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Abstract The stability of wells drilled into bedded for-
mations, e.g., shales, depends on the orientation between
the bedding and the borehole axis. If the borehole is drilled
sub-parallel to bedding, the risk of borehole instabilities
increases significantly. In this study, we examined the
formation of stress-induced borehole breakouts in Posido-
nia shale by performing a series of thick-walled hollow
cylinder experiments with varying orientations of the
bedding plane with respect to the borehole axis. The thick-
walled hollow cylinders (40 mm in diameter and 80 mm in
length containing an 8 mm diameter borehole) were loaded
isostatically until formation of breakouts. The onset of
borehole breakout development was determined by means
of acoustic emission activity, strain measurements, ultra-
sonic velocities and amplitudes. The critical pressure for
breakout initiation decreased from 151 MPa by approxi-
mately 65 % as the bedding plane inclination changed from
normal to parallel to the borehole axis. The finely bedded
structure in the shale resulted in an anisotropy in elasticity
and strength from which the variation in strength domi-
nated the integrity of the thick-walled hollow cylinders.
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1 Introduction

An increasing number of wells are being drilled into shale
formations because 75 % of all sedimentary basins
worldwide contain shale formations (Pei 2008), where
shales form the cap rock of conventional oil- and gas res-
ervoirs or in stratigraphic units are used for CO, seques-
tration. More recently, exploitation of shale formations is
strongly growing since they are import unconventional oil
and gas reservoirs (e.g., Allix et al. 2006; Boyer et al.
2006). Furthermore, shale formations are also potential
host rocks for nuclear waste storage, e.g., in Opalinus Clay
(Martin and Lanyon 2003) or Boom Clay (Labiouse et al.
2014). However, a number of instability problems are
encountered while drilling or excavating shale formations;
especially with decreasing angle f§ between the bedding
planes and the borehole axis (Fig. 1), often referred to as
‘angle of attack’ (Atkinson and Bradford 2002; Gallant
et al. 2007; Gazaniol et al. 1995; Khan et al. 2011; Martin
and Lanyon 2003; Ottesen 2010; @kland and Cook 1998;
Zoback 2010).

The structural heterogeneity of shale is attributed to the
orientation distribution of minerals and organic matter,
typically resulting in the formation of weak bedding planes
(e.g., Chenevert and Gatlin 1965; Gallant et al. 2007) and a
pronounced elastic transverse isotropy (TVI) (Dewhurst
and Siggins 2006; Johnston and Christensen 1995; Vernik
and Liu 1997; Wenk et al. 2008), meaning that properties,
e.g., elastic constants and strength properties, parallel to the
bedding are isotropic but vary across them (Chong and
Smith 1984).

TVI results in an inhomogeneous stress distribution
around boreholes that depends on borehole orientation and
the orientation of the deviatory stress fields with respect to
bedding (Lekhnitskii 1968; Amadei 1983). Several
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Fig. 1 a Top view of a
deformed thick-walled hollow
cylinder (PN3) with borehole
oriented almost parallel to the
bedding planes showing
borehole breakouts.

b Schematic cross-section of the
thick-walled hollow cylinder
geometry. o is the angle
between the normal to the
bedding plane and the borehole/
specimen axis (Z) and f§ is
referred to as the dip angle. The
strike of the bedding planes is
oriented parallel to the x-axis
direction

analytical solutions and modeling results exist that predict
the stress distribution and borehole collapse or fracture
initiation pressures around deviated boreholes in TVI rocks
(Aadnoy 1989; Ong and Roegiers 1993, 1996; Gupta and
Zaman 1999; Pei 2008). The differences between isotropic
and TVI rocks are negligible if the borehole axis is oriented
normal to bedding. In this case, the stress field close to the
borehole can be calculated from the stress concentration
around a hole in an infinite, linear elastic, and isotropic
plate (e.g., Zoback 2010). However, neglecting the
anisotropy for any other orientation, as commonly done in
drilling applications (Gaede et al. 2012; Khan et al. 2011;
Birchwood and Noeth 2012), may result in significant
errors of stress estimates (Bliimling 1986).

