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ABSTRACT

Borehole instabilities pose significant challenges to drilling and completion operations, particularly in
regions with weak bedding planes and pre-existing fractures where formations have strong aniso-
tropies. The bedding planes, rock anisotropy, and their impacts on horizontal stresses are considered in
the proposed model to improve borehole stability modeling. This improved model enables to calculate
borehole failures and minimum mud weight along borehole trajectories with various drilling orienta-
tions versus bedding directions. Laboratory test data of rock compressive strengths are analyzed, and a
new correlation is developed to allow for predicting uniaxial compressive strengths in weak rocks from
sonic velocities. Time-dependent rock compressive strength is also examined to analyze the wellbore
failure evolution with time. The slip failure gradient in the weak planes is derived, which can be used to
model wellbore sliding/shear failure in the planes of weakness. The mud weight applied to prevent
borehole shear failures in both intact rocks and ones with weak bedding planes can be obtained from

Time-dependent rock strength the proposed model.

Wellbore shear failure
Slip failure

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Borehole instability is a major cause of borehole failures and
represents a serious challenge in the drilling industry. A lack of
accurate wellbore stability analysis brings many problems, such
as borehole washouts, breakout, collapse, stuck pipes and drill
bits, and losses of boreholes. Wellbore instability also adds to
drilling time, increased costs, and sometimes leads to abandoning
the well before it reaches its objective. Estimates put the cost of
these issues at approximately 10% of total drilling time on
average [1]. The relationship of mud weight and wellbore failures
(Fig. 1) demonstrates that when the mud pressure is less than the
pore pressure, the wellbore has splintering failure or washout.
When the mud pressure is less than the shear failure gradient, the
borehole has shear failure or breakout/collapse. If the mud weight
is higher than the fracture gradient, the drilling-induced hydraulic
fractures are generated, causing drilling mud losses or lost
circulation. To maintain borehole stability, the applied mud
weight should be in an appropriate range. The borehole failures
can primarily be classified to the following four categories as
illustrated in Fig. 1: (1) wellbore washouts or fluid kicks due to
underbalanced drilling, where the mud weight is much less than
the pore pressure; (2) wellbore breakouts or shear failures due to
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a low mud weight; (3) mud losses or lost circulation due to tensile
failure (hydraulic fractures) induced by a high mud weight; and
(4) rock failures or sliding related to pre-existing fractures.
Different analytical methods and numerical models have been
used for borehole stability analyses [2-20]. However, borehole
instability is still a main cause of borehole losses in difficult
formations and conditions, such as unconsolidated formations,
faulted and fractured rocks, weak planes, rubble zones, and salt
structures. Therefore, more sophisticated geomechanical model-
ing is required for accessing the reservoirs under these difficult
conditions. For instance, drilling along bedding planes and in
depleted reservoirs is very risky [21]. When a well is drilled at
shallow angles to thinly bedded shales, it is often highly unstable.
Rock failure can occur as a result of rock strength anisotropy
caused by weak bedding planes. In these cases, an increased mud
weight while drilling is required. However, when the reservoir
immediately beneath the bedded shales is depleted, the increased
mud weight can lead to lost circulation. Modeling of this geome-
chanical environment presents many challenges and requires
coupling the in-situ stress, pore pressure, mud pressure, and
anisotropic effects of rock strengths and stresses. Borehole stabi-
lity modeling with considerations of pre-existing fractures and
planes of weakness in oil and gas wells has been reported (e.g.,
[17,21-28]), but failure mechanism of boreholes in planes of
weakness is still not fully understood. This paper first introduces
borehole stability analysis in isotropic rocks with emphasis
on how to determine the input parameters for the modeling,
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including in-situ stress and rock strength. Then, the rock strength
anisotropy and weak bedding plane impact on borehole stability
are studied.

2. Borehole stability modeling in isotropic rocks

Borehole stability modeling for drilling operations is primarily
to create a safe mud weight (mud pressure) window such that the
designed mud density will be high enough to ensure borehole
stability and low enough to not fracture the formation (i.e., mud
losses do not occur), as shown in Fig. 1. Therefore, the safe mud
weight should be greater than the pore pressure gradient and
shear failure gradient and less than the fracture gradient.
To determine the safe mud weight, the first step is to analyze
the near wellbore stresses induced by drilling. Then using an
appropriate failure criterion determines if the wellbore fails by
comparing the wellbore stress to the rock strength. It is com-
monly assumed that in-situ stress consists of three mutually
orthogonal principal stresses: vertical (overburden) stress (o),
minimum and maximum horizontal stresses (oy, o). It is also
assumed that the subsurface rocks are in the in-situ stress state
prior to drilling. When a borehole is excavated, the stress redis-
tribution near wellbore occurs causing stress changes around the
wellbore compared to the in-situ or far-field stress. Fig. 2 shows
the in-situ stress and near wellbore stresses induced by drilling.
Borehole stability analysis is more complicated in an inclined
borehole, because the far-field stress in the inclined borehole
coordinate is no longer in the principal stress state, due to the
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Fig. 1. Schematic relationship of mud pressure (mud weight, MW) and borehole
failures.
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shear stresses are introduced at the wellbore cross-section in the
deviated borehole. Therefore, the principal in-situ stresses in the
borehole local coordinate first need to be calculated for the inclined
borehole, as shown in Fig. 2. Then, the wellbore stresses induced by
drilling can be obtained if the in-situ stress and pore pressure are
known, (see Appendix).

