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This paper, demonstrated a scientiﬁc approach to prepare a geomechanical model for Bangestan reservoir in an
oil well in the south-west of Iran. Bangestan is one of the most important oil reservoirs in the Middle-East that
its geomechanical characters are not perfectly known. Moreover, unexpected problems such as casing collapse,
production drop and land subsidence occurred in this reservoir that made it necessary to conduct a
comprehensive geomechanical model. According to borehole failure observations from a formation micro
scanner (FMS) image log, the direction of minimum and maximum horizontal in-situ stresses (Sh and SH) were
N35E and N55W, respectively. Also, using poro-elastic formulations, in-situ stress regime was found to be
strike-slip (i.e. SH > Sv > Sh). Besides, the optimum mud weight for safe drilling at borehole breakout based on
Mohr-Coulomb and Mogi-Coulomb criteria were found 85.12 and 80.42 pcf, respectively, while 79 pcf had been
applied in practice. Finally, the precision of the geomechanical model was evaluated using natural fracture
observations in the FMS image logs. The FMS logs revealed a total of 510 natural fractures in ﬁve clusters. In
case of all fracture intervals, petrophysical properties and in-situ stresses decreased and therefore, the model
was adequately sensitive to the fractures.

1. Introduction

enhanced oil recovery that necessitate the geomechanical models (Zhou
et al., 2016). This paper aims to model the geomechanical properties of
the Bangestan oil reservoir where multiple unexpected geomechanical
problems such as casing collapse, production drop and surface
subsidence were occurred.

Reservoir geomechanics studies played a signiﬁcant role in the
developments of various hydrocarbon exploitation procedures. In the
exploration phase, the geomechanical studies are appropriate in pore
pressure prediction, hydrocarbon column height estimation, and
assessment of ﬂuid ﬂow into wells (Zoback, 2010). On the drilling
and ﬁeld development, the geomechanical properties have great impact
on the drill bit selection, optimization of well trajectory placement,
casing design, wellbore stability analysis, and safe mud weight window
(SMWW) prediction (Hui and Deli, 2005; Karakus and Perez, 2014;
Khosravanian and Aadnoy, 2016; Zhang et al., 2010). Some problems
such as reservoir compaction and sand production (in sandstone
reservoirs) may occur several years after the exploitation. These
problems cause to decrease in reservoir pressure, permeability, and
production rate which are leading to land subsidence (Boutt et al.,
2011; Settari and Walters, 2001). Optimum exploitation of hydrocarbon resource using geomechanical properties prevents the occurrence
of these problems. Moreover, drilling of new development wells and
hydraulic fracturing techniques are some remediation activities for

⁎

2. Geological setting
The study well is located at the northern Dezful embayment, east of
Ahvaz, Iran. The studied well was drilled vertically at 6 1/8 in. with
water based mud system in 1993. The reservoir is composed of
Bangestan group formations including Ilam and Sarvak. However,
the hydrocarbon potential of Sarvak is higher than the other ones. The
thickness of Sarvak formation in type section is 821.5 m and it is
estimated to be more than 1000 m thick in the studied well, encountered in 4270–4897 m interval (Fig. 1), as drilling stopped at 4897 m.
Sarvak formation is comprised of cream limestone with thin layers
in the bottom, and medium to thick layers at the top. The age of Sarvak
formation is late Albian-Cenomanian and Turonian (Aghanabati,
2004). The lower contact of the Sarvak is gradational with underlying
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4. Theory and background
4.1. Petrophysical properties
Density, porosity, and compressional and shear wave velocities are
petrophysical properties of rock formations which extensively used to
extract geomechanical parameters. These parameters are determine
using the ﬁeld and laboratory measurements (Asquith et al., 2004). The
density is obtained from density logs data that provide a continuous
record of a density along the well length. In density logging, the
formation is bombarded with gamma ray that is emitted from 137Cs or
80
Co. Then, the density logging tools detect and measure the intensity
of scattered gamma ray (GR). The intensity of gamma ray is reduced
with increasing the density (Schlumberger, 1997). Moreover, the
porosity may be measured using diﬀerent logs such as density,
resistivity, neutron, and neutron-density cross plots (Schlumberger,
1997). The compressional and shear wave velocities are obtained from
sonic log data. The sonic log displays the P- and S-wave transit times
throughout a speciﬁc thickness of the formation. Various types of sonic
tools such as BHC, LSS, and As may implement diﬀerent number of
receivers at diﬀerent distances between the transmitter and receivers.