In anisotropic rocks bedding plane slip may have a
significant effect on borehole and casing stability (Addis
et al. 1993; Dusseault et al. 2001; Gazaniol et al. 1995;
@kland and Cook 1998; Russell et al. 2003; Skelton et al.
1995; Willson et al. 1999) and has been estimated previ-
ously (e.g., Daemen 1983; Gallant et al. 2007; Lee et al.
2012; Vernik and Zoback 1990). However, the consider-
able effect of elastic anisotropy has been ignored so far in
these analyses.

Experimental studies on shale have been done mainly
on samples with boreholes drilled either parallel or per-
pendicular to the bedding (e.g., Aoki 1993; Labiouse and
Vietor 2014; Labiouse et al. 2014; Meier et al. 2013). In
tests on thick-walled hollow cylinders (TWHC) with
bedding planes parallel to the borehole axis Labiouse and
Vietor (2014) and Labiouse et al. (2014) observed that
breakouts typically initiate at four positions around the
borehole wall, leading to a four-lobed breakout pattern in
the initial phase of loading. At higher loads, successive
buckling failure may occur in direction normal to the
bedding (@kland and Cook 1998; Bliimling et al. 2007,
Labiouse and Vietor 2014). Under isostatic stress condi-
tions and with bedding planes normal to the borehole axis
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Meier et al. (2013) showed that breakouts in shales initi-
ated without any preferred orientation. Just a few studies
investigated borehole stability of shales with inclined
bedding plane orientations. For instance, @kland and Cook
(1998) performed TWHC experiments on organic rich
Draupne shale from the North Sea and from an outcrop
reference shale (J2) to investigate borehole instabilities
encountered in highly inclined wells (f < 10°) drilled in
the North Sea. The tests were performed with bedding
inclinations of 0°, 10°, 45° and 90°. Experiments con-
ducted on samples with bedding planes parallel to the
borehole axis (f = 0°) resulted in unstable failure at low
pressures, whereas tests with f > 80° required high
pressure to initiate borehole instabilities. Based on these
experimental observations, the encountered borehole
instability problems in the field were reduced by
increasing the ‘angle of attack’ to >30°, indicating the
necessity to study the influence of bedding planes on
borehole stability in shales.

Here, we present a series of TWHC experiments on
Posidonia shale with varying ‘attack’ angles between
bedding plane and borehole orientation. The laboratory
investigations simulated a drill path which deviates from
vertical to horizontal through finely bedded shale to study
potential changes in failure processes involved in the for-
mation of borehole breakouts. The TWHC experiments are
also simulated in a finite element modeling to account for
the stress field in the TVI shale.

2 Experimental
2.1 Test Material
Samples were prepared from Posidonia shale cores of the

Hills syncline in the Lower Saxony Basin, NW Germany.
This Lower Jurassic shale was buried to depths of up to



Influence of Bedding Angle on Borehole Stability

1537

Table 1 Petrophysical parameters of tested Posidonia shale (Meier
et al. 2013)

Maturity 0.88
Porosity (%) 1.1 £0.3
Avg. pore throat (nm) <4.1
Calcite content (wt%) 473 £ 0.5
Clay content (wt%) 278 £ 1.6
Quartz content (wt%) 172+ 04
Pyrite (wt%) 534+02
Total organic carbon, TOC (wt%) 58 +0.3
Water content (wt%) ~1

Table 2 Uniaxial compressive strength (UCS) and elastic properties
(Young’s modulus E, Poisson’s ratio v, shear modulus G) of trans-
verse isotropic Posidonia shale

Eyy 17.3 GPa EZ 10.4 GPa

Vay 0.18 Vay 0.30

Gy 8.9 GPa G, 5.5 GPa
UCs,, 75 £ 7 MPa UCS, 115 £ 7 MPa
UCSys 60 £ 10 MPa

n 1.66 Vyz 0.17

Values marked with * are taken from Meier et al. 2013. Indices xy and
z denote parallel and perpendicular to bedding, respectively

~ 1,800 m before being uplifted to the sub-surface (Mann
et al. 1990). The cores, retrieved from a depth interval of
41-51 m, represent a carbonate rich, mature oil shale with
a vitrinite reflectance Ro of 0.88 % (Littke et al. 1988). The
porosity measured by mercury porosimetry is about 1 %.
The dark gray to black samples show fine bedding, defined
by calcareous bands of maximum I mm thickness and
layered organic matter with embedded sub-parallel
framboidal pyrite flakes.

