and Herrick,
1986; Zheng et al., 1989; Vernik and Zoback, 1992; Haimson
and Chang, 2002). The most common method applied was
introduced by Barton et al. (1988) to estimate the magnitude

of maximum horizontal stress directly from measurements of
breakout width and geomechanical properties using Eq. (1).

(UCS+2PI; +AP) _Shmin(l +2C0829b)
1—2co0s26,

where 6, = breakout width; UCS = uniaxial compressive
strength (MPa); P, = pore pressure (MPa); AP = the difference
between mud pressure and pore pressure (MPa); and, Spmin =
minimum horizontal stress.

A key limiting assumption of the “Barton” equation (Eq.
(1)) is that all breakouts are assumed to occur in a horizontal
plane. The equation is, therefore, only accurate when failure
types are developed exactly normal to the vertical wellbore
axis. However, stability analysis of many vertical wellbores
has proved that shear failures can occur in different shapes
and at angles other than normal to the borehole axis (Al-
Ajmi and Zimmerman, 2006; PaSi¢ et al., 2007). Lin et al.
(2020a) highlighted another drawback of the Barton’s equation
via comparing breakout geometries with different hole sizes.
They revealed that larger hole size tends to yield deeper
and wider breakouts; yet such effects are not considered by
Barton’s equation. Moreover, a number of researchers have
argued that it is not possible to obtain two horizontal stress
magnitudes from breakouts, as one parameter cannot estimate
two horizontal stresses (Haimson and Lee, 2004; Sahara et al.,
2017).

The aim of this study is to examine the reliability of
maximum horizontal stress derived from breakout width by
comparing the results of different methods, and also analysing
the failure types. Rasouli et al. (2013) applied the elastic
approach and analysed the in-situ stress in the GSWA Harvey-
1. The data from the GSWA Harvey-1 well is further evaluated
here to establish the reliability of breakout data for in-situ
stress estimation. Different methods proposed for the estima-
tion of in-situ stress are compared and detailed evaluations
are elaborated including stress polygons to characterize the
likely shear-failure (breakout) types involved. To do so, a
short review of the geologic setting of the GSWA Harvey-
1 well is presented, followed by the development of a one-
dimensional model describing breakouts in geomechanical
terms. The maximum horizontal stress is then determined
based on different methods and a comparison of their results
is provided to discuss the reliability of each method.

2. GSWA Harvey-1

The GSWA Harvey-1 (hereafter referred to as Harvey-1)
well is located in the southwestern part of Australia, onshore
Southern Perth Basin in the Shrine of Harvey region (Fig. 1).
The Perth Basin extends northerly along the southernmost 700
km of the western coast of Australia. Evolution of the basin
began at the end of the Carboniferous or in the Early Per-
mian following a north-trending regional rifting episode. The
intensity of rifting varied considerably, thus the sedimentation
rates and formation thicknesses varied locally (Crostella and
Backhouse, 2000). However, a Permian to Holocene succes-
sion overlying Precambrian basement is present throughout the
basin. The well Harvey-1 was drilled to a total depth of 2,945

(1)

SHmax =
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Fig. 1. Location map of GSWA Harvey-1 well.

m as a stratigraphic well test on a structural feature known as
the Harvey Ridge trending northwest to southeast. The primary
objective of the well was to determine the suitability of
subsurface formations for the injection and storage of carbon
dioxide produced from nearby facilities. The information from
the well has also been exploited to evaluate the geothermal
energy and petroleum potential of the formations penetrated.

In terms of stratigraphy (Fig. 2), the lower Triassic Sabina
Sandstone, composed of medium to coarse-grained sandstone
with minor shale, is the oldest formation penetrated by Harvey-
1 (Millar and Reeve, 2014). The Lesueur Sandstone, of
middle-to-late Triassic age, conformably overlies the Sabina
formation and is itself overlain by the Eneabba formation. With
respect to its good porosity and permeability development,
based on the petrophysical evaluation, and its suitable depth
range for CO, storage (greater than 800 m), this formation is
considered as a potential reservoir.

