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Abstract: Most old oil and gas fields worldwide are depleted, making drilling in these sedimentary
zones extremely difficult, especially in complex pore pressure regimes when they are accompanied by
over-pressure zones. Considering that typical wellbore stability studies provide a conservative mud
density curve to prevent wellbore failure, dynamic geomechanical approaches are required to provide
more flexible and manageable drilling in such complex cases in order to address anticipated drilling
obstacles. This study aims to apply the more dynamic concept, known as “depth of damage” (DOD),
in the El Morgan oil field, Gulf of Suez Basin, to deliver a more optional mud density window that
helps in the safe drilling of different pore pressure regimes within the area, as well as the implications
of applying this drilling strategy in the studied basin. In this paper, well logging and downhole
measurements were used to develop a 1D geomechanical earth model and infer the in situ stresses
in the studied boreholes, and the modified Lade failure criterion was used to conduct the wellbore
stability analysis. The study revealed that the El Morgan sedimentary succession has a complex
and varied pore pressure regime. Applying the DOD approach introduces multiple mud density
scenarios that can lead to successful drilling and avoid unexpected incidents while drilling. The
key benefit of the DOD approach is that it widens the safe mud density window to be less than the
shear failure with an acceptable amount of failure. This study provides insights into unconventional
techniques such as underbalanced drilling techniques that can be used under manageable conditions
in mature basins. Furthermore, the DOD approach is compared to the conventional wellbore stability
analysis or breakout depth approach, and the main differences, merits, and demerits of each were
discussed in this study.

Keywords: wellbore stability; in situ stress; depth of damage; borehole breakout; overpressure; mud
density; geomechanical characterization; manageable drilling; Gulf of Suez; underbalanced drilling

1. Introduction

Geomechanical analysis of unconventional and conventional petroleum resources is a
fundamental process for safe field development operations, starting from exploration to
production stages [1–6]. Wellbore stability analysis is an important aspect of a systematic
field study designed to reduce the risk of drilling operations in the petroleum industry,
as well as the costs associated with them [7–12]. Current global depleted conventional
production levels of old oil and gas reservoirs have a significant impact on pore pressure
(PP) heterogeneity within sedimentary successions as well as wellbore stability [11,13–15].
The presence of a heterogeneous PP regime in the same borehole (i.e., overpressure zones,
normal PP zones, and depleted reservoirs) and along the well trajectory might result in
high drilling risks of wellbore collapse and drilling fluid losses [16–20]. Moreover, more
instability issues can be detected in the case of high-pressure/high-temperature (HPHT)
and horizontal wells [21,22]. Because wellbore collapse or failure is time-dependent and can
occur before or after rock failure, the analytical pressure gradient computation is required
during the drilling planning stage [23–25]. Drilling of overpressured sediments requires
high mud density, while the depleted reservoirs require relatively low mud densities. Both
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overpressured and pressure-depleted zones tend to tighten the safe mud weight window
(MWW) (i.e., the range between PP and fracture pressure) to a lower limit in the depleted
reservoirs and a higher limit in the overpressured zones [1,2]. On the other hand, normal
PP intervals tend to broaden the safe MWW.

Wellbore stability studies aim to determine the mud density program that will prevent
borehole collapse [26–31]. Many geomechanical studies rely on the breakout-width model
by Zoback et al. [32] to produce the most conservative mud density curve (i.e., the safest
mud density value to keep the borehole safe) for safe drilling [2,23,33–36]. This conser-
vative curve narrows the MWW between the shear failure and fracture pressure limits,
which lowers the tolerance for mud loss in depleted reservoirs and increases the risk of
formation damage. The traditional breakout-width model relies on a slightly overbalanced
drilling strategy that provides the best solution to overcome over-pressured zones in bore-
holes [2,23]. The disadvantage of the breakout-width model, according to Joshi [37] and
Aadnoy et al. [38], is that the fixed value of bottom-hole pressure limits the choice of accept-
able mud density and provides very narrow limits on the best mud density. According to
the aforementioned authors, the post-yield behavior related to near-wellbore stresses is not
taken into account in the breakout-width model. The development of new models that can
take into account a permitted depth of failure is best suited for today’s drilling challenges
and has received considerable attention from authors, particularly when combined over-
pressure zones and depleted reservoirs exist in the same drilled interval. Higgins-Borchardt
et al. [39] have developed a model, namely, the depth of damage (DOD), also known as
the depth-of-failure model. The DOD model considers the post-yield behavior of rocks
and provides three bottom-hole pressure values, which can be used in complicated drilling
conditions with manageable drilling practices. The DOD model provides four curves,
where the first curve is the shear failure limit, which means a (0%) DOD of the borehole
wall, Frydman [40]. In addition, it provides other curves for 5%, 10%, and 20% DOD models
that can be used to overcome drilling challenges in different risk situations by considering
manageable drilling practices.

