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Abstract The aim of this study is to better understand the mechanisms controlling the initiation,
propagation, and ultimate pattern of borehole breakouts in shale formation when drilled parallel with and
perpendicular to beddings. A two-dimensional discrete element model is constructed to explicitly represent
the microstructure of inherently anisotropic rocks by inserting a series of individual smooth joints into an
assembly of bonded rigid discs. Both isotropic and anisotropic hollow square-shaped samples are generated
to represent the wellbores drilled perpendicular to and parallel with beddings at reduced scale. The isotropic
model is validated by comparing the stress distribution around borehole wall and along X axis direction with
analytical solutions. Effects of different factors including the particle size distribution, borehole diameter,
far-field stress anisotropy, and rock anisotropy are systematically evaluated on the stress distribution and
borehole breakout propagation. Simulation results reveal that wider particle size distribution results in the
local stress perturbations which cause localization of cracks. Reduction of borehole diameter significantly
alters the crack failure from tensile to shear and raises the critical pressure. Rock anisotropy plays an
important role on the stress state around wellbore which lead to the formation of preferred cracks under
hydrostatic stress. Far-field stress anisotropy plays a dominant role in the shape of borehole breakout when
drilled perpendicular to beddings while a secondary role when drilled parallel with beddings. Results from
this study can provide fundamental insights on the underlying particle-scale mechanisms for previous
findings in laboratory and field on borehole stability in anisotropic rock.

1. Introduction

Shales make upmore than 75% of drilled oil and gas formations worldwide and cause most wellbore-instability
problems during and after drilling. The drilling cost attributed to shale-instability problems is reported to be in
excess of one half billion U.S. dollars per year. Shales are inherently anisotropic in both stiffness and strength
due to their laminated structure which induce a complicated stress field in the circumference of the borehole
[Amadei, 1996]. The drilling process imposes stress redistribution which will lead to the creation of a so-called
excavation damage zone. Rock failure around the boreholes often results in certain types of failure zones, which
are valuable indicators of theminimumprinciple stress direction [Zoback et al., 2003, 1985]. Failure mechanisms
of boreholes in planes of weakness are still not fully understood. Wellbore instability is a multiple parameter-
dependent phenomenon as the formation of borehole breakouts is dominated by several factors, e.g., the in
situ stress, the material properties, the borehole diameter, and the support system [Brudy and Zoback, 1999;
Zhang, 2013]. Understanding borehole failure mechanism is important in optimizing well production, in efforts
to design stable wellbores, as well as in attempting to utilize the breakout shape for in situ stress determination
[Haimson and Song, 1993].

The formation of breakouts around borehole walls and underground opening has been studied extensively in
field, laboratory, and numerical modeling. Borehole problems in field appear to be caused by instability
related to bedding plane splitting rather to the conventional shear failure often encountered in boreholes
[Kupferschmied et al., 2015; Labiouse and Vietor, 2014]. In laboratory, reduced-scale experiments have been
extensively conducted to elucidate the mechanisms and process of stress-induced borehole breakouts
[Dresen et al., 2010; Ewy and Cook, 1990a, 1990b; Haimson and Song, 1993; Lee and Haimson, 1993; Zheng
et al., 1989]. The detailed cross-sectional shape of stress-induced wellbore breakouts has been studied.
Various modes have been reported in literatures, including the spiral-shaped [Meier et al., 2013], V-shaped
(or dog-eared), slot-like breakouts [Haimson, 2007; Haimson and Kovacich, 2003; Haimson and Lee, 2004]
and bedding-dominated breakouts [Meier et al., 2014]. The hollow cylinder simulation experiments have
revealed a very strong influence of the angle between the borehole axis and the bedding plane of the shale
[Labiouse and Vietor, 2014; Meier et al., 2013; Ong and Roegiers, 1993]. The samples cored in direction
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perpendicular to and parallel with the bedding planes behave very differently. For the former case, spiral-
shaped shear fractures develop symmetrically around the borehole [Meier et al., 2014]. For the latter one,
shear failure along conjugated planes was found in the plastic Boom Clay [François et al., 2014; Labiouse
et al., 2014], while bedding plane splitting and bulking emerged in the indurated Opalinus Clay
[Blümling et al., 2007; Labiouse and Vietor, 2014] and other shale formations [Ong and Roegiers, 1993]. It is
not completely clear in what direction the fractures grow to create a spalled piece and in what mode
the failure occurs and whether failure occurs first in rock matrix or weak layer [Labiouse et al., 2014].

Most rock mechanics analyses on stability of openings in rock formations should involve two key steps, first,
the calculation of stress distribution around the borehole and then the application of failure criteria to predict
failure [Al-Ajmi and Zimmerman, 2006; Gaede et al., 2012; Ong and Roegiers, 1993; Zheng et al., 1989; Zoback
et al., 1985]. Among the numerous proposedmodels in the literature, a linear elastic and isotropic constitutive
model, in conjunction with a linear failure criterion, is perhaps the most common approach. However, shale is
known to exhibit anisotropic properties both for deformation and failure due to their laminated structure.
Although analytical solution of the near-wellbore stress distribution in anisotropic formations has been devel-
oped [Amadei et al., 1983; Gaede et al., 2012, 2013] and anisotropic rock strength criterion has been applied to
evaluate the damage of the formation in the borehole vicinity [Lee et al., 2012; Zhang, 2013], stress redistribu-
tion after the creation of fractures is a dynamic process and the evolution of failure is difficult to be modeled
by constitutive method. To this end, the micromechanics-based approach, such as the Discrete Element
Method (DEM), may assist in understanding the physical process and underlying mechanisms of borehole
breakouts under different drilling directions, in situ stresses, borehole diameters, and anisotropy angles.

The particle-based DEMmethod [Cundall and Strack, 1979] has been applied in the studying of breakout geo-
metries and their formation mechanisms around openings in rock [Al-Busaidi et al., 2005; Cook et al., 2004;
Fakhimi et al., 2002; Potyondy and Cundall, 2004]. In particular, the failure process and underlyingmechanisms
of fracture-like borehole breakouts in porous sandstones have been examined based on the grain breakage
[Lee et al., 2015] and grain-crushing algorithm [Rahmati et al., 2014]. However, all of the previous studies were
performed on the isotropic model where the effects of rock anisotropy are ignored. Based on the synthetic
rock mass model [Ivars et al., 2011], DEM has been applied in the investigation of anisotropic behaviors of
jointed rock mass [Bahaaddini et al., 2013; Chiu et al., 2013]. But one should expect that for smaller openings
(e.g., borehole) intact rock anisotropy would bemore critical than anisotropy created by joints [Amadei, 1996].