Fig. 1. Structural cross-section along NE-SW plane through the study well.

Kazhdumi formation and the upper contacts with Ilam formation is
covered by an erosional unconformity, where the Surgah formation is
absent. The thickness of Ilam formation is 190 m in type section and
45 m in the well (Fig. 1). The formation is composed of gray limestone
with thin shale layers. The facies of Ilam formation is pelagic, and the
age is Santonian (Aghanabati, 2004). For better recognition of reservoir
characteristics, borehole logging techniques as borehole images in
water-base-mud (WBM) using formation micro scanner (FMS), dipole
shear imager (DSI), and repeat formation test (RFT) logs were carried
out in 1993.

4.2. Pore pressure
Pore pressure is one of the mechanical parameters mainly used for
in-situ stress determination, eﬀective stress theory and safe mud
weight window design. This parameter may equal to hydrostatic
pressure and gradient of about 10 MPa/km for simpliﬁcation.
However, in some cases such as deep sedimentary basin and hydrocarbon reservoir, the pore pressure may be more than double of
hydrostatic pore pressure leading to overpressure occurrence (Zhang,
2013). Hence, non-exact determination of formation pore pressure
may lead to well blowouts and mud volcanoes (Zhang, 2011).
Formation pore pressure is measurable using well test techniques such
as RFT or DST for speciﬁc depths (Ahmed, 2006). Moreover, empirical
methods based on petrophysical data were developed for prediction of
formation pore pressure along the well length (Zhang, 2011). Then, the
predicted pore pressure is compared with RFT or DST data for more
conﬁdence.
Hottmann and Johnson (1965) technique was the ﬁrst attempt for
prediction of pore pressure based on petrophysical data. Moreover,
Matthews and Kelly (1967), Gardner et al. (1974), Eaton, (1969, 1972,
1975), and Bowers (1995) suggested some experimental approaches
using petrophysical data. Eaton, (1969, 1972, 1975) predicted the pore
pressure based on the resistivity or the sonic log data as follows:

3. Methodology
In this paper, attempts were made to prepare a repository of datameasurements and models of geomechanical properties of a hydrocarbon reservoir. Hence, the petrophysical and mechanical properties
of the reservoir such as density, porosity, gamma ray, pore pressure,
and compressional and shear wave velocities were determined based
on wireline log data. Likewise, Poisson's ration and dynamic Young's
modulus was determined using the density and compressional and
shear wave velocities. Consequently, the UCS and static Young's
modulus were estimated continuously based on previously published
empirical relations between these parameters and the dynamic Young's
modulus. Then, the in-situ stress orientation was determined using
borehole failure signatures such as borehole breakout. The vertical
stress magnitude was calculated using the density log and overburden,
and the magnitude of horizontal in-situ stresses were estimated based
on the poro-elastic formulations. Then, we compared the mud pressure
for safe drilling which estimated based on Mohr-Coulomb and MogiCoulomb failure criteria against the practically applied pressure.
Finally, we evaluated the accuracy of the suggested model based on
reservoir natural fracture that derived from the image logs observation
(Fig. 2).

⎛ NCT ⎞3
Ppg = OBG − (OBG − Ppn) ⎜
⎟
⎝ DT ⎠

(1)

Where Ppg is pore pressure gradient, OBG denoted as overburden
gradient, Ppn is hydrostatic pressure gradient, DT is P-wave transit
time, and NCT is the normal compacted trend line. Zhang (2011)
modiﬁed the Eq. (1) and suggested the following relation for pore
pressure prediction.

⎛ ∆t + (∆t ml − ∆t m)exp−cZ ⎞3
Ppg = OBG − (OBG − Ppn) ⎜ m
⎟
⎠
⎝
∆t

(2)

Where Δtml is mud-line transit time, Δtm is P-wave transit time in shale
with zero porosity, c is an empirical constant and Z is depth. Azadpour
et al. (2015) studied on some carbonate reservoirs in Iran and
determined the Δtml, Δtm and c as 185, 50 and 0.00137, respectively.
They concluded that the modiﬁed Eaton method is an appropriate
technique for pore prediction.

Fig. 2. Reservoir geomechanics modeling workﬂow (Zoback, 2010).
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neutron porosity, UCS is uniaxial compressive strength (MPa), Vsh is
shale volume. The Vsh and θ could be estimate using the following
equations (Asquith et al., 2004; Jaeger et al., 2009).

