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Abstract

Wellbore instability is a quite common event during drilling, and causes many problems such as stuck pipe
and lost circulation. It is primarily due to the inadequate understanding of the rock properties, pore pressure,
and earth stress environment prior to well construction. This study aims to use the existing relevant logs,
drilling, and other data from offset wells to construct a precise mechanical earth model (MEM) describing
the pore pressure, stress magnitudes and orientations, and formation mechanical properties of South Pars Gas
field. Since the core test data, MDT/XPT data, and LOT/XLOT data were not available to calibrate the
developed model, each component of the model was determined using a range of existing methods and
relations, and then the wellbore instability was analyzed based on the developed MEM and the Mogi-
Coulomb failure criterion. The predicted incidents such as the lost circulation and tight hole were then
compared with the caliper log and reported drilling events to determine the consistency of the model. Since
the stability analysis based on the developed MEM had the most agreement with the caliper log and reported
drilling events, the equations presented by Eaton and Zoback had good estimations of the pore pressure and
rock strengths. Also the estimated horizontal stresses were precise enough to enable the constructed MEM to
predict the wellbore instabilities. The stress regime in the field of study was strike-slip, which is frequently
specified in the industrial technical reports of the studied field. Finally, it was concluded that the Mogi-
Coulomb failure criterion minimized the conservative nature of the mud pressure prediction due to the
consideration the strengthening effect of the intermediate stress.

Keywords: Mechanical Earth Model, Wellbore Instability, Drilling Operation, Mogi-Coulomb Failure
Criterion.

1. Introduction

The wellbore stability maintenance is a crucial
step during drilling a well for oil and gas
production. The wellbore instability problems
may cause increase in the wellbore’s drilling
costs; delay in drilling the wellbore, and, in severe
conditions, wellbore abandonment. It has been
estimated that at least 10% of the average well
budget is used on unplanned operations resulting
from the wellbore instability. These costs may
approach one billion dollars per year worldwide
[1]. The simplest constitutive model for
describing the behavior of rocks is linear elastic,
which is the foundation for all the aspects of rock
mechanics. This theory is based upon the concepts

of stress and strain, which are related to the simple
Hook’s law. Two parameters are required for
describing the elastic response of a material:
Young’s modulus and Poisson’s ratio. The
solution to a given problem, considering the
elasticity theory, consists of determination of the
stress, strain, and displacement components.
Bradley [2] and Fjaer et al. [3], among others,
have presented analytical equations to compute
the stresses around boreholes. They have assumed
a state of plane strain. The derivation of the stress
solution has been in the work presented by Jaeger
and Cook [4], and the final equations have been
given by Bradley [2] and Fjaer et al. [3].
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When the formation rock is subjected to
sufficiently large stresses, a kind of failure occurs.
In this work, we considered two types of failures:
shear failure and tensile failure. The most
common shear failure criteria are Mohr-Coulomb
and Mogi-Coulomb.

In the present work, firstly, an MEM was
constructed using the existing relevant logs,
drilling, and other data from the offset well, and
then the wellbore instability was analyzed based
upon the developed model and the Mogi-Coulomb
failure criterion. Finally, the results obtained were
compared with the caliper log and reported
incidents such as the lost circulation in order to
validate the developed model.

2. Mechanical earth model development
Development of a mechanical earth model (MEM)
is essential for making the best use of field
geomechanics information. MEM is a description
of the strengths, stresses, and pressures as a
function of depth, referenced to a stratigraphic
column. Once an MEM is constructed, it can be
used to estimate and predict the best possible
methods for safely drilling and completing in both
a single borehole and field development. A typical
flow chart for the key MEM steps is shown in
Figure 1.
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Figure 1. Basic workflow in MEM construction process.

2.1. Calculation of elastic parameters

The rock elastic properties represent the basic
inputs to the estimation of rock strength and in-
situ stresses, which can be later refined and
calibrated to the other available information.
Assuming elastic isotropy, DSI, dipole sonic
measurements (i.e. compressional Atc and shear
slowness Atg) and bulk density (p,) from well logs
were used together with the following equations
to calculate the dynamic elastic moduli:
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However, these dynamic  properties are
systematically different from the equivalent static
values that are typically needed for the subsequent
geomechanics modeling and stress analysis, with
dynamic Young’s modulus often being 2 to 3
times larger than the equivalent static Young’s
modulus [5, 6]. Many authors [3, 7- 9] have
presented relations between the static and
dynamic Young’s modulus in carbonates. Based
upon the Zoback’s findings [10], the static
Young’s modulus is approximately 0.4 times of
the dynamic Young’s modulus, and, therefore,
Wang’s equation [8] can be used to determine the
static Young’s modulus:

E, =0.414E, —1.15 (5)

Figures 2 and 3 show the dynamic and static
elastic moduli, respectively.