In this study, the evolution of stress-induced borehole breakout in simulated Mancos shale at laboratory scale
is investigated by using a newly developed DEM approach in which the microstructure of intact anisotropic
rocks can be explicitly represented by inserting a series of parallel smooth joints into the bonded particle
model. The aim of this study is to explore the fracture processes and underlying micromechanisms contribut-
ing to different laboratory observations on the breakout of boreholes drilled in anisotropic rocks. In addition,
the effects of several factors, e.g., the particle size distribution, borehole diameter, and far-field stress aniso-
tropy, are systematically evaluated.

2. Numerical Methodologies
2.1. Bonded Particle Model

TheParticle FlowCode (PFC2D) [Itasca, 2008] developedby the ItascaConsultingGroup is adopted in this study
for the numerical simulations. In the numerical model, rock is represented by bonding an assembly of particles
at their contacts, and the equations of motion are solved using a time stepping, explicit scheme [Cundall and
Strack, 1979; Potyondy and Cundall, 2004]. The bondwill break if the stress acting on it exceeds the correspond-
ing strength. Once a bond fails, the stress will be redistributed, but this redistribution may not be adequate to
rupture theadjacent contacts [Choet al., 2007;Diederichs, 2000]. As a result, the crack-generatingprocess inPFC
is a stable process such that applied deviatoric boundary stressmust be increased to generate new cracks. The
advantage of DEM over other continuummethods is its ability to explicitly model the initiation and propaga-
tion of cracks from microscale to macroscale without applying complex constitutive laws [Cundall, 2001].

2.2. Smooth Joint Model

The smooth joint model was first proposed by Cundall et al. [1996] to represent fractures in jointed rock mass.
The smooth joint contact model allows particles at the joint surface experience relative slip on the specified

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012676

DUAN AND KWOK MICROMECHANISMS OF BOREHOLE BREAKOUT 2362



joint surface rather than sliding along the particle surface as depicted in Figure 1b. The behavior of joints can
be modeled by assigning smooth joint models to all contacts between particles that lie on opposite sides of
the joint. At these contacts, parallel bonds are removed and smooth joints are imposed in a direction parallel
with the joint planes. In this study, individual smooth joint contacts are imposed on the bonded particle
model to explicitly represent the inherent anisotropy of anisotropic rock. The algorithm and procedure for
the generation of inherently anisotropic samples will be discussed in the next section.

2.3. Inherently Anisotropic Model

The anisotropic properties of sedimentary rocks, e.g., shale, are caused by the oriented distribution of miner-
als and organic matters [Fjær and Nes, 2014; Meier et al., 2013]. Microscopic observations reveal that the dis-
continuities of intrinsic anisotropy are not necessarily continuous or straight (see Figure 1a) [Ambrose et al.,
2014]. In order to explicitly represent the microstructure of this type of rock, a novel approach has been pro-
posed by the authors [Duan and Kwok, 2015b; Duan et al., 2015a] based on the bonded particle model
[Potyondy and Cundall, 2004] and the smooth joint model [Ivars et al., 2011;Mas Ivars et al., 2008] as illustrated
in Figure 1b. To construct the inherently anisotropic model, a series of rigid discs are first created and bonded
at their contacts to represent the rock matrix (bonded particle model). After that any subhorizontal parallel
bonds (for instance those dipping within �10° to +10°) are removed and replaced with horizontal smooth
joint contacts (dipping 0°) to introduce the horizontal anisotropy. Similarly, samples with different anisotropy
angles (β, defined as the angle between the normal of beddings and the maximum principal stress direction)
can be generated.

Systematic parametric studies have been conducted to evaluate the effect of smooth joint properties (includ-
ing stiffness, tensile strength, cohesion, friction angle, friction coefficient, and number of weak layers) on the
macroscopic response of anisotropic rock model under both uniaxial compression and Brazilian test condi-
tions, based on which a step-by-step calibration procedure is proposed for the efficient selection of micro-
parameters [Duan and Kwok, 2015a, 2015b; Duan et al., 2015a]. The diverse macroscopic responses
between different rock types are found to be controlled by the difference between weak layer properties
on particle scale. Various failure modes, i.e., elastic mismatch, sliding wing crack, and compression-induced
tensile crack, are found to be the dominant mechanisms when β = 0°, 45°, and 90°, respectively. It is the tran-
sition of these micromechanisms that controls the anisotropic behaviors at sample scale [Duan and Kwok,
2015b; Duan et al., 2015a; Kwok and Duan, 2015]. This numerical approach provides a new way to study
the behaviors of inherently anisotropic rocks which can link the strength anisotropy, deformation behaviors,
and failure patterns on sample scale to the microstructure and particle-scale properties.

3. Calibration and Validation of Numerical Model
3.1. Calibration

The DEM model is calibrated to represent the mechanical behaviors of Mancos shale [Fjær and Nes, 2014]
under uniaxial compression test. In the laboratory, unconfined compression tests were conducted on

Figure 1. (a) Thin-section image of Bossier Shale [Ambrose et al., 2014]. (b) Generation of inherently anisotropic DEM sam-
ple based on the bonded particle model (BPM) [Potyondy and Cundall, 2004] and the smooth joint model (SJ) [Mas Ivars
et al., 2008].
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15mm diameter, 30mm long specimens drilled at every 15° of inclination. Calibration is conducted on rec-
tangular samples with size 50mm×25mm. The particle size follows a uniform distribution with
Rmin = 0.075mm and Rmax/Rmin = 1.66. The sample consists of ~37,000 particles, and there are about 125 par-
ticles cross the minimum dimension of the specimen. DEM samples with different anisotropy angles (β =0°,
15°, 30°, 45°, 60°, 75°, and 90°) are constructed, and uniaxial compression tests are performed on them.
Following the recommended procedures [Duan and Kwok, 2015a], the microparameters of parallel bond
and smooth joint are calibrated to match the variation of uniaxial compression strength (UCS) and Young’s
modulus obtained in laboratory as illustrated in Figures 2a and 2b, respectively. Corresponding micropara-
meters are listed in Table 1. The DEM model can capture the anisotropic characteristics of both strength
and deformation properties of Mancos shale, namely, the U-shaped curve of UCS and the constantly
increasing-shaped Young’s modulus as a function of anisotropy angle, which are also consistent with other
anisotropic rocks [Cho et al., 2012; Gatelier et al., 2002; Niandou et al., 1997; Rawling et al., 2002].

