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Abstract
One of the most important oil and gas drilling studies is wellbore stability analysis. The purpose of this research is to inves-
tigate wellbore stability from a different perspective. To begin, vertical stress and pore pressure were calculated. The lowest 
and maximum horizontal stress were calculated using poroelastic equations. The strike-slip to normal fault regime was shown 
by calculated in situ stress values. The 1-D geomechanical model was utilized to investigate the failure mechanisms and safe 
mud window estimation using the Mohr–Coulomb failure criterion. Using density and sonic (compressional and shear slow-
ness) logs, the acoustic impedance (AI) and reflection coefficient (RC) logs were determined subsequently. The combination 
of layers with different AI indicates positive and negative values for the RC, zones prone to shear failure or breakout, and the 
mud weight in these zones should be increased, according to the interpretation of the AI and RC readings and the results of 
the geomechanical model. Furthermore, the zones with almost constant values of AI log and values close to zero for RC log 
are stable as homogeneously lithologically, but have a lower tensile failure threshold than the intervals that are sensitive to 
shear failure, and if the mud weight increases, these zones are susceptible to tensile failure or breakdown. Increased porosity 
values, which directly correspond with the shear failure threshold and inversely with the tensile failure threshold, cause AI 
values to decrease in homogenous zones, but have no effect on the behavior of the RC log. This approach can determine the 
potential zones to kick, loss, shear failure, and tensile failure in a short time.

Keywords Geomechanics · Wellbore stability · Safe mud window · Acoustic impedance · Reflection coefficient

Abbreviations
AIc  Compressional acoustic 

impedance
AIs  Shear impedance
RCc  Compressional reflection 

coefficient
RCs  Shear reflection coefficient
Sv and Sn  Vertical stress and normal stress
PHIE  Effective porosity

DTc and DTs  Compressional slowness and 
shear slowness (sonic log)

FMI  Formation micro imager
DSI  Dipole shear sonic imager
MDT  Modular formation dynamics 

tester
ρ and ρb and RHOB  Density
D and Z and dz  Depth
g  Gravity
tvd  True vertical depth
Ph  Hydrostatic pressure
PP  Pore pressure
Edyn and Esta  Young dynamic modulus and 

young static modulus
νdyn and νsta  Dynamic Poisson ratio and static 

Poisson ratio
K  Bulk modulus
G  Shear modulus
UCS  Uniaxial compressive strength
α and BIOT  Biot coefficient
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Shmin and  Shmax  Minimum horizontal stress and 
maximum horizontal stress

C1 and C2  Caliper 1 and Caliper
LOT/XLOT  Lake off test and extended leak 

off test
ε  Tectonic strain
FIT  Formation integrity test
Sθ and Sz and Sr  Tangential stress and axial stress 

and radial stress
C  Adhesion coefficient
φ  Internal friction angle
NPHI  Neutron porosity
Vshale  Shale volume
Vp and Vs  Compressional velocity and 

shear velocity
CMW_KICK  Kick pressure
CMW_LOSS  Mud loss
CMW_MAX_MTS  Breakdown pressure
CMW_MIN_MC  Shear failure minimum pressure
MW  Mud weight
KICK-BREAKOUT  Difference between shear failure 

and kick
LOSS-BREAKDOWN  Difference between loss and 

tensile failure

Introduction

Wellbore stability analysis is an essential part of a compre-
hensive field study designed to minimize the risk of drilling 
operations and thus reduce the costs associated with these 
operations in the oil and gas industry. Wellbore stability 
can be characterized as preventing mechanical failures and 
falls due to mechanical stress in the well, chemical reac-
tions between the drilling fluid and the well, well drill-
ing path, and drilling parameters (Mondal and Chatterjee 
2019). Before drilling, the stress on the ground is less than 
the strength of the rocks and thus the balance of the ground 
is retained. But both during and after the drilling, part of 
the rock column is drilled and moved out of the well, and 
the drilling mud replaces that and puts pressure on the well-
bore wall, thus spreading stress around the wellbore, and the 
balance of stress in the ground is disrupted and the stress 
generated by the drilling is created. To maintain wellbore 
stability and regulate these stresses, the well must be drilled 
with the appropriate mud weight. (Darvishpour et al. 2019) 
Failure to pay attention to this issue causes wellbore instabil-
ity and problems such as collapse, kick, wash-out or tighten, 
increasing drilling costs, stopping production, and eventually 
might indeed cause well loss (Das and Chatterjee 2017). Soft 
and plastic formations that are compressed into the wellbore, 
brittle rocks that fall into the well under stress and cause the 
drill bit to get stuck, or when the drill string is taken out of 

the wellbore was plugged, the most common problems with 
the instability of the wellbore are these. Decreasing the mud 
weight, salt content, viscosity and turbulent flow of the mud 
optimum the cost and improves the stability conditions. The 
major reasons for the mechanical instability of the wellbore 
are tensile failure and shear failure. There is also a mini-
mum and maximum value for the drilling fluid pressure or 
weight of the drilling mud, which is estimated by the failure 
criterion (Gholami et al. 2014). The pressure of the drilling 
mud will cause a tensile failure in the wellbore and drill-
ing mud will be lost into the formation if the mud weight 
is applied higher than the safe mud window. Shear failure 
or breakout will occur while this weight is applied lower 
than the safe mud window (Le and Rasouli 2012; Zhang 
2013; Zoback et al. 2003). Consequently, one of the most 
critical parameters for maintaining wellbore stability is the 
drilling mud weight. In addition to the drilling mud weight 
parameter, other parameters such as the type of drilling mud 
and its chemical properties, well trajectory are also control-
lable parameters for wellbore stability. In comparison, the 
mechanical properties of the rocks, the initial stress of the 
region, and the pore pressure are among the uncontrollable 
parameters of the wellbore stability analysis. But one of the 
most effective operational ways to manage wellbore stability 
problems is to run the casing and the liner. However, some-
times the casing or liner installation in the well has been 
limited (Mohiuddin et al. 2007). Geomechanical modeling, 
wellbore stability analysis, and associated parameters have 
been examined in many research in recent years. Radwan 
et al. investigated pore pressure and fracture gradients using 
a variety of data and methods (Radwan et al. 2019, 2020, 
2021; Radwan). They also carried out reservoir geome-
chanical modeling in order to analyze in situ stress and its 
relationship with reservoir properties such as depletion, pro-
duction, and wellbore stability (Radwan and Sen 2021a, b; 
Radwan et al. , 2021). To improve under-balanced drilling, 
Abdelghany et al. applied the depth-of-damage method in 
geomechanical modeling (Abdelghany et al. 2021). Kas-
sem et al. (2021) calculated the geomechanical parameters 
to investigate the effect of depletion and fluid injection in 
a sandstone reservoir (Kassem et al. 2021). Shahbazi et al. 
(2020) investigated the impact of reduced production rates 
on wellbore stresses by constructing a 2D geomechanical 
model using log data and drilling information in two Ira-
nian oil fields. In a case study in Cunning Basin, Australia, 
Gholami et al. (2017) investigated wellbore stability by esti-
mating geomechanical parameters and various stress states 
in wells drilled in heterogeneous formations. Han et al. 
(2019) established an advanced study of wellbore stability in 
naturally fracture rocks by providing three key steps for the 
measurement of elastic parameters, time-dependent analy-
sis of poroelastic relations, and time-dependent analysis of 
fractured, porous, and double-permeable rocks of poroelastic 
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relations, in the wellbore stability analysis. Khatibi et al. 
(2018) assessed the Single-Parameter Parabolic failure crite-
rion using uniaxial compressive strength (UCS) from triaxial 
tests and from a geomechanical model in one of the Persian 
Gulf fields in Iran (Fig. 1).