The unconfined compressive strength (UCS) parallel to the
bedding (index xy) is (35 %) lower than perpendicular to
bedding (index z) and distinctly (48 %) lower diagonal to
bedding (index 45). Young’s moduli are also anisotropic with
E.JE. =n ~ 1.7. Poisson’s ratios were found to be v,, =
n-vy,, where v, is the Poisson’s ratio in opposite loading
direction to v,,, being a pre-requisite for transverse isotropic
elasticity. The shear modulus normal to bedding can be esti-
mated for oil shales by (Chong and Smith 1984) G, = E,,/
(1 + n + 2nv,,) and the shear modulus parallel to the bed-
ding, i.e. in the plane of symmetry, is given by G,, = E,,/
(2 + 2v,). Measured petrophysical and geomechanical
parameters are given in Tables 1 and 2, respectively.

2.2 Specimen Preparation

Cylindrical specimens were drilled out of the core material
under dry conditions with bedding plane orientations o

(90° — p) between 30° and 86° (Fig. 1). The samples were
ground to 40 mm diameter and 80 mm length with parallel
end surfaces with an accuracy <20 pm. Finally, a central
borehole of 8 mm diameter was drilled dry into the sample
using a solid carbon drill bit. During preparation of the
thick-walled hollow cylinder, dust and drill cuttings were
removed by a high-power vacuum cleaner. Specimen
dimensions are given in Table 3.

2.3 Experimental Techniques

Each sample was equipped with two pairs of strain gauges
and jacketed using 2 mm thin rubber sleeves. Strain
gauge signals in circumferential (e..) and axial ()
direction were stored with a sampling rate of 2 Hz (HBM
MGCplus) with an accuracy of +3 % at positions parallel
and normal to bedding. In addition, twelve acoustic
emission (AE) sensors were glued directly onto the
sample surface and sealed with epoxy resin. The sensors
with a resonant frequency of about 2 MHz were used to
record AE and to measure elastic p-wave velocities, (v,),
and elastic p-wave amplitudes in axial and radial direc-
tion. Transducer signals were amplified by 60 dB using a
pre-amplifier equipped with a 100 kHz high-pass filter
(Physical Acoustic Corporation). AE’s and ultrasonic
waveforms were stored using a 16 channel transient
recording system (DaxBox, Prokel GmbH) with an
amplitude resolution of 16 bit at 10 MHz sampling rate.
All experiments have been performed in a stiff, servo-
controlled loading frame (MTS), equipped with a
200 MPa confining pressure vessel. For non-destructive
visualization of fractures within deformed samples, we
used an X-ray computer tomography system (X-ray CT,
Phoenix X-Ray nanotom 180NF) with an operation volt-
age of =150 kV under ambient pressure conditions.
Resolution of the scans varied between 22 and 40 pm per
voxel.

Subsequently, the microstructures were analyzed on thin
sections prepared normal to the borehole axis using a
scanning electron microscope (SEM, Carl Zeiss SMT-
Ultra 55 Plus) in normal and backscattered scanning elec-
tron mode.

