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This work attempted to understand the behavior of the Upper Cretaceous Nezzazat and Lower
Cretaceous–Carboniferous Nubia sandstone reservoirs in response to production-induced depletion
and fluid injection for enhanced hydrocarbon recoveries from the October oil field, Gulf of Suez,
Egypt. Pore pressure (PP), vertical stress (Sv) and minimum horizontal stress (Shmin) magnitudes
were modeled based on well logs, drilling data and subsurface measurements. The latest measure-
ments indicated 11.7–12.7 MPa pressure drop (DPP) in the Nezzazat reservoirs, while the Nubia
sandstone reservoir was depleted by 19–21 MPa. Revised PP and Shmin gradients offer a narrow
mud weight window of 9–10.7 PPG (pore pressure gradient) if the entire Lower Miocene–Car-
boniferous section was planned to be drilled with a single casing in the infill/injector wells. A more
conservative approach will be to drill the depleted reservoirs with 5.5–9.3 PPG mud window and case
separately, although that may incur an additional cost. Based on the PP–Shmin poro-elastic coupling,
stable stress pathvalues of 0.61 and0.65 are interpreted in the Upper andLower reservoirs, indicating
depletion-induced normal faulting is unlikely to occur at the present rate of depletion. The reservoir
stability threshold during pressurization was assessed for fluid injection optimization to sustain
production and curtail the bypassed oil. The maximum allowable pressure build-up during injection
was estimated using various possible pore pressure–stress coupling scenarios at their maximum
depletion state. Based on the PP–Shmin coupling approach, maximum pressure increments of 23 and
27 MPa can be permitted in the depleted Nezzazat and Nubia sandstone reservoirs during injection,
without exceeding the lower limit of caprock Shmin, as applicable for both the reservoirs. This will
ensure the geomechanical stability of the reservoirs as well as the caprock integrity. This geome-
chanical study provides crucial comprehensions regarding the optimization of drilling, production,
and fluid injection by reducing the risk of reservoir instabilities and formation integrity.
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INTRODUCTION

Depleted hydrocarbon fields require special
attention as they possess substantial challenges in
terms of production-induced reservoir instability as
well as optimum infill/injector drilling design
(Soltanzadeh and Hawkes 2007; Fang and Khaskar
2013; Radwan and Sen 2021). If the rate of change of
pore pressure (PP) to minimum horizontal stress
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(Shmin) exceeds a critical value, it can result in an
unstable stress path and induced seismicity (Addis
1997; Chan and Zoback 2002; Haug et al. 2018).
Various depleted oil and gas reservoirs across the
globe have been characterized by highly unsta-
ble stress path values (0.70–1.18) solely resulting
from prolonged depletion (Teufel et al. 1991; Winter
and King 1991; Addis 1997; Santarelli et al. 1998;
Zoback and Zinke 2002; Nelson et al. 2005).
Depletion alters the effective downhole drilling mud
window; accordingly, casing and mud designs need
to be revised in the matured reservoirs. Reservoir
pressurization by fluid injection is another critical
aspect of such producers, which is a usual practice to
sustain production and minimize the bypassed oil.
The magnitude of fluid injection should not exceed
the critical limit that can cause existing fault slippage
at the depleted reservoir intervals during the re-
pressurization process (Fang and Khaskar 2010; Sa-
fari et al. 2013; Figueiredo et al. 2015; Taghipour
et al. 2019). In addition, the pore pressure build-up
should not be high enough to induce hydraulic
fracturing of the overlying caprock and compromise
its geomechanical integrity (Hawkes et al. 2004;
Rutqvist et al. 2009; Chiaramonte et al. 2008; Morris
et al. 2010; Fang and Khaskar 2013). A compre-
hensive reservoir geomechanical modeling needs to
be implemented to tackle these concerns to achieve
drilling and production optimizing by ensuring
reservoir stability.

This work attempted to address these key
geomechanical challenges in the October oil field,
Gulf of Suez Rift Basin. This northernmost mega-
producer was discovered during 1970 and 2.38 bil-
lion barrels OOIP (original oil in place) was esti-
mated within the Cretaceous and Carboniferous
reservoirs (Sercombe et al. 2011; Noureldien and
Nabil 2016). Significant literature is available on the
geological, drilling and production aspects of this
producing giant oil field. El-Ghamri et al. (2002)
discussed the hydrocarbon generation and charging
in the October field and established that reservoir oil
in the October field originated predominantly from
the carbonate-rich Sudr Formation. In a recent
study, Kassem et al. (2020) correlated the oceanic
anoxic event 2 (OAE2) within the Late Cenoma-
nian/Early Turonian organic-rich limestone of the
Abu Qada Formation and interpreted its source
rock characteristics. A new formation name was
formally introduced by Radwan et al. (2020b) as
Radwany Formation for the Early–Middle Eocene
carbonate sediments by revisiting the sedimentary

facies associations and biostratigraphic characteris-
tics. Researchers have communicated good numbers
of works on the completion and production engi-
neering issues.