The integrity of the wellbore can be controlled by the 
weight of the mud and incidents such as tightness and well-
bore failure or drilling mud loss can be avoided. Elastic 
parameters, rock strength characteristics, pore pressure, and 
knowledge of the state of stress in the well are included in 
the data used to estimate the safe mud window (Das and 
Chatterjee 2017; Mohiuddin et al. 2007).

Seismic reflectivity, which is connected to boundaries 
between zones of differing mechanical properties, is easier 
to comprehend than rock property attributes. The compres-
sional (P-wave) acoustic impedance, as well as its S-wave 
equivalents and associated features, provides the fundamen-
tal explanation for generating such attributes (Morozov and 
Ma 2009). Acoustic impedance estimation is one of the main 
objectives of seismic data processing in seismic explora-
tion. The accuracy of this parameter's reconstruction is par-
ticularly useful in obtaining subsurface information about 
formation properties and is particularly important in the 
interpretation of seismic data and reservoir characteristics 
(Guo and Wang 2019; Li et al. 2018; Mandal and Ghosh 
2020; Wang and Wang 2017). The acoustic impedance of 
seismic data is commonly used as an important predictor for 
expressing rock characteristics and facilitating stratigraphic 
interpretation in geophysical studies (Li et al. 2018; Peng 
et al. 2008). Acoustic impedance is a rock attribute that can 
be obtained in two methods. One is the inversion method, 
which uses acoustic impedance obtained from seismic 
data, and the other is forward modeling using well logging 
data. In fact, seismic data is the inversion method, and it 
directly involves density and velocity, both of which may 
be measured directly by well logging (Latimer et al. 2000). 
The reflection coefficient is used to construct a mathemati-
cal model between acoustic impedance and seismic data to 
obtain acoustic impedance (Baziw and Ulrych 2006). In geo-
physical research, the reflection coefficient can be used as a 
function of angle, azimuth, frequency, and layer thickness. In 
the wellbore, however, sonic and density logs are employed 

to calculate these two parameters (AI and RC). Finally, these 
two parameters can also be used to match formation data and 
seismic data for comprehensive field studies. For different 
properties of reservoir rocks, several researchers have uti-
lized acoustic impedance and reflection coefficient. Li et al. 
examined the poroelastic characteristics of gas reservoirs 
using a low-frequency seismic shadow approach that uti-
lizes compressional reflection coefficient (Li and Rao 2020). 
Ekone et al. modeled the porosity using acoustic impedance 
and log data from the EK field in the Niger Delta (NO et al.). 
Xu et al. has used the frequency-dependent seismic reflex 
coefficient for the Discrimination of Gas Reservoirs (Xu 
et al. 2011). Banik et al. estimated pore pressure in the Gulf 
of Mexico employing acoustic impedance based on seismic 
data (Bjørlykke et al. 2015). Morozov and Jinfeng used well 
log calibration to improve the generation of acoustic imped-
ance from seismic data (Morozov and Ma 2009). The two 
parameters of AI and RC are directly related to the mechani-
cal properties of rocks in subsurface formations. Mechanical 
properties of the wellbore can be understood when these 
two parameters are measured in the well from log data. The 
major purpose of this research is to look into how AI and RC 
logs obtained from forward modeling behave when analyz-
ing the condition of a wellbore from the aspect of wellbore 
stability analysis. First, geomechanical modeling will be 
used to evaluate the wellbore's stability and the safe mud 
window, and then the geomechanical model will be validated 
using the AI and RC parameters.

Geological setting

The oil field under investigation is one of Iran's most major 
oil fields. This field was discovered in 1999 and has esti-
mated recoverable resources of 5.2 billion barrels and oil-
in-place reserves of 32.2 billion barrels. This reservoir under 
investigation is Iran's second largest carbonate reservoir. 
This Middle Cretaceous (Albian–Thoronian) reservoir is one 
of the carbonate units of the Dezful embayment (Fig. 2) in 
the Zagros Basin, with an average thickness of 640 m.

Fig. 1  The relationships 
between mud weight and 
wellbore stability (Bagdeli et al. 
2019)
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Petrophysical properties

Petrophysical parameters such as effective and total porosity, 
water saturation–oil saturation, shale volume, and volume of 
minerals in this reservoir were calculated using probabilistic 
analysis. But first, the mineralogy composition was deter-
mined. Two litho-crossplots based on neutron and sonic logs 

vs density log are shown in Fig. 3. Figure 3 shows the most 
relevant lithology/porosity crossplot (a). The neutron versus 
density crossplot can be used to assess lithology composi-
tion and total porosity. Three lithological lines (sandstone, 
limestone, and dolomite) are depicted in this crossplot, with 
the placement of pointes and distance from matrix lines indi-
cating mineralogy. On this plot, evaporate minerals, shale, 

Fig. 2  The location of Dezful embayment in Zagros Basin of Iran (Masoudi et al. 2012)

Fig. 3  Lithology/porosity crossplot, a density versus neutron and b density versus sonic
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and the gas impact can be seen. In this crossplot, total poros-
ity will be evaluated using parallel lines on matrix lines. 
The same may be said for the density versus sonic crossplot 
displayed in Fig. 3. (b). The lithology composition of the 
examined reservoir is composed of limestone (calcite) with a 
few shale, as shown in Fig. 3a, b. In this carbonate reservoir 
limestone, the greatest total porosity in this reservoir is 25%. 

Have been used Gamma-Ray (CGR), Thermal Neutron 
(TNPH), Compressional slowness (DTCO), Photoelectric 
absorption (PEF) and Resistivity logs (Rt and Rxo) in petro-
physical model. After precomputations and environmental 
modifications, these logs were employed in the petrophysics 
model. The petrophysical evaluation results (Fig. 4) suggest 
a carbonate reservoir with limited shale volume (less than 

10%) and a porosity average of 10%. The initial intervals of 
this formation contain a significant amount of oil. Figure 4 
shows the volume of oil and water in the first column, and 
the volume of minerals in the second column, both from the 
right side. The conventional well logs that were employed in 
the petrophysical model were displayed in the other column 
of this figure.

Introducing the workflow

Conventional well logs, DSI log, FMI log, petrophysical 
evaluation results (mineral and porosity), and pore pressure 
points from MDT tools are the available data in this analysis. 

Fig. 4  The petrophysical parameters estimated in the investigated reservoir
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First, overburden stress was calculated using log data and 
experimental equations, and then the pore pressure was cal-
culated by calibrating the MDT pore pressure points. After 
that, the rock elastic and strength parameters were computed. 
Next, minimum and maximum horizontal stress values were 
measured using poroelastic equations and then their orien-
tations were observed by breakouts in the FMI image log. 
The results obtained from the geomechanical model were 
used to evaluate wellbore stability and determine the safe 
mud window. Next step, density and sonic logs (compres-
sional and shear slowness) were used to calculate acoustic 
impedance and reflection coefficient logs as well as evaluate 
their behavior to wellbore stability analysis and compare 
with geomechanical model results. The research workflow 
is shown in Fig. 5.