3.2. Model Generation and Boundary Conditions

The schematic of the numerical model used for the borehole breakout simulation and the adopted loading
path are illustrated in Figures 3a and 3b, respectively. Numerical tests are conducted on square samples
(50mm×50mm) with a hole in the center (D= 10mm). There are ~71,300 particles in the sample, and about
50 particles cross the borehole diameter. It is worthy emphasizing that the spherical elements are simply a
way to discretizing the model. We do not aim to represent the real particle size and size distribution of natural
rockdue to its heterogeneous and irregular characteristic. The selectionofparticle size is optimizedwith regard
to the representativeness of the calculation results and the computation time. In previous laboratory studies
[Haimson, 2007;Meier et al., 2014], it was found that samples cored in directions parallelwith andperpendicular
to the weak layers behave very differently. Thus, these two extreme cases are taken into account in this study.
Previous studieshavealso confirmed that thedifferencebetween isotropic and transverse isotropic rock is neg-

ligible when the wellbore is drilled per-
pendicular to beddings [Meier et al.,
2014]. Hence, the isotropic model with-
out weak layers is adopted to represent
the conditionwhenborehole drilled per-
pendicular to beddings and β0 = 45° is
adopted to represent the case when
the borehole orientated parallel with
weak layers as shown in Figure 3a.

During the test, the load is applied by
moving the top and bottom platens
with constant strain rate which is slow
enough to ensure quasi-static response
( _ε = 0.5 s�1). The locations of the two

Figure 2. Comparison between the variations of (a) uniaxial compression strength (UCS) and (b) Young’s modulus of
Mancos Shale from DEM modeling and laboratory tests [Fjær and Nes, 2014].

Table 1. Microparameters Calibrated for Mancos Shale

Microparameters Mancos Shale

Particle Stiffness, Ec (GPa) 23
Density, ρ (kg/m3) 3,169

Friction coefficient, μ 0.5
Parallel bond Stiffness, Ēc (GPa) 23

Normal strength, σc (MPa) 60 ± 13.5
Shear strength, τc (MPa) 60 ± 13.5

Smooth joint Angle range ±30°
Normal stiffness, kn (GPa/m) 43,000
Shear stiffness, ks (GPa/m) 43,000
Tensile strength, σc (MPa) 30

Cohesion, cb (MPa) 22
Friction coefficient, μc 0.5

Friction angle (°) 0
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lateral walls are adjusted based on the servomechanism to maintain constant K0, where K0 = σX/σY. Both σX
and σY are raised simultaneously until the collapse of borehole. Stresses acting on the platens are recorded,
and strains are calculated from the displacement of corresponding platens. In the numerical model, each
bond breakage is assumed to be a microcrack which can be classified into four categories: tensile failure of
parallel bond (crk_pn_n), shear failure of parallel bond (crk_pb_s), tensile failure of smooth joint (crk_sj_n),
and shear failure of smooth joint (crk_sj_s) according to their failure mechanisms. The same nomenclature
will be adopted in the following discussions.

3.3. Validation of the Numerical Model

For a cylinder hole in a thick, homogeneous, isotropic elastic plate subjected to effective minimum and max-
imum far-field principal stresses (σh* and σH*), the following equations apply [Haimson, 2007; Kirsch, 1898;
Zoback et al., 1985]:

σrr ¼ 1
2

σH� þ σh�ð Þ 1� a2

r2

� �
þ 1
2

σH� � σh�ð Þ 1� 4
a2

r2
þ 3

a4

r4

� �
cos2θ þ ΔPa2

r2
(1)

σθθ ¼ 1
2

σH� þ σh�ð Þ 1þ a2

r2

� �
� 1
2

σH� � σh�ð Þ 1þ 3
a4

r4

� �
cos2θ � ΔPa2

r2
(2)

σrθ ¼�1
2

σH� þ σh�ð Þ 1þ 2a2

r2
� 3

a4

r4

� �
sin2θ (3)

where, σrr, σθθ and σrθ are the radius, tangential, and shear stresses, respectively, acting around the borehole
wall. a is the radius of the hole, r is the point of interest, θ is the angular direction measured counterclockwise
from the direction of σH*, and ΔP is the difference between the fluid pressure in the borehole and that in the
formation. Since the existence of pore water pressure is ignored in this study, ΔP= 0. This well-known solution
can be utilized to validate the numerical model by comparing the stress distribution around the borehole wall
and along the x axis when the sample is loaded to the stage before the initiation of cracks.

In the DEM model, two sets of measurement circles (with diameter l= 2mm) [Itasca, 2008] are installed to
measure the stress state as shown in Figure 4. The first set consists of 36 measurement circles evenly located
around the borehole wall with r= 6.5mm. The second group is made up of 18 measurement circles located
along the x axis from x= 6.5mm to x= 23.5mm. Stresses measured from these measurement circles can be
transformed into the polar coordinate system following the equations below [Sokolnikoff and Specht, 1956]:

σrr ¼ σxcos2θ þ σysin2θ þ 2τxysinθcosθ (4)

σθθ ¼ σxsin2θ þ σycos2θ � 2τxysinθcosθ (5)

τrθ ¼ σy � σx
� �

sinθcosθ þ τxy cos2θ � sin2θ
� �

(6)

where σx, σy, and τxy are the stress components measured from the measure circles. Figure 5 compares the
stress distributions calculated according to the theoretical solution and that calculated according to the iso-
tropic DEM model around the borehole wall and along the x axis when the models are loaded εy= 0.08%

Figure 3. (a) Anisotropic model for stress-induced borehole breakout simulation. (b) Loading condition.
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under various K0. Generally, excellent agreement can be found between the DEM model and the analytical
solution. Under hydrostatic stress condition (K0 = 1.0), the stresses around the borehole are constant with
the maximum and minimum principal stresses obtained in the tangential and radius direction, respectively.
Considerable deviation of σθθ can be noticed around the borehole vicinity which may be attributed to the
heterogeneity nature of DEM model. The shear stress stays constant as zero due to the symmetric geometry
and loading condition. Along the x axis, σθθ decreases while σrr increases continuously until the two principal
stresses approach to the applied far-field stress.