2.4 Experimental Procedure

A total of six thick-walled hollow cylinders with
30° < o < 86° were loaded by increasing the isostatic
pressure at a rate of 1-2 MPa/min until formation of
borehole breakouts. The borehole was kept at atmospheric
pressure. For each sample, axial and radial strain, AE
activity, ultrasonic p-wave velocity and amplitudes were
recorded to detect breakout initiation. Unloading of sam-
ples was performed at a rate of 2—4 MPa/min.
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Table 3 Specimen geometry, loading rate and critical isostatic confining pressures for borehole breakout formation estimated from the onset of
AE activity (Pag), ultrasonic amplitude (P,mp), ultrasonic velocity (Pyp), and circumferential strain (P,)

Sample name b (mm) 1(mm) a(mm) o (°) Rate (MPa/min) Pag (MPa) P,,, (MPa) P,, (MPa) P;(MPa) P* (MPa)
PN1 40 80 6 0 1 138 170 160 159 157+ 10
PN2 50 80 10 0 0.5 130 - 144 144 140 + 4
PN* 50 80 8 0 - - - - - 151 £5
PN3 40 80 8 864 +04 0.5 49 53 54 52 52+2
PN4 40 80 8 784 +09 2 - 62 61 59 61 £2
PN5 40 80 8 733 +28 1 - 62 62 53 59 +8
PN6 40 80 8 63.0+£05 1 - 82 79 76 79 +£3
PN7 40 80 8 536 1.1 1 - 88 88 86 87 +5
PNS 40 80 8 30 £2.0 1 126 - - - 126-10

b is specimen diameter, / specimen height, a borehole diameter, and « is dipping angle, PN* is interpolated between PN1 and PN2 using the data

from Meier et al. (2013)

3 Results
3.1 Borehole Breakout Initiation Pressures

3.1.1 Ultrasonic Velocities, Amplitudes and Acoustic
Emission Measurements

Generally, the measured v,, of the specimens increased with
increasing confining pressure. Differences of v,, are related
to the bedding plane orientation. Measurements parallel to
bedding exhibited the highest velocities (4.0 £ 0.3 km/s at
0.1 MPa pressure), whereas the lowest velocities
(3.4 £ 0.2 km/s at 0.1 MPa pressure) were recorded nor-
mal to bedding. Intermediate velocities were measured
along traces inclined 45° to the bedding (Fig. 2a).
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Fig. 2 a Radial ultrasonic velocities versus isostatic pressure mea-

sured for specimen PN3. P, in the curves indicate the onset of
borehole breakouts. b Derivative of isostatic pressure changes with
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Measurements non-parallel to the bedding planes showed a
distinct drop of v,, upon reaching a certain pressure, which
is interpreted as the onset of breakout formation, P,y
Measured ultrasonic amplitudes followed the same
behavior as the measured v, but difference in magnitude
could not be related to the bedding plane orientation.
However, at a certain pressure, Pamp, we observed a
marked drop in amplitudes, which sets the onset of bore-
hole breakouts.

Due to the low amount of strong minerals (quartz,
pyrite) in the investigated shales, AE’s were rarely
observed during loading, in contrast to sandstones loaded
under similar conditions (e.g., Dresen et al. 2010; Pap-
amichos et al. 2010). If present, the AE hypocenters were
located close to the borehole with an estimated location
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change of the associated circumferential strain versus isostatic
pressure. P, marks the onset of breakout development
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error of =3 mm. A distinct onset or increase in AE activity,
indicating breakout nucleation at pressure Pag, was
observed only in two experiments (see Table 3).

3.1.2 Strain Measurements

Figure 2b shows the development of AP/Ae. versus
P. A¢gi. was measured parallel to the strike of the bedding
except sample PNS5, where Ae.;,. was measured normal to
the strike of the bedding. The curves depict initially a
continuous, almost linear decrease with increasing pres-
sure. At elevated pressures the samples showed a non-lin-
ear compaction behavior, probably due to the formation of
inelastic crack damage at the borehole indicating the for-
mation of borehole breakouts at a critical pressure, P,
which depends on the bedding orientation. Beyond P, the
curve dropped significantly during sample compaction,
indicating further inelastic deformation of the borehole.