The Gulf of Suez Basin (GOS) (Figure 1) has been known for its complicated geology
and drilling complexity, where prolonged production leads to the formation of pressure-
depleted intervals, accompanied by overpressure and normal hydrostatic PP intervals
along the sedimentary basin fills [17–20]. The basin’s current depletion reservoirs and
associated overpressure zones make drilling difficult. As a result, safe drilling is essential
for exploration and development plans throughout the basin. This study aims to (1) develop
the in situ stresses and a 1D mechanical earth model based on the geophysical logs and
downhole measurements; (2) apply the DOD model for geomechanical analysis in the
El Morgan oil field; (3) evaluate the relative merits of the DOD concept compared to the
breakout-widths concept. The study’s novelty is that it provides insights for underbalanced
drilling as well as drilling solutions in complex geological and drilling operations (i.e.,
multiple formations with different pore pressure regimes) in the studied mature rift basin
and elsewhere. As well, it provides a comparison between the DOD approaches and
conventional wellbore stability analysis approaches, which can be used as a guide for
applying new geomechanical concepts to achieve the target. The study can provide a case
study that can be a reference to prove the efficiency of the studied DOD concept.
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[41–47]. The basin is characterized by its specific geological features and complex tectonic 
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Figure 1. General location map of the Gulf of Suez Basin displays the key features of the basin, as
well as the location of the El Morgan Field.

2. Geological Background

For a long time, the GOS Basin (Figure 1) has formed the main hydrocarbon con-
tainer in Egypt [41–47]. It is considered one of the most important economic regions in
Egypt [41–47]. The basin is characterized by its specific geological features and complex
tectonic history [48,49]. The GOS basin has been the subject of extensive research to discover
more about its geological history and natural resource potential [48,50–55]. The rifting
of the basin started at the Late Oligocene and extended to the Early Miocene, and the
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basin’s sedimentary succession (Figure 2) has been divided into three sedimentary cycles
in relation to rifting [48,56,57], as follows:

3 The Cambrian to Late Oligocene sedimentary cycle includes mixed siliciclastics and
carbonate facies;

3 The Late Oligocene to Miocene sedimentary cycle contains mixed evaporites, silici-
clastics, and carbonate facies;

3 The Quaternary sedimentary cycle contains mixed evaporites, siliciclastics, and car-
bonate facies, namely, the El Tor Group.
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Figure 2 shows the lithostartigraphy and depositional age of different formations
through the basin. The previously mentioned sedimentary cycles are distinguished by
the depositional of various lithologies with distinct properties. Sediments such as loose
sandstone and depleted sandstone zones are not favorable because they are a source of
mud losses while drilling. Swelling shale complicates drilling and causes pipes to become
stuck, which is a common problem in the Gulf of Suez Basin [17–20]. Pressurized shale
requires high mud density to be drilled, which is not matched with the depleted sandstone
and causes drilling challenges. Moreover, salt is a source for pipes stuck in many fields
across the basin, as reported by Radwan et al. [17–20].

The El Morgan Field is situated in the central province of the basin, where the beds dip
southeast (Figure 1), Radwan et al. [17,18,20]. During the Miocene Era (Middle Miocene),
the entire GOS Basin was covered by open marine facies that allowed for the deposi-
tion of marl facies, as well as submarine fans of the Kareem Formation and Hammam
Faraun Member. Its main prospective reservoir sequences are the Middle Miocene for-
mations [41,42,47,56–58]. Evaporitic sediments of the South Gharib and Zeit Formations
were deposited in the Late Miocene, forming an ultimate seal for hydrocarbons migrating
from deeper source rocks (Campanian-Maastrichtian and Eocene organic-rich sediments)
to main reservoirs. The lithology variation of the basin and the El Morgan oil field forms
obstacles while drilling, where over-pressurized shales, natural fractures, loose sediments,
and depleted reservoirs can be found in the same drilled hole [17–20,58] (Figure 2).

3. Materials and Methods

This analysis relies on conventional well logs (gamma-ray, density, resistivity, and
sonic slowness) from five near-vertical wells, as well as pore pressure information from
MDT tools. All offset well drilling issues were considered, as well as the detailed methods
used to alleviate those issues. The overburden stress was measured first using log data and
experimental equations, and then the pore pressure was calculated by calibrating the MDT
tools’ pore pressure points. In the next step, the rock elastic and strength parameters were
calculated, and the minimum and maximum horizontal stress values were determined
using poroelastic equations, and their orientations were directly obtained from a regional
database. One model was developed for the studied field, and the displayed data is for
the El Morgan A1 well. The main inputs for this model incorporate stress magnitude and
directions, well logs, measured data, and relevant parameters.