The field started producing from the highly
permeable Nezzazat and Nubia sandstone reservoirs
in 1977 and reached a peak production of 136,000
BOPD (barrels of oil per day) (EGPC 1996; Askar
et al. 2020). The Nezzazat reservoirs were developed
at a later stage when the Nubia Formation was in
depletion and a slim hole drilling technology was
implemented in the development campaign that re-
duced the drilling cost by 20% (Hassan et al. 2006).
To tackle the rapid pressure depletion, the operator
engaged water injection by 1996, where the required
water was sourced from the Upper Miocene Zeit
Formation at around 3000 feet (914.4 m) (Ibrahim
et al. 2008). Borling et al. (1996) reported the first
successful implementation of the through-tubing
bridge plug (TTBP) water shut-off (WSO) work-
overs that dramatically reduced the water-cut from
55 to 16%. Nassar and Noureldien (2013) performed
a reservoir heterogeneity modeling and brought the
previously shut-in wells into production which in-
creased production by 1500 BOPD (barrel oil per
day). Ibrahim and Mostafa (1999) and Hassan et al.
(2006) discussed the production logging problem
and downhole integrity management in the October
field, respectively. In summary, the reservoir pres-
sure continuously declined further and by 2000,
average field production from 49 wells was around
56,000 BOPD with 50% water-cut. Noureldien and
Nabil (2016) reported the current production from
the October field is around 23,000 BOPD. The
present-day water-cut level is around 76% (Askar
et al. 2020).

However, none of the previous studies had in-
ferred and documented the effect of depletion and
in the future infill development/injector well drilling
campaign as well as the critical limit of the water
flooding program, which is presently in operation to
sustain the reservoir production. This paper is the
first geomechanical analysis to address the drilling
optimization and reservoir stability aspects. The
principal objectives of this work were to: (a) assess
the pore pressure and in situ stress perturbations in
the producing intervals in response to prolonged
depletion; and (b) infer the optimum pore pressure
build-up threshold by fluid injection technique to
ensure sustainable hydrocarbon production by
ensuring reservoir stability and seal integrity. This
geomechanical study will assist the operator to
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optimize the waterflood planning and infill injector
drilling.

GEOLOGICAL SETTINGS

The Gulf of Suez Basin is one of the major
energy provinces in Egypt and Middle East (Al-
sharhan 2003; Dolson 2020). Due to its economic
significance, multiple studies have been carried out
to investigate its structural, stratigraphic, petroleum,
petrophysical, geomechanical, and reservoir charac-
teristics (Lyberis 1988; Schutz 1994; Alsharhan and
Salah 1995; Bosworth and McClay 2001; Younes and
McClay 2002; El Nady 2006; El Nady et al. 2007;

Attia et al. 2015; Abudeif et al 2016a, b; Attia et al.
2017; Nabawy and El Sharawy 2018; Abudeif et al.
2018; Sallam et al. 2019; Radwan et al. 2019a, b, c, d;
Kassem et al. 2020; Radwan et al. 2020c, d; Radwan
2021; Abdelghany et al. 2021; Kassem et al. 2021;
Radwan et al. 2021a, b). The October oil field is
situated in the Belayim province of the Central Gulf
of Suez Basin with 28� 46¢–28� 57¢ N latitudes and
32� 57¢–33� 10¢ E longitudes (Fig. 1), covering an
area of approximately 22 sq. km (EGPC 1996). The
oil field is bounded by a major NW–SE striking
normal fault at the western end and by numerous
smaller westward-dipping faults at the eastern side
(El-Ghamri et al. 2002; Kassem 2018). The field
hosts a massive 15,000 feet (4572 m) thick sediment

Figure 1. Location of the studied October oil field (yellow polygon) in the Gulf of Suez Rift Basin and other

prominent hydrocarbon fields (green polygons). Major structural features and regional extensional faults are

marked tentatively (modified after El-Gendy et al. 2017).
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column of Carboniferous–Pleistocene age, deposited
unconformably above the Precambrian metamor-
phic basement. This structurally trapped field is a
complex of rotated fault blocks typical of rift basins
worldwide. A northwest-trending normal fault with
a throw of approximately 4000 feet (1219.2 m) has
trapped the largest of several oil accumulations,
which has a 1092 feet (332.8 m) oil column on the up
thrown eastern side (Lelek et al. 1992). A regional
lithostratigraphy is provided in Table 1.

Upper Cretaceous Sudr and Senonian Brown
Limestone Formations are considered to be the
principal source rock intervals (Chowdhary and
Taha 1987; Kassem et al. 2017), with an average
total organic carbon (TOC) of 2.6% (Lelek et al.
1992). Two primary producing reservoir zones were
encountered in the studied wells—Upper Creta-
ceous Nezzazat Group and Lower Cretaceous to
Carboniferous Nubia sandstone reservoirs (Ward
and McDonald 1979; El-Ghamri et al. 2002; El
Sharawy and Nabawy 2016; El-Gendy et al. 2017;
Radwan et al. 2020b). The marine/marginal marine
Nezzazat Group has a vertical thickness of around
1200 feet (365.8 m) (Kassem et al. 2020) and consists
of the Matulla, Wata, Abu Qada and Raha Forma-
tions from top to bottom. Initial field development
targeted the laterally continuous, highly permeable
fluvial sandstones of the Nubia Formation, which

had a massive vertical thickness of 2300–3000 feet
(701.0–914.4 m) (EGPC 1996). The Nezzazat Group
reservoirs (Matulla, Wata, Raha) were exploited at a
later stage when water-cut was experienced in the
Nubia reservoir.