The static value for the Biot's constant was
assumed to be 1.0 for all the formations and rock
types considered [11].
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2.2. Calculation of rock strength

Rock strength refers to the ability of a rock to bear
the in-situ stress environment around the
wellbore.  Unconfined compressive strength
(UCS) is one of the most widely used rock
strength parameters. It is typically computed by
log measurements. Several empirical equations
exist for calculating UCS from the log data. Most
of them use the rock elastic moduli (Young’s
modulus, shear modulus), porosity, and other
formation properties. In this work, UCS was

2016

calculated based on the empirical relation
presented by Militzer [12], and Zoback [10] (table
1). Zoback’s equation had good estimations for
limestone and dolomite, and, therefore, was used
in the MEM development in this field. Figure 4
shows the calculated values for UCS in reservoir.

Tensile strength of the formation was used to
evaluate the tensile failure of the borehole due to
the stress concentration. The tensile strength of a
rock is usually in the order of 1/12 to 1/8 of its
UCS [10].

Table 1. Empirical relation to calculate UCS in carbonates.

UCS, MPa Comments Reference
ucCs = (%?2)1'82 1145 Carbonates Militzer, 1973 [12].

UCS =0.4067E %%

Limestone with 10<UCS<300 MPa

Zoback, 2007 [10].

UCS = 2.4E %3 Dolomite with 60<UCS<100 MPa  Zoback, 2007 [10].
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Figure 2. Dynamic elastic moduli.
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Figure 3. Static Young’s modulus.

2.3. Calculation of pore pressure

The predicted pore pressure is one of the key
parameters involved for constraining the in-situ
stress state in the study field that is implemented
in an integrated wellbore stability model. The
normal trend method [13], Holbrook method [14],
and explicit method [15] are commonly used in
the oil industry for the pore pressure prediction.
The Eaton method was used in this work. It is
essential to determine the normal pore pressure
trend line, normal trend of compaction, and Eaton
exponent [13] to utilize the Eaton normal trend
method for a pore pressure prediction. The Eaton
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method can be described as the following
equation:

P. At
5 )(Ato

s S .
B_(B_( ) (6)

P -
5=
where D is the depth. P and S are the pore
pressure and overburden stress, respectively. At,
and At, are the normal and real transit time of
sonic wave in the formation, respectively. Also a
is the Eaton’s alpha exponent, which has been
reported to be equal to 3.0. The predicted pore
pressure profile is shown in Figure 6.
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Figure 4. Estimated UCS in reservoir section using Militzer and Zoback’s equations for limestone and dolomite
respectively.

2.4. Calculation of in-situ stress

The in-situ stress magnitudes and orientations
play very important roles in a geomechanical
analysis, and they are the most basic parameter
inputs in investigation of the wellbore stability.
For more details for calculation of the in-situ
stress magnitudes, please refer to Amadei and
Stephansson [16] and Haimson and Cornet [17].
Whilst formation density can be obtained using
wire-line logs or core density, only bulk density
logs were used in this work. The values for the
vertical stresses (oy) were computed by
integrating the formation bulk density (p,) from
surface to TD using the following equation:

o, =[5 p(z)gdz = pgz
where p is the rock density.

When characterizing the horizontal stress, the first
step consists of determining its orientation. Stress

()
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direction analysis is a critical part of any
geomechanics study. Identifying the stress
direction and magnitude allows improving a well
trajectory design so that the wellbore instability
can be minimized. Several methods are available
for identifying the stress direction including the
borehole breakout orientation, hydraulic fracture
orientation, and shear sonic anisotropy.

Wellbore breakout generally occurs in the
minimum principal stress direction around the
wellbore, where the stress concentration is the
highest. In a vertical well, the minimum principal
stress direction corresponds to the direction of the
minimum  horizontal stress. Therefore, the
borehole breakout direction in a vertical wellbore
indicates the direction of the minimum horizontal
stress. Wellbore breakout direction can be



Bozorgi et al./ Journal of Mining & Environment, Vol.7, No.1, 2016

identified using the image logs or by analyzing the
oriented multi-arm caliper data.

Hydraulic fractures generally occur in the
maximum principal stress direction around the
wellbore, where the hoop stress is tensional. In a
vertical well, the maximum principal stress
direction corresponds to the direction of the
maximum horizontal stress. Therefore, the
hydraulic fracture direction in a vertical wellbore
indicates the direction of the maximum horizontal
stress. The drilling induced hydraulic fracture
direction can be identified using the image logs.
Stress magnitudes including those of in-situ
stresses in rocks cannot be explicitly measured,
and can only be modeled or inferred from
measurement of deformation, strain, and pressure.
However, there are a number of fundamental
conditions in mechanics that must be honored.
They constrain the magnitudes and directions of
the principal stresses 61, 6, and o3 in a solid body
(including the stresses in the ground).

