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ABSTRACT

Mechanical wellbore integrity problems while drilling are mainly due to wellbore
shear failure or tensile failure. To ensure wellbore integrity, breakout and fracture
geomechanical analysis is conducted to estimate minimum and maximum drilling fluid
densities. Currently, there is no agreement as to which rock failure criterion to use for
estimating breakout or fracture criteria to use for analyzing drilling induced fractures.
However, when wellbore integrity issues arise while drilling, mitigation strategies can be
applied to rectify these problems.

This dissertation analyzes criteria for wellbore breakout and fracturing. Also,
mitigation strategies for breakout and fracturing while drilling were experimentally
investigated. Thirteen rock failure criteria were compared based on estimating borehole
breakout for field reported wellbore failure cases. Five fracture width models were
investigated, compared, and experimentally evaluated. Hydraulic fracturing experiments
were carried out to evaluate the impact of LCM addition on enhancing both; breakdown
and re-opening pressure. Coal Combustion Residuals particles evaluated as shale inhibitor
additive in water-based drilling fluid system using pressure transient test.

The results showed the estimated borehole breakout by Mogi-Coulomb, Modified
Lade, and Modified Wiebols Cook criteria is close to field reported shear failure. Carbonell
and Detournay’s fracture width model estimated close to the measured fracture width of
core samples. The addition of different LCM blends enhanced the breakdown pressure up
and the re-opening pressure. Using fine grained Coal Combustion Residuals in water-based

drilling fluid reduced the pressure transient rate in Catoosa shale samples.
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1. INTRODUCTION

Wellbore integrity problems while drilling are well-known and costly, including
wellbore instability problems and fluid loss events. Mechanical failure, insufficient hole
cleaning, differential sticking, tight hole, stuck pipe, and wellbore trajectory problems are
often the consequence of wellbore instabilities. Partial and total losses of drilling fluid are
the consequence of fluid loss events. It is believed that the principal reason of wellbore
instability is the borehole compressive failure, especially for shales (Hale et al., 1993; Bol
et al., 1994; Gazianol et al., 1995). Root cause diagnosis of drilling instabilities is of key
importance in prevention or remediation approaches. For example, keyseat (i.e. borehole
wear due to lateral force from the drill stem when the dogleg is too sharp in deviated
wellbores) causes borehole enlargement on one side of the wellbore and is not symmetric
as borehole breakouts are. Fluid losses and fractures around the wellbore walls are other
major concerns for wellbore integrity and also for operational safety purposes. Drilling
induced tensile fracture and presence of pre-existing fractures around wellbore are root
cause of fluid loss events. Drilling fluids are expensive and availability of fluid in the rig
site is limited, especially for offshore operations. More importantly, a drop in wellbore
pressure due to fluid losses will enhance the likelihood of well control issues and kick. In
addition to consequences while drilling, out-of-gauge wellbore size creates uncertainty for
cement volume calculations, and a poor cement job could intensify the chance for problems
in well completion and production operations such as perforation and sand control. In

general, instabilities create and intensify problems.



1.1. THEORY OF MECHANICAL WELLBORE FAILURE

Assuming a circular wellbore with impermeable wall, shear and tensile failures
happen when in situ stresses exceed rock compressive strength and tensile strength.
Breakout or onset of shear failure initiates when the maximum differential stress occurs at
the borehole wall (Babcock, 1978). Breakout will cause symmetric elongation or
enlargement of the borehole (Figure 1-1). Small breakouts are not a source for any
operational concerns. However, wellbore mechanical collapse due to intensive breakouts
or wellbore shear failure can trigger instabilities. Practically, the onset of borehole breakout
is considered as lower bound of mud weight window or minimum required drilling fluid
density. The minimum required drilling fluid density might be higher or lower than
formation pore pressure, depending on in situ stresses, and also rock mechanical properties.
The minimum required drilling fluid density is controlled by borehole shear failure only if
the onset of breakout is above the formation pore pressure. Wellbore tensile failure happens
when drilling fluid hydrostatic pressure exceeds the formation tensile strength (Brudy et
al., 1999) (Figure 1-1). The fracture initiation pressure is considered as higher mud weight

window or maximum drilling fluid density.

Drilling Induced Tensile Fractures
s
< > Breakout

Figure 1-1. Borehole breakout and drilling induced tensile fracture at the wall of a
vertical hole with anisotropic horizontal stresses



1.2. CHEMICAL-MECHANICAL SHEAR FAILURE

The assumption of impermeable wellbore wall often might not be valid especially
for shales (Chenevert, 1970). Time-dependent drilling fluid invasion in shales causes
wellbore instabilities (Chenevert, 1970 & 1989; Hale et al., 1993; Ballard et al., 1994; Bol
et al., 1994; Van Oort et al., 1996; Horsrud and Bostrom, 1998). Fluid invasion in shales
is believed to be a physiochemical process mainly due to hydraulic potential drive and
chemical potential drive (Van Oort et al., 1996; Karaborni et al., 1996). The Darcy flow of
water is driven by hydraulic potential gradients (pressure imbalance), and diffusion of
solutes are driven by chemical potential gradients (chemical imbalance) between the
drilling fluid and the shales’ pore fluid. Increase of near wellbore pore pressure reduces the
effective stresses causing wellbore failure. Reduction of near wellbore rock strength,
increase of hydration stress in pore space, and shales swelling or wellbore size shrinkage
are other main consequences of shale hydration. The shale hydration causes differential
micro-strains and weakens the cohesive bonds between clay platelets which results in
strength reduction (Fam and Dusseault, 1998). (Hale et al., 1993; Ghassemi et al., 2001;
Mody et al., 2002). Invaded drilling fluid increases pore pressure since shales have a low
permeability and cannot dissipate excess pore pressure (Chenevert, 1970 & 1989; Van Oort
et al., 1996; Horsrud and Bostrom, 1998).