3.1. Vertical Stress Estimation

The pressure generated by combining the vertical column pressure of various rock
layers and the fluids inside at a certain depth is called overburden stress, commonly called
vertical stress (Sv) [5,59]. The vertical stress (SV) at a particular depth (H) is calculated
using the following equation:

Sv =
∫ H

0
ρ(H)∗g dH (1)

where Sv is the vertical stress in (psi), g is the gravity constant (9.8 m/s2), and ρ is the total
density (gm/cm3). However, in most cases, the density information is not available in the
initial intervals of the drilled well, making it difficult to quantify vertical stress. As a result,
at the initial intervals from the ground to the target depth, the density can be determined
using a linear equation.

The density profile in El Morgan’s shallower section was generated using the Amoco
equation, then merged with the recorded density data [17,18,60]. Estimation and measure-
ment methods of in situ stress and PP in the oil and gas industry were listed in Table 1.
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Table 1. In situ stress measurements and estimation techniques in the oil and gas industry.

Measurement Variable Type of Stress Estimation Techniques Measurement Techniques

Pore Pressure PP

Resistivity Drill-Stem Test

Sonic Repeat Formation Test
(RFT)

Density Modular Dynamic Test (MDT)

Seismic Velocity

Used Mud Weight

Stress Magnitude

Sv Density Log

SH max

Breakout

- - - - - - - -Mud Weight

Wellbore Failure Observations

SH min

Extended LOT/LOT Hydraulic Fracturing

Lost Circulation Minifrac

Formation Integrity Test
extended LOT

(DIF) Drilling Induced fractures

Stress Orientation SH max or SH min

Fault Direction
Cross Diploe

Mini-frac

Natural Fault Direction

Breakouts

(DIF) Drilling-induced Fractures

Hydraulic Fracture Test

3.2. Pore Pressure Estimation

Several authors use indirect pore pressure measurements from well log data such as
density, resistivity, and acoustic logs to determine pore pressure [17,18,61,62]. The PP at
the reservoir interval is based on the pore pressure gradient obtained from formation test
instruments (e.g., modular dynamic tester (MDT), formation integrity test (FIT)) [17,20].
However, widely used equations that use well logs, such as Eaton’s [17,18] equation can be
used in non-reservoir zones.

PPg = OBG − (OBG − Phyd) ∗
(

DTn
DT

)3
(2)

where PPg denotes the pore pressure gradient, Phyd denotes the hydrostatic pressure
(psi), OBG denotes overburden gradient (ppg), DTn denotes the sonic log value, while DT
denotes compressional sonic slowness (µs/ft).

PPg = OBG − (OBG − Phyd) ∗
(

R
Rn

)1.2
(3)

where R denotes the deep resistivity logs (ohm-meter (Ω·m), while Rn is the deep resistivity
log value. MDT tool pressure data has been made available in this analysis at reser-
voir intervals, while non-reservoir intervals were estimated using the previous equations
(Equations (2) and (3)).

3.3. Rock Mechanical Properties Estimation

Rock mechanics parameters such as Young’s modulus, bulk moduli, shear moduli, and
Poisson ratio reflect rock sensitivity to variability, which can be calculated both statically
and dynamically [11,12,63–66]. The use of well logs, which include these elastic parameters
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dynamically, is a faster and less expensive method than measurements of the elastic
parameters of rock [5,6,67,68]. In this study, density, compression, and shear velocity logs
are used according to the following equations to estimate the dynamic Young’s modulus
(Ed) and the dynamic Poisson ratio (νd):

νd =
Vp2 − 2Vs2

2
(

Vp2 − Vs2
) (4)

where νd is dynamic Poisson ratios, ρ is density log value, Vp and Vs are the velocities of
compressional and shear waves from log, respectively.

Ed = RHOB ∗ Vs2

[
3Vp2 − 4Vs2

Vp2 − Vs2

]
(5)

where Ed is dynamic Young’s modulus, ρ is density.
The conversion of dynamic data (Ed and νd) to static (Es and νs) is accomplished by

calibrating the results of laboratory tests (static) for different rocks. In this study, the generic
John Fuller correlation [11,69] was employed by Equations (6) and (7), and the regional
core-based measurements were applied in the aforementioned equations.

Es = y1 Edy2 (6)

νs = νd (7)

where νs is static Poisson ratios, Es is static Young’s modulus, and the two correlation
parameters denoted y1 and y2.