Geomechanical modeling

Vertical stress and pore pressure

The pressure exerted by combining the vertical column 
pressure of various rock layers and the fluids inside them-
selves at a certain depth is overburden stress, commonly 
called vertical stress (Almalikee and Al-Najim 2018). 
Overburden pressure at each point in the subsurface due 
to the weight of upper layers and the role of different fac-
tors, such as rock type, porosity type, rock density, and 
the density of fluid filling the pores, diagenetic impact, 
tectonic factors, etc. This pressure includes lithostatic and 
hydrostatic pressures. Lithostatic pressure is the weight of 
rock column and hydrostatic pressure is the weight of fluid 
column filling the pore spaces. These pressures are a func-
tion of the specific gravity of the rocks and fluids within 

the pores and increase in proportion to the depth. The sum 
of these two pressures refers to overburden stress. The 
vertical stress (SV) can be easily determined from Eq. 1 
if the upper layers have homogeneous properties in direct 
vertical depth (z):

However, the vertical stress (SV) at a specific depth (D) 
is determined from the following equation if the upper 
layers do not have homogeneous properties at the desired 
depth and have different lithological and petrophysical 
properties that ultimately have different densities:

where SV is the vertical stress in Pascal (N/m2), g is the 
gravity constant (9.8 g/s2), ρb is the total density (gm/cm3) 
and dz is the sum of the depth of pressure obtained can be 
converted to psi, provided that 1 psi = 6894.76 Pascal. But 
in most situations, to measure the vertical stress, the initial 
intervals of the drilled well do not have the density informa-
tion. Consequently, a density can be calculated using a linear 
equation at the initial intervals from the ground to the target 
depth (Rana and Chandrashekhar 2015):

where ρEX is estimated density, ag is distance drilling floor 
to ground level, tvd is true vertical depth, ρML is surface 
density which about 2 (g/cm3), a and a0 are the calibration 
parameters in this equation. The hydrostatic pressure is also 
determined using the following equation, which is pressure 
at the depth of fluid column (Bjørlykke et al. 2015):

(1)SV = 10−3�gz

(2)SV =

D

∫
0

10−3�b.gdz

(3)�EX = �ML + a0(tvd − ag)a

Fig. 5  Research workflow
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where ρf is the fluid density (gm/cm3). As a consequence, 
with increasing depth, the pressure gradient increases. For 
the analyzed interval, the amount of overburden stress was 
measured and the vertical stress gradient is in the range 
between 23 and 27 kPa/m and generally around 25.5 kPa/m 
(1.13 psi/ft) according to the experiences obtained from the 
direction determination project in North Dezful.

One of the vertical stress parameter applications is to use 
it to estimate the pore pressure. There are two ways to meas-
ure pore pressure. The first technique is direct pore pressure 
measurement using special logging tools such as MDT, RFT, 
etc. The second approach utilizes the indirect measurement of 
pore pressure from well log data such as density, resistivity, 
and acoustic. But experimental equations that use well logs 
can be used in non-reservoir periods, such as Eaton's equation 
(Eaton 1975). MDT tools information has been made available 
in this analysis at reservoir intervals. The pore pressure gradi-
ent obtained from MDT pore pressure points in this reservoir.

Rock elastic parameters

Rock mechanical parameters can be divided into two catego-
ries: elastic and strength parameters (Han et al. 2019). These 
Parameters such as Young's modulus, bulk module, shear 
modulus, and Poisson's ratio express the behavior and sensi-
tivity of rock to variability or failure under stress which can be 
calculated both statically and dynamically. Using laboratory 
tests (uniaxial or triaxial) and the resulting stress–strain data, 
static elastic parameters are computed. As a conventional labo-
ratory procedure, these tests are conducted on drilling core in 
plug scale to calculate the rock elastic parameters but there are 
disadvantages such as absence of a drilling core at all intervals, 
time limits, costs, etc. (Kong et al. 2019). Using well logs, 
is a faster and less expensive method to calculating of rock 
elastic parameters dynamically. Among the described elas-
tic parameters, Young's modulus and Poisson's ratio are two 
key parameters in geomechanical modeling. Density log with 
compressional and shear velocity logs are used according to 
the following equations to measure dynamic Young modulus 
(Edyn) and dynamic Poisson ratio (νdyn):

(4)Ph =

Z

∫
0

g×�f × dz

(5)Edyn = �V2
S

3V2
P
− 4V2

S

V2
P
− V2

S

(6)�dyn =
V2
P
− 2V2

S

2(V
P
− V2

S
)

where Edyn is dynamic Young's modulus, νdyn is Dynamic 
Poisson's ratios, ρ is density, Vp and Vs are compressional 
and shear velocity, respectively. As a result, using Eqs. 5 and 
6, were calculated dynamic Young's modulus and dynamic 
Poisson's ratio. Calculated dynamic parameters for simu-
lation of well condition are converted into static values. 
Conversion of dynamic data to static is accomplished by 
calibrating the results of laboratory tests (static values) for 
different rocks. In this research, were used Eqs. 7 and 8 to 
quantify the static Young's modulus and static Poisson's 
ratios according to prior studies and laboratory test in the 
studied field:

It is also possible to determine the bulk (K) and shear 
(G) modulus from the Young modulus and the Poisson 
ratio:

Rock strength parameters

The rock strength parameters are the Uniaxial Compres-
sive Strength and Tensile Strength. In geomechanical stud-
ies, the UCS parameter is determined based on equations 
and correlations made using studies on various rock types 
in different fields when is not available laboratory data of 
rock strength. Then, the relationship between UCS and 
various physical properties of rocks was investigated by 
well logs in these studies (Amani and Shahbazi 2013). In 
this analysis, Eq. 11 has been used to measure the UCS 
parameter obtained from laboratory results in the studied 
field:

Tensile strength is typically measured from 1/8 to 1/12 
of the uniaxial compressive strength (Zoback 2010). Here, 
Tensile strength is known to be 1/10 of uniaxial compressive 
strength (Eq. 12). Figure 6 illustrates the elastic parameters, 
vertical stress, pore pressure, mud weight, and well logs 
together with the results of the petrophysical evaluation.