4.3. Mechanical properties
Mechanical parameters such as uniaxial compressive strength
(UCS), Young's modulus (E) and Poisson's ratio (ν) describe the
strength and elastic properties of rock formations, are widely used
for reservoir geomechanical modeling. The Young's modulus and
Poisson's ratio may be measured based on static and/or dynamic
methods, while, the UCS is measured in a static method (Asef and
Najibi, 2013). In the static method, rock specimen is aﬀected by the
uniaxial or triaxial loads until the failure occurs. Then, the stress and
lateral and axial deformation are recorded continuously and uniaxial
compressive strength, static Young's modulus (Es) and Poisson's ratio
are determined using the stress and strain data. In the dynamic
method, the rock specimen is aﬀected by the dynamic load of wave
propagation and compressional and shear wave velocities (Vp and Vs,
respectively) are measured in the laboratory or in the ﬁeld (sonic logs).
Then, the dynamic Young's modulus (Ed) and Poisson's ratio are
determined using the laboratory or sonic log data as density and Vp
and Vs as follows (Asef and Najibi, 2013):

E d = ρVs2

Vsh =

4.4. Direction of in-situ stress
The in-situ stresses are resulting from gravitational, tectonic,
residual and terrestrial stresses. In-situ stresses are comprised of three
orthogonal principal stresses, Sv, SH, and Sh with speciﬁc magnitude
and orientations. In the earth's surface and ﬂat topography, one of the
principal stresses is usually vertically downwards.
Borehole fracture analysis is one of the most important methods for
determination of in-situ stress orientation. Borehole fracture such as
borehole breakout and drilling-induced tensile fractures indicate the
in-situ stress orientations that are detected using the image logs
(Huﬀman and Saﬀer, 2016; Kingdon et al., 2016).
Leeman (1964) studies were the ﬁrst attempts for determination of
in-situ stress directions using borehole breakout failure. He stated that
the borehole instability due to excess compressive stress provides
valuable information about the in-situ stress changes. Bell and Gough
(1979) studied some oil wells in Alberta and claimed that the borehole
breakouts are shear compressive failures with triangular cross section
that are limited to cutting surfaces. They concluded that the borehole
breakout failures spread parallel to the minimum in-situ stress direction. This is also reported by a number of scientiﬁc drilling projects
around the world, namely Cajon Pass, California (Shamir and Zoback,
1992); KTB scientiﬁc drilling, Germany (Brudy et al., 1997); Visund
ﬁeld, North Sea (Wiprut and Zoback, 2000); Forsmark site, Sweden
(Ask et al., 2006); Chinese Continental Scientiﬁc Drilling (CCSD) (Cui
et al., 2009) and Costa Rica Seismogenesis Project (CRISP)
(Malinverno et al., 2016). The standard of world stress map project
(WSM) for quality analysis of in-situ stress direction using borehole
breakout is listed in Table 1.

(4)

The static parameters are more realistic and lower than the
corresponding dynamic data due to pore pressure, cementation,
stress-strain rate and the amplitude. However, there are no general
mathematical relations between the static and dynamic data. Hence,
empirical relations between UCS and static Young's modulus with
dynamic data in a variety of lithologies are reported in the literature
(Najibi et al., 2015). Empirical relations between UCS and static
Young's modulus with dynamic Young's modulus for Bangestan oil
reservoir that previously suggested by Najibi et al. (2015) are shown in
Eqs. (5) and (6). Since the Poisson's ratio varies over a fairly narrow
range from 0.0 to 0.5 in both dynamic and static method, the dynamic
Poisson's ratio is used in the geomechanical modeling.

Es = 0. 014E1.96
d

(5)

UCS = 12. 8(E d /10)1.32

(6)

4.5. In-situ stress magnitude
The magnitude of vertical stress is ascribing to integration of rock
densities from the surface to the interested depth according to the
following equation (Zang and Stephansson, 2010).

Cohesion and friction angle are other mechanical properties of
rocks that mainly used in wellbore stability analysis and determination
of optimum mud pressure for safe drilling (Zhang et al., 2010). These
parameters describe the intrinsic properties of rock. They may be
determine using laboratory triaxial test on the rock specimens.
Moreover, there are empirical and theoretical relations for prediction
of friction angle and cohesion based on petrophysical data as follows
(Jaeger et al., 2009; Plumb, 1994):

φ = 26. 5 − 37. 4(1 − NPHI − Vsh)+62. 1(1 − NPHI−Vsh)2
C=

(10)

Where GR is gamma ray (API).