The relationship between the uniaxial compressive strength (UCS) and tensile strength
(TSTR) parameters and various physical characteristics of rocks represented by well logs
was investigated by Fjaer et al. [70]. In this study, the proposed equations for various rock
types are used to determine this parameter [71–75].

UCS = 1.35
(

304.8
DT

)2.6
(8)

TSTR = K ∗ UCS (9)

where K is the coefficient and equal to 0.1 according to Zoback [76].

3.4. Determination of Minimum and Maximum Horizontal Stresses

The minimum horizontal stress (Shmin) can be determined directly from the mini frac
test, hydraulic fracture, or LOT/XLOT test. However, the SHmax cannot be determined
directly [11,77–79]. Even though both of them can be calculated using indirect methods
with acceptable accuracy (Table 1). The use of the poroelastic horizontal stress method is
one of the conventional methods for indirectly calculating Shmin and SHmax as expressed
by Equations (10) and (11) as follows [5,6,76,80,81]:

Shmin =
ν

1 − ν
Sv − ν

1 − ν
αPP + αPP +

νE
1 − ν2 νh +

E
1 − ν2 νH (10)

SHMax =
ν

1 − ν
Sv − ν

1 − ν
αPP + αPP +

νE
1 − ν2 νH +

E
1 − ν2 νh (11)

where α is Biot coefficient (conventionally = 1), νh and νH are the tectonic strain in the x and
y directions [5,77,80,81]. The main stress orientations have a significant impact on wellbore
failure [82,83]. In this study, the orientation of Shmin and SHmax were taken directly from
Gupco [84] and compared with the central region of the Gulf of Suez [45,85]. Where the
average orientation of Shmin is NE-SW 45◦, and the average SHmax is NW-SE 135◦.
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3.5. DOD Approach

The amount of damage surrounding a wellbore as a function of internal pressure
exerted by the drilling fluid is translated by a depth-of-damage model of the target well-
bore. This is the volume of rock yielded as a result of drilling fluid pressure acting against
near-field stresses to partially support the wellbore wall. First, far-field stresses are con-
verted to near-field stresses, which are then compared to a rock failure criterion in the
vicinity of the wellbore. This calculates the lowest allowable drilling fluid pressure that
can be maintained while maintaining a predetermined allowable failure margin (e.g., 5%,
10%, etc.) (Figures 3 and 4). When calculating the DOD, the width of the damage zone
beyond the wellbore wall into the formation is taken into account (Figures 3–5). The basic
algorithm calculates stresses at the borehole wall using elastic equations (calculation radius
(r) = wellbore radius (a)) [11,39,40,86,87] (Figure 5). At a certain depth inside the formation
(i.e., where r > a), the stresses around the borehole and the yield are determined (Figure 5).
A depth ratio is a measurement of the extent of damage, as in Equation (12) as follows:

Depth Ratio = (r − a)/a * 100% (12)

The breakout gradient is calculated using the Kirsch equations of stresses across the
wellbore at different depth ratios (i.e., 5, 10, and 20 percent). More details about the DOD
approach can be found in Frydman & Fontoura [87] and Higgins-Borchardt [39]. The DOD
definition is graphically represented in Figures 4 and 5.

3.6. Rock Failure Criterion

To establish the minimum drilling fluid pressure and avoid wellbore compressive failures,
the Shmin magnitude was calculated using extended LOT data in this analysis [16,88,89].
After that, the modified lade failure criterion was used [90,91]. The aforementioned failure
criterion was applied to follow the same widely used failure criterion in the Gulf of Suez
Basin [5,6]. On the other hand, other failure criteria such as Mohr–Coulomb, Moji-Column,
and Hoek–Brown can be applied instead of modified Lade. Furthermore, the modified
Lade failure criteria were only used to compare the results by applying the same failure
criterion model.
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schematic diagrams modified after [11,40,69,87]. The wellbore is failing to produce caving when
the yield factor exceeds one (green area in the figure below) If the yield factor is greater than one, it
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article for interpretation of the color references in this figure legend.). Note: MWT refer to mud
weight.
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4. Results
4.1. Pore Pressure Analysis

The PP model for the El Morgan wells shows hydrostatic trends (normal PP) through
the sediments that are deposited after the Zeit Formation mixed sediments (Table 2). The PP
ramp was developed and reached up to 10.2 ppg equivalent density (ED) at the lower shale
deposits of the Zeit Formation. Another PP incremental increase was observed through
the mud deposits of the dominant halite of the S. Gharib Formation, which reached up to
10.6 ppg ED.