The lower Lesueur (Wonnerup member) is a homogeneous,
poorly sorted sandstone displaying fine to coarse grain sizes.
The upper Lesueur sandstone (Yalgorup member) is charac-
terized by subordinate interbeds of claystone/siltstone that can
be up to 20 m thick and sometimes multi-coloured. This
Triassic interval is overlain by the Eneabba Formation of
lower Jurassic age, consisting of coarse- to very coarse-grained
sandstones interbedded with local minor conglomerates and
multi-coloured claystones and siltstones. This thick formation
with a wide spread presence of fine-grained clastics represents

| Sabi

Shale  Mixed siliciclastic ~ Carbonate ~Cabonate-shale, ~Basalt
a

marl

a potential cap rock that can hinder the migration of injected
gas. The Leederville formation overlies the Eneabba with
an unconformity between them. It consists of interbedded
sandstones, shales and conglomerates. The undifferentiated
Quaternary sediments consisting of clays and minor gravelly
sand are the youngest beds penetrated by the wellbore (Millar
and Reeve, 2014). Fig. 2 shows the stratigraphic units of well
Harvey-1 well providing lithological descriptions of main for-
mations. Gamma ray (GR), caliper (CALA), acoustic interval
transit time (DT), neutron porosity (CN), and formation bulk
density (RHOB) well logs are also presented in this figure.

From the breakout perspective, these features are well
developed throughout the Yalgorup member of Lesueur for-
mation and in limited intervals of Wonnerup, thus the former
is main focus of this study. The considerable occurrence of
breakouts along with the availability of a reasonably compre-
hensive geological and geomechanical dataset, are the main
reasons that Harvey-1 has been selected for determination of
SHmax in this study.

3. Methodology

The methodology of this study follows two main steps: (1)
estimation of geomechanical properties; and, (2) evaluation
of image logs and the determination of maximum horizontal
stress and failure types. The results of step 2 are then compared
as part of a detailed discussion on the reliability of breakouts-
derived maximum horizontal stress.
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Fig. 2. a: General stratigraphic units of southern Perth Basin where Harvey-1

marl

well is located (after Millar and Reeve, 2014); b: log measurements of gamma

ray (GR), caliper (CALA), acoustic interval transit time (DT), compensated neutron (CN) and bulk density (RHOB) measurements. Caliper readings show
the wellbore widening towards the bottom of the Yalgorup member, where the majority of breakouts occurred. The well’s end depth is located in the lower

Triassic Sabina sandstone.

Initially, the rock elastic parameters and in-situ stresses
are assessed via the interpretation of image logs from the
well Harvey-1. Various likely shear failures throughout the
well were identified from the available well logs as suitable
for determining horizontal stresses. A full suite of well logs
were recorded for the Harvey-1 well. These include bit size,
caliper, compensated neutron porosity, acoustic interval transit
time, gamma ray, shallow and deep resistivity, mud resistivity,
formation bulk density, the Circumferential Borehole Imaging
Log (CBIL) and high-resolution resistivity formation images.
The CBIL image logs for Harvey-1 cover the depth interval
840 to 2,732 m. The only available Formation Integrity Test
(FIT) recorded 20.5 ppg at a depth of 848 m and it is
used to calibrate the minimum horizontal stress. Fig. 3 shows
a depth interval from the CBIL. Prior to any calculations,
environmental corrections were applied, a conventional data
quality control analysis performed, and outlier data removed

from all well logs. The quality-controlled image log data was
then processed and interpreted.

3.1 One-dimensional rock mechanical model

A One-dimensional (1D) geomechanical model is con-
structed along the wellbore based on conventional well data
and is used to represent the mechanical properties and stress
states the near-borehole vicinity. This model investigates rock
mechanical behaviour around the wellbore including break-
outs, loss, sand production, and also stability of well (Ranjbar
et al.,, 2017). A typical rock mechanical model consists of
elastic modules (Young’s, bulk and shear modulus, Poisson’s
ratio), strength indicators (UCS, tensile strength, internal fric-
tion angle, cohesion), in-situ stresses (vertical, maximum and
minimum horizontal stresses), and pore pressure. Some of
these parameters are integrated here into a 1D rock mechanical
model for Harvey-1, which will be later used to determine the
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Fig. 3. A short interval of the well Harvey-1 with CBIL image coverage. GR is gamma ray, DEVI is borehole deviation, P1AZ is the angle between borehole

azimuth and reference pad azimuth and HAZI is borehole azimuth.

magnitude of horizontal stresses. This model includes elastic
modules and strength parameters.