3.1.3 Critical Borehole Breakout Initiation Pressures

The average critical isostatic pressure required for breakout
nucleation, P*, is given in Table 3, based on strain, AE
activity, and ultrasonic p-wave data. For sample PNS, only
AE activity was recorded during loading up to 133 MPa
pressure. Here, we used additional X-ray CT scans of the
deformed specimen after unloading, which showed initial
breakout formation. The critical pressure at breakout ini-
tiation depends on borehole orientation with respect to
bedding as shown in Fig. 3. P* decreased almost linearly
by 65 % from ~ 151 MPa at o = 0° (normal to bedding) to
~52 MPa at « = 86.4° (almost parallel to bedding). Note
that the borehole diameters of samples PN1 and PN2 were
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Fig. 3 Decrease of the critical pressure P* for borehole breakout
initiation with increasing dip angle «. Note that specimens PN1 and
PN2 (a = 0°, open squares) have different borehole diameters (6,
10 mm) compared to the remaining samples (8 mm)

6 and 10 mm, respectively. Interpolation of P* between
PN1 and PN2 gave P* = 151 MPa for a borehole diameter
of 8 mm for oo = 0° (PN1 and PN2 taken from Meier et al.
2013). The decrease of P* for thick-walled hollow Posi-
donia shale cylinders with increasing angle o can be
approximated by a linear equation of the form P*
[MPa] = 163.1 [MPa] — 1.34a [°] (R* = 0.98).

3.2 Microstructural Observations

Based on microstructural investigations, initial failure
seemed to be always related to slip on bedding planes,
leading to a four-lobed breakout pattern. Further loading
beyond breakout initiation triggered shear or buckling
failure depending on the bedding plane dip (Fig. 4).

3.2.1 Breakout Formation in Boreholes Oriented
Sub-parallel to Bedding

For specimens with bedding planes intersecting the bore-
hole axis at angles of 63° < o < 86°, failure initiated at the
borehole wall where the bedding planes are expected to be
favorably orientated for shear failure, i.e. 20°—45° to the
strike of the bedding (Figs. 4, 5). During loading beyond
P*, small, crescent-shaped fragments were ejected into the
borehole resulting in nearly rectangular cross sections as
also observed in soft clays (e.g., Labiouse and Vietor
2014).

Sample PN4 was loaded 25 MPa beyond the breakout
initiation pressure causing intense crack damage (Fig. 4).
The X-ray CT images (Fig. 5) indicate that the progressive
crack damage occurred by separation of the rock material
into blocky fragments of 0.5-3 mm thickness normal to
bedding. These are subjected to bending and increasing
tangential stress eventually leading to buckling failure.
Breakout propagation appears to be normal to the strike of
the bedding planes.

3.2.2 Wellbore Damage in Boreholes Oriented Normal
to Bedding

For samples with bedding planes oriented normal to the
borehole axis, i.e., & &~ 0°, spiral-shaped shear fractures
developed around the borehole. This fracture pattern in
Posidonia Shale can be successfully modeled using the
Mohr-Coulomb failure criterion (Meier et al. 2013). The
observed breakout depth varied along the borehole axis,
possibly related to material heterogeneities such as differ-
ent clay content, clastic minerals and porosity.

For 30° < a < 63°, fractures initiated at about 45° to the
strike of the bedding. The fractures propagated along the
bedding planes but reoriented into a borehole tangential
direction at some distance from the borehole, revealing a
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Fig. 4 Images of breakout
pattern for different bedding
plane dip angles. The strike of
the bedding planes is horizontal
in all images

lamination

Fig. 5 X-ray CT scans showing
one quarter of deformed
specimens a PN3 and b PN4
with oo = 86° and 78°,
respectively. The bedding plane
orientation is highlighted by a
dashed yellow line. Arrows
indicate fractures initiated
parallel to the bedding (color
figure online)

double-lobed breakout pattern. Along the borehole wall the
fractures followed the bedding planes (Fig. 6).

4 Discussion

To explain the influence of the dip angle on stress-induced
borehole breakouts in shales, we consider the contributions
of elastic and strength anisotropy. The elastic anisotropy is
caused mainly by the variations of porosity, organic
material and mineral composition between layers of the
shale matrix. In contrast, the anisotropy of strength
parameters is mainly associated with the existence of weak
bedding planes. In the following, we use finite element
modeling to analyze the effect of elastic anisotropy on the
stress field in a transverse isotropic TWHC with varying
bedding plane orientation subjected to isostatic loading.

