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Wellbore instability is reported frequently as one of the most significant incidents during drilling oper-
ations. Analysis of wellbore instability includes estimation of formation mechanical properties and the
state of in situ stresses. In this analysis, the only controllable parameter during drilling operation is the
mud weight. If the mud weight is larger than anticipated, the mud will invade into the formation, causing
tensile failure of the formation. On the other hand, a lower mud weight can result in shear failures of
rock, which is known as borehole breakouts. To predict the potential for failures around the wellbore
during drilling, one should use a failure criterion to compare the rock strength against induced tangen-
tial stresses around the wellbore at a given mud pressure. The Mohr-Coulomb failure criterion is one
of the commonly accepted criteria for estimation of rock strength at a given state of stress. However,
the use of other criteria has been debated in the literature. In this paper, Mohr-Coulomb, Hoek-Brown
and Mogi-Coulomb failure criteria were used to estimate the potential rock failure around a wellbore
located in an onshore field of Iran. The log based analysis was used to estimate rock mechanical proper-
ties of formations and state of stresses. The results indicated that amongst different failure criteria, the
Mohr-Coulomb criterion underestimates the highest mud pressure required to avoid breakouts around
the wellbore. It also predicts a lower fracture gradient pressure. In addition, it was found that the results
obtained from Mogi-Coulomb criterion yield a better comparison with breakouts observed from the
caliper logs than that of Hoek-Brown criterion. It was concluded that the Mogi-Coulomb criterion is a
better failure criterion as it considers the effect of the intermediate principal stress component in the

failure analysis.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.

1. Introduction

2009; Zhang et al., 2009; Ding, 2011). In drilling engineering task,
a linear poro-elasticity stress model in conjunction with a rock

Maintaining a stable borehole is one of the major tasks in the
oil and gas industry as it can induce high costs on drilling sched-
ule (Chen et al., 2003). Wellbore stability analysis has therefore
been included at the well planning stage and been studied exten-
sively (Bradley, 1979; Bell, 2003; Zhang et al., 2003; Gentzis et al.,
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strength criterion is used to determine the optimum mud pres-
sure required to stabilize the wellbore. During the drilling, borehole
breakout and drilling induced fractures are the two main instabil-
ity problems which may lead to stuck pipe, reaming operations,
sidetracking, and loss of circulation. These problems can be often
addressed by selecting a suitable mud weight for drilling. This is
typically carried out using a constitutive model to estimate the
stresses around the wellbore coupled with a failure criterion to
predict the ultimate strength of reservoirs rocks. Therefore, the
main aspect of wellbore stability analysis is the selection of an
appropriate rock strength criterion. Numerous triaxial criteria have
been proposed, which are easy to use and very common (Mohr,
1900; Fairhurst, 1964; Hobbs, 1964; Murrell, 1965; Franklin, 1971;
Bieniawski, 1974; Hoek and Brown, 1980; Yudhbir et al., 1983;
Johnston, 1985; Ramamurthy et al., 1985; Sheorey et al., 1989). The
triaxial criteria show good agreement with the results from triaxial
tests and are frequently used in stability analyses of rock struc-
tures. However, they ignore the influence of intermediate principal
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stress on ultimate strength of rocks, causing unrealistic prediction
of stability for structures. For instance, Mohr-Coulomb strength
criterion is the most commonly used triaxial criterion for deter-
mination of rocks strength. This criterion suffers from two major
limitations: (a) it ignores the non-linearity of strength behavior,
and (b) the effect of intermediate principal stress is not consid-
ered in its conventional form. Thus, the criterion overestimates
the minimum mud pressure due to neglecting the effect of the
intermediate principal stress (McLean and Addis, 1990). Vernik
and Zoback (1992) found that Mohr-Coulomb criterion is not able
to provide realistic results to relate the borehole breakout dimen-
sion to the in situ stresses in crystalline rocks. Zhou (1994) found
that the Mohr-Coulomb criterion predicts larger breakouts because
of ignoring the effect of intermediate principal stress. Song and
Haimson (1997) concluded that the Mohr-Coulomb criterion did a
poor job in prediction of breakout dimensions. Ewy (1999) con-
cluded that the Mohr-Coulomb criterion is too conservative in
prediction of minimum mud pressure required to stabilize the well-
bore.

Hoek-Brown triaxial failure criterion is another well-known cri-
terion successfully applied to a wide range of rocks for almost 30
years (Carter et al., 1991; Douglas, 2002; Cai, 2010). Zhang and
Radha (2010) used Hoek-Brown criterion developed by Zhang and
Zhu (2007) for wellbore stability analysis. They concluded that
the predicted minimum mud pressure by Hoek-Brown criterion
is in a better agreement with observed incidents compared to
those obtained by the Mohr-Coulomb criterion. However, despite
successful applications of the Hoek-Brown criterion in a number
of cases, it was indicated that the intermediate principal stress
needs to be included in the wellbore stability analysis (Al-Ajmi and
Zimmerman, 2006).