To model the borehole stability, the following data are used as
the primary inputs: (1) the in-situ stress and orientations; (2) pore
pressure; (3) borehole trajectory; and (4) rock property and rock
strength. Conventionally, the in-situ stress and rock strength can
be obtained from the methods provided in literature (e.g., [29-31]).
Pore pressures in most petroleum basins are not hydrostatic but
overpressured. Special methods are needed to estimate the over-
pressures, which can be found in [32]. The following sections
present some of these parameters and the conventional analytical
modeling of wellbore stability.

2.1. The minimum horizontal stress in isotropic formations

The minimum stress is an important parameter because the
fracture gradient can be calculated from the minimum stress.
Normally, the minimum stress is the lower bound of the fracture
gradient [16,32]. The minimum horizontal stress can be deter-
mined by direct measurements, i.e., via the universally accepted
method of micro-hydraulic fracturing (e.g., [33]), or its oil field
equivalent, the leak-off test (LOT) and extended leak-off test
(XLOT) [34].

Using the uniaxial strain model, the minimum stress can be
calculated if the overburden stress, pore pressure and Poisson’s
ratio are known [35]. In a normal faulting stress regime, the
minimum horizontal stress is the minimum principal in-situ
stress and can be obtained from the following equation:

on= % (av—ocpp) +op, M

where o}, is the minimum horizontal stress; oy is the overburden
stress and can be obtained by integration of the bulk density of
the formations; p, is the pore pressure; « is the Biot’s constant;
and v is the Poisson’s ratio.

The minimum horizontal stress decreases with reservoir deple-
tion and can be obtained by substituting the reservoir pressure
after depletion, ppq, into Eq. (1) to replace pp.

2.2. Determination of the maximum horizontal stress

When measured data (such as XLOT) are available, the max-
imum horizontal stress can be calculated from the fracture

Fig. 2. Coordinates transformation between in-situ stress (o, o, 6) and local in-situ stress in an inclined borehole (a2, 65, 62, 1%, Ty, T%). (). 3D view of an inclined
borehole; (b). Local in-situ stresses and wellbore stresses in a cross-section perpendicular to the axial direction of the inclined borehole; (c). A cubic element showing

normal and shear stresses at the wellbore wall.
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breakdown pressure [34]. Li and Purdy [36] proposed an improved
method compared to Zoback’s model [30] to determine the max-
imum horizontal stress using observations of vertical borehole
breakout angle if the rock uniaxial compressive strength is known,
that is:

o < UCS+(q+ DPmua—(q—1)p,— (1-2c0s2f, ) o) + a2
H= 1+2cos2p,

2

where UCS is the uniaxial compressive strength of the rock; 2/ is
the wellbore breakout angle; pmuq is the mud pressure; q is a
parameter related to rock internal friction angle, and q = (1+sin¢)/
(1-sing) or g =[(u?+ 1)1/2 + WJ%; ¢ is the angle of internal friction;
L is the friction coefficient of the rock; and g4t is the thermal stress.
In some cases the temperature effect is small and can be neglected.

2.3. Compressive strength of rocks from sonic logs

Rock strength is a key input in borehole stability modeling.
Rock strengths are preferably obtained from laboratory core tests
and secondarily from correlations of the compressional velocity of
sound. To estimate rock strength in all depth sections, the rock
strength and sonic compressional velocity correlations can be
used; however, they need to be calibrated to the rock strength
from the lab core test data. The commonly used rock strength and
sonic compressional velocity or transit time correlations are
shown as follows.

Lal [37] presented the following correlation for shales in the
Gulf of Mexico:

UCS =10(304.8/At-1) 3)

where UCS is in MPa; and At is the transit time in ps/ft. Horsrud
[38] proposed another correlation using a different method to fit
the experimental data from the Tertiary shale specimens in the
North Sea:

UCS=0.77(304.8/At)** 4)

These correlations are applicable in some Tertiary shales in the
Gulf of Mexico and the North Sea.

Some high porosity (~20%) sandstones are weaker than
shales, such as in the Tertiary formations in the Gulf of Mexico.
In this case, the wellbore breakout or washout is expected while
drilling and before the hole is cased. For weak sandstones of
Tertiary formations in the Gulf of Mexico and North Sea, we
obtain the following empirical equation to estimate UCS based on
the data presented in [16]:

UCS=0.68(304.8/At)** )

where UCS is in MPa and At is in ps/ft.