@ Springer
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The determined stress field is then used to evaluate the
stresses operating on the bedding planes. From this ana-
lysis, the width of potential failure regions around the
borehole wall is estimated for different bedding plane
orientations and compared to models based on isotropic
material behavior.

4.1 Stress Field in a Transverse Thick-walled Hollow
Cylinder

One quarter of the cylindrical specimens of 40 mm diam-
eter and 80 mm height were meshed using a commercial
finite element (FE) code (Comsol Multiphysics). The mesh
size was fourfold refined by an arithmetic sequence toward
the 8 mm borehole (Fig. 7a). The borehole perimeter was
divided into 12 radial segments and 80 segments along its
height. In total, the mesh consisted of 11,520 hexahedra.
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Fig. 6 X-ray CT scans showing (a)
one quarter of specimens a PN7
and b PN6 with « = 53° and
63°, respectively. The bedding
plane orientation is highlighted
by yellow lines. Note that dip
angles of the bedding are
different, producing different
breakout patterns (color figure
online)

To model the stress distribution prior to failure, we
assumed a linear elastic material behavior using the
parameters listed in Table 2. The isostatic load was applied
to the mantle and top surface of the cylinder, whereas the
bottom surface was fixed with zero displacement in vertical
direction (along the z-axis) and without kinematic con-
straints in the XY-plane. The borehole wall was defined as a
pressure-free boundary.

In the simulation, the coordinate system of the applied
isostatic stress field coincided with the coordinate system
of the TWHC (X, Y, Z). In contrast, the coordinate system
of the material properties was rotated around the x-axis by
different angles o in order to simulate the varying dip of the
bedding planes with respect to the borehole axis. Hence,
the strike of the lamination was always in X-direction. For
each point in the FE model, the full stress tensor was
obtained in the X, Y, Z coordinate system from which the
tangential oy, radial g,,, and vertical stress o, are deter-
mined by

1 1
ao9 = = (oxx + oyy) — = (o6xx — gyy) cos 20 — axy sin 20

2 2
(1)

1
(O-XX + ny) +§(O-XX — O'yy) cos 260 + oxy sin 20

(2)

Opr =

N —

(b)

Oz =077 (3)

where 0 is the positive angle measured counterclockwise
from the x-axis toward the y-axis (see Fig. 7a).

Figure 7b and c shows the tangential and vertical stress
distributions versus 6 at the borehole wall, normalized to
the critical isostatic pressure P* for breakout initiation for
the bedding dip angles measured in our experiments. At the
borehole wall the radial stresses are equal to zero due to the
pressure-free borehole and are not shown.

In case of bedding planes orientated normal to the
borehole axis (¢ = 0°), a radial symmetric stress distribu-
tion is achieved due to isotropic material properties in
radial direction. This result is consistent with analytical
solutions for TWHCs based on linear elastic and isotropic
material behavior (e.g., Jaeger et al. 2007).

In case of bedding planes inclined to the borehole axis
(o0 # 0°) the model predicts two local tangential stress
maxima and one minimum, which progressively increase in
magnitude with increasing bedding plane inclination
(Fig. 7b). These stress distributions are in agreement with
analytical solutions for linear elastic and transverse iso-
tropic material behavior (e.g., Aadnoy 1989). At a dip
angle of o = 86° (PN3), the ratio gg¢/P* varies from 2.01
(0 = 45°) to 2.18 (0 =90°), which corresponds to a
maximum change of about 4.6 % in tangential stress
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Fig. 7 a FEM mesh consisting of 11,520 hexahedra with bedding
plane orientation represented by thick black lines. b Normalized
tangential stress and c vertical stress at the borehole wall for different

compared to isotropic material (ogpy/P* = 2.08). It is
interesting to note that the vertical stress changes with
dipping angle as shown in Fig. 7c. However, compared to
the experimental data the change in tangential and vertical
stress is too small to explain the observed decrease in the
breakout initiation pressure of the shale samples of about
65 % with increasing dip angle.