Thus, many true triaxial or polyaxial failure criteria, such as
those by Drucker and Prager (1952), Mogi (1967, 1971), Lade and
Duncan (1975), Zhou (1994), Benz et al. (2008), and You (2009),
have been developed to account for the effect of the interme-
diate principal stress in rock failure response. However, most of
these criteria mathematically subject to some limitations and yield
physically unreasonable solutions. For instance, the Mogi crite-
rion (Mogi, 1971) yields two values of ¢ at failure for the same
value of o3 (You, 2009; Colmenares and Zoback, 2002). Wiebols
and Cook (1968) derived a failure criterion based on shear strain
energy associated with microcracks. However, this model requires
the knowledge of the coefficient of sliding friction between crack
surfaces which should be obtained experimentally. Furthermore,
numerical methods are required for implementation of this crite-
rion. Desai and Salami (1987) introduced a 3D failure criterion that
requires more than six input parameters, and Michelis (1987) pro-
posed another criterion in which four constants are involved (Pan
and Hudson, 1988; Hudson and Harrison, 1997). In general, 3D fail-
ure criteria that contain numerous parameters or require numerical
evaluation are difficult to be applied in practice, particularly for
wellbore stability problems. Due to all of the above problems faced
by 3D failure criteria, Al-Ajmi and Zimmerman (2005) introduced
a new 3D failure criterion known as Mogi—-Coulomb criterion. This
failure criterion has two parameters which can be related to cohe-
sion and internal friction angle of Coulomb strength parameters.
The Mogi—Coulomb criterion does not ignore the effect of interme-
diate principal stress and avoids predicting unrealistic results.

In this study, to investigate the influence of the intermediate
principal stress on rock failure prediction related to drilling insta-
bility, Mogi—-Coulomb, Hoek-Brown and Mohr-Coulomb criteria
were used. An onshore well located in southern part of Iran was
used as the case study. The rock mechanical properties and magni-
tude of stresses were estimated from mechanical earth modeling
(MEM) which is a log based analysis.

2. Stable mud weight window for drilling

To evaluate the stability of a wellbore, a constitutive model
is required to compute the stresses around the borehole. Var-
ious constitutive models have been proposed during the past
decades. Westergaard (1940) was poineer on stress distributions
around a borehole using elasto-plastic model. After that, various
elasto-plastic as well as linear-elastic models have been presented
for wellbore stability problems (Gnirk, 1972; Risnes et al., 1982;
Aadnoy et al., 1987; Mitchell et al., 1987; Crook et al., 2002). Among
the various constitutive models have been proposed, the linear
poroelasticity stress model is usually used for wellbore stability
analysis as it needs fewer input parameters to be determined.

Drilling process alters the states of in situ principal stresses of
the formations, i.e. vertical stress (o) and the maximum and min-
imum horizontal stresses (oy and oy},), so drilling-induced stresses
are introduced around the wellbore wall whose magnitudes will
revert back to the in situ stresses as moving away from the wellbore
wall. Forisotropic elastichomogeneous rocks, borehole stresses are
represented by the classical elastic solution (Kirsch, 1898), or its
generalized version for nonaligned borehole and stress directions
proposed by Hiramatsu and Oka (1962, 1968) and Fairhurst (1968).

Tangential, radial and axial stresses in any point around the
wellbore can be defined from Kirsch’s equations as

1 R?
Og = E(UH —0n) <1 + r2>

1 3R4 R?
—E(GH—O'h) <1+r4) cos(29)—PWr—2 (1)
1 R?
or = E(O’H —O’h) <1 - r2>
1 R? 3R4 R?
+ i(oH —op) (1 —4r—2 + r4> cos(20) — Pwr—2 (2)
07 = oy — 2v(oy — 0},) cos(20) (3)

where oy is the tangential (hoop) stress, o is the radial stress, o,
is the axial stress induced around the wellbore at the distance r
away from a wellbore with a radius of R, Py is the internal well-
bore pressure, v is the Poisson’s ratio of the rock, and the angle 9
is measured clockwise from the oy direction. At the wellbore wall
(i.e. when r=R), Kirsch’s equations are simplified to

09 = (0n + 0p) — 2(0n — op,) cos(20) — Py (4)
Oy = PW (5)
07 = oy — 2v(oy — 0},) cos(26) (6)