(3)

⎡ V2p ⎤
⎢ V2 ⎥ −2
⎣ s⎦
ν=
⎡ V2p ⎤
⎢ V2 ⎥ −1
⎣ s⎦

(9)

φ
θ = 45 +
2

3V2p −4Vs2
V2p − Vs2

(GRlog − GRmin)
(GRmax − GRmin)

UCS
2 tan θ

Sv =

∫0

Z

ρ(Z) g dZ ≅ ρgZ

(11)

The determination of minimum and maximum horizontal stress
magnitude involves technical challenges in geomechanical modeling.
Since 1930 s, many researchers, geologists, geophysicists and engineers
attempted to determine the magnitude of horizontal in-situ stresses
(Table 2). Hence, various laboratory and ﬁeld methods are introduced
for the estimation of the horizontal in-situ stress magnitude as
hydraulic, relief, jacking, strain recovery, and focal mechanism (Zang
and Stephansson, 2010). However, poro-elastic relations are empirical

(7)
(8)

Where φ is friction angle (degree), C is cohesion (MPa), NPHI is

Table 1
WSM quality ranking criteria for breakouts interpreted from image logs in a single well (Tingay et al., 2008).
A-Quality

B-Quality

C-Quality

D-Quality

E-Quality

≥ 10 distinct breakout zones and
combined length ≥ 100 m in a
single well with s.d.a ≤ 12°

≥ 6 distinct breakout zones and
combined length ≥ 40 m in a single
well with s.d. ≤ 20°

≥ 4 distinct breakout zones and
combined length ≥ 20 m in a single
well with s.d. ≤ 25°

< 4 distinct breakout zones or
< 20 m combined length with
s.d. ≤ 40°

Wells without reliable
breakouts or with s.d. >
40°

a

s.d. = standard deviation.
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Table 2
Methods of in-situ stress measurement and estimates of rock volume involved in each
method (Amadei and Stephansson, 1997).
Method

Volume (m3)

Hydraulic fracturing
Sleeve fracturing
Hydraulic tests on pre-existing fractures
(HTPF)

0.5–50
10−2
1–10

Surface relief methods
Undercoring
Borehole relief methods (overcoring,
borehole slotting, etc.)
Relief of large rock volume (bored raise,
under-excavation technique, etc.)

1–2
10−3
10−3−10−2

Jacking methods

Flat jack method
Curved jack method

0.5–2
10−2

Strain recovery
methods

Anelastic strain recovery (ASR)

10−3

Differential strain curve analysis
(DSCA)

10−4

Caliper and dipmeter analysis

10−2−102

Borehole televiewer analysis

10−2−102

Fault slip data analysis
Earthquake focal mechanism
Indirect methods (Kaiser effect, etc.)
Inclusions in time-dependent rock
Measurement of residual stresses

108
109
10−4−10−3
10−2−1
10−5−10−3

Hydraulic methods

Relief methods

Borehole breakout
method

Other methods

Table 3
Optimum mud pressure related to borehole breakout (Pwb) using Mohr-Coulomb failure
criterion in vertical wellbore for three modes of principal stresses (Al-Ajmi and
Zimmerman, 2006).

102–103

Case

Principal stress
state
(σ1 ≥σ2 ≥σ3)

Optimum mud pressure related to
borehole breakout failure

1

σz≥σθ≥σr

Pwb1 =

B−σ
q

2

σθ≥σz≥σr

Pwb2 =

A−σ
1+q

3

σθ≥σr≥σz

Pwb3 = A − σ − qB

Table 4
Optimum mud pressure related to borehole breakout using Mogi-Coulomb failure
criterion in vertical wellbore for three modes of principal stresses (Al-Ajmi and
Zimmerman, 2006).
Case

Principal
stress state
(σ1≥σ2≥σ3)

Optimum mud pressure related to borehole
breakout failure

1

σz≥σθ≥σr

Pwb1 =

2

σθ≥σz≥σr

3

σθ≥σr≥σz

1
[(3A
6 − 2b′2
1
2

Pwb2 = A −
Pwb3 =

1
6

+ 2b′K)− H + 12(K2 + b′AK) ]

12[a′ + b′(A − 2P0)]2 −3(A − 2B)2

1
[(3A
6 − 2b′2

− 2b′G)− H + 12(G 2 − b′AG ]

A2 (4b′ 2 −3)+(B2 −AB)(4b′ 2 −12)

H=
G = K + b′A

approach for estimation of horizontal in-situ stresses along the well
length as introduced in Eqs. (12) and (13) (Ostadhassan et al., 2012;
Thiercelin and Plumb, 1994).