There are different theories that have been developed to described the shales
swelling process, such as hydraulic pressure balance, capillary suction (surface hydration),
and osmosis pressure (Forsans and Schmitt, 1994; Van Oort et al., 1996; Karaborni et al.,
1996). However, shales swelling phenomena is not well-understood and there is no

agreement as to which mechanism is dominant in the shale hydration. Surface hydration



happens through the bonding of water molecules to oxygen atoms on the surface of the
clay’s silicate layers, and ionic hydration is caused by formation of hydration shells around
exchangeable cations in the clay crystal (Chenevert, 1970 & 1989). Flow of water from a
dilute solution to a more concentrated solution through a semi-permeable membrane is
called osmosis (Chenevert, 1970, 1989). When the water activity (chemical potential) in
the bulk fluid is higher than the water activity of the shale formation, a net flux of ions
would flow out and a net flux of water would flow into the shale formation (Marine and
Fritz, 1981; Mody et al., 2002). A presence of a semi-permeable membrane is essential for
osmosis to occur; the membrane allows only solvent molecules to pass through while
restricting solutes and other unwanted particles (Van Oort et al., 1994). However, Ballard
et al. (1992) investigated water transport through shale and concluded that shales do not
act as semi-permeable membranes as described by Chenevert (1970 & 1989) and that ions
can freely diffuse through them. Bol et al. (1992) came to the same conclusion after running
a series of experiments. Shales do not act as an ideal semi-permeable membrane; it is well-
established that ions do move through shales (e.g. Steiger, 1982; Denis et al., 1991; Ballard
et al., 1994; Horsrud et al., 1998). Membrane efficiency was defined as a measure of how
well shales can prevent ion movement (Horsrud et al., 1998). Low clay content shales are
normally fractured and therefore do not act as a barrier to water and ion movement (Ewy
and Stankovich, 2000). While osmotic backflow strengthens shales through pore pressure
and water content reduction, ionic diffusion can weaken shales (Marine and Fritz, 1981;
Ghassemi et al., 2001). lon transfer into shales has a negative impact on strength by
inducing tensile stresses (Ghassemi et al., 2001). Potassium ion fits more easily into the

clay mineral crystal lattice than the sodium ion, which is the dominant native ion in shales



(Ghassemi et al., 2001). When the formation is chemically inert, the fluid invasion is
controlled only by the difference between the wellbore pressure and the formation pore
pressure (Bol et al., 1994; Ballard et al., 1994). Mody and Hale (1993) believed hydraulic
flow is due to pressure difference between the wellbore and formation is dominant in

poorly consolidated (more permeable) shales.

1.3. FLUID LOSSES

Fluid losses happen when drilling fluid penetrates natural or pre-existing fractures
or when drilling fluid density exceeds the formation fracture gradient— this is often called
a drilling-induced fracture. Figure 1-2 shows different scenarios of wellbore pressure
leading to fluid losses (Alsaba et al., 2014). To prevent fluid loss events, the drilling fluid
density should be kept below the fracture breakdown pressure for intact rock and also
below the fracture re-opening pressure for naturally fractured formations. Fluid losses
might happen due to drilling practices such as insufficient hole cleaning. Fluid losses may
initiate from hole collapse and can be triggered by insufficient cleaning. Borehole pack-off
while back-reaming may also lead to fluid losses (Fjear et al., 2008). It should be noted
that significant fluid losses happen when the fracture initiates and also propagates beyond
the near well region. Fracture propagation happens when the wellbore pressure exceeds the
minimum principal stress and an additional term, depending on the conditions for fracture
growth at the tip and fracture leakage to the formation (Nygaard and Salehi, 2011).
Therefore, in practical terms, the well pressure should not exceed the fracture closure
pressure or minimum principal horizontal stress (usually minimum horizontal stress) (Fjear

et al., 2008; Nygaard and Salehi, 2011). Moreover, critical stress states in fractured shales



could be enhanced by chemical or mechanical effects and result in formation breakdown

(Labenski et al., 2003).
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Figure 1-2. Different wellbore pressure conditions for fluid losses
(Nygaard and Salehi, 2011)

1.4, WELL INTEGRITY SOLUTIONS

Determining the appropriate minimum required drilling fluid density by rock
failure analysis is an essential step to control wellbore instability. To determine wellbore
failure stresses, rock strength must be known, an appropriate constitutive model should be
selected, and an accurate rock failure criterion must be chosen. Shear rock failure criterion
specifies stress conditions at failure. Using of drilling fluid density equal or greater than
the estimated borehole breakout will prevent mechanical shear failure of the wellbore
(Fjaer et al., 2008). The Kirsch solution for wellbore principal stresses is based on the
assumption of impermeable rock and constant pore pressure (Bradley, 1979; Aadnoy and

Chenevert, 1987). However, this assumption is not realistic for both low permeable and



high permeable formations and near wellbore pore pressure might change with drilling
fluid-rock interaction.

For shales, swelling and pressure transmission through a physiochemical process
between wellbore fluid and formation will reduce near wellbore stress and strength (Van
Oort et al., 1996; Ghassemi et al., 2011). In order to prevent shales hydration, different
drilling fluid systems were designed such as oil-based drilling fluid or water-based drilling
fluid systems with different additives (Hale et al., 1993; Van Oort et al., 1996). These
solutions could potentially prevent the swelling capability of shales and maintain original
pore pressure, water content, and rock strength.

Fluid losses could be mitigated and controlled using lost circulation material
(LCM). Preventive LCM treatments widen the mud weight window or, in other words,
enhance the fracture gradient (Morita et al., 1990; Van Oort et al., 2011; Mostafavi et al.
2011; Salehi and Nygaard, 2015). The concept of wellbore strengthening can be defined as
“a set of techniques used to efficiently plug and seal induced fractures while drilling to
deliberately enhance the fracture gradient and widen the operational window” (Salehi and
Nygaard, 2012). Enhancement of the fracture gradient could happen by increasing the

formation breakdown pressure and fracture re-opening pressure.

1.5. LITERATURE STUDY
The main objective of this section is to review previous studies on wellbore
integrity solutions in the following areas: rock failure criteria for wellbore stability

analysis, fracture width models for wellbore strengthening applications, drilling fluid



systems for preventing shales swelling, and effects of particle size and size distribution of
lost circulation material.

1.5.1. Rock Failure Criteria. Shear rock failure criterion specifies stress
conditions at failure. Common rock failure criteria used for wellbore stability analysis are
listed in Table 1-1. Rock failure criteria can be classified based on two main
characteristics, linearity of the governing equation and the effect of intermediate principal
stress. Some rock failure criteria have a linear form, such as Tresca, while other failure
criteria have a nonlinear form, such as Drucker-Pager. The second characteristic involves
the effect of intermediate principal stress on rock strength. Mohr-Coulomb and Hoek-
Brown are examples of rock failure criteria that do not consider the effects of intermediate
principal stress. In contrast, rock failure criteria such as Modified Lade and Mogi-Coulomb
consider the effect of intermediate principal stress on rock failure. There are numerous rock
failure criteria that have been used in wellbore stability analysis to determine the minimum
required drilling fluid density, as outlined below, and yet there is no agreement on which
failure criterion should be used in practical wellbore stability analysis.