According to Egs. (4) and (6), the tangential and axial stresses
are functions of the angle 0. This angle indicates the orientation of
the stresses around the wellbore circumference, and varies from
0° to 360°. Consequently, the tangential and axial stresses will
vary sinusoidally. The tangential and radial stresses are functions
of the pressure Py, but the vertical stress is not. Therefore, any
change in the mud pressure will only influence o, and . Inspec-
tion of these two equations reveals that both tangential and axial
stresses reach a maximum value at 0 = &(m/2) and a minimum
value at 0 = 0, 7. The shear failure known as breakouts is expected
to happen at the point of maximum tangential stress where the
rock is under maximum compression. Tensile failure known as
hydraulic or induced fracture, however, is expected to occur at the
point where minimum tangential stress is applied to the rock: an
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orientation 90° away from the location of shear failures around
the wellbore. Reduction of mud pressure, corresponding to lower
confining pressures, increases the potential for shear failure. On
the other hand, increasing the mud pressure above a certain limit
causes the tensile failure to happen. This discussion indicates that
there is a stable window for the mud weight to drill the wellbore
in a stable condition. The lower limit for this window corresponds
to shear failure (breakouts) with its upper limit being the fracture
initiation pressure.

The magnitudes of three principal stresses around the wellbore
to analyze the initiation of induced fracture can be obtained as

ot = A~ Py (7)
or = Py (8)
o;,=8B (9)
A =30y, -0y (10)
B =0y — 2v(oy — o) (11)

For shear failure or breakouts to occur the magnitude of stresses
around the wellbore are estimated as

OMX =D — Py (12)
or =Py (13)
0;=E (14)
D =30y —oy (15)
E = oy + 2v(oy — op,) (16)

For wellbore instability analysis, consequently, stresses at the
borehole wall are the ones that should be compared against a failure
criterion.

3. Rock failure criteria

In this section, a brief review of three failure criteria used in this
study for estimation of mud weight windows in drilling applica-
tions are presented. It should be noted that in equations developed
in this section for wellbore stability analysis, the pore pressure term
was discarded since the stresses obtained through well log analy-
sis will be effective stresses. Also, in this study we only consider
vertical wellbores.

3.1. Mohr-Coulomb criterion

Mohr-Coulomb shear failure criterion is mostly used in differ-
ent engineering applications. In this criterion, shear failure takes
place across a plane when the normal stress o, and the shear
stress T across this plane are associated with a functional relation
characteristic of the material (Mohr, 1900):

T=C+ oy (17)

where c is the cohesion and p is the coefficient of internal friction
of the material.

The linearized form of the Mohr failure criterion may also be
written in the principal stress space as

01 =0¢c + Nos (18)

12 2 T
N=[(2+1)" 4 4] = tan? (Z+%) (19)
where o4 is the major principal effective stress at failure, o3 is
the minimum principal effective stress at failure, o is the uniaxial
compressive strength (UCS), and ¢ is the angle of internal friction
equivalent to arctan . As it was mentioned, this failure criterion

Table 1
Mohr-Coulomb criterion for determination of breakout pressure in vertical
wellbores.

01>02>03 Wellbore failure will occur if Py < Py(go)
0,>0¢>07 Py(poy = (E — 0c)/N
09>0,>0 Pypoy = (D —0c)/(1+N)
04>0r>0; Pypo) =D — oc — NE
Table 2

Mohr-Coulomb criterion for determination of fracture pressure in vertical
wellbores.

01202203 Wellbore fracture will occur if Py >Pyy(frac)
0r=09=07 Py(Frac) = 0c + NB

0r20,>09 Pukrac) = (0c + NA)/(1 + N)

0,>0r>0p Pw(Frac) =(0¢ *B)/N +A

assumes that the intermediate principal stress has no influence on
failure and considers a linear model for obtaining the strength of
the materials.

The mode of shear failure may be different depending on the
order of magnitude of three principal stresses around the wellbore
wall. These stresses are oy, o and o, presented in Egs. (4)-(6). It
has been found that the case of oy >0, >0 is the most commonly
encountered stress state corresponding to borehole breakout for
all in situ stresses regimes. On the other hand, o, >0, >0y is the
most commonly stress regime corresponding to borehole fracture
(Al-Ajmi and Zimmerman, 2005).

In shear failure case, considering oy=01, 0;,=0, and o,=03,
substituting these values in the Mohr-Coulomb failure criterion
presented in Eq. (18), and introducing Eqs. (12) and (13), the lower
limit of the mud pressure in order to avoid breakouts, Py,gg), Will
be

D —o¢

Py(po) = TIN (20)

If the well pressure falls below Py, g0y, borehole collapse will
take place. Following the same procedure, the minimum allowable
mud pressure to avoid breakouts around the wellbore wall cor-
responding to the other two possible orders of stress magnitudes
can be calculated. The results of such calculations are presented in
Table 1.

As discussed previously, borehole fracturing, corresponding to
tensile failure of formation, will occur if the well pressure rises
above the fracture initiation pressure, Py prac). Thus, the upper
bound for mud weight windows can be calculated. Considering
the order of stress magnitudes around the wellbore, Py grac) Was
calculated and the results are summarized in Table 2.