SH =

ν
E
(Sv −αPp)+αPp+ S 2 (ε y +νε x)
1−ν
1−ν

(12)

Sh =

ν
E
(Sv −αPp)+αPp+ S 2 (ε x +νε y)
1−ν
1−ν

(13)

4.6. Optimum mud pressure designation
Determination of the optimum mud pressure for safe drilling is the
ﬁnal step in reservoir geomechanical modeling. The mud pressure
should be designed to prevent the formation of borehole breakout or
drilling induced tensile fracture and wellbore instability. The allowable
mud pressure is between the breakout pressure and minimum horizontal in-situ stress (Fig. 3) (Zoback, 2010). In a case that the applied
mud pressure is less than the breakout pressure, the compression
condition is dominant and borehole breakout failure may occur and
lead to ﬂuid ﬂow into the well. On the contrary, if the applied mud
pressure is higher than the minimum horizontal in-situ stress, the
tensile conditions may lead to mud loss and drilling induced tensile
fracture initiations. In this condition, the mud loss may aﬀect the
formation permeability. Therefore, remedial techniques such as casing
installing or deviation well may be required (Zoback et al., 2003).
Open hole drilling leads to change the primary in-situ stress
conditions. In case of linear elastic conditions, the highest stress
concentration will occur in the wellbore. Correspondingly, the ﬁrst
fracture initiation location will occur on the wellbore wall (rather than
at a distance from the wellbore wall). Stress analysis using appropriate

Where Es is static Young's modulus, Sv is vertical in-situ stress
(overburden pressure), ν is Poisson's ratio, Pp is pore pressure, α is
Biot's coeﬃcient (conventionally α=1) and εy and εx are strain in SH
and Sh directions as given by Eqs. (14) and (15), respectively (Kidambi
and Kumar, 2016).

εx =

⎞
Sv ×ν ⎛ 1
×⎜
−1⎟
Es ⎝ 1 − ν ⎠

(14)

εy =

Sv ×ν ⎛
ν2 ⎞
× ⎜1 −
⎟
Es ⎝
1 − ν⎠

(15)

Fig. 3. A schematic of wellbore stability and instability intervals, stable mud weight is between the breakout pressure and minimum horizontal in-situ stress.
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Fig. 6. Logs of static Young's modulus (Es), uniaxial compressive strength (UCS),
Poisson's ratio (υ) cohesion (C) and friction angle (φ) on Bangestan reservoir in the study
well.

Fig. 4. Logs of density (RHOB), porosity (NPHI), Vp and Vs for Bangestan oil reservoir
in the study well.

failure criterion is the ﬁrst step in wellbore stability studies (Zhang
et al., 2010). The stress around a vertical wellbore is calculated from
Kirsch equations as follows (Zoback, 2010).

σr = Pw σθ = SH +Sh −2(SH −Sh )cos 2θ − Pw σz = Sv −2ν(SH −Sh )cos 2θ
(16)
Where Pw is internal wellbore pressure, θ is measured clockwise from
azimuth of SH that varies from zero to 360 degrees, and σr, σθ and σz
are radial, tangential and vertical stresses, respectively. As shear stress
is zero in the wellbore, the σr, σθ and σv are principal stresses in failure
criterion. As illustrated in the Eq. (16), the vertical and tangential
stresses are functions of θ and are maximum at θ= ± π/2 and minimum
at θ=0 and π. Moreover, the radial and tangential stresses are function
of Pw. Decreasing Pw leads to an increase in σθ. Hence, the lower
boundary of mud pressure is related to borehole breakout where σθ is
greater than σr. In this condition, three modes of principal stress states
may occur as follows.

1.σz

≥

σθ

≥

σr 2.σθ

≥

σz

≥

σr 3.σθ

≥σr

≥

σz

The σv and σθ have maximum value at θ= ± π/2 where compressive
strength increases subsequently, and borehole principal stresses are
given by the following equations (Al-Ajmi and Zimmerman, 2006).