MATERIAL AND METHODS

The studied wells were drilled in approximately
190 feet (57.9 m) of water depth and covered around
13,000 feet (3962.4 m) of the Cenozoic to Car-
boniferous stratigraphy. These wells targeted the
hydrocarbon production from two principal clastic
reservoirs: Late Cretaceous Nezzazat group of
reservoirs and Early Cretaceous to Carboniferous
Nubia sandstones. Drilling data (e.g., mud weight,
formation integrity test, etc.), wireline logs (gamma-
ray, bulk-density, compressional sonic slowness, and
caliper), and well reports (e.g., geological summary,
well completion reports, etc.) were studied and used
in this work. Applied methods are discussed below.

Pore Pressure (PP) Magnitude

Pore fluid trapped in formation porosities
greatly affects the horizontal stress magnitude.

Table 1. Lithostratigraphic succession of the October oil field. The studied wells were drilled till the Nubia Formation

Age Formation Dominant lithology Thickness (ft.)*

Pleistocene Zaafarana Conglomerate, Limestone
2000–4000

Pliocene Warden Sandstone, Shale

Unconformity

Upper Miocene Zeit Anhydrite, Shale, Halite, Sandstone

3300–8200

South Gharib Halite, Anhydrite, Shale

Middle Miocene Belayim Anhydrite, Shale, Sandstone

Kareem Sandstone, Shale

Lower Miocene Rudeis Sandstone, Shale, Limestone

Nukhul Sandstone, Shale, Limestone

Unconformity

Eocene Thebes Limestone, Shale 500–1000

Unconformity

Upper Cretaceous Sudr Limestone

3000–4000

Brown Limestone Limestone, source rock

Nezzazat Group

Matulla Sandstone, Limestone, with Shale intercalations

Wata

Abu Qada

Raha

Lower Cretaceous—Carboniferous Nubia Sandstone reservoir 2200–3000

Unconformity

Precambrian Basement Metamorphic

*1 ft = 0.3048 m
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Abnormal formation pressure yields have increased
the complexity in drilling and non-productive times
(Zhang 2011; Sen et al. 2018a, b; Baouche et al.
2020b, c, d). Direct downhole measurements provide
the best PP estimates; however, these data are usu-
ally recorded only in reservoir intervals (Sen and
Ganguli 2019; Sen et al. 2020; Radwan et al. 2020a;
Agbasi et al. 2021). Reservoir pressure data were
available from the Nezzazat Group and Nubia
sandstone reservoirs, which were used to finalize the
reservoir pressure gradient. In addition, a series of
similar pressure measurements were carried out
throughout the production duration, which identi-
fied the change of pore pressure magnitude with
time and was therefore used to quantify the deple-
tion pattern. The Upper Cretaceous to Pliocene
overburden litho-column is dominated by salt,
anhydrite and carbonates along with minor shale
intervals. Hence, a compaction trend line-based
Eaton�s method could not be utilized to calculate
pore pressure from available sonic and resistivity
logs. However, drilling mud weight was employed as
a proxy considering downhole fluid pressure over-
balance to prevent fluid influxes during drilling
(Radwan et al. 2019a, b, c, d; Sen et al. 2019).

Determination of Vertical Stress (Sv)

Being situated in the active normal faulting
tectonic settings, vertical stress (Sv) and Shmin are
the highest and least principal stress components in
the studied October oil field. Sv is the amount of
pressure resulting from the litho-column above and
it can be estimated as (Plumb et al. 1991):

Sv ¼ Z

0
RHOB Zð Þ � g dZ ð1Þ

where g is gravitational acceleration (9.8 m/s2), and
RHOB indicates the wireline bulk-density reading
available from the studied wells. A density log, being
sensitive to the formation lithology, reflects the
variation in Sv gradient throughout the stratigraphy
(Sen et al. 2017).

Determination of Shmin

In a normal faulting tectonic setting, Shmin is
the least principal stress and it denotes the lower
limit of the maximum allowable downhole drilling
fluid pressure magnitude, beyond which it can in-

duce tensile fractures causing fluid loss. For esti-
mation of Shmin, we employed three approaches.

The first approach utilizes the uniaxial strain
model to estimate Shmin magnitude (Zhang and
Zhang 2017), thus:

Shmin ¼ m
1 � m

Sv � aPPð Þ þ aPP ð2Þ

where a is the Biot�s coefficient, which usually varies
between 0.85 and 1 (Bale et al. 2008) but in the
absence of core-based bulk modulus measurements,
we assumed a = 1 (Zoback 2007; Zhang 2013;
Baouche et al. 2020a; Ganguli and Sen 2020); and t
is the static Poisson�s ratio, which can be calculated
from P and S wave velocities (Vp and Vs, respec-
tively), thus (Khaksar et al. 2009):

m ¼ Vp2 � 2Vs2

2 Vp2 � Vs2
� � ð3Þ

This model requires the rock elastic parameter
(Poisson�s ratio) in the calculation and hence reflects
the variation of minimum in situ stress magnitude
with varying lithology.

The second model uses the effective stress ratio
coefficient to calculate Shmin magnitude, as pro-
posed by Mathews and Kelly (1967), thus:

Shmin ¼ PP þ K Sv � PPð Þ ð4Þ

where K is the effective stress ratio coefficient, and it
infers the ratio of effective Shmin to effective Sv.