In order to determine elastic parameters of rock formations
penetrated by wellbores, compressional and shear wave veloc-
ities combined with bulk density data of the subsurface layers
are required (Zoback et al., 2003; Fjar et al., 2008; Archer
and Rasouli, 2012). Elastic parameters are of importance in
geomechanics as they provide useful assessments of wellbore
stability and reservoir characterization (Tixier et al., 1975;
Farquhar et al., 1994; Bastos et al., 1998; Edimann et al.,
1998; Faraji et al., 2017). The Egs. (2)-(9) are used to calculate
elastic parameters and construct the geomechanical model

from well logs.

RHOB) [ 3(Af?) —4(Ar)
Egp = s P 1.34x10'0 (2
an ( Ar? >< Ar2 — Arl R @

where Egy, is the dynamic Young’s modulus in psi; RHOB
is rock bulk density in g/cc, and Af, and Af, are shear and
compressional wave transit times in us/ft. Core test results
for Harvey-1 have shown a linear relationship between shear
wave velocity (V) and compressional wave velocity (V) as
Vi = 0.5986 %V, — 0.1082 (Delle Piane et al., 2013). This
relationship is used here to calculate Afy values from the
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available sonic log (At)).

RHOB 0
Gayn = (At?) *1.34 %10 3)
K, RHOB 1 4. 1.34 %100 4)
dyn = A2 Al .
m A2 3Ar

where Ggy, is dynamic shear modulus and Ky, is dynamic
bulk modulus, both in psi.

Vy—Vv?

2VIV2) ©)

den =
where V4, is dimensionless dynamic Poisson’s ratio; and, V),
and V; are in m/s.

These dynamic values are converted to static values using
Egs. (6)-(8) (Archer and Rasouli, 2012). There is a difference
between dynamic and static elastic parameters which is related
to the type of data that is used to acquire them. A dynamic
modulus is derived from a travelling acoustic wave with a
frequency of a few kilohertz, perturbing the material at a
constant stress, whereas a static modulus is derived from
laboratory tests performed at extremely low rates of stress
change but over a much larger stress range (Ali et al., 2003).
Thus, the following empirical equations are employed to make
the conversion between dynamic and static values.

Egq = 0.04145E,,, — 1.0593 (6)
Esia
Gya=——"— 7
10 = 30 T va) (7
Esia
K, =—29 8
0= 37—y ] (8)
The static and dynamic Poisson’s ratio are assumed to be

equal.
The friction angle (¢) was calculated based on Plumb
(1994)’s correlation by Eq. (9):

¢ =26.5—37.4(1 — porosity — Vsnae)

9
+62.1(1 — porosity — Ve )* )

where the Vi, is volume (v/v) of shale derived from gamma
ray log, and porosity is neuron porosity (v/v).

3.2 Determination of Sy ,x and wellbore rock
failure types

Image logs are valuable sources of information for the sub-
surface layers and different geo-structural features penetrated
by wellbores. Interpretations of image-log data can be used
to determine natural and induced fractures, sedimentary and
stratigraphy structures, sedimentary bedding, structural dips
and other geometric characteristics (Hocker et al., 1990; Luthi,
2001; Pppelreiter et al., 2005; Xu et al., 2006; Xu, 2007;
Tingay et al., 2008; Folkestad et al., 2012).

In the current study the acoustic CBIL for an interval in
well Harvey-1 was processed applying logging-speed correc-
tions, equalization, normalization and other processing steps

to improve the resolutions of its images. The processing
began by applying checks and corrections for abrupt changes
in logging-tool speed during recording. It proceeded with
equalization, in which the average response of all the receivers
of the tool are rendered approximately the same over large
intervals. Normalization involves transformation of equalized
data into a normal distribution in an attempt to maximize
the amount of information derived from the recorded signal.
On completion of these steps, the processed image can be
displayed in two main formats: static and dynamic. The former
is acquired by applying a colour range to the whole depth
interval evaluated. The latter is generated by applying a colour
range to each 1-2-inch-wide moving window from top to
the bottom. The detailed processing steps for image logs are
provided by Farag et al. (2010) and Hurley and Zhang (2011).
In these processed formats, the CBIL data can be interpreted
for breakouts and to determine the parameters associated with
drilling-induced fractures, such as azimuth and strike direction
measured throughout the well. Specifically, Eq. (1) can then
be applied to estimate the maximum horizontal stress based
upon breakout widths. Such calculations were performed on
processed CBIL data from the Harvey-1 well.