The previous studies on evaluation of rock failure criteria can be divided in two
groups. The first group addressed how well the failure criteria can be fitted to triaxial test
data. Seven different rock failure criteria were evaluated by Colmenares and Zoback, 2002,
based on fitting polyaxial test data, and they concluded that the Modified Lade and the
Modified Wiebols-Cook fit best with polyaxial tests. The quantitative comparison of the
six rock failure criteria was done by Benz and Schwab, 2008, to determine which criterion
gives the best fit with polyaxial test data. The second group of previous studies focused on

minimum mud weight predictions for different failure criteria.



Table 1-1. Rock failure criteria

Failure Criteria

Governing Equation

The effect of intermediate
principal stress (a;)

Mohr-Coulomb (MC)
(Jaeger et al., 2007)

Mogi-Coulomb (MG)
(Al-Ajmi and Zimmerman, 2005)

Tresca (TR)
(Fjaer et al., 2008)

Von Mises (VM)
(Jaeger et al., 2007)

Ins. Drucker-Prager (IDP)
(Veeken et al., 1989)

Cir. Drucker-Prager (CDP)
(Zhou, 1994)

Hoek-Brown (HB)
(Hoek and Brown, 1980)

Modified Lade (ML)
(Ewy, 1999)

Modified Wiebols-Cook (MWC)
(Zhou, 1994)

Griffith (GR)
(Griffith, 1921)

Modified Griffith (MGR)
(McClintock and Walsh, 1962)

Murrell (MR)
(Murrell, 1962)

Stassi D’Alia (SD)
(Stassi D’Alia, 1967)
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McLean and Addis (1990) compared Mohr-Coulomb and different forms of
Drucker-Prager to predict the minimum required mud weight. Their results showed that
criteria can predict realistic results in one situation but give unrealistic results for other
conditions. The Mohr-Coulomb failure criterion was recommended for wellbore stability
analysis because it yielded more realistic results compared with the different forms of
Drucker-Prager (Mclean and Addis, 1990). The Modified-Lade failure criterion developed
by Ewy (1999) included the intermediate principal stress and provided better fit with
polyaxial compressive strength results compared to Mohr-Coulomb and Drucker-Prager.
Nawrocki (2010) estimated borehole breakout pressure based on evaluation of four rock
failure criteria and the Modified Lade criterion was recommended. Some of the previous
studies evaluated failure criteria both in fitting polyaxial test data and in estimating the
minimum required drilling fluid density. Al Ajmi and Zimmerman developed (2006 ,2005)
Coulomb-the linear form of Mogicriterion and compared that with the Mohr-Coulomb failure
criterion. They proposed the use of Mogi-Coulomb over Mohr-Coulomb with regard to
fitting polyaxial test data as well as predicting the borehole breakout pressure. Three rock
failure criteria were compared by Yi et al. (2005) based on minimum drilling fluid density
estimation, and it was concluded that the failure criterion which best fits the polyaxial test
data can better describe rock failure, therefore providing more reliable results for the
minimum required drilling fluid density. Based on their results, no specific failure criterion
can consistently estimate higher or lower minimum drilling fluid density compared with
the other failure criteria (Yi et al., 2005). Corresponding parameters of five failure criteria
were determined by Zhang et al. (2010) using triaxial test data, where Mogi-Coulomb and

Hoek-Brown criteria were recommended for wellbore stability analysis.
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1.5.2. Review of Fracture Width Models for Wellbore Strengthening.
Estimation of the fracture width could be an important design parameter for LCM treatment
design (Alberty and McLean, 2004). The efficiency of strengthening treatments and
enhancing the fracture gradient might change with particle sizes compared to fracture sizes
(Tehrani et al., 2007; Van Oort et al., 2011). Previous parametric studies have been focused
on the estimation of the fracture width of an induced symmetric fracture around the
wellbore. Assuming perfect sealing of the wellbore pressure by plugging the fracture,
Morita et al. (Morita et al., 1996; Morita and Fuh, 2012) developed a plain strain analytical
model to estimate the fracture width. Alberty and McLean (2004) presented a model for
the fracture width as a function of the fracture length based on a linear, two-dimensional
solution of a symmetric wellbore fracture. The estimated fracture width was used to
calculate the volume of the fracture and to select the particle sizes (Alberty and McLean,
2004). Considering a slit-like crack with three possible pressurized regions, Deeg and
Wang (2004) developed an analytical solution for the fracture width and the stress intensity
factor along the fracture (Deeg and Wang, 2004). Wang et al. (2008) modified Deeg and
Wang’s (2004) model by simplifying it into two pressurized regions, including the pressure
behind and in front of the fracture. Deformable, viscous, and cohesive (DVC system) LCM
was recommended for efficient sealing of a fracture that would increase the hoop stresses
around the borehole (Wang et al., 2008). Finite element analysis conducted by Guo et al.
(2011) investigated the aperture of symmetric fractures around the wellbore. A closed-
form analytical solution was developed for crack mouth opening displacement (CMOD)
based on the linear elastic fracture mechanics and the finite element results (Guo et al.,

2011). Comparing the results of the closed-form solution with the finite element analysis
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shows that the analytical model results are close to the finite element results for a certain
range of wellbore size to the fracture length ratio and in-situ horizontal stresses ratio (Guo
et al., 2011). A semi-analytical workflow was developed by Shahri et al. (2015) based on
the exact solution of a dislocation-based fracture model, which was provided earlier
(Carbonell and Detournay, 1995). Common fracture width models used for wellbore

strengthening applications are listed in Table 1-2.

Table 1-2. Fracture width models

Model Fracture Width Solution
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1.5.3. Evaluation of LCM Particle Size and Distribution. Sealing fractures using
LCM prevents further transferring of drilling fluid pressure to the fracture and fracture
propagation (Fuh et al., 1992). The efficiency of strengthening treatments and enhancing
the fracture gradient might change with particle sizes compared to fracture sizes (Tehrani