Table 2. The developed pore pressure and overburden magnitudes of El Morgan Field.
Fo

rm
at

io
n

an
d

M
em

be
rs PP Magnitude OVB Magnitude

MIN Max MIN Max

ppg ppg ppg ppg

Zeit Formation 8.70 10.20 16.70 17.90

S. Gharib Formation 10.60 10.60 17.90 18.30

H. FARAUN Member 6.52 9.31 18.31 18.51

FEIRAN Member 8.70 8.70 18.50 18.60

SIDRI Member 8.70 8.70 18.60 18.70

BABA Member 8.70 8.70 18.70 18.80

KAREEM Formation 5.91 9.62 18.82 18.91

The shale deposits of the mid-Miocene section of the Belayim and Kareem formations
are still preserving the virgin pressure of between 9.31 and 9.62 ppg ED in an arrangement
based on the RFT data. However, the sandstone deposits of the mid-Miocene section of the
Hammam Faraun Member (Belayim Formation) were affected by prolonged production and
displayed PP ranges between 6.51 and 9.31 ppg ED, according to downhole measurements
(i.e., MDT). According to downhole measurements, the sandstone deposits of the mid-
Miocene section of the Kareem Formation were affected by prolonged production too, and
displayed PP ranges of 5.91–9.62 ppg ED. On the contrary, in between the upper member of
the Belayim and Kareem formations, the other three members display normal hydrostatic
gradients.

4.2. In Situ Stresses

The vertical stress of the El Morgan wells, which is the overburden in this case,
shows values ranging between 16.7 and 17.9 ppg ED through the mixed evaporites and
muddy sediments of the Zeit Formation (Figure 6 and Table 2). Through the minor muddy
sediments of the dominant evaporite S. Gharib Formation, the overburden magnitude
ranged from 17.9 to 18.3 ppg ED. Another incremental increase in overburden magnitude
was observed, ranging between 18.31 and 18.8 ppg ED through the Belayim Formation. The
overburden magnitude ranged between 18.8 and 18.9 ppg ED through the mid-Miocene
section of the Kareem Formation. The caliper readings indicate high washout against
salt sections, which are dominant in the Zeit, S. Gharib, and Belayim formations, which
affect the log readings and, consequently, the mechanical parameters in the salt intervals.
However, such an effect was limited to the salt sections across the borehole, mainly the
S. Gharib and Belayim formations, with some shale intervals affected to a lesser degree.
Intervals with some uncertainties have been taken into consideration during the model
building.
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The mechanical properties of the El Morgan oil field have been determined to assist
in the definition of horizontal in-situ stresses (Figure 7). According to Barton et al. [92],
breakouts occur when the hoop stress is most compressive in the Shmin direction and the
stress concentration overwhelms the rock strength. Circumferential tension, which has the
least compression at the orientation of the SHmax, causes drilling-induced tensile fractures
according to Radwan et al. [85]. The inferred Shmin and SHmax in the El Morgan oil field
were reported in Gupco [84], where the average direction of Shmin is oriented NE-SW 45◦,
and the average SHmax is oriented perpendicular to Shmin NW-SE 135◦. This orientation
of horizontal stress in the El Morgan Field is consistent with other breakout interpretations
in the central GOS region [45].

The Shmin stress magnitude model for the El Morgan wells shows values ranging
between 12.7 and 13.8 ppg (ED) through the mixed evaporites and muddy sediments of
the Zeit Formation (Figure 7 and Table 3). The Shmin magnitude ranged between 13.7 and
14.2 ppg ED through the minor muddy sediments of the dominant evaporite S. Gharib
Formation. However, a significant decrease in Shmin magnitude was observed through the
Belayim Formation, ranging between 12.1 and 12.4 ppg ED. As well, the Shmin magnitude
ranged between 12.21 and 13.12 ppg ED through the mid-Miocene section of the Kareem
Formation.
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Table 3. The developed in situ stresses and depth-of-damage values of El Morgan oil field.

Fo
rm

at
io

n Depth of Damage % Sv Magnitude Shmin Magnitude SHmax Magnitude

Shear Failure
0% DOD

5%
DOD

10%
DOD

20%
DOD MIN Max MIN Max MIN Max

ppg ppg ppg ppg ppg ppg ppg ppg ppg ppg

Zeit 12.42 11.78 11.15 9.85 16.7 17.9 12.7 13.8 16.2 17.7
S. Gharib 12.85 12.27 11.68 10.47 17.9 18.3 13.71 14.22 17.7 17.9
Belayim 10.06 9.23 8.59 8.33 18.31 18.8 12.1 12.4 17.29 17.85