The third model follows the frictional faulting
theory, which relates the ratio of minimum to max-
imum horizontal stress components to a function of
frictional coefficient ( l), and the equation for nor-
mal faulting tectonic regime (Zoback 2007) is:

Sv � PP

Shmin � PP
� l2 þ 1

� �0:5þl
h i2

ð5Þ

We considered a constant value of frictional
coefficient ( l) as 0.6 (Zoback and Healy 1984;
Townend and Zoback 2000). We utilized Eq. 5 to
define the lower limit of Shmin in the studied
October oil field.

Effect of Reservoir Depletion and PP–Shmin
Coupling

As a result of hydrocarbon production, reser-
voir pore pressure decreases, which also changes the
in situ stress magnitudes. These changes affect near-
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wellbore regions immediately and propagate to the
far-field with prolonged production-induced deple-
tion (Addis et al. 1994; Addis 1997; Soltanzadeh and
Hawkes 2007; Liu and Harpalani 2014; Radwan and
Sen 2021). Maximum horizontal stress and pore
pressure couplings are anticipated, but difficulties
exist in actual measurements (Hillis 2000; Altmann
et al. 2010); therefore, in this study, we focused only
on the effect of Shmin changes (DShmin) in response
to depletion (DPP). Ignoring the effect of thermal
expansion factor (unaffected reservoir temperature)
and the lateral compaction possibility (Segall and
Fitzgerald 1996; Santarelli et al. 1998; Goulty 2003;
Segura et al. 2011), it can be mathematically ex-
pressed as (Geertsma 1957, 1966):

DShmin ¼ m
1 � 2m

� �
DSv þ 1 � 2m

1 � m

� �
aDPP ð6Þ

In case of pure uniaxial compaction ( DSv ¼ 0)
(Lorenz et al. 1991; Fjær et al. 2008; Olson et al.
2009) and assuming a = 1, Eq. 6 can be rewritten as:

DShmin

DPP

� �
¼ 1 � 2m

1 � m

� �
ð7Þ

The above ratio is termed as stress path. In a
producing reservoir within normal faulting tectonic
regime (following the frictional faulting theory), the
Coulomb failure criterion, incorporating the deple-
tion effect, can be expressed as:

Sv � PP � DPPð Þ
Shmin � DShminð Þ � PP � DPPð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 1

p
þ l

h i2

¼ f lð Þ
ð8Þ

Equating the rate of change of minimum stress
to pore pressure reduction as stress path factor (A),
Eq. 8 can be further simplified as (Chan and Zoback
2002):

DShmin

DPP

� �
¼ 1 � 1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 1

p
þ l

h i2
ð9Þ

With l = 0.6, a normal faulting stress path limit
was found to be 0.68. This deciphers that if a stress
path value of a producing interval exceeds this crit-
ical limit (stress path> 0.68), it can induce produc-
tion-related normal faulting and make the reservoir
geomechanically unstable (Chan and Zoback 2002;
Zoback and Zinke 2002).

Effect of Fluid Injection on Reservoir Stability

If the shear stress effective on a pre-existing
fault or fracture plane crosses the shear strength, it
results in a slip (Zoback 2007). Fault activation
potential is another critical aspect of geomechanical
modeling to infer the threshold fluid pressure to just
maintain the stability of the fault plane, as increased
pore fluid pressure during the re-pressurization
process reduces the effective normal stress magni-
tudes considerably (Ganguli et al. 2018). The critical
pore fluid pressure (PPc) to induce slip on any ran-
domly positioned fault can be deduced from the
Terzaghi (1923) effective stress law and the Cou-
lomb failure criterion (Streit and Hillis 2004; Jaeger
et al. 2007). Considering cohesion-less fault situation
and coefficient of internal friction as 0.6, it can be
expressed as (Figueiredo et al. 2015; Taghipour et al.
2019):

PPc ¼ 3r3 � r1

2
ð10Þ

where r3 and r1 denote the minimum and maximum
principal stress components, respectively, and which
are Shmin and Sv in the case of the studied October
oilfield, respectively. This traditional approach of
critical pressure estimation assumes that the total
stress distribution is unchanged by the injection or
pressurization process and thus ignores the field
scale pore pressure-stress coupling phenomenon
(Lynch et al. 2013). Recent studies indicated that
fluid injection affects the total stresses and induces
deformations (Altmann et al. 2010; Schoenball et al.
2010; Vidal–Gilbert et al. 2010; Safari et al. 2013;
Kim and Hosseini 2014). In a recent work, Kim and
Hosseini (2016) performed numerical modeling to
infer pore pressure–stress perturbations during
isothermal fluid injection at various reservoir struc-
tural geometry and boundary conditions. Consider-
ing a homogenous infinite medium, the terminal
values of stress vs pore pressure perturbation ratio
along the radial and tangential directions can be
expressed, respectively, as (Altmann et al. 2010;
Vidal-Gilbert et al. 2010; Kim and Hosseini 2016):