et al., 2007; Van Oort et al., 2011). Experimental LCM performance studies have focused
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on reducing fluid loss (Savari et al., 2013) or increasing the fracture sealing pressure (i.e.,
fracture re-opening pressure) (Hettema et al., 2007; Tehrani et al., 2007; Kaageson-Loe et
al., 2009; Van Qort et al., 2011; Mostafavi et al., 2011). Fluid loss reduction is studied in
high pressure high temperature (HPHT) filter press and plug particle apparatus (PPA) tests
(Savari et al., 2013). Creating a seal in fractures, causing an increased sealing pressure, has
been experimentally studied on both permeable and impermeable fractures (Hettema et al.,
2007; Tehrani et al., 2007; Van Oort et al., 2011). A broader distribution of particle sizes
was recommended by Hettema et al. (2007) to get better fracture sealing efficiency (i.e.,
increased re-opening pressure) of drilling-induced or natural fractures based on the results
of a permeable fracture test. The proposed procedure for wellbore strengthening fluid
design by Tehrani et al. (2007) focused on the importance of particle sizes in bridging
fracture aperture. According to Van Oort et al. (2011), smaller sized particles and narrow
particle size distribution (well-sorted) gives a better fracture sealing efficiency. The results
of the impermeable fracture tests showed that the particle size distribution should be a
function of the type of formation to be strengthened (Van Oort et al., 2011). Using slotted
discs with different fracture apertures and fracture tips was one of the other methods used
to evaluate LCM performance (Alsaba et al, 2014). Based on the results using different
LCM blends with a high pressure LCM testing apparatus, Alsaba et al. (2014) observed
that blends with a wide range of particle sizes exhibited the lowest fluid loss. Large scale
fracturing experiments suggested large and uniform particle size of LCMs for better sealing
efficiency (Morita et al., 1990 and 1992). Based on fracturing experiments, Aadnoy and
Belayneh (2004) concluded that coarser particles should be used for bridging the fracture

mouth while smaller particles should prevent fluid loss through the bridge. According to
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fracturing experiments on shale cores using a block test set up with 5-inch rock cubes, Guo
et al. (2014) suggested the particle size distribution and the size of lost circulation materials
should be selected based on the fracture aperture. There are other studies that theoretically
investigated the effect of LCM particle sizes (Alberty and McLean, 2004; Dupriest, 2005;
Salehi and Nygaard, 2015). The importance of the particle size distribution in improving
sealing efficiency was emphasized by Alberty and McLean (2004) without specifically
addressing how to select the size distribution. According to Dupriest (2005), LCM particle
sizes are relatively unimportant since any pill will develop into an immobile mass;
however, particle sizes smaller than 100 microns should be used to block pore throats to
stop matrix seepage and not as a LCM for minimizing fluid losses. Salehi and Nygaard
(2015) indicated that the design of particle sizes in wellbore strengthening pills is a function
of the fracture width, while the effect of shearing at the bit face on particle size degradation
should be considered.

1.5.4. Fluid Invasion Prevention in Shales. In order to prevent and control drilling
fluid invasion into shales, a proper drilling fluid should be designed (Hale et al., 1993;
Ballard et al., 1994; Bol et al., 1994; Van Oort et al., 1996; Horsud and Bostrom, 1998).
One of the primary solutions is using oil-based fluid instead of water-based fluid (Hale et
al., 1993; Ballard et al., 1994; Bol et al., 1994; Van Oort et al., 1996). Oil-based fluid acts
as a semi-permeable membrane and creates high capillary pressure, so clay hydration
would be significantly mitigated compared to water-based fluid (Ballard et al., 1994; Bol
etal., 1994). However, oil-based fluids are expensive, have environmental footprints, and
can change wettability of reservoirs under overburden shales (Ballard and Dawe, 1988;

Van Oort et al., 1994). An alternative solution for preventing fluid invasion in shales is
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putting different additives such as salts to water-based drilling fluid systems (Sherwood
and Baily, 1994; Hale et al., 1994). The purpose of using additives is to block pore throats
and control factors such as ionic exchange, the chemical potential of drilling fluid, and the
hydraulic flow of fluid into shales (Hale et al., 1993; VVan Oort et al., 1996). Effectiveness
of these additives depends on shale properties since the chemical potential of shales
changes with the chemical composition of formation (Schmitt et al., 1994). Moreover,
ionic concentration is not uniform throughout the pore space and high cationic
concentration on the particles would lead to surface charges (Karaborni et al., 1996; van
Olphen, 1977). Thus, the effectiveness of drilling fluid additives for preventing and
controlling swelling pressures will be changed for different shales. Furthermore, drilling
fluid additives for controlling clay hydration have advantages and disadvantages; for
example, one might decrease osmosis potential but accelerate ionic exchange (Ghassemi
etal., 2001). Also, isolation of the membrane on the wellbore wall is difficult due to shales’
low permeability and low filtration rate. Hydrodynamic forces of the drilling fluid will
wear any solid deposition on the wellbore wall. Drilling fluid additives cannot completely
prevent swelling in shales; there will always be a residual repulsion between the platelets
due to hydration of the clay surfaces and interference between hydrated ions and water
molecules (Karaborni et al., 1996).

1.5.4.1. Drilling fluid additives for controlling shales swelling. Potassium
chloride (KCI) is a well-known and common solution for controlling fluid invasion in
shales (Hale etal., 1993; Bol et al., 1994, Van Oort et al., 1996). Potassium chloride reduces
the chemical potential of drilling fluid and controls osmosis potential for shales swelling.

High concentration of KCI salt induces high osmotic backflow out of the shale. However,
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ionic diffusion can trigger swelling through reactions between ions and the shale matrix
(Ghaseemi et al., 2001). Potassium chloride solution cannot prevent ionic exchange and
filtrate invasion. lonic exchange in clay replaces (interlayer space) repulsive ions such as
K+ and the swelling pressure may increase, leading to shale instability (Ghaseemi et al.,
2001). KCI solutions, even at high saturation levels, cannot plug pore throats. Thus, the
flow of fluid into shales will be extended by the hydraulic potential (Van Oort et al., 1996).
Also, environmental legislation prohibits the use of KCI in several geographic locations
around the world due to environmental sensitivity to potassium (e.g., offshore in the Gulf
of Mexico) or to chlorides (ODCU, 2012). There are other types of salts that prevent shales
from swelling. Using of sodium chloride (NaCl) has certain advantages compared to
potassium chloride. Sodium chloride solution has lower water activity and osmosis
potential compared to potassium chloride solution (Chenevert, and Pernot, 1998). Also, the
viscosity of saturated sodium chloride is higher than a potassium chloride solution, which
might decrease hydraulic potential to some extent (Chenevert, and Pernot, 1998).
However, ionic exchange is higher for sodium chloride compared to potassium chloride
(Ghassemi et al., 2001).