KAREEM 11.6 10.88 10.16 8.72 18.82 18.91 12.21 13.12 17.51 17.62

On the contrary, the SHmax stress magnitude model of the El Morgan wells shows
values ranging between 16.2 and 17.7 ppg (ED) through the mixed evaporites and muddy
sediments of the Zeit Formation (Figure 7 and Table 3). The SHmax magnitude through
the minor muddy sediments of the dominant evaporites of the S. Gharib Formation ranges
between 17.7 and 17.9 ppg ED. However, a significant decrease in SHmax magnitude was
observed throughout the Belayim Formation, ranging from 17.29 ppg ED at the upper part
of the formation to 12.4 ppg ED at the bottom. Furthermore, the SHmax magnitude was
found to be between 17.51 and 17.62 ppg ED throughout the Mid-Miocene section of the
Kareem Formation.
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4.3. Wellbore Stability Analysis

Modeling the wellbore stability of the Zeit Formation inferred a value of 12.42 ppg ED
as shear failure through the lower shale deposits. The previous shear failure mud density
is the ED that can be used for drilling the shale deposits of the formation without borehole
failure with (0%) DOD. This shear failure value is equivalent to the obtained results using
the breakout-width concept. The most intriguing aspect of the DOD model used in this
study is that it provides three additional values that drillers can use based on drilling
conditions. A value of 11.78 ppg ED represents the 5% DOD along the Zeit Formation
(Table 3 and Figure 8).
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colors in track 7, readers should refer to Figure 4 in this article.

The aforementioned 5% DOD value means that the shale deposits of the mentioned
formation can be drilled with this mud density value but with an allowable 5% of borehole
failure from the original borehole diameter, which can be managed by applying best drilling
practices. Another value of 11.15 ppg ED represents the 10% DOD along the Zeit Formation.
The aforementioned 10% DOD value means that the shale deposits of the Zeit Formation
can be drilled with this mud density value but with an allowable 10% borehole failure,
which can be managed by optimum drilling practice. The third optional value for the Zeit
Formation is 9.85 ppg ED, which represents the 20% DOD value. The aforementioned
20% DOD value means that the investigated shale deposits can be drilled with this mud
density value but with an allowable 20% borehole failure, which can be managed by
drilling practice. Modeling the wellbore stability of the S. Gharib Formation inferred a
value of 12.85 ppg ED as a shear failure and a value of 12.27 ppg ED representing 5% DOD.
Furthermore, two values of 11.68 and 10.47 ppg ED represent the 10% and 20% DOD in
an arrangement (Table 3 and Figure 9). Modeling the wellbore stability of the Belayim
Formation inferred a value of 10.06 ppg ED as a shear failure and a value of 9.23 ppg ED
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representing 5% DOD. Another two values of 8.59 and 8.33 ppg ED represent the 10% and
20% DOD in an arrangement. Modeling the wellbore stability of the Belayim Formation
inferred a value of 10.06 ppg ED as a shear failure and a value of 9.23 ppg ED representing
5% DOD. Another two values of 8.59 and 8.33 ppg ED represent the 10% and 20% DOD in
an arrangement along the Belayim Formation.
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Modeling the wellbore stability of the last drilled sediments of the Kareem Formation
inferred a value of 11.6 ppg ED as a shear failure and a value of 10.88 ppg ED representing
5% DOD. Another two values of 10.16 and 8.72 ppg ED belong to the previous formation,
and these values represent the 10% and 20% DOD in an arrangement (Table 3 and Figure 10).
It is recommended in the studied field to maintain 5%, 10%, or 20% DOD values in reservoir
sections based on individual hole conditions, with the goal of mitigating reservoir damage
or contamination. However, optimal drilling practice and monitoring are required to meet
the drilling target.
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5. Discussion
5.1. Breakout-Width Concept vs. Depth-of-Damage Concept: Implications for Drilling