(7)Esta = 0.4 × Edyn

(8)�dyn = �sta

(9)K =
E

3(1 − 2�)

(10)G =
E

2(1 + �)

(11)UCS = 2.27 × Esta + 4.74

(12)TENS_ST = 0.1 × UCS
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Maximum and minimum horizontal stresses

The minimum and maximum horizontal stresses are two of 
the three major stresses required for each geomechanical 
study (in particular, wellbore stability analysis, sand produc-
tion, and hydraulic fracture)  (Shmin and  Shmax). Estimation of 
horizontal stresses is one of the main steps in geomechani-
cal modeling and contributes to an assessment of the accu-
racy of the measured geomechanical model (Gholilou et al. 
2017). The stresses applied to the rocks underground are 

almost identical in various directions under isotropic condi-
tions and before well drilling (SV =  Shmin =  Shmax). However, 
these values change after drilling and these changes are more 
noticeable on a significant regional scale in active tectonic 
areas such as anticlines, fault-adjacent areas, salt domes, and 
other active tectonic areas. Mechanical failures in the well-
bore are induced by adjusting the horizontal stress values. 
These mechanical failures can be in the maximum horizon-
tal stress direction in the form of tensile failures or break-
down, and shear failures or breakouts are in the minimum 

Fig. 6  From right side: first column shows pore pressure points from 
MDT (Pp2), pore pressure log calculated from MDT point (PPres-
sure_Final), vertical stress (Sv), mud weight pressure (PMw). Sec-
ond column shows dynamic bulk modulus (KMDyn) and dynamic 
shear modulus (GMDyn). Third column shows uniaxial compres-
sive strength (UCS) and tensile strength (TENS_ST). Fourth col-
umn shows static Young's modulus (YMSta) and static Poisson's 

ratios (POIS_STATIC). Fifth column shows compressional slowness 
(DTCO) and shear slowness (DTSM). Sixth Column shows density 
log (RHOB). Seventh column shows lithology and porosity from 
petrophysical evaluation. Eighth Column shows gamma ray logs 
(CGR: thorium and potassium, GR: thorium, potassium and ura-
nium). Ninth column shows bit size (BS) and caliper (C1 and C2). 
The last column is depth
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horizontal stress direction which both are produced roughly 
parallel to the wellbore axial. Using acoustic and density 
logs, as well as reservoir properties like Poisson's ratio, 
vertical stress, and pore pressure, the stress profile in the 
reservoir is determined (Almalikee and Al-Najim 2018). 
There are many methods to assess the direction and loca-
tion of these stresses. Image logs are one of the most detailed 
methods to classify the features of these stresses. Figure 7 
shows the location and direction of breakouts created by 
shear stress observed on the FMI log. These breakouts were 
also recorded using caliper logs (C1 and C2). Three breakout 
zones by calipers and FMI logs are displayed in Fig. 7.

The minimum horizontal stress (Shmin) can be deter-
mined directly from the minifrac test, hydraulic fracture, or 
LOT/XLOT test; however the maximum horizontal stress 
(Shmax) cannot be computed directly. Even though both of 
them can be calculated using indirect methods with accept-
able accuracy. The poroelastic stress equation is used in con-
ventional ways to estimate the minimum horizontal stress 
gradient as a function of vertical depth. The theory of poroe-
lasticity, which explains how a lithified, porous medium-like 
rock deforms when the pore space is filled with fluid and 
pressurized, describes the fluctuation of Sh as a function of 

Pp (Kümpel 1991). One of the most often used approaches 
in the industry for determining horizontal stresses under iso-
tropic conditions is the poroelastic method. Changes in elas-
tic stiffness characteristics caused by structural anisotropy 
are used to predict the minimum and maximum horizontal 
stresses in this method (Abdelghany et al. 2021; Maleki 
et al. 2014). As a result, one of the conventional methods for 
indirectly determining minimum and maximum horizontal 
stresses is to employ the poroelastic method. (Blanton and 
Olson 1997):

where ν is the Poisson's ratio, α is Biot coefficient, PP is 
pore pressure, E is the static Young's modulus, ε is the tec-
tonic strain in the x and y directions (Aghajanpour et al. 
2017). Model prediction and calibration with wellbore data 
(observed breakouts on FMI or caliper logs) were used to 
identify these tectonic strains. Biot coefficient or effective 

(13)
ShMIN =

�

1 − �
SV −

�

1 − �
�PP + �PP + 103

E

1 − �2
�x + 103

�E

1 − �2
�y

(14)
ShMAX =

�

1 − �
SV −

�

1 − �
�PP + �PP + 103

�E

1 − �2
�x + 103

E

1 − �2
�y

Fig. 7  Orientation of breakouts observed by FMI log. From right: 
first column is orientation of observed breakouts, second column 
shows location and direction of each breakouts, third column shows 

breakouts on FMI log, fourth column shows the effect of breakouts on 
caliper logs and the last column is depth
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stress coefficient (α) can be calculated using various param-
eters such as bulk modulus (Biot 1941), porosity (Krief et al. 
1990), and permeability (Klimentos 2003). Theoretically, it 
is in the range of 0–1 (0 ≤ α ≤ 1). This parameter is normally 
derived from the following equation:

where Kb is volumetric parameter of the rock total volume 
and Kg is volumetric parameter of the rock grains. The Biot 
coefficient was considered 1 in this analysis. If LOT/XLOT 
is available, the horizontal stresses are adjusted to deter-
mine the actual tectonic strain values (Gholami et al. 2015; 
Zoback 2010). The εx and εy values should also be varied in 
such a way that the horizontal stress curve at least matches 
the single values obtained from the field tests as much as 
possible. In fact, the true value of this parameter is obtained 
by calibrating the minifrac, LOT/XLOT, and other calibra-
tion data with minimum horizontal stress (Shmin) and can 
be ensured by stress values. Table 1 presents the outcome of 
the leak-off test in a nearby well under various casing shoe 
sizes. As can be shown, not all experiments have overcome 
the rock failure pressure and were conducted as FIT due to 
the constraint of casing burst. (As the depths of these tests 
are not in the interval of the analysis, their gradients were 
used to calibrate the stress.).

Wellbore stresses

Generally, two key sets of stresses including far-field stresses 
and wellbore stresses, should be considered for wellbore 
stability analysis. Usually, in situ stress is divided into three 
parts: vertical stress, minimum horizontal stress, and maxi-
mum horizontal stress. The formation rocks are in front of the 
field stresses before drilling, but after drilling these rocks are 
pushed out in the cutting form and the wellbore must with-
stand the stresses of the field. These stresses relate to the well-
trajectory as well as the impact of the field dominant stress on 
the well-drilling location (Nelson et al. 2006). The equilib-
rium of in situ pressures around the wellbore is compromised 
as a consequence of well drilling. Based on the interruption 
in the distribution of stresses near the wellbore, three differ-
ent stresses are defined within the wellbore. These turbulent 

(15)� = 1 −
Kb

Kg

stresses are referred as induced stresses or intra-well stresses. 
Induced stresses are stresses which formed after drilling and 
around wellbore. Their amount is greater than initial stresses 
and they will cause shear or tensile failure if the amount of 
these stresses exceeds the strength of the rocks. Therefore, 
their quantity needs to be measured and confirmed. There are 
three types of induced stresses: tangential stresses (acting in 
the tangential direction of the wellbore), radial stresses (paral-
lel to the radius of the well), and axial stresses (in the direc-
tion of the well axis and vertically to the center of the earth) 
(Fig. 8).