Polymers have been used as alternatives for salty solutions such as potassium
chloride (Beihoffer et al., 1990; Retz et al., 1991). Polymers groups adsorbed onto clay
fabrics could resolve the ionic exchange such as K+ ions for potassium chloride (Himes et
al., 1991). Polymers with low molecular weight can enter the pore system and penetrate
the clay fabric. The significant bulk size of polymers prevents drilling fluid from entering
shales and also effectively blocks pore throats (Himes et al., 1991). However, polymers

cannot control chemical potential and osmosis flow of fluid in shales. Potassium formate
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(KCOORH) is another additive recommended for shale drilling (van Oort et al., 1996). Field
experience indicated the positive effect of potassium formate in controlling shales swelling
with other salts (Howard, 1995), and yet using salts will accelerate ionic exchange.
Saccharides (sugars) are another form of additives used to control shales hydration; they
have a low molecular weight and are environmentally friendly (Chenevert, 1989; Reid et
al., 1993; Downs et al., 1993; Van Oort et al., 1996). The low molecular weight
concentrations of saccharides result in a high viscosity solution which reduces the
hydraulic potential of water flow in shales. Solutions of saccharides may decompose from
biological organisms, and this could affect properties of fluid for preventing clay hydration
(Chenevert, 1989; Reid et al., 1993; Downs et al., 1993).

Application of silicates for controlling shales swelling has been highlighted in the
past 20 years (Van Oort et al., 1996; Ding et al., 1996; Ward and Williamson, 1996; Van
Oort et al., 2003). Silicates used in the form of sodium and potassium silicates in drilling
fluid systems are known to be environmentally friendly and inexpensive. They can control
clay hydration and shales swelling in different ways. Invaded solubles in shales can react
with ions in the pore fluid (e.g. Ca2+ and Mg2+) to form insoluble precipitates and silicate
gel (Van Oort et al., 1996). The gelled and precipitated silicates will act as a barrier and
prevent any pressure penetration. Also, a highly efficient osmotic membrane composed of
silicates can mitigate the hydraulic flow of water. However, silicates cannot restrict
diffusive/osmotic flow of water. Thus, they would be effective when they are combined
with salts in drilling fluid systems.

Using of nano particles (i.e 10° m) to develop a high performance drilling fluid for

shales has been addressed in recent years (Sensoy et al., 2009, Cai et al., 2012, Sharma et
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al., 2012, Hoelscher et al., 2012, Young and Friedheim, 2013, Contreras et al., 2014, Guo
et al., 2015). These studies are either focused on the effect nano particles as shale inhibitor
additive or their effect on wellbore strengthening and increasing the sealing efficiency of
fracture. Type of nano particles, range of particles sizes, weight percentage of particles in
drilling fluid, type of base fluid, and type and properties of shale used in the experimental
analysis are major differences in these studies. All previous studies agreed on positive
impact of nano particles used in water-based drilling fluid for mitigating fluid invasion in
shales, however, there is a lot difference in their analysis, including type, particles weight
percentage, and size range of nano particles. Also, small and narrow size range of nano
particles (in order of few nanometer) might reduce fluid invasion by blocking pores but it
would not have any impact in controlling hydraulic drive of fluid through micro fractures
which are common in shales.

1.5.4.2. Experimental evaluation of drilling fluid additives for shales. There are
different kinds of experiments to evaluate the effectiveness of drilling additives for
controlling shales swelling. Shale-fluid interaction has been analyzed in these different
ways: weight, volume, pressure, and rock surface hardness index (Steiger, 1993; Van Oort
et al. 1996; Guo et al., 2015). Indentation tests, scratch tests, swelling tests, pressure
penetration tests, and hydraulic fracturing tests are the main categories of experiments to
evaluate the effectiveness of drilling fluid additives for controlling swelling in shales (Guo
et al., 2015). Also, some tests are designed to evaluate the effect of drilling fluid additives
on chemical potentials or hydraulic potentials of clay hydration (Steiger and Leung, 1991;
Chenevert and Osisanya, 1992; Salisbury et al., 1991; Mese, 1995, Santos et al., 1997).

However, the most common experiment is the pressure penetration test (PPT) (Steiger,
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1993; Van Oort et al. 1996; Guo et al., 2015). Basically, PPT measures the amount of
pressure transmitted to the shale samples. Disk-shape shale samples are exposed to fluid
on top with constant or dynamic pressure and also constant fluid pressure on the bottom as
confining pressure (Steiger, 1993; Van Oort et al. 1996; Guo et al., 2015). One of the
challenges with shales experiments is keeping the in situ water content. Different
interaction of shale-fluid will be observed if in situ water content is altered (Santos et al.,
1996). Thus, in order to get reliable results, in situ water content should be preserved.
1.5.5. Literature Review Discussion. The review reveals that a few failure criteria,
including Stassi D’ Alia, have not been considered (Colmenares and Zoback, 2002; Benz
and Schwab, 2008; Mclean and Addis, 1990; Ewy, 1999; Nawrocki, 2010; Al Ajmi and
Zimmerman, 2005 and 2006; Yi et al., 2005; Zhang et al., 2010). Some of the previous
studies were focused only on quantitative comparison or determination of the best-fitting
parameters for the different rock failure criteria based on data from triaxial test results
(Colmenares and Zoback, 2002; Benz and Schwab, 2008). Also, in some previous studies,
hypothetical data sets were used for the stress data, rock mechanical properties, and well
depth, which caused results to be unrealistic in some cases (Nawrocki, 2010; Yi et al.,
2005; Zhang et al., 2010). For example, true vertical well depths of 12,000 m or 28,000 m
were chosen for analysis and, therefore, the results were not directly applicable to the
stability of wells for petroleum exploitation (Zhang et al., 2010). Furthermore, quantitative
comparisons have been previously studied on selected failure criteria, but few evaluations
of the failure criteria were based on typical petroleum related situations. Finally, estimated
shear failure by different rock criteria were not compared with the actual field case shear

failure.
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The reviewed fracture width models (Hillerborg et al.,, 1976; Carbonell and
Detournay, 1995; Alberty and McLean, 2004; Wang et al., 2008; Morita and Fuh, 2012)
have the fracture width primarily as a function of the fracture length, in addition to rock
properties, wellbore pressure, fluid pressure within the fracture, and in-situ stresses. One
of the main limitations of the reviewed analytical models is the length of fracture being
used as an input parameter, which reflects the impracticality of measuring fracture length
in the field. Also, the model by Morita and Fuh (2012) is based on the fixed fracture length
(approximately 6 inches), which might not be realistic. Another simplification of the
current models is assuming constant fluid pressure within the fracture, since the pressure
beyond the plugging material might decrease gradually for both permeable and
impermeable formations. The fracture shape of drilling-induced fractures or natural
fractures might not necessarily be a line crack, and the fracture width also might change
along the fracture.