Research into the geomechanical characteristics, pore pressure, natural fracture, and
fracture pressure has gained attention from authors because it has various implications for
drilling and exploration [92–100]. Most geomechanical studies depend on the breakout-
width model by Zoback et al. [32] in their models in order to prevent borehole
collapse [2,23,33–36]. The breakout-width model output only provides the safest mud den-
sity for drilling; however, in most cases, this value is much higher than the pore pressure,
posing challenges in well planning [2,23,32,36–38,101–103]. The breakout-width model
conservative curve narrows the MWW between the shear failure and fracture pressure
limits, which lowers the tolerance for mud loss in depleted reservoirs and increases the risk
of losses and formation damage. The traditional breakout-width model relies on a slightly
overbalanced drilling strategy that provides the best solution to overcome over-pressured
zones in boreholes. In addition, since the post-yield behavior related to near-wellbore
stresses is not taken into account in the breakout-width model [37,38]. Therefore, other
models, such as the DOD, which take the post-yield behavior related to near-wellbore
stresses into account may be a better option for complex drilling issues accompanied by
different pressure regimes and multi-wellbore instability issues where multiple values of
acceptable mud density are provided [39,40]. Using the DOD concept in the studied field
entails providing a variety of drilling options that can be used to overcome unexpected
incidents that may arise during drilling activities. In other words, it provides various levels
of failure risk that can be used as contingency plans in the event of an unexpected incident.
Furthermore, the given multi-mud density scenarios assist drillers in being prepared and
flexible in the event of unforeseen subsurface conditions. Moreover, the DOD model shed
light on the drilling uncertainties and forced the direction of more consideration of such ge-
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ological and engineering uncertainties in the subsurface systems. When the DOD model’s
variable mud density values were compared to the breakout-width concept’s mud density
value, the DOD model’s variable mud density values were found to significantly add
additional mud density values. The caliper data of the El Morgan’s previous drilled wells
using the breakout-width model is compared to the caliper results of the newly investigated
well to better understand and compare the behavior of the two investigated models in
the El Morgan studied wells. To calculate the DOD percentage in the wells, the caliper
reading of the investigated borehole was subtracted from the theoretical hole diameter
and then divided by the initial borehole diameter. The final DOD results were translated
into percentages related to the theoretical hole radius. As well, previous boreholes were
analyzed to obtain the damage percentage in the boreholes. Data from Figure 11 illustrates
that the old-drilled wells in the El Morgan Field were drilled with higher mud density
and the DOD of these wells is dominant by DOD of 5% or less, indicating a low percent of
borehole damage. On the other hand, the current WBS model of the El Morgan-A1 well has
various DOD starting from 5% up to 20%, indicating a higher percent of borehole damage
but controlled by optimal drilling practice (i.e., controlled drilling parameters).
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El Morgan Field.

The DOD, as can be seen, is an improved version of the Breakout-width principle that
can provide manageable practical values that can be used in various subsurface conditions.
Using the DOD principle in a complex pore pressure regime within the geological column of
the studied area will assist in the creation of an underbalanced drilling strategy in complex
mature basins in the case of depleted reservoir parts in order to avoid losses. Furthermore,
by applying drilling practice to an acceptable amount that can be drilled safely, the drilling
can be managed to control the other intervals that have relatively higher pressure. In the
traditional breakout-width concept, the mud density window is between shear failure and
Shmin. The main advantage of the DOD approach is that it broadens the mud density
window to be less than the shear failure with an acceptable amount of failure. Applying
the DOD approach in the Gulf of Suez Basin or any basin elsewhere that is suffering from
prolonged production associated with highly depleted reservoirs can support the idea of
under-balanced drilling in such complex drilling situations. The main advantages and
differences between the DOD approach and breakout width have been listed in Table 4.
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Table 4. The breakout-width concept versus the depth-of-damage approach.

Attributes DOD Approach Breakout-Width Approach

Output Output curves are four Output curve is one

Mud density window The low, medium, and high-risk mud density, in
addition to the safest mud density The safest mud density

Mud Density values Flexible values Fixed value

Geological uncertainty
Effective in the event of unforeseen geological
situations (e.g., faults, unexpected pore pressure,
etc.)

True only if the geology is the same as
expected (e.g., it possibly does not
operate in horizontal wells)

Directional wells In both vertical and deviated wells, it could operate.
In both vertical and deviated wells, it
could operate. In horizontal wells, it does
not function perfectly.

5.2. Field Challenges and Suggestion for Field Development

In this study, the caliper log was used to determine the breakout zonation in the
geological column of the studied wells to define the associated instability issues in the
borehole. Breakouts can be defined as the enlarging of the hole diameter due to falling
cuttings from the borehole wall. These breakouts have been encountered in mudstone
intervals of all drilled formations. Other enlargements of the borehole were detected in the
halite section of the Zeit and S. Gharib formations (Figure 6). Drilling in the El Morgan
Field faced considerable difficulties at the drilling stage of most wells that ended in the mid-
Miocene section of the Kareem Formation [104,105]. Radwan et al. [17,18], Radwan and
Sen [5,6,104,105] have previously discussed similar drilling incidents in the neighboring
Badri field. Partial losses were encountered during the drilling operation of the high
permeable sandstone of the Zeit Formation in most wells of the El Morgan Field. On the
contrary, drilling in the same formation was accompanied by tight spots, hole fill, and
pressurized shale in four offset wells, indicating the overpressured regime and wellbore
instability issues. In this regard, it is highly recommended to use the 5% to 10% DOD MW
values in the Zeit Formation interval to maintain low losses and keep marginally higher
MW to hold pressurized shale.