Of the two horizontal stresses, the magnitude of oy,
is more straightforward to determine if it happens
to be the in-situ minimum stress o3, and is
therefore less than the overburden stress. With
mini-frac or extended leak-off test, indirect
measurements of o3 (and, therefore, o) can be
obtained with a reasonable accuracy. In contrast to
the minimum horizontal stress, it is not possible to
make a direct measurement of the maximum
horizontal stress magnitude (o). However, it can
be inferred with reasonable accuracy using
additional constraints from stress polygons, as
discussed later.

In a passive basin, if a rock is assumed to be a
semi-infinite isotropic medium subjected to
gravitational loading and no horizontal strain, the
two horizontal stresses are equal in magnitude.
They can be estimated [18] from the pore pressure
P, overburden stress oy, Biot's coefficient, o, and
static Poisson's ratios, v, using the following
uniaxial strain poro-elastic equation:

9
E(O'V—O!Pp)'FO!Pp (8)

Oon =
In a tectonically-active basin, the tectonic stresses
and strains arise from the tectonic plate
movements. If tectonic strains are applied to rock
formations, they add a stress component to an
elastic rock. The poro-elastic horizontal strain
model, discussed by Bratton (1999), takes the
tectonic strains into account, and, therefore,
accommodates the anisotropic horizontal stresses.
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3 Eg
op =——(y—aP)+aP+——=s& +——==¢
h 1_9( v P) p 1_32 X 1_32 y (9)
9 E Eg
oy =——(oy—aP))+aPyj+——=s& +——¢
H 1_'9( v P) p 1_92 y 1_92 X (10)

Here, the two horizontal strains €, and &, may be
compressional (i.e. for tectonic compression) or
extensional (i.e. to represent lateral spreading),
and can be treated simply as the calibration factors
that can be adjusted to best-match the stress
estimates to minimum  horizontal  stress
measurement or specific modes of rock failure
seen on the image logs, etc. In this study, the
minimum horizontal stress was estimated through
Equation 9, and then calibrated through the
reported lost circulations during drilling.
Maximum horizontal stress was first determined
using Equation 10. The results obtained were then
constrained through a stress polygon [10]. The
stress polygon is based upon the Anderson’s
faulting theory and Coulomb frictional theory
[19]. To determine the maximum horizontal stress
using the stress polygon, vertical stress, pore
pressure, minimum horizontal stress, and
unconfined compressive strength were needed
[20]. Figure 5 shows the stress polygon at a depth
of 3000 m, in which the required parameters in
terms of MPa were P, = 38, S, = 77 £ 3, UCS =
82.87, and S, = 70. Using this stress polygon
resulted in a maximum horizontal stress of 115
MPa.

Based on the aforementioned methods, the three
in-situ stresses and pore pressure were calculated
and presented in Figure 6 for the studied well.

In figure 6, oy > o, > o}, and therefore, based on
the Anderson’s frictional faulting theory, the
faulting regime in our case was strike-slip, which
has been frequently specified in the industrial
technical reports for the studied field [21].

240

220
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Figure 5. Stress polygon at depth of 3000 m.
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Figure 6. In-situ stresses and pore pressure vs. caliper.

3. Wellbore stability analysis o, =P,
3.1. Stress distribution around wellbores

For an inclined borehole, the near-wellbore stress
can be obtained by modifying the Kirsch’s o, =0, —2‘/[(0XX ~o,, )cosZH—Zaxysinze]
solution for the state of stress surrounding a

circular hole in an infinite elastic plate. Based on
the cylindrical coordinates, the Kirsch's equations o, = 2(—0-XZ sin6’+o-yzcose)
refer to the stress distribution at the wellbore of a
vertical borehole with unequal far field stress that
can be obtained from Equation 11 [22]:

o, =0, +o, —2(c, —o, )cos20 - 4c, sin20 P,

11
Urﬁzo ( )

o, =0

Figure 7 shows an estimation of the stress
distribution around the wellbore at a depth of
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3350 m. It shows the compressive stress
concentration in the direction of oumin, Which leads
to wellbore breakouts in the direction of minimum
horizontal stress. On the other hand, the tensile-

S, Pressure

(Avg: 75%)

+6.651e+06
+5.297e+06
+3.944e+06
+2.590e+06
+1.237e+06
-1.169e+05
-1.470e+06
-2.824e+06
-4.178e+06
-5.531e+06
-6.885e+06
-8.238e+06
-9.592e+06

induced fractures occur perpendicular to the
minimum horizontal stress due to the tensile stress
concentration in the direction of maximum

horizontal stress.