4.2 Stress Acting on Inclined Bedding Planes

Microstructural observations suggest that for o # 0° fail-
ure at the borehole wall is localized at the bedding planes

@ Springer

212

210

2.08

2.06

2.04

2.02

2.00 L L

1.05

1.00

0.95

0.90

0.85

Theta, 6 [°]

bedding plane orientations o versus azimuth angle 6 between strike of
bedding planes and stress direction

acting as planar weak zones. Therefore, we assume that the
nucleation of borehole breakouts occurs if the shear stress
parallel to bedding exceeds a critical value that initiates
local slip.

Shear stress, 7, and normal stress, ¢,, operating on
bedding planes with varying orientation can be expressed
by (Jaeger et al. 2007)

0, = O'X)(lz + O'yyl’l’l2 + Jzzl’l2 + 2(0’xylm + oyzmn
+ O'Xan) (4)

where [, m, n are the direction cosines of the normal to the
plane. For a TWHC with the strike of the bedding parallel
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T = \/(Jxxl + Oxym + axzn)2 + (O'X)ll + Oyym + Jyzl’l)2 + (zel + Oyzm + (’)'Zzl/l)2 — 0121 (5)

to the x-axis (see Fig. 7a), the direction cosines between
the axis of the borehole and the normal to the bedding
plane are given by

= \/1 — c0s(90° — )* — cos(a) = 0,
m = co0s(90° — a),
n = cos(a)
Inserting I, m, n into Eq. 4 and 5 yields

o, = O’yyl’l’l2 + Gzzl’l2 + ZJYZmI’l (6)

T= \/(axym + szn)2 + (gyym+ ayzn)2 + (oyzm + azzn)z — a2
(7)

Based on these relationships and accounting for the
stress field of the transverse isotropic shale cylinder, we
calculated the shear and normal stress acting on the weak
bedding planes. As shown in Fig. 8a and b, the shear
stress reaches a maximum at an angle of 0 = 45°
whereas the normal stress decreases monotonically with
increasing 6. The shear and normal stress for a TWHC
with bedding planes normal to the borehole axis (e.g.,
PNI1 in Fig. 8 a, and b) yields zero and the vertical stress,
respectively.

In most experiments performed on specimens with bed-
ding inclined to the borehole axis, initial failure occurred at
0 between 20° to 30° (PN3 to PN5). Assuming that failure
along bedding planes occurred for most tests at an average
0 = 25° £ 5° we can estimate the cohesion and friction
coefficient by applying a linear Mohr—Coulomb failure
criterion. Using the calculated shear and normal stresses at
0 = 25° (vertical lines in Fig. 8a, b), the estimated friction
coefficient py, is 0.37 (friction angle 20.3°) and the cohesion
Cy is 9.6 MPa for bedding plane slip in Posidonia shale.
Note, that samples with o = 0° are not taken into account
here since bedding plane slip is not possible. The estimated
friction coefficient and cohesion for the weak bedding
planes are distinctly lower than the cohesion and friction
coefficient determined for triaxial compression of intact
Posidonia shale specimens cored normal to bedding, i.e.
o = 0° (pers. comm. M. Makasi, Fig. 9).

The effect of weak bedding planes on potential failure
regions around the borehole is illustrated in Fig. 10 using
the results of the numerical simulations and accounting for
the difference between isotropic and TVI material. For low
inclination angles broad to double-lobed failure regions
form whereas distinct four-lobbed breakouts develop for
high bedding plane inclinations. Variations in failure
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Fig. 8 a Shear stress, and b normal stress along the borehole periphery. Dashed lines indicate 0 = 25°
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Fig. 9 Modeled shear versus normal stress for breakout initiation of
samples PN3 to PNS. Solid line represents the Mohr—Coulomb failure
criterion of intact Posidonia shale tested normal to bedding (pers.
comm. M. Makasi)

patterns between isotropic and TVI material are negligible
as expected from the relatively small differences in tan-
gential and vertical stress between isotropic and TVI
material behavior (see Fig. 7b, ¢). However, the modeled
slip zones are in good agreement with the observed initial
failure patterns, in particular at large dip angles.