Fig. 3 demonstrates the rock uniaxial compressive strengths
from core tests in sandstones, shales, and mixed lithology of
shales and sandstones in the Gulf of Mexico [16]. The data have
the following characteristics: (1) there are two groups in the rock
strength data—a lower UCS group and a higher UCS group. Most
rocks in the higher UCS group are shale formations; (2) Lal's and
Horsrud’s correlations underestimate the strengths of shales,
but overestimate the strength of high-porosity sandstones [16].
(3) UCS in sandstones (circles in Fig. 3) is lower than that in
shales; therefore, most sandstones are weak rocks, because of
high porosity. Using Eq. (5), the UCS in weak sandstones are
calculated and compared to the core test data, as shown in Fig. 3.
The figure shows that the calculated UCS from Eq. (5) gives a
reasonable prediction of rock strength in sandstones and mixed
lithology. This weak rock strength correlation (Eq. (5)) may also
be suitable for weak shales, as shown in Fig. 3.
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Fig. 3. Rock uniaxial compressive strength (UCS, 1 MPa ~ 145 psi) obtained from
lab compressive tests (Data points: circles for sandstones, squares for shales and
triangles for mixed lithology) and calculated from sonic transit time (At) by using
the weak rock correlation (Eq. (5)).
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For stronger sandstones (porosity < 10%), there are a number
of correlations to calculate rock strengths (e.g., [29-30]).

2.4. Time-dependent compressive strength

Laboratory experiments have demonstrated that rock com-
pressive strength decreases as time increases [39-41]. This is
mainly caused by rock relaxation or creep, i.e., rock strain
increases with time even under a constant loading stress. There-
fore, when subjected to a constant stress even smaller than the
rock strength, rock deforms and eventually fails after a time delay
because of creep. The same phenomenon is observed in drilling,
i.e., hole deterioration with time. For example, wellbore breakouts
increase greatly from the caliper logs performed a number of
hours later compared to the caliper log run earlier in the same
depth interval [42], as shown in Fig. 4. This is partially because
the rock compressive strength decreases as the borehole exposure
time increases. This is why it needs to reduce exposure days of an
open hole and case it soon after drilling to avoid wellbore
instability. Based on the experimental results [39-41,43], we
propose the following empirical equation to describe the rock
strength reduction with time:

UCS = UCSo(1—Clogt) (6)

where UCSy is the original UCS without time effect; t is the rock
exposure time in seconds (t>1); C is a constant and can be
obtained from lab experiments; C=0.24 for granite [41] and it is
smaller for sedimentary rocks, and can be obtained by calibrating
borehole breakouts to borehole exposure time.

2.5. Wellbore shear failure gradient and fracture gradient

For borehole stability analysis, we need to determine (1) the
minimum mud weight (shear failure gradient) to maintain the
wellbore from shear failure (wellbore collapse); (2) the maximum
mud weight to not cause wellbore tensile failure (unintentionally
hydraulic fracturing). Practically, the fracture gradient is the
maximum mud weight in a particular drilling section in terms
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Fig. 4. Caliper logs in the same depth intervals observed between two logging
runs with 2.5h of elapsed time. It shows that the hole diameters/breakouts
(shaded parts) increase with time (modified from [42]).

of avoiding hydraulic fracturing and mud losses. The lower bound
of fracture gradient can be calculated from Eq. (1), and the most
likely fracture gradient (pressure) can be obtained from [32] as
following:

3v
Prp = m (O'Vfolpp) +opy (7

where Pgp is the most likely fracture pressure.

The minimum mud pressure required to keep the borehole
stability may also be named to be the collapse pressure or shear
failure pressure. It can be expressed in the gradient form (i.e., the
shear failure pressure divided by the true vertical depth) as the
shear failure gradient or the minimum mud weight. The shear
failure pressure can be analytically calculated from Kirsch’s
elastic solution (e.g., [29,31]).

The effective stress at the wellbore wall in a vertical or
horizontal well can be obtained from Eq. (A3) of the Appendix
and written as follows:

t')-/r = Pmud—%Pp
0 = Omax + Omin—%P)p —Pmud—2(0max—0 min)COS 20 €))
04 = Oaxis—0Pp—2V(Tmax—Omin)COS 20

where ', 'y, and o, are the effective radial, tangential, and axial
stresses at the wellbore wall, respectively; v is the Poisson’s ratio;
Omax» Omin are the in-situ maximum and minimum principal
stresses in the wellbore cross-section, respectively. For a vertical
well, 0 max=0x, Omin=0r and o.s=0ay; for a horizontal well
drilled in the minimum stress direction in normal faulting stress
regime, Gmax=0v, Omin=0x and G.xis=0n; Oy, oy, and oy, are the
vertical stress, maximum and minimum horizontal stresses,
respectively; 6=0° represents the direction of the maximum
in-situ stress (omax) in the cross section of the borehole
(Fig. 2b); and 6=90° represents the direction of the minimum
in-situ stress (Gmin)-

This equation is valid for isotropic rocks and can also be used
in the isotropic planes for the transversely isotropic rocks. The
three effective stresses (¢',, @'y, 6’,) in the above equations are the
principal stresses. Therefore, the Mohr-Coulomb failure criterion
can be applied for shear failure analysis with the assumption that
the effective tangential and radial stresses are the principal
maximum and minimum stresses. The Mohr-Coulomb failure
criterion assumes that the effective principal stresses satisfy the
following relationship before the shear failure takes place:

0y <UCS+qo} €))

where ¢4, 6’3 are the maximum and minimum effective principal
stresses at the wellbore wall.