In addition, the poroelastic Eqs. (10)-(11) were used for
the estimation of in-situ stresses in order to make comparison
with stress estimates obtained by other methods.

Ee, VEE,

v
SHmax = E(Sv —OCPp) +(XPp+ 1_7\/2 + 1_7‘/2 (10)
\Y Ee VEE
Shminzﬁ(sv—app)‘*‘app"f'?i,z—k1,‘;2 (11)

where € and &, are iterative estimates tectonic strains, V is
Poisson’s ratio (dimensionless), S, is vertical stress (MPa), o
is Biot factor and Eg, is static Young’s modulus (MPa). The
Biot factor was calculated as a function of porosity from the
Eq. (12) (Farrokhrouz and Asef, 2012).

o = | — o(—380-0.86)

(12)

Reliable values for tectonic strains require solving of Eq.
(10) for at least two Sppin values. When there is only one
test result for Symin, as is the case for Harvey 1 with one FIT
at 848 meters, an iterative method can be used. The iterative
method is based on making various assumptions for & and
k = €,/¢&, until the log values for maximum tangential stress
and caliper show a good match. Tectonic strains from this
method are approximations and there may be more than one
solution that fits the data.

The Blanton and Olson (1999)’s approach has also been
implemented here to calculate tectonic strain (Eq. 13). This
method employs elastic and plain strain condition along the
wellbore. Tectonic strain is set zero in one direction to obtain
differential strain in the perpendicular direction. As such, there
is no potential calibration error for this method.

Shmin — C2

c 13)

Erect =
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where C; and C, are calculated based on Young’s modulus,
Poisson’s ratio and vertical stress (Blanton and Olson, 1999).
Furthermore, to provide an additional comparison, Eq. (14)
proposed by Kidambi and Kumar (2016) has also been also
applied to estimate tectonic strain components (& and &).

_Sv*v 1

=" (1= 1 (14)
Sy *V V2

g="p(1-7—) (15)

Table 1 provides the gradient ranges of principal stresses,
based on comprehensive stress regime studies for the Perth
Basin conducted by King et al. (2008). Symax magnitudes
derived from elasticity metrics make it possible to evaluate
Sumax effectively from breakouts data, regardless of inherent
inaccuracies associated with breakout widths measurements,
rock failure plane orientations and other parameters involved
in Eq. (1). To assess the potential impacts of these inaccu-
racies on the stress estimates, stress polygons are essential
for visualizing the likely ranges of in-situ stress estimates
derived from the different methods. For that reason, stress
polygons of Harvey-1 are developed for the depth intervals
where breakouts exist.

Table 1. The gradient ranges of principal stresses in the Perth Basin (King
et al., 2008).

Principal Stress  Gradient (MPa/km)

sHmax 21.3-21.75
Shmin 18.5-26.25
S, 21.5

Any inconsistency or discrepancy of Sgmax results might
be attributed to different rock properties, shear failure criteria
and breakouts types. Differences due to rock properties and
various failure criteria models, such as Mohr-Colomb theory,
are ignored for the purpose of the evaluations conducted here.
As noted, drilling a borehole changes the pattern of uniform
stresses and concentrates them around the wellbore. In a linear
elastic material, the borehole wall copes with high stresses up
to appoint, beyond which failure is likely to occur. As such,
wellbore instability analyses rely upon comparisons of these
stresses with a failure criteria model. The stresses in a vertical
well, such as Harvey-1 is, can be formulated using Eqs. (16)-
(18) based on the Kirsch solution (Hudson et al., 2002).
Employing the Kirsch equations is important to calculate the
stress level around the borehole, which can further help to
determine the loading on the borehole wall. Each type of
failure occurs under a specific stress configuration, thus, in
order to define the failure types, it is essential to understand
the stresses around the borehole. Failure types are then used
to investigate if the failures occurred on a horizontal plane.