σr = Pw σθ = A − Pw σz = B

(17)

Where A and B are deﬁned as:

A = 3SH −Sh B = Sv +2υ(SH −Sh )

(18)

4.6.1. Mohr-Coulomb borehole Failure Criterion
According to the eﬀective stress concept, the Mohr-Coulomb borehole failure criterion is expressed as follows (Jaeger et al., 2009).

σ1−Pp = σc +q(σ3−Pp)

(19)

Where Pp is pore pressure, q =(1+ sinφ) /(1 - sinφ) (φ is internal
friction angle) and σc is uniaxial compressive strength. By arranging
the Eq. (19), this relationship is written as:
Fig. 5. Predicted pore pressure derived from modiﬁed Eaton equation and scattered RFT
data on the Bangestan reservoir in the study well.

σ1 = σ + qσ3

(20)

σ = σc −Pp (q − 1)

(21)

According to Mohr-Coulomb failure criterion, the optimum mud
pressure related to borehole breakout failure (Pwb) for three modes of
35
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Fig. 7. Main Zagros thrust fault (Sherkati and Letouzey, 2004) and direction of in-situ stresses on Bangestan oil reservoir.

Fig. 8. Logs of in-situ stress magnitude on Bangestan reservoir in the study well.
Fig. 9. Principal Stress magnitude on Bangestan reservoir in the study wellbore.
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and Vs, respectively) are petrophysical properties of rock formations
which are fundamental for any reservoir geomechanics studies. The
density was derived from the gamma ray tools and the Vp and Vs were
derived from P- and S-wave transit times in the well logging. Moreover,
the porosity derived from neutron well log. Fig. 4 illustrates log data of
density, porosity, Vp and Vs on Bangestan oil reservoir at 4259–
4756.57 m interval.
Pore pressure is a crucial parameter that could measure using the
in-situ measurements as RFT or DST. However, the measured data are
discontinuous throughout the well. Hence, the pore pressure could be
estimated continuously in base of the petrophysical data such as Pwave transit time. On the Bangestan oil reservoir in the studied well,
this parameter was measured using the RFT technique (scattered point
in Fig. 5). Due to discontinuity of the RFT data, the reservoir pore
pressure was estimated using the modiﬁed Eaton technique of Eq. (2)
in base of P-wave transit time as illustrated in Fig. 5.
Mechanical properties of rock formation such as UCS, Es, Poison's
ratio (υ), cohesion (C) and friction angle (φ) are directly used in in-situ
stress measurements (using poro-elastic formulations) and wellbore
stability analysis. On Bangestan oil reservoir, the υ, Es, UCS, φ and C
were measured using Eqs. (4)–(8), respectively (Fig. 6).
In this paper, attempts were made to determine the direction of
horizontal in-situ stress using borehole breakout technique.
Accordingly, we recognized 112 m of borehole breakout from 12
distinct fracture zones from FMS image logs. Then, we analyzed them
using rose diagram technique (standard deviation is 13°). The dominate strike of Sh was N55W, parallel to the main Zagros thrust
structural region (Fig. 7). The direction of SH is perpendicular to Sh
at N35E, based on the drilling induced tensile fracture observations.
According to WSM quality ranking, the in-situ stress directions derived
from borehole breakout observations have B-Quality (Table 1).
In-situ stress magnitudes are crucial parameters in reservoir
geomechanical modeling. These are prerequisite for principal stress
and wellbore stability analysis. Hence, the vertical in-situ stress
magnitude on the Bangestan oil reservoir calculated according to Eq.
(11) (Fig. 8). Moreover, poro-elastic formulations were used for
continuous estimation of SH and Sh magnitudes along the well length
(Fig. 8). As illustrated in that ﬁgure, the tectonic stress regime in the
reservoir is strike-slip (i.e. SH > SV > Sh).
According to the Kirsch equations (Eq. (6)), the principal stress
state is σθ ≥σz ≥σr as illustrated in Fig. 9. Hence, the Mohr-Coulomb
and Mogi-Coulomb borehole failure criteria were used to estimate the
optimum mud weight related to borehole breakout. The result conﬁrmed that the optimum mud weight related to borehole breakout in
the Mohr-Coulomb and Mogi-Coulomb criteria are 85.12 and 80.42
pcf, respectively while the applied mud weight for drilling the
Bangestan reservoir was 79 pcf (Fig. 10). In the Mohr–Coulomb failure
criterion, the eﬀect of intermediate principal stress is ignored.
Therefore, it is conservative relative to 3D Mogi-Coulomb failure
criterion. Hence, estimated optimum mud weight using MogiCoulomb is more reliable and less than the Mohr-Coulomb failure
criterion.