Substituting Eq. (8) to Eq. (9), noticing ¢'1=0"¢9 and ¢'3=0d"},
the mud pressure, or shear failure pressure p,, to prevent shear
failure around the wellbore wall can be obtained as the following
equation:

Omax + Omin—2(Tmax—Omin)COS 29_UCS+“(q_1)pp
q+1
where UCS can be calculated by UCS = (2ccos¢)/(1—sin¢); q=
(1+sin¢)/(1—sin ¢); pm is the shear failure pressure; ¢ is the
angle of internal friction; c is the cohesion of the rock; and pp,
Omax» Omin are as defined before.

When 6=90° (the minimum in-situ stress direction), the
wellbore wall has the maximum effective tangential stress (from
Eq. (8)). Therefore, the minimum mud pressure to maintain the
entire wellbore wall without any shear failures (pmin) can be
calculated from Eq. (10) with 6=90° as following:

30max—0min—UCS+ O‘(q_l)pp
q+1

Egs. (10) and (11) illustrate that the minimum mud weight is
heavily dependent on the pore pressure and rock strength. There-
fore, accurate prediction of the pore pressure is of vital importance
for determining the optimal mud weight for drilling operations.
Other failure criteria may also be applied for shear failure analysis,
such as Modified Lade, Drucker-Prager, Mogi [2,8,11,31,44].

1)

Pmin =

2.6. Comparison with field data

A deepwater oil field with water depth of 3560 ft in the Gulf of
Mexico [16] is examined for post-well borehole stability. The
studied borehole is a vertical well, and the rocks in studied sections
are weak shales and high-porosity sandstones with low UCS;
therefore, wellbore breakouts took place in several sections. Using
Mohr-Coulomb failure criterion, the shear failure gradient is
calculated by Eq. (11) based on the weak rock strength and sonic
transit time correlation (Eq. (5)). The calculated shear failure
gradient is compared to the downhole mud density or the equiva-
lent circulating density (ECD) while drilling, as shown in Fig. 5. The
figure shows that the ECD should be 13-14 ppg to avoid borehole
breakouts from 28,000 to 28,360 ft, and a slightly higher ECD
(0.2 ppg more) than the applied one is needed to keep wellbore
on-gauge from 28,650 to 29,220 ft. It should be noted that in the
central interval between 28,900 ft and 28,970 ft, the sonic data are
not so reliable, causing the rock strength (calculated from sonic
data) and the calculated shear failure gradient to be unreliable. In
addition, the pore pressure uncertainty in the section of 28,000-
28,360 ft (no measured pore pressure data available) may also
cause the uncertainty in shear failure gradient calculation.

The weak rock strength correlation (Eq. (5)) is used to calculate
UCS which is calibrated from the lab test data. The calculated UCS
values are also compared to the ones obtained from Lal’s correla-
tion, as shown in Fig. 5. It shows that the strength difference can
reach about 1000 psi. Fig. 5 illustrates that the wellbore breakout
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Fig. 5. Post-well borehole stability analysis. The left track shows the 4-arm caliper log where the shaded parts are wellbore breakouts. The middle track presents UCS
values calculated from sonic transit time using the proposed method (Eq. (5)) and Eq. (3) after Lal's correlation. The right track shows pore pressures (PP DEF) with
measured formation pressure from MDT method, calculated shear failure gradient (SFG M-C) from Eq. (11), the ECD, fracture gradient (FG ML, calculated from Eq. (7)), and

overburden stress gradient (OBG rhob).

happens mainly in the sections where the UCS values are low
(<3000 psi). Besides low ECD, the low UCS or maybe the weak
bedding planes is the main reason to cause wellbore breakout.

3. Borehole stability analysis with weak/bedding plane effects

3.1. Wellbore failures in the rocks with pre-existing fractures and
bedding planes

Wellbore shear failure owing to low mud weight normally
forms a symmetrical breakout along the local in-situ minimum
stress direction (Fig. 6). However, in the formation with pre-
existing fractures and planes of weakness, wellbore failures are
different from the typical mode. When borehole is intersected by
a weak rock zone, the failures occur not only along the in-situ
minimum stress direction, but also near and in the weak rock
area. This is because the weak rock has a much lower strength
and, furthermore, there is a much larger stress concentration
triggered at the interface between the strong rock and weak
planes [45].