Laboratory evaluation of LCMs results (Savari et al., 2013; Hettema et al., 2007;
Tehrani et al., 2007; Kaageson-Loe et al., 2009; Van Oort et al., 2011; Mostafavi et al.,
2011; Alsaba et al, 2014; Morita et al., 1990 and 1992; Aadnoy and Belayneh, 2004; Guo
et al., 2014; Alberty and McLean, 2004; Dupriest, 2005; Salehi and Nygaard, 2015)
showed that the particle size distribution is a critical parameter to effectively seal fractures,
shown as reduced fluid losses, increased fracture breakdown or re-opening pressure.
However, there are still limited published results on how the particle size distribution could
affect the performance of different LCMs. The majority of tests conducted (Savari et al.,
2013; Hettema et al., 2007; Tehrani et al., 2007; Kaageson-Loe et al., 2009; Van Oort et

al., 2011; Mostafavi et al., 2011; Alsaba et al, 2014) have been with slotted/tapered discs,
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which do not simulate the process of inducing and propagation of fractures while drilling.
The previous hydraulic fracturing experiments (Morita et al., 1990 and 1992; Aadnoy and
Belayneh, 2004; Guo et al., 2014) show adding LCM increases the fracture gradient, and
yet no agreement has been achieved on how LCM strength, particle size, and size
distribution affect the fracture sealing efficiency (i.e., strengthening).

Previous evaluation of drilling fluid additives for controlling shales swelling using
pressure penetration tests (Salisbury et al., 1991; Chenevert and Osisanya, 1992; Steiger,
1993; Mese, 1995; Van Oort et al. 1996; Santos et al., 1997; Sensoy et al., 2009; Cai et al.,
2012; Sharma et al., 2012; Hoelscher et al., 2012; Young and Friedheim, 2013; Contreras
et al., 2014; Guo et al., 2015) shows positive and negative sides of additives. Some of the
additives such as polymers are good for controlling hydraulic potential, but they cannot
control ionic exchange and chemical potential. Application of nano particles in water-based
drilling fluid system to control fluid invasion in shales is fairly new approach. Positive
effect of nano particles for mitigating fluid invasion into shales has been concluded in
recent studies, however, there is a lot differences in their analysis, including type, weight
percentage of particles in drilling fluid, and size range of nano particles. Also, small and
narrow size range of nano particles (in order of few nanometers) might reduce fluid
invasion by blocking pores but it would not have any impact in controlling hydraulic drive

through micro fractures which are common in shales.

1.6. RESEARCH OBJECTIVES
According to the literature review, there is no common agreement as to what failure

criteria need to be used for wellbore stability analysis. Also, there is no published study on
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comparison of estimated borehole breakouts by different criteria with actual field-reported
shear failure. Different fracture width models have been introduced, but they have not been
evaluated by experimental analysis. The importance of LCM particle size and particle size
distribution has been introduced for enhancing the wellbore fracture gradient; however, no
agreement has been achieved on how LCM particle size and size distribution affect the
fracture sealing efficiency (i.e., strengthening). Application of nano particles for
controlling fluid invasion into shales is a new approach and finding an efficient way of
combining nano particles in water-based drilling fluid is still under investigation. Also,
there is a lot differences in recent studies on performance of nano particles for inhibiting
shale including type, weight percentage of particles in fluid, and size range of nano
particles.

To overcome the identified gaps in the literature, the main objective of this
dissertation is to improve wellbore integrity by controlling mechanical shear failure,
enhancing the fracture gradient of the wellbore using LCMs, and preventing swelling in
shales and time-dependent wellbore instabilities. To reach the main objective of this
dissertation, the following research sub-objectives were planned:

1. Compare the estimated borehole breakout by different failure criteria with field-
reported shear failure.

2. Investigate the effect of rock strength variations and strength anisotropy on
estimated borehole breakout by different criteria.

3. Analyze the fracture width models for realistic estimation of fracture behavior.

4. Perform laboratory evaluation of previously recommended LCM blends using

hydraulic fracturing experiment.
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5. Characterize LCM particle size and particle size distribution effects on enhancing
the fracture gradient.
6. Experimentally evaluate using fine grained Coal Combustion Residuals for
controlling fluid invasion into shales.
The first two paper “Comparison of Rock Failure Criteria in Predicting Borehole
Shear Failure” and “Effect of Rock Strength Variation on the Estimated Borehole Breakout
Using Shear Failure Criteria” addressed the first two objectives. The third paper “Analysis
of Analytical Fracture Models for Wellbore Strengthening Applications, an Experimental
Approach” addressed the third and fourth objectives. The fourth paper “Can Particle Size
Distribution of Lost Circulation Materials Affect the Fracture Gradient?” addressed the
fifth objectives. Last objective has been addressed in the fifth paper “Experimental
Evaluation on Using Fine Grained Coal Combustion Residuals for Controlling Fluid

Invasion in Shales”.
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BOREHOLE SHEAR FAILURE
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ABSTRACT

Selection of the appropriate rock failure criteria is one of the key steps in
determining minimum required mud weight in wellbore stability analysis. Numerous
failure criteria have been used for rock failure analysis but there is no common agreement
of which failure criterion to select. In this paper, thirteen failure criteria used in predicting
borehole shear failure were evaluated for four field cases. In a comparison of the results
with actual field failure cases, Tresca, Von Mises, and Inscribed Drucker-Prager
overestimated the rock breakout and predicted the highest required minimum required mud
weight for all cases. Also the results of these criteria are significantly higher than the actual
borehole shear failure. Circumscribed Drucker-Prager underestimated the rock breakout
and predicted the lowest bound of the minimum required mud weight in most cases which
is mainly less than actual onset of borehole breakout. The minimum required mud weights
determined by Modified Lade, Modified Wiebols-Cook and Mogi-Coulomb is above, but

close to, the onset of breakout based on the field reported failure cases. This means that
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using of any of these three criteria in wellbore stability analysis could be a safe approach.
Furthermore, Modified Lade, Modified Wiebols-Cook and Mogi-Coulomb provided

similar results for all studied cases, so these failure criteria may be used interchangeably.
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1. INTRODUCTION

Determining the appropriate minimum required mud weight by rock failure
analysis is an essential step to control wellbore instability. To determine wellbore failure
stresses, rock strength must be known, an appropriate constitutive model should be
selected, and an accurate rock failure criterion must be chosen. There are numerous rock
failure criteria that have been used in wellbore stability analysis to determine the minimum
required mud weight, as outlined below, but there is no agreement on which failure
criterion should be used in practical wellbore stability analysis.