6, =P, (16)

09 = SHmax + Shmin — 2(SHmax - Shmin) cos20—-P, (17)

o, =Sy _ZV(SHmax_Shmin)COSZG (18)

where o, is the radial stress, Gy is the tangential stress, O
is the axial stress, P, is the internal wellbore pressure, and
v is the Poisson’s ratio of the rock. Since the radial stress is
not related to 0, it is the same in all directions and determines
well pressure. Well pressure and tangential stress are inversely
proportional. Table 2 shows the minimum and maximum
allowable mud pressure in order to prevent rock failure based
on the Mohr-Coulomb criterion. This is the simplest and
most commonly used criterion for brittle failure of rocks and
involves only the maximum and minimum principal stresses. It
therefore assumes that the intermediate stress has no influence
on rock strength (Al-Ajmi and Zimmerman, 2006). Numerous
researchers have pointed out that this criterion is expected to
be too conservative in estimating the critical mud pressure
required to maintain a stable wellbore (Mogi, 1971; Takahashi
and Koide, 1989; Haimson and Chang, 2002). However, as
there is no information available on the intermediate stress for
Harvey-1, we have used the Mohr-Coulomb criterion in this
study.

4. Results and discussion

In the current study, rock elastic constants have been
derived from well logs. Fig. 4 illustrates the calculated pa-
rameters along with a three-dimensional (3D) view of the
studied image log across a specific depth range of the Harvey-1
well. Breakouts can be seen in this figure as enlargements in
the image radius. The histogram and box plot of calculated
elastic moduli are presented in Fig. 5. It is apparent that
the elastic data follow complex bimodal distribution functions
with two distinct overlapping peaks that according to boxplots
are responding to two distinct lithology types: clay/silt which
dominates in the Yalgorup member and sandstone which dom-
inates in Wonnerup member. Sandy lithologies are associated
with higher strength and related to the higher elastic moduli
peak. The entire CBIL images are then interpreted with these
assumptions and the breakouts identified and the properties of
the associated induced fractures measured. The logic behind
these image logs which makes the interpretation of these rock
failures possible is the contrast between the intact and failed
parts of the wellbore walls. This contrast is recordable by
detecting differences between amplitude and/or travel times in
the acoustic logs, and between resistivity values in electrical
tools.

For the Harvey-1 case, breakouts with less density com-
pared to the neighbouring higher density of relatively intact
rocks distinguish two contrasting wellbore regions. As a
result of such density variations, the travel time of acoustic
waves transmitted through these two zones is substantially
different. Breakouts show a longer travel time and lower
acoustic amplitude in comparison to the non-fractured zones
of the wellbore walls. By applying a colour scale in which
breakouts are depicted in brighter colours, the interpretation
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Table 2. Minimum and maximum allowable mud pressure to prevent rock failure (Al-Ajmi and Zimmerman, 2006).

Failure will occur if: 0] > 0> 03 Failure type

P, <(A-0C)/(1+q) oy > 0. > O Shear Failure Wide Breakout

P, <(B-0)/q 0, > 0g > Oy Shear Failure Shallow Knockout
P,>(C—E)/(q+D) 0, > 0, > Op Shear Failure High-Angle Echelon
Py, > (C+4gD)/(1+q) o, >0, >0y Shear Failure Narrow Breakout
P, > (C+gE) 0, >0 >0, Shear Failure Deep Knockout

P, <(A—C—gB) 0y > 0, > O, Shear Failure Low-Angle Echelon

A7B7D,E and q were defined as: A = 3SHmax — Shmim B= SV + ZV(SHmaX — Shmin)s D= 3Shmin — SHmax N E= SV — ZV(SHmaX — Shmin)
and g = tan? (/4 + ¢ /2). C is the uniaxial compressive strength, and ¢ is angle of internal friction.
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Fig. 4. Rock mechanical model of Harvey-1. Calculated elastic moduli along with a 3D view of CBIL image including breakouts. In this figure ESTA is
static Young’s modulus, EDYN is dynamic Young’s modulus, GSTA is static shear modulus, KSTA is static bulk modulus and UCS in uniaxial compressive
strength.
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and characterization of the breakout zones is simply visualized.
Width and azimuth of breakouts are then measured within each
recorded depth interval. Fig. 6 illustrates an interpreted depth
interval of the studied well. Dip azimuth and strike direction
of an example recorded breakout are also shown in Fig. 6. The
strike direction of these breakouts is N10E, which is roughly
perpendicular to the direction of Symax around the wellbore
and the trend of the Harvey Ridge. The mean dip azimuth of
the identified breakouts is about 10 degrees. It can therefore
be concluded that the maximum horizontal stress is oriented
parallel to the mean dip azimuth at 99 degrees. The azimuth
and strike directions of the breakouts for the entire Harvey-
1 depth interval studied is plotted on the Schmidt rose nets
in Fig. 7. The direction of maximum and minimum horizontal
stresses can be inferred from this figure. The orientation of the
minimum horizontal stress is equal to the strike direction of the
breakouts and the maximum stress is normal to the minimum
stress and parallel to the dip azimuth of the breakouts.