Itis well known that the Mohr-Coulomb criterion overestimates
the tensile strength of rocks (Al-Ajmi and Zimmerman, 2005).
Therefore, to use this criterion for tensile strength determination, a
tensile cut-off should be considered. The tensile cut-off is defined as
minimum tangential stress around the wellbore wall (Zhang et al.,
2010):

o3=T (21)

where T is the uniaxial tensile strength of rock. This equation
implies that if tensile failure occurs, the wellbore pressure, i.e. mud
weight, should exceed the minimum tangential stress plus the ten-
sile strength of the formation. In vertical wellbores, it is assumed
that the tangential stress is the only tensile stress at the borehole
wall. Introducing Eq. (7) into Eq. (21), the upper limit of the mud
pressure for the tensile cut-off is obtained as

Piy(cut-off) = 3o —ou—T (22)
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Table 3
Ranges of m-values recommended for different rock types.

Table 4
Hoek-Brown criterion for determination of breakout pressure in vertical wellbores.

m-values Rock types 01>02>03 Wellbore failure will occur if Py < Py(go)
5<m<8 Carbonate rocks with well—c}eveloped @Dip) A/ QErp? 4k 4q
crystal cleavage (e.g. dolomite, 0,>0y>0r Py(po) = >
limestone, marble)
4<m<10 Lithified argillaceous rocks (e.g. (4D+p)- A/ (4D+p)? +16q-16D2
mudstone, siltstone, shale, slate) 0620z20r Puwwo) = 8
15<m<24 Arenaceous rocks with strong crystals N
X 2(D-E)- / 4(D~E)? ~4(D—E—pE—q)
and poorly developed crystal cleavage 09>0,>0; Pu(so) = 5
(e.g. sandstone, quartzite)
16<m<19 Fine-grained polyminerallic igneous
crystalline rocks (e.g. andesite, 3.3 Mogi—Coulomb criterion
dolerite, diabase, rhyolite)
22<m<33 Coarse-grained polyminerallic igneous

and metamorphic rocks (e.g.
amphibolite, gabbro, gneiss, granite,
norite, quartz-diorite)

The mud pressure estimated from this equation should be
compared with the value obtained for Py,c) given from those
presented in Table 2. The smaller one of these values should be con-
sidered as the maximum allowable mud pressure to avoid tensile
induced fracture in the formation.

3.2. Hoek-Brown criterion

The Hoek-Brown empirical rock failure criterion (Hoek and
Brown, 1980) was developed in the early 1980s for prediction of
ultimate strength of intact rock and rock masses. Over the years,
the Hoek-Brown rock mass failure criterion has undergone numer-
ousrevisions (Hoek and Brown, 1988, 1997; Hoek et al., 1992, 1995,
2002).1t has even been adapted to specific rock masses (Hoek et al.,
1998). A summary of the changes to the Hoek-Brown failure cri-
terion throughout its development is given by Hoek and Marinos
(2007). This empirical criterion uses the UCS of the intact rock
material as a scaling parameter, and introduces two dimension-
less strength parameters, m and s. After studying a wide range of
experimental data, Hoek and Brown (1980) stated that the rela-
tionship between the maximum and the minimum stresses at the
point of failure is

12
01 =03 +ac<m$+1) (23)
Oc

where m and s are constants dependent of the properties of the
rock. The Hoek-Brown failure criterion was originally developed
for estimating the strength of rock masses for applications in exca-
vation design, but it has then been developed and used for intact
rocks too.

According to Hoek and Brown (1980, 1997), the parameter m
depends on rock types. Table 3 gives the ranges of m-values for
different rock types.

In underground space applications, Hoek-Brown failure crite-
rion has widely been accepted as a better criterion compared to
Mohr-Coulomb criterion since it fits a non-linear model to the data,
as well as provides better estimation of rock strength.

Similar calculation procedures described in the previous sub-
section can be used to calculate mud pressures, corresponding
to the lower and upper, stable mud weight windows by assum-
ing Hoek-Brown failure criterion. Tables 4 and 5 summarize the
results. In equations presented in these tables, p and q depend
on the UCS (o) of rocks and can be obtained using the following
equations:

p =moc (24)
q=o0¢ (25)

In polyaxial stress states, Mogi (1971) indicated that brittle
fracture always occurs along a plane striking in the intermediate
principal stress direction. He suggested a new failure criterion as
below:

Toct =f(<7m,2) (26)

where f is a nonlinear, power-law function; o> and T are,
respectively, the effective mean stress and the octahedral shear
stress defined by

o1 + O
Um,2 = % (27)

Toc = 5 V(01— 027 +(03 — 03V +(03 — 01 (28)

Parameters of this failure function cannot be easily related to the
Coulomb strength parameters, ¢ and ¢ (Colmenares and Zoback,
2002). Thus, Al-Ajmi and Zimmerman (2005) proposed that the
function f can be considered to be a linear function as follows:

Toct =+ bom 2 (29)
where

a= 23£cc05(p (30)
b= 23£c sing 31

Eq. (29) is an extension of the linear Coulomb criterion into the
Mogi stress domain referred as Mogi—-Coulomb failure criterion.