Significant influence of far-field stress anisotropy on the stress distribution can be noticed when K0 = 0.8 and
1.25. Although the maximum principal stresses are still obtained in the tangential direction, the magnitude of
σθθ fluctuates periodically with θ (Figures 5a and 5e). The maximum magnitude of σθθ arises at the same
orientation with far-field minimum principal stress σh* (θ = 0° and 180° when K0 = 0.8, while θ =90° and
270° when K0 = 1.25). Notable fluctuation of shear stress (σrθ) can also be observed while the radius stress
(σrr) stays almost constant. Slight discrepancies can also be noticed between the DEM model and analytical
solution, which indicates the existence of high stress concentrations at some point due to the geometric het-
erogeneity resulting from packing of nonuniform-sized particles. Heterogeneity has been identified to have a
significant effect on the stress distribution [Lan et al., 2010] and rock strength [Fjær and Ruistuen, 2002]. The
inhomogeneity of particle size cause rock behavior deviates from true elastic and its effect on borehole
breakouts will be investigate in section 4.2 in detail.

4. Propagation of Borehole Breakouts in Isotropic Model
4.1. Borehole Breakout Under Hydrostatic Stress

Numerical test is first conducted on the isotropic model with D=10mm under monotonically increased
hydrostatic stress. The vertical stress-strain curve and increment of microcracks indicate a three-stage process
of breakout nucleation and growth as illustrated in Figure 6. At the initial stage, the stress-strain curve
demonstrates linear elastic relationship and no microcracks occur before σy reaches to 41.2MPa. After that
microcracks start to increase in a steady way until σy approaches to a critical hydrostatic stress
(P* = 68.2MPa) where the stress-strain curve shows a distinct inflection point and a sudden increase in the
cumulative microcracks can be found. This critical pressure has been determined in laboratory by means
of strain, acoustic emission activity, CT observations, and P wave velocities and amplitudes [Dresen et al.,
2010; Meier et al., 2013] and is assumed to denote the onset of borehole breakout formation. After breakout
nucleation, microcracks increase dramatically till the collapse of borehole. The borehole breakout process
obtained from the DEM model under hydrostatic stress condition agree well with those observed in labora-
tory on sandstone [Dresen et al., 2010] and shale when drilled perpendicular to beddings [Meier et al., 2014,
2013; Van den Hoek, 2001].

Figure 4. Location of measurement circles (a) around the borehole and (b) along the X axis. Diameter of the measurement
circles l = 2mm. Angle between adjacent measurement circles in the polar system is 10°. Distance between adjacent
measurement circles is equal to l/2.
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The geometry and patterns of borehole breakouts at different loading stages are illustrated in Figure 7. The
initial cracks are randomly distributed as breakout nucleates from the spots of local high stress concentration
in the borehole wall. Clusters of cracks can be observed at several points around the borehole wall when
εy=0.16%. The cracks are mainly made up of tensile failure of parallel bond which forms a shallow mesofrac-
ture penetrating into the rock in a direction subparallel to the borehole wall. As can be observed from
Figure 5b, stresses at the borehole wall are mainly in the tangential direction with non to very low confining,
which is close to the unconfined compression test condition, thus, compression-induced tensile cracks can
develop. As the applied far-field stress increases, more fractures emerge and head back for the surface of
borehole wall in a direction conjugate to the initial propagation. Breakout consistently grows along the bore-
hole wall and also propagates in a radial direction. With increase in depth, four V-shaped major symmetric
breakouts arise when εy= 0.24% with depth of about half of borehole radius. After that the breakouts seem
to be in an unfavorable position for further growth of failure and secondary fractures start to propagate from

Figure 5. Comparison between stress distribution calculated from the analytical solutions and that measured from DEM
model when the isotropic model is loaded to εy = 0.08% under different stress conditions: (a) K0 = 0.8, (b) K0 = 1.0, and
(c) K0 = 1.25. The left column show the stress around the borehole and the right column show the stress along the X axis.
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the tips of these fractures which ulti-
mately result in spiral-shaped shear frac-
tures around the borehole. Evolution of
the geometry and patterns of the break-
outs is in excellent agreement with pre-
vious failure modes observed on shale
[Meier et al., 2013] and other rock
formations [Van den Hoek, 2001] when
hydrostatic far-field stress conditions
are applied.

4.2. Effect of Particle
Size Distribution

To elucidate how particle-scale geo-
metric heterogeneity influences the
development of borehole breakout,
two more models with different size dis-

tributions (Rmax/Rmin = 1.40 and 1.80) are constructed and tested. In all of these simulations, particle size satis-
fies a uniform distribution with the medium particle size fixed as R50 = 0.1mm so that different models have
the similar resolution (number of particles cross the borehole diameter). In order to only look at the effect of
particle size distribution, the same particle and parallel bond properties calibrated in section 3.1 are assigned
to all models. Uniaxial compression tests conducted on these models characterize similar mechanical proper-
ties as listed in Table 2. The errors between them are within 10% with the most notable impact of microgeo-
metric heterogeneity found on the peak strength.

Significant influence of the particle size distribution can be found on the propagation and geometry of bore-
hole breakouts. The critical pressure (P*) increases from 66.6MPa when Rmax/Rmin = 1.40 to 76.6MPa when
Rmax/Rmin = 1.80. Most importantly, different failure patterns of borehole breakouts develop in samples with

Figure 6. Stress-strain curve and the increment of microcracks for the iso-
tropic model with D = 10mm under hydrostatic stress condition (K0 = 1).
P* represents the critical hydrostatic stress where the stress-strain curve
shows a distinct inflection point.