Radial change :
DrRadial

DPP

� �
¼ a

1 � 2m
1 � m

� �
ð11Þ

Tangential change :
DrTangential

DPP

� �
¼ a

2

1 � 2m
1 � m

� �

ð12Þ
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It is critical to determine whether a current fluid
injection rate is required to be revised based on the
pressure build-up magnitude. In this regard, Kim
and Hosseini (2016) suggested a guideline that pro-
vides a more precise characterization of the injection
stress path. They advised using Eq. 11 in the radial
direction for inside an injection zone as well as for
the interface between the injection zone and ca-
prock to update the stress with a given estimate of
pore-pressure build up. In the vertical direction, Kim
and Hosseini (2016) recommended adopting Drz/
DP = 0 for the inside of an injection zone and Eq. 12
at the interface to update the stress. Vilarrasa et al.
(2013) deciphered that the change in Sv can be ne-
glected in the middle part of the injection zone (DSv/
DPP = 0), whereas it shows higher values in the
upper part of the reservoir, specifically at the inter-
face due to the excess pore pressure build-up at the
initial injection period since the injected fluid cannot
flow into the impermeable caprock. The same
observations were also made by Kim and Hosseini
(2016) in their analytical modeling. For small size
reservoirs with low uniaxial compressive strengths
(UCS), 50% of DSv can be arched away (Mulders
2003). In a reservoir geomechanical modeling of the
depleted Shearwater gas-producing interval of
North Sea, Kenter et al. (1998) interpreted a 20–
30% Sv arching. Traditionally, effective stress is
measured simply with initial total stress (r0), pore-
pressure (PP¢ = PP0 + DPP), and Biot�s coefficient
as r¢ = r0 � a(PP0 + DPP). Considering the pore
pressure–stress coupling scenario during injection,

the revised effective vertical ( r
0
v) and minimum

horizontal ( r
0

hmin) stresses can be expressed,

respectively, as:

r
0

v ¼ rv0 þ DrP
v � aPP0

¼ rv0 þ bvDPP � a PP0 þ DPPð Þ ð13Þ

r
0

hmin ¼ rh0 þ DrP
h � aPP0

¼ rh0 þ bhDPP � a PP0 þ DPPð Þ ð14Þ

where rv0 and rh0 refer to the initial stress condi-

tions, and bv ¼ Drv

DPP

� �
and bh ¼ Drhmin

DPP

� �
. bh and bv

represent the stress vs pore pressure perturbation
ratios along the radial and tangential directions,
respectively, and are estimated by Eqs. (11) and
(12), respectively. If we just consider the coupling
between PP and Shmin, with DSv = 0 (absence of Sv
arching), it produces bv = 0 and bh > 0. This sce-

nario is strongly similar to the depletion stress path
stated in Eq. 7, which also assumes uniaxial com-
paction. The traditional constant total stress solu-
tions, as well as pore pressure–stress coupling

results, can be plotted in a r
0
v � r

0

hmin cross-plot fol-

lowing the Coulomb failure criterion (Kim and
Hosseini 2016) to interpret the maximum allowable
pressure that the depleted reservoir can sustain
during the waterflood injection.

Effect of Fluid Injection on Caprock Integrity

Fluid injection gradually increases the pore
pressure of the depleted interval. If the pore pres-
sure build-up by the re-pressurization process ex-
ceeds the fracturing limit of the overlying caprock, it
can be hydraulically fractured, and the vertical seal
may be lost (Hawkes et al. 2004; Rutqvist et al. 2009;
Chiaramonte et al. 2008; Morris et al. 2010; Fang and
Khaskar 2013). Therefore, caprock integrity is an
important aspect of the fluid injection design to infer
the maximum allowable pore pressure increase
without inducing geomechanical instability in the
top seal. Caprock will experience tensile fracturing
if:

FPCap � Shmin þ TSCap ð15Þ

where FPCap is the fracture pressure of the caprock,

Shmin is the reservoir�s minimum horizontal stress,
and TSCap is the tensile strength of the caprock.

RESULTS AND DISCUSSIONS

Pore Pressure and In Situ Stresses in Virgin
Condition

Density log-derived Sv provides an average
gradient of 21.3 MPa/km (0.94 PSI/ft) in the Car-
boniferous–Pleistocene stratigraphy of the October
oil field (Fig. 2). Lithological distribution is the key
factor against the vertical variation of Sv gradient. A
formation specific investigation suggests a relative
lower Sv gradient of about 20.56 MPa/km (0.90 PSI/
ft) in the 21.54 MPa/km (0.95 PSI/ft) was interpreted
in the underlying South Gharib and Belayim For-
mations, which host evaporites (halite and anhy-
drite) dominantly, and clastics (sandstones and
shales) (Fig. 2). The carbonates-dominated Kar-
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eem–Rudeis–Nukhul, Eocene Thebes and Upper
Cretaceous Sudr Formations exhibit around
21 MPa/km (0.93 PSI/ft) Sv gradient, while the

clastic reservoirs successions of the Nezzazat Group
and Nubia Formation provided an average Sv gra-
dient of 22.2 MPa/km (0.98 PSI/ft).

Figure 2. Interpreted vertical stress (Sv) magnitude and gradients across the entire stratigraphy, as encountered

in the October oil field.