Drilling of the S. Gharib Formation was accompanied by salt creep and well flow in
all offset wells, indicating the wellbore instability issues. To overcome the salt creeping
drilling event, low salinity water was pushed downhole, which enlarged the borehole by a
significant amount, reaching more than 16 inches at the halite sections (Figure 6). According
to the WBS analysis (Table 3), this formation can be drilled safely using a slightly higher
MW than the Zeit Formation. The used casing strategy could control the DOD value in this
interval. Separating the S. Gharib Formation interval from the above interval is strongly
advised in this regard because higher MW may be required to mitigate saltwater flow,
which can increase the mud loss potential in the sandstones of the Zeit Formation interval
while salt creep is mitigated.

The first drilled wells in the field were ended by 9 5/8” of the casing, where the Mid-
Miocene reservoirs were at virgin PP status. At present, the reservoir pressure has been
decreasing dramatically to sub-normal conditions, which has become a challenging drilling
risk during the drilling of these reservoirs. The newly drilled wells in the El Morgan Field
have faced partial losses at the reservoir sections of the Kareem and Belayim formations
(Figure 6) because of the high mud density applied to the upper overpressure zones as
well as some tight spots that have appeared in some wells. For safe drilling, it is better
to separate the S. Gharib interval from the deeper sections of the Belayim and Kareem
formations that need lower mud density. However, this aforementioned option might be
unsuitable in the exploration of deeper sections, so the drilling of the reservoir section with
a 5% DOD mud density value according to (Table 3) could decrease losses and keep hold of
the upper overpressure zones with a low amount of borehole collapse.
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The previously discussed field challenges highlight the complexities of drilling in such
depleted fields. As a result, the traditional breakout width and shear failure value alone
will not be effective in this field’s development strategy. Applying the DOD approach to
the developed model of the El Morgan Field resulted in valuable multi-mud density curves,
which can provide flexible MWW in complex drilling sections. The wellbore stability
model for the El Morgan wells shows variable values that could be used for safe drilling
or manageable drilling with an acceptable certain percentage of failure. At the current
depletion status in the El Morgan Field, special attention should also be paid to the drilling
fluid characteristics. It is recommended to use drilling fluid with excellent inhibitory
properties and sealing characteristics. It should be noted that the seepage time of drilling
fluid should be shortened, taking into account reasonable values in engineering practices.

Finally, it should be noted that the success of such a DOD model depends on a better
understanding of the geological factors and drilling risks that affect the borehole instability,
as well as reasonable value in engineering practices and good well planning according to
drilling strategy to reach the exploration targets safely. With the current global depletion of
hydrocarbon fields, drilling with mud density below the pore pressure may be required
in many drilling cases, especially when drilling is accompanied by fractured intervals
with high loss amounts, making underbalance drilling essential for safe drilling. This
study provides insights into unconventional techniques such as underbalanced drilling
techniques that can be used in mature basins under manageable conditions.

6. Conclusions

In this study, an adequate 1D geomechanical model was performed in the El Morgan
Field to interpret the PP and in situ stresses. As well, wellbore stability analysis was
performed using the DOD concept. The PP model for the El Morgan wells shows hydrostatic
trends (normal PP), overpressure intervals reaching a maximum value of up to 10.6 ppg
ED, as well as sub-hydrostatic conditions recording the lowest value of 5.91 ppg ED. The
average direction of Shmin in the El Morgan Field is oriented NE-SW 45◦, and the average
SHmax is oriented perpendicular to Shmin NW-SE 135◦. The Shmin stress magnitude
model displayed values ranging from 12.1 to 14.2 ppg ED, while the SHmax displayed
values ranging from 12.4 to 17.9 ppg ED. Applying the risk-based DOD concept introduces
four ED values that can be used while drilling future wells. The first value is the shear
failure (0% DOD), the second value is the lowest failure risk value (5% DOD), the third is
the medium failure risk value (10% DOD), and the fourth is the highest failure risk value
(20% DOD). However, the DOD cannot be used in all cases, such as drilling active high-
overpressure zones associated with very low-pressure zones, so field experience and the
most effective drilling practice must be used. Traditional approaches may not be effective
in reservoir sediments with low mechanical strength, resulting in conservatively high mud
weight. For mature hydrocarbon fields, modern approaches such as DOD, which consider
the depth of failure around the wellbore, are more appropriate. In contrast to conservative
methods, the depth of failure approach performance allows for a more dynamic mud
weight window and has more advantages.
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