Fig. 7 presents a laboratory modeling of wellbore failure caused
by bedding planes. It shows that a layered model, expertly fabri-
cated by Bandis in 1987 [47], consists of thinly-bedded sand-
stones and micaceous inter-layers. The steeply inclined beddings
allow a buckling mode of deformation to develop, causing an
elliptical failure zone. Such buckling mechanisms are common in
thinly-bedded rocks and presumably can compromise the integ-
rity of horizontal wells [47]. Laboratory tests in shales with
slightly inclined dipping show that the wellbore failures are also
highly related to the planes of weakness [23].

3.2. Horizontal stresses in transversely isotropic rocks

The rock anisotropy also causes the anisotropy in the in-situ
stress. For instance, in the transversely isotropic formations

(i.e., the formations with the symmetric axis in the vertical
direction), the horizontal minimum stress in the normal faulting
stress regime can be written in the following forms [49]:

Under uniaxial strain condition:

Ev'
ap :app—f—m [av—u(l—é)pp] (123)
Under uniform horizontal strains:
EV'
Op=0pp+ Ed—v) [GV*W(1 *é)Pp]
E Ev
+m8h+m8}] (12b)

where E is the Young’s modulus in the plane of isotropy; E’ is the
Young’s modulus normal to the plane of isotropy; v is the Poisson’s
ratio in the plane of isotropy; V' is the Poisson’s ratio for stress
acting normal to the plane of isotropy; ¢ is the poroelastic
constant; and ey and g are the tectonic strains in the maximum
and minimum horizontal stress directions, respectively.

3.3. Borehole stability analysis with consideration of
weak bedding planes

In general, rocks or rock masses are more or less anisotropic,
particularly, for example, the jointed rock masses or slates, shales,
and schists. Experimental study of the stress states on failure
behavior in anisotropic rocks using the triaxial and poly-axial
compression tests (g1 > 0, > 03) demonstrate that the strengths
of the anisotropic rocks vary significantly with the directions of
the applied stress and bedding planes (e.g., [50-57]). Fig. 8 shows
schematically the experimental method and the observed com-
pressive strength variations in the rock specimen with effects of
the weak planes. Fig. 8(b) presents schematically the peak
principal stress (o¢) at rock failures as a function of angle f.
Failure of the anisotropic rocks is most likely to occur when the
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Fig. 6. Wellbore breakouts in homogeneous rocks (a) from laboratory test [46]; (b) processed from downhole 6-arm caliper log (the shaded area is the breakout and the

unit is in inches).

Fig. 7. Wellbore failure when penetrating steeply dipping thinly-cycled beds [48].

angle, f3, is nearly equal to the shear failure angle (#) of isotropic
rocks (Fig. 9), i.e., when =45°+¢/2.

Using Mohr-Coulomb failure criterion, Jaeger et al. [58] gave
an equation to calculate the maximum and minimum principal
stresses associated with the weak plane sliding along pre-existing
planes of weakness for a rock mass having a set of parallel planes
of weakness. This equation can be expressed in the following form
in terms of effective stresses:

2(cw+py0%)
(1—p,cot B)sin 28

where £ is the angle between the directions of ¢’; and the normal
of the planes of weakness, and ¢, <8 <90° ¢'1, 0’3 are the
maximum and minimum principal effective stresses, respectively;
cw is the cohesion of the planes of weakness; p,, is the coefficient
of internal friction in the planes of weakness; and u,, = tan¢,,; ¢w
is the angle of internal friction in the planes of weakness.

The value of ¢, required to cause failure, as given by Eq. (13),
trends to infinity as §—90° or f— ¢,, (i.e., failure in the rock). In
other words, when 0 < § < and f=90°, the planes of weakness
have no impact on the rock strength. For angles in between those
two values, failure will occur at a finite value of ¢; that varies
with f (i.e, failure in the weak planes), as shown in Fig. 8b. The
minimum strength occurs when (refer to Fig. 8b):

Bmin:450+§0w/2 (14)

According to Biot’s law of effective stress, the principal
effective stresses (¢’; and a’3) at wellbore wall in each borehole

-0y = 13)

failure on rock

Slip on weak plal

! » B
0 Ow 45°+0y/2 90’

Fig. 8. (a). Transversely isotropic specimen with bedding/weak planes in a triaxial
compressive test; (b). Schematic rock peak strength variation with the angle, f, in
the triaxial test at a constant confining stress (g3 ) inspired by experimental tests
and Eq. (13) [58].

section (e.g., Fig. 10) can be derived from the stress tensor at the
wellbore wall. For instance, we can obtain the principal effective
stresses at wellbore wall in a vertical or horizontal well from
Eq. (8). Then, by substituting the principal effective stresses
(6’1 and o'3, or ¢’y and ¢’ in Eq. (8)) into Eq. (13) we can obtain
the minimum mud weight (p,,) for preventing wellbore sliding in
the weak planes. For the shear failure with consideration of a set
of parallel planes of weakness in a horizontal or vertical wellbore,
the following equation can be obtained to calculate the minimum
mud pressure (p,,) for preventing wellbore sliding (shear failure)
in the weak planes. This minimum mud pressure (p,,) is denoted
to be the weak plane “slip failure pressure,” and its gradient is
called “slip failure gradient”:

_ [Omax + O min—2(Tmax—0min)c0S 20](1—pu, cot B)sin 28—2cw+244,pp
W 2[iy,+ (1—p,cot B)sin 2]

15)

where p,, is the required mud weight to prevent wellbore slip in
the weak planes or slip shear failure pressure; 0 is the angle
defined in Fig. 10; f, uw and c,, are defined as before; omax,
Omin are the maximum and minimum in-situ principal stresses,
respectively. For example, for a horizontal well drilled in the
minimum stress direction in normal faulting stress regime,
Omax=0v and onin=0p. For a vertical well, 6 nax=0n and o min=0n.
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Fig. 9. Shear failure plane (a) and Mohr circle (b) in an isotropic rock specimen. c is the cohesion of the rock; ¢ is the angle of internal friction of the rock; and # is the angle

of shear failure plane.
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Fig. 10. The cross sections (perpendicular to borehole axis direction) of two boreholes drilled in rocks with different orientations of the bedding planes (schematic

representations in two cases) in anisotropic in-situ stress field.

It should be noted that the angle, f, varies around the wellbore
cross-section and with borehole trajectory, even the dip and
strike of the weak planes kept unchanged. This means that £ is
a function of 6. When the angle, 5, meets Eq. (14), it has the
highest slip failure pressure because the bedding planes have the
lowest strength. Eq. (15) is only applicable for vertical and
horizontal boreholes. For inclined boreholes, the semi-analytical
solution is obtained, as presented in the Appendix.

3.4. Illustrative examples for borehole stability with consideration of
weak bedding planes

We examine the borehole stability with impact of the weak
bedding planes in a horizontal deepwater well (water depth of
about 5000 ft) drilled in the minimum horizontal stress direction.
The following parameters at the studied depth of 12,800 ft TVD
are obtained from post-drill analysis: the maximum stress gra-
dient of omax=0y=13.8 ppg, the minimum stress gradient at the
borehole cross-section of onin=0y=13 ppg, and pore pressure
gradient of p,=10.8 ppg. The rock strength parameters are as
follows: uniaxial compressive strength, UCS=2995.2 psi; internal
friction angle, ¢ =30°.

A set of weak planes, as shown in Fig. 10(a), has an angle of
0=35° to the maximum stress (omax Or ay) direction at the
wellbore section. The weak planes have the following strength
parameters: cohesion, c¢,=199.7 psi; internal friction angle,
¢w=14.5°.

It should be mentioned that £ is a function of ¢; and angles of
0 and 0, as defined in Figs. 8 and 10. In this case, f=|0—9|. Using
Eq. (15), the slip failure pressure around the wellbore wall can be
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Fig. 11. The slip failure gradient (“p,,—slip” in the figure) caused by weak planes
and the shear failure gradient (“p,,—breakout” in the figure) without the weak
plane effects along the half circumference of the wellbore wall calculated from
Egs. (10) and (15). The angle between the bedding orientation and the maximum
in-situ stress direction (o max) is d=35°, as shown in Fig.10(a).

calculated. We only present the results in a half circumference of
the wellbore wall (i.e., 0 from 0 to 180°) because of symmetry, as
shown in Fig. 11.

Fig. 11 displays the calculated slip failure gradient caused by
weak bedding planes (presented as “p,-slip” in Fig. 11) from
Eq. (15) and shear failure gradient (without bedding plane effect,
“pm-breakout” in Fig. 11) from Eq. (10). As expected that the
maximum shear failure gradient appears in the minimum in-situ
stress direction (0=90°, refer to Fig. 10(a) and 11), which is the
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reason why the borehole breakout always occurs in the minimum
stress direction for a horizontal or vertical well without impact of
weak planes/fractures. However, with impact of weak planes, the
slip failure gradient has a very different behavior. The maximum
slip failure gradient, “p,,~slip” in Fig. 11, occurs when the bedding
plane has a minimum strength, i.e., the angle f meets Eq. (14).
Therefore, the location where maximum slip failure gradient
occurs depends upon ¢,, and §. Thus, the slip failure locations
and directions do not follow the conventional borehole breakout
direction. Fig. 11 also indicates that the slip failure gradient
varies markedly around wellbore in different locations owing to
the fact that the peak strength of the weak planes varies
significantly with the angle f, as shown in Fig. 8(b). When the
strong rock layers are carrying most of the load (e.g., § < ¢y), the
wellbore failure will primarily take place in the strong rock layers.
In other words, the slip failure in the weak planes only takes place
when ¢, < f§ <90°. Fig. 11 shows these cases. For instance, when
B <14.5°=¢,, the slip failure gradient is smaller than the shear
failure gradient, “p,,—breakout”; in this case, the wellbore should
first have shear failure in the rock. When 14.5° < # < 90°, the slip
failure gradient is greater than the shear failure gradient; there-
fore, the wellbore should first demonstrate slip failure in the weak
planes. It should be mentioned that the symmetric plane of the
slip failure is in the locations of 0=4, and 0=180°+6 (6=35° in
Fig. 11).
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Fig. 12. Same as Fig. 11. The angle between the bedding orientation and the

maximum in-situ stress direction (¢ max) 6=0°, as shown in Fig. 10(b).