Fig. 10. Pore pressure, applied mud pressure and optimum mud pressure based on
Mohr-Coulomb and Mogi-Coulomb failure criteria on Bangestan reservoir in the study
well.

principal stress states are listed in Table 3. In these conditions, the
borehole breakout failure will occur if Pw ≤ Pwb.
4.6.2. Mogi-Coulomb Failure Criterion
Mogi-Coulomb is another borehole failure criterion for optimum
mud pressure estimation, which considers the eﬀect of intermediate
principal stress. Accordingly, primary and secondary stress invariants
are as follows (Al-Ajmi and Zimmerman, 2006):

I1 = σ1+σ2 +σ3I2 = σ1σ2 +σ2 σ3+σ3σ1

(22)

The Mogi-Coulomb criterion uses the eﬀective stress theory expressed as:
1

(I12 −3I2) 2 = a′+b′(I1−σ2 −2Pp)

(23)

Where

a′ = 2C cos φ, b′ = sin φ

(24)

Where, C and φ are cohesion and internal friction angle in MohrCoulomb failure criterion, respectively. As discussed above, Eq. (17)
describes the maximum concentration of stress for borehole breakout
initiation. Hence, with substitution of Eq. (17) into Eq. (22) the
primary and secondary stress invariants are expressed as:

I1 = A + BI2 = AB + APw−P 2w

6. Model validation
Evaluation of the accuracy of a model is essential in any modeling
process. An appropriate model must have the ability to interpret the
relevant phenomenon. As already stated, a reservoir geomechanical
model is constructed from a combination of petrophysical, mechanical
and structural properties and should be able to explain their interaction
as well. Fracture analysis is one of the most important objectives of
geomechanical modeling. Natural fractures are structural features that
play an important role on the overall reservoir productivity that they
are clearly detected using the image logs. These features have many
eﬀects on the petrophysical and mechanical properties of the reservoir
and they may be used as an indicator to evaluate the accuracy of the

(25)

The optimum mud pressure related to borehole breakout (Pwb)
using Mogi-Coulomb failure criterion for three principal stress states
are listed in Table 4. Obviously, the borehole breakout failure will occur
if Pw ≤ Pwb.
5. Geomechanical modeling on Bangestan oil reservoir
Density, porosity, and compressional and shear wave velocities (Vp
37
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Table 5
The minimum, maximum and average of the parameters used for modeling in five fracture zone and total reservoir interval.
Fracture zone

(1)

(2)

(3)

(4)

(5)

Interval (m)

4350 – 4395

4480 – 4525

4540 – 4575

4618–4645

4700−4897

Min

2.35

1.83

2.47

2.60

2.49

1.83

Max
Ave
Min

2.72
2.66
3870.8

2.75
2.65
4967.14

2.75
2.66
3908.7

2.75
2.68
5618.5

2.71
2.62
5066.2

2.76
2.66
3870.8

Max
Ave
Min

6566.2
5685.4
2076.5

6551.80
5955.5
2788.7

6493.6
5947.1
2135.8

6252.0
6002.5
2989.8

6188.7
5644.3
2654.8

6566.2
5937.7
2076.5

Max
Ave
Min

3718.5
3031.9
28.32

3738.3
3139.9
50.96

3511.3
3114.1
31.01

3306.0
3166.1
61.00

3444.3
2991.5
48.35

3738.3
3109.5
28.32

Max
Ave
Min

92.16
64.04
9.82

80.66
68.23
31.07

81.55
67.70
11.74

77.53
70.40
44.19

79.32
61.31
28.03

92.16
67.66
9.82

Max
Ave
Min

99.24
50.06
50.57

76.41
55.43
109.84

78.07
54.71
57.03

70.71
58.66
139.26

73.95
45.12
102.48

99.24
54.76
50.57

Max
Ave
Min

240.12
149.54
79.86

201.37
161.72
81.93

204.30
160.16
88.79

191.11
168.35
114.94

196.98
140.55
101.72

240.12
160.09
79.86

Max
Ave
Min

143.96
115.06
72.23

138.97
122.19
62.73

138.02
123.30
81.23

136.71
127.52
93.55

135.02
117.54
87.99

143.96
122.57
62.73

Max
Ave

102.41
90.72

104.54
95.42

105.20
96.97

104.10
99.25

104.06
95.74

106.66
96.23

RHOB
3

(gr/cm )
Vp
(m/s)
Vs
(m/s)
Ed
(GPa)
Es
(GPa)
UCS
(MPa)
SH
(MPa)
Sh
(MPa)