The previous studies on evaluation of rock failure criteria can be divided in two
groups. First the group addressed how well the failure criteria can be fitted to triaxial test
data. Seven different rock failure criteria were evaluated by Colmenares and Zoback [1]
based on fitting polyaxial test data, and they concluded that the Modified Lade and the
Modified Wiebols-Cook fit best with polyaxial tests. The quantitative comparison of the
six rock failure criteria was done by Benz and Schwab [2] to determine which criterion
gives the best fit with polyaxial test data. The second group of previous studies focused on
minimum mud weight prediction for different failure criteria. Mclean and Addis [3]
compared Mohr-Coulomb and different forms of Drucker-Prager to predict the minimum
required mud weight. Results showed that a criterion can predict a realistic result in one
situation but give unrealistic results for other conditions. The Mohr-Coulomb failure
criterion was recommended for wellbore stability analysis because of the more realistic
results compared with the different forms of Drucker-Prager [3]. The Modified-Lade
failure criterion was developed by Ewy [4] and the advantages of this new criterion over

Mohr-Coulomb and Drucker-Prager was presented. The borehole breakout pressure was
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predicted by Nawrocki [5] based on evaluation of four rock failure criteria and the Modified
Lades criterion was recommended. Some of the previous studies evaluated failure criteria
both in fitting polyaxial test data and estimation of the minimum required mud weight. Al
Ajmi and Zimmerman [6, 7] developed the linear form of Mogi-Coulomb and compared
that with the Mohr-Coulomb failure criterion. They proposed the use of Mogi-Coulomb
over Mohr-Coulomb with regard to fitting polyaxial test data as well as prediction of the
borehole breakout pressure. Three rock failure criteria were compared by Yi et al. [8] based
on minimum mud weight estimation, and it was concluded that the failure criterion which
best fits the polyaxial test data can better describe rock failure, and therefore provide more
reliable results for the minimum required mud weight. Based on their results, no specific
failure criterion can consistently estimate higher or lower minimum mud weight compared
with the other failure criteria [8]. Corresponding parameters of five failure criteria were
determined by Zhang et al. [9] using triaxial test data, where Mogi-Coulomb and Hoek-
Brown criteria were recommended for wellbore stability analysis.

The review reveals that a few failure criteria, including Stassi d’Alia, have not been
considered [1-9]. Some of the previous studies were only focused on quantitative
comparison or determination of the best fitting parameters for the different rock failure
criteria based on triaxial test results data [1, 2] . Also, in some previous studies,
hypothetical data sets were used for the stress data, rock mechanical properties, and well
depth which caused results to be unrealistic in some cases [5, 8 and 9] and. For example,
true vertical well depths of 12,000 m or 28,000 m, were chosen for analysis and therefore,
the results were not directly applicable to the stability of wells for petroleum exploitation

[9]. Furthermore, quantitative comparisons have been previously studied on selected
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failure criteria, but few evaluations of the failure criteria were based on typical petroleum
related situations. Finally, estimated shear failure by different rock criteria were not
compared with the actual field case shear failure. Rahimi and Nygaard [10] addressed the
first three challenges by statistical comparison of the result of different rock failure criteria
for different lithology using the field data set from Rulison field in western Colorado [11].
They investigated similarities and differences of rock failure criteria for prediction of the
minimum required mud weight under different rock lithology and stress data.

This paper is focused on the last shortcoming of previous studies which is the lack
of comparison between the estimated borehole shear failure under compressive stresses by
different criteria and actual field reported shear failure. Thirteen of the most common rock
failure criteria were evaluated based on prediction of borehole failure using the data set
from four field cases. The results of failure criteria were compared with actual field case
shear failure in order to investigate using which of these failure criteria could be a safe
approach in wellbore stability analysis. There are many different factors which affect
stability of borehole including anisotropic rock properties, weakness planes, chemically
induced plasticity, time dependent behavior, but the purpose of this study was to evaluate
the rock failure criteria based on the classical shear failure in a linear poro-elastic material
using the Kirsch’s equations which gives the maximum differential stress concentration on

the borehole wall.
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2. ROCK FAILURE CRITERIA

Shear rock failure criterion specifies stress conditions at failure. Common rock
failure criteria can be classified based on two main characteristics - linearity of the
governing equation and considering the effect of intermediate principal stress. One group
of the rock failure criteria have a linear form, such as Tresca, while other failure criteria
have a nonlinear form, such as the Drucker-Pager. The second characteristic involves
considering the effect of intermediate principal stress on rock strength. Mohr-Coulomb and
Hoek-Brown are examples of rock failure criteria that do not consider the effects of
intermediate principal stress. In contrast, rock failure criteria such as Modified Lade and
Mogi-Coulomb consider the effect of intermediate principal stress on rock failure. Table
2-1 shows the characteristics of all rock failure criteria used in this paper and the Appendix
describes the different rock criteria and the common names used throughout the paper.
Uniaxial compressive strength (UCS) and internal angle of friction are two intrinsic rock
properties that were used in this study as base parameters for evaluation of failure criteria.
The Kirsch’s solution [12, 13] was used to determine the in situ stresses at the borehole
wall for an impermeable formation. Borehole breakouts during drilling operation are a sort
of rock shear failure. In this study, classical shear failure as result of concentration of

differential stress at the borehole wall was considered.
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3. STATISTICAL ANALYSIS OF ROCK FAILURE CRITERIA

In order to address the shortcomings of previous studies, statistical comparison of
rock failure criteria was done using the field data set from Rulison field in Western
Colorado (Table 3-1) to investigate the effect of variation of rock mechanical properties
and stresses on the result of failure criteria for the minimum required mud weight. Detailed
description of the data and the methodology can be found in [10]. In short, three lithologies
were studied in a normal faulted stress regime. The results of the statistical analysis are
presented using the percentage difference method and TRIZ table of contradictions [14].
Each failure criteria onset of breakout result is compared to all other failure criteria and the
percentage differences are calculated. Each table cell represents the percentage difference
between the two failure criteria results corresponding to the row and column header. A
percentage difference interval of [0%-5%) is highlighted by the orange color and indicates
similar results. Yellow is the lower intermediate range [5%-15%), blue is the upper
intermediate range [15%-30%). The part of the contradiction tables highlighted by the red
color shows the largest differences [30%->). The vertical axis shows the results for vertical

boreholes while the horizontal axis shows the results for the horizontal borehole.