The quantity of these stresses is a function of the ratio of 
well radius to distance from the wellbore and can be defined 
easily in a well-coordinated system. These three induced 
stresses are perpendicular to each other and with an increase 
in the distance from center of the well, stress decreases since 
the ratio of radius to the distance decreases. These stresses are 
equal to the initial stresses at very long distances. Measure-
ment of such stress values has been presented in the vertical 
and directional wellbore (Aadnoy and Looyeh 2019; Kirsch 
1898). The following equations are for a vertical well:

(16)SZ = SV − PP − 2�(ShMAX − ShMIN) cos 2�

(17)
S� = (ShMAX − ShMIN) − PP − Ph − 2(ShMAX − ShMIN) cos 2�

(18)Sr = Ph − PP

Table 1  Leak off tests at the 
nearby well

Casing shoe test Test depth Mw Pmw Max 
surface 
pressure

Total pressure Pressure gradient Test type

m pcf psi psi si psi/ft

13 3/8" 1409 115 3691.70 380 4071.70 0.88 FIT
9 5/8" 1726 80 3145.92 510 3655.92 0.65 FIT
7" 3791 81 6996.10 400 7396.10 0.59 FIT

Fig. 8  Schematic of induced stresses (red arrows) along with in situ 
stresses (black arrows)
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where: Sr is radial stresses, Sz is axial stresses and Sθ is tan-
gential stresses, PP is the pore pressure, Ph is the hydrostatic 
pressure in Pascal. θ is also equivalent to the desired point 
azimuth (degree) with the horizontal stress direction taken 
into account. In vertical wells, maximum tangential stress 
(Sθ (max)) occurs in the direction of minimum horizontal 
stress (i.e., θ = 90˚) and minimum tangential stress (Sθ (min)) 
occurs in the direction of maximum horizontal stress (i.e., 
θ = 0˚). The following equations can be used to approximate 
two tangential stresses (Kirsch 1898):

Failure criteria

Many of the failure criteria have been proposed: 
Mohr–Coulomb (Coulomb 1973), Mogi-Coulomb (Mogi 
1971), Hoek–Brown (Brown and Hoek 1980), and Single-
Parameter parabolic failure criteria (Li et al. 2005). It should 
be noted that the most common cases in the normal Breakout 
and Breakdown stress regime are Sθ > Sz > Sr and Sr > Sz > Sθ 
(Al-Ajmi 2012; Gholami et al. 2014). Several researchers have 
identified some problems related to the estimated values of 
rock strength or lack of adequate knowledge of stress levels in 
the estimated stress values for failure criteria (Song and Haim-
son 1997; Vernik and Zoback 1992). The Mohr–Coulomb 
failure criterion is one of the failure criteria that is commonly 
used in oil industry due to better efficiency in terms of time 
and its linear consistency (Gholami et al. 2017, 2014, 2015). 
Of course, by ignoring the impact of intermediate stress and 
using the minimum and maximum stress values, this failure 
criterion is used only to measure the maximum mud pressure 
for wellbore stability. This criterion's mathematical relation-
ship focused on the main stresses is as follows (Mohr 1900):

(19)S�(max) = 3ShMAX − ShMIN − Ph − PP

(20)S�(min) = 3ShMIN − ShMAX − Ph − PP

(21)S1 − PP = UCS + q(S3 − PP)

(22)q =
(1 + sin�)

(1 − sin�)

The Mohr–Coulomb failure criterion's linearity is pre-
sented as follows (Tan et al. 2019):

where S1 and S3 are the main maximum and minimum 
stresses and SC is unconfined compressive strength. The fol-
lowing equation describes the relationship between normal 
and shear stress when two adhesion coefficients and internal 
friction angle factors are used in this criterion: 

where τ is the shear stress, ϕ is the internal friction angle, 
Sn is the normal stress and C is the adhesion coefficient. 
Table  2 presents the calculation of mechanical failure 
stresses (Breakout and Breakdown) using the Mohr–Cou-
lomb failure criterion in various modes of induced stresses.

Two internal friction angles and adhesion coefficient are 
significant parameters defined by the Mohr–Coulomb fail-
ure criterion. It is used to determine these two parameters 
in the laboratory through three-axis testing on drilling core 
samples. But there are also empirical relationships in which 
it is possible to quantify these parameters. The following 
equations are provided to quantify these two parameters:

where: ϕ is internal friction angle, NPHI is neutron porosity, 
Vshale is shale volume (usually calculated from the Gamma-
Ray log), UCS is uniaxial stress and C represents the adhe-
sion coefficient.

Result and discussion

Wellbore stability and safe mud window

The wellbore stability and safe mud window were ana-
lyzed after determining the various stresses in the well-
bore. The results of the stress analysis are shown in Fig. 9. 

(23)S1 = SC + tan2
(

�

4
+

�

2

)

S3

(24)� = Sn × tan(�) + C

(25)
� = 26.5 − 37.4(1 − NPHI − Vshale) + 62.1(1 − NPHI − Vshale)

2

(26)C = UCS × (1 − sin�∕2 cos�)

Table 2  Determining breakout and breakdown pressures in a vertical well by Mohr–Coulomb failure criterion (Al-Ajmi and Zimmerman 2006)

S1 ≥ S2 ≥ S3 Breakout for Pw ≤ Pw (BO) S1 ≥ S2 ≥ S3 Breakdown for  Pw ≥  Pw (BD)
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BO
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Sθ ≥ Sz ≥ Sr P
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Sz ≥ Sr ≥ Sθ P
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E = SV + 2υ(SHmax −  SHmin), D =  3SHmax-SHmin, B =  SZ =  SV − 2 υ(SHmax −  SHmin)
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The fault regime is commonly strike-slip and normal at 
some depths, according to computed stresses. Kick (pore 
pressure), shear failure or breakout, loss (minimum stress), 
and tensile failure or breakdown are four wellbore stability 

analysis ranges described for determining the safe mud 
window. In this analysis, there was no information on 
equivalent pressure in the mud window (ECD). A coef-
ficient of 1.03 was used to convert the static mud weight 

Fig. 9  Geomechanical model and wellbore stability boundaries 
calculated. From right side: first column is static FMI. Second col-
umn shows failure images. Third column shows shear failure mini-
mum pressure (CMW_MIN_MC), kick pressure (CMW_KICK), 
mud loss (CMW_LOSS), breakdown pressure (CMW_MAX_MTS), 
mud weight (MW_pcf and MW_ppg), minimum and maximum mud 
weight (MIN_MW and MAX_MW). Fourth column shows maxi-