Figure 7. Propagation of borehole breakout under hydrostatic stress condition: (a) εy = 0.16%, (b) εy = 0.20%, (c) εy = 0.24%,
(d) εy = 0.26%, (e) εy = 0.28%, and (f) εy = 0.32% (Black lines represent tensile failure of parallel bond; red lines represent
shear failure of parallel bond.)
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different particle size distributions under hydrostatic stress conditions as shown in Figure 8. Spiral-shaped
shear fractures preferentially develop in an assembly that has a relatively uniform particle size distribution
(Rmax/Rmin = 1.40) which can be noted in Figure 8a. Similar patterns have been observed in laboratory hollow
cylinder tests on Posidonia shale drilled perpendicular to beddings as shown in Figure 8c [Meier et al., 2013].
In contrast, in a more heterogeneous system (Rmax/Rmin = 1.80), localized concentration of cracks typically
occurs at three locations around the borehole wall roughly 120° from each other as illustrated in Figure 8b.
The breakouts are nearly identical to these observed in Cordova Cream and St. Meinrad sandstone
(Figure 8d) as far as their number and orientation when the two horizontal principal stresses are equal
[Haimson, 2007]. These differences can be attributed to microstructural heterogeneities as local stress pertur-
bations that result from grain-shaped heterogeneity was found to have large effect on macroscopic proper-
ties [Lan et al., 2010]. Distribution of major principal stress (σθθ) around the borehole wall when

Table 2. Mechanical Responses Obtained From Uniaxial Compression Tests Conducted on Samples With Different
Particle Size Distributionsa

Particle Size Distribution
(Rmax/Rmin)

Number of
Particles

Uniaxial Compression Strength,
UCS (MPa)

Young’s Modulus, E
(GPa)

Poisson’s
Ratio

1.4 71,493 78.97 28.08 0.24
1.66 71,275 74.85 27.52 0.24
1.8 70,981 76.29 27.55 0.24

aUniaxial compression tests are conducted on samples with size 50mm× 25mm.

Figure 8. Distribution of microcracks when the model with (a) Rmax/Rmin = 1.40 loaded to εy = 0.24% and (b) Rmax/
Rmin = 1.80 loaded to εy = 0.26% (black lines represent tensile failure of parallel bond; red lines represent shear failure of
parallel bond) and the observations from laboratory tests: (c) Borehole breakout of hydrostatically loaded Posidonia shale
[Meier et al., 2013] and (d) Borehole breakouts of the St. Meinrad sandstone when σH = σh = 60MPa [Haimson, 2007].
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σY= σX=20MPa and 40MPa is compared in Figures 9a and 9b, respectively. The distribution of σθθ is more
fluctuated around the borehole wall in the relatively heterogeneous model than that in the homogeneous
model. The concentration of stress may cause localization of microcracks and ultimately lead to the different
failure patterns of borehole breakout discussed above.

4.3. Effect of Borehole Diameter

Size effect on the borehole breakouts is investigated in this section by performing numerical tests on samples
with D that vary from 2mm to 16mm. A total of eight tests are conducted under hydrostatic stress condition.
A significant decrease of the critical pressure (P*) required to nucleate breakouts with increasing borehole
diameter can be observed as summarized in Figure 10a. At the critical hydrostatic pressure P*, the maximum
principal stress exists in the tangential direction

σθθ ¼ P�� b2

b2 � a2
� 1þ a2

r2

� �
(7)

The minimum principal stress is obtained in the radial direction

σrr ¼ P�� b2

b2 � a2
� 1� a2

r2

� �
(8)

where b is half of the specimen length (25mm) in this study. The uniaxial compression strength (UCS) normal-
ized critical tangential stresses are plotted in Figure 10b versus borehole diameter. A similar trend is observed

Figure 9. Variation of maximum principal stress (σθθ) versus θ measured from the numerical model with various particle
size distribution (Rmax/Rmin = 1.4, 1.66, and 1.8) when loaded to (a) σY = σX = 20MPa and (b) σY = σX = 40MPa together
with the analytical solutions (solid line).

Figure 10. Effect of borehole diameter. (a) Reduction of the critical hydrostatic pressure P* for borehole breakout initiation.
(b) UCS-normalized critical tangential stress at the borehole wall for breakout nucleation and the corresponding ration
between shear cracks and tensile cracks versus borehole diameter.
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between the numerical model and
experimental results from various rock
types [Cuss et al., 2003; Dresen et al.,
2010; Ewy and Cook, 1990a; Meier et al.,
2013; Papamichos et al., 2010; Van den
Hoek et al., 1994]. Another phenomenon
worth noting is the transformation of
microcrack modes with the reduction
of borehole diameter. The ratio
between shear failures to tensile failure
of parallel bond at critical hydrostatic
pressure is plotted in Figure 10b, which
corresponds well with the trend of nor-
malized critical tangential stress. The
scale effect may partly be related to dif-
ferent failure mechanisms involved in
breakout formation as our previous stu-

dies on failure process of brittle rocks have confirmed that the ratio between shear failure and tensile failure
increases with the increase of confining pressure [Duan et al., 2015b].

A series of confined compression tests (confining pressure σ2 = 5, 10, 15, 20, 25, and 30MPa) are conducted
on the numerical model used for calibration. Figure 11 presents the variation of peak strength which can be
described by the following criterion:

σ1;peak ¼ 2:2344�σ2 þ 77:219 R2 ¼ 0:9968
� �

(9)

where σ1,peak is the peak strength under confining pressure σ2. By inserting equations (7) and (8) into the fail-
ure criterion (equation (9)), the relationship between P*, borehole diameter (a), sample size (b), and point of
breakout nucleation (r*) can be described as follows:

P� ¼ 77:219� b2 � a2

b2
� r*ð Þ2

3:2344�a2 � 1:2344� r*ð Þ2
 !

(10)

From equation (10), the location of breakout nucleation (r*) at critical pressure (P*) can be calculated as listed
in Table 3. Figure 12 illustrates the distribution of microcracks before and after P* when D= 2, 8, and 16mm,
respectively. For large boreholes (D= 8mm and 16mm), breakouts nucleate from the boundary of circles
defined by r* calculated from equation (10) with mechanism dominantly extensile cracking. When the borehole
is small (D=2mm), an overestimation of the size effect can be found as breakouts exceed the calculated range
and are strongly distorted on the sides when the fractures initiate (Figures 12a and 12d). This might be attributed

to the fact that for small borehole, the cri-
tical tangential pressure (σθθ at critical
hydrostatic stress stage) seems to
approach the grain-crushing pressure in
reality [Meier et al., 2013; Zhang et al.,
1990], whereas the mechanism is missing
in the numerical model.