2594 Kassem, Sen, Radwan, Abdelghany, and Abioui



It is to be noted that the studied wells had been
drilled in the initial appraisal and expansion stages
of the October field development. The virgin reser-
voir pressure gradients of the Nezzazat Group and
Nubia sandstone Formation were interpreted from
the earliest possible reservoir pressure measure-
ments dated back to 1980, which provided a PP
gradient of 10.14–10.36 MPa/km (0.448–0.458 PSI/ft)
(Fig. 3). The non-reservoir overburden was domi-
nated by evaporites (halite, anhydrite) and lime-

stones along with shale intercalations. Based on the
mud overbalance proxy, we finalized the pore pres-
sure in those intervals. Halite, due to its plastic
nature, was drilled with the highest mud weight,
which was assumed as the pressure gradient of the
anhydrite bearing formations (Fig. 3) and the value
was around 13.6 MPa/km (0.6 PSI/ft). Based on the
minimum drilling mud weight used and drilling
experiences, the Middle Miocene–Upper Creta-
ceous carbonates above the top reservoir interval

Figure 3. Interpreted PP, Sv and Shmin magnitudes of the Well B2 in the virgin condition. Shmin was estimated

by three models: Model 1 = uniaxial strain model (Zhang and Zhang 2017); Model 2 = effective stress ratio

model (Mathews and Kelly 1967) and Shmin lower limit by Model 3 = frictional faulting theory (Zoback 2007).
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were interpreted to have a 10.7 MPa/km (0.47 PSI/
ft) gradient. The Shmin was modeled using three
approaches (Fig. 3).

The uniaxial strain model (Shmin-Model 1) and
effective stress ratio-based method (Shmin-Model 2)
provided a close Shmin gradient range of 15.57–
16.47 MPa/km (0.69–0.73 PSI/ft) against the Nezza-
zat and Nubia reservoir intervals (Fig. 3). The
Shmin-Model 2 can be considered to be the higher
estimate of the Shmin, as seen from the results, al-
though the dynamic Poisson�s ratio-based Shmin-
Model 1 depicts the lithological variability in the
Shmin estimation in a better way. Due to the
unavailability of any leak-off test or mini-frac data,
these two Shmin estimates could not be accurately
validated. Therefore, we employed the frictional
faulting theory and provided Shmin-Model 3, which
infers a Shmin lower limit with a gradient of about
14.31 MPa/km (0.63 PSI/ft) in the Lower Creta-

ceous–Carboniferous reservoirs. The available for-
mation integrity test (FIT) measurements were
found to be in good accordance with the interpreted
Shmin lower limit model (Shmin-Model 3>FIT)
(Fig. 3). Being in a normal faulting tectonic setup,
the maximum horizontal stress magnitude can be
safely assumed between the Shmin higher estimate
(Shmin-Model 2) and Sv. Figure 3 presents the
interpreted pore pressure and stresses of the virgin
reservoirs in the October oil field.

Effect of Depletion on PP and Shmin

Reservoir pressure measurements throughout
the production span were used to interpret the drop
in reservoir pore pressure as an effect of continued
depletion. The latest measurements indicated a
pressure drop of around 11.7–12.7 MPa (1697–1842

Figure 4. PP and Shmin profiles of the Well B2 in virgin vs depleted conditions. PP and Shin are reduced in the Nezzazat and Nubia

reservoirs due to depletion. The rightmost track quantifies the drop in PP and Shmin (DPP and DShmin, respectively) across the

producing reservoirs.
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PSI) in the Nezzazat Group reservoirs, while the
Nubia sandstones were more depleted in the range
of 19–21 MPa (2756–3046 PSI) (Fig. 4). It is to be
noted that Nubia reservoir was brought to produc-
tion before the Nezzazat reservoir intervals and it
was subjected to a longer production duration,
which is reflected by the higher magnitude of
depletion. Based on the quantified DPP and log-de-
rived Poisson�s ratio, we estimated the Shmin pro-
files against the depleted intervals. Results indicate
DShmin-Model 1 of 5.5–7.5 MPa (797–1088 PSI) in
the Nezzazat Group and 9.5–11.8 MPa (1378–1711
PSI) in the Nubia Formation (Fig. 4). The Shmin

lower limit also responded similarly. The DShmin-
Model 3 of about 8–9 MPa (1160–1305 PSI) and
13.3–14 MPa (1929–2030 PSI) were recorded against
the upper and lower reservoir intervals, respectively.

Implications on Reservoir Stability

Based on the DPP and DShmin-Model 1, poro-
elasticity-based stress path values were generated in
the producing reservoirs. The Nezzazat and Nubia
reservoirs exhibited stress path values of about 0.61
and 0.65, respectively (Fig. 5). Now, considering the

Figure 5. Depletion stress paths of the Nezzazat and Nubia reservoirs of the October oil field based on the PP–Shmin coupling approach.

The Nubia reservoir shows a higher stress path value, closer to the normal faulting limit (0.68). For Sv, we utilized the Shmin-Model 1 in

this plot. Mohr circles of the virgin and depleted conditions are plotted for both reservoirs at the mentioned depth intervals and depletion

magnitudes.
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normal faulting stress path limit value of 0.68, pro-
duction-induced normal faulting is unlikely in both
the reservoirs; however, the Nubia reservoir interval
is very close to the critical faulting limit/unsta-
ble stress path and a continued drawdown with a
higher depletion rate might result into an unsta-
ble stress path. The depletion stress path values of
the upper and lower reservoir intervals were very
similar to the Southern North Sea sandstone pro-
ducer (Fang and Khaskar 2010) and Wytch Farm,
UK (Addis 1997).