mum horizontal stress (SHMAX_PHS), minimum horizontal stress 
(SHMIN_PHS), pore pressure points from MDT (Pp2), pore pres-
sure log calculated from MDT points (PPressure_Final) and vertical 
stress (Sv). Fifth column shows uniaxial compressive strength (UCS), 
tensile strength (TENS_ST), static Young's modulus (YMSta), static 
Poisson's ratios (POIS_STATIC) and friction angle (FANG_FromGr). 
Other column explained in Fig. 6
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into a dynamic equivalent pressure. The mud weight used 
for drilling in the studied interval is 11.8 (ppg). It should 
be noted that 1 pound per gallon (ppg) is equivalent to 
7.48 pounds per cubic foot (pcf). Figure 9 indicates that 
the mud weight used is very close to the shear failure or 
breakout limit and that the mud weight is lower at depths 
such as 2655 and 2775 m and there has been shear failure 
(breakout). Shear failures can be avoided in order to solve 
this issue in nearby vertical wells that will be drilled in 
the future, by increasing the mud weight by one to two 
pounds per cubic foot. The model prediction of shear fail-
ure is observed in the 6th column of Fig. 9 (failure image 
column). Due to the direction of local stresses and their 
interaction with the wellbore, the azimuth and deviation 
of the drilling well can affect the stability of the wellbore. 
As a result, the safe mud window of a vertical well may 
change for deviated wells, and sensitivity analysis at any 
depth is required to establish the appropriate deviation and 
azimuth. Figures 10, 11 and 12 demonstrate sensitivity 
analysis at selected depths. The four mentioned categories 
(breakout, kick, loss, breakdown) are also presented based 
on azimuth and deviation in the fifth column shown in 
Fig. 9. For each azimuth and each deviation from the verti-
cal location for both Breakout and Breakdown modes, the 
optimal mud weight is determined in stereonets. Figs. 10, 
11, and 12 depict safe zones in terms of mud weight and 
drilling direction, indicating certain stable and unstable 
depths along the investigated well. The blue color in ste-
reonets denotes the safe locations for drilling orientation 
without any breakout or breakdown (stable orientation), 
whereas the red color denotes the unstable orientation. The 
safe mud window is shown in white color in crossplots that 
show mud weight versus azimuth and deviation in a spe-
cific depth, whereas other colors such as gray, yellow, pur-
ple, and navy-blue indicate kick, shear failure (breakout), 
loss, and tensile failure (breakdown). The mud weight 
employed at that depth is shown by the point marked on 
these cross-plots. The optimal deviation, azimuth, and 
mud weight are provided in Table 3 to prevent shear and 
tensile failures at depths where sensitivity analysis has 
been carried out.    

Wellbore stability analysis by AI and RC

Sonic and density logs are utilized in a well to determine 
the acoustic impedance (AI), which is used to establish the 
reflection coefficient (RC). This is referred to as forward 
modeling. The fundamental data from continuous veloc-
ity surveys in wells can be used to simulate fluctuations 
in acoustic impedance in the ground that cause seismicity 
under certain simplified but reasonable physical assump-
tions. Acoustic impedance is an important property of rocks 
and geological layers. This parameter, which is the product 

of velocity and density, is a rock attribute that is often used 
to characterize reservoirs. In other words, this parameter is 
the most significant seismic feature of the seismic section. 
As a result, both AI and RC logs are susceptible to changes 
in the properties of drilled layers in the wellbore.

Acoustic impedance (AI)

Acoustic impedance is the resistance of a rock to elastic 
wave propagation. Acoustic impedance pseudologs are rock 
parameters that can reveal lateral changes in lithology as 
well as basic rock properties such as porosity and pore fill. 
Various formations have different lithologies, and these 
lithological differences, as well as different petrophysical 
properties, cause the acoustic impedance in a series of for-
mations or rocks to differ from other formations or rocks. 
The establishment of a relationship between seismic and 
well log data is one of the most significant steps in seismic 
interpretation. The acoustic impedance log is computed from 
well data and used to verify the quality of seismic data at the 
well scale and extended to seismic cube the acoustic imped-
ance log is produced by multiplying density and velocity: 

The density log is typically taken along with the compres-
sional and shear slowness logs in a hole. As a consequence, 
the compressional and shear impedance is determined using 
Eqs. 28 and 29 along the well:

where  AIC and  AIS are compressional and shear imped-
ance,  DTC and  DTS are compressional and shear slowness 
and RHOB is bulk density log. Calcite and shale make up the 
lithology of the investigated interval. The density of the calcite 
layer is 2.71 (g/cm3), and the travel time (sonic) is between 
45.5 and 47.5 (us/f). Density and transit time are more varied 
in shale layers. The density of middle-shale is 2.6 (g/cm3), 
and the transit time ranges from 60 to 170 (us/f). However, 
these figures are subject to change due to petrophysical char-
acteristics like porosity, clay type, structure, and so on. As 
a result, computed acoustic impedance can be affected by a 
variety of circumstances, which will be discussed in the fol-
lowing sections.

Reflection coefficient (RC)

The resulting acoustic impedance log, on the other hand, was 
used to produce a reflection coefficient log (RC). By altering 

(27)AI = � × V

(28)AIC =
RHOB

DTC

(29)AIS =
RHOB

DTS
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Fig. 10  Breakout, Breakdown, and mud weight window in depths: 2647.04 and 2656.03
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Fig. 11  Breakout, Breakdown, and mud weight window in depths: 2772.46 and 2929.94
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Fig. 12  Breakout, Breakdown, and mud weight window in depths: 2894.99 and 2965.86
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the velocity and density of the next layer, the acoustic imped-
ance value changes at the layer boundary. The acoustic imped-
ance value has a greater effect on the layer's change in veloc-
ity than the layer's change in density. The presence of fluids 
and the type of fluids in compression and shear velocity will 
also be effective (especially shear velocity). Seismic waves 
are often reflected from any boundary where the acoustic 

impedance varies. The magnitude of this reflection depends 
on the difference between two layers acoustic impedances and 
is derived from the following equations for the compression 
and shear impedances:

where  RCC and  RCS are compressional and shear reflec-
tion coefficient,  AI1 is the acoustic impedance for layer 1 
and  AI2 is the acoustic impedance for layer 2. A schematic 
of forward modeling and lithological corrections is shown 
in Fig. 13.

The density and velocity of layers increase with increas-
ing depth. As a result, the reflection coefficient of the layers 
would be a positive value. In conditions where the veloc-
ity and density of the layers are reduced, negative reflec-
tion coefficients are seen. Generally, there is a variation in 
acoustic impedance in layer boundaries that are distinct in 
terms of petrophysical and lithological properties and there-
fore a change in the reflection coefficient log. Low-speed 
layers, such as shale layers and porous layers, are factors 
that decrease the velocity of layers and thereby reduce their 
acoustic impedance. The reflection coefficient log is derived 

(30)RCC =
AIC2 − AIC1

AIC2 + AIC1

(31)RCS =
AIS2 − AIS1

AIS2 + AIS1

Table 3  Optimized azimuth, deviation, and safe mud window for 
selected depths

Depth Safe mud window Optimized 
deviation

Optimized 
azimuth

Failure type

(m) (ppg) (°) (°)

2647.04 Breakout 40 80–90 10–16.3
Breakdown 90 80–90

2656.03 Breakout 90 45 12.2–16.8
Breakdown 90 80

2729.94 Breakout 90 40 11–15
Breakdown 90 80–90

2772.46 Breakout 60 80–90 11.9–16.1
Breakdown 90 80–90

2894.99 Breakout 90 40 10.8–15.1
Breakdown 90 80–90

2965.86 Breakout 90 30 12.2–15.5
Breakdown 90 60

Fig. 13  Schematic of AI and RC calculating from density and sonic logs in different lithologies
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from the acoustic impedance log in the well which is calcu-
lated by the two density and sonic logs. Determined acous-
tic impedance from logs can have higher consistency and 
resolution than seismic data due to the sampling rate of log 
data relative to seismic sections, and its reading changes are 
influenced by the smallest changes in the wellbore.