Figure 7. Stress distribution around well at depth of 3350 m.

3.2. Shear and tensile failure criterion

A main aspect of the wellbore stability analysis is
the selection of an appropriate rock failure
criterion. The most commonly used criterion for
brittle failure of rocks is Mohr-Coulomb. As the
Mohr-Coulomb criterion ignores the strengthening
effect of the intermediate stress, it is expected to
be too conservative in estimating the critical mud
weight required to maintain the wellbore stability
[23]. Recently, Al-Ajmi and Zimmerman [24]
have developed the Mogi-Coulomb failure
criterion, and have shown that it is reasonably
accurate in modeling the polyaxial failure data
from a variety of rocks. During drilling, there are
two main wellbore stability problems, namely,
borehole collapse and fracturing [24]. In this
work, the Mogi-Coulomb failure criterion was
used to analyze wellbore stability. The Mogi-
Coulomb failure criterion in the to - om2 Space
[23] is as follows:

T,y =a+bo,,

2\2

a=——CCos
3 »

(12)
b :&Sinw
3
1
Ty =3 (0,-0, )2 + (o, 0'1)2 +(o, 0'3)2

3.3. Failure analysis and history matching

The first step in performing a history matching
consists of computing the mud weight window
along the well trajectory using the stress model
and the rock properties calculated for MEM. The
shear and tensile failures were computed along the
well trajectory using a defined mud weight and
the Mogi- Coulomb failure criterion. The
predicted failure occurrences (breakouts, tensile
induced fractures, etc.) were then compared with
the actual data from the drilling report or caliper
log data. Figure 8 shows that the mud weight used
leads to few breakouts and mud loss, which are
obvious in caliper log, and have been mentioned
in the daily drilling reports. These drilling
incidents are thoroughly predicted by the
developed MEM, as shown on Figure 8.

In this figure, MW is the mud weight used while
drilling this well. When MW lies in the blue
shaded area, the mud weight would be less than
the pore pressure, and there would be a risk of
kick. When MW is lower than the brown curve,
there would be occurrence of breakout, as
mentioned in Figure 8. When MW is higher than
the green curve (minimum horizontal stress),
losses may occur in the presence of natural
fractures. Finally, if MW exceeds the formation
breakdown gradient (red), there would be a
drilling-induced fracture on the borehole wall.
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Figure 8. Wellbore stability analysis and predicted breakouts and mud losses.

4. Discussion

The most effective approach used to calibrate and
validate MEM is to verify the predictability of the
model. Using the estimated rock properties and
horizontal stresses, wellbore stability analysis
shows how robust MEM is by comparing the
predicted wellbore stability/instability with the
drilling events, image, caliper etc. A precise MEM
is formed from precise components such as pore
pressure and in-situ stresses. Therefore, each
component has to be verified by the existing data
such as MDT/XPT, laboratory mechanical tests,
and LOT/XLOT. In this study, the lack of
reference data was used to determine each MEM
component using few methods, and to construct
few MEMs from its components. Each MEM was
used to predict the wellbore stability, and was
then compared with the drilling events and
caliper. Comparison of the developed MEM in
this study with the drilling events and caliper log
demonstrated a good agreement, even though the
MEM components were primarily needed for
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verification and calibration with the in-situ and
laboratory test data.

5. Conclusions
The present paper is a summary of a
comprehensive study of the wellbore stability in
South Pars Gas Field as the largest gas field in the
world. The SPD12C-08 well, an appraisal well in
Phase 12 of South Pars Gas Field, was selected for
the borehole stability analysis. An MEM was built
using the interdisciplinary data sources such as
well logs. Then the constructed MEM was
evaluated using the wellbore failure observations,
well logs, etc. The following findings were
obtained.
¢ Since the stability analyses results obtained
based on the constructed MEM had good
agreement with the reported events and
Caliper log, it can be concluded that the
equations used to calculate the MEM
components had a suitable estimation of the
real data.
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e The stress model indicated that the stress
regime in the reservoir interval was primarily
strike-slip (o, < oy < on). Therefore,
considering the effect of well azimuth on
wellbore stability, it is recommended to plan
the well azimuth between o}, and oy directions.

e As the Mogi-Coulomb failure criterion
considers the strengthening effect of the mean
effective stress in the stability analysis, it
would minimize the conservative nature of the
mud pressure prediction.
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