Implications on Drilling

The earliest downhole measurements indicated
about 8.7 PPG (pore pressure gradient) (mud weight
equivalent) in the studied reservoirs at virgin con-
ditions. Due to prolonged production, the latest
PPG in the depleted Nezzazat and Nubia was in-
ferred as 5.5 and 4 PPG, respectively (Fig. 6). This
has critical implications in the drilling design of the
future infill injector wells. In the initial field devel-
opment stage, the drilling mud window between 9
and 12.5 PPG was followed based on the virgin pore
pressure and FIT bounds. This window was preva-
lent from the top of Kareem Formation (or the base
of anhydrite of Belayim Formation) to the well TD
(target depth) covering both the clastic reservoirs,
which allowed drilling the entire mentioned section
with a single casing. However, the present depletion
profile demands a major revision in the downhole
safe mud window.

At the present-day condition, the conservative
Shmin lower limit (by Model 3) suggested a value of
9.3 PPG (Fig. 6), which should be considered the
highest allowable mud weight in the reservoir sec-
tions while drilling future wells. It is to be noted that
this upper limit of 9.3 PPG was much lower than the
earlier FIT values (12.5 PPG) and indeed very close
to the lower mud weight limit, which used to be
followed in early field development stages (Fig. 6).
At present day, the lower mud weight limit was in-
ferred as 5.5 PPG, as seen from the depleted Nez-
zazat pore pressure gradient. Overall, a new mud
window of 5.5–9.3 PPG was suggested in the de-
pleted section (Fig. 6). This also demands a revised
casing design. Revised mud window indicated that
the Nezzazat and Nubia sandstone reservoirs should
be drilled as a new separate section and to be cased
accordingly. This suggestion was made based on the
most conservative estimate of Shmin (Model 3, as a

lower limit). However, if Shmin-Model 1 is followed
as the best case estimate of the Shmin, it would offer
a greater mud window limit against the depleted
reservoir and it will also negate the necessity of the
new casing if the entire section (Kareem Formation
to well TD) is drilled within 9–10.7 PPG mud win-
dow.

Effect of Fluid Injection: Limit for Reservoir Failure

We analyzed the effect of fluid injection and re-
pressurization in both the depleted reservoir inter-
vals to understand the critical pore pressure limit
that can introduce the shear slippage on randomly
oriented faults or weak planes at the reservoir levels.
For failure limit, a linearized Mohr envelope con-
sidered the internal friction coefficient value of 0.6.
A conservative approach was undertaken assuming
zero cohesion on the fault planes. The results are
presented in Figure 7. The analysis revealed that a
pore pressure increment in the range of 6 MPa (870
PSI) can shift the Mohr circle to the failure line at
the Nezzazat Group reservoir level at the present
condition. The same for the Nubia sandstone reser-
voir was around 7.27 MPa (1054 PSI). However, this
traditional approach assumes that the total stress
distribution is unaffected due to the fluid injection
and thus may under-estimate the critical pore pres-
sure limit for fault slippage. Therefore, we investi-
gated possible pore pressure–stress coupling
scenarios to infer the maximum pressure limit
applicable for the studied reservoirs at their latest
depletion stage and compared the outputs with the
results from traditional fault slip analysis. The
maximum allowable DPP before fault reactivation
was investigated for various geomechanical condi-
tions, assuming zero cohesion on the pre-existing
faults and fractures: (a) traditional approach (bv =
bh = 0); (b) both Sv and Shmin changes with a
similar ratio of 0.5 (bv = bh = 0.5) in response to
fluid injection; (c) Shmin coupling with DPP during
the injection1; and (d) both Sv and Shmin are af-
fected by DPP during the injection.2

Results are presented in Figures 8 and 9 for the
Nezzazat and Nubia reservoirs, respectively. At a

1 Considering a = 1 and t = 0.25, Eq. 11 provides bh = 0.66, while

Sv remain unaffected (DSv = 0) and bv = 0. This is a simplified

poro-elastic solution.

2 With the same Biot�s and Poisson�s ratio values, Eqs. 11–12

results in bh = 0.66 and bv = 0.33.
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depth of 11,500 feet (3505.2 m), the traditional ap-
proach provided a maximum DPP of 6 MPa (Figs. 7,
8: Case 1), while the critical pressure limit increased
in Case 2 with a maximum DPP of 8.25 MPa. The
stress path slopes were similar in both these situa-
tions. In the PP–Shmin coupling situation, Case 3
the injection limit further increased to DPP of
23 MPa based on the extensively used poro-elastic
approach. In the fourth case, with both the Sv and

Shmin coupling with injection induced pore pressure
rise in normal faulting condition, the Mohr circle
further shifted to the left and provided the highest
DPP value. This particular situation is more suit-
able for the initial pore pressure build-up at the top
of the reservoir, i.e., reservoir-seal boundary condi-
tion and it does not reflect the stress perturbations
within the reservoir, considering a greater vertical
thickness of the target injection destination. The

Figure 6. Sv, PP and Shmin gradients (in PPG unit) of the Well B2 in virgin vs depleted conditions. A revised drilling mud

window is marked by grey shading (rightmost track) in the depleted Nezzazat and Nubia reservoirs.
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same models for Nubia sandstone reservoir at
around 12,000 feet (3657.6 m) are presented in Fig-
ure 9. Considering PP–Shmin coupling, Nubia
sandstone reservoir provided an injection pressure
build-up tolerance of approximately 27 MPa, which
is three times of the traditional approach-based
estimation.