The strengthening effect of the intermediate principal stress can
be considered by applying the Mogi—Coulomb law. The first and
second stress invariants, Iy and I, are defined by

Iy =01 +03+03 (32)
I, = 0109 + 0203 + 0307 (33)

Using the Mogi—Coulomb criterion, we will have

\VB-3B=d+b( —03) (34)

where

a =2ccosp (35)

Table 5
Hoek-Brown criterion for determination of fracture pressure in vertical wellbores.

01202203 Wellbore fracture will occur if Py >Puy(frac)
2B+~/4B2 —4(B2 —pB+
0r>09>07 Pu(rac) = 2ZV/AB B pBr0)
(4A-p)++/ (4A-p)> ~16(A% —pA—q)
0r>0,>09 Pu(Frac) = -
2A-B)+4/ [2(B-A)+pI* ~4[(B-A)* —pA—q]
0;=0r=0p PW(Fl'ac) = >
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Table 6
Mogi-Coulomb criterion for determination of breakout pressure in vertical
wellbores.

01>02>03 Wellbore failure will occur if Py, < Py po)

0,>04>0 Pubo) = c5-2 [(30 +2b'K)+ A /H+12(K? + beK)}
0y>0,20 Pugwoy = 1D — 11/ 12(@ + b'D)’ — 3(D - 2EY
09>0:>0; Pyeo) = ;-7 [(3’3 —2D'G)+ 4/ H+12(G? - b’DG)}

H = D?(4b’® —3) + (E2 — DE)(4b?® —12), K=d +bE,G=K +bD

b’ =sing (36)

The principal stresses at the borehole wall given by Egs.
(12)-(14) represent the highest stress concentration that may
result in compressive failure. Introducing these equations into Egs.
(32)and (33), the first and second stress invariants will be changed
to

I, = DE + DPy, — P2, (38)

To determine the mud pressures corresponding to the lower
and upper bounds of mud weight windows, we follow similar cal-
culation procedures used in the two previous subsections, here,
considering the Mogi—-Coulomb criterion. The results are presented
in Tables 6 and 7.

It is noted that the uniaxial tensile strength estimated by
Mogi-Coulomb criterion is identical to that of Mohr-Coulomb
criterion, since both criteria are equivalent in the state of uni-
axial tension. Therefore, a tensile cut-off should also be introduced
into Mogi—-Coulomb failure criterion. Thus, the upper limit of the
mud pressure defined by Eq. (22) should be introduced into the
Mogi-Coulomb borehole failure criterion.

4. Mechanical earth model (MEM)

It is well known that there are correlations between rock’s
physical properties obtained from petrophysical logs and its elasto-
mechanical properties. For example, the larger the sonic velocity
measured from DSI tool is, the larger the elastic and strength prop-
erties of the rock will be. Also, different formations with different
mechanical properties subjected to a similar state of stresses may
respond differently. The MEM uses this basis and extracts rock
elasto-mechanical properties as well as state of stresses from data
obtained in one or few wells in a field (Rasouli et al., 2011). The
process includes construction of elastic property logs from phys-
ical equations, strength properties from existing correlations and
then magnitude of three principal stresses in field. The extracted
logs will be calibrated against core data or field test data, for exam-
ple, elastic and strength properties will be checked against uniaxial

Table 7
Mogi-Coulomb criterion for determination of fracture pressure in vertical
wellbores.

01>02>03 Wellbore fracture will occur if Py >Py(Frac)

J— Patiac) = i [(BA 4 2bN) + m]
0720209 Putrrac) = 3A+ § 1/ 12(a + DAY —3(24B)”

0,>0,>0 Pufrac) = ﬁ [(3A +2b'M) + 4 /] +12(M2 — b'AM)}

J=D*(4b® —3) + (E? — DE)(4b®> —12), M =N+b'D,N =a + b'(E — 2P,)

or triaxial tests data on few cores. Magnitude of minimum princi-
pal stress can also be compared against leak-off test (LOT) data
if available. The logs can be calibrated, a good representative of
mechanical properties and state of stresses in field. A review of the
process involved in construction of MEM is given below.

4.1. Elastic properties

Elastic properties including Young’s modulus, shear and bulk
moduli and Poisson’s ratio can be estimated from three logs of
compression and shear sonic (Vp, Vs) and density (p) (Fjaer et al.,
2008). However, these elastic parameters are dynamic properties
obtained from log data and need to be converted to static parame-
ters using available correlations since they are usually larger than
static properties due to small strain of logging device (Fjaer et al.,
2008). Numerous correlations based on various rock types have
been proposed to convert dynamic to static properties, and one of
them will be presented and used for the purpose of this study.