Total interval

estimated using the empirical relationships on the basis of Ed.
Moreover, Poison's ratio, cohesion and friction angle are other rock
mechanical properties calculated from petrophysical data. The borehole
breakout and drilling induce tensile fracture observation in FMS image
log revealed that the direction of Sh and SH are N35E and N55W,
respectively. In the next step of reservoir geomechanical modeling, the
magnitude of vertical in-situ stress (Sv) was calculated using the density
logs and the magnitude. Then, the magnitude of SH and Sh were
determined using the poro-elastic formulations and tectonic stress
regime was acknowledged strike-slip (i.e. SH > Sv > Sh). Wellbore
stability analysis is the last step in geomechanical modeling. The initial
data revealed that the mud weight for drilling of Bangestan reservoir was
79 pcf where some wellbore instability such as borehole breakout
occurred. Hence, the optimum mud pressure for safe drilling was
estimated based on Mohr-Coulomb and Mogi-Coulomb borehole failure
criteria. The lowest safe mud weight based on Mohr-Coulomb and MogiCoulomb were 85.12 and 80.42 pcf, respectively. As the intermediate
principal stress is ignored on the Mohr-Coulomb failure criterion, this is
conservative and overestimated the optimum mud pressure compared to
the Mogi-Coulomb criterion. Finally, the accuracy of the geomechanical
model was evaluated in comparison of the natural fracture observations
in the reservoir which derived from the FMS image logs. Hence, about
510 natural fractures were identiﬁed in ﬁve zones at 4350–4395 m,
4480–4525 m, 4540–4575 m, 4618–4645 m and 4700–4779 m intervals. The natural fractures are extended in two dominant strikes as
N35E-S35W and N13W-S13E. Further attention conﬁrmed that the
components of the reservoir geomechanical model are sensitive to
natural fracture intervals and a sharp decrease in the parameters was
observed. The lowest values for density, Vp, Vs, Ed, Es, UCS, SH and Sh
throughout the reservoir were recorded at the natural fractured zones,
especially at 4350–4395 m interval, which veriﬁes high accuracy and
compliance of the model with the FMS image logs observations.

model. In the studies reservoir, FMS image logs revealed development
of a total of 510 natural fractures throughout the interval. Five clusters
of fractures were observed in diﬀerent sections of Sarvak formation at
4350–4395 m, 4480–4525 m, 4540–4575 m, 4618–4645 m and
4700–4779 m depths. Two dominant strikes at N35E-S35W and
N13W-S13E were observed, and dip inclination varies from 33 to 70
degrees. The minimum, maximum and average values for RHOB, Vp,
Vs, Ed, ES, UCS, SH and Sh in the ﬁve fractured zones and the total
interval are listed in Table 5. As illustrated in Table 5, the model is
highly sensitive to fractures, so that, the minimum value for geomechanical parameters is obtained within the intervals of the fracture
zones. The minimum value of RHOD was 1.83 gr/cm3 recorded at
4480–4525 m zone. Also, the least Vp and Vs were 3870.8 and
2076.5 m/s at 4350–4395 m. Due to large ﬂuctuation in the wave
velocities, the maximum value of Vp and Vs were recorded in the same
interval. Since the mechanical parameters such as Ed, Es and UCS are
derived from the Vp and Vs, similarly the lowest and highest values for
mechanical parameters belong to the same interval. Moreover, the
minimum and maximum recorded value for SH throughout the
reservoir interval was observed at the 4350–4395 m. This analysis
revealed an appropriate relationship between the fracture observations
derived from the image logs and the geomechanical model.
7. Conclusions
A Geomechanical model of Bangestan carbonate reservoir in one of
the oil wells in Iran was created in integration of petrophysical and
mechanical properties of rocks. Petrophysical properties such as gamma
ray, density, porosity, shale volume and Vp and Vs were derived from
wire logs data. Then, formation pore pressure was estimated from the
modiﬁed Eaton equation and compared with in-situ RFT data. UCS and
Es represent the mechanical properties of the reservoir that were
38
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