Fig. 8 displays the histogram, statistical information and
box plot of breakouts widths. The widths of the breakouts
reveal a bimodal complex distribution, apparently consisting of
two overlapping normal distributions, with most values located
between 30 and 130 degrees. According to the boxplot in
Fig. 8, the breakouts in clay/silt-bearing Yalgorup member
demonstrate a wider width compared to sandy Wonnerup
member. Considering this wide range of breakout widths and
the physical constraint that breakout width cannot exceed the
90 degree, because, if it did, the wellbore would not remain
stable, it can be concluded that the breakouts identified with
widths greater than 90 degree should be regarded as highly
uncertain. If just the smaller range of breakout widths, between
30 to 90 degree, is considered, it still leads to a potentially
wide range of calculated Sgmax values.

Fig. 9 illustrates the calculated values for Symax derived
from three different poroelastic methods (Blanton and Olson,
1999; Fjar et al., 2008; Kidambi and Kumar, 2016) with those
derived from breakout analysis (Barton et al., 1988). We have
assigned the name “poroelastic” to the Fjar et al. (2008)’s
method in which tectonic strains are derived from the leak-
off test. As shown in Fig. 9, although there is an increasing
trend with depth for Sgpmax in all methods, the values derived
from breakout analysis (Barton’s method) are not in agreement
with the values derived from the three poroelastic methods.
The values of breakout-derived Spmax are much greater than
values derived by other three methods. Since the results of
Shmin for all poroelastic methods are close to each other, and
also considering the fact that poroelastic methods have a sound
and logical mathematical foundation, particularly the (Blanton
and Olson, 1999)’s approach, such a big difference between
Spmax values is not considered to be reasonable. The scattered
pattern of breakouts-Spmax values is likely related, at least
in part, to the wide range and large standard deviation of
breakouts widths (Fig. 8). Fig. 9 demonstrates how tectonic
strains are also apparently affecting calculated results for both
SHmax and Spmin-

The three poroelastic methods provide stress estimates
showing some systematic differences, particularly for deep in-
tervals. The differences between the poroelastic stress estimate
curves increase as a function of depth. This is likely caused
by increasing €, and €, values with depth. Fig. 10 provides
histograms and boxplots for Sgpmax calculated by the four
methods considered. The frequency distribution of estimated
Sumax Values based on breakouts (Barton method) appears to
be highly dependent on the quality of the image logs and
the interpretation of breakout width. In addition, the breakout
method is most likely subject to other limitations and/or inac-
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breakouts and the length of each rectangle is equal to the width of breakout at that point. The breakout azimuth and strike direction distributions are also
displayed for this interval, the orientation of maximum horizontal stress is coincident with the dip azimuth of the breakouts.
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Fig. 7. Schmidt rose net diagrams showing the azimuth and strike direction of measured breakouts in the Harvey-1 well for depth interval 840 to 2,732
meters. The orientation of Sy, is equal to the strike direction of the breakouts (= N10E) and Sgmax is normal to the minimum stress and parallel to the
dip azimuth of the breakouts (= N99E).
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curacies. Although the higher values of Symax for Wonnerup
member is mostly because of its greater depth, the values from
the Barton method show a wide overlapping range for both the
Yalgorup and Wonnerup members. The main assumption for
estimation of in-situ stress magnitude from breakouts is that
these fractures are horizontal features. However, according to
Table 2 and (Pasi¢ et al., 2007), different configurations of
stresses around wellbore favour the occurrence of breakouts
of different shapes and in oblique planes with angles other
than normal to the borehole vertical axis. If that is the case, it
is likely to lead to serious inaccuracies in Sgmax estimations
from breakouts using the Barton method.