4.2. Uniaxial compressive strength

Several correlations have been proposed based on studies
in different fields where the UCS of rocks has been correlated
with different physical properties from logs or elastic properties
introduced in the previous subsection (Chang et al., 2006). One can
use the correlation obtained in field which is closer to the field
under study to estimate the UCS of formations. The produced log
can be calibrated against core test data if any available.

4.3. Internal friction angle

There have been relatively few attempts to find relationships
between the angle of internal friction (¢) and geophysical mea-
surements because of the fact that even weak rocks have relatively
high ¢, and there are relatively complex relationships between
¢ and micro-mechanical features of rock such as rock’s stiffness,
which largely depends on cementation and porosity. Nonetheless,
some experimental evidences show that shale with higher Young's
modulus generally tends to possess a higher ¢ (Lama and Vutukuri,
1978). It is relatively straight forward to show that the value of ¢
in wellbore stability analysis is much less significant than UCS.

Among various correlations, the correlation proposed by Plumb
(1994) was used in this study to determine the internal friction
angel of formations:

@ = 26.5 — 37.4(1 — NPHI — Vgpaie) + 62.1(1 — NPHI — Vgpa1e)? (39)

where NPHI is the notation of porosity, and V e is the volume of
shale obtained by

GR — GRpjp

Vshale = m (40)

where GR is the value of gamma ray log, and GRj, and GRyax are
respectively the minimum and maximum values of gamma ray log.

4.4. Pore pressure

Eaton equation is conventionally used to estimate the pore pres-
sure. While these equations were obtained from studies on shale
formations, they are applied to estimate pore pressure in other
formations due to the difficulty in direct measurement of pore
pressure in other formations. The Eaton equation is formulated as

NCT)3 (a1)

Ppg = OBG — (0BG — Ppn)<E
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where Ppg is the pore pressure gradient, OBG is the overburden obtained by fitting a linear or non-linear curve to compressional
stress gradient, Ppy is the normal pore pressure (also known as wave log data.

hydrostatic pressure), At is the compressional wave transit time To use Eq. (41), the overburden stress is claculated using den-
(also called slowness), and NCT is the normal compacted trend line sity log. The hydrostatic pressure can also be estimated based on
Scale : 1: 1000 Well B
DB:DQ 10 (2) DEPTH (4310.02M - 4550.05M) 2/9/2013 21:52
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Fig. 1. Conventional well log data of Well B used for the purpose of current study.
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assumation of brine density since after reaching an approximate
depth of 90 m, brine is replaced with fresh water in subsurface lay-
ers due to decomposition and solution of minerals (Zhang, 2011).

4.5. In situ stresses

Vertical stress is assumed to be a principal stress, and is usually
considered to be solely due to the weight of the overburden. That
is:

oy = pgh (42)

where p represents the average mass density of the overlying rock,
g is the acceleration due to gravity, and h is the depth. If the den-
sity varies with the depth, the vertical stress is determined by
integrating the densities of the overlaying rocks. At the depths of
interest in petroleum exploration, the vertical stress has a gradient
in the range of 18.1-22.6 kPa/m (0.8-1.0 psi/ft) (Fjaer et al., 2008).
As the density log is usually acquired across the reservoir interval,
extrapolation of this log toward the surface is performed to have
an estimation of densities for overlying layers.

Inisotropically and tectonically relaxed areas, the minimum and
maximum horizontal stresses are the same. However, the horizon-
tal stresses are not equal where major faults or active tectonics
exist, which is likely the case. In this study, the poroelastic hori-
zontal strain model (Fjaer et al., 2008) was used to determine the
magnitudes of the minimum and maximum horizontal stresses.
Formulations of this model are expressed as

v Esta

op = m(o'v—app)"rapp“rm(gx“rvgy) (43)
oy = L(av—oel’ )+ Py + Esta (&y + vex) (44)
1—v P P2t

The minimum horizontal stress obtained from above formu-
lae can be calibrated against direct measurements of extended
leak-off test (XLOT), standard LOT, or mini-frac test with a wire-
line tool (Yamamoto, 2003; Zoback et al., 2003). LOTs are typically
performed at each casing shoe to determine the maximum mud
weight possible for the next drilling interval. These LOTs, if under-
taken correctly, are inexpensive but will provide calibration points
for log-derived minimum horizontal stress. In fact, this test is the
most commonly used method to interpret and calibrate the min-
imum stress magnitude (Baumgartner and Zoback, 1989; De Bree
and Walters, 1989; Sarda et al., 1992; Addis et al., 1998).

5. Case study

In this section, the data corresponding to a well is used to
construct the MEM and then the stable mud weight window is
determined using three different failure criteria mentioned in
Section 3. This well, Well B, is an onshore well and due to confi-
dentiality purposes, we are unable to release the name of the field
or well. However, this well is located in southern part of Iran.