a O

- Omax

1

min

Fig. 12 shows another example for comparison of the slip
failure gradient and shear failure gradient. In this case, only the
angle of the weak planes changed, as shown in Fig. 10(b) with
0=0°. It again indicates that the wellbore slip failure depends
strongly on the orientation of weak planes, J, and the internal
friction angle of the bedding planes, ¢,,.

Based on the above analyses, Fig. 13 gives an illustrative
representation of wellbore slip failures caused by weak planes
from the calculations in Figs. 11 and 12. If the applied mud weight
(or ECD) is less than the calculated slip failure gradient, the slip
failure will occur first in the weak planes. It should be noted that
the maximum slip failure is not in the minimum stress direction
like conventional breakout is. Instead, the maximum slip failures
occur in two directions, and the maximum failure has an angle
with the minimum or maximum in-situ stress direction, as shown
in Fig. 13. The angle (/) depends upon the bedding orientation, J,
and the internal friction angle of the bedding plane, ¢, as shown
in the following:

lp:ﬁmin"'(S (16)
or
Y =45°+0+¢,,/2 a7

where / is the angle between the maximum slip failure and the
minimum or maximum in-situ stress direction, and the angle
starts from the direction of oax Or omin anticlockwise to the
maximum slip failure area, as shown in Fig. 13.

However, if the applied mud weight (or ECD) while drilling is
less than the slip failure gradient as well as the shear failure
gradient (e.g., mud weight<11.2 ppg in the case shown in
Fig. 11), the slip failure in weak planes and shear failure in the
rock will take place together and overlap, which will deteriorate
wellbore stability and increase failure areas. Because the max-
imum shear failure takes place in the minimum stress direction
and the slip failure also occurs near this location, this area will
have the largest failure zone, as illustrated in Fig. 13(a).
Fig. 13(b) illustrates that the shear and slip failures occur in the
different locations and the wellbore failure area is very different
from one in the intact rock (Fig. 6).

4. Conclusions

Borehole stability modeling is critically important for drilling,
particularly in the down-dip direction of weak planes. In this

b Omin
w=45°+5+¢,/2 4
< /
~J |
N . 7
T 7

Fig. 13. Schematic presentations of wellbore shear failures and slip failures caused by the weak planes for two wellbores penetrating in weak bedding planes.
The maximum slip failure direction is no longer in the minimum in-situ stress (omin) direction, but with an angle of (/) to the minimum or maximum in-situ stress
direction. The red area represents the failures caused by the slip failure in the weak planes. The blue areas show the schematic failure zones caused by the shear failure in
the rock. (a) a borehole cross-section that the angle between the bedding orientation and the maximum in-situ stress direction (max) is d=35°. The failures are
deteriorated because of overlapping of the slip failure in the weak planes and the shear failure in the rock. (b) a borehole cross-section that the angle between the bedding
orientation and the maximum in-situ stress direction (omax) is d=0°. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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paper, laboratory test data of rock strengths in weak rocks were
analyzed and a new correlation was developed to predict weak
rock strength from sonic velocities. This can be used to predict
high-porosity sandstones and weak shales in Tertiary formations.

Bedding planes and rock anisotropy were considered to improve
borehole stability modeling. The improved borehole stability
model enables to calculate wellbore failures along borehole
trajectories with various drilling orientations versus bedding
directions. Wellbore failure behaves differently with impact of
weak bedding planes. The maximum slip failure occurs in which
the bedding plane has a minimum strength. The slip failure
locations and directions do not follow the conventional wellbore
breakout direction but depend upon the internal friction angle
and the orientation of the bedding planes. Furthermore, the
wellbore slip failures occur in two directions and the failure
directions have angles with the two local in-situ stress directions.
Borehole stability analysis needs to consider both effects of shear
failure in the rocks and slip failure in the weak planes. When the
slip failure and shear failure overlap, the borehole instability
deteriorates and failure areas increase.
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Appendix: Elastic Solution for Inclined Borehole Stability

For an inclined borehole the in-situ stress in a cross-section
perpendicular to the wellbore axis can be expressed as following
[59,31]:

00 = (choszoc +osin? oc> cos?i+aysin’i

69 = gysino+ opcos?o

y
0 _ (choszoc +0opsin? oc> sin®i+gycos?i

0 _Onh—0OH_. .
w= "3 sin 2o cosi

0 _ Ph—%H sin 24 sini
2

o OHCOS2a+aysin‘o—ay

Xz 2
where i is the borehole inclination, for a vertical well i=0° and for
a horizontal well i=90°; « is the angle of drilling direction with
respect to gy direction of the borehole, as shown in Fig. 2; ¢%, 69,
a2, 19, Tps, Te, are the in-situ stresses in an inclined borehole as
shown in Fig. 2(b).