Effect of Fluid Injection on Caprock Integrity

To infer the geomechanical stability of the ca-
prock, it was assessed by Eq. 15. We assumed the
tensile strength of the caprock to be negligible. In
absence of definite leak-off pressure measurement,
the Shmin of the overlying rock was considered as
FPCap (Eq. 15). In addition, the lower limit of Shmin

(Model 3) was used to characterize this integrity
aspect from a more conservative approach. For the
Nezzazat Group of reservoirs, the Upper Cretaceous
Sudr–Brown Limestones act as the sealing rock,
which yielded a gradient of about 14 MPa/km
against the Shmin-Model 3 (Fig. 4), which translates
to 48 MPa Shmin magnitude at the base of the ca-
prock (top of Nezzazat). The maximum allowable
DPP models for injection in the Nezzazat reservoirs
(Fig. 8) indicated that in Case 1–3 injections (PP +
DPP)< FPCap., and caprock stability will not be

affected. However, the total pressure build-up in the
Case 4 injection model (Fig. 8) is likely to exceed

the Shmin lower estimate of the caprock carbonates
and can induce hydraulic fracturing.

The same analysis was run for the Nubia sand-
stone reservoir; this became more complicated as
the depleted Nezzazat Group acts as the caprock.
These two reservoirs are separated by thin dolomite
and shale intervals of the Lower Raha Formation.
At the present depleted stage, Shmin-Model 3 had a
magnitude of 42 MPa at 12,225 feet (3726.2 m)
(base of Raha and top of Nubia). When compared
with the injection maximum allowable DPP models
in Nubia sandstone reservoir (Fig. 9), Case 1–3 sat-
isfied the caprock stability criterion, but Case 4 had
the likelihood to fail the Raha caprock above Nubia
Formation. Therefore, the maximum injection limit
in both the reservoirs must be guided by the caprock
integrity threshold. The fluid injection in the de-
pleted Nubia sandstone reservoir started in 1996 and
the pore pressure build-up measurements were
available during the interval 1996–2000. At 12,000
feet (3657.6 m) level, reservoir pore pressure in-
creased to 17.25 MPa after 4 years of the injection
process, while the lowest PP of pre-injection level
(during 1996) was recorded as 11.73 MPa. The re-
ported injection-induced pressure build-up
(� 5.52 MPa in 4 years) was well below the critical
pressure estimates of Case 1 (traditional approach)
and Case 3 (PP–Shmin coupling situation) as well as
the conservative Shmin estimate of the Nezzazat
caprock; thus, negating reservoir failure chances and
maintaining caprock stability.

Figure 7. Shear slip criterion along a randomly oriented pre-existing fault or fracture plane due to critical pore fluid pressure. This

traditional approach assumes that total stress distribution remains unchanged during the injection. �rn� = effective normal stress along the

x-axis. �s� = shear stress along the y-axis. A linearized Mohr envelope is presented assuming zero cohesion and l = 0.6.
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CONCLUSIONS

This study interpreted the PP, Sv and Shmin
magnitudes in the October oil field to infer the stress
paths in depletion as well as fluid injection scenarios.
The effect of production-induced depletion was re-
flected in the PP and Shmin profiles of the Nezzazat
and Nubia reservoir intervals. Due to prolonged
hydrocarbon production, the present PPG in the
Nezzazat and Nubia reservoirs were reduced to 5.5
and 4 PPG, respectively, from an initial 8.7 PPG
level. Based on the revised downhole drilling mud
window of 5.5–9.3 PPG, optimum mud and casing
designs were suggested for future infill/injector
drilling campaign to ensure wellbore safety and in-
tegrity. The depletion stress path was deduced from

PP–Shmin coupling to comment on the reservoir
stability in response to production. Mean stress path
values for both the reservoirs were away from the
critical normal faulting limit at the present rate of
depletion. However, the Nubia reservoir interval
was very close to the critical faulting limit/unsta-
ble stress path and a continued drawdown with a
higher depletion rate might result in an unsta-
ble stress path. Water flooding is being actively en-
gaged in the October oil field to maintain the
production performance. This study analyzed four
different geomechanical scenarios to understand the
fault reactivation potential of the depleted reservoirs
due to fluid injection. Considering that the maxi-
mum injection threshold should be guided by the
caprock integrity, this study provided the critical

Figure 8. Injection stress path models and the maximum allowable pore pressure change (DPP) of the Nezzazat reservoir in four different

conditions: a Case 1: traditional approach, bv = bh = 0; b Case 2: bv = bh = 0.5; c Case 3: bh = 0.66 and DSv = 0; and d Case 4: bh = 0.66

and bv = 0.33. Corresponding Mohr Circles are presented in the inset for each case. A = Mohr circle at the latest depletion stage.

B = Mohr circle with DPP = 6 MPa assuming total stresses unaffected. C = Mohr circle with the required DPP to induce fault slip

assuming pore pressure-stress coupling during fluid injection.
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injection-induced pore pressure build-up limit for
both the reservoirs utilizing the pore pressure in situ
stress coupling approach.
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