5.1. Geology of the study area

This study uses the data belonging to an oilfield located in the
Iranian Province of Kuzestan, onshore of the Ahwaz region, near the
Iran-Iraq frontier. The field is a north-south oriented gentle anti-
cline, located in the Dezful Embayment, which is a sector associated
with the closing of the Neo-Tethys Sea and the Tertiary formation
of the Zagros-Taurus Mountains. The oilfield is close west to the
Basrah area. The structures in the Basrah area consist of gentle anti-
clines showing a north-south general trend which is the same to
this field. The trend of these anticlines follows the old north-south
oriented basement lines. The presence of Precambrian and early
Cambrian salt in Northern Persian Gulf area and Saudi Arabia is
considered as a reason to explain the possible origin of these struc-
tures. However, the development of these anticlines seems related
to the reactivation of basement faults which can be responsible for
their structural evolution. The structural growth of the field area
may have already started during the Mesozoic Era or earlier and
continue through the time.

The Fahliyan formation is well exposed in the Zagros Moun-
tains in Fars Province (James and Wynd, 1965). At the same time
of the sedimentation of the Fahliyan, in the area located between
the oilfield and the Khuzestan Province, the intra-shelf basin of the
Garau formation takes place. The current oilfield area at the time
of the Fahliyan sedimentation must belong to an articulate car-
bonate ramp complex, partly controlled by local tectonics, partly
by sea level changes, probably limited eastward by a more subsid-
ing area that has undergone a deeper sedimentation. Argillaceous
limestones and shales of deep environment are also developed in
offshore Kuwait, suggesting that this area belongs to the same
intra-shelf basin. The sedimentation of these units is related to
the significant sea level rise that started during the late Tithonian
and continued to the early Berriasian (Sadooni, 1993). The shallow
water sequences of Fahliyan and equivalent units of northern Per-
sian Gulf underlay the shale and bioclastic limestone of the Ratawi
formation.

Fig. 2. View of bulk sample from Well B used to acquire plugs for rock mechanical tests.
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5.2. Onshore well resistivity log, have been acquired during the drilling phase of this
well. These logs are used to study the quantitative relationships
Complete well log datasets, including compressional and shear between acoustic and litho-petrophysical properties and to sup-

sonic log, density log, neutron porosity log, caliper log as well as port seismic lithology activities (both inversion and calibration) in
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Fig. 3. Estmaited elastic properties of formations in Well B.
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field. At the same time, a set of acoustic and petrophysical curves,
including the generated synthetic seismograms, is used to correlate
well and seismic information. However, in this study, we used these
logs to estimate the optimum safe mud window for drilling wells in
this field using MEM. Fig. 1 shows the conventional well logs used
in this study. In this figure, the first track shows the depth and the
gamma ray (GR) log. The second and third tracks include compres-
sion (DTCO) and shear (DTSM) sonic logs, respectively. These are
the inverse of velocities. Total porosity (PHIT) and density (RHOZ)
logs are presented in the last two tracks.

Cores were acquired from depths of 4355-4550 m. The samples
had been tightly bound and were transported in their original inner
core barrel to maintain their integrity as much as possible. Three
samples were used for mechanical tests. Fig. 2 shows the view of
bulk cores used to produce plugs for the purpose of rock mechanical
tests in the laboratory.

5.3. MEM constructed for Well B

This section presents the results of the MEM constructed for
the well. Procedures described in Section 4 were used to estimate
mechanical properties as well as state of stresses based on the log
data and information available.

Dynamic elastic parameters of reservoir rocks were estimated
using dynamic elastic equations. These parameters were then con-
verted to static parameters using the correlation proposed by Eissa
and Kazi (1988).

Fig. 3 shows the estimated log based elastic parameters of this
well. The first track in this figure is the depth and GR log. The second
track shows the static Young’s modulus where the correspond-
ing lab test results are shown as black circles. A good agreement
between the log based and lab test results indicates the validity of
the estimated property. The third track is the calculated Poisson’s
ratio. The fourth and fifth tracks show static shear (GSTAT) and bulk
(KSTAT) moduli, respectively.

To estimate the UCS of reservoir rock, the correlation proposed
by Christaras et al. (1997) was used. This correlation is formulated
as

oc =9.95V, 2! (45)

To calibrate the results presented by the above correlation, UCS
tests were conducted on the three core samples. To do this, sam-
ple was prepared according to the ISRM suggested methods (ISRM,
1983). However, because of the size of the core sample and prepa-
ration issues, it was impossible to prepare samples with length to
diameter ratio (L/D) of 2-2.5 as suggested by the ISRM. The samples
tested had length to diameter ratio of 1. Therefore, the results were
corrected using the following equation (Pariseau, 2007):

C=( (0.78 + 0’22]_/1_D) (46)
where C; is the unconfined compressive strength of a sample with
L/D=1, and Cis the real unconfined compressive strength expected
to be obtained for a sample with L/D=2-2.5. Fig. 4 shows the view
of one of the core samples prepared and used for the UCS test.