4.4. Effect of Far-Field
Stress Anisotropy

Numerical tests with K0 = 0.8 and 1.25
are performed on the isotropic model
with D= 10mm to study the effect of
far-field stress anisotropy. Stress-strain
curves and increments of microcracks
are illustrated in Figures 13a and
13b, respectively.

Figure 11. Variation of peak strength versus confining pressures
obtained from confined compression tests and curve-fitted failure
criterion.

Table 3. Location of Borehole Breakout Nucleation Point Calculated
From Analytical Solution-Based Failure Criterion Obtained From
DEM Simulations

D (mm)a a (mm)b b (mm)c r* (mm)d

2 1 25 1.39
4 2 25 2.60
6 3 25 3.75
8 4 25 4.85
10 5 25 5.90
12 6 25 7.00
14 7 25 8.15
16 8 25 9.00

aD: borehole diameter.
ba: borehole radius.
cb: width of specimen.
dr*: distance from point of breakout nucleation to borehole center.
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Different from the spiral-shaped, relatively rounded breakout obtained under hydrostatic stress, significant effect
of far-field stress anisotropy can be observed from Figures 13c–13f. At the critical stage (Figures 13c and 13d),
tensile cracks behind the borehole in two zones aligned with σH proceed the development of breakouts which
display two V-shaped fractures on the opposite direction across the diameter along theminimumprincipal stress
direction (x directionwhen K0 =0.8 and y directionwhen K0 =1.25). In some cases, damage at the tip of the bands
involves grain crushing which ultimately results in slot-like fracture band with the aid of washing out in porous
sandstones [Haimson, 2007; Haimson and Lee, 2004; Katsman et al., 2009]. The mechanisms have been studied
with the introduction of particle breakage algorithms [Katsman et al., 2009; Katsman and Haimson, 2011; Lee
et al., 2015] which is beyond the scope of our study. With the increasing of far-field stresses, the associated dis-
turbance of the local stress field initiates new fractures in front of the breakout tip which results in dog ear-type
breakouts form by continuously extending the breakout to a deeper depth andwider span approximately similar
to the initial borehole radius. The sequential spalling of rock from the borehole wall results in episodic growth of
breakouts and ultimately leads to two symmetric V-shaped breakouts on opposite sides of the borehole along
the minimum far-field principal stress springline (Figures 13e and 13f). The simulated stress-induced borehole
breakout pattern is in good agreement with the observations in laboratory (Figure 13g) [Addis et al., 1990; Lee
and Haimson, 1993]. Therefore, the numerical model can be applied in the future investigation of the relationship
between borehole breakout shape and size with the direction andmagnitude of in situ stress [Haimson and Song,
1993; Vernik and Zoback, 1992; Zoback et al., 2003, 1985].

5. Propagation of Borehole Breakouts in Anisotropic Model
5.1. Effect of Rock Anisotropy on the Stress Distribution

Stress distributions measured from the isotropic and anisotropic models under three far-field stress condi-
tions: (a) σX= 16MPa, σY=20MPa; (b) σX=20MPa, σY= 20MPa; and (c) σX=25MPa, σY= 20MPa are com-
pared with the analytical solutions calculated form equations (1)–(3). One can tell from Figure 14 that the
existence of beddings significantly alters the stress distribution around borehole compared with conditions
in isotropic model. Significant fluctuation of σθθ and σrθ can be observed on the anisotropic model. Under

Figure 12. Distribution of microcracks (top row) before and (bottom row) after the critical tangential stress (P*) when the
borehole diameter D = 2, 8, and 16mm. Red short lines represent the shear failure of parallel bond; black short lines
represent the tensile failure of parallel bond. The solid circles represent the range of damage zone at critical tangential
stress calculated from the analytical solutions (with radius of r*).
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hydrostatic stress (Figure 14c), the maximum σθθ arises when θ is around 130° and 320° with the magnitude
of 39.3MPa, which exceeds 24% of the value calculated from equation (1) (31.8MPa). Under anisotropic far-
field stresses, both the magnitude and the orientation of the maximum σθθ differ from the isotropic model.
When K0 = 0.8, the maximum σθθ emerges around θ = 170° and 340° with the magnitude of 38.5MPa, appar-
ently higher than the isotropic case (σθθ =32.8MPa when θ = 0° and 180°). When K0 = 1.25, the maximum σθθ
is obtained at θ = 120° and 290° with the maximum σθθ = 47MPa, which is 14.6% higher than the isotropic
model (41MPa when θ = 90° and 270°).

Figure 13. Influence of far-field stress anisotropy. Stress-strain curve and increment of microcracks when (a) K0 = 0.8 and (b) K0 = 1.25. The distribution of microcracks
when (c) K0 = 0.8, εy= 0.20%; (d) K0 = 1.25, εy=0.14%; (e) K0 = 0.8, εy=0.30%; and (f) K0 = 1.25, εy= 0.18%. Red short lines represent the shear failure of parallel bond; black
short lines represent the tensile failure of parallel bond. (g) Wellbore breakouts in homogeneous rocks from laboratory test [Addis et al., 1990], from Zhang [2013].
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Variations of σθθ measured from anisotropic models versus θ are directly compared in Figure 15a. As same σY
is applied, tangential stress along the y direction (θ =0° and 180°) is equivalent for the three cases. Far-field
stress anisotropy leads to the deviation of maximum principal stress orientation which becomes closer to
the direction of minimum principal stress applied in the far field.