The determination of shear-failure using geomechanical
models based on the in-situ stresses around well provide
different failure-type conditions under which Sg . estimates
can be derived by the poroelastic and breakout methods. By
applying the Egs. (16)-(18) and also the definitions provided
in Table 2, different types of wellbore failures for the studied
illustrated in Fig. 11. As shown, the three Kirsch, Blanton and
Kidambi methods all classify failure types as high angle eche-
lon shear failures, regardless of the differences in Sy max values
among them. In contrast, failure types derived from Barton’s
SHrmax values are significantly different, where the high-angle
echelon is not the only failure and deep knockout, and also
narrow breakouts are included in the failures identified. For
example, the depth interval of 925 to 975 meters is mostly
characterized by narrow breakouts and deep knockout shear
failures from the Barton method’s point of view, whereas the
other methods suggest a high angle echelon shear failure for
this interval.

An alternate approach is to construct stress polygons or
zobackograms. These are developed for Harvey-1 and illus-
trated in Fig. 12.These polygons provide valuable information
on the state of stress, and their construction is straightforward.
Given the fact that Sgmax > Spmin, all possible stress states
fall above the diagonal line of unit slope in Fig. 12. The
vertical and horizontal lines intersecting at Symax = Simin =
Sy separate the stress fields associated with normal, strike-slip

and reverse faulting stress environments (Zoback, 2010).

These polygon are developed for four depth points in
Harvey-1 well where breakouts occur. All these points are
selected from Yalgorup member of Lesueur formation where
most of the breakouts occurred. Table 3 lists the gamma ray
values, and also geomechanical characteristics of these points.
In terms of lithology, these points fall within claystone and
siltstone interbeds of the Yalgorup member. These points are
chosen from different depths within the Yalgorup member,
such that they provide a reasonable range of lithological and
geomechanical variations. The mean width of breakouts is 50
degrees at points a, b and c is and 55 degrees at point d. Point
c is associated with the lowest values for the elastic parameters
and is interpreted as the most unstable and damaged point. In
contrast, point d is associated with high rock strength qualities
and shows the highest values for the elastic parameters and the
lowest Poisson’s ratio value.

The developed stress polygons are illustrated in Fig. 12.
As such, the possible ranges of horizontal principal stresses
at a specific depth, including breakouts effects, are depicted.
The stress polygons, as shown in Fig. 12, permit a very
wide range of stress values at each specific depth. This limits
application in accurately determining stress magnitudes unless
some information about the least principal stress is included
to narrow the range of Sjypi,. In the Harvey-1 case, in order
to draw the polygons, we established the range of Sjmin
using the assumptions of King et al. (2008), who attempted
to define this range based on available leak-off tests from
neighbouring wells. Maximum horizontal stress is calculated
based on three different degrees of breakouts at each point (£2
m), which are plotted in Fig. 12 to show the possible range
of Spmax. These stress-polygon graphics help to constrain and
delineate the stress regime in the study area by establishing
a smaller polygon region within a less constrained larger
polygon. A 10-degree change in observed breakout width
would substantially influence the polygon graphic. Given the
very small depth interval over which the breakout widths might
vary, they present a vast range of possible Spmax Vvalues.
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curves. The separations of the curves increase as a function of depth for both in-situ stresses.
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Table 3. Characteristics of four selected points for stress polygon analysis.

Point Depth Gamma Ray E static G static K static  Poisson’s  UCS
[meters]  [GAPI] [GPa] [GPa] [GPa] ratio [MPa]
a 851 98 6.1 2.4 4.3 0.267 27.3
b 1049 174 6.2 2.4 4.4 0.267 27.8
c 1132 141 4.7 1.8 34 0.270 21.9
d 1352 145 8.1 3.1 5.6 0.263 354
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Fig. 10. Histogram and boxplot of Symax acquired from Barton, and other methods. Barton’s method values are distributed in a wide range, reflecting the
same distribution of breakout widths. The means and standard deviations of the Blanton, Poroelastic and Kidambi methods are similar with the latter having
the lowest standard deviation. Although the higher values of Symax for Wonnerup member is mostly because of its greater depth, the values from Barton

show a wide overlapping range for both Yalgorup and Wonnerup.

Such an uncertainty substantially reduced the reliability of
the application of breakouts data in estimating maximum
horizontal principal stress to reasonable degrees of accuracy
in the studied area. The estimation of Sy max from breakouts
information from image logs relies on the calculated width
of the induced fractures. Different estimates of width lead to
a substantial range of calculated values for Symax at a given
depth and a given Sjpin. The wider the breakouts, the more
limited the associated stress polygon, and the more unstable
the borehole wall is deemed to be.