The AI log is affected by a variety of parameters 
that influence the sonic and density logs. The RC log is 
equally susceptible to sudden changes in the reading of 
the AI log. Typically, hole condition and wellbore dam-
age induce uncertainty in log readings, particularly for 
pad-base equipment like density tools. In such conditions, 
the effect of pad-base tools is minimized, and graphic well 
logs (GWL) are employed for petrophysical examination 
of these zones. In geomechanical modeling, these intervals 
(wellbore damage) are unstable zones. As a result, unsta-
ble zones are defined as intervals that have damage for any 
reason, and this damage produces noise in the reading of 
AI and RC records. This noise is regarded as an instability 
on AI and RC logs. The behavior of AI and RC logs in sta-
ble zones, as well as in unstable zones, will be examined in 
this part to study the likelihood of wellbore destabilizing 

variables such as kick, loss, shear, and tensile failures. AI 
and RC logs are used to investigate two aspects that influ-
ence well instability.

Layering

After calculation of the AI and RC logs for both compres-
sion and shear slowness and matching the behavior of these 
logs with the geomechanical model, there was an important 
association between the wellbore behavior in stable and 
unstable states and the behavior of these logs. A section of 
the wellbore is shown in stable and unstable states in Fig. 14.

The shear failure occurred so resulted in the breakout 
at the two specified depths in Fig. 14 (2650–2665 and 
2683–2693). Based on the results of geomechanical analy-
sis, the mud weight applied in both depths is lower than 
the safe mud window. There is a stable zone between these 
two depths. Some clay minerals (shale layers) along with 
limestone layers (particularly in the upper part) can be seen 
according to the lithology column obtained from the petro-
physical evaluation. The difference in density and especially 
velocity between two limestone and shale layers in these 

Fig. 14  Evaluation of compressional and shear AI and RC based on geomechanics analysis results (2648–2695 m)
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sections causes a difference in acoustic impedance between 
the layers and can be seen very well sharp-reading changes 
on AI and especially RC logs. Caliper logs (C1 and C2) 
record the washout at these two depths, and due to the pres-
ence of breakouts in these depths and the absence of proper 
interaction between the pads and flaps with the borehole 
wall, the FMI log shows a distorted image. In response, the 
difference in density and velocity between these two depths 
is due to the presence of shale layers between the limestone 
layers which is shown in Fig. 15. Acoustic impedance and 
reflection coefficient logs confirm the velocity difference. 
The presence of these low-velocity layers (shale layers) 
between the limestone layers that can be identified on AL 
and RC logs indicates the shear failure zones. The mud 
weight applied in these zones is lower than the safe mud 
window. As a consequence, the threshold for mud loss and 
also the threshold for tensile failure in these regions is 
greater than other depths.

A zone with stable conditions is observed at a depth 
(2665–2683) between two unstable zones in Fig. 14. In this 
part of the well, AI and RC logs for both compression and 
shear slowness do not record sharp-changes in readings 
in this zone and display homogeneity and absence of lay-
ers with different velocities. This depth has approximately 
clean limestone and low porosity in terms of lithological 
characteristics and porosity. Both acoustic impedance and 
reflection coefficient logs related to compressional and shear 
slowness in this zone indicate uniform behavior. Low poros-
ity and absence of storage capacity in this interval resulted 

in low fluid in the rock so no major difference in shear com-
pared to compressional slowness as a result, both compres-
sion and shear slowness-related AI and RC logs show similar 
behavior. The geomechanical model and wellbore stability 
analysis results indicate that when the mud weight increases, 
tensile failure will occur without causing mud loss, which 
is associated with low porosity. As a consequence, when 
observed AI and RC logs with almost constant behavior, the 
homogeneity of the layer and low porosity is calculated. This 
feature reflects the stable wellbore, and it is a zone vulner-
able to tensile failure without the initial loss of the drilling 
mud if the mud weight is increased. In terms of shear failure 
conditions in lower mud weight, this zone will also be more 
stable than other zones.

In Fig. 16, the AI and RC logs (for compressional wave 
only) were compared to the shear failure threshold (Break-
out) log at a given depth (as shown in Fig. 14). Due to the 
geomechanical model, cross-plots have been drawn for 
two zones with unstable wellbore conditions (green color 
2650–2665 and Turquoise color 2683–2693). In these zones, 
 AIC and  RCC values are scattered, which is also true for  AIS 
and  RCS due to their identical behavior in these two zones. 
The presence of shale thin layers with lower velocity and 
density between the limestone layers, which causes different 
values of acoustic impedance and increases the possibility of 
shear failure, is one of the most important explanations for 
the variable behavior of AI and RC logs in these zones. Also, 
in the RC versus CMW_MIN_MC cross-plot, the values 
of the RC log show a deviation of more than zero in these 

Fig. 15  Shear failure in shale layers between limestone layers and changes in AI and RC log readings versus them
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two zones. This implies the presence of layers with varying 
velocity and density properties and sharp-reading changes 
on AI log. In comparison, a layer with stable conditions 
exists between these two zones (blue color 2668–2680), 
and cross-plots for this zone show stable behavior for both 
AI and RC logs. The homogeneity of the layer is demon-
strated by RC log with values near zero in this zone. It is 
observed that the probability of collapse and shear failure 
is reduced in such conditions, but the threshold of tensile 

failure relative to the upper and lower intervals is slightly 
increased. The probability of tensile failure in this zone will 
be higher than in the two zones above and below if the mud 
weight increases.

As the properties variation between adjacent layers is 
increased, the layering effect on wellbore stability becomes 
more noticeable. Because of the way acoustic impedance and 
reflection coefficient logs behave. Stable wellbore conditions 
are observed at the depth of 3013 to 3049 m (Fig. 17), and 

Fig. 16  Behavior of the AI and RC logs versus shear failure threshold (Breakout) in stable an unstable depths
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the AI and RC logs do not display the difference in acoustic 
impedance and hence the reflection coefficient (such as the 
depth of 2665–2683 in Figs. 14 and 16) and indicate the 
homogeneous condition region. However, in the lower sec-
tions, thin shale layers have formed despite no changes in 
porosity values, and the wellbore stable conditions are caus-
ing instability. Nevertheless, according to the geomechanical 
assessment, the lower sections of this interval containing the 
shale layers at a slower velocity than their upper and lower 
layers, have induced shear failure in the wellbore and the 
mud weight used is not within the safe mud window. On the 
AI and RC logs, the association of layers with a significant 
velocity difference is noticeable and displays an unstable 
region. The porosity in this section is also low and the low 
porosity decreases the threshold for tensile failure. When 
low-velocity interlayers (the shale layers shown in the lithol-
ogy column), which behave differently than clean intervals, 
the behavior of the two AI and RC logs may be noticed. 
Shear failure is a risk in these zones.

As stated in the previous sections, in unstable intervals 
which occurred shear failure, readings of well logs are asso-
ciated with noise and have high uncertainty in calculations. 

However, due to the fact that these zones are characterized as 
unstable zones in geomechanical modeling and presence of 
these evidences on AI and RC logs is considered as unstable 
zones too. But sometimes sharp changes in the reading of 
AI and RC logs, which are similar to changes in these logs 
at damage intervals (as in the lower part of Fig. 17), are also 
interpreted as unstable zones. According to well evidence 
and the results of various analyzes, the existence of layering 
with different properties can be one of the important reasons 
for shear failure and causes sharp-readings in AI and RC 
los. The mud weight in these zones should be applied with 
caution.