In the study of Fjær and Nes [2014], a modified “plane of weaknessmodel”was found to give a better representa-
tion of the anisotropic strength of the Mancos outcrop shale. This failure criterion consists of the criterion for
inherent failure and the criterion for failure along a weak plane as given in equations (11) and (12), respectively

UCS ¼ 2S0cosϕ 1� ηsin22β
� �

1� sinϕ
; when β < 45° or β > 71° (11)

UCS ¼ 2S0wcosϕw 1� ηsin22β
� �

sin2βcosϕw � cos2β þ 1ð Þsinϕw
; when 45° < β < 71° (12)

Figure 14. Comparison between stress distributions around borehole (left column) and along X axis (right column) mea-
sured from anisotropic DEM model, isotropic DEM model and calculated from isotropic analytical solutions under differ-
ent far-field stress conditions: (a) σX = 16MPa, σY = 20MPa; (b) σX = 20MPa, σY = 20MPa, and (c) σX = 25MPa, σY = 20MPa.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012676

DUAN AND KWOK MICROMECHANISMS OF BOREHOLE BREAKOUT 2374



where S0 is the inherent cohesion, ϕ is the corresponding friction angle, η is a free parameter which can be
determined experimentally, and S0w and ϕw are the cohesion and corresponding friction angle of the weak
planes, respectively. Parameters determined by Fjær and Nes [2014] in laboratory are adopted, and the UCS-
normalized major principal stress is given in Figure 15b. Different from the bimodal curve of tangential stress,
four crests can be identified on the normalized maximum principle stress, in which direction wellbore break-
outs are more likely to initiate. Of course, the above analysis is an inevitable coarse estimation due to the
ignorance of minimum principal stress and the fact that failure strength is a function not only of loading
direction but also of confinement [Niandou et al., 1997]. Properly accounting for the orientation- and
confining-dependent strength of shales can be critical for the successful design of drilling high-inclined wells
[Lee et al., 2012; Ong and Roegiers, 1993; Zhang, 2013].

5.2. Evolution of Borehole Breakout in Anisotropic Model

The stress-strain relationship and the increment of microcracks for the anisotropic model under hydrostatic
stress are illustrated in Figure 16, from which three distinct stages can also be identified. No microcracks
occur at the initial linear elastic stage until σy reaches to 20MPa. After that shear failure of smooth joint starts
to occur and increase in a slow and steady manner. The stress-strain curve maintains linear until σy
approaches to the critical hydrostatic stress (P* = 49.9MPa). During this stage, tensile failure of parallel bond
starts to arise but takes a small proportion. After σy exceeds P*, the stress-strain curve deviates from linear
elastic and more tensile failure of parallel bond emerges in a dramatic way until the collapse of wellbore.
The critical pressure (P*) decreases from 68.2MPa to 49.9MPa when borehole orientated parallel with bed-
dings, which is about 73% of the value when borehole is drilled perpendicular with weak layers. This result
is consistent with the results in laboratory conducted by Meier et al. [2014] on Posidal shale and provides
numerical evidence for the field observation that borehole instability problems were experienced when

drilling parallel or with small angle
between bedding direction in which
the breakout initiation is lower [Okland
and Cook, 1998].

Distributions of microcracks at various
loading stages are illustrated in
Figure 17. Initially, excessive shear load-
ing along the bedding planes in the tan-
gential orientations to the borehole
leads to the initiation of shear failure of
smooth joint, nucleating and growing
along bedding planes approximately
tangential to the borehole wall
(εy=0.12%). These cracks around the

Figure 15. (a) Variation of tangential stress (σθθ) versus the orientation when the far-field stress conditions (σX-σY) are
20MPa to 20MPa, 16 MPa to 20MPa, and 25MPa to 20MPa. (b) The UCS-normalized tangential stress as a function of
orientation.

Figure 16. Stress-strain curve and increment of microcracks for anisotro-
pic case (β = 45°) under hydrostatic stress condition (K0 = 1).
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borehole serve as starting points for more severe breakouts forming as buckling failure. Propagation of these
shear failures gives rise to the occurrence of tensile failure of parallel bond, which initiates from their tips and
propagates in the direction perpendicular to the weak layers due to the tensile stress field induced by bedding
slippage (Figures 17b and 17c) [Amann et al., 2011; Duan et al., 2015a; Rawling et al., 2002]. The interaction
between the shear failure of smooth joint and tensile failure of parallel bond results in a four-lobed breakout pat-
tern (Figure 17d). The locations of the four corners are consistent with the four crests marked in Figure 15b.
Cracks subparallel to the bedding planes open and lead to a buckling failure in two regions that extend from
the borehole in the direction normal to bedding (Figures 17e–17h). The width of the damaged region is similar
to the diameter of the borehole. The borehole breakout shape agrees well with that observed in laboratory on
hollow cylinder tests on Opalinus Clay [Labiouse and Vietor, 2014] and Posidonia shale [Meier et al., 2014], as well
as the observations obtained in field test on small holes [Kupferschmied et al., 2015; Labiouse and Vietor, 2014].

5.3. Effect of Far-Field Stress Anisotropy

Numerical tests on the anisotropic model with K0 = 0.8, and 1.25 are conducted to evaluate the effect of far-
field stress anisotropy on the breakout process and pattern when wellbore cored parallel with beddings.

Figure 17. Propagation of borehole breakouts in anisotropic model under hydrostatic stress (K0 = 1) condition: (a)
εy = 0.12%, (b) εy = 0.14%, (c) εy = 0.16%, (d) εy = 0.18%, (e) εy = 0.20%, (f) εy = 0.22%, (g) εy = 0.24%, and (h) εy = 0.26%.
Blue lines represent the weak layers; red lines represent failure of smooth joint; black lines represent failure of parallel bond.
(i) High-resolution XRCT scan of the central part of the Opalinus Clay hollow specimen cored parallel to the bedding planes
[after Labiouse and Vietor, 2014]. Dash lines represent the beddings.
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Same with previous cases, the fracture process can be divided into three stages (see Figures 18a and 18b):
linear elastic stage with none microcracks, linear elastic stage with steady increased cracks, and unstable
stage with dramatic development of cracks. Distributions of microcracks before and after the critical stage
are illustrated in Figures 18c–18f. For the anisotropic rock formation, the shape and orientation of the break-
outs are still bedding dominated, but apparent influence of far-field stress condition can be noticed. Distinct
difference between the onset of borehole breakout can be found in Figures 18c and 18d, namely, under ani-
sotropic far-field stress, concentration of microcracks arises in zones B and Dwhen K0 = 0.8 and in zones A and
C when K0 = 1.25. These phenomena are in excellent agreement with the variation of UCS-normalized max-
imum principal stress as shown in Figure 15b. With the ongoing of tests, fractures generally propagate in
the direction perpendicular to the bedding but still rotate slightly to the direction of minimum principal stress
(σxwhen K0 = 0.8 and σywhen K0 = 1.25). The percentage of microcracks at failure stage within different orien-
tations is plotted in Figure 19 for the anisotropic model with various K0 = 0.8, 1.0, and 1.25. Significant effect of
the far-field stress anisotropy can be identified.