For example, in the Fig. 12a, the stress polygon is shown
for depth 851 m where a 50° wide breakout was observed.
However, the uncertainty of the width of the breakout taking
into account the two meters above and below that depth point
varies from 60° to 40°. Such large uncertainties can result
in a substantial possible range of stress magnitude estimates
applying to limited depth intervals. The shaded zones in the
polygons shown in Fig. 12 provide the most likely ranges
for Spmax based on the most abundant breakouts and the
Snmin gradient observed in Harvey-1 at each specific depth

evaluated. This implies that any wellbore failure that leads to
a Symax estimate outside the shaded zone in Fig. 12 should be
considered as erroneous. This means that as the breakout width
increases the range of possible horizontal stress becomes more
limited (e.g., Fig. 12c) implying that a wellbore is more prone
to fail. In contrast, when breakouts occur with a small width
(e.g., Fig. 12a) a broader polygon results implying a greater
range of possible horizontal stress.

5. Conclusion

In this study a comparison between the maximum hori-
zontal stresses derived from breakout-width and poroelastic
methods have been calculated and compared. The results
obtained for the breakout method are distinct from the other
methods and shows a wide scattered range of Symax values.
This scattered calculated-stress pattern can be attributed to
the wide range and large standard deviation of the breakout
widths. S,min values calculated by all poroelastic methods
tare comparable with each other in magnitude. This suggests
that the wide range of calculated Sgymax values might not be
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Failure Type
[ 1] Shear Failue Wide Breakout
[ 2] Shear Failue Shallow Knockout
[ 3] Shear Failure Narrow Breakout
[ 4] Shear Failure Low-Angle Echelon
[ 5] Shear Failure High Angle Echelon
[ 6] Shear Failure Deep Knockout
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Fig. 11. Identified shear-failures for Harvey-1 based upon estimated Sgmax values from all four methods. This model is limited to depths in which breakouts
occurred. The failure types with respect to the Blanton, Kidambi and poroelastic Sgmax values are mostly classified under high angle echelon. In contrast,
narrow breakout, deep knockout and high angle echelon are frequent fracture types from Barton’s point of view.
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Fig. 12. Stress polygon or zobackogram at four depth points where breakouts were frequent. a, b, ¢ and d are 851, 1,049, 1,132 and 1,302 m respectively.
Simin range of King et al. (2008) for Harvey-1 was used and Spmax for three different widths at each point were calculated and plotted. The red lines are the
average width at each depth point and blue and green lines are width at +2 meters of the depth points, respectively.

reasonable. This mismatch in Spmax calculated by different
methods is also associated with discrepancies in the failure-
type classification of the wellbore, by the different methods.
Breakouts are known to result in a wide range of failure
types. The poroelastic equations classify all the fractures
as high-angle echelon shear failures. These results reveal
that failures within the Harvey-1 borehole do occur with
different shapes (some non-planar) and displaying a range
of angles to the horizontal plane. On the other hand, a key
assumption of Barton et al. (1988)’s equation is that breakouts
are considered to be limited to features occurring in the
horizontal plane. Furthermore, the analysis of stress polygons
reveals that maximum horizontal stresses from breakouts show
very irregular patterns at different specific depth intervals in
the Harvey-1 well. Many of those estimates fall outside the
feasible Sgmax zones delimited by the stress polygons. These
findings emphasize the importance to develop more realistic
approaches to constrain estimations of rock stresses from
wellbore breakout data.

Overall, the occurrence of breakouts within a wellbore
might not be necessarily in the horizontal plane perpendicular
to the borehole axis. In addition, measuring breakout width
from images can be associated with unwanted uncertainties
relating to the type of breakouts and/or abrupt changes of
their width across small depth intervals. Conducting stress
polygon analysis is essential to obtain meaningful breakout
stress-constraint limits. This is because stress polygons are in-

dependent of the uncertainties associated with breakout width
measurements and cover a broad range of possible widths. The
failure type identification based upon Spmax values derived
from poroelastic methods can also help calibrate the breakout
outcomes. These findings emphasize the importance of inte-
grating stress-field analysis from several methods in order to
generate realistic estimates of Spymax from breakout data.
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