3.1. ANALYSIS OF RESULTS

The results of minimum required mud weight by different rock failure criteria for
each specific scenario have been presented in a plot of minimum mud weight vs. wellbore
inclination (Figure 3-1, Figure 3-3, Figure 3-5 and Figure 3-7). The statistical comparisons
of the results using the percentage difference method were presented through the table of

contradictions (Figure 3-2, Figure 3-4, Figure 3-6, and Figure 3-8). As described earlier,
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similarities and differences of the results by rock failure criteria investigated are

highlighted by color codes which stand for different percentage difference interval.

Table 3-1. Rock mechanical properties and stresses data, Rulison field [11]

Shale Sandstone Siltstone

Strength Level
o ucs o ucs o ucs
O wpa) VY O ey VY 20 (wpa) v

Weak 22 6 0.1 40 11 0.21 50 15 0.14
Medium 15 9 0.23 33 16 0.15 35 30 0.2
Hard 7 17 0.15 33 24 0.2 8 37 0.18

Stresses data, Well RWF 332-21

Depth (m) ay (g/cc) oy (glce) oy (g/cc) po (g/cc)
1500 1.51 2.27 2.52 1.02
2000 1.75 2.3 2.53 1.4
2500 2 2.5 2.5 1.6

According to the results, the variation of rock mechanical properties can
significantly change the result of minimum required mud weight by some of the failure
criteria. For instance, Circumscribed Drucker-Prager usually predicts the lower bounds for
the minimum required mud weight (Figure 3-1 and Figure 3-5) but its results are in the
middle range for shale with low internal angle of friction (®: 7°) (Figure 3-3 and Figure 3-
7). In the same case for shale, higher UCS (in the order of 17 MPa) caused different failure
criteria to be in the lower boundary of results. This difference was clearly shown in table
of contradictions where the largest difference (red color) moved from the corner of the

contradiction table (Figure 3-2 and Figure 3-6) to the center of contradiction tables (Figure
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3-4 and Figure 3-8). A greater tensile strength derived by increased UCS (17 MPa) is the
main reason why Murrell, Stassi d’Alia, and Modified Griffith criteria are the lower bound
of the results (Figure 3-3 and Figure 3-4, Figure 3-7, and Figure 3-8). The estimated
minimum required mud weight results of Murrell, Stassi d’Alia, Modified Griffith and
Hoek-Brown criteria are more sensitive to changing of rock mechanical properties
compared to the other criteria. Also, for siltstone with very high internal angle of friction
(®: 50°), the results of Circumscribed Drucker-Prager as the lowest boundary of results,
has a significant difference of (in the order of 100% to 300%) compared with the other
failure criteria (Figure 3-5 and Figure 3-6). Tresca and Von Mises gave the highest
estimated mud weight in most cases (Figure 3-1-Figure 3-6), but Inscribed Drucker-Prager
represented the highest estimated mud weight for high UCS siltstone (37 MPa) with low
internal angle of friction (Figure 3-7). The corresponding contradiction table (Figure 3-8)
shows this difference as the highest percentage difference for both vertical and horizontal
borehole belongs to the Inscribed Drucker-Prager criterion. Modified Lade, Modified
Wiebols-Cook and Mogi-Coulomb provided similar results for the three cases studied, so
these failure criteria may be used interchangeably without altering the results (Figure 3-1,
Figure 3-3, Figure 3-5, and Figure 3-7). These similarities can be seen in the contradiction
tables (Figure 3-2, Figure 3-4, Figure 3-6, and Figure 3-8) by the orange color when these

failure criteria were compared.
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Figure 3-1. Minimum mud weight vs wellbore inclination by different failure criteria for

shale (UCS: 6 MPa, ®: 22°, at 2000 m depth and azimuth of 0°)
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Figure 3-3. Minimum mud weight vs wellbore inclination by different failure criteria for
shale (UCS: 17 MPa, ®: 7°, at 2000 m depth and azimuth of 0°)
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Figure 3-4. Comparison of results by different failure criteria for shale
(UCS: 17 MPa, @: 7°)
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Figure 3-5. Minimum mud weight vs wellbore inclination by different failure criteria for
siltstone (UCS: 15 MPa, ®: 50°, at 1500 m depth and azimuth of 0°)
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Figure 3-6. Comparison of results by different failure criteria for siltstone

(UCS: 15 MPa, @: 50°)
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Figure 3-7. Minimum mud weight vs wellbore inclination by different failure criteria for
siltstone (UCS: 37 MPa, ®: 8°, at 2000 m depth and azimuth of 0°)
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Figure 3-8. Comparison of results by different failure criteria for siltstone
(UCS: 37 MPa, ®: 8°)
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4. FIELD CASE EVALUATION

In this section, rock failure criteria were evaluated based on the prediction of

borehole shear failure for four field cases.

4.1. TULLICH FIELD, NORTH SEA

Wellbore instability while drilling wells in the Tullich field of the North Sea
resulted in significant nonproductive time and cost overruns [15]. Major instability concern
was drilling of the horizontal section in the 100 ft thick Balder B2, reservoir zone with
interbedded claystone layers in the predominant sandstone layer. A geomechanical model
was developed to determine stresses and rock strength properties. The stress regime is
identified to be a normal faulting regime [15] and the analysis of the image log proved that
the maximum horizontal stress orientation was between 40° to 60° in the reservoir. Table
4-1 shows the summary of rock strength properties and stress data for the Balder B2 zone.
In the previously drilled well 9/23a-29Z, packoffs resulting in mud loss were reported
while drilling the reservoir interval with 10.95 Ib/gal of oil based mud [15]. Although final
side track (9/23a-T2W) was successfully drilled through the horizontal section of reservoir
zone using 10.8 Ib/gal oil based mud, based on the shape and size of cavings, the borehole
encountered minor breakouts close to onset of shear failure [15].

The calculated minimum required mud weight (onset of breakout) for the different
failure criteria using the Tullich field data is shown in Figure 4-1. Circumscribed Drucker-
Prager criterion underestimated the rock breakout and the result of minimum required mud
weight is less than the field reported mud weight. The result of the Murrell is less than field

reported failure because of higher tensile strength derived from high compressive strength
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(UCS: 13.4 MPa). Tresca, Von Mises, Inscribed Drucker-Prager predicted minimum

required mud weights between 0.4 to 0.55 g/cc higher than the field reported mud weight.

The estimated minimum required mud weight by Modified Lade, Modified Wiebols-Cook

and Mogi-Coulomb is above but close to the field reported mud weight as an onset of

breakout.
Table 4-1. Field cases data
Rock Mechanical
Properties Stresses Data - 