4.3 Comparison to Another Approach for Predicting
Failure of Rocks Containing Weak Bedding Planes

Vernik and Zoback (1990) proposed a model to predict
borehole breakouts in isotropic rocks containing weak
bedding planes with different dipping angles. Using the
Mohr—Coulomb failure criterion the strength of those rocks
can be described by

2(Sw + :uWS3)
(1 — p, cotB)sin26

S =83+

—~

8)

PN*, 0° PN 8, 30° PN 7, 53.6°

)
3

J(

isotropic

(
\

(
(
c

PN 6, 63.0°

where 0 is the angle between the maximum principle stress
S; and the normal to the bedding plane and S, is the
intrinsic shear strength, which is given by

Sw =26y (/1 + 1+ 1) 9)

For a pressure-free borehole with S3 = ¢,, = 0 and
S1 = odg9 Eq. 9 and 10 can be re-written as

4Cw (V2 +1+p) (10)

oo0s = (1 — u,, cot0)sin20

which yields the maximum tangential stress the bedding
planes can sustain and borehole failure along bedding
planes is anticipated in case ggg > Gggy. If the strength
of the intact rock is lower than g for some arbitrary
0, failure for the intact rock is anticipated in case
ggo > UCS. This failure criterion is of a shoulder-type
form predicting equal strength parallel and normal to the
bedding and a reduced strength in between, which may be
applicable for some isotropic rocks containing weak
bedding planes (Donath 1961), but does not seem to fit
TVI rocks (Pei 2008), where the strength normal to
bedding is larger than parallel to bedding. We, therefore,
adjusted the criterion to fit the strength of Posidonia shale
based on the measured UCS (Table 2) using UCS, for the
strength normal to bedding (large 0) and UCS,, for the
strength parallel to the bedding (small 6). Figure 11
shows the predicted strength of Posidonia shale around
the borehole for different cohesions values. For a slightly
reduced C,, of 7 MPa compared to 9.6 MPa as obtained
from the TWHC test, the measured UCS at 45° can be
adequately fitted. Failure patterns predicted by this failure
criterion for the TWHC experiment (PN3) with bedding
plane sub-parallel to the borehole axis are shown in
Fig. 11 (inset), being in good agreement to the observed
failure patterns

PN 5, 73.3° PN 4, 78.4° PN 3, 86.4°
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D14
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Fig. 10 Modeled breakout pattern around the borehole for different bedding plane inclination angles in isotropic rock (fop) and TVI rock
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Fig. 11 Strength around one quarter of a borehole and predicted
breakout pattern based on a modified failure criterion proposed by
Vernik and Zoback (1990). Bedding plane strike is at 0 = 0°

5 Conclusions

The observed initial failure was due to slip along bedding
planes. This initial failure being a starting point for more
severe breakouts forming either as shear or buckling fail-
ure. The latter failure process occurred particularly in
boreholes sub- to parallel to the bedding planes, which
needed the lowest stresses to induce borehole breakouts.
This is in close agreement with documentations of borehole
instabilities drilled in bedded formations.

Numerical modeling of the stress field in the thick-
walled hollow cylinder showed that, depending on the
bedding plane inclination, the stress field varies up to
4.6 % from isotropic solutions. This stress anisotropy
induced by the anisotropy of the elastic constants is minor
and negligible in comparison to the strength anisotropy of
the rock. Borehole integrity in the tested Posidonia shale is,
hence, depending on the strength of bedding planes.

The strength of the weak bedding planes, in terms of
cohesion and friction coefficient, could be determined by
resolving the shear and normal stress on the weak bedding
planes at the onset of breakout initiation. The determined
strength parameters were then used to successfully predict
the observed breakout patterns at the beginning of breakout
development. Furthermore, the model of Vernik and Zo-
back (1990) was modified and applied to successfully on
shales.
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