Layering Effect on  Seismic Section The reflection coeffi-
cient determines the layering changes on seismic sections. 
The reflection coefficient acquired from seismic sections 
can detect these changes with less resolution than well 
logs. The RC logs for compressional and shear on the seis-
mic section in the examined interval are shown in Figs. 18 
and 19. We increased the gain from 100 to 500 because 
the reflection coefficient log has low values and to bet-
ter present it on seismic sections. Check-shot data, on the 

Fig. 17  Evaluation of compressional and shear AI and RC based on geomechanics analysis (3013–3049 m)
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other hand, was used to convert their depth scale to a time 
scale. On seismic sections, intervals with high reflection 
coefficients can be introduced as unstable intervals, and 
these intervals can be prone to shear failure. 

Porosity

Porosity is one of the most important factors to consider 
while analyzing wellbore stability. Changes in porosity 
values along the well have an impact on the four zones 
described in the wellbore stability analysis: kick, loss, break-
out, and breakdown. Figure 20 depicts three zones with var-
ying porosity and wellbore conditions, as well as how AI and 

RC log behavior is interpreted in each zone. The wellbore is 
stable according to the considered mud weight in all three 
intervals but porosity variations in these zones have modi-
fied the behavior of the four analyzed areas relative to each 
other and to the porosity parameter.

The AIc and AIs logs in section A have higher acoustic 
impedance values than section B. Section B also have higher 
acoustic impedance values than section C, which is due to 
the common lithology characteristics of the three areas in 
each of these three zones (clean limestone), the porosity val-
ues in these zones are directly related to changes in acoustic 
impedance values. The acoustic impedance values decrease 
as the porosity increases slowly, indicating that these zones 

Fig. 18  Display of compres-
sional reflection coefficient log 
on seismic sections

Fig. 19  Display of shear reflec-
tion coefficient log on seismic 
sections
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are low-velocity zones. However, the behavior of RCc and 
RCs in all three zones by changing the porosity values, does 
not show much change and shows values close to zero. These 
three zones are homogeneous in terms of visible changes in 
velocity and density but they have different porosity values 
than each other. As a consequence, in homogeneous zones 
porosity values may play a more important role in wellbore 
stability analysis. Rising porosity from zone A to C increases 
the probability of shear failure or breakout, so higher porosi-
ties increase the probability of shear failure, thus increasing 
porosity reduces the probability of tensile failure or break-
down, but exacerbates the issue of fluid loss. Figure 21 
shows KICK-BREAKOUT log (difference between Shear 
Failure and Kick) and LOSS-BREAKDOWN log (difference 
between Loss and Tensile Failure) versus porosity derived 
from petrophysical analysis in all of the studied interval. 
These logs actually show the amount of shear failure to kick 
(KICK-BREAKOUT log) and loss to tensile failure (LOSS-
BREAKDOWN log). It has been discovered that increasing 
porosity increases the shear failure zone to the kick as well 
as the tensile failure zone.

According to the marked depths along the well and on 
the cross-plots, A, B, and C which are the areas shown in 

Fig. 21, shows an almost linear behavior with increasing 
porosity. In porosity versus tensile failure cross-plot (PHIE 
vs. LOSS-BREAKDOWN) shows that as the porosity 
increases, the difference between the tensile failure thresh-
old log (CMW_MAX_MTS) and loss log (CMW_LOSS) 
increases. This means that as porosity increases, fluid loss 
increases and the probability of tensile failure decreases. 
In contrast, porosity versus shear failure cross-plot (PHIE 
vs. KICK-BREAKOUT) shows that as porosity increases, 
the risk of shear failure rises as well. As a consequence, 
the relationship between porosity and shear failure is direct, 
while the relationship between porosity and tensile failure is 
inverse. Figure 22 shows the relationship between compres-
sional and shear impedance and effective porosity over the 
entire interval, with three A, B, and C zones characterized 
by differing porosity and acoustic impedance. 

Figure 22 shows zones with low porosity and high acous-
tic impedance that have a low risk of shear failure but a high 
probability of tensile failure. The kick phenomena will occur 
in these zones as the mud weight decreases, and tensile fail-
ure is likely as the mud weight increases without loss. B 
are zones with medium porosity and acoustic impedance 
in comparison to other zones, in which four phenomena of 

Fig. 20  Behavior of the AI and RC logs in different porosity values
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kick, loss, shear, and tensile failure are feasible. C zones 
with high porosity and low acoustic impedance are zones 
with a high likelihood of shear failure and loss and a low 
probability of tensile failure. In these zones, if the mud 
weight goes below the safe mud window, breakout will occur 
fast, and if the mud weight rises over the safe mud window, 
substantial mud loss will occur, with a very low chance of 
tensile failure.

Conclusion

One of the most important studies in reducing drilling 
activity costs and risk is the wellbore stability evaluation 
in developing fields. A carbonate reservoir interval in one 
of the developing fields was investigated in the present 
research. The calculated values of in situ stress showed 
that the fault regime is often strike-slip and normal at some 

Fig. 21  Investigation of shear failure threshold to kick and fluid loss to tensile failure threshold with porosity value changes

Fig. 22  Compressional and shear impedance logs versus effective porosity log
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depths. For this reservoir, wellbore stability analysis was 
performed using the failure criterion of Mohr–Coulomb. The 
results showed that except for short sections, the applied 
mud weight in this hole was in the safe mud weight window. 
The sensitivity analysis for geomechanical model at certain 
depths also showed the optimal range of azimuth, deviation, 
and mud weight. As a result, the minimum and maximum 
optimal mud weight is between 10 and 16 ppg for this hole, 
which changes this range at certain intervals.

Using density and sonic logs, AI and RC for compres-
sional and shear slowness were calculated. The behavior of 
AI and RC logs beside of geomechanical model showed that 
the association of layers with different velocity and densities 
along the well that can be reported by these logs are intervals 
from the well that are sensitive to shear failure or breakout, 
and the mud weight should increase at these intervals than 
other intervals. The zones with constant AI readings and 
RC values close to zero have homogeneous intervals, but 
as the mud weight increases in poros zones, these zones 
have a higher mud loss threshold and less tensile failure 
than other zones, indicating that the porosity function is very 
significant here. In homogenous zones with low porosity, 
increasing the mud weight can cause tensile failure without 
fluid loss in the formation, which is characterized by low and 
consistent AI log values and RC log readings close to zero.

Since there are no layers with different properties in 
homogeneous zones, there is no change in the behavior of 
the RC log, then the AI reading range will determine the 
type of potential unstable factor of the wellbore. As a result, 
as porosity increases, the shear failure threshold (Breakout) 
increases, and there is a direct relationship between porosity 
and shear failure threshold. Conversely, increasing porosity 
lowers the tensile failure (Breakdown) threshold, and the 
two have an inverse relationship, whereas mud loss is exac-
erbated. As a result, it is feasible to evaluate the areas prone 
to kick, loss, shear, and tensile failures to wellbore stability 
analysis and conduct more extensive planning in these zones 
by taking a quick check at the behavior of the two AI and 
RC logs.
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