When an inclined borehole is drilled in the rock situated in the
in-situ stress state (as shown in Eq. (A1)), the stress redistribution
(near-field stresses) near wellbore wall occurs. This stress redis-
tribution in the wellbore section (Fig. 2b) can be expressed in the
following form using elastic plane strain model (e.g., [2]) in the
polar system (r, 0, z):

W(lm)+w<1‘?ﬁ+w>cosze

sin2i (A1)

or = 2 rd
4R?  3RY) . R?
0= ) 12 2 rt

3R . R?
-9, (1 + r_4> Sin 20—pmud =)

2 2
o, = a?—2v(af3—a§) I:—cos 20-4ve, R sin 20

2 Xy 72
%—a? 2 g
T = ( x2 Y sin 20+12ycos 20) (1 + 2:2?)
0 i 0 R?
Trz = <‘CyZSII‘1 0+1,,cos 6) 1—r—2
0 i 0 R?
Toy = (—rxzsm 0+1),cos 0) (1 + r_2> (A2)

where G, gy, 05, Tr9, Tr2, T, are the radial, tangential, axial normal
stresses, and shear stresses near the wellbore wall in the wellbore
cross-section (Fig. 2b), respectively; pmud is the mud pressure; 0 is
the angle indicating the orientation of the stresses around the
wellbore circumference and measured from the x-axis (Fig. 2a, b).

The normal stresses and shear stresses at the wellbore wall
(when r=R, as shown in Fig. 2c) for an inclined borehole can be
obtained from Eq. (A2) in the following:

Or = Pmud

0y =09+0)—2 (ag—a)‘})cos 20—473,5in 20—ppyq

a,=00-V[2 (63—03) cos 20+4t9,sin 20]

Tg, =2 (—rgzsin 0+719,cos 0)

Tg=Trz=0 (A3)

For a vertical well, it simplifies to:

Or = Pmud

09 =0y+0p—2(0g—01)C0S 20—Pud

0, =0,—2V(Gy—0p)cos 20

Toz=Tr9g=Trz=0 (A
Therefore, the minimum and maximum tangential stresses at

the wellbore wall in a vertical well can be obtained:

0=0°

0=90°

0" =301—0H—Pmud

0¥ =304—0h—Pmud 5)

The principal effective stresses around the wellbore wall can
be calculated from the stress components shown in Eq. (A3) by
applying Biot’s effective law [60]:

0 =0—aup, (A6)

where ¢ and ¢’ are the total and effective stresses, respectively.

Notice that the radial stress at wellbore wall (¢,) is always one
of the three principal stresses. Therefore, in an inclined borehole
we only need to calculate the principal stresses in (6, z) plane, as
shown in Fig. 2(c), using the following equations:

, 1
Ogmax = 5 <U9 +0z+ V (0_0_02)2 +4T%)z> —opp (A7)
1
Cpmin = 5 (O’() +0,—1/(0g—0,)? +4T§Z> —ap, (A8)

OJr = Pmud—%Pp (A9)
214,
tan 2y = P (A10)

where ¢’gmax, 0 omin are the maximum and minimum effective
principal stresses in (0, z) plane; ¢’, is the effective principal radial
stress in (r,0) plane; y is the angle between ¢gmax and oy.
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When stresses at the wellbore wall exceed the rock strength,
wellbore starts to fail. The Mohr-Coulomb failure criterion
(Eq. (9)) can be used to determine the wellbore shear failure. In
shear failure condition, ¢’, is the minimum stress, i.e., ¢/3=0";
therefore, 6’1 =0"gmax- Substituting Eqs. (A7 and A9)) to Eq. (9) the
mud pressure, or shear failure pressure pyug, to prevent shear
failure around an inclined wellbore wall can be obtained from the
following equation:

1
5 (0'3+O'z+\/ (0,—0p)° +4rgz) —pp= UCS+q(pmud—ocpp) (A11)

From Eq. (A11), we can solve the shear failure pressure pmuq,
but notice that gy in Eq. (A11) (can be obtained from Eq. (A3)) also
includes pmud.

For the shear failure (slip failure) in the weak planes in an
inclined borehole, by substituting Eqs. (A7 and A9) to Eq. (13)
we obtain the following equation to calculate the minimum
mud pressure (slip-failure pressure, pin) for preventing wellbore
sliding failure in the weak planes:

incl
1 e va)- et _ 2L H (P, )|
2(06+02+ (09=02)" +41G, ) P = (1—p,,cot B)sin 2

(A12)

The weak plane slip-failure pressure pin? can be solved from
Eq. (A12). It should be noted that g4 can be obtained from Eq. (A3)
with replacing pmuqg to pincl,
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