Figure 18. Effect of stress anisotropy on the evolution of borehole breakout in anisotropic rock formation. Stress-strain
curve and increment of microcracks when (a) K0 = 0.8 and (b) K0 = 1.25. Distribution of microcracks when (c) K0 = 0.8,
εy = 0.18%; (d) K0 = 1.25, εy = 0.14%; (e) K0 = 0.8, εy = 0.30%, and (f) K0 = 1.25, εy = 0.22%. Blue lines represent the weak layers;
red lines represent failure of smooth joint; black lines represent failure of parallel bond.
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6. Discussion

In this study, DEM model is generated to
investigate the borehole breakout
observed in laboratory at reduced scale,
which does not have the dimension of a
real borehole. The selection of particle size
is optimized with regard to the balance
between the representativeness of calcula-
tion results and the computational burden.

According to the study of Potyondy and
Cundall [2004], the elastic constants of
PFC2Dmodels appear to be independent
of particle size by scaling the parallel

bond stiffness (k
n
and k

s
) as a function of

particle size via the following equations:

kn ¼ 2tEc; t ¼ 1 (13)

ks ¼ kn kn=ksð Þ (14)

k
n ¼ Ec

R Að Þ þ R Bð Þ (15)

k
s ¼ k

n
k
n
=k

s
� �

(16)

where R is particle radius and Ec and Ēc are the Young’s modulus of the particle and cement, respectively. kn/ks
and k

n
=k

s
are the ratios of normal to shear stiffness of the particles and cements, respectively. Mechanical

properties obtained from uniaxial compression tests conducted on samples with different particle sizes are
illustrated in Table 4. Both our simulation results (see Tables 2 and 4) and previous studies [Ding et al.,
2014; Koyama and Jing, 2007; Potyondy and Cundall, 2004] confirm that the effect of particle size on the
macroscopic responses under uniaxial compression test is not significant as long as the resolution is high
enough, namely, there is no constant increase or decrease trend.

For the borehole breakout problem, effect of particle size is examined by conducting two more series of
numerical simulations with different particle sizes, in which particle size follow the same uniform distribution
with Rmax/Rmin = 1.66 and Rmin = 0.15 and 0.2mm, respectively. All the numerical samples have the same size
(50mm×50mm), and borehole diameter (D) varies from 4mm to 16mm. The same microparameters as
listed in Table 1 are assigned to the particles and parallel bonds for all of the models. Simulations conducted
on the numerical models demonstrate the same effect of borehole diameter as illustrated in Figure 20, that is,
a significant decrease of the critical pressure (P*) required to nucleate breakouts with increasing borehole dia-
meter. Therefore, the borehole diameter effect is an emergent property of the DEMmodel which is indepen-
dent of selection of the particle size. Theoretically, borehole breakouts observed in the DEM model can
represent the breakouts observed in the field when the sample size and particle size are enlarged. In practice,
the length and spacing of weak layers inserted into the DEM model should be linked to the scale of bedding
observed in field in the study of field problem.

Table 4. Mechanical Properties Obtained From Uniaxial Compression Tests Conducted on DEM Model With Different
Particle Sizes (Sample Size 50 × 25mm, Particle Size Follow the Uniform Distribution With Rmax/Rmin = 1.66 and
Rmin = 0.075, 0.15, and 0.2mm, Respectively)

Cases Rmin (mm) UCS (MPa) Young’s modulus (GPa) Poisson’s Ratio

1 0.075 74.85 27.52 0.243
2 0.15 79.72 27.54 0.247
3 0.2 76.13 27.10 0.241

Figure 19. Orientation distribution of microcracks at the failure stage
(εy = 0.3% when K0 = 0.8, εy = 0.26% when K0 = 1.0, εy = 0.22% when
K0 = 1.25) from the anisotropic model loaded with different far-field stress
ratios.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012676

DUAN AND KWOK MICROMECHANISMS OF BOREHOLE BREAKOUT 2378



7. Conclusions

The evolution of stress-induced borehole breakouts in intact anisotropic rock is investigated in this study
based on the DEM modeling. The microstructure of sedimentary rock is explicitly represented by inserting
a series of parallel smooth joint contacts into the bonded particles. The numerical model can reproduce both
the strength and deformation characteristics of Mancos shale under uniaxial compression with various
dipping directions.

Excellent agreement exists between the stress distributions measured from the isotropic DEM model and
those calculated from the analytical solutions. Under hydrostatically increased stress, particle size distribution
plays an important role on the ultimate geometry of borehole breakout. Spiral-shaped shear fractures can be
obtained in relatively homogenous model, while three V-shaped concentrated fractures arise in the more
heterogeneous model. The critical hydrostatic pressure increases with the reduction of borehole diameter,
accompanied with the dominant failure mechanisms transforming from tensile failure to shear failure of par-
allel bond. Under anisotropic far-field stress, the borehole breakouts in isotropic model turn out to be two V-
shaped fractures aligning with the direction of minimum principal stress.

Existence of weakness significantly changes the stress concentration patterns around borehole wall as a
result of deformation anisotropy. It is the combination of stress distribution and strength anisotropy that
dominate the initiation of borehole breakout. Failure of smooth joint is found particularly prominent, while
far-field stress anisotropy plays a secondary important role. Ultimate fractures concentrate in two regions
which extend from the borehole in the direction normal to beddings under hydrostatic far-field stress, and
slight rotation to the direction of minimum principal stress can be noted when the far-field stresses are
unequal. The proposed numerical model can capture the development of stress-induced borehole breakout
in anisotropic rock formation in laboratory scale and thus provides an avenue to the further study of borehole
stability problems in field under more realistic conditions.
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