To estimate the friction angle, Eq. (39) was used and the result
was presented. Next, the pore pressure and in situ stress profiles
were estimated. The variation of pore pressure was determined
using Eq. (41). The pore pressure log was calibrated using modular
dynamic formation tester (MDT) data.

The magnitudes of in situ stresses were estimated using Eqs.
(42)-(44).The LOT data were used to calibrate the magnitude of the
minimum horizontal stress. The failures observed from caliper logs
were used to fix the magnitude of the maximum horizontal stress.
Fig. 5 presents the pore pressure and stress profiles. The first track
in this figure is the depth and GR log. The second track shows the
UCS log, suggesting a good agreement with the UCS test data. The
third track is pore pressure (PP) profile and the fourth track is the
internal friction angle log. The last track includes the magnitude of
vertical (o), minimum (0, ) and maximum (oymax) horizontal
stresses. From this figure it is seen that the reverse fault is the dom-
inant stress regime in this field as the order of magnitude of in situ
stresses is oy < Opmin < OHmax-

Having obtained the rock elastic and strength properties as well
as the magnitude of in situ stresses, it is possible to determine the
stable mud weight windows for drilling purposes. As discussed in
Section 3, the results may differ depending on which failure crite-
rion is used.

As it was mentioned in Section 3.1, the most commonly
observed order of magnitude of stresses around a wellbore in terms

Fig. 4. View of core sample used for UCS test (left) and sample view after the test (right).
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Fig. 5. Uniaxial compressive strength, pore pressure and stress profiles estimated in Well B.

of shear failure is 0y >0, >0 and 0, > 0, > 0y in case of tensile fail-
ure. Considering this assumption and the real mud weight that had
been used to drill Well B (i.e. 1.79 g/cm3), the calculations were car-
ried out to determine the potential for any shear failure (breakouts)

or tensile failure (induced fracture). The results of such analysis are
shown in Fig. 6 considering three different failure criteria. In this
figure, the first track is the depth and GR log. In the second track,
the mud weight window is shown. The red profile to the left shows
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Fig. 6. Determination of stable mud weight windows for Well B using three different failure criteria.

the mud weight corresponding to kick. The brown profile is the
mud weight below which breakouts or shear failure will occur. On
the other side, if the used mud weight exceeds the blue or green
profiles, the model predicts mud loss and induced fracture in the

formation, respectively. Therefore, the white area in the middle of
track in this figure is the stable mud weight window for drilling. As
is seen from this figure, this window changes as a function of depth
and itis likely that this window disappears meaning that practically
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there is no safe window to drill so the drill should take actions such
as excessive hole cleaning when drilling in this zone. In this paper,
the conclusion is different predictions obtained when using dif-
ferent failure criteria to determine the stable windows. In fact, a
model which provides the most comparable prediction with real-
ity is the most reliable model. The observation regarding wellbore
instability or failure during drilling is captured using caliper logs or
image logs such as FMI. From the caliper logs shown in this figure,
severe breakouts are observed with the intervals of 4306-4314 m
and 4322-4358 m as well as 4400-4421 m.

The Mohr-Coulomb criterion overestimates the rock strength
and results in a larger value for the lower bound of the stable mud
weight windows compared to other two failure criteria. This could
be linked to the fact that in this criterion, the effect of the interme-
diate principal stress is ignored. Hoek-Brown and Mogi-Coulomb
criteria predict the breakouts observed from caliper data more real-
istically; however, the latter criterion appears to give a better match
with the observed failures from calipers. Thus, Mogi—-Coulomb cri-
terion perhaps is a better failure criterion to be considered for
this application as it considers the effect of intermediate principal
stress.

6. Conclusions

This study aimed at comparing the applicability of three fail-
ure criteria of Mohr-Coulomb, Hoek-Brown and Mogi-Coulomb
for prediction of rock failures during drilling a wellbore. The MEM
used to estimate continuous profiles of formations’ mechanical
properties and the state of in situ stresses is found to be a very
practical and reliable tool. It was seen how the rock mechanical
test data as well as field test data would help in calibration of the
MEM. Determination of stable mud weight windows presented
for two wells indicated that Mohr-Coulomb criterion overesti-
mates the predicted mud weight for safe drilling. The results
obtained from Mogi-Coulomb failure criterion are found to be in
closer agreement with field observation compared to Hoek-Brown
and Mohr-Coulomb criteria. This was related to the fact that
Mogi-Coulomb criterion considers the effect of intermediate prin-
cipal stress on failure prediction and this is a better representation
of failure